of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 542, 310-321 (2025)
Advance Access publication 2025 July 29

https://doi.org/10.1093/mnras/staf1234

J1250+4+0455AB an ultracool binary in a hierarchical triple system

Sayan Baig ”,'>* R. L. Smart,"> Hugh R. A. Jones,' E. Pinna,>* A. Sozzetti ;> Gemma Cheng ",

Felice Cusano,>* Fabio Rossi,** Cedric Plantet* and Guido Agapito >

LSchool of Physics, Astronomy and Mathematics, University of Hertfordshire, College Lane, Hatfield AL10 9AB, UK
2[stituto Nazionale di Astrofisica, Osservatorio Astrofisico di Torino, Strada Osservatorio 20, I-10025 Pino Torinese, Italy
3Istituto Nazionale di Astrofisica, Osservatorio Astrofisico di Arcetri, largo E. Fermi 5, I-50125 Firenze, Italy

4ADONI - ADaptive Optics National lab in Italy, Italy

Accepted 2025 July 23. Received 2025 July 21; in original form 2025 January 22

ABSTRACT

We report the discovery of the ultracool dwarf binary system J12504-0455AB, a low-mass (Mgt < 0.2 M) system in which
the components straddle the M/L dwarf boundary. The binary was resolved through near-infrared adaptive optics imaging with
LUCI1-SOUL on the Large Binocular Telescope, revealing a projected angular separation of 0.17 + 0.015 arcsec, which,
combined with a system distance of 71 £ 5.8 pc, corresponds to a physical separation of 12.2 & 1.5 AU at a position angle of
84.8 + 0.2°. We estimated the orbital period of J1250+0455AB to be 156 £ 8 yr, the bolometric luminosities of the primary
and secondary luminosities as log(Lpo/Lg) = —3.45 £ 0.04 and —3.58 £ 0.04, respectively, with the spectral types of M9 and
LO determined through binary template fitting and spectrophotometric relations. This binary system is part of a hierarchical
triple with a separation of 10.44 arcsec from its primary. We estimated the age of the system from the rotational period of the
primary star as 0.560¢ Gyr. Using evolutionary models, for each component we estimate the mass [0.079 = 0.002 M, / 0.072
+ 0.003 Mg ], effective temperature [2350 £ 38 K / 2200 + 43 K], and radius [0.113 4= 0.003 R, / 0.108 £ 0.002 R ]. Based
on the system’s binding energy, total mass, and separation, J12504+-0455AB is predicted to be a highly stable system, remaining
bound for >10 Gyr. J12504-0455AB extends the growing population of UCD benchmark systems, providing a new system for
refining evolutionary theories at the lowest stellar masses into the substellar regime.
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1 INTRODUCTION

Ultracool dwarfs (UCDs) are ubiquitous cool objects with an effec-
tive temperature (7)) below ~ 2700 K, including the late M-dwarfs,
and extend to the substellar Brown Dwarf (BD) regime including L,
T, and Y dwarfs (Kirkpatrick, Henry & Irwin 1997; Rajpurohit et al.
2013).

Independent measurements of the mass, age, T., and surface
gravity of BDs are vital for testing the current formation and
evolutionary substellar models (Saumon & Marley 2008; Burrows,
Heng & Nampaisarn 2011; Baraffe et al. 2015; Phillips et al. 2020;
Marley et al. 2021). T.¢ and surface gravity can be estimated
using photometry and spectroscopic analyses, however, as BDs
continuously cool with age, these parameters are not translatable
to a precise mass. This results in an age-mass degeneracy for a given
luminosity and temperature (Burrows et al. 1997), with lower mass
younger BDs having similar 7. and luminosity to higher mass,
older counterparts, thus making field BDs extremely difficult to
characterize. The uncertainties in these measurements, particularly
in mass and age, pose significant difficulties for their use in testing
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and refining evolutionary models and brown dwarf cooling models
(Burrows, Hubbard & Lunine 1989).

UCDs in multiple systems, particularly those with brighter com-
panions, play an important role in disentangling mass-age-luminosity
degeneracy. These ‘benchmark’ systems provide model-independent
constraints for the UCD components by leveraging the fundamental
parameters of the primary (brighter) companion (Pinfield et al. 2006).
Significant progress has been made in identifying UCD benchmark
systems (Burgasser et al. 2000; Burningham et al. 2009a, b; Faherty
et al. 2010; Zhang et al. 2010; Day-Jones et al. 2011; Luhman et al.
2012; Pinfield et al. 2012; Gomes et al. 2013; dal Ponte et al. 2020;
Baig et al. 2024; Rothermich et al. 2024), providing the necessary
data to probe UCD formation scenarios. UCD benchmarks also
assist in probing low-mass binary properties (e.g. frequency, orbital
separation, and mass-ratio distribution), as they are invariant to the
initial kinematic and cloud structure conditions of the gas in the star-
forming regions in which they are formed (Bate 2009, 2011, 2012),
thus enabling an unbiased study of their distributions.

One approach to addressing the mass-age-luminosity degeneracy
for field brown dwarfs is through the age dating of benchmark UCD
systems. Assuming that the system is coeval and formed in the
same molecular cloud, we can consider the age and composition
of the primary to be the same as those of the companion. Although
traditional stellar-age dating methods are not directly applicable to
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brown dwarfs, age estimates can be achieved using coeval clusters
or associations, particularly in young clusters (<10 Myr) (Gagné
et al. 2018; Balaguer-Nuifiez et al. 2020), where brown dwarfs
are most luminous in their early ages. Gyrochronology, which
leverages the relationship between rotational evolution and age,
offers another valuable tool for age dating UCDs, particularly for
those lacking direct mass measurements. This method is particularly
useful for binaries and hierarchical systems, where the rotation rates
of primary stars or companions can calibrate the ages of the UCDs,
yielding an empirical stellar ages with a precision of 15 per cent—
20 per cent (Metcalfe & Egeland 2019). Another method involves
directly measuring dynamical masses in tight binaries using radial
velocities or astrometric orbits. These measurements can constrain
the orbital masses to better than 10 percent precision (Dupuy &
Liu 2017; Dupuy et al. 2023), constraining age estimates to 10-20
per cent uncertainties on evolutionary tracks compared with the 50—
100 per cent uncertainties typical of main-sequence stellar dating
(Burgasser 2009).

