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Abstract

We present the distance-calibrated spectral energy distribution (SED) of the d/sdL7 SDSS J14162408+1348263A
(J1416A) and an updated SED for SDSS J14162408+1348263B (J1416BJe also presenthe first retrieval
analysis of J1416A using the Brewster retrieval code base and the second retrieval of J1¥M&Bnd that the

primary is best fit by a nongray cloud opacity with a power-law wavelength dependence but is indistinguishable
between the type of cloud parameterizatidri416B is best fit by a cloud-free modedpnsistent with the results

from Line et al. Most fundamental parameters derived via SEDs and retrievals are consistent within 1o for both
J1416A and J1416B. The exceptions include the radius of J1416A, where the retrieved radius is smaller than the
evolutionary model-based radius from the SED for the deck cloud model, and the bolometric luminosity, which is
consistentwithin 2.50 for both cloud models.The pair’s metallicity and carbon-to-oxygen ratio pointoward
formation and evolution as a systemBy comparing the retrieved alkaliabundances while using two opacity
models,we are able to evaluate how the opacities behave for the L and T dwhéstly, we find thatrelatively

small changes in composition can drive major observable differences for lower-temperature objects.

Unified Astronomy Thesaurus concepts: Brown dwarfs (185); L subdwarfs (896); T subdwarfs (1680);
Fundamental parameters of stars (555)

1. Introduction and references therein). Subdwarfs also exhibit substantial radial
velocities, high proper motions, and inclined, eccentric,and
sometimes retrograde Galactic orbits indicating membership in
the Galactic halo (Burgasseet al. 2008; Dahn et al. 2008;
Cushing etal. 2009). To date, as classified by Zhang etal.

(2017, 2018b, 2018a, 2019), there are approximately 66 L
subdwarfsand 41 T subdwarfs, although mostT subdwarfs

are notclassified as such in previous literature (see Table 3 of
Zhang et al.2019).To be identified as a T subdwarf in Zhang

et al. (2019), T dwarfs need to have a suppressed K-band

Brown dwarfs are a class of astronomicalobjects that
straddle the massboundary between starsand planets with
masses __75 M,, (Saumon etal. 1996; Chabrier & Baraffe
1997) and effective temperaturesof 250-3000 K, corresp-
onding to late-type M, L, T, or Y spectral types (Burgasser
et al. 2002; Kirkpatrick 2005; Cushing etal. 2011). Due to
electron degeneracthey never reach a core temperature high
enough for stable hydrogen burning buihstead contracand
cool through their lifetimes, progressingthrough spectral spectrum.

clalgsigcations as théay ar?e. horth tralt h . Presently there is only one subdwarfL+T system, SDSS
Ield-age brown dwarisanchortne spectraltype SCheme;  ;444162408+1348263AB (hereafter J1416AB), and it is ideally

however, low-gravity, low-metallicity, and color outliers expandg e g for low-metallicity bd-bd binary atmospheric character-

the standard scheme. Low-metallicity sources, known as ization via retrievals. In this paper, we determine and examine

subdwarfs,have unusually blue near-infrared(NIR) JU-DK ¢, amental parameters and atmospheric features of J1416AB
colors (Burgasser el. 2003,2009) compared with equivalent via two methopds: (1) by coupling thg empirical bolometric

field sources Spectralfeatures distinguishing them from field luminosit : :

) s . y, fromthe distance-calibratedspectral energy
dwarfs include enhanced metal_-hydrld.e absorption bands (e'g'distribution (SED), with evolutionary models and (2) by
FeH), weak or absent metal oxides (TiO, CO, VO), and enhan(‘ﬁ osphericretrievals where we explore similarities and

collisionally induced H, absorption (Burgasseet al. 2003 differences between the pair to determine their formation and
evolution and to understandtheir individual atmospheric
structure.

In Section 2 we present literature data on J1416AB.

Section 3 presents the data used for creating distance-calibrated

Original content from this work may be used under the terms .
of the Creative Commons Attribution 4.0 licence. Any further SEDs and the retrievalsas well as the resultanfundamental

distribution of this work must maintain attribution to the author(s) and the titte Parameters derived from creating the SED. Section 4 describes
of the work, journal citation and DOI. our retrieval framework and setup for J1416AB. Retrieval
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results for J1416A and J1416B are discussed in Sections 5 andnd a weakly or unconstrained age (Burningham ait 2010;
6, respectively. Fundamental parameters derived from SED anBowler et al. 2010; Schmidt et al. 2010).

retrieval methodsare compared to the literature and evolu- J1416A was examined forvariability in Khandrika et al.
tionary models in Section 7Lastly, Section 8 brings together  (2013), Metchev etal. (2015), and Miles-Paez efal. (2017).
the individual retrievals of J1416AB to discuss the alkali Khandrika et al. (2013) found marginal evidence of variability

abundance metallicity, and carbon-to-oxygen (C/O) ratios detected in one night of their observationsusing Gemini
derived and what we can interpret for the system as a whole. camera J and Kbands on the Shane telescopdetchev et al.
(2015) monitored J1416A using Spitzer ch1 (14 hours) and ch2
. (7 hours) as parfof their Weather on other Worlds survey to
2. Literature Data on SDSS J1416AB look for variability attributed to patchy clouds, finding no

At the time of discovery,J1416AB was one of the few evidence for variability. In Miles-Paez et al. (2017), variability
known widely separated L+T systemsthus allowing for the correlated to activity was tested using the Gemini Multi-object
properties of both to be examined in tandefrhis system is a Spectrograph (GMOS-N) with the R831-G5302 grating, but no
benchmarkas features of the primary indicate an old age for evidence for variability was found.
the system. Here we presentthe literature data for the Values for J1416A from the literature and those determined
independent discoveries of the L and T dwarfs. in this work are listed in Table 1. All literature values are also

listed in Table 9 for comparison in Section 7.

2.1. Literature Data on SDSS J1416A

SDSS J141624.08+134826.7 (hereaftd 416A) was dis- 2.2. Literature Data on SDSS J1416B
covered independently via a variety of methods by Burningham ULAS J141623.94+1348836.30 (hereafter J1416B) was
et al. (2010), Schmidt et al. (2010), and Bowler et al. (2010). It discovered by Burningham et al. (2010) through a cross match
was initially overlooked in color-based searchesdue to its of SDSS and UKIRT, finding a separation of 9” between the A
unusually blue NIR color (JOO-OKO=[11.030+010.03) (SchmatceBatomponentJ1416B was also independently discovered
2010), suggesting a low metallicity and/or high surface gravity by Scholz (2010) with a projected separation of 75 amhich
(Burningham et al. 2010). The spectral type of J1416A is agreede have updated (now 83.7 au) using the Gaia DR2 parallax
to be bluer than normain the literaturehoweverthe spectral and the angular separation from Burningham et al. (2010). Like
type varies with classifications of d/sdL7 by Burningham et al. J1416A, J1416B has unusualeatures of a late-T dwarf. In
(2010), sdL7 by Kirkpatrick et al. (2010, 2016) and Zhang et alparticular,the CH, - J-early peculiarity (where the CH 4-J
(2017),and a blue L dwarf by both Schmidét al. (2010) (L5 index on the red side of the J-band peak suggests an earlier
optical, L4 NIR}and Bowler et al. (2010) (L6 optical, L6p NIR). spectraltype than the HO-J index on the blue side of the J-
There are currently three opticapectra (Schmidét al. 2010 band peak), the very blue HL-[IK colorand the extremely
SDSS and MagE and Kirkpatrick etal. 2016 Palomar)three red HOO-[[4.5¢olor lead to its classification as a T7.5p
NIR spectra (SpeX PrismSchmidtet al. 2010; Bowler et al. (Burningham et al. 2010). At the time of its discovery, J1416B
2010, SpeX SXD: Schmidt et al. 2010), and one L-band was both the bluest HLOO-[IK and reddest HL1-[1[4.5] T dwarf. The
spectrum (Cushing et al. 2010) available of J1416A. CH,O-0OJ-early peculiarity of 1416B pointed toward either low

The most precise proper motions and parallax for J1416A is metallicity or high surface gravity (Burningham et al. 2010). It
provided by Gaia DR2 (Gaia Collaboration et #016,2018; was noted that J1416B forms a sequence with other low-
Lindegren et al. 2018), with previous measurementsy metallicity and high-gravity T dwarfs, and because of the
Schmidtet al. (2010) (proper motions)Dupuy & Liu (2012), extremely red HCI-[1[4.5] colorcibuld not be ruled outas a
and Faherty efal. (2012) (parallax) Radial velocity measure-  binary itself (Burningham et al. 2010). Burgasser et al. (2010a)

ments have been reported by SDSS DR7 (Abazajian etal. classified J1416B as a T7.5 but noted strong water and methane
2009), Schmidtet al. (2010),and Bowler etal. (2010). UVW bands, a possible detection of ammonia between 1 and 1.3 pym,
kinematic measurementsplace J1416A in the thin disk and a broadened Y-band peak and suppressed K band indicative

