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ABSTRACT

We present the first retrieval analysis of a substellar subdwarf, SDSS J125637.13−022452.4 (SDSS
J1256−0224), using the Brewster retrieval code base. We find SDSS J1256−0224 is best fit by a cloud-free model
with an ion (neutral H, H−, and electron) abundance corresponding to [Fe/H]ion = −1.5. However, this model is
indistinguishable from a cloud-free model with [Fe/H]ion = −2.0 and a cloud-free model with [Fe/H]ion = −1.5
assuming a subsolar carbon-to-oxygen ratio. We are able to constrain abundances for H2O, FeH, and CrH, with
an inability to constrain any carbon bearing species likely due to the low-metallicity of SDSS J1256−0224. We
also present an updated spectral energy distribution (SED) and semi-empirical fundamental parameters. Our
retrieval- and SED-based fundamental parameters agree with the Baraffe low-metallicity evolutionary models.
From examining our “rejected” models (those with ∆BIC> 45), we find that we are able to retrieve gas abun-
dances consistent with those of our best fitting model. We find the cloud in these poorer fitting “cloudy” models
is either pushed to the bottom of the atmosphere or made optically thin.

Keywords: stars: individual (SDSS J125637.13−022452.4), stars: brown dwarfs, stars: subdwarfs,
stars:fundamental parameters, stars:atmospheres, methods: atmospheric retrievals

1. INTRODUCTION

Straddling the mass boundary between stars and planets lie
brown dwarfs, substellar sources with masses ranging from
∼ 13 − 75MJup depending on their metallicity (Saumon et al.
1996; Chabrier & Baraffe 1997) with temperatures ranging
from ∼ 250 − 3000 K. This corresponds to spectral types of
late-M, L, T, or Y (Burgasser et al. 2002; Kirkpatrick 2005;
Cushing et al. 2011) which are classified based on their op-
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tical or near-infrared (NIR) spectrum. Brown dwarfs contin-
uously cool and contract throughout their lifetimes, evolving
through the spectral sequence as they age due to their inabil-
ity to sustain stable hydrogen burning.

Brown dwarfs can be split into roughly three main age
groups: field dwarfs, low-gravity or young dwarfs, and old
or subdwarfs. Field dwarfs are the base of the spectral classi-
fication scheme while the low-gravity dwarfs and subdwarfs
expand the standard scheme. The low-metallicity brown
dwarfs (subdwarfs) are distinguished from field sources by
their unusually blue NIR J − K colors (Burgasser et al.
2003, 2009), kinematics placing them in the galactic halo
(Dahn et al. 2008; Burgasser et al. 2008; Cushing et al.
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2009), and spectral features of enhanced metal-hydride ab-
sorption bands (e.g. FeH), weak or absent metal oxides (TiO,
CO, VO), and enhanced collisionally-induced H 2 absorption
(Burgasser et al. 2003 and references therein).

To explore the the information contained in the spectra of
a source, we can use the data-driven method of atmospheric
retrievals. Retrievals are a relatively new technique in brown
dwarf science with only a small number of brown dwarfs hav-
ing been retrieved to date (e.g. Line et al. 2014, 2015, 2017;
Burningham et al. 2017, 2021; Zalesky et al. 2019; Kitzmann
et al. 2020; Gonzales et al. 2020). The majority of these
works have focused on examining cloud-free targets as they
provide the simplest cases to interpret retrieval results. Ad-
ditionally, brown dwarf retrievals have focused primarily on
near-solar metallicity targets ([M/H]= ±0.5) (e.g. Line et al.
2017; Zalesky et al. 2019; Kitzmann et al. 2020; Gonzales
et al. 2020; Burningham et al. 2021). With subdwarfs be-
ing cloud-free due to the reduced condensates in their at-
mospheres, examining the impact low-metallicity has on re-
trieved parameters is a logical next step in building up com-
plexity from the cloud-free solar metallicity sources. Thus,
in an effort to explore the impact of metallicity on retrieved
parameters and to characterize subdwarf atmospheric com-
positions, we examine the subdwarf SDSS J1256−0224.