In this paper we present ULAS J125015.55+045506.6AB (here-
after J1250+0455AB), previously catalogued as a single M9 ultra-
cool dwarf by Cheng et al. (2025) but now resolved into a close binary
of two early-L dwarfs separated by 12.2 £ 1.5 AU. J1250+0455AB
is itself part of a hierarchical triple with the early-M dwarf Gaia
DR3 3705763 723 623 026 304 (hereafter J12504+04553; Baig et al.
2024). Lu et al. (2024a) estimate an age of ~ 0.8,Gyr and a
slightly subsolar metallicity ([Fe/H] = —0.168) for J12504-04553,
in agreement with values reported by large-scale spectral surveys
(Ding et al. 2022; Verberne et al. 2024).

We resolved J12504-0455AB using the Large Binocular Telescope
(LBT), specifically the LBT Utility Camera in the Infrared (LUCI),
a NIR imager with adaptive optic capabilities, and subsequently
characterize both components of J12504-0455AB in our analysis.
The structure of the paper is as follows: Section 2 outlines the
identification of our target; Section 3 provides details of the obser-
vations conducted with LBT/LUCI; Section 4 describes the analysis
of J1250+-0455AB; and Section 5 presents our conclusions and final
remarks.

2 TARGET SELECTION

J12504-0455AB was selected from the UCD companion catalogue
of Baig et al. (2024). To identify systems likely to harbour unresolved
binarity in the Gaia data, we applied three diagnostic criteria for a
partially resolved binary, motivated by the work of Halbwachs et al.
(2023) using the following criteria for Gaia parameters:

(i) ipd-gof_harmonic_amplitude (IPDgofha) > 0.1: The crite-
rion delineates the goodness-of-fit as a function of the position
angle of the scan direction. This parameter assists in measuring the
significance of the scanning angle on the Point Spread Function (PSF)
fitting process, indicating elongations and the presence of unresolved
binarity.

(ii)) RUWE > 1.4: The Renormalised Unit Weight Error (RUWE)
serves as a reliable metric to assess the goodness-of-fit for the
astrometric solution of a Gaia source. As detailed in Lindegren
et al. (2021) a RUWE < 1.4 is indicative of a well-behaved single-
star solution. It has been shown that RUWE values significantly
above this threshold can be attributed to photocentric motions of
unresolved objects (Stassun & Torres 2021), such as astrometric
binaries, which are not revealed by the Gaia Image Parameter Deter-
mination (IPD) statistics, and therefore complement the IPD in binary
detection.
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(iii) G — Grp > 30 (G — Ggrp(SpT)): When multiple compo-

nents remain unresolved by Gaia, they are recorded as a single
source, thereby inflating the measured brightness, producing a colour
mismatch relative to that expected for a single star of the same
spectral type. In Gaia DR3 (Gaia Collaboration 2023), there are
no pipeline corrections for separating the flux from such genuinely
merged detections (De Angeli et al. 2023), resulting in blending of
photometry from both sources. To identify potential unresolved pairs,
we used photometric relations from Kiman et al. (2019) to estimate
the typical G—GRrp values for the spectral types of our UCD targets,
as Kiman et al. (2019) found that it had the tightest relation to the
spectral type and compared this to our targets measured G—Grp. We
selected any source that deviated by more than 3o from the mean
G—Grp of the UCDs spectral type.
‘We did not adopt the blending fraction (8) from Riello et al. (2021)
because such fraction-based methods mainly apply when a secondary
source is at least partially resolved, which is not the case for the
compact systems considered here.

Halbwachs et al. (2023) also adopted the threshold
ipd_frac_multi_peak (IPDfmp) < 2, which reflects the proportion
of scans that exhibit dual peaks and suggests possible secondary
sources. However, our selection criteria do not include this measure,
as dual peaks may not always be evident depending on the scan
orientation or close proximity of the components.

J12504-0455AB satisfied all criteria and was consequently pri-
oritized for high-resolution LUCI imaging. Other systems from the
initial catalogue did not meet one or more requirements or could not
be observed because of guide-star limitations and are not discussed
further here.

3 OBSERVATIONS AND DATA REDUCTION

3.1 Observations with LBT/LUCI

Using the Large Binocular Telescope (LBT) of the Mount Graham
International Observatory, specifically the LBT Utility Camera in the
Infrared (LUCI; Pramskiy et al. 2018), in Single Conjugate Adaptive
Optics (SCAO) mode with the second-generation AO instrument
Single Conjugated Adaptive Optics Upgrade for LBT (SOUL; Pinna
etal. 2016,2021),J12504-0455 was observed. A summary of selected
properties of J12504-0455 are presented in Table 1.

Observations of J1250+0455 were made with LUCI1, located on
the left-hand side (SX) of the LBT, under programme ID 2028203,
observed on the 2024 February 15. The N30 camera was used in the
ADAPTIVE mode with a field of view of 30 arcsec x 30 arcsec and a
pixel scale of 0.015 arcsec pix~!. A total of 15 frames were observed
in both the H (1.653 um) and K (2.153 pm) photometric bands,
with each band receiving a total exposure time of 75's, through a 5 s
exposures for each frame. In order to allow for an efficient reduction
of the sky background, each image was dithered according to a
rectangular pattern with a maximum displacement of 5 arcsec in
either the X- or Y-direction. LUCI necessitates an AO reference star,
which can be either on-axis (R < 16.5 mag) or off-axis. J12504-0455
was too faint to be used as an on-axis guide star; thus, we selected
J12504-04553, located 10.44 arcsec away, as the off-axis guide star,
as it is the only star sufficiently bright and within the 1 arcmin field
of view of LUCII to enable a feasible observation. All observations
of J12504-0455 were obtained within an airmass of 1.176-1.202.
During the observations, the Differential Image Motion Monitor
(DIMM) was operational only briefly while observing the first source.
However, based on the measurements obtained prior to and following
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Table 1. Selected properties of J1250-+0455AB.

