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Abstract

We present the first brown dwarf spectral binary characterized with JWST: WISE J014656.664-423410.0, the
coldest blended-light brown dwarf binary straddling the T/Y transition. We obtained a moderate resolution
(R ~ 2700) G395H spectrum of this unresolved binary with JWST /NIRSpec and we fit it to late T and Y dwarf
spectra from JWST /NIRSpec, and model spectra of comparable temperatures, both as individual spectra and pairs
mimicking an unresolved binary system. We find that this tightly separated binary is likely composed of two
unequal-brightness sources with a magnitude difference of 0.50 £ 0.08 mag in IRAC [4.5] and a secondary
1.01 + 0.13 mag redder than the primary in [3.6]-[4.5]. Despite the large color difference between the best-fit
primary and secondary, their temperature difference is only 92 + 23 K, a feature reminiscing of the L/T transition.
Carbon disequilibrium chemistry strongly shapes the mid-infrared spectra of these sources, as a complex function
of the metallicity and surface gravity. While a larger library of JWST/NIRSpec spectra is needed to conclusively
examine the peculiarities of blended-light sources, this spectral binary is a crucial pathfinder to both understand the
spectral features of planetary-mass atmospheres and detect binarity in unresolved, moderate-resolution spectra of
the coldest brown dwarfs.

Unified Astronomy Thesaurus concepts: Y dwarfs (1827); James Webb Space Telescope (2291); Spectroscopy

(1558); Binary stars (154); Brown dwarfs (185)

1. Introduction

With temperatures below 500K, Y dwarfs are the coldest
brown dwarfs, which mark the low-mass end of the substellar
classification sequence (M. C. Cushing et al. 2011). Due to
their inability to fuse hydrogen, brown dwarfs cool over time
across spectral types late M, L, T, and Y. Brown dwarfs are
classified as Y based on their near-infrared (near-IR) spectral
morphology, and can either be very young, very low-mass
objects or older, more massive ones, with about 63% of them
having “planetary” masses below the deuterium burning limit
based on evolutionary models (C. V. Morley et al. 2019). Their
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planet-like characteristics such as mass, temperature, surface
gravity, and atmosphere make these objects the closest analogs to
cold, long-period giant exoplanets and Jupiter (A. J. Skemer et al.
2016; D. C. Bardalez Gagliuffi et al. 2021; E. C. Matthews et al.
2024).

However, little is known about their binary properties as a
population. The multiplicity fraction of stellar populations
decreases with the primary stellar mass (D. Raghavan et al.
2010) and this trend continues across the hydrogen-burning
limit into the brown dwarf regime (A. J. Burgasser et al. 2007;
C. Fontanive et al. 2018). The binary properties of the coldest
population of brown dwarfs remain largely unexplored, both
due to their extreme faintness in the near-IR, and the intrinsic
rarity of binaries with very low primary masses (D. Opitz
et al. 2016; C. Fontanive et al. 2018). The exceptional spatial
resolution and mid-infrared (mid-IR) sensitivity of JWST/
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NIRCam (J. P. Gardner et al. 2023; M. J. Rieke et al. 2023)
were key to resolving WISE J033605.05-014350.4 (hereafter,
WO0336AB), the first Y4+Y dwarf binary, through Kernel
Phase Interferometry using the F150W and F480M filters
(P. Calissendorff et al. 2023). For most sources, in the absence
of such a dedicated observing strategy, identifying peculiarities
in the unresolved spectra of binary systems can be an important
avenue for the detection and characterization of brown dwarf
binary systems with extremely low luminosity.

Very low-mass binary systems also tend to be closely
separated, a trend that we see across stellar populations as the
primary mass decreases, with characteristic binary separations of
~40, ~30, and ~4-7 au, for solar-type, M dwarf, and ultracool
binaries, respectively (L. M. Close et al. 2003; D. Bardalez
Gagliuffi et al. 2019; J. G. Winters et al. 2019; S. S. R. Offner
et al. 2023). Moreover, while the mass ratio distribution tends to
peak at unity for ultracool binaries (A. J. Burgasser 2004;
P. R. Allen 2007), the recently discovered Y-+Y binary
0336AB) has an estimated mass ratio of ¢ = 0.6 £+ 0.05
(P. Calissendorff et al. 2023). However, this mass ratio was
estimated from flux ratios in FI50W and F480M, wavelength
ranges that might be subject to gas or condensate absorption,
impacting the mass ratio estimate.

Therefore, the very nature of low-mass multiples makes it
challenging to resolve and characterize tight, faint binary
systems with a large flux difference in the infrared. However,
ultracool dwarf systems whose components have different
temperatures and spectral features can be identified and
characterized empirically through spectral peculiarities and
spectral binary template fits. This spectral binary technique has
been developed and applied on unresolved, low-resolution
(R ~ 100), near-IR spectra of systems with a late M- or L-type
brown dwarf primary and a T dwarf secondary, leading to over
two dozen binary discoveries (A. J. Burgasser et al. 2010;
D. C. Bardalez Gagliuffi et al. 2014) at lower mass ratios than
accessible by imaging. The key feature in the blended-light
spectra of these systems is a methane absorption feature at
1.62 pm originating from the colder T dwarf companion, yet
prominent in the combined spectrum whose overall shape
resembles that of the warmer and significantly brighter primary.
In L/T transition systems where both late L and early T
components are almost equally bright, this feature is even more
prominent due to the near-equal brightness of late L and early T
brown dwarfs despite their cooling trend. This is caused by the
J-band brightening following the sinking or break up of clouds
above the photosphere of L dwarfs (T. Tsuji et al. 1996;
G. R. Knapp et al. 2004; A. J. Burgasser et al. 2010).