In Section 2 we present literature data on SDSS
J1256−0224. We present updated semi-empirical fundamen-
tal parameters using distance-calibrated spectral energy dis-
tributions in Section 3. Sections 4 and 5 describes our re-
trieval framework and model selection. Results of our re-
trieval of SDSS J1256−0224 are discussed in Section 6. Fi-
nally, Section 7 compares fundamental parameters from SED
and retrieval methods to evolutionary models, how retrievals
can help us to understand the origins of a source, how our
results can inform low-metallicity models, and what can be
learned from our rejected models.

2. LITERATURE DATA ON SDSS J1256−0224

SDSS J125637.13−022452.4 (hereafter SDSS
J1256−0224) was discovered by Sivarani et al. (2009) as
part of a search for L subdwarfs in the Sloan Digital Sky
Survey data release 2 (SDSS DR2) spectral database. Bur-
gasser et al. (2009) spectral typed it as a sdL3.5 and Zhang
et al. (2017) revised the spectral type to usdL3 following
their scheme anchored to the work of Lépine et al. (2007).
Equivalent widths of various spectral lines and spectral in-
dices have been measured to aid in the classification of SDSS
J1256−0224 in Scholz et al. (2009), Burgasser et al. (2009),
and Martin et al. (2017). There are currently five optical
spectra available in the literature (SDSS: Sivarani et al. 2009,
VLT/FORS1: Scholz et al. 2009, LDSS3: Burgasser et al.
2009, VLT/FORS2: Lodieu et al. 2015, and Palomar/DSpec:
Kirkpatrick et al. 2016) and 3 NIR spectra (SpeX prism:

Burgasser et al. 2009, NIRSPEC: Martin et al. 2017, FIRE
echelle: Gonzales et al. 2018).

Gaia eDR3 (Gaia Collaboration et al. 2016, 2020; Lin-
degren et al. 2020) provides the most precise parallax and
proper motions for SDSS J1256−0224 to date, with previ-
ous measurements by Sivarani et al. (2009),Schilbach et al.
(2009), and Gaia DR2 (Gaia Collaboration et al. 2016, 2018;
Lindegren, L. et al. 2018). Burgasser et al. (2009) measured a
radial velocity and calculated UVW velocities which placed
SDSS J1256−0224 as an inner halo member. Gonzales et al.
(2018) calculated updated UVW velocities based on the Gaia
DR2 proper motions and parallax. Here we update the UVW
velocities and the tangential velocity using the Gaia eDR3
parallax and proper motions listed in Table 1.

Fundamental parameters for SDSS J1256−0224 have been
determined from fits to evolutionary model grids, fits to syn-
thetic model atmosphere spectra and colors, and from dis-
tance calibrated spectral energy distributions (SEDs). In the
literature the effective temperature of SDSS J1256−0224 has
ranged from Teff = 1800 − 2600 K based on the method used
and data available at the time (Sivarani et al. 2009; Burgasser
et al. 2009; Lodieu et al. 2015; Zhang et al. 2017; Gonza-
les et al. 2018), log g from 5.0 to 5.5 (Burgasser et al. 2009;
Lodieu et al. 2015; Zhang et al. 2017; Gonzales et al. 2018),
and [M/H] from −2.0 to −1.0 (Schilbach et al. 2009; Bur-
gasser et al. 2009; Lodieu et al. 2015; Zhang et al. 2017).
Values for SDSS J1256−0224 from the literature and those
determined in this work are listed in Table 1.

3. UPDATED FUNDAMENTAL PARAMETERS OF
SDSS J1256−0224

Fundamental parameters for SDSS J1256−0224 were de-
termined using the technique of Filippazzo et al. (2015),
where we create a distance-calibrated SED using the spec-
tra, photometry, and parallax.1 The spectra (optical: LDSS3,
NIR: FIRE echelle) and photometry used are the same as in
Gonzales et al. (2019) with the Gaia eDR3 parallax as the
only update. The SED generation follows the exact proce-
dure as done in Gonzales et al. (2018) using the same age
and radius estimate. Our updated fundamental parameters
are listed in Table 1 and are consistent within 1σ to the Gon-
zales et al. (2019) values.