Parameter Unit Value
Information
Gaia ID - 3705763 723623660416
RA ° 192.6
DEC ° 04.91
Photometry
Gaia G mag 20.46 £ 0.01"
Gaia Grp mag 18.27 £ 0.02!
Gaia Gbp mag 21.49 £ 0.16!
2MASS J mag 15.15 + 0.06?
2MASS H mag 14.34 £ 0.06%
2MASS K mag 13.80 % 0.05>
UKIDSS H mag 14.42 £+ 0.013
UKIDSS K mag 13.85 +0.013
Astrometry
Parallax mas 13.93 £ 1.13!
pmRA mas yr~! —129.4 +1.39!
pmDEC mas yr~! 42.47 +£1.34!
ipd-gof_harmonic_amplitude - 0.15
RUWE - 1.511
Astrophysical parameters
SpT - M9*
Tefr K ~ 2420°
Mass Mo ~ 80°

Note. ' Gaia DR3 (Gaia Collaboration 2023); 22MASS (Skrutskie et al. 2006);
3UKIDSS (Lawrence et al. 2007); “Cheng et al. (2025); SRelations from
Pecaut & Mamajek (2013).

Table 2. Measurements of binary separation, position angle, and flux ratios
for J12504-0455AB for each of the 15 science images in both H-band and
K-band with the final row giving the values derived from the stacked image.

H band K band

Sep (mas)  PA (°) Flux ratio Sep (mas)  PA (°) Flux ratio

171.4 84.97 1.28 +0.02 169.4 86.56 1.29 £ 0.01
173.9 86.19 1.31 £ 0.01 167.6 86.13 1.28 +0.02
164.1 83.47 1.27 £ 0.03 172.7 86.31 1.28 £ 0.01
164.3 85.06 1.24 +0.03 172.3 85.79 1.29 +0.01
170.0 85.15 1.30 + 0.03 167.4 86.36 1.26 £ 0.01
168.5 85.74 1.26 + 0.03 169.9 86.25 1.28 £ 0.01
176.8 86.99 1.26 + 0.02 170.9 85.65 1.30 £ 0.01
173.9 86.26 1.28 £ 0.01 171.6 85.64 1.27 £ 0.01
169.7 85.77 1.25 + 0.03 167.5 85.87 1.28 +0.02
170.4 86.78 1.26 +0.02 172.3 85.84 1.25 £ 0.01
173.8 87.36 1.25 +0.02 167.0 84.95 1.26 + 0.02
171.3 85.85 1.28 + 0.03 170.8 85.89 1.29 £ 0.01
168.3 86.34 1.26 + 0.02 164.2 85.26 1.25 £ 0.01
170.2 85.93 1.28 + 0.01 168.3 86.13 1.24 +£0.02
171.4 85.62 1.27 £ 0.02 170.3 85.03 1.26 + 0.02
170.5 85.83 1.27 £ 0.01 169.5 85.9 1.27 £ 0.01

the observation period, the seeing conditions along the telescope line
of sight were estimated to range from 1.0 to 1.3 arcsec. We conducted
observations in the H and K bands, where our targets were the
brightest. The secondary companion, being cooler than the primary,
has greater brightness at near-infrared wavelengths; thus, we opted
for the K band rather than the J band to maximize the signal-to-noise
of the image, improving our ability to identify subtle variations in
the PSF morphology. The full details of the observational conditions
for each frame in both photometric bands are listed in Table 2.

MNRAS 542, 310-321 (2025)

From the AO telemetry data, we estimated a variable Strehl Ratio
(SR) between 20 percent and 30 percent at 1650 nm with a full
width at half maximum (FWHM) of 50 mas in the AO reference star.
Considering a typical vertical distribution of the seeing and the 10.44
arcsec distance, we expect to have on the scientific target an FWHM
of approximately 60 mas in the H band and between 60 and 70 mas in
Ks. Considering the variability of the seeing vertical distribution, the
measured values were consistent with the AO telemetry estimations.

3.2 Data reduction

Calibration and sky subtraction of the individual exposures were
performed using a dedicated pipeline developed at INAF — Rome
Observatory to reduce LBT LUCI imaging data (Fontana et al.
2014). Initially, the reduction procedure involved the removal of
the dark current and flat field correction. To remove the dark
current, a median stacked dark image (masterdark) that is obtained
by combining a collection of dark frames using the same detector
integration time (DIT) and number of DITs (NDIT) as the scientific
data set is subtracted from both the scientific and sky images. The
dark-subtracted images were then divided by a median stacked flat
image (masterflat) acquired from a combination of a set of dark-
subtracted flat images. The pre-reduced images were then sky-
subtracted using a mean sky image taken at the beginning and end of
the observation sequence. The final image registration and coaddition
were performed using the IMCOMBINE task within the IRAF (Tody
1986, 1993).

J12504-0455AB has been observed in previous near-infrared
surveys, including the UKIRT Infrared Deep Sky Survey (UKIDSS;
Lawrence et al. 2007) and Two Micron All Sky Survey (2MASS;
Skrutskie et al. 2006). However, the resolution of these surveys was
insufficient to resolve the individual components of J1250+0455AB,
necessitating the use of AO to image the system. We present both the
UKIDSS-K and 2MASS-H images, along with the higher resolution
LUCI H and K, band images of J12504-0455 in Fig. 1. In both the
LUCI bands, J12504-0455 was clearly resolved as a binary system
with two components. The components are similar in brightness, with
the eastern component (J12504-0455A) exhibiting a slightly larger
flux than the western component (J1250+0455B), suggesting a near-
equal mass system. Our analysis designates the brighter component,
J12504-0455A, as the primary.

4 ANALYSIS

4.1 Binary parameters

4.1.1 Separation and position angle

We measured the coordinates on the CCD detector of each
source in the stacked H and K, images using the PHOTUTILS
DAOStarFinder class in python (Stetson 1987), and from these
positions computed the separation between their centroids.