At later types and colder temperatures, the differences in
atmospheric chemistry are much more subtle. In the near-IR,
late T dwarfs show deep absorption bands of water and
methane at 1.2 and 1.6 yum, which become broader at lower
temperatures (A. J. Burgasser et al. 2006a), having the effect of
narrowing the emission peaks in the J and H bands. Therefore,
the combination of early T and late T dwarfs does not yield
peculiar absorption features in the near-IR but rather a slight
difference in the width of the emission peaks. It was surmised
that the onset of ammonia would mark the transition from the T
to the Y spectral type but the near-IR absorption of the
molecule, expected at T < 700 K between 1.53 and 1.58 ym
(M. C. Cushing et al. 2011), was not securely detected
(A. C. Schneider et al. 2015; S. A. Beiler et al. 2024a).
Therefore, the original spectral typing scheme for Y dwarfs
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relied on the shape of the near-IR CH, absorption feature
(M. C. Cushing et al. 2011). However, ammonia can appear in
the near-IR at 3 um among the coldest Y dwarfs (J. K. Faherty
et al. 2024), and in the mid-IR in objects as warm as 1200 K at
10-11.2 pm, several hundred degrees warmer than the nominal
T/Y transition temperature (~500 K) and strengthening toward
colder temperatures (G. Sudrez & S. Metchev 2022). For brown
dwarfs colder than 500 K (although also present in the near-IR
throughout the T dwarf class), the 2.8-5.2 um wavelength
range covered by JWST/NIRSpec (P. Jakobsen et al. 2022)
is severely affected by carbon disequilibrium chemistry
(B. E. Miles et al. 2020; S. A. Beiler et al. 2024a). From
ground-based observations, these atmospheres reveal enhance-
ments of 10" times as much CO by mole fraction as predicted
by equilibrium chemistry for a 500K object, where the
dominant carbon molecule should be CH, (K. J. Zahnle &
M. S. Marley 2014; B. E. Miles et al. 2020). Therefore, a
sudden change in the strength of carbon disequilibrium
chemistry or a significant departure from equilibrium is likely
to be an important marker of the T/Y transition in the mid-IR.

In this paper, we explore the binary signatures in the
blended-light, moderate-resolution JWST/NIRSpec spectrum
of WISE J014656.664+423410.0 (hereafter, W0146), a con-
firmed binary system whose components straddle the T/Y
transition. Prior to JWST, the two best-fit components
modeling this binary system were unusually faint. With a
new Spitzer parallax (J. D. Kirkpatrick et al. 2021), our
blended-light binary system indeed looks overluminous in the
color-magnitude diagram (CMD; see Figure 7). Moreover,
with our JWST/NIRSpec unresolved spectra at 3-5 um, we
learned that the two components are not identical in Ter and
that their atmospheres have different disequilibrium chemistry
strengths. Section 2 provides background information on this
system; Section 3.1 describes our JWST observations. In
Section 4, we describe building the spectral libraries for both
single and binary templates and spectral models and the
mechanics of spectral fitting. In Section 5, we present our
results for the best single and binary fits, and in Section 6 we
discuss the signatures of blended-light binarity at these cold
temperatures and the implications for identifying binary
systems with JWST spectra. We present our conclusions in
Section 7.

2. W0146 Blended-light Binary System

WO0146 was originally discovered by J. D. Kirkpatrick et al.
(2012) and classified as a YO dwarf within 10 pc. This source
was partially resolved as a tightly separated binary system of
T9 and YO components using laser guide star adaptive optics
imaging with Keck/NIRC2 (T. J. Dupuy et al. 2015). At the
time of its discovery, the system’s separation was estimated to
be 070875 + 070021 or 0.937)12 au at a parallactic distance of
10.67}3 pc and with over 1 mag flux difference in the J band,
the H band, and the narrow CHyg filter (C. Beichman et al.
2014). However, the distance to the blended-light system has
been revised with more recent Spitzer astrometry to
d =19.34 + 0.75pc (m = 51.7 £ 2.0mas; J. D. Kirkpatrick
et al. 2021), thus updating the projected separation of the
system to 1.69 + 0.106 au.

The most peculiar characteristics of this system at the time of
discovery were the inferred faintness and low temperatures of
its components compared to other objects of the same spectral
types. The component spectral types were inferred from a
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blended-light, low-resolution (R ~ 750), near-IR spectrum
obtained with Gemini/GNIRS (T. J. Dupuy et al. 2015).
Combined-light photometry obtained with Gemini/NIRI in
YJHK and CHyg bands was used to flux calibrate the spectrum.
With that constraint, T. J. Dupuy et al. (2015) concluded that
the unresolved spectrum was best reproduced by combining the
T9 standard UGPS J072227.51—054031.2 (hereafter, U0722;
P. W. Lucas et al. 2010; S. K. Leggett et al. 2012) and the
YO0.5pec dwarf WISEPC J140518.404-553421.5 (hereafter,
W1405; M. C. Cushing et al. 2011) with the caveat that both
components of this binary system needed to be 2100 K colder
(Tegr =345 K and 330 K, respectively) than the bulk of the late
T/Y dwarf population for the binary fit to work. The authors
considered the possibility of an overestimated parallax
measurement and calculated that the system would need to
have a parallax of ~40 mas (d = 267§ pc) for the components
to have typical temperatures and brightness for T9 and YO
dwarfs based on their bolometric luminosity (T. J. Dupuy &
A. L. Kraus 2013). With the revision of the parallax to
m = 51.7 £ 2.0mas (J. D. Kirkpatrick et al. 2021), the
condition of unusually faint components is no longer needed to
explain the unresolved magnitude of this source.