4. THE BREWSTER RETRIEVAL FRAMEWORK

Our retrievals use the Brewster framework (Burningham
et al. 2017) with a modified setup, similar to that of Gonzales
et al. (2020), in order to optimize for low metallicity atmo-
spheres. A summary of the Brewster framework with our

1 SEDkit is available on GitHub at https://github.com/hover2pi/SEDkit. The
Eileen branch was used for this work (also available at https://github.com/
ECGonzales/SEDkit/tree/master).

https://github.com/hover2pi/SEDkit
https://github.com/ECGonzales/SEDkit/tree/master
https://github.com/ECGonzales/SEDkit/tree/master
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Table 1. Properties of SDSS J1256−0224

Property Value Reference

Spectral type sdL3.5, usdL3 1, 2
[Fe/H] −1.8± 0.2 2

Astrometry
R.A. 12h56m37.16s 3
Decl. −02◦24′52′′.2 3
π (mas) 12.06± 0.56 4
µα (mas yr−1) −510.85± 0.73 4
µδ (mas yr−1) −299.85± 0.55 4
Vr (km s−1) −126± 10 5
Vtan (km s−1) 232± 10 6
U (km s−1)a −148± 8.7 6
V (km s−1)a −146.5± 7.7 6
W (km s−1)a −163.7± 9.1 6

Photometry
PS i (mag) 19.47± 0.04 7
PS z (mag) 18.0± 0.03 7
PS y (mag) 17.54± 0.01 7
SDSS i (mag) 19.41± 0.02 8
SDSS z (mag) 17.71± 0.02 8
2MASS J (mag) 16.10± 0.11 8
2MASS H (mag) 15.79± 0.15 8
2MASS Ks (mag) < 15.439 8
HMKO (mag) 16.078± 0.016 9
KMKO (mag) 16.605± 0.099 10
WISE W1 (mag) 15.214± 0.038 11
WISE W2 (mag) 15.106± 0.098 11
WISE W3 (mag) < 12.706 11
WISE W4 (mag) < 8.863 11

Parameters from SEDb
Lbol −3.59± 0.04 6
Teff (K) 2338± 56 6
Radius (RJup) 0.95± 0.01 6
Mass (MJup ) 84± 2 6
log g (dex) 5.37± 0.01 6, 10, 12
Age (Gyr) 5 − 10 6, 10, 12
Distance (pc) 82.9± 3.9 6

Retrieved Parametersc
log g (dex) 5.42+0.15

−0.22 6
Lbol −3.59± 0.01 6
Teff (K) 2558.37+168.43

−137.97 6
Radius (RJup) 0.79+0.11

−0.10 6
Mass (MJup) 65.14+21.41

−20.61 6
C/O · · · · · ·
[M/H] −1.54+0.12

−0.13 6

a UVW values are calculated in the local standard of rest frame
in a left-handed coordinate system with U positive toward the
Galactic center.

b Using Saumon & Marley (2008) low-metallicity (M/H= −0.3)
evolutionary models, assuming an age of 0.5 − 10 Gyrs.

c Lbol, Teff, radius, mass, and [M/H] are not directly retrieved pa-
rameters, but are calculated using the retrieved R2/D2 and log g
values along with the predicted spectrum.

References—(1) Burgasser et al. (2009), (2) Zhang et al. (2017),
(3) Cutri et al. (2003), (4) Gaia Collaboration et al. (2016,
2020); Lindegren et al. (2020), (5) Lodieu et al. (2015), (6)
This Paper, (7) Chambers et al. (2016), (8) Adelman-McCarthy
et al. (2008), (9) Lawrence et al. (2012), (10)Gonzales et al.
(2018), (11) Cutri & et al. (2012), (12) Gonzales et al. (2019).

modifications is discussed below. We differ from the Gon-
zales et al. (2020) setup by using an extended thermochemi-
cal grid that includes lower metallicities and higher tempera-
tures. A more detailed description of Brewster can be found
in Burningham et al. (2017, 2021).