(Schmidtet al. 2010; Bowler etal. 2010),and in Table 1 we of high gravity or low metallicity in its spectrum Kirkpatrick
presentupdated UVW kinematics using Gaia DR2 proper et al. (2016) regarded J1416B asan sdT7.5 in relation to
motions and parallax paired with the radial velocity from J1416A, and Zhang et al. (2017) also classified it as sdT7.5 via
Schmidt et al.(2010). their subdwarf metallicity classification scheme. Presently,
Many studies aimed to determine the fundamental properties)d#16B has three NIR prism spectra (IRG®eX,and FIRE)
J1416A by fitting its spectrum to self-consistemfrid models from Burningham etal. (2010) and Burgasseeet al. (2010a,
(Burningham et al. 2010; Bowler et al. 2010; Cushing et al. 2012010b),respectively.
Schmidtet al. 2010). Its atmospheravas determined to be Fundamental parametersof J1416B were determined
relatively dust-free (Burningham et al. 2010), and like other bluéhrough comparison with grid models (Burgasseret al.
L dwarfs it possibly had a thin or patchy cloud deck with large 2010a, 2010b), SED fitting (Filippazzo et al. 2015), and
grains that could cause the observedblue NIR colors. atmosphericretrieval (Line et al. 2017). Burgasseret al.
Additionally, J1416A might have an older age and higher surfa¢g010a) found that J1416B was well matched to the archetype
gravity (Bowler et al2010; Schmidt et al. 2010). Cushing et al. blue T dwarf 2MASS J09393548-244827T%hey determined
(2010) found evidence for vertical mixing in the atmosphere dua To[1=16500+ &y 1=[15.20+[FesH] ] [1-0and
to the lack of Cilabsorption at 3.3 pm. Temperature estimates df,[1=[1@ising the Saumon & Marley (2008) models and
J1416A vary from 1500 to 2200 K (Burningham eél. 2010; used Baraffe evolutionary modelsto find an age range of
Bowler etal. 2010; Cushing etal. 2010; Schmidtet al. 2010), 2-10 Gyr, mass between 22 and 47 M ,,, and radius of
while the literatureagreeson a surfacegravity of 5.5 dex 0.83L1R, Both cloudless and cloudy models were fito the
(Burningham et al. 2010; Bowler et al. 2010; Cushing et al. 201€)ectrum of J1416B in Burgasser &l. (2010b),with cloudy
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Table 1
Properties of the J1416+1348AB System
Property J1416A J1416B
Value Reference Value Reference
Spectral type d/sdL7 1 T7.5p 1
Astrometry
RA. 14"6"24.08 2 14M6"23.94 1
Decl. +13°48' 26”3 2 +13° 48’ 363 1
R.A. (epoch 2015.0) 214.10+00.30 3 L L
Decl. (epoch 2015.0) +13.810+00.22 3 L L
T (mas) 107.5600+0.30 3 107.560+[10.30 3
Ha (mas yi") 85.691+[10.69 3 2210+033 1
Us (mas yr' ) 129.070+00.47 3 11500045 1
V, (kms) -42.2[0+[11.24 4 L L
Vian (km s) -42.20+051 4 L L
U (kms)? -17.840+00.50 5 L L
V (kms™")? 5.810x[10.04 5 L L
W (kms)? -38.40+01.1 5 L L
Photometry
SDSS r (mag) 20.6900+[10.04 6 L L
SDSS i (mag) 18.3800+[10.01 6 25.2100+[10.26 7
SDSS z (mag) 15.9170+J0.007 6 20.8700+[0.09 7
PS r (mag) 20.420+[0.01 8 L L
PS i (mag) 18.350+[0.01 8 L L
PS z (mag) 16.30+00.01 8 L L
PS y (mag) 15.210+00.01 8 19.80+[10.06 8
2MASS J (mag) 13.1480+[10.021 2 L L
2MASS H (mag) 12.4560+[0.027 2 L L
2MASS K, (mag) 12.1140+00.021 2 L L
Ymko (mag) 14.2500+[10.01 1 18.130+00.02 1
Juko (mag) 12.990+00.01 1 17.350+00.02 1
Huvko (mag) 12.470+00.01 1 17.620+00.02 1
Kwko (mag) 12.050+00.01 1 18.930+00.17 1
WISE W1 (mag) 11.364[+[10.022 9 16.120+[7J0.20 10
WISE W2 (mag) 11.0260+[10.02 9 12.7910+[0.038 10
WISE W3 (mag) 10.260+[10.055 9 12.1900+00.23 10
IRAC [3.6] (mag) 10.9900+[10.07 1 14.6900+[10.05 1
IRAC [4.5] (mag) 10.980+[0.05 1 12.760+00.03 1
System
Value Reference
Separation (") L L 9 1 L L
Separation (AU) L L 83.7 5 L L
Parameters from SED
Lpol -4.180+00.011 5 -5.8000+[10.07 5
Tesr (K) 16940+0074 5 660001162 5
Radius (Rup 0.92[0+[10.08 5 0.9400+010.16 5
Mass (Myp) 6000+[118 5 330x022 5
log g (dex) 5.22[0+[10.22 5 4.830+[10.51 5
Age (Gyr) 0.5-10 5 0.5-10 5
Distance (pc) 9.300+[0.3 5 9.30+[J0.03 5
Retrieved Parameté&rd
Value Reference Model Value Reference Model
Allard Alkalies
log g (dex) 5.26'93%2 5 power-law deck cloud 5.00'9:3% 5 cloud-free
Loor -4.230x010.01 5 power-law deck cloud - 5.93%% 5 cloud-free
Tesr (K) 1891.474253 5 power-law deck cloud 659.05 1353 5 cloud-free
Radius (R, 0.70+010.04 5 power-law deck cloud 0.813%% 5 cloud-free
Mass (M) 36.82 3192 5 power-law deck cloud 26.012288 5 cloud-free
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Table 1
(Continued)
Property J1416A J1416B
Value Reference Value Reference
c/o® 0.59 331 5 power-law deck cloud 0.52 309 5 cloud-free
ClOpg' 0.59 331 5 power-law deck cloud 0.53 583 5 cloud-free
[M/H] © - 019331 5 power-law deck cloud - 0.38518 5 cloud-free
[M/H] A" - 01793} 5 power-law deck cloud - 035313 5 cloud-free
[M/H] Line17 L L L - 036378 5 cloud-free
log g (dex) 5.18 328 5 power-law slab cloud L L L
Lbol -4.210+00.01 5 power-law slab cloud L L L
Terr (K) 1821.5384:58, 5 power-law slab cloud L L L
Radius (Rup 0.77 348 5 power-law slab cloud L L L
Mass (Mup 36.96 3048 5 power-law slab cloud L L L
c/o® 0.58 311 5 power-law slab cloud L L L
C/O agf 0.58 §-41 5 power-law slab cloud L L L
[M/H] © - 0.35522 5 power-law slab cloud L L L
[M/H] ag" - 0.3392% 5 power-law slab cloud L L L
Burrows Alkalies
log g (dex) 5.42°933 5 power-law deck cloud 477932 5 cloud-free
Lpor -4.221+[10.01 5 power-law deck cloud -5.9000+00.04 5 cloud-free
Terr (K) 1904.6935% 5 power-law deck cloud 653.05 1591 5 cloud-free
Radius (Rup 0.6900+[1J0.04 5 power-law deck cloud 0.86J+[10.06 5 cloud-free
Mass (M) 51.76 282} 5 power-law deck cloud 17.22 3%¢7 5 cloud-free
clo® 0.60312 5 power-law deck cloud 0.50 049 5 cloud-free
ClOas' 0.60 §18 5 power-law deck cloud 0.50 341 5 cloud-free
M/H] 9 - 011848 5 power-law deck cloud - 0.50°818 5 cloud-free
IM/H] ag" - 0.09 518 5 power-law deck cloud - 047518 5 cloud-free
[MH] Linet7 L L L - 04701 5 cloud-free
log g (dex) 53192 5 power-law slab cloud L L L
Lool - 42208 5 power-law slab cloud L L L
Terr (K) 1859.07 $1%%, 5 power-law slab cloud L L L
Radius (B 0.7354 5 power-law slab cloud L L L
Mass (Myyp 4573231 5 power-law slab cloud L L L
c/o® 0.5733 5 power-law slab cloud L L L
ClOas' 0.57 334 5 power-law slab cloud L L L
[M/H] © - 03032 5 power-law slab cloud L L L
[M/H] A" - 0.29%% 5 power-law slab cloud L L L
Notes.

& We do not correct for LSR.

b Using Saumon & Marley (2008) low-metallicity (M/HJ=[1-0.3) evolutionary modeisyming an age of 0.5-10 Gyr.

© Loon Tef, radius, mass, C/O ratio, [Fe/H], and [M/H] are not directly retrieved parameters but are calculated using the reff@?eahR log g values along with
the predicted spectrunThe C/O ratio is not relative to the Sun; it is absolutéSolar C/O is 0.55.

9 J1416A is best fit using Allard alkaliesyhile J1416B is best fit with BurrowsWe conclude the Allard alkali opacities provide the best fit across both sources.
€ Atmospheric C/O using constrained gases, J1416A (both modelg, KO, CH,, and VO; J1416B: HO and CH, (same gases as used in Line et al. 2017 here
without the rainout correction).

f Atmospheric C/O using only the gases in common between J1416ABOHCH,, and CO.

9 Metallicity determined using all constrained gasé$416A: HO, CO, CH,, VO, CrH, FeH, and Na+K; J1416B: HO, CHy, NH3, Na+K.

.h Metallicity determined using only the gases in common between J1416A8 HCH,, CO, and Na+K.

' Metallicity using the same gases as Line et €017): HO and CH, and without the rainout correction.

References—(1) Burningham et al. (2010), (2) Cutri et al. (2003), (3) Gaia Collaboration et al. (2016, 2018); Lindegren et al. (2018), (4) Schmidt et al. (2010), (5) tt
paper,(6) Abazajian et al(2009),(7) Leggett et al.(2012),(8) Chambers et al(2016),(9) Cutri et al. (2014),(10) Cutri et al. (2012).

models producing a marginally better fib the data,bringing profile and derived fundamentgbarametersmetallicity ([M/

the temperaturecloser to that inferred by its mid-infrared H]), and a C/O ratio. Values for J1416B from the literature and
colors. Filippazzo et al. (2015) improved upon the fundamentalthose determined in this work are listed in Table 1. J1416B was
parameters from Burgasser et £010a,2010b) by determin-  studied by Metchev et al. (2015) for variability with no

ing semiempiricalparameters based on its distance-calibrated evidence found in Spitzer ch1 and ch2. All literature values are
SED. Most recently,Line et al. (2017) retrieved its thermal also listed in Table 10 for comparison in Section 7.
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Figure 1. SEDs of J1416+1348ABPhotometry (shades of pink and purple) is labeled by instrument or filter systdra.horizontal lines at the bottom show the
wavelength coverage for the corresponding photometric measurement. Error bars on the photometric points are smaller than the point size. Observation reference
be found in Tables 1 and 2. (a) Distance-calibrated SED of J1416A. SpeX SXD is in blue, and SpeX LXD is in green. No estimated photometry (b) distance-calibra
SED of J1416B.The SpeX prism is in blueEstimated synthetic photometry shown as transparent squares.

Table 2
Spectra used to Construct SEDs and for Retrievals
Name Spectrum Obs.Date References Use
J1416A SpeX SXD, 2009 Jun 29, 1 SED
LXD1.9 2010-01-29
J1416A SpeX prism 2009 Jun 28 3 Retrieval
J1416B SpeX prism 2001 Oct 23 2 Both

References—(1)Cushing et al. (2010), (2) Burgasseret al. (2010a), (3)

Schmidt et al.(2010).

3. Data Used and Results from Generating the SED

The fundamentaparameters for J1416AB were determined
using the technique of Filippazzo et al. (2015), where we create |

a distance-calibrated SED using the spectphotometry,and

parallax'® The SED of J1416A uses the SpeX short-cross-

dispersed (SXD) and long-cross-dispersed (LXD)spectrum

from Cushing et al. (2010), while J1416B uses the SpeX prism

spectrum from Burgasser «dl. (2010a).The photometry and
Gaia parallax used for both sourcesare listed in Table 1.

Table 2 lists the spectra used in the SEDs and the retrieval

models, which differ for J1416A due to the current time
constraints on data resolution for our retrieval model.

To generate the SED of J1416Ahe SpeX SXD and LXD
spectra were stitchedinearly interpolating to fill gaps in the
data, into a composite spectrum and then scaled to the absolute

magnitudes of the observed photometRor J1416B we scale

the SpeX prism spectrum to the absolute magnitudesof

observed and synthetic (those calculated based on empirical

relations) photometry. Synthetic photometry for J1416B is

included because if we linearly interpolated between W2 and
W3, without including the synthetic MIR IRAC Ch3 and Ch4

photometry calibrated based on field dwarfse would likely

overestimate the mid-infrared flux compared to most T dwarfs,
causing a noticeable change in thg;TAs there are no known

low-metallicity T dwarfs with IRAC Ch3 or Ch4 MIR

'3 SEDKit is available on GitHub atOhttps://github.com/hover2pi/SEDKkit.

The Eileen branch was

used for this work.

photometry, we cannot place a level of error on their difference
from field T dwarfs. The SEDs of J1416A and J1416B are
shown in Figure 1, with the synthetic magnitudes used for
J1416B plotted as transparent squares in Figure 1(b).

The bolometric luminosity (Lpo) was determined by
integrating under the distance-calibrated/SED from 0 to
1000 pm,using a distance of 9.3[J+[10.3 pc based on the Gaia
Collaboration et al. (2018) parallax measurement. The effective
temperature (di) was calculated using the Stefan-Boltzmann
law with the resultantinferred radius from the cloudless
Saumon & Marley (2008) low-metallicity (—0.3 dex) evolu-
tionary model. The low-metallicity models were chosen for the
assumed radius due to the literature spectral type classification
of sd for both components. Additionally, as done in Filippazzo
(2015),the Chabrier efal. (2000),Baraffe etal. (2003),
and cloud-free Saumon & Marley (2008) evolutionary models
were also used to determine the radidshe final radius range
was set as the maximum and minimum from all model
predictions as done in Filippazzo et al. (2015). An age range of
0.5-10 Gyr for the system was chosento conservatively
encompass possible field and subdwarf ages. Additional details
on the SED generation can be found in Filippazzo et al. (2015).
Fundamental parameters derived for J1416A and J1416B using
this approach are listed in Table 1 and are compared to the
literature in Section 7 (also see Tables 9 and 10).