3. Observations and Flux Calibration
3.1. JWST/NIRSpec Medium-resolution Spectroscopy

We have obtained a medium-resolution (R ~ 2700) spectrum
of the blended-light system W0146 with JWST /NIRSpec fixed
slit spectroscopy using the G395H grating as part of Cycle 1
program GO 2124 (PI: J. Faherty). The source was observed by
JWST on 2023 January 3 at 05:27:23 (UTC) following a
3-POINT-NOD dither pattern for a total exposure time of
1729.38 s (28.8 minutes). Data was acquired through the
S200A1 fixed slit aperture matched with the SUBS200A1
subarray and using the NRSRAPID readout pattern, the clear
F290LP filter, and the G395H prism grating. The spectra were
reduced with the JWST calibration pipeline starting from
uncalibrated data and using default parameters but optimizing
the aperture extraction, as described in J. K. Faherty et al.
(2024). Only one trace appears in the 2D spectral image. Our
spectrum spans the wavelength range 2.87-5.14 pm with a gap
between 3.69 and 3.79 um characteristic of this fixed slit mode,
which spans both NIRSpec detectors (NRS1 and NRS2). The
signal-to-noise ratio peaks at 64 in NRS2, with a median of
2.17 in NRS1 and 29.00 in NRS2. We used the JWST
reduction pipeline version 1.10.0 based on the Calibration
Reference Data System context file jwst_1146.pmap.

3.2. JWST/MIRI Photometry

In addition, we obtained MIRI photometry of the target in
the F1000W, F1280W, and F1800W filters. Observations were
taken on 2022 September 21 between 01:38:51 and 01:48:56
UTC with 7, 8, and 10 groups per integration, respectively, and
one integration per exposure with two dither positions. The
total exposure time was 38.85s, 44.4s, and 55.5s for the
F1000W, F1280W, and F1800W filters, respectively. We used
the MAST-produced pipeline reductions of MIRI photometry,
choosing the APER_TOTAL_VEGAMAG column as our
preferred magnitude. These filters sample the Rayleigh—Jeans
tail of the spectral energy distribution (SED) and help anchor
the slope of the NIRSpec spectrum.
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Table 1
Properties of the Combined-light System W0146AB

Parameter Value References

Astrometric and Kinematic Properties

R.A. (deg) 26.735358(2.0)* J. D. Kirkpatrick et al.
(2021)

decl. (deg) 42.569399(1.9)* J. D. Kirkpatrick et al.
(2021)

Parallax (mas) 51.7 £ 2.0 J. D. Kirkpatrick et al.
(2021)

Proper motion in R.A. —451.6 £ 0.9 J. D. Kirkpatrick et al.

(mas/yr) (2021)
Proper motion in Dec. —-33.1£09 J. D. Kirkpatrick et al.
(mas/yr) (2021)

Spectrophotometric Properties

NIR Spectral Type T9+YO0 J. D. Kirkpatrick et al.
(2021)

MKO Y (mag) 21.60 £ 0.15 T. J. Dupuy et al. (2015)

MKO J (mag) 20.69 £ 0.07 T. J. Dupuy et al. (2015)

MKO H (mag) 21.30 + 0.12 T. J. Dupuy et al. (2015)

IRAC [3.6] (mag)
IRAC [4.5] (mag)

17.360 £ 0.089
15.069 £ 0.022

E. C. Martin et al. (2018)
E. C. Martin et al. (2018)

SED-derived Fundamental Parameters

Ly (erg sh (3.21 + 0.36) x 10*’ This paper
Tore (K)° 5713 This paper
log g (dex)” 4921013 This paper
Mass (Mjp)" 2916, This paper
Radius (Rjup)h 0.909+0:03 This paper

Notes.

 Uncertainties in parenthesis are in units of milliarcseconds.

® The SED fit assumes an age of 4.5 £ 4.0 Gyr and uses the unresolved,
blended-light, binary spectrum, to estimate fundamental parameters for the
source. Therefore, these values are likely unphysical for a binary system.

3.3. Flux Calibration and Derivation of Fundamental
Parameters

We calibrated the spectrum of WO0146 to its absolute
magnitude considering the parallax from J. D. Kirkpatrick
et al. (2021) and calculated fundamental parameters semiem-
pirically from an SED built using SEDkit (J. C. Filippazzo
et al. 2015; J. Filippazzo 2020). The results are shown in
Table 1. SEDKkit derives bolometric luminosity by integrating
over the NIRSpec spectrum anchored by the two MIRI
photometric points and then uses this Ly, and a broad
assumption of ages (0.5-10 Gyr) to estimate radius and mass
from evolutionary models. Surface gravity and effective
temperature are calculated analytically from the definition of
logg and the Stefan—Boltzmann law. Fundamental parameters
for WO146AB were estimated assuming a single overluminous
source, rather than a blended-light binary. We used this
spectrum to fit both single and binary spectral templates and
spectral models to best characterize the components of this
system and search for signatures of binarity blended in the
unresolved spectrum of a T+Y dwarf binary, as described in
the following sections. The JWST data for W0146 presented in
this paper can be found in MAST."

!9 DOI:10.17909 /jrmn-sr24
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Figure 1. (Top) Cross sections of molecular species potentially occurring in Y dwarfs, calculated at a temperature of 575 K to approximate the combined-light
temperature of WO146AB. (Bottom) The JWST/NIRSpec spectrum of the blended-light binary W0146AB is shown in black, with noise in light gray. Prominent
molecular absorption features are indicated at the top. Shaded regions align between the strongest absorber at a given wavelength range and the specific absorption

feature in the spectrum.