The DAOSTARFINDER algorithm identifies centroids by fitting
the marginal x- and y-dimensional distributions with a Gaussian
kernel to those of the unconvolved input image. Following the
identification of the centroids, the separation was computed in
arcseconds by converting the pixel distance using the pixel scale
of LUCI (0.015 arcsec pix~"). The calculated separations for each
science image across both photometric bands are presented in Table 2.
We opted to use the separation derived from the stacked K -band
image, which has a superior SNR compared to the stacked H-
band image. Specifically, the K;-band image provided SNRs of
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Figure 1. (Top panel): Images of the system J12504+-0455AB and its nearby companion J12504-04553 in the UKIDSS-K (left) and 2MASS-H (right) bands.
The white dashed squares highlight the unresolved PSF of J1250+0455AB in both the images. The dashed lines connect these squares to the corresponding
LUCI-Kg and LUCI-H images where the individual components of the binary system are resolved. The UKIDSS-K and 2MASS-H images cover a field of
view of 0.5arcmin x 0.5arcmin. The 1 arcsec scale shown is accurate only for the UKIDSS and 2MASS images. (Bottom panel): Resolved images of the
J1250+0455AB system in the LUCI-K(left) and LUCI-H (right) bands. The LUCI images cover a smaller field of view of 2 arcsec x 2 arcsec. The 0.1 arcsec
scale shown is accurate for the LUCI images. The primary (A) and secondary (B) components of the system are labelled in both LUCI images. In all images,

the North is oriented upwards, and the East is to the left.

159 and 124 for J12504-0455A and J12504-0455B, respectively,
whereas the H-band image yielded lower SNRs of 99 and 75,
respectively. This resulted in a separation of 170 £ 15 mas between
the resolved components. The FWHM of the PSF was determined
by fitting a composite model comprising a Gaussian profile for the
central core and Moftat profile for the extended halo. The Gaussian
component performed better near the diffraction limit, whereas the
Moffat component accounted for the residual flux in the outer
halo. The resulting FWHM values were 0.076 & 0.006 arcsec and
0.078 £ 0.006 arcsec in K and 0.083 & 0.007 arcsec and 0.085 +
0.008 arcsec in H for J1250+-0455A and J1250+0455B components,
respectively.

To determine the Position Angle (PA), pixel coordinates were
first transformed into World Coordinate System (WCS) coordinates
using the ASTROPY (Astropy Collaboration 2013) WCS class.
Subsequently, the PA was calculated using the PYASTRONOMY
(Czesla et al. 2019) pysal module. The stacked K image provided
aPA of 85.84 4 0.2 °, and the PA for each science image is presented
in Table 2.

4.1.2 Flux ratio and photometry

To derive the flux ratio between the primary and secondary com-
ponents of J1250+0455AB aperture photometry was performed
using the PHOTUTILS ApertureStats class on the co-added
images, with an aperture radius of 0.0675 arcsec for both compo-
nents. Aperture photometry was used with non-overlapping circular
apertures that fully isolate each component. The background levels
and uncertainties for each frame were estimated using an annular
region with a width of 0.0675 arcsec around each source. The annulus
was configured to have a 0.015arcsec gap from the edge of the
aperture used for the flux measurements. The flux ratio was then
calculated as the ratio between the primary and secondary fluxes,
yielding 1.27 £ 0.01 in K, with the flux ratio for all images in both
bands, shown in Table 2.

Calibration of our LUCI K photometry was performed against
the 2MASS K; system, chosen because among all publicly available
survey filters from the Spanish VO Filter Profile Service (Rodrigo,
Solano & Bayo 2012; Rodrigo & Solano 2020; Rodrigo et al. 2024),
its bandpass most closely matches that of LUCI, as shown in Fig. 2.
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Gz0z 1snBny 0z uo Jesn aliyspiojieH 1o Ausiaaiun Aq 12/ 128/01€/L/2S/e1onie/Seluw/woo dno-oiwspese//:sdny wolj papeojumoq



314  S. Baig et al.

100 T T | T T T T T T I_
075 |- ]
g B ]
[e]
2 B ]
iz - ]
£ 050 |— —
n - -
g B ]
[o]
£~ - -
E‘ - —
0.25 | —
C — LUCI Ks ]
B —— 2MASS Ks i
0.00 |
1 1 | 1 1 1 | 1
2.0 2.2 2.4

x103

Figure 2. Comparison of the normalised transmission profiles of the Kj
filters: 2MASS (red) and LUCI (green).

Wavelength (nm)

We interpolated the 2MASS transmission curve onto the LUCI wave-
length grid and assessed their agreement by computing the sum of
squared differences, finding deviations of only a few per cent across
the full bandpass. We therefore used the known unresolved 2MASS
K, magnitude of our target system to determine the photometric zero
point and applied that zero point to the individual LUCI fluxes of the
primary and secondary components to recover their 2MASS-scale
magnitudes.

ZPy ks = 2MASSh ks — 2.510g o (Fiotar,1,ks), (1

where ZPy ks are the photometric zero-points in the two
bands, 2MASSy ks is the unresolved 2MASS magnitudes of
J12504-0455AB, and Fioan ks 1S the combined flux of both the
primary and secondary components from the aperture photometry.

To estimate the individual 2MASS magnitudes for the compo-
nents, we used the following:

2MASS§:ES =ZPy ks — 2.510g (FI?,’I?S) ) @

where 2MASS§:ES represents the measured 2MASS magnitudes
for the primary and secondary components in the H and K bands and
F{;E‘S denotes the flux of the primary and secondary components in
the corresponding LUCI bands. The estimated 2MASS magnitudes
are listed in Table 3.

Fig. 3 presents the absolute magnitude (Mk,) as a function
of spectral type for a selection of M and L dwarfs, based on
the compilation by Dupuy & Liu (2012) along with the derived
Mk, values for the individual components of J12504-0455AB. The
spectral types of components A and B were consistent within their
respective uncertainties. Specifically, we derived a spectral type of
M9 =+ 0.6 for J1250+0455A, and LO =+ 0.6, for J12504+-0455B. The
dominant source of uncertainty in My, arises from the parallax, as
the Gaia DR3 parallax measurement of 13.93 + 1.13mas has a
large associated uncertainty. This significant uncertainty is due to
the wobbling of the photocentre during Gaia observations, leading
to a poor fit of the astrometric solution (Castro-Ginard et al. 2024).
The uncertainty of each spectral type was derived by propagating all
parameter uncertainties.

To derive the bolometric luminosity, we applied the fourth order
polynomial relations for bolometric corrections from Sanghi et al.