4. The Brewster Retrieval Framework

Our retrievals use the Brewster framework (Burningham
et al. 2017) with a modified setup from the one in Burningham
et al. (2017) in order to optimize for low-metallicity atmo-
spheres.A summary of the Brewster framework with our
modifications is discussed below. We differ from Burningham
et al. (2017) with a higher resolution for opacity sampling,
using a second method (thermochemicakquilibrium with
rainout) for determining gas abundances,and expanded
temperature and mass prioré more detailed description of
Brewster can be found in Burningham et §2017).
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4.1. The Forward Model After including the retrieved gases, neutral H, H™, and

The forward model in Brewster uses the two-stream radiativeeled[rons H and He are assumed to make up the remainder

. . . . of the gas in a layer. The former is drawn from the
transfer technique of Toon et al. (1989), including scattering, a?hermochemicalequilibrium grids discussedlater in this
first introduced by McKay et al. (1989) and subsequently used section
by, for example,Marley et al. (1996), Saumon & Marley '
(2008),and Morley etal. (2012).We use a 64 pressure layer
(65 levels) atmosphere with geometric mean pressures between

logP = -4 and 2.3 bars in 0.1 dex spaced intervals. The 4.3. Determining Gas Abundances

temperaturein each layer is characterizedby the three As done in Burningham etal. (2017),we use the uniform-
exponentialfunctions as done following the Madhusudhan &  with-altitude mixing ratios method for absorbing gasesand
Seager(2009) parameterizationgplitting the atmosphere in retrieve these directly, also known as “free” retrievals, for all of

three zones where the pressure and temperature are related byur retrieval models.While simple, the uniform-with-altitude
mixing method cannot captureimportant variations in gas
Py< P < Pp: Peai(T-10"? (Zone 9, abundance with altitude for some species (i.e., see metal oxides
P < P< Py Pea(™ %) (Zone 3, (1) and metalhydrides of J1416A and the alkalies forJ1416B),
Pe P-T—T ~ which can vary by several orders of magnitude in the
> =0 (Zone 3, photosphere and are expected to make a large contribution to
the flux we observe. Freely retrieving abundances thatary

h T h h f .
where g and Tp are the pressure and temperature at the top o with altitude would be preferredhowever,the resultantarge

the atmosphere and the atmosphere becomeisothermal at : ; 2

) : o . number of parametersto solve for in this approachis
pressure Pwith temperature Jf Since Ris fixed in our model .5 tationally difficult. To address this issue we use a
and continuity at the zonal boundariesrequiresfixing two second method, the chemical equilibrium method, which
parameters, we consider six free parametersiQiP, Py, Ps, instead retrieves [Fe/H] and C/OGas fractions in each layer
and T3 Athermal inversion can occur when P,L0>0IP1;  of this method are pulled from tables of thermochemical
however, this is ruled out by setting P,[1=0[}Pthus further equilibrium abundances as a function of T, P, [Fe/H], and C/O

simplifying this to five free parameters. ratio along with the thermal profile of a given state vector. The
thermochemical equilibrium grids we use were calculated using
4.2. Gas Opacities the NASA Gibbs minimization CEA code (McBride &

Gordon 1994), based on previous thermochemicalmodels

Layer opticaldepths due to absorbing gases are calculated o100 81 odders 1994, 1996; Lodders 1999, 2002; Lodders
using opacities sampled at a resolving power R(1=[110,000 ta epegley 2002, 2006: Vi,ssche,ret al. 2006, 20’10; Lo’dders

from Freedman et al. (2008, 2014). Line wing profiles based o 010; Visscher2012; Moses etal. 2012, 2013) and recently

the unified line shape theory (Allard eél. 2007a,2007D) are utilized to explore gas and condensate chemistry over a range

used to account for the broadening of the D resonance doublet - .
of Nal (~0.59 um) and K | (~0.77 um) in brown dwarf 3f conditions in substellar atmospheres(Morley et al.

. ) ; . 2012, 2013; Skemer et al. 2016; Kataria et al. 2016; Wakeford
spectra. Tabulated line profiles (Allard N., private communica- et al. 2017. The chemical grids in this work determine
tion) are calculated for the Nal and K| D1 and D2 lines P : ; ;
t;roa)ldened byucollisions withoand He, for temperaturtl-)s in the equilibrium abundances of atmospheric species over pressures

» ranging from 1 microbar to 300 bars, temperatures between 300
500-3000 K range and perturbep ¢ He) densities up o0 1% 560 " metaliicities in the range ~1.001<CI[Fe/ HJCI<C1+2.0,
cm ~ with two collisional geometries considered fobroad-

ening by Ho. Within 20 cm' of the line center there is a and C/O abundance ratios of 0.25-2.5 times the solar

Lorentzian profile with a width calculated from the same abundance.

theory. While there are updated versionsof these opacities

(Allard et al. 2016, 2019; Phillips et al. 2020), we did not have

access to them for this work. We also use the Na and K alkali 4.4. Cloud Model

opacities from Burrows & Volobuyev (2003) to be consistent The cloud modelfollows that of Burningham etal. (2017),

with Line et al. (2017) in the J1416B retrievals. with options for a “deck” or “slab” cloud parameterization.
Across our temperature-pressure regimitg line opacities Both clouds are defined similarly, where the cloud’s opacity is

are tabulated in 0.5 dex steps for pressure and in steps ranginglistributed among layers in pressure spaceyith the optical

from 20 to 500 K as we move from 75 to 4000 K in temperaturelepth either gray or as a power law (TC3&E]where g is the

where we then linearly interpolate this to our working pressure optical depth at 1 ym).

grid. We include free—free continuum opacities forH™ and The deck cloud is parameterized by (1) a cloud top pressure,

H> and bound-free continuum opacity for H™, which are Piop the point at which the cloud passes 1L1=[11 (looking down);

influenced by the H™ metallicity and determined from the (2) the decay heigh Io(? P, over which the optical depth falls

thermochemical equilibrium grid (see Section 4.3). Continuum to lower pressuresas t/dP u exp((P - Rewd/F), where

opacities for H~H, and Hr-He collisionally induced absorp- ~ F = (Ryp(10° 1097 - 1)) /(10P'99%); and (3) the cloud particle

tion, using cross sectionsfrom Richard et al. (2012) and single-scattering albedo. The deck cloud becomes optically thick

Saumon et al. (2012), are included, as well as Rayleigh at Pop At PLI>[JP the opticaldepth increases following the

scatteringdue to H ,, He, and CH4, but we neglect the decay function untilit reaches Agy[1=[1100th this decay

remaining gases. Neutral H gas fraction abundancewas function, the deck cloud can quickly become opaquewith

determined from the thermochemicalequilibrium grid. The increasingpressureand thereforewe obtain essentiallyno

atmosphere is assumed to be dominated by ldnd He, with atmospheric information from deep below the cloud top. Because

proportions of (0.84H+ 0.16He) based on solar abundances. of this, it is important to note that the pressure-temperature (PT)

6
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Table 3
Priors for J1416+1348AB Retrieval Models

Prior

uniform, log fgadd  0-1230yas fgas I 1.0
uniform, 0.0 KCO<OT < 6000.0 K

Parameter

gas volume mixing ratio

thermal profile (a, a2,
P1,P3,T3)

scale factor (RD ?)

gravity (log g}

cloud to®

cloud decay scafe

cloud thicknes$

cloud total optical depth
at1 um

single scattering albedo
(un)

wavelength shift

tolerance factor

uniform, 0.5 R, JJ_ ORO__[JR2.0R
uniform, 1 My, /0 T30 C110QM
uniform,-40_ OlogrP]_ [02.3
uniform,000<Olog AR 1<17
uniform, log Pct__ Olog{P1+OAP)O__[12.3
uniform, 0.00 Jglgd [100.0

uniform, 0.000__ §iw [J1.0

uniform, —0.010<OAAO<0.01 pm
uniform, log
(0.01" min(s?) 0 bO_ Dllog
(100" max(s?))

Notes.

@ Gravity prior upper limit only to 80 CM, for J1416B.

® For the deck cloud, this is the pressure whgggfill=[11; for a slab cloud, this
is the top of the slab.

© Decay height for deck cloud above theg,d1=11.0 level.

9 Thickness and Jioud ONly retrieved for slab cloud.

Gonzales et al.

gravity, wavelength shiftbetween the modeland data (AA),
and scale factor where R[=[]],0G&ses are centered around
the approximate solar composition equilibrium chemistry
values for gas volume mixing ratiosvhile the surface gravity
is initiated centeredaround the SED-derived value. The
tolerance parametehas a flat distribution acrossthe entire
prior range.For cloud parameterghe cloud top pressure and
power law are initialized as tighGaussianswhile the optical
depth, albedo, and cloud thickness are flatacross the entire
prior range.As in Burningham etal. (2017),we use the five-
parameter thermaprofile, as we do notexpecta temperature
inversion for either of these objectsand use the Saumon &
Marley (2008) To[1=[11700 K log gl0=[15.0 niodstialize
a4, oo, Py, Py, P3, and T3 for both J1416A and J1416B.
Differencesin the individual setupsbetween J1416A and
J1416B are discussed in the following subsection.

4.5.1.J1416A

To explore the atmosphere of J1416Me retrieved for the
following gases: HO, CO, CQ, CH,, TiO, VO, CrH, FeH, K,
and Na.As done in Burningham efal. (2017) and Line etal.
(2015), we tie K and Na together as a single element in the state
vector assuming a solar ratio taken from Asplund et al. (2009).
Additionally, we include the H ™ bound-free and free—free
continuum opacities to account for the possibility of the profile
going above 3000 K in the photospherés stated abovethe

profile (and spread) below the deck is an extension of the gradlegtg mass prior ranges from 0 to 10G,MThe multiple cloud

(and spread) at the cloud top pressure.

Unlike the deck cloud, it is possible to see the bottom of the
slab cloud and thus include an additional parameterfor
determining the totaloptical depth at 1 pym (T¢0ug, bringing
the total numberof parameters forthe slab cloud to 4. The

optical depth is distributed through the slab cloud extent as dt/

dPO«OP (looking dowrgaching its total value at the bottom
(highestpressure) of the slabln principle, the slab can have
any optical depth; however, we restrict our prior as 0.001__
Teoudd_ [110Because itis possible to see to the bottom of
the slab cloud, a physical extentin log-pressure D logP) is
determined, instead of the decay scale, as was done for the d
cloud.

If the deck or slab cloud is nongray, an additional parameter

for the power (a) in the optical depth is included.

4.5. Retrieval Model

As described in Burningham etl. (2017),we use EMCEE
(Foreman-Mackey etl. 2013) to sample posteriorprobabil-
ities. Table 3 shows our priors for both J1416A and J1416B.
We differ from the Burningham et al. (2017) setup by
extending the thermalprofile temperature up to 6000 K for
both J1416A and J1416B and extending the mass prior up to
10000\, for J1416A (up to only 80 M, for J1416B) to
expand the surface gravity in an effort to encompass likely
ranges for subdwarfdn our retrievals of J1416A and J1416B
we use their distance-calibrated SpeX prism spectra (output
from generating our SED) trimmed to the 1.0-2.5 ym region
and set the distance to 10 pc. This spectrum calibration differs
from Burningham et al. (2017), where they calibrated the
spectrum to the 2MASS J-band photometry and used the true
distance in their initialization.

For each retrievalof J1416A and J1416B we initialize 16

parameterizations are tested building up from the cloudless to
the four-parameter power-law slab cloud mod#&e also test
both the uniform-with-altitude mixing ratios and chemical
equilibrium methods for determining the gas abundances.

4.5.2.J1416B

The retrieval setup and initialization for 1416B is similar to
J1416A with the following exceptions: (1) as J1416B is much
cooler, we retrieve only H,O, CH,, CO,, NH3, K, and Na
(where Na and K are tied together), and (2) we do not include

eta? H™ bound-free and free—free continuum opacities as the

profile is cooler than the L dwarf and does natarrantthem.

As the T dwarf should be less massivethe log g mass prior
ranges from 0 to 80 M,,, We also differ from the retrieval
setup of thatin Line et al. (2017) by (1) excluding CQ and

H,S in our gas list as Line et al. (2017) could only derive upper
limits and (2) testing both the Allard and Burrows alkali
opacities.