4. Spectral Fitting
4.1. Empirical Template Library

We used the JWST/NIRSpec spectra from the GO 2124
program (PI: J. Faherty) to build a homogeneous spectral
library of absolute flux-calibrated SEDs to carry out single and
binary empirical fits. The 12 targets from this program
(including our target, W0146) were selected based on their
[3.6]-[4.5] colors and absolute magnitude in [4.5], such that
they span median and extreme brightness across a 1.5 mag
range of colors and temperatures between 300 and 700 K
(J. Faherty et al. 2025, in preparation). The publicly available
G395M spectrum (R ~ 1000) of the coldest brown dwarf,
WISE J085510.83-071442.5 (hereafter, W0855; K. L. Luhman
et al. 2024), was also included in our library. All spectra were
flux calibrated by the JWST pipeline and scaled to their
absolute magnitudes with SEDkit in the same way as W0146
(see Section 3.1, and more in J. Faherty et al. 2025, in
preparation). Existing photometric or spectroscopic literature
data on any given source, as well as three MIRI photometric
points at 10, 15, and 18 um to ground the long wavelength
portion of the SED, were included in the construction of the
SEDs (J. Faherty et al. 2025, in preparation).

We interpolated the single templates to the wavelength range
and spectral resolution of WO0146 using a simple spline
function while conserving flux to simplify our comparisons.
Binary templates were built by adding single templates
together. A total of 78 binary templates were built from the
12 single SEDs (excluding W0146) matching every two as a
combination with replacement to also consider pairs with two
identical SEDs.

4.2. Model Library

We built a spectral model library using the state-of-the-art
1D radiative-convective equilibrium spectral models of B. Lacy
& A. Burrows (2023) in their extended version (B. Lacy et al.
2025, in preparation). These models span effective tempera-
tures of 200-800 K spaced every 25 K between 250 and 600 K
and every 50K at hotter temperatures, surface gravity between
35 and 5.0dex every 0.25dex, and metallicity options at
Z/Z., = 0316, 1.00, and 3.16 (or equivalently [Fe/H] =
—0.5, 1.0, +0.5), and three possible ratios of mixing length to
pressure scale height H.;, = 0.01, 0.10, and 1.00. The
models provide a subgrid of three discrete cloud options (clear,
vertically compact, and vertically extended water clouds, all with
disequilibrium chemistry in both CO-CH,4 and N,—NHj3) between
250 and 400 K, log surface gravity between 4.0 and 5.0, and for
metallicities of Z/Z., = 0.316 and 1.00, with mixing length ratio
H,,ix = 1. These grids provide a total of 1365 model spectra. We
scaled the models ﬂux density per unit surface area in units of
[\l =ergs 'cm™ 2 A7 to their absolute magnitude by assuming
a radius of 1 Ry, and a distance of 10 pc, scaling the flux by
(R/d) All model spectra were interpolated to the wavelength
range (down from 0.5 to 30 ym to 2.87-5.14 um) and spectral
resolution (down from R ~ 4340 to R ~ 2700) of W0146’s SED.

From the single model library, we built binary model spectra
by combining any two single models, totaling 930,930 binary
combinations. We set a few requirements to exclude unphysical
models: (1) surface gravity must be log g > 4, which dropped
436,415 binary models, (2) both primary and secondary models
must have the same metallicity for a bona fide binary system,
reducing available binary models to 328,375, (3) combinations
must have a primary warmer than the secondary, which drops
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another 77,473 binary models, (4) and surface gravity of the
primary must be larger than that of the secondary, dropping
another 36,059 binary models, collectively reducing the
number of viable binary models to 52,608.

We also tried an experiment where we constrained the
primary and secondary to be coeval by restricting their ages to
be within 0.2 Gyr of each other. We used the evolutionary
models of M. S. Marley et al. (2021) to estimate age and mass
from model T and log g. We conservatively set a tolerance of
0.2 Gyr for coevality and excluded models where the surface
gravities were different despite having the same 7. The
rationale for this condition is that in a coeval binary system, if
both components have the same T, then they must have the
same mass, radius, and therefore, surface gravity. This
coevality requirement reduced the number of available binary
models for comparison to 16,674. We discuss results from
comparisons to both binary model libraries in Section 6.

4.3. Fit Ranking with x° Goodness-of-fit Statistic

We compared our target to both single and binary templates
and models and assessed the goodness of fit with a y statistic
following the prescription of A. J. Burgasser et al. (2010) and
D. C. Bardalez Gagliuffi et al. (2014):

— aFE)?
X2 _ Z (Ox 205 \) ) (1)
A %D

where the subscript A indicates individual wavelength bins
across the spectrum, O, is the observed flux of the target at
wavelength A\, « is the factor that minimizes Xz’ E, is the
expected flux at wavelength A\ from either model or template
spectrum, and o3 is the variance of the target’s flux for each
wavelength bin (i.e., the square of the flux uncertainty at
wavelength ). All wavelength bins are weighted equally,
except for the 0.10 um gap in the spectra between 3.69 and
3.79 pum which is weighted zero in target, templates, and
models. In order to minimize the x2 function, we set the
derivative d—):j = 0 (see M. C. Cushing et al. 2008; G. Sudrez
et al. 2021). We also calculated a reduced y? by dividing the
chi-squared statistic over the number of degrees of freedom in
the comparison, xi = x%/dof. The number of degrees of
freedom is estimated as dof = N — v with N = 2675 available
data points in each spectrum and v = 1, i.e., the o parameter
that constrains the fit. Despite the five parameters that define
each model spectrum, we use the same number of degrees of
freedom as for the template comparisons, since the goodness of
fit is calculated between the target and every model.