MNRAS 542, 310-321 (2025)

Table 3. Derived parameters for J12504+0455A and J1250+4-0455B. The
photometric properties include H- and K-band magnitudes and bolometric
luminosity. Astrometric properties include projected angular and physical
separation, and position angle. Astrophysical properties include spectral
type (photometry and spectral fitting), gyrochronological age, mass, effective
temperature, radius, orbital period, and binding energy derived using SMO08
and BCAHIS5 evolutionary models.

Parameter (Unit) J12504-0455A J1250+0455B
Derived photometry
H (mag) 15.02 +0.06 15.32 4+ 0.06
K;(mag) 14.50 + 0.05 14.76 £ 0.05
log(L/Le) —3.4540.04 —3.58 4+ 0.04
Derived astrometry
Sep (mas) 170 + 15
Sep (AU) 122415
PA (°) 84.8 £0.2
Derived astrophysical properties
SpTPret () M9.5 + 0.6 L0.5 4 0.6
SpTSF (-) M9 £ 1.1 LO+14
Age (Gyr) 0.5810:07
MSMO8 (M) 0.079 £ 0.002 0.072 £ 0.003
MBCAHIS (VY 0.077 % 0.002 0.070 % 0.003
TS (K) 2350 + 38 2220 +43
TECAHIS (K) 2430 & 42 2300 & 38
RSMO8 (R() 0.113 % 0.003 0.108 % 0.002
RBCAHIS (R ) 0.110 £ 0.003 0.107 £ 0.002
PSMO8 (yr) 155+9
PBCAHIS (yr) 157 +£8
USMO8 (erg) 67.1 x 10!
UBCAHIS (erg) 62.9 x 10

8 T
o Dupuy and Liu 2012 polynomial -
B © Dupuy and Liu 2012 sample )
9 | @ — = Mg, (J1250+0455A) i
-8 g — = My (J1250+0455B) .
B ° ]

= 10
S L - ===
.E. = — — —o— e
v L i
s 11 | iy
12 e
L ° i
- (<] 4
L ° i
13 T T TP PP TP TP RUE TUURE TURRE PUUIL SO

M6 M7 M8 M9 1O L1 L2 L3 L4 L5 L6
Spectral Type

Figure 3. Absolute magnitude Mk, as a function of spectral type. The
black line represents the polynomial fit from Dupuy & Liu (2012), whereas
the blue points denote selected samples from the same catalogue. The
blue and red dashed lines indicate the My, values for J1250+0455A
and J12504-0455B, respectively, with the shaded regions reflecting the
corresponding uncertainties.
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Figure 4. Best-fitting binary templates for J1250+0455AB are shown. The black line represents the observed spectrum of J1250+0455AB (Cheng et al. 2025)
with the binary fits in green. The primary and secondary components of the fit are marked in red and blue, respectively. The four best fits, ranked by 2, are
arranged with the best fit at the top left. Grey lines indicate the residuals between the observed (black) and best-fitting binary (green) spectra. Grey bars at the

top denote fitted spectral regions, with water absorption gaps.

(2023), specifically utilizing the BCk ,,, corrections. Following the
approach outlined in Baig et al. (2024), we compute log (L /L) val-
ues, incorporating uncertainties from both the intrinsic scatter in the
polynomial relation and the error in M. This resulted in bolometric
luminosities of log(L/Lg) = —3.45 £ 0.04 dex andlog(L/Ly) =
—3.58 £ 0.04 dex for components A and B, respectively.

4.1.3 Combined spectral fitting

We aimed to estimate the spectral types of the resolved components of
J1250+4-0455AB using a combined spectral analysis approach. Cheng
etal. (2025) initially classified the unresolved system as an M9 dwarf
based on low-resolution near-infrared (NIR) spectroscopy obtained
using the SpeX instrument at the NASA Infrared Telescope Facility
(IRTF) (Rayner et al. 2003). Resolving the binary components
provides an opportunity to refine this classification.

To estimate the spectral types of the individual components, we
utilized empirical spectral templates from the SpeX Prism Library
Analysis Toolkit (SPLAT) (Burgasser 2014). These templates include
standard spectra from the IRTF’s Short-wavelength Cross-Dispersed
(SXD) mode, which provides high-quality empirical standards across
M- and L-dwarf spectral types.

Asnoted in Section 1, available constraints point to a system age of
0.8 Gyr and slightly subsolar metallicity ([Fe/H] ~ —0.17); we revisit
the age diagnostics and confirm this estimate in Section 4.2.1 below.
Since empirical templates that jointly reflect modest metal deficiency
at intermediate gravities are lacking, we bracketed the component
spectra using INT-G standards (M9-L2) alongside the available low-

metallicity/subdwarf sequences. Because empirical templates that
jointly reflect modest metal deficiency at field gravities are lacking,
we bracketed the component spectra using INT-G standards (M9-L2)
alongside the available low-metallicity/subdwarf sequences. Given
the absence of benchmarks that simultaneously exhibit mild metal-
poor ([Fe/H] ~ —0.2 to —0.4) and young (INT-G) characteristics, and
noting that the only available low-metallicity templates are limited
to subdwarf standards, we confined our fits to intermediate-gravity
(INT-G) templates spanning spectral types M9 to L2, including half-
subtypes.

We fitted multiple binary combinations as shown in Fig. 4, dis-
playing the best template fits. The best-fitting solution is an M9 £ 1.1
primary combined with an LO 4 1.4 secondary, both classified as
INT-G.

This estimate is consistent with our photometric classification of
the individual stars, which suggests that the system contains two
nearly equal-mass M/L boundary dwarfs. The uncertainties for each
component of the binary fits were calculated separately by fixing
the secondary component at the best-fitting spectral type, which
allowed us to calculate the chi-squared values for a range of primary
spectral types. We then fitted a polynomial to these chi-squared
values and defined the uncertainty on the primary component to
be the difference in spectral types between the best-fitting primary
type (i.e. the spectral type with the lowest chi-squared value, x2. )
and that corresponding to a chi-squared value equal to 2, + 1
(corresponding to a 1o uncertainty). We then repeated this process
by fixing the primary component at its best-fitting spectral type to
calculate the uncertainties for the secondary component indepen-

MNRAS 542, 310-321 (2025)
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dently, resulting in independent uncertainties for each component of
the binary spectral fits.