4.6. Model Selection

A variety of parameterswere tested in our retrievals of
J1416A and J1416B,with some aspects remaining constant
throughout(the gases included in each model)hile others
differed. The aspectsthat were allowed to differ in our
retrievals include cloud parameterization,gas abundance
method,and alkali opacitiesTo compare all of our retrievals,
model selection was assessed using the Bayesian information
criterion (BIC) where the lowest BIC is preferredVe use the
following intervals from Kass & Raftery (1995) for selecting
between two modelswith evidence against the higher BIC as

1. 0O<OABICO<2: no preference worth mentioning
2. 20<0ABICI<[6: positive

walkers per parameter in a tight Gaussian for the gases, surface 3. 6 J<[JABIC[<[110: strong

7
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Figure 2. (a) Retrieved PT profile (black) compared to the Sonora cloudless solar and low-metallicity model profiles similar to the semiempirical and retrieval-derive
Tefr (Neon green and purpleThe median cloud deck is shown in shades of bli&e median deck reaches an optical depth of TC]1=[11 at the boundary between the

darkest blue and purple located at log PC1=[01.42 bar. The purple region is where the cloud is optically thick, and the blue shading indicates the vertical distributio
where the cloud opacity drops to TC0=[10.5 at the dashed line. The gray bars on either side show the 10 cloud deck location and vertical height distribution. The cc

dashed lines are condensation curves for the listed species. (b) The contribution function associated with this cloud model, with the median cloud (magenta) and g
(aqua) at an optical depth of TC]=[11 overplotted.

4. ABICO>[110: very strong Table 4

A variety of cloud assumptions are explored in our retrievals ABIC for J1416A Retrieval Models
by building up from the least complex cloud-free model to the oqel
most complex slab cloud model. Prior to moving from the
cloud-free to cloudy models, we tested the impact of assuming<'ud-free 18 8.8

Number of Parameters ABIC

different metallicities when determining the neutral H, ldnd ggﬁ;:i:%’ﬂu_m 03 forions ;? 191'03

e;lectron abundances used fdhe continuum opamty_qalcula- Gray slab cloud 22 185

tions as both targets are expected to be low metallicityWe Power-law deck cloud 29 0

found using low-metallicity ([M/H]CJ=0[10.3) ion fractions to be power-law deck cloud chemical 15 9.2

indistinguishable from the solar-metallicity ion fractions and equilibrium

thus proceeded using the solar ion abundances for the cloudy Power-law deck cloudBurrows Alkali 22 0.7

models. Power-law slab cloud 23 1.4
Once the “winning” modelwas determinedwe tested two Power-law slab cloudchemical 16 20.0

additional methodsfor calculating gas abundances(1) the equilibrium _

thermochemicalequilibrium assumption and (2) alternate ~ Power-law slab cloudBurrows alkali 23 21

opacitiesbased on the Burrows and Allard line-broadening . . iy
treatments (Burrows for J1416A and Allard for J1416B) in the Note.[OUnless otherwise listddfault alkali opacities used are from Allard.

uniform-with-altitude assumptionWe examined both Allard

and Burrows alkaliopacities as there is no agreemein the Sections 5.1 and 5.2 respectively. The “winning” deck and
literature as to which is the preferred choice in retrievals or gridk|ab cloud models were also indistinguishable when using the
models (Saumon & Marley 2008; Todorov et al. 2016; Burrows alkali opacities insteadSection 8.1 provides further
Burningham etal. 2017; Line et al. 2017; Gravity Collabora-  discussion of the preferred choice of alkali opacities for
tion et al. 2020, Marley et al. 2020, in preparation). As done in comparing J1416A to J1416B.
Burningham et al. (2017), we started with the Allard opacities
for the L dwarf, and as done in Line etl. (2017),we started
with the Burrows opacities for the T dwarf. By testing the 5.1. Best-fit Model: Power-law Deck Cloud
alternativeline profile treatments,we aim to establish the ' I .
impact of this choice on the derived alkali abundancedor 5:1.1.PT Profile and Contribution Function
J1416AB. Figure 2(a) shows the retrieved PT profile and location of the
winning deck cloud modelfor J1416A. The Sonora (Marley
. et al. 2020, in preparation) solar-metallicity, log g[1=[15.0,
5. Retrieval Model of J1416A 1700 K modeland the [M/H]O1=01-0.5log gL1=[15.0900 K
The ABIC for all tested models for J1416A are shown in  model agree with the retrieved profile 10 bound#roughout
Table 4. The best-fitting model is parameterized as a power-lasthe main photospheric pressure range (~0.5-18 bars, see panel
deck cloud. However, this model is indistinguishable from the b) and deeper.However,one should note thatour deep PT
power-law slab cloud (ABICI=[11.4&eaning both models profile (below photosphere) is an extrapolation of the shape at
provide similarly good fits to the spectroscopicfeatures lower pressures as there is little contribution to the observed
observed in J1416A.The retrieval results of the power-law flux. At pressureslower than 1 bar (higher up in the
deck and power-law slab cloud models are discussedin atmosphere)the median PT profile is hotter than the Sonora
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models, which was also seen for two L dwarfs in Burningham s Ty = —
et al. (2017). The median deck cloudshown in the center of e gy
Figure 2(a), becomes optically thick deeper than ~10 bars with ] 10%
the cloud top location in pressure space quite tightly 10-3 3
constrained to lod® = 1.14" 318 bars.However,the extentof
the cloud (gradient region) where the optical depth falls to
T100=01/2 (dashed black line) is poorly constrained.

Figure 2(b) shows the contribution function for this model
along with the tC0=[Jgas and cloud contributions. The
contribution function in a layer is defined as

B(/, TP)) &, dt
— )
expQ), de 1

18303 O %

1%

Pressure (bar)

C(/,P) =

<0.1%
1.25 1.50 1.75 2 225 2.50

Wavelength (um)

where B(A, T(P)) is the Planck function, zero is the pressure at (a)
the top of the atmospherd?, is the pressure athe top of the 10-5
layer, and P, is the pressure athe bottom of the layer. The dagiat — median Tgpa=1.0
majority of the flux contributing to the observed spectrum of 107 il ia 10%
J1416A comesfrom the approximately 1 to 18 bar region, 1033
corresponding to the photospherEhe observed flux in the Y
band is dominated by the gas at shorter wavelengths
(O1.11 ym) while the cloud opacity dominates from ~1.06
to 1.11 um. The J band is shaped by the gas opaaitith the
cloud opacity sitting just below the TC1=[11 gas line, potentially
contributing minor amounts of opacity. In the H and K bands,
the gas opacity dominates ourobserved flux as it becomes 1024
optically thick well before (higher up) the cloud contribution.

The lack of the cloud’s contribution to the J bandis a 1 125 1.50 175 5 225 250
possible factorfor J1416A’s observed unusually blue JOI-CIK Wavelength (um)
color of 1.0300+[J0.03. In Figure 3 we compare the contributior (b)
functions for J1416A with the two L dwarfs in Burningham
et al. (2017), 2MASS J05002100+033050 (hereafted0500 107
+0330), and 2MASSW J2224438-015852 (hereafted2224 SEAEAOIS8 — median T =1.0
-0158). We can see that the mediapgd1=C11 level is reached ~ °"] " melen 1Y
at shallower pressuredor both comparison targetsand lies 10-3 2
above the mediangzd 1=[11 level in most of the Y and the entire ~
J band for J0500+0330 and the entire Y and J bands in the cas.§ 1]
of J2224-0158. This points toward seeing deeperinto the
atmosphere at the J band of J1416A potentially due to its lower
metallicity, than the field source J0500+0330 and the red L
dwarf J2224-0158, as the possible cause of the observed blue
JO-OK color.

1%

Pressure (bar)
|€303 40 %

<0.1%

10%

1%

12303 4O %

5.1.2.Retrieved Gas Abundances and Derived Properties

103 T <0.1%
Figure 4 shows the posterior probability distributions for the ! e Wavgf;’ngth (1117,':’1) 2 o
retrieved gas abundances and surface gravity,well as T,
radius, mass,C/O ratio, and [M/H], which are determined ()
based on retrieved quantities. The values in Figure 4 are listedrigure 3. Contribution functions for J1416A winning model compared to the
in Table 5 for ease of reading. An extrapolated value fgris power-law deck cloud models for J2224-0158 and J0050+0330 from
not shown in Figure 4 as Lbol showed no interesting Burningham etal. (2017), in order from bluest to reddestJ[0-CIK colofa)
correlations with any parameter. Our retrieved gas abundanced 1416A.(b) J0050+0330,(c) J2224-0158.
are compared to values expected from chemicalquilibrium ) )
grids in Section 5.1.4. than the model radius from the SED method. Our retrieved
The derived radius and mass are calculated from the retrievéfavity and extrapolated mass agree within 10 to the gravity and
scaling factor (RD 2) and log g valuesalong with the parallax ~ mass we derive from evolut|or(1)a:132y models wher311%<25nerat|ng the
measuremenifo derive the Ji; we use the radius and integrate SED (retrieval: log9g = 5.26 ¢35 MO=38.823g77 Myyp
the flux in the resultant forward model spectrum across 0.6-209iD: log gl1=015.2200+[10.22; MO=06Q)1+[118 M
Our retrieval-derivedglis ~200 K hotter than our semiempirical  To derive the C/O ratio we exclude all carbon- and oxygen-
Tett (Teftrnen = 18914755 K versus Teg.., = 16940 74 K). bearing moleculesthat are not constrained for both cloud
This is due to the retrieval-based radius being 0,2 ifRller models of J1416A, thus assuming all of the carbon exists in CO
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Figure 4. J1416A power-law deck cloud posterior probability distributions for the retrieved parameters and extrapolated parameters. One-dimensional histograms ¢
the marginalized posteriors are shown along the diagonalgith 2D histograms showing the correlations between the parameteffie dashed lines in the 1D
histograms represent the 16th, 50th, and 84th percentiles, with the 68% confidence interval as the width between the 16th and 84th percentiles. Parameter values
above are shown as the medianJ+ 10. Gas abundances are displaygXas/iges, where X is the gasqJradius, mass, C/O ratio, and [M/H] are not directly

retrieved parameters but are calculated using the retri¥BfRnd log g values along with the predicted spectrum. Our derived C/O ratio is absolute, where solar
C/O is 0.55, while our [M/H] is relative to solar. Values for CQ, CHy, and TiO are not constrained and thus only provide upper limits.

and CH,; and all of the oxygen is in H,O, CO, and VO. To o N, .
derive [M/H], we use the following equations: Nuw= a % (6)
f f elements H
H, = 0.84(1 - gasegv (3)
N, fN where f, is the H, fraction, Ny is the number of neutral
H = 21y, Ny, (4) 2 ;
hydrogen atomsiNgjementiS the number atoms for the element
Nyement = 5 ”atomfmmecme/\/tot (5) of interest (C, O, V, C_r, Fe, and Na+K),gmis the numbelf of
molecules atoms of thatelementin a molecule (e.g.,two for oxygen in

10
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Table 5 log Prop = 1.14+318
Retrieved Gas Abundances and Derived Properties for J1416A Deck Cloud i
Model i
Parameter Value t
Retrieved i
i ] | dP = 3.24+34¢8
H0 - 3.66017 .
0.22 ©
co - 3.529% L g 1
CO, <-5.68 S A e
CH, <-4.91 * L
TiO <-9.3 K
VO - 9.25028 o 8 wo = 0.463337
CrH - 8.389% @ % FLL
) B 0 Y]
Fer -83alE o v - Al
Na+K - 6.32833 o B
0.32 ;
log g (dex) 5.26 43 el o= -17733
Derived ~ By
Lool -4230:00.01 "
Tetr (K) 1891.47 4258 ° i
Radius (R, 0.700:00.04 » ® 2
MaSS (MJUF) 3682?&9% © O P o S WL VoY 8 P R\ AN v A
C/Oa,b 0598;} ol U R L S S Y o o o7 o7 N
[M/H] ab - 0,19*85; l0g Prop dp Wo a

Figure 5. J1416A power-law deck cloud posterior probability distributions for
Notes.[OMoleculaabundancesare fractions listed as log values. For the cloud parameterslhe cloud top pressure (log &,) and the cloud height
unconstrained gase$g confidence is used to determine the upper limit. (dP) are shown in barsand a is from the optical depth equation TLI5ATT

@ Additional comparatives are listed in Table 1.

b Atmospheric values.

a Hansen distribution (Hansen 1971) dominated by small
submicron particles.