5. Results
5.1. Single Fits
5.1.1. Single Template Fit

Even though W0146 is a confirmed binary system, resolved
in adaptive optics imaging with Keck (T. J. Dupuy et al. 2015),
we fit it to single templates and single model spectra to
understand the difference in spectral features between a
blended-light binary spectrum and a single one of comparable
temperature (Figure 2). It is interesting to note that the best-fit
single template to our blended-light binary, with a X%e =7.79,
is a potential binary itself: WISE J053516.80—750024.9
(hereafter WO0535), an overluminous 496 K brown dwarf
(S. A. Beiler et al. 2024b) suspected to be an unresolved
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binary (S. K. Leggett et al. 2021). Both W0146 and W0535
show a deep, narrow ammonia absorption feature at 3 pm
(S. A. Beiler et al. 2023) and a strong methane absorption
feature at 3.84 ym. The most striking difference between the
two spectra is in the slope of the combined CH, and CO,
absorption features between 3.85 um and 4.4 um. While still
weak, the CO, absorption feature is slightly more pronounced
in W0535, probably due to lower CH, absorption in W0146 by
comparison. Given the similar amount of flux in both sources
between 2.9 and 3.7 um, the difference in slope due to the CHy
feature at 3.85-4.4 ym causes W0146 to appear bluer than
WO0535 in [3.6]-[4.5] Spitzer bands (see Figure 7). This could
be an indication of binarity or simply different carbon
disequilibrium chemistry strengths between WO0535 and the
combined-light spectrum of W0146. The CO absorption band
across 4.42-4.95 ym is similarly weak on both sources.
Overall, WO0146 is brighter across all wavelengths compared
to W0535, as expected for a blended-light binary source of
unequal flux components, as shown by the residuals in
Figure 2. However, we cannot rule out the possibility that
WO0535 is a binary system with cooler components than those
of W0146.

5.1.2. Single Model Fit

The best-fit single model for W0146 is a 550 K, slightly
metal-poor (Z/Z., = 0.316) model with log g = 4.25,
disequilibrium chemistry, and a weak mixing length to scale
height ratio of H,;x = 0.01 implying slow vertical mixing
(Figure 3). Overall, the model fits individual features of the
WO0146 spectral binary with good accuracy (e.g., at CO:
4.5-5.0 pm, NH3: 2.9-3.1 yum, CHy: 3.0-4.0 pm), only varying
in flux density with respect to the target. This model has a
pronounced ammonia feature at 3 ym and methane absorption
at 3.84 um both of which distinctly fit the target’s features.
Disequilibrium chemistry in this best-fit model suggests the
presence of CO and CO, in the spectrum of W0146, although
the low vertical mixing ratio implies a weak mixing strength
which is consistent with the target’s weak CO absorption
feature between 4.5 and 5.0 um. Such a close agreement
between the single model and the target could indicate that the
binary system is composed of two objects with similar spectral
morphology in this particular wavelength range, or that the
secondary is significantly fainter than the primary and therefore
does not contribute strongly to the overall flux. While both the
target and model had been scaled to 1 Ry, the scale factor for
this combination is 0.78, which means that the flux from the
target has been scaled down to 78% of its value to match the
single model’s flux.

5.2. Binary Fits
5.2.1. Empirical Binary Template Fit

Based on our library of 12 comparison templates, we find
that a combination of the objects WISEP J075108.79
—763449.6 (hereafter, W0751) and W1405 yields the lowest
xi when compared to WO0146. This binary template is a
significantly better fit to WO0146 than the single template,
evidenced by the improvement in reduced x* (see Table 2).
WO0751, also known as COCONUTS-2b (J. D. Kirkpatrick
et al. 2011; Z. Zhang et al. 2021), is a wide T9 dwarf
companion to the young M3 dwarf L 34-26, with an estimated
age of 150-800Myr and with components separated by
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Figure 2. The best-fit single template for the blended-light binary W0146 is W0535. (Top) Comparison of W0146 (black) and W0535 (dark red) across the full
wavelength range, with residuals on the bottom panel resembling the flux added by the secondary to the combined-light spectrum. (Bottom) Detailed view of the
spectral comparison between these two objects. W0146 is brighter than W0535 at all wavelengths, as expected for a blended-light source compared to a single one of a

similar temperature.

6471 au. Its published mass from evolutionary models is
M= 6.3f}j3 My (Z. Zhang et al. 2021; see Table 1). W1405 is
a variable YOpec dwarf, with a 3.5% variability amplitude in
[4.5] M. C. Cushing et al. 2016). Its peculiar qualifier arises
from a small shift in the H band compared to the T9 standard,
U0722 (M. C. Cushing et al. 2011).

Figure 4 shows the best binary template fit and its
components. The NIRSpec spectrum of W0751 shows a deep
ammonia absorption feature at 3 um, a deep CH, absorption
feature at 3.0-4.0 um, as well as a CO, feature at 4.23-4.42 ym
mixed with CHy, and a wide CO absorption band at
4.5-50 ym. The CO absorption band has a k at
4.65-4.70 pm. From its G395H spectrum and MIRI photo-
metry, we estimate that this object has a temperature of 484 K
from its SED fit (J. Faherty et al. 2025, in preparation). W1405
on the other hand has a temperature of 435 K from our SED
fits, although a more extensive spectral coverage including
MIRI spectroscopy from (S. A. Beiler et al. 2024b) yields
392 K. Its spectrum has a significantly lower ‘“continuum”
emission between 2.88 and 3.12 um compared to WO0751,
which makes its NH3 absorption feature at 3 ym appear much
shallower in comparison. Similarly, the 3.3 ym methane feature
is no longer present, and that wavelength region is rather
completely dominated by a mix of water and methane
absorption. The slope in the continuum between 3.85 and
4.18 um is steeper in WO0751 than in W1405, suggesting
stronger CH, absorption in W1405, and making the CO,
absorption feature at 4.23-4.42 um slightly less noticeable. In

summary, the warmer primary, W0751, has several identifying
features, including the ammonia feature at 3 um, and a broad
CO, absorption feature at 4.23-4.42 ym. The slightly cooler
secondary, W1405, has all of these features significantly
diminished, except for the methane dip at 3.3 yum which is
essentially absent.