4.1. The forward Model

The Brewster forward model uses the two-stream radiative
transfer technique of Toon et al. (1989), including scattering,
as first introduced by McKay et al. (1989) and subsequently
used by e.g. Marley et al. (1996); Saumon & Marley (2008);
Morley et al. (2012). We setup a 64 pressure layer (65 levels)
atmosphere with geometric mean pressures from logP = −4
to 2.3 bars spaced in 0.1 dex intervals. To characterize the
temperature in each layer we use the Madhusudhan & Sea-
ger (2009) parameterization which splits the atmosphere into
three zones characterized by the following exponential func-
tions:

P0 < P< P1 : P0eα1(T −T0)1/2
(Zone 1)

P1 < P< P3 : P2eα2(T −T2)1/2
(Zone 2)

P> P3 : T = T3 (Zone 3).

(1)

P0 and T0 correspond to the pressure and temperature at the
top of the atmosphere. At pressure P3 with temperature T3,
the atmosphere becomes isothermal. In the general form,
when P2 > P1 a thermal inversion can occur, however, in this
work we do not expect an inversion and therefore set P2 = P1.
P0 is fixed in our model and continuity at the zonal bound-
aries is required, leaving us with five free parameters: α1,
α2, P1, P3, and T3.

4.2. Gas Opacities

Optical depths due to absorbing gases for each layer are
calculated using opacities sampled at a resolving power R =
10000 from the Freedman et al. (2008, 2014) collection with
the updated opacites from Burningham et al. (2017). Line
opacites in our pressure-temperature range are tabulated in
0.5 dex steps for pressure and for temperature in steps rang-
ing from 20 K to 500 K as we move from 75 K to 4000 K,
which is then linearly interpolated to our working pressure
grid.

Due to the strong broadening of the D resonance doublets
of Na I (∼ 0.59 µm) and K I (∼ 0.77 µm) in brown dwarf
spectra, with line profiles detectable as far as ∼3000 cm−1

from the line centre in T dwarfs (e.g. Burrows et al. 2000;
Liebert et al. 2000; Marley et al. 2002; King et al. 2010), a
Lorentzian line profile is no longer an accurate representation
for the line wings. Therefore for these two doublets we use
line wing profiles based on the unified line shape theory (Al-
lard et al. 2007b,a). Tabulated line profiles (N. Allard, private
communication) across temperatures of 500−3000 K are cal-
culated for the Na I and K I D1 and D2 lines broadened by
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collisions with H2 and He for perturber (H2 or He) densities
up to 1020 cm−3 with two collisional geometries considered
for broadening by H2. A Lorentzian profile with a width cal-
culated from the same theory is used within 20 cm−1 of the
line center. Updated versions of these opacities exist (Allard
et al. 2016, 2019; Phillips et al. 2020), however, we did not
have access to them for this work.

We include continuum opacities for H2-H2 and H2-He
collisionally induced absorption, using cross-sections from
Richard et al. (2012) and Saumon et al. (2012), and include
Rayleigh scattering due to H2, He and CH4 but we neglect
the remaining gases. Free-free continuum opacities are in-
cluded for H− and H−

2 as well as bound-free continuum opac-
ity for H− (Bell & Berrington 1987; Bell 1980; John 1988),
which are influenced by the H− metallicity and determined
from the thermochemical equilibrium grid (see Section 4.3).
We assume the atmosphere is dominated by H2 and He, with
proportions of (0.84H2+ 0.16He) based on Solar abundances.
H2 and He are assumed to make up the remainder of the gas
in a layer after including the retrieved gases, neutral H, H−,
and electrons. Neutral H, H−, and electrons are drawn from
the thermochemical equilibrium grids discussed later in this
section.