COy), fyasesis the total gas fraction containing only the By examining the overplotted condensation curves on the PT

constrainedgases, and N is the total number of gas profile (Figure 2) to identify the possible cloud deck species,
molecules Thus the final value of [M/H] is we find that no condensation curves intersect the profile at the

cloud top location. Burningham etal. (2017) found iron or

v corundum as likely cloud compositions for their two L dwarfs

[MIH'] = log ; (7) as these condensation curves intersected the PT profilthat
solar top of the deck cloud. Thus for J1416A, iron or corundum

) (Al,053) could be possible deck cloud candidates; however, the

where £oir is calculated as the sum of the solambundances 15,4 optical depth continues to increase beneath the phase-

relative to H. Examining our derived C/O and_[M/H], we find  gquilibrium condensation pointon our thermal profile. This

that J1416A has a roughly solar C/O and a slightly subsolar  could be due to cloud opacity deriving from the condensation

metallicity (C/OO=059 334 [M/H]O=E10.19'33). We note  of other speciesat deeperlayers or opacity arising from a

that for both C/O and [M/H] it does not matter if we include or process such as virgawhen condensed materia{rain) falls

exclude VO, which is done when comparing to J1416Bthe  through the atmosphere before vaporizing again.

ratios agree within 1aCJof each otHEnis C/O ratio does not Interestingly,we find a slight positive correlation between

account for oxygen lost to silicate formation, which we addressthe retrieval-derived radius ofJ1416A and the o parameter.
in further detail in Section 8.2. With a more negative a, the cloud has a lower optical depth at

longer wavelengthsallowing for flux to escape from hotter,
brighter layers. The retrieval compensates for this to provide a
5.1.3.Cloud Properties good fit by reducing the scale factor(R?/D ?), resulting in a

Figure 5 shows the four retrieved deck cloud properties for smaller radius estimate.

J1416A: (1) the pressure at which the optical depth of the cloud
passes one (the cloud top), (2) the decay height of the cloud in
AlogP (vertical extentabove the cloud topsee Section 4.4), Figure 6(a) compares the observed SpeX prism data and
(3) the single scatteringalbedo, and (4) the wavelength Sonora model spectra, which are cloud-free and consistent with
exponent a for the optical depth functiot = ¢,/ character-  the retrieved PT profile (see Figure 2¥igure 6(b) compares

5.1.4.Retrieved Spectrum and Composition

izing how “nongray” the cloud is. We find the cloud top the retrieved forward model spectrum for the deck cloud model
location is well constrainedwhile the vertical extentof the to the observed SpeX prism data. To compare the Sonora
cloud and the albedo are unconstrained With a being a spectra to our retrieved forward modedpectrum the Sonora
negative value @ = -1.77°33)), Burningham et al. (2017) models were scaled to the median retrieved scale fa&wen

investigated what could give rise to similar cloud opacity seen though J1416A is best fit with a power-law deck cloud, the fits
in two L dwarfs and found a[0=[1-2 to be most consistent withto the cloudless Sonora models are notery far off. This is
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Figure 6. (a) Retrieved forward model spectra for the deck cloud model of J1416A. The maximum-likelihood spectrum is shown in dark green, the median spectrun
in yellow, and 500 random draws from the final 2000 samples of the EMCEE chain in red. The SpeX prism data are shown in black. For comparison the cloud-free
Sonora grid modekolar-metallicity spectra for log gC1=[15.0 agd 1=[11600 K700 K, and 1800 K (solid teal blue, and purple),as well as [M/H](O=[-0.5 for

log g0=05.0 angiM=[11800 K and 1900 K (dotted teal, blue, and purple), are shown. Theaki&s bracket the range of the SED-derived and retrieval-derived

Tefr. (b) Retrieved uniform-with-altitude mixing abundances faonstrained gases compared to solar-metallicity and C/O mod#bundancesThe approximate

location of the photosphere is shown in gray.

likely due to the deck cloud affecting only a smalbortion of fit both the broad slope of the J band in this region as well as
J1416A’s spectrum;thus these models can do a fair job at the narrow K1 and Nal doublet features.We find that the
fitting the observed data. Allard alkali opacities provide a better fito J1416A than the
When comparing the observed spectrum of J1416A to the Burrows alkali opacities, discussedin further detail in
Sonora model spectra,we find the 1900 K solar-metallicity Section 8.1.In the H band, the retrievaldoes a much better

model provides the best fit overall but struggles to fit features ifob of fitting the FeH band to the data. This is likely driven by

the J band and the H-band plateau. The J band is best fit by théhe H-band feature being broader than the J-band FeH feature

1800 K solar model, while the peak of the H band is best fit by and thus has a larger impaain the goodness of fitThe FeH

the 1900 K low-metallicity modeland while the 1900 K solar fitting issue is an example of a problem introduced by the

model fits some of the K-band pseudo continuuitris a poor assumption ofuniform-with-altitude mixing ratios, as the J-

match to the CO feature. and H-band features are at different pressures and should have
In Figure 6(b), the retrieval spectrum fits the overall shape ofdifferent abundances at those pressure layers.

the observed spectrum quite well but has difficulties fitting the  Figure 6(c) shows the retrieved abundances for constrained

Nal doublet, KI doublets, and the FeH feature between the K gases compared to the solar-metallicity and solar C/O

doublets in the J band. Issues in fitting the & Ki doublets thermochemicalequilibrium model values from the grid

are likely due to how the pressure broadening is treated in the introduced in Section 4.3 Here we see the Na+K and H,0O

opacity models for these lines. With pressure broadening from abundancesare less than expected from models, pointing

the 0.77 um K1 doubletimpacting the slope in the J band toward a subsolar metallicity for J1416A. The median retrieved

through about 1.1 pm, the retrieved spectrum is likely unable taCO abundance is also less than the solar model value but is just

12
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Figure 7. (a) Retrieved PT profile (black) compared to cloudless Sonora solar and low-metallicity model profiles similar to the SED-derived and retrieval-derived
effective temperatures (neon green and purplé)e median cloud slab height and location are shown purpléh the 16 shown in gray,ndicating the ranges of

height and base locations. Optical depth for the cloud is shown in the bottom left corner. The colored dashed lines are condensation curves for the listed species. (
The contribution function associated with this cloud modelth the median cloud (magenta) and gas (aqua) at an optical depth of TCJ=[11 overplotted.

within the 10 confidence interval. The photosphere is shown asagrees within the 10 confidence interval with the Sonora solar
a gray strip to guide reasonable abundance ranges foretal metallicity, log gl1=[151800 K, and 1700 K models and the
oxides and metal hydride#\s these are not close to uniform-  [M/H]=[1-0.9p0g gl1=0151800 K model.Compared to the
with-altitude, it is difficult to compare our retrieved values to 1700 K/5.0/solar and 1900 K/5.0/-0.5 models the retrieved
the models. We do find that our abundances for TiO, VO, CrH, profile is slightly hotter at the same pressure, while it is slightly
and FeH all fall within the very wide range of possible model cooler than the 1900 K/5.0/solar model at the same pressure.

abundancesn the photosphere. Examining our FeH abun- At higher pressuresdeeperin the atmosphere the retrieved
dance, we see that the retrieved value is less than the maximuprofile has a similar slope to that of the Sonora models, while at
abundance of=-6 that is possible in the photosphereThis pressures lowethan the photosphere the retrieved profile is
maximum abundance correspond® those deeper into the more isothermal than the models. This is similar to the behavior
atmosphere where we see the J-band FeH featuiith our of the power-law deck cloud profile compared to the Sonora
lower than expected abundancéhis points toward Fe being models.The location in pressure space of the slab cloudis
condensed in the atmosphereand agrees with Fe as our well as its verticalheight, are both poorly constrained due to
predicted cloud species. the cloud being primarily optically thin with a total median

Interestingly, we find that the uniform-with-altitude model is optical depth across the cloud thickness of T[1=[11.08uaf,
preferred over the thermochemical equilibrium model. At thesewith a A™"% drop-off to longer wavelengths.
temperaturesJ1416A is expected to be in thermochemical Figure 7(b) shows the contribution function for this model,
equilibrium as the thermochemicdimescale should be faster ~ which shows the opacity from the slab cloud having a small
than the mixing timescale (Visscher atl. 2006, Section 5.1). effect on the overall flux emitted. The optically thick portion of
Based on Figure 6(b}he alkalies are likely to be driving this  the slab cloud is only between ~1 and 1.06 pyrhereafter it
preference as their abundance is the only one that is discrepanbecomes optically thin and no longer significantly contributes

with the thermochemicalgrid abundance.Therefore, the to the observed flux. In the optically thick Y-band region we see
uniform-with-altitude method is able to capture this discre- that even though the cloud contributes ~1% of the total flux in
pancy while still allowing for the other gas abundances to be inthis region, the optical depth of Tegiadl=[11.08 is primarily
agreement with the thermochemical grid. from here. Unlike the deck cloud, we see that the slab

contributes to the flux athigher altitudes;however,this only
contributes ~1%-10% of the totaflux observed.The lack of
cloud opacity in the J band contributes to the unusually blue
JO-[OK colém the same way as the power-law deck cloud

As listed in Table 4, the power-law slab cloud is model. With the cloud only affecting partof the Y band, the
indistinguishable from the power-law deck cloud modeand flux from the J band likely coming from a deeper pressure layer
thus should tell a similar story about the atmosphere of J1416Ahan that of field L dwarfs causing the bluer J{I-[IK color (see
Here we presentthe retrieval results of the power-law slab the comparison in Section 5.1.1).
cloud retrieval.

5.2.It’s a Different Cloud, Which Is Indistinguishable: The
Power-law Slab Cloud Tells the Same Story

5.2.2.Retrieved Gas Abundances and Derived Properties

5.2.1.PT Profile and Contribution Function Figure 8 shows the posterior probability distributions for the

Figure 7(a) shows the retrieved PT profile, slab cloud gasessurface gravity Tes, radius,mass,C/O, and [M/H] for
location, and totaloptical depth of the cloud.For this model, the slab cloud model, with the values also listed in Table 6 for
we find the bulk of the flux roughly between 1 and 18 bars like ease of readability Comparisons to the chemicaquilibrium
the deck cloud. The median retrieved profile in this region grid values of the gases are discussed in Section 5.2.Fhe
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Figure 8. J1416A power-law slab cloud posterior probability distributions for the retrieved parameters and extrapolated parameters. One-dimensional histograms o
the marginalized posteriors are shown along the diagonaleith 2D histograms showing the correlations between the parameteffie dashed lines in the 1D
histograms represent the 16th, 50th, and 84th percentiles, with the 68% confidence interval as the width between the 16th and 84th percentiles. Parameter values
above are shown as the medianJ+ 10. Gas abundances are displaygfXas/dges, where X is the gas¢Jradius, mass, C/O ratio, and [M/H] are not directly

retrieved parameters but are calculated using the retric¥BfRnd log g values along with the predicted spectrum. Our derived C/O ratio is absolute, where solar
C/O is 0.55, while our [M/H] is relative to solar. Values for CQ and TiO are not constrained and thus only provide upper limits.

majority of the gas abundancedl., radius,mass,C/O, and 5.2.3.Cloud Properties

[M/H] values for the slab modelagree with those from the Retrieved cloud properties forthe total optical depth, the
deck cloud model. The exception is the Na+K abundance, pressure level for the base of the cloud (Igg R the height of
which differs from the deck cloud abundance by 1.4a. This keythe cloud, the single scattering albedo,and the wavelength
difference in alkali abundance will be discussed in more detail exponent a that describes how “nongray” the cloud is for the
in Section 8.1, when we comparethe alkali abundances slab model are shown in Figure 9. The cloud base, height, and
between the retrievals for J1416A and J1416B. albedo are unconstrained for this model. The power a is more
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Table 6
Retrieved Gas Abundances and Derived Properties for J1416A Slab Cloud
Model
Parameter Value
Retrieved
H,0 - 377518
co - 3.6992
CO, <-5.16
CH, - 5.07°347
TiO <-9.37
VO - 9.433%
CrH - 8.540%
FeH - 8.34°3%7
Na+K - 6.90°3%]
log g (dex) 518858
Derived
Lbol -4.210+00.01
Tett (K) 1821.53%075
Radius (Rup) 0.773:88
Mass (Mup 36.96 3948
C/0?P 0.58 31
[M/H] 2° - 0.35922

Notes.[OMoleculaabundancesare fractions listed as log values. For
unconstrained gase$g confidence is used to determine the upper limit.
@ Additional comparatives are listed in Table 1.

b Atmospheric values.