This combination of features from W0751 and W1405 yields
a spectrum that closely resembles that of W0146: (1) clear
ammonia and methane absorption features at 3 ym and
3.84 um, respectively, and (2) a broad, asymmetric CO,
absorption feature at 4.23-4.42 ym. The asymmetry on the
CO, band appears by the addition of the different slopes from
the continuum between 3.85 and 4.18 um, such that there is a
peak in the continuum at 4.18 ym, a minimum at 4.23 pm, and
another peak at 4.41 pum. The most important contribution from
the secondary seems to be, primarily, the excess flux between 4
and 5 pum, which would shift the [3.6]-[4.5] color of the
blended-light spectrum to the red with respect to the color of
the primary by itself (see Figure 7). Therefore, the most
obvious hint at a potential blended-light binary might be the
[3.6]-[4.5] redder color than typical for its temperature. After
all, W1405 and WO0751 have similar absolute magnitudes in
[4.5] from their SEDs, yet radically different [3.6]-[4.5] colors
with different manifestations of their carbon chemistry across
CH,, CO, and CO, features. However, it is important to note
that WO0751 and W1405 have different ages and surface
gravity, inferred by the 150-800 Myr primary for W0751, and
field-age presumption for W1405, as well as unknown
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Figure 3. The best-fit single model for W0146 is a 550 K object with a log surface gravity of 4.25, subsolar metallicity, a cloudless atmosphere with disequilibrium
chemistry, and a low vertical mixing ratio. (Top) Comparison of W0146 (black) and the best-fit model across the full wavelength range, with residuals on the bottom
panel showing excess flux from W0146 at wavelengths longer than 4.7 ym. (Bottom) Detailed view of the spectral comparison showing good agreement at shorter
wavelengths where the primary is expected to be brighter. The model spectrum was flux calibrated assuming a radius of 1 Ry, at a distance of 10 pc.

metallicity. For a true binary template fit where these properties
are shared among components, we need a more extensive
template library.

5.2.2. Model Binary Fit

From our library of binary models from B. Lacy & A. Bur-
rows (2023), we find that the best binary model fit to W0146 is
composed of two objects with temperatures of 550 K and
325K, log surface gravity of 4.25, subsolar metallicities (Z/Z,
= 0.316) and a cloudless atmosphere with disequilibrium
chemistry (Figure 5). The binary model is brighter than the
target between 4 and 4.5 um, suggesting that the binary model
has less CO, absorption than the target. In this particular
combination of models, the primary has weak vertical mixing,
while the secondary has stronger mixing. Together, these two
models do not amount to the CO, absorption seen in W0146.
However, the binary model is a close fit to the target between
2.8 and 3.6 um, and then again throughout most of the CO
absorption features between 4.65 and 5.20 pm. It is worth
noticing that the primary in this best binary fit model
combination is the same model ranked highest for the best
single fit. This would indicate that either the secondary does not
add a significant amount of flux to the primary and the two
sources have a large flux ratio, or that the single model by itself
contains averaged characteristics from both components of the
binary system, particularly as shallower absorption features.

While the temperatures of these two models do not closely
resemble those of the components of the best-fit binary
template (see Tables 3 and 2), the multiple parameters being
explored can lead to degeneracies in the best binary model
combinations. The best-fit binary template combines two
objects with T.;=484 K and 392K, whereas the best-fit
binary model integrates two 550K and 325K models. An
important limitation in our comparison is the age and surface
gravity difference between the two components from the best
template fit, exacerbated by our limited knowledge of their
individual metallicities and the strength of vertical mixing.
Figure 6 shows the most probable combinations of primary and
secondary model temperatures and surface gravity, as defined
by their reduced X%. Primary models with effective tempera-
tures between 450 and 575 K combined with secondary models
with T =250-400K yield relatively similar Xi, whereas a
log g of 4.75 is strongly preferred.

6. Discussion

6.1. Carbon Disequilibrium Chemistry Hinders Cold Brown
Dwarf Binary Signatures

From our binary template fits using JWST/NIRSpec data,
we find that the best-fit spectral binary template in the
2.8-5.1 um region is a combination of WO0751 and W1045.
In T. J. Dupuy et al. (2015), the authors find that a combination
of the T9 U0722 and the same W1405 source most closely fit
the width of the J and H bands of W0146, in an otherwise



Table 2
Best-fit Empirical Templates to W0146
Comparison Name Tetr (K) log g (dex) Mass (Mjy,p) Radius (Ryup) X?e References
Best-fit single WISE J053516.80—750024.9 560138 489751 2879, 0.91373% 7.79 J. Faherty et al. (2025, in preparation)
Best-fit binary WISEP J075108.79—763449.6 484 + 16 420 + 025 840 + 3.14 1.10 + 0.06 3.41 R. Kiman et al. (2025, in preparation)
WISE J140518.39+553421.3 392+1¢ 4697013 19 09639 S. A. Beiler et al. (2024b), J. Faherty et al. (2025, in preparation)
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Figure 4. The best-fit binary template for W0146 is a combination of W0751 (484 K) and W1405 (392 K).

mostly featureless near-IR spectrum. W0751 was first dis-
covered in WISE imaging (J. D. Kirkpatrick et al. 2011) and
later identified as a comoving companion to a young M3 dwarf
(Z. Zhang et al. 2021), 8 yr after the discovery and near-IR
spectral decomposition of W0146 (T. J. Dupuy et al. 2015).
The location of W0751 in a [3.6]-[4.5] versus M, s; CMD
is 042 =+ 0.15mag fainter in absolute magnitude and
0.28 + 0.05 mag bluer than U0722, sufficiently close that it
serves as additional validation for our spectral template
comparison (Figure 7). A JWST/NIRSpec spectrum of
U0722 is needed to check whether the best-fit combination in
the near-IR (T. J. Dupuy et al. 2015) continues to be the best
binary fit in the 3-5 ym range.

Based on our binary template analysis, WO0146 likely
contains a blue primary and a red secondary such that the
combination of colors turns the combined-light spectrum of
WO0146 into a bluer source than its best single fit, W0535.
However, while the differences in color are apparent in
[3.6]-[4.5] photometry, they are much harder to discern in
2.8-5.1 um spectroscopy. Rather than a clear signature of
blended-light binarity, the 392 K secondary has similar yet
shallower features compared to the 484 K primary, such that a
blend of both spectra does not produce peculiar individual
features.