4.2 Physical parameters
4.2.1 Age

Accurate age determination remains an elusive goal for many stellar
types, particularly for M dwarfs. These stars undergo hydrogen fusion
at significantly slower rates than their more massive counterparts,
resulting in main-sequence lifetimes far exceeding the current age
of our Universe (Laughlin, Bodenheimer & Adams 1997). Con-
sequently, traditional age dating methods, such as isochrones and
astroseismology, which are effective for massive stars, often prove
unreliable for M dwarfs because of their long stable main-sequence
lifetime, resulting in extremely slow changes in temperature and
luminosity (Soderblom 2010; Baraffe et al. 2015).

Observations of M dwarf magnetic activity have elucidated a
correlation between stellar age and rotational period, offering a viable
method for dating these stars (West et al. 2015). The fundamental
principle underlying this approach is that stars ‘spindown’ — exhibit-
ing progressively longer rotational periods as they age, primarily due
to angular momentum loss via magnetized stellar winds (Schatzman
1962; Weber & Davis 1967). The seminal work of Skumanich (1972)
introduced a power-law relationship between the stellar rotation
and age, laying the groundwork for gyrochronology (Barnes 2003,
2007), relating the stellar age to the rotational period (Py) and the
effective temperature (7). The pursuit of calibrating an empirical
gyrochronology relation has been assisted by large photometric
surveys including Kepler (Borucki et al. 2010), Transiting Exoplanet
Survey Satellite (TESS) (Ricker et al. 2015), K2 (Howell et al. 2014),
MEarth (Berta et al. 2012), and Zwicky Transient Facility (ZTF)
(Masci et al. 2019; Mullally et al. 2022). These surveys provided the
necessary data to determine stellar rotation from their light curves
(Garciaetal. 2014; Gordon etal. 2021; Luetal. 2021, 2024b; Engle &
Guinan 2023), which reveals a more complicated substructure of
periodicity than that first proposed by Skumanich (1972) (see Lu
et al. 2024b, and references therein for further details). Thus,
recent gyrochronology relations leverage empirical calibrations with
benchmark stars with ages determined from asteroseismology, open
clusters White Dwarf cooling ages, and wide binary systems.

Bright main-sequence stars, when part of a wide binary system
with a UCD, are instrumental in characterizing their companions.
Assuming coevality, the astrophysical parameters of the primary
star, including its metallicity and age, parameters typically chal-
lenging to measure for low-mass stars, can be applied to their
companion. Independent age estimates are especially valuable as they
are essential for disentangling the mass-age-observable degeneracy
associated with the brown dwarf companion. Baig et al. (2024)
first identified J1250+04553, an M2.5V star, as a wide binary
companion to J1250+0455AB, located at an angular separation of
10.44 arcsec. We aimed to determine the rotational period as the
basis for the age calculation. We searched the Mikulski Archive
for Space Telescopes (MAST) and found TESS observations under
TIC 380727 853 relevant to our target. To refine our analysis, we
developed a custom 7TESS light curve by examining the Target
Pixel File (TPF) J12504-04553. The construction of our own light
curves is premised on the possible contamination of J1250+0455AB
in the light curve because of its proximity and the Utilizing of
noise by masking any pixel dominated by the background. Utilizing
the 1ightkurve software (Barentsen & Lightkurve Collaboration
2020), we identified sector 46 containing observations of the source,
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Figure 5. (Top left): TESS image of J1250+04553, featuring our aperture
mask in red and the background marked in white. (Top right): Background-
subtracted light curve of J1250+04553. (Bottom left): Lomb-Scargle pe-
riodogram of J1250+04553, highlighting the strongest signal at 11.48 d,
surpassing the 1 percent and 0.1 percent false-alarm probability (FAP)
thresholds. (Bottom right): Phase-folded light curve of J12504-04553, using
the best period identified from the Lomb-Scargle analysis, with the data
binned every 2 h and displayed in red.

offering a 10-min cadence. The flux contribution was gauged from
selected pixels exhibiting values exceeding 120 above the median
flux of the image, centred on the reference pixel of the target. These
pixels were then aggregated to compute the raw flux of the target.
The background flux was ascertained by summing pixels registering
above 0.1o of the median flux, which was then subtracted from
the raw flux to yield a background-corrected light curve. We also
conducted a parallel period search in archival ZTF light curves
(object ID: 474210300004550) in the g, r, and i bands; however,
no significant periodic signals were detected. Subsequent analysis of
the corrected light curve via a Lomb—Scargle periodogram revealed a
pronounced peak at a period of 11.48 d, significantly above the 99.9
percent false alarm probability (FAP) threshold. Folding the light
curve at this detected period exhibited distinct periodic variability,
further accentuated by binning the light curve at 2-h intervals, as
shown in Fig. 5. By using the gyrokinematic relations developed in
Lu et al. (2024b) we input the rotational period, effective temperature
from Gaia and absolute Gaia magnitude to derive an age of 0.580-57
Gyr. We note that the quoted uncertainties only capture the internal
scatter of the model fit and do not account for observational errors in
Tetr or Po; thus, they are likely to be underestimated.

‘We note that an age of 0.81 Gyr was obtained by Lu et al. (2024a)
for J12504-04553. While this is broadly consistent with our derived
age, slight discrepancies in both P, and T explain the difference in
determined age. In terms of metallicity, Lu et al. (2024a) also report
a subsolar metallicity of [Fe/H] = —0.168. This is in agreement
with the findings of recent large-scale spectral fitting catalogues,
which have derived subsolar metallicities for this star, including
[Fe/H] = —0.37 from Ding et al. (2022) and [Fe/H] = —0.50
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J125040455A (blue marker) and J1250+0455B (red marker) with isomass
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from Verberne et al. (2024). Although there is some variation in
the metallicity estimates, all are consistent with a subsolar value.

4.2.2 Mass, Teir, and Radii

To estimate the masses, effective temperatures, and radii of both
components of J1250+0455AB, we utilize two evolutionary models:
the models of Baraffe et al. (2015) (hereafter BCAH15) and the
‘hybrid” models of Saumon & Marley (2008) (hereafter SMOS),
both of which assume solar metallicity. These models were selected
because the luminosity of the primary component requires an
evolutionary model with an upper mass limit extending beyond the
substellar boundary. Models that are constrained to the substellar
regime are therefore unsuitable for this system, as they do not extend
to the higher masses required to describe objects near or above
the stellar boundary. By contrast, both the BCAH15 and SM08
models provide broader mass ranges that encompass objects above
the Brown Dwarf regime. These models also offer complementary
approaches to atmospheric physics: the BCAH15 models assume
cloudless atmospheres, whereas the SM08 models account for cloud
formation. This distinction enables us to examine the impact of
clouds on objects straddling the stellar/substellar regime.