4.3. Determining Gas Abundances

As done in Gonzales et al. (2020), we use two methods to
determine gas abundances– (1) uniform-with-altitude mixing
ratios and (2) thermochemical equilibrium. The uniform-
with-altitude method, also known as “free” retrievals, en-
ables us to directly retrieve individual gas abundances. How-
ever, the simplicity of this method can not capture im-
portant variations with altitude that are expected for some
species which can vary by several orders of magnitude in
the photosphere. These variations are expected to have
a large contribution to the flux we observe e.g. metal-
oxides and metal-hydrides of SDSS J14162408+1348263A
(hereafter SDSS J1416+1348A) and the alkalies for SDSS
J14162408+1348263B (hereafter SDSS J1416+1348B) in
Gonzales et al. (2020) and the metal-hydrides of SDSS
J1256−0224. We would prefer to freely retrieve abundances
that vary with altitude; however, the resultant large number
of parameters to solve for in this approach is computationally
prohibitive, also ill posed.

The thermochemical equilibrium method aims to address
this issue by instead retrieving [Fe/H] and the carbon-to-
oxygen (C/O) ratio. Gas fractions in each layer are then
pulled from thermochemical equilibrium abundance tables
as a function T, P, [Fe/H], and the C/O ratio along with the
thermal profile of a given state-vector. We use thermochemi-
cal equilibrium grids calculated using the NASA Gibbs min-
imization CEA code (McBride & Gordon 1994), based on
previous thermochemical models (Fegley & Lodders 1994,

1996; Lodders 1999, 2002; Lodders & Fegley 2002; Lodders
2010; Lodders & Fegley 2006; Visscher et al. 2006, 2010;
Visscher 2012; Moses et al. 2012, 2013) and recently uti-
lized to explore gas and condensate chemistry over a range
of conditions in substellar atmospheres (Morley et al. 2012,
2013; Skemer et al. 2016; Kataria et al. 2016; Wakeford
et al. 2017; Gonzales et al. 2020; Burningham et al. 2021;
Gharib-Nezhad et al. 2021). The chemical grids in this work
determine equilibrium abundances of atmospheric species
over pressures ranging from 1 microbar to 300 bar, tem-
peratures between 500 − 6000 K, metallicities ranging from
−2.5 < [Fe/H] < +3.0, and C/O abundance ratios of 0.25 to
2.5x the solar abundance (bulk C/O= 0.46 based on Lodders
2010 abundances) and are extensions of those in Marley et al.
(2021).

4.4. Cloud Model

We use the same simple cloud model as done in Burning-
ham et al. (2017) and Gonzales et al. (2020), where the cloud
is parameterized as a “deck” or “slab”. Both cloud types are
defined where opacity due to the cloud is distributed among
layers in pressure space and the optical depth defined as ei-
ther grey or as a power-law (τ = τ0λ

α, where τ0 is the optical
depth at 1 µm). As done in Gonzales et al. (2020), the single
scattering albedo is set to zero thereby assuming an absorb-
ing cloud.

The deck cloud is defined to always become optically thick
at some pressure Ptop, such that we only see the cloud top
and the vertical extent of the cloud at pressures lower than
Ptop. There are three parameters for the deck cloud: (1) a
cloud top pressure Ptop, the point at which the cloud passes
τ = 1 (looking down), (2) the decay height ∆ logP, over
which the optical depth falls to lower pressures as dτ/dP ∝
exp((P − Pdeck)/Φ) where Φ = (Ptop(10∆ log P − 1))/(10∆ log P),
and (3) the cloud particle single-scattering albedo. At pres-
sures P > Ptop, the optical depth increases following the de-
cay function until ∆τlayer = 100. Deep below the cloud top
there is essentially no atmospheric information as the deck
cloud can rapidly become opaque with increasing pressure.
Therefore, we stress that the pressure-temperature (P-T) pro-
file below the deck cloud top extends the gradient at the cloud
top pressure.

The slab cloud differs from the deck as it is possible to
see the bottom of the slab. The slab parameters include (1)
and (3) as done for deck. Because it is possible to see to
the bottom of the slab, parameter (2) is now a physical ex-
tent in log-pressure (∆ logP). We also include an additional
parameter for determining the total optical depth of the slab
at 1µm (τcloud), bringing the total number of parameters to
4. The optical depth is distributed through the slab’s extent
as dτ/dP∝ P (looking down), reaching its total value at the
highest pressure (bottom) of the slab. The slab can have any
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optical depth in principle, however, we restrict our prior as
0.0≤ τcloud ≤ 100.0.