The wavelength range where the target and binary template
are most dissimilar is between 4.10 and 5.12 ym. The range
between 3.8 and 4.2 um is primarily affected by CH,
absorption, which is more pronounced in the colder W1405
compared to WO751 and evidenced as increasing flux with
wavelength but at different slopes. Together, this sum of fluxes
closely approximates the blended-light binary. However, at

wavelengths longer than 4.2 um, the methane feature starts to
mix with CO, due to disequilibrium chemistry. At the cold
effective temperatures of Y dwarfs, the dominant carbon
species at equilibrium should be methane; however, strong
vertical mixing in these objects dredges CO and CO, upward
from deeper, hotter atmospheric layers in a timescale shorter
than the reaction timescale (e.g., S. Mukherjee et al. 2022),
causing a measurable amount of CO and CO, in their spectra.
A recent study by S. A. Beiler et al. (2024b) identified a Y
dwarf sequence from JWST NIRSpec and MIRI LRS spectra
only at wavelengths shorter than 2 ym and longer than 8 pym.
The intermediate region centered at 5 um appears to be most
sensitive to disequilibrium chemistry and metallicity. Based on
our binary template fits, the 4.2-5.0 um wavelength range
seems particularly sensitive to disequilibrium chemistry
(Figure 4), where we see absorption by CO and CO, in both
the target and binary template, especially when we take into
account that the metallicity of both components of a binary
system should be the same. However, the residuals in this
wavelength region indicate a mismatch between these spectra.
The strength of vertical mixing causing the disequilibrium
chemistry in the two specific components of our binary
template does not reproduce the blended-light spectrum of
WO0146 well in between 4.2 and 5.0 pm. When we compare the
binary model fits, the primary model has a weaker vertical
mixing than the secondary model, but also a very different
component T.¢ compared to the binary template fit. Since the
CO, absorption feature is stronger in W0751 than in W1405, it
is possible that this object has stronger vertical mixing, in turn
making its [3.6]-[4.5] color bluer than typical for its
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Figure 5. Best-fit binary model for W0146.
Table 3 essentially the same. However, when we look at the 3-5 pm range,

Best-fit Models to W0146 from B. Lacy & A. Burrows (2023)

Comparison Tess log g Z|Z Cloud Honix Xf?
(X) (dex)

Best-fit single 550 4.25 0.316 clear diseq. 0.01 14.81

Best-fit binary 550 4.25 0.316 clear diseq. 0.01 12.62
325 425 0.316  clear diseq. 0.10

temperature and driving the blue color of the combined-light
spectrum comparison with W0146.

6.2. The True Diversity of Cold Worlds

While the T/Y transition is defined in the near-IR by the
appearance of ammonia at 1.53-1.58 um despite its overlap
with water and methane (A. Burrows & C. M. Sharp 1999;
K. Lodders & B. Fegley 2002; A. Burrows et al. 2003;
M. C. Cushing et al. 2011), signs of this transition can also be
seen in the 3-5 um regime covered by Spitzer and JWST/
NIRSpec. W0146AB is likely composed of two objects with
atmospheres similar to those of W0751 and W1405. These two
components are classified as T9.5 and YOpec, respectively,
based on their NIR spectral morphology. Their J — K colors are
almost identical (—0.69 4+ 0.206 and —0.55 + 0.134, respec-
tively; J. D. Kirkpatrick et al. 2011; S. K. Leggett et al.
2015, 2013, 2012), and their T differs by only 92 + 23 K.
Therefore, it makes sense that their spectral classification is

10

their absolute magnitudes in [4.5] differ by 0.48 £ 0.065 mag, and
their [3.6]-[4.5] color by 1.02 £ 0.155 mag.

Figure 7 shows the CMD in Spitzer colors of the late T and
Y dwarf population for objects with parallax errors smaller than
10% compiled from J. D. Kirkpatrick et al. (2024). In the
absence of a spectral type classification system in the 3-5 ym
regime, we estimate Top from [3.6]-[4.5] color based on the
empirical relation of J. D. Kirkpatrick et al. (2019). Highlighted
sources include WO0146 shown as a star, its best-fit single
template, WO0535, shown as a triangle, and its best-fit primary
and secondary templates, W0751 and W1405, shown as
circles. Confirmed T/Y binary systems are shown as squares.
In addition to a clear correlation between fainter absolute
magnitude in [4.5] and redder [3.6]-[4.5] color, surface gravity,
metallicity, binarity, and carbon disequilibrium chemistry have
a visible effect on the color spread of this population. The best-
fit components W0751 and W 1405 lie on opposite sides of the
population, apparently flanking the T/Y transition in the
3-5 um regime; both being presumably single sources of
unknown metallicity and different surface gravity owing to the
young age of WO751. At these temperatures and wavelengths,
disequilibrium chemistry becomes an additional, essential
factor changing the shape of the emerging spectra and the
overall flux at [3.6] and [4.5] bands (B. E. Miles et al. 2020;
S. Mukherjee et al. 2022).