T=1.08:01
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Figure 9. J1416A power-law slab cloud posterior probability distributions for
the cloud parameterslhe cloud top pressure (log B) and the cloud height
(dP) are shown in barsand a is from the optical depth equation TOgATT

tightly constrained than in the deck cloud modebnd agrees
within 10. The slab cloud also has a negative power,
corresponding to a reddening cloud with submicron-sized

Gonzales et al.

stable atits location. As the slab and deck cloud models are
indistinguishable distinguishing between the condensatds
critical to atmospheric understanding and will be the subject of
future work. Like the deck cloud, the slab cloud also has a
positive correlation between the radius and a, causing a smaller
opacity at longer wavelengths thus allowing for a smaller
radius.

5.2.4.Retrieved Spectrum and Composition

The forward model spectrum forthe slab cloud model is
shown in Figure 10(a) comparedto the observed SpeX
spectrum and various temperatureand metallicity Sonora
models that bracket the retrieved T For the slab cloud
forward maximum-likelihood modelspectrum,we find it is
bestfit by the 1700 K solar-metallicity modein the J band,
while the 1800 K solar metallicity or 1800 K [M/H]LJ=[10.5
models fit better in the H and K bands.In Figure 10(b), we
compare the retrieved spectrum and the observed spectrum.
The spectrum from the slab cloud model is quite similar to that
of the deck cloud, fitting both the FeH feature and the 1.25 pm
K1 doublet inthe J band poorly, for similar reasonsas
discussed in Section 5.1.4. Figure 10(c) compares the retrieved
gas abundancesfor the constrainedgasesto the solar-
metallicity values expected from the thermochemicaquili-
brium model values from the grid introduced in Section 4.3.
Unlike the deck cloud modelthe retrieved CO abundance is
below the solar model expected values. All of our retrieved gas
fractions for this model are consistentwith the deck cloud
model, with the exception of the Na+K abundance. These low
abundances of $0, CO, and the tied Na+K again confirm the
low-metallicity atmosphere that we derive.

6. Retrieved Model of 1416B

We initially used the Burrows alkali opacities as done in
Line et al. (2017) for J1416B, which produced the best-fit
model. However,we find that the Allard alkali opacities give
consistent abundances between J1416A and J14468 thus
we effectively treatthe cloud-free Allard alkalimodel as the
bestmodel for J1416B.Thus in this section,we presentthe
results of the second besfitting model (our winning model,
ABICO=010%he cloud-free, uniform-with-altitude mixing
ratio, Allard alkali opacity modelfor J1416B. The ABIC for
all tested models forJ1416B are listed in Table 7, and the
cloud-free Burrows alkaliopacity modelresults are shown in
Section A.2.Detailed examination of our choice of alkali line
models is discussed in Section 8.1. We will compare our
J1416B resultsto retrieval results from Line et al. (2017)
throughout this section. Intercomparisonof retrieved and
extrapolated parameters between J1416B and J1446Avell
as comparisons to the literature, will be discussed in Section 8.

6.1. PT Profile and Contribution Function

Figure 11(a) comparesour retrieved median profile to
Sonora 500 K, 600 K, and 700 K solar and [M/H]J=[1-0.5
models and the median retrieved profile from Line et al. (2017).
We see thatour retrieved profile has a similarslope and is
consistentwithin 10 across the entire profile with allmodels
except the solar 700 K and low-metallicity 500 K Sonora
models. Compared to the median profile from Line et al.

particles likely described by a Hansen distribution. As the slab (2017),we find our prdile consistent within 1g; howevethe

cloud is higher in the atmosphere multiple condensates are
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Figure 10. (a) Retrieved forward model spectra for the slab cloud model of J1416A. The maximum-likelihood spectrum is shown in dark green, the median spectrui
in yellow, and 500 random draws from the final 2000 samples of the EMCEE chain in red. The SpeX prism data are shown in black. For comparison, the Sonora gt
model solar-metallicity spectra for log gr0=[15.0 hd=T11600 K, 1700 K, and 1800 K (solid teal, blue, and purple), as well as [M/H]O0=-0.5 for log gC1=[15.0 anc
Ter[1=[1800 K and 1900 K (dotted teal, blue, and purple), are shown.Jvedeck bracket the range of the SED-derived and retrieval-deriye¢b] Retrieved
uniform-with-altitude mixing abundancedor constrained gasesompared to solar-metallicity and C/O model abundancesThe approximate location of the
photosphere is shown in gray.

Table 7 6.2. RetrievedGas Abundancesand Derived Properties

ABIC for J1416B Retrieval Models . . Lo . .
Posterior probability distributions for gases, surface gravity,

Model Number of Parameters  ABIC Tefr, radius,mass,C/O, and [M/H] are shown in Figure 12
Cloud-free 14 0 with their values along with the derivedyl, listed in Table 8.
Cloud-free chemical equilibrium 11 14 Compared to results from Line et al. (2017), our derivgdi§
g'OUd'free'A”ard alkali 14 10 hotter and is not consistentwithin 10 (T ¢#[1=689.05 1333
ray slab cloud 18 14 29 . . .
Power-law slab cloud 19 25 versus '_l;ffIZl =6{G5*35), _whlle our radlug,surface grgwty,and
Gray deck cloud 19 17 metallicity agree within 1. Comparing our retrieved gas
Power-law deck cloud 20 18 abundances to those of Line et al. (2017), we find all the gases
we have in common are consistent except for the Na+K alkali
Note.OUnless otherwise listddfault alkali opacities are Burrows. abundance. Line et al. (2017) used the Burrows alkali opacities,

while we use the Allard opacities in this model. When

below ~-0.5 bar. Many of the retrieved T dwarf profiles in comparing with our model that used the Burrows opacities we
Line et al. (2017) were more isothermahan the modelsand find the Na+K abundance is consistent with Line et al. (2017).
they suggested it could be due to additional heating; however, Similar to Line et al. (2017), we detect ammonia with our
temperature constraintare unreliable in this region of the ~ constraints equally as tight. _

profile. Figure 11(b) shows the contribution function for this Our retrieved abundanceyield a C/O ratioof C/O =

model with the photosphere ranging from about 1 to 100 bars. 0.52" 8% To considerthe effect of oxygen sequestration by
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Figure 11. (a) Retrieved PT profile (black) compared to cloudless Sonora solar and low-metallicity model profiles (neon green, purple, and bright pink) and the Line

1.25 1.50

0m1.

with those in Line etal. (2017).We find thatrelatively small
changes in composition can drive major observable differences
in the spectrumparticularly at lower temperature$herefore,

with a slightly subsolar metallicity for J1416B, its spectrum
differs quite drastically from field T dwarfs.

7. Fundamental Parameter Discussion
7.1.J1416A Fundamental Parameter Comparison

atoms are removed per silicon atom) is under the assumption of

uniform metallicity variations in elemental abundance ratios
(e.g., SilHO~CIM/H; see Visscher et24]10), as variations in
the abundances of rock-forming elements (such as Mg and Si)
will affect the proportion of oxygen removed by silicate
condensationHowever,as J1416B is subsolaGorrections to

Table 9 compares our SED- and retrieval-based fundamental
parameters to the literatureAdditionally, we list new UVW
values using Gaia Collaboration eil. (2018) proper motions
and parallax along with the radial velocity from Schmidt et al.
(2010). Our empiricallg is 2.50 and 1.50 discrepant from our

the C/O ratio may differ as subdwarf atmospheres have weak deck and slab retrieval-based bolometric luminositiesspec-
or absent metal oxides. If there is a relative depletion or lack oftively; however, all three measurementiave very small

rock-forming elements,less oxygen would be sequestered,
yielding a smaller correction in the C/O ratidn Figure 13 of
Nissen et al. (2014), the authors show that as metallicity ([Fe/
H]) decreasesthe C/O is expected to decrease for thin-disk
stars.Using our uncorrected metallicityye find that our C/O
ratio lies within the scatter of their expected metallicity
prediction.The Line et al. (2017) C/O ratio also falls within

the scatter of the Nissen et 22014) metallicity prediction.

6.3. RetrievedSpectrumand Composition

Figure 13(a) compares our retrieved median and maximum-
likelihood spectra to the SpeX prism J1416B data and the best
fitting Sonora solar and [M]J=0-0.5 grid model spectra. We
find that our retrieval spectrum fits quite well, with the
exception of the Y-band peak being slightly below the data. In
comparison to the Sonora modspectrawe find none of the
models fit the Y-band peakhe 600 K solar-metallicity model
does a good job fitting the J-band peak but is unable to fit the

uncertainties The largestdiscrepancy between ouS8ED and
retrieval-derived parameters are thegland radius,with our
Tes for the deck cloud atminimum 81 K hotter and the slab
50 K hotter than the semiempiricald of 1694 K. This is due
to our small retrieved radius of Ryec1=010.7 0+ 06Q4,=
0.77°3:43 which is about 20% smallerthan the evolutionary
model radius from the SED method (see Section 7.3 for further
discussion). Compared to the literature, our retrieval-bagged T

is hotter than all, except the model-basgdrém Bowler et al.
(2010) (which also calculates g,l,, but using an atmospheric
spectra model), while the retrieval-based masses are consistent
with our SED method value and Bowler et al. (2010). The log g
we derive agrees between the SED and the retrieawaithods.

As this work is the first to derive a metallicity for J1416A, we
find that the metallicity is consistentbetween both cloud

models.

7.2.J1416B Fundamental Parameter Comparison
Table 10 lists our SED and retrievalmethod fundamental

slope on either side quite well, and the H- and K-band featuresparameters compared to the literature. CompariggWwe find

are bestfit by the 700 K low-metallicity model.We find our
retrieved gas abundances fos® CH,, and NH; are subsolar

in the photosphere while the alkalies are broadly consistent
with the solar value in Figure 13(b). These values are consiste

17

that both our SED and retrieval method valuesagree with
Filippazzo et al. (2015) within 1g. Our semiempiricaland
retrieval-based g radius,mass,and log g are consistentith
wine another and the literature within 10, with the exception of
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Figure 12. J1416B cloud-free posterior probability distributions for the retrieved and derived parameters using the Allard alkalis. One-dimensional histograms of the
marginalized posteriors are shown along the diagonals, with 2D histograms showing the correlations between the parameters. The dashed lines in the 1D histogra
represent the 16th, 50th, and 84th percentiles, with the 68% confidence interval as the width between the 16th and 84th percentiles. Parameter values listed above
shown as the medianJ+ 1g. Gas abundances are displaye¢y@$) leglues, where X is the gas.q] radius, mass, C/O ratio, and [M/H] are not directly retrieved
parameters but are calculated using the retriev#B® Rand log g values along with the predicted spectrum. Our derived C/O ratio is absolute, where solar C/O is
0.55, while our [M/H] is relative to solar. J, radius, mass, C/O ratio, and [M/H] are not directly retrieved parameters but are calculated using the retfiBvéd R

and log g values along with the predicted spectru@0 abundance is not constrained and thus only provides an upper limit.

Tesr, Which is consistent within 2ag. Our retrieval C/O and [M/  solar and low metallicity ([M/H]J=[J-0.5As the SED-based

H] measurements are consistent with those in the literature.  parametersTe;, mass,and radius are drawn from different

evolutionary models (see Section 3 forevolutionary models

7.3. Comparison of Characteristics to Evolutionary Diagrams SZI?J(& t:rf j i :trfoalﬁ ;tzc\ilg?urti%%rgf; &S;) dnefg ttltw]sr;itenlsg inferred
Figures 14(a)-(d) compare our SED- and retrieval-based A comparison of radius versuggis shown in Figure 14(a),

fundamental parameters to Sonora evolutionary model grids fowith the retrieval shown in black and the SED in pink. It is

18
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Retrieved uniform-with-altitude gas abundances for the cloudless Allard alkali model compared to solar abundances.