By leveraging the model-independent age and luminosity, we
estimated the mass of the components by comparing their positions
in the age—luminosity plane to isomass tracks derived from the
SMO08 and BCAH15 models, as shown in Fig. 6. A bootstrapping
method was employed to propagate the posterior distributions
of age and luminosity to derive meaningful estimates. This was
achieved through linear interpolation between isomass tracks using
scipy.interpolate.griddata (Virtanen et al. 2020). By
drawing 10000 random samples from the age-luminosity poste-
rior distributions for each component, we derived the posterior
distributions for their masses, as shown in Fig. 7. Using the same
approach, we obtained posterior distributions for the companions’
effective temperatures and radii; the results are presented in the
middle and right columns of Fig. 7. A summary of these findings is
presented in Table 3. Both components lie near the stellar—substellar

Resolving J12504+0455AB a UCD binary 317
<

o}

<

o

+

o

o)

a

~—

-

—_ H— ——
0.072 0.077 0.082 2250 2400 2550 0.105 0.112 0.119

m

0

g 1

+

o

o)

a

~—

L

— H- =+ 1
0.065 0.070 0.075 2100 2250 2400 0.103 0.107 0.112
Mass [Mo ] Teff [K] Radius [Ro ]
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and lo error for each model in their respective colours for each distribution.

boundary, with both models slightly favouring a stellar classification
for J12504-0455A and a substellar classification for J1250+0455B.
However, these classifications should be interpreted with caution due
to the likely underestimated uncertainties regarding the age of the
system. The derived T, and radii are consistent with J1250+0455A
being the larger and more massive component, as expected. The
models agree within 1o, indicating general consistency despite some
discrepancies in the predicted parameters. This alignment supports
the current knowledge that the influence of cloud physics on objects
near the stellar—substellar transition may be less significant than for
lower mass L/T transition objects.

4.2.3 Binding energy and orbital period

We calculated the projected angular separation between the compo-
nents of J12504+-0455AB in Section 4.1 as 170 £ 15 mas. Using the
parallax for J12504-0455AB provided by Gaia DR3 of o = 13.94 £+
1.14 mas, we derived the projected physical separation between the
components to be 12.2 & 1.5 AU. The projected physical separation
is the closest physical separation consistent with the current on-sky
separation, in the absence of any additional orbital information. In
this study, to estimate the orbital period of the system using Kepler’s
third law, we adjusted the projected separation to account for potential
variations in the orbital inclination and eccentricity. Following the
method outlined in Fischer & Marcy (1992), the projected separation
is multiplied by a factor of 1.26. This adjusted separation along with
the masses derived in Section 4.2.2, was used to calculate the orbital
period for J1250+0455AB, using both masses derived from SM08
and BHAC1S5 given in Table 1. A large orbital period implies that the

MNRAS 542, 310-321 (2025)
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Figure 8. (Left): System binding energy versus total mass. The grey dotted and dash-dotted lines indicate the Jeans length criterion for mass ratios ¢ = 1.0, and
g = 0.1, following the approach outlined in Faherty et al. (2010). The orange hexagon and blue star markers represent the binding energies of J12504+-0455AB
calculated using the masses from SMO8 (orange hexagon) and BHACI1S5 (blue star). (Right): Binary separation versus total mass. The plot includes lifetime
isochrones adapted from Weinberg, Shapiro & Wasserman (1987), using data from Close et al. (2007) and detailed in Dhital et al. (2010) for dissipation times
of 1, 2, and 10 Gyr (blue dashed lines). The empirical stability limit described by Reid et al. (2001) is indicated by a black dash-dotted line. Both plots include
various other binary systems represented by distinct markers. The legend provides the following references: (1): Faherty et al. (2010), (2): Baron et al. (2015),
(3): Fischer & Marcy (1992), (4): Dupuy & Liu (2017), (5): Kraus et al. (2005), and (6): Very Low Mass Binaries Archive, Burgasser et al. (2007).

detection of significant orbital motion of the system components is
not possible unless long-term monitoring of the system is conducted.
The binding energy of system was calculated using:

3)

E,=18x10 x <M>

Separation

where M, refers to the mass of J12504-0455A, and M ompanion
represents the mass of J1250+0455B, both in M. The separation is
measured in AU, and the constant in the formula yields the binding
energy in units of 10*! erg (Rothermich et al. 2024). A binary system
remains stable as long as its separation does not exceed the point at
which Galactic tidal forces surpass the gravitational binding force of
the system (Close, Richer & Crabtree 1990).

To assess the stability of J12504+0455AB and the likelihood of
disruption, we examined the empirical relations for binary stability in
Fig. 8. An empirical binding energy threshold for systems formed by
fragmentation was derived in Zuckerman & Song (2009), assuming
a binary separation of 300 AU. However, this limit was revised by
Faherty et al. (2010), as numerous systems with separations greater
than 300 AU were observed. Faherty et al. (2010) applied the Jeans
length criterion, recalculating the limits for two mass-ratio cases, g
= 1.0, and ¢ = 0.1, both of which are represented in Fig. 8. The
binding energy of J12504-0455AB lies well above these thresholds,
indicating a stable binary configuration. Moreover, J1250+0455AB
demonstrates binding energies comparable to those of other low-
mass binaries (Mgor < 0.2Mg) at similar separations, particularly
those discussed in Faherty et al. (2010), Burgasser et al. (2007), and
Kraus, White & Hillenbrand (2005). We also present the systems
in Dupuy & Liu (2017) which have a total mass similar to that of
J12504-0455AB. While having a similar total mass these systems
have masses that are dynamically determined and thus have tighter
orbits, smaller separations, and hence higher binding energies.