While the T, continuously decreases with redder [3.6]-[4.5]
colors and fainter absolute magnitudes in [4.5] according to the
J. D. Kirkpatrick et al. (2019) relation, there appears to be a
slight change in slope around [3.6]-[4.5] ~ 2.2 mag. This color
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Figure 7. CMD of late T and Y dwarfs in Spitzer colors. Effective temperatures have been estimated using color—temperature relations from J. D. Kirkpatrick et al.
(2019). Our target, WO0146, is shown as a star. Its best-fit single is W0535, slightly fainter and redder. The components of its best-fit binary template are W0751 as a
primary, and W1405 as a secondary. The addition of these two spectra would produce a blended-light template that is redder than expected for its temperature. Three
other confirmed binary systems straddling the T/Y transition are shown as squares: WISE J1711+43500 (M. C. Liu et al. 2012), WISE J1217+1626 (M. C. Liu

et al. 2012), and W0336AB (P. Calissendorff et al. 2023).

corresponds to a T, of about 540 K (J. D. Kirkpatrick et al. 2019),
which is close to the nominal start to the Y dwarf class (~500 K)
from the near-IR, and to the T, at which the Sonora Bobcat
models predict a minimum in the eddy diffusion coefficient
(K, the model parameter representing the strength of large-scale
vertical mixing) over the late T/Y dwarf temperature range
(100-700 K; B. E. Miles et al. 2020). A low value of K, indicates
a long mixing timescale within an atmosphere, hence a weak
vertical mixing. At temperatures lower than ~540K, models
predict an increase in K., thus shortening the mixing timescale and
allowing chemical disequilibrium to dominate. Therefore, this
change in slope in the CMD at [3.6]-[4.5] = 2.2 mag which
roughly corresponds to the temperature at which the T/Y transition
occurs, could also be representative of the temperature at which the
strength of carbon disequilibrium chemistry changes in the coldest
brown dwarfs. The T/Y transition could then be potentially driven
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by a change in the strength of the carbon disequilibrium chemistry,
mirroring the atmospheric changes that drive the L/T transition at
warmer temperatures as an abrupt change in color over a small
temperature range (A. J. Burgasser et al. 2002, 2006b; T. J. Dupuy
& M. C. Liu 2012; A. J. Burgasser 2013).

6.3. Multiplicity as a Signpost for the Formation Mechanism of
the Coldest Companions

Multiplicity fractions are characteristic of stellar and
substellar populations. Based on their measured binary fraction,
we expect that at most ~8% of Y dwarfs have equal or lower-
mass, chemically identical companions (C. Fontanive et al.
2018) that formed simultaneously with the primary from the
same molecular cloud, even at planetary masses, expected for
the majority of Y dwarfs (C. V. Morley et al. 2019). With only
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one Y+Y binary system currently known (P. Calissendorff
et al. 2023), it is challenging to robustly constrain the
multiplicity fraction and binary properties of the population.
However, a departure in the decreasing trend of multiplicity
fraction, average separation, and power-law index of the mass
ratio distribution with mass, could signify a change in the
formation mechanism of the companions. Therefore, character-
izing the orbital properties and occurrence rates of the lowest-
mass binaries is essential to understanding their formation
channels. This effort relies on expanding our current sample of
Y dwarfs. Ongoing and planned efforts to search for Y dwarfs
with Near-Eearth Object Surveyor (A. K. Mainzer et al. 2023),
EUCLID (Euclid Collaboration et al. 2024), and the Backyard
Worlds: Planet 9 citizen science collaboration are key to
growing our current list of ~50 confirmed Y dwarfs.

Identifying blended-light binaries is key to probing the
multiplicity properties of the Y dwarf population, especially as
most Y dwarf binary systems are expected to be tight,
with separations on the order of 1au (C. Fontanive et al.
2018). We have characterized a handful of late T/Y dwarf
binaries to date (WISE J17114-3500 (M. C. Liu et al. 2012),
WISE J12174+1626 (M. C. Liu et al. 2012), and W0336AB
(P. Calissendorff et al. 2023)), and are now adding W0146
(see also T. J. Dupuy et al. 2015) as another crucial low-mass
binary. Several more sources merit a closer investigation to
explore their nature as unresolved binary systems based on
their overluminous location in the CMD (Figure 7). These short
orbital periods make them amenable for astrometric follow-up
within a few JWST cycles, linking spectral type to dynami-
cal mass.

7. Conclusions

In this paper, we present a spectral binary analysis for the
unresolved JWST /NIRSpec medium-resolution spectrum of the
brown dwarf binary W0146. This source has been characterized in
the past as a combination of two unusually faint T9 and YO
dwarfs (T. J. Dupuy et al. 2015). A subsequent parallax
measurement places the object twice as far as previously
measured, such that the components no longer need to have
unusual brightness. With this new parallax, we update the
projected separation between components to 1.69 + 0.106 au.
This tightly separated binary is unresolved in JWST/NIRSpec
spectroscopy, thus becoming the first brown dwarf spectral binary
characterized with JWST. Future multiband differential photo-
metry with JWST/NIRCam will be helpful to constrain the flux
differences across wavelength and estimate a mass ratio.

Using a library of JWST/NIRSpec spectra, we find that the
combination of W0751 (484 K) and W1405 (392 K) best fits
the spectrum of W0146. A binary model built from the B. Lacy
& A. Burrows (2023) self-consistent model grid, yields
components with a different set of primary and secondary
temperatures (550 K and 325 K). By examining the component
spectra, we notice that the spectral differences between the
primary and secondary are minor, with the warmer primary
showing deeper absorption features of ammonia, methane, and
carbon dioxide. However, while the difference in temperature
between the two components in the binary template fit is small
(92 + 23 K), they have a large color difference in [3.6]-[4.5]
(1.02 £ 0.155 mag), which could be suggestive of an important
change in atmospheric processes, akin to the L/T transition at
warmer temperatures yet more subtle, such as the dominance of
disequilibrium chemistry.
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This source has been monitored through astrometry for a
decade and should yield an orbit and dynamical masses within the
next few years (T. J. Dupuy et al. 2015). Continued detailed
characterization of this binary source is crucial to benchmark this
system and understand its physical parameters and spectral
features anchoring their age and composition on each other.
Growing the library of JWST /NIRSpec spectra at these extremely
cold temperatures and mid-IR wavelengths is key to disentangling
the complex effects of disequilibrium chemistry, variability, and
blended-light binarity in the coldest brown dwarfs.
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