Table 8
Retrieved Gas Abundances and Derived Properties for J1416B
Parameter Value
Retrieved
H,0 - 345314
CO <-5.68
CH, - 3.73818
NHa - 4.80°8%3
Na+K -6.210+00.11
log g (dex) 5.00 83
Derived
Lbol - 5-938.'82
Terr (K) 659.05 1337
Radius () 0.81 90
Mass (Myyp) 26.01 5267
cloabe 0.53 848
[M/H] 2© - 035312

Notes.[OMoleculaabundancesare fractions listed as log values. For
unconstrained gase$g confidence is used to determine the upper limit.

@ Ratios determined from the same gases in both the A and B components.
Additional comparatives are listed in Table 1.

P C/0 cor. = 0.39 3% when using the 25% correction from Line et al. (2017)
to account for rainout.

¢ Atmospheric values.

quite clear thatthe derived retrievatadius for the deck cloud

late-L dwarfs in Sorahana etal. (2013) with a T ¢¢ between

1500 and 2000 KThe problem of unphysically smaltadii is

an ongoing problem foratmospheric retrievals (e.gZalesky

et al. 2019) and has been seen as an issue fotthe directly
imaged exoplanets as well. We caution the reader against using
the retrieved radii for J1416A.

Compared to our SED method radiusge see that it is only
consistent with J1416A’s slab cloud model radius. For J1416B,
the retrievalradius is consistentvith the Sonora evolutionary
models and the SED method radiusAs seen with J1416A,
J1416B’s SED method radius is larger than the retrieval-
derived radiusJ1416A and J1416B’s empiricdly, from the
SED are fainter than the retrieval-deriveggl, which is inferred
from integration under the retrieved forward modspectrum.
The retrieval-derived radius for J1416B constrains the age to
be >6 Gyr.

Comparison of the retrieved and evolutionary model-based
(from the SED method) surface gravity versusd. compared
to the Sonora Bobcat evolutionary models is shown in
Figure 14(b).The surface gravity for both retrievahodels of
J1416A is consistent with the SED value, and the same is seen
between J1416B’s retrieved and SED surface gravity. Here we
see thatboth J1416A’s slab and deck retrievads well as the
SED, log g gives an age range of 1-10 GyFor J1416B,we
find the retrieved log g produces an age range ofl—10 Gyr,
which is broader than the range given from the radius.

Figure 14(c) compares the log g versugsTwhere here we
also compare J1416A to literature results from model values in
Cushing et al. (2010) and the retrieval results for J1416B from

model of J1416A is smaller than predicted by the evolutionary Line et al. (2017). While the log g for J1416A and J1416B are

models, while the slab cloud is consistentwith the low-

consistentacross the SEDrtetrievals,and the literature values

metallicity 6-10 Gyr and the solar-metallicity 3-6 Gyr models. plotted, the T.; measurements/ary over a wider range,

While the radius of the deck cloud modelmay appear to be

particularly for J1416AWhen comparing mass versugd.in

unphysically small, Sorahana et al. (2013) estimated the radii ofigure 14(d),we find that the retrievalplaces J1416A with a

brown dwarfs from the scale factor, similar to our method,

very young age of likely less than 1 Gyrwhich is strikingly

using AKARI spectra and found that most of their mid- to late- different from the very old age estimate from the radiukhis

L dwarfs had radii smallerthan predicted from evolutionary

age disagreemerit likely due to the mass being tied to the

models. We find both the deck and slab cloud radii for J1416A radius,and with a larger radius the derived mass range would

fall within the radius range of 0.64-0.81 R, for the mid- to

19
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Table 9
Comparison of Fundamental Parameters from the Literature for 1416A

Parameter This Paper This Paper This Paper Burn10 Schm10 Bowl10 Scho10 Cush10

SED Retrieval-Deck Retrieval-Slab
log L*/L ¢ -4.180x00.011  -4.230+00.01  -4.210x00.01 L L -4.3600+00.21 L L
Tefr (K) 16940+74 18914238 1821.53%¢2%, 1500 1722 2200 L 1700
Radius (R,p 0.9200+[0.08 0.70+010.04 0.77 382 L L L L 0.81
Mass (Mg 6000+[118 36.8234%2 36.96 3048 75 L 61019 L L
log g 5.2200+[10.22 5.26 332 518328 55 L 55 L 55
Age (Gyr) 0.5-10 L L 10 >0.8 12 L L
[IM/H] -0.3° - 017938 - 0.3393¢ L L L L L
CIO L 0.59 $3f 0.58 331 L L L L L
distance (pc) 9.30+[10°03 10¢ 10° 5-15 8J+[11.6 8.400+9.9 7.90+01.7 L
us -17.480+000.5 L L L -17.900+00.5 6004 L L
Ve 5.810+10.04 L L L 10.20+01.2 10.20+01.2 L L
wWe -38.40+01.1 L L L -31.40x04.7 -270+019 L L

Notes.[JColumn abbreviations are defined as folloBsrn10 = Burningham et al. (2010); Schm10 = Schmidt et al. (2010); Bowl10 = Bowler et al. (2010);

Scho10 = Scholz (2010); Cush10 = Cushing et 22010).

@ Additional masses based on assumed ages of 3 Gyr: 78010 Gyr: 80.900+01.2M

® Due to the low metallicity in the literature, we use the Saumon & Marley (2008) low-metallicity (—0.3 dex) cloudless evolutionary models to determine the radius
range.

° From Gaia Collaboration et a{2018).

9 For the retrieval, the distance-calibrated spectrum from the SED was used; thus it was set to a distance of 10 pc. Distance uncertainty is included for determining
extrapolated parameters using the measured distance uncertainty.

€ An estimated distance of 9.40+[11.3 pc is given assuming a low metallicity and using the Cushi(0éakelations.

f same gas set between J1416AB used for deriving value.

9 We derive new UVW values in this work and do not correct for LSR. UVW values from Schmidt et al. (2010) and Bowler et al. (2010) were both corrected for LSR
using Dehnen & Binney (1998). Thus Schmidt et al. (2010) usesdsaRI=[1(10, 5, 7), making UWWWsrO=[1(-17.9, 2.2, -38.4), while Bowler et al. (2010) uses
LSRcord1=00(-16,25,7.17), making UVW,, Lsr(1=1(146.95,-34.17).

Table 10
Comparison of Fundamental Parameters from the Literature for 1416B

Parameter This Paper This Paper  Burn10 Scho10 Burg10a Burg106' Burg106 Fili15 Line17

SED Retrieval cloudless cloudy
log Lx/L ¢ -5.800+[00.07 - 5.933% L L L L L -5.8130x[10.013 L
Teit (K) 66000+[162 659.05 1533 500 600 65000+[160 685 & 595 28 656+154 60522
Radius (Ryp 0.9400+[00.16  0.813Y% L L 0.83%1%  0.840+010.06 0.86 0.960+[10.16 0.833%
Mass (M 330+022  26.01328 30 30 22-47 43.0148 36.7°39 30.2300x[119.86 L
log g 4.830+00.51 5.005%8 5.0 L 5.20+00.4 520+0.3 5.5 4.8000+010.52 4.9300+010.4
Age (Gyr) 0.5-10 L 10 5 2-10. 80+4 6-12 0.5-10 L
C/O L 0.52 3% L L L L L L 0.4532%
[M/H] -0.3f - 0.353{F -0.3 L <-0.3 - 01751 0.0 0.0 - 0.35%19
distance (pc)  9.300x[10%03 10" 5-15 7.90+01.7 10.6833 11.10+03.2 11.40+034 9.120+00.11  9.120+00.11

Notes.[OColumn abbreviatioase defined asfollows: Burn10 = Burningham et al. (2010); Scho10 = Scholz (2010); Burg10a = Burgasser et al. (2010a);

Burg10b = Burgasser et al(2010b); Fili15 = Filippazzo et al.(2015); Line17 = Line et al.(2017).

& Mean values listed.

® Here we list values from the Allard alkalies for the winning model.

¢ Same set of gases for J1416A and J1416B used for deriving value.

9 If we use the rainout correction from Line et a(2017),C/0 corr. = 0.3% 97

¢ Rainout corrected value listed in Line et 42017) in log;oC/O.

f Due to the low metallicity in the literature, we use the Saumon & Marley (2008) low-metallicity (0.3 dex) cloudless evolutionary models to determine the radius
range.

9 From Gaia Collaboration et a(2018).

" For the retrieval, the distance-calibrated spectrum from the SED was used; thus it was set to a distance of 10 pc. Distance uncertainty is included for determining
extrapolated parameters using the measured distance uncertainty.

f Parallax from Faherty et a(2012) was used.

) Parallax from Dupuy & Liu (2012) was used.

8. Discussion interest when determining whetherthe system formed and

evolved together. We list the retrieved alkali abundances, C/O,
and [M/H] determinedwhen using both the Allard and

Table 11 lists all the parameterswe will discusswhen
comparing between J1416A and J1416&&rticularly those of

20
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Figure 14. Comparison of retrieved bolometric luminosity, radius, surface gravi

ty, and mass to the Sonora Bobcat evolutionary solar and low-metallicity models. [M

H]O=03J0.0 are displayed as solid lines, while [M/H](J=[1-0.5 are dashed lines, with ages ranging from 1 to 10 Gyr in shades of blue and purple. Black symbols sk
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(c) Log g vs. Tes. Green points show the Cushing et 42010) and Line et al(2017) values for J1416A and J1416Bgspectively(d) Mass vs.Lpo,.

Table 11
Properties for Comparison between J1416A and J1416B
Object log(Na+K) c/o? [M/H] @
Allard Burrows Allard Burrows Allard Burrows
1416A deck - 6.3203] - 6.62 023 0.59 821 0.60° 315 - 0.17°93} - 01183
1416A slab - 6.90 9% - 71853 0.58 311 0.57°334 - 0.339% - 02952
1416B -6.210+00.11 - 52938 0.53 343 0.50" $:¢4 - 035318 - 047318

Notes.[JC/O values are listed as absoluteere solar C/OC0=0.55 and [M/H] is

listed relative to solar abundances.

@ The is the AB comparative for C/O and [M/H]. The other versions can be found in Table 1.

Burrows alkali opacities for both J1416A and J1416B. Here weopacities are able to produce consistentalkali abundance

use the C/O and [M/H] ratios determined from using only the
gases thaboth J1416A and J1416B have in common (50,
CH,4, and CO). Agreementin the expected behaviorof the
alkali abundancesvas the primary deciding factor on the
preferred cross sections.

8.1. Addressing the Differences in Alkalies

The alkali abundances retrieved for J1416AB are listed in
Table 11, using both alkali opacity models. The Allard

21

between J1416A and J1416B,only when J1416A is para-
meterized with the deck cloud. Alkali abundancesio not
necessarily need to be consistent between J1416A and J1416B
because they are condensing out at around thg df J1416B

(Line et al.2017; Zalesky et al. 2019). However, the Burrows
opacities resultn J1416AB having a higher alkalabundance
than J1416A, which is not expected to occur in T dwarfs due to
rainout. To check for correlationsor degeneraciebetween
alkali abundanceand the cloud parametersof both cloud
models for J1416Awe created a corner plot using the Allard
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opacity retrievalresults and found no correlations foreither alkali models produce a lower median metallicity for the deck
cloud model. Because the Allard alkalies produce the expectedcloud compared to the slab; however, only the Allard model is
alkali abundance behavior between J1416A and J1416B with consistent. Additionally, the Burrows model produces a higher
the deck cloud and not the slab cloud, this is evidence that the median metallicity for J1416A, but a lower median metallicity
deck cloud produces a more realistic fit to the data over the slafor J1416B. Only the Allard opacities produce a consistent
cloud for J1416A. picture of the comoving pair.