MNRAS 542, 310-321 (2025)

Reid et al. (2001) provided a statistical model for the maximum
separation that a binary system can maintain over a given age, based
on the data available at that time. However, as more widely separated
systems have been discovered, this model has proven less applicable.
More recent work by Dhital et al. (2010) refines this relationship by
incorporating the galactic disc mass density from Close et al. (2007)
and equations from Weinberg et al. (1987) (explained in detail in
Gonzélez-Payo, Caballero & Cortés-Contreras 2023). The resulting
lifetime isochrones for dissipation times of 1, 2, and 10 Gyr are
shown in Fig. 8, alongside the earlier model by Reid et al. (2001).
J12504-0455AB falls within the anticipated region of the phase space
for systems with comparable mass and separation, aligning well with
the observed distributions of similar binaries. The estimated age and
binding energy of J12504-0455AB suggest that the system is both
strongly bound and highly stable, and unlikely to be disrupted or
dissolved, indicating that the binary is likely to remain intact and
survive for more than 10 Gyr.

4.2.4 Orbital acceleration in gaia DR4

Discrepancies in measured proper motions in the plane of the sky
between different epochs (‘astrometric acceleration’) have proven
to be a powerful tool for measuring precise dynamical masses of
long-period systems (Sozzetti & Desidera 2010; Sahlmann et al.
2011; Brandt, Dupuy & Bowler 2019; Dupuy et al. 2019; Currie
et al. 2020; Brandt et al. 2021). Gaia DR4, which will be based on 66
months of observations, is expected to release all epoch and transit
astrometry for every source in its catalogue. This unprecedented
access to high-precision relative astrometry opens new avenues for
dynamical mass determinations, especially for low-mass multiple
systems that are otherwise challenging to characterise via radial
velocities, or direct imaging.
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We estimate the astrometric acceleration for J12504-0455AB
using the approximate formalism of equation (15) of Torres (1999).
Adopting a companion mass of Mp ~ 0.071 M, a distance D =~
71pc, and an angular separation p &~ 0.17 arcsec, we simplify this
by setting W & 1. The factor ¥ (i, e, w, 2, ¢) depends on the orbital
geometry and eccentricity (including the inclination i, eccentricity e,
argument of pericentre w, longitude of the node €2, and orbital phase
@). For an order-of-magnitude estimate, we take W = 1 to represent
a ‘median’ orientation, that is, avoiding highly face-on or edge-on
configurations or extreme eccentricities. This yields a characteristic
acceleration of ~ 270 pas yr—2. Given that Gaia DR4 may detect
accelerations on the order of tens to a few hundred pasyr=2 at
G ~ 20, it is plausible that next-generation Gaia astrometry could
measure (or at least constrain) the orbital motion of J1250+0455AB,
thereby helping to refine its dynamical mass estimates.

5 CONCLUSIONS

In this study, we present a detailed analysis of the newly discovered
UCD binary system J12504+-0455AB. The system was resolved using
high-resolution NIR imaging from the LUCI instrument on the LBT,
which revealed two near-equal-mass components. Our analysis of
the newly discovered binary is summarized below:

(i) We calculate a projected physical separation of 12.2 + 1.5 AU
between the components, with a PA of 84.8 4 0.2°. A flux ratio of
1.27 £ 0.01 indicates near-equal masses.

(ii) Both photometric estimates and spectral fitting suggest the
primary has a spectral type of M9.5/L0.5 and the secondary LO/L1.

(iii) TESS data for the primary component of the hierarchical
system J1250+04553 reveals a rotational period of 11.48 d, cor-
responding to an estimated age of 0.56f8:8£ Gyr using gyrochrono-
logical relations of Lu et al. (2024b). We adopt this as the age of
J12504-0455AB, assuming that the system is coeval.

(iv) Both components straddle the stellar-substellar boundary,
with an average mass of the primary of 0.078 + 0.02 Mg, while
the secondary has a mass of 0.071 £ 0.01 Mg,

(v) The effective temperature of J12504+0455A is 2390 + 71K
and J12504-0455B is 2255+ 75 K. The radii of the components are
0.113 4+ 0.003 R and 0.108 £ 0.002 R, respectively.

(vi) The estimated orbital period of J1250+0455AB is 156 +
8 yr, making immediate dynamical mass estimates challenging
without long-term astrometric monitoring. The orbital motion can
be measured with epoch astrometry from Gaia DR4, providing an
avenue for dynamical mass determination of the system.

(vii) The system has a binding energy of 65 x 10*' erg and is
firmly bound and stable. The binary should remain bound and stable
beyond 10 Gyr.

J12504-0455AB adds to the small but growing group of resolved
triple systems containing at least one UCD, as reported in Leinert
et al. (1994), Bouy et al. (2005), dal Ponte et al. (2020) and Baig
et al. (2024). With a model-independent age, the system serves as
a valuable age benchmark, particularly within the stellar—substellar
mass regime. Systems hosting UCDs can exhibit notably divergent
ages or mass—luminosity relationships. For example, in the 2MASS
J07004-3157AB system the fainter component is more massive, lead-
ing to SM08 model ages for the primary and secondary components
which cannot be easily reconciled under coeval formation (Dupuy
et al. 2019). This illustrates how standard mass—luminosity relations
may yield inconsistent results, especially for borderline objects that
can be mischaracterized if one component is unresolved or if its
atmosphere significantly deviates from conventional assumptions.
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By contrast, hierarchical triple systems can provide a reliable age
reference when at least one stellar companion is well characterized,
thereby enabling more precise constraints.

Acquiring high-resolution spectra of J1250+04553 is essen-
tial for accurately determining the chemical composition of
J1250+0455AB. These spectra would establish a reliable chemical
benchmark for the system by leveraging the well-characterized
composition of the brighter host star. This is particularly important
because UCDs are intrinsically faint, which makes direct compo-
sitional measurements challenging. By deriving the chemical prop-
erties of the host, we can model the companion’s atmosphere with
greater precision, offering potential insights into cloud formation,
condensation, and atmospheric dynamics.

The efficacy of our method in identifying unresolved UCD binaries
opens up larger sample sizes for follow-up AO observations. This is
particularly relevant for known systems such as J1250+0455AB,
which already resides in a multiple system. Gaia DR4 is expected to
offer many new candidates, benefiting from improved astrometry and
inclusion of epoch and transit data, thus enabling precise dynamical
mass estimations for the tightest companions.
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