8.2.C/O Ratio

To compare the C/O ratio between J1416A and J1416B, we
have derived an atmospheric C/O ratio that only considers the
gases in common between both sources@1CO, and CH),
due to the differing gas assumptions in the L and T dwarf
retrievals.For the L dwarf, there will be a small contribution

9. Conclusions

In this work we present the first distance-calibrated SED of
J1416A and an updated distance-calibrated SED dfl416B.
We present the first retrieval of J1416A and the second retrieval
of J1416B. J1416A is best parameterized by a power-law deck

i loud model; however, it is indistinguishable from a power-law
from VO missing in the oxygen totalHowever,as VO has a c ) : '
very small abundance it does not make a large impact on the slab cloud model, while J1416B is best fit by a cloud-free

overall C/O ratio. Using this C/O ratio, we find that J1416AB  Model,agreeing with previous results from Line et 42017).
are consistentwithin 10, which points toward evidence in For both cloud models of J1416A, we find our retrieval radius

favor of formation and evolution as a paiBBoth J1416A and is.sma"er than the gvolutionary mo_del radius and inconsistent
J1416B are approximately solarin C/CF)) and have slightly within 1a. We also find that the retrieval produce_s ahottgr T
subsolar metallicities. Considering the various methods to than thg SED to compensate for the Sm?”er radius an_d to
determine the C/O for J1416AB, all methods are consistent ~ Maintain the same flux we observe.We find that relatively

within 1aC0and do notliffer based on which alkali opacities small changes in the composition can drive major changes in
are used. observed features in the spectrum, particularly for low

As a note, the C/O ratios in Table 11 do not include the terEperaf[L{re stﬁurcets_. tesult th ive find that
rainout correction, as we have not made any corrections to the xamining the retrievaresulls across the paiwe find tha

C/O ratio of J1416A. The rainout correction applied to J14168 0Nl the Allard alkaliopacities produce alkali abundances
accounts for oxygen thashould be in the atm(?spphere above expected for J1416AB (with the T dwarf abundance lower than

: ; that of the L dwarf) and only for the deck cloud modelfor
any deep cloud not detected in the retrieval. For J1416A, !
because the retrievalprefers a cloudy model, we have an J1416.A: .BOth J1416A aqd ‘“4.168 have slightly subsolar
entirely different situation to consider. If a correction is metallicities t_hatart_e consistenwith each other,_no mat_ter the
necessary forJ1416A it would likely be a smaller amount, chosen alkaliopacity model. J1416AB is consistentwith an

; : approximately solar C/O ratiowith the median value slightly
gggigiﬁ:C’}L‘fj%h(is_za#é?”{ﬁgtﬁggd?;r}i‘fatt‘)’tj‘:daetgf(ojgzgrfvf supersolar for J1416A and slightly subsolar for J1416B. These

would be accounting for oxygen above ~0.1 bar) than is the ~ esults point toward the pair having formed and evolved
case for J1416BIn addition, we should consider oxygen tied together. Retrieval results of this binary are the first look from a

up in SiO gas in J1416A.Considering thisthe correction for larger sample that aims to d'v‘? deeper into understanding 5
J1416A could range from 0.5% to 12%which is well within ~ SuPdwarf atmospheres by asking (1) are subdwarfs cloudiess?
our 8% confidence interval of our C/O ratio. and (2) how do their PT profiles compare to similar spectral
type or T sources (Gonzales eél. 2020, in preparation)?
Having both cloudy and cloud-free results from this work
provides a step in understanding the nuances of metallicity in L
To compare the metallicity between J1416A and J1416B, it and T dwarf atmospheres.
is important to rememberthat the gases used to derive the
individual atmospheric metallicities differed between the L and  This research was supported by the NSF undegrant No.
T dwarf atmospheresTo accountfor this, we take the same  AST-1614527 grantNo. AST-1313278 and grantNo. AST-
approach as for the C/O ratio and determine a metallicity using1909776. This research was made possible thanks to the Royal
only the gases in common between the L and T dwarf to Society International Exchange grant No. IES\R3\170268.
determine the elementabundances in our metallicity calcul-  thanks the LSSTC Data Science Fellowship Prognahich is
ation. This approachdoes not include elementsthat are funded by LSSTCNSF Cybertraining graritlo. 1829740 the
expected to have a large portion taken up by unobservable  Brinson Foundationand the Moore Foundatiorher participa-

8.3. Metallicity Differences?

sinks such as N, or condensation ofiron in the L dwarf. tion in the program has benefited this work. B.B. acknowledges

However, both nitrogen (for J1416B)and iron (for J1416A) financial support from the European Commission in the form of

would affect the metallicity determination atthe 10% level, a Marie Curie InternationalOutgoing Fellowship (PIOF-GA-

well within our 68% confidence intervals. 2013-629435). This publication makes use of data products from
The 1olconfidence intervals are quite large for both alkali the Two Micron All Sky Survey, which is a joint project of the

opacity variantmetallicities, with the Allard opacities produ- University of Massachusetts and the Infrared Processing and

cing consistent [M/H] between J1416A and J1416B regardless Analysis Center/California Institute of Technologynded by

of J1416A’s cloud modelWhen using the Burrows opacities, the National Aeronauticsand Space Administration and the

the derived metallicities are inconsistentbetween J1416A’s National Science Foundation. This publication makes use of data
deck cloud modeland J1416B.It should be noted thatboth products from the Wide-field Infrared Survey Explorer, which is

22
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a joint project of the University of California, Los Angeles, and
the JetPropulsion Laboratory/California Institute of Technol-
ogy, fundgd by the NationalAeronautics and Space Adminis- A.1. J1416A Burrows Models
tration. This work has made use of data from the European
Space Agency (ESA) mission Gaia (https://www.cosmos.esa. _Here we show the resultarfigures for the power-law deck
int/gaia), processed by the Gaia Data Processing and Analysis(Figures 15-18)and slab (Figures 19-22)clouds using the
Consortium (DPAC,https://www.cosmos.esa.int/web/gaia/ Burrows alkali cross sections. These models are also
dpac/consortium)Funding for the DPAC has been provided indistinguishable from the winning models with their corresp-
by national institutions, in particular the institutions participating?nding BIC values as listed in Table 4 in Section 5.
in the Gaia Multilateral Agreement.

Software:[astropy (Astropy Collaboration et al. 2013), SEDkit
(https://github.com/hover2pi/SEDKkit, Eileen Branch), Brewster
(Burningham etal. 2017), EMCEE (Foreman-Mackey etl.
2013), Corner (Foreman-Mackey 2016).

Appendix
Alternative Alkalies for Winning Models

A.1.1.Deck Cloud Alternative Alkalies

The resultantfigures for the power-law deck clouds using
the Burrows alkali cross sections are shown in Figures 15-18.

-5 1073
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Figure 15. (a) Retrieved PT profile (black) compared to cloudless Sonora solar and low-metallicity model profiles similar to the SED-derived and retrieval-derived
effective temperatures (neon green and purple). The median cloud deck is shown in shades of blue. The median deck reaches an optical depth of TC1=[11 at the b
between the darkest blue and purple. The purple region is where the cloud is optically thick, and the blue shading indicates the vertical distribution where the cloud
opacity drops to TC1=[10.5 at the dashed line. The gray bars on either side show the 10 cloud deck location and vertical height distribution. The colored dashed lin
condensation curves for the listed species. (b) The contribution function associated with this cloud model, with the median cloud (magenta) and gas (aqua) at an o
depth of TC0=[11 overplotted.
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histograms represent the 16th, 50th, and 84th percentiles, with the 68% confidence interval as the width between the 16th and 84th percentiles. Parameter values
above are shown as the medianJ+ 10. Gas abundances are displaygXas/iges, where X is the gasJradius, mass, C/O ratio, and [M/H] are not directly

retrieved parameters but are calculated using the retrie¥BfRANd log g values along with the predicted spectrum. Our derived C/O ratio is absolute, where solar
C/O is 0.55, while our [M/H] is relative to solar. CO,, CH,4, and TiO abundances are not constrained and thus only provide upper limits.
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Figure 17. J1416A power-law deck cloud posterior probability distributions for the cloud parameters. The cloud top pressygediabtRe cloud height (dP) are
shown in barsand a is from the optical depth equation TOgA T
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Figure 18. (a) Retrieved forward model spectra for the deck cloud model of J1416A. The maximum-likelihood spectrum is shown in dark green, the median spectru
in yellow, and 500 random draws from the final 2000 samples of the EMCEE chain in red. The SpeX prism data are shown in black. For comparison the Sonora gri
model solar-metallicity spectra for log glJ=[15.0g0d=T11600 K, 1700 K, and 1800 K (solid light green, teal, and blue), as well as [M/H](J=[-0.5 for log g[1=[15.(
and Tex[01=[01800 K and 1900 K (dotted blue and purple), are shown. Theséu&s bracket the range of the SED-derived and retrieval-deriyedbl) Retrieved
uniform-with-altitude mixing abundancesgor constrained gasegompared to solar-metallicity and C/O model abundancesThe approximate location of the
photosphere is shown in gray.
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A.1.2.Slab Cloud Alternative

The resultant figures for the power-law slab clouds using the
Burrows alkali cross sections are shown in Figures 19-22.
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Figure 19. (a) Retrieved PT profile (black) compared to cloudless Sonora solar and low-metallicity model profiles similar to the SED-derived and retrieval-derived
effective temperatures (neon green and purple). The median cloud slab height and location are shown purple with the 15 shown in gray, indicating the ranges of h
and base location©ptical depth for the cloud is shown in the bottom left corndihe colored dashed lines are condensation curves for the listed spézjehe
contribution function associated with this cloud modedith the median cloud (magenta) and gas (aqua) at an optical depth of TC0=[11 overplotted.
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Figure 20. J1416A power-law slab cloud posterior probability distributions for the retrieved parameters and extrapolated parameters. One-dimensional histograms
the marginalized posteriors are shown along the diagonalgith 2D histograms showing the correlations between the parameteffie dashed lines in the 1D
histograms represent the 16th, 50th, and 84th percentiles, with the 68% confidence interval as the width between the 16th and 84th percentiles. Parameter values
above are shown as the medianJ+ 10. Gas abundances are displaygXas/iges, where X is the gasqJradius, mass, C/O ratio, and [M/H] are not directly
retrieved parameters but are calculated using the retric¥Bf Rnd log g values along with the predicted spectrum. Our derived C/O ratio is absolute, where solar
C/O is 0.55, while our [M/H] is relative to solar. CO, and TiO abundances are not constrained and thus only provide upper limits.
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Figure 21. J1416A power-law slab cloud posterior probability distributions for the cloud parameters. The cloud top pressuy @log fRe cloud height (dP) are
shown in barsand a is from the optical depth equation Tt
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Figure 22. (a) Retrieved forward model spectra for the slab cloud model of J1416A. The maximum-likelihood spectrum is shown in dark green, the median spectru
in yellow, and 500 random draws from the final 2000 samples of the EMCEE chain in red. The SpeX prism data are shown in black. For comparison the Sonora gri
model solar-metallicity spectra for log gCI=[15.0 hd=T11600 K, 1700 K, and 1800 K (solid teal, blue, and purple), as well as [M/H]0=-0.5 for log glC1=[15.0 anc
Te1=[1800 K and 1900 K (dotted teal, blue, and purple), are shown. JvedacE bracket the range of the SED-derived and retrieval-deriye(b] Retrieved
uniform-with-altitude mixing abundancesor constrained gasesompared to solar-metallicity and C/O model abundancesThe approximate location of the
photosphere is shown in gray.
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A.2.J1416B Burrows Models

Figures 23-25 show the cloud-free Burrows alkalicross-
section modelfor J1416B,which presents a bettefit to the
data; however, it producesinconsistentalkali abundances
between J1416A and J1416B.
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Figure 23. (a) Retrieved PT profile (black)compared to cloudless Sonora soland low-metallicity model profiles (neon greenpurple, and bright pink). (b)
Contribution plot with maximum-likelihood gas at TC0=[11.
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