If the deck or slab cloud is non-grey, an additional param-
eter for the power (α) in the optical depth is included.

4.5. Retrieval Model

We use the EMCEE package (Foreman-Mackey et al.
2013) to sample posterior probabilities as done in Gonza-
les et al. (2020) with the priors we used shown in Table 3.
For the SDSS J1256−0224 retrievals we extend the mass and
temperature priors to allow for surface gravities that encom-
pass the possible ranges for subdwarfs. We use the distance-
calibrated SpeX prism spectra (output from generating our
SED using the Gaia DR2 parallax as the eDR3 parallax
was not available at the start of this work) trimmed to the
1.0−2.5µm region and set the distance to 10 pc with the cor-
respondingly scaled uncertainty for our retrieval as done in
Gonzales et al. (2020).

For each model for SDSS J1256−0224, we initialize 16
walkers per parameter in a tight gaussian for the gases, sur-
face gravity, ∆λ (the wavelength shift between the model
and data), and the scale factor (R2/D2). We center our gases
around the approximate solar composition equilibrium chem-
istry values for gas volume mixing ratios and the surface
gravity is initialized centered around the evolutionary model
value from the SED analysis. For our tolerance parameter,
we use a flat distribution across the entire prior range. Lastly,
the cloud top pressure and power-law parameters are initial-
ized as tight Gaussians, while we use a flat prior across the
entire range for optical depth, albedo, and cloud thickness.
For our thermal profile we use the Saumon & Marley (2008)
Teff = 1700 K log g = 5.0 model to initialize α1, α2, P1, P3,
and T3. To be sure of convergence, each model is run for
at least 50 times the autocorrelation length with the EMCEE
chain having between 90,000-120,000 iterations.

In this work we retrieved abundances for the following
gases: H2O, CO, CO2, CH4, TiO, VO, CrH, FeH, K, and
Na, which we will refer to as the “full gas set”. As done
in prior works (Line et al. 2015; Burningham et al. 2017;
Gonzales et al. 2020) we tie K and Na together as a single
element in the state-vector assuming a Solar ratio taken from
Asplund et al. (2009). The H− bound-free and free-free con-
tinuum opacities are included to account for the possibility of
the profile going above 3000K in the photosphere. These are
set based on temperature and pulled from the chemical grid.
Various cloud parameterizations are tested building up from
cloudless to the 4 parameter power-law slab cloud model.
We have the capability of testing more complex cloud mod-
els (e.g. specific species, multi-clouds, etc. see Burning-
ham et al. 2021), however we do not test these as they are
not warranted based on our simple clouds. Prior to mov-
ing from cloud-free to cloudy models, we tested the impact

of metallicity for determining neutral H, H−, and electron
abundances used for the continuum opacity calculations. For
completeness, we also tested the uniform-with-altitude and
thermochemical equilibrium gas abundance methods on the
winning model. As discussed in Section 6, we were unable
to strongly constrain CO, CO2, CH4, TiO, VO, K, and Na
and therefore additionally tested models only including H2O,
CrH, and FeH on our top 4 models. We will refer to these as
the “reduced gas set models”.

5. MODEL SELECTION

The four key aspects tested with our selection of retrieval
models were (1) impact of ion metallicity, (2) cloud param-
eterization, (3) gas abundance method, and (4) gas species
included. To rank our results, we used the Bayesian Informa-
tion Criterion (BIC), where the lowest BIC is preferred. In
Table 4 we rank the models with increasing ∆BIC from the
“winning” model. We use the following intervals from Kass
& Raftery (1995) for selecting between two models, with ev-
idence against the higher BIC as:

0<∆BIC < 2: no preference worth mentioning;
2<∆BIC < 6: positive;
6<∆BIC < 10: strong;
10<∆BIC: very strong.

Cloud parameterization is explored in our retrievals start-
ing with the cloud-free model and building up in complex-
ity to the most complex slab cloud model. Before starting
cloudy retrievals because we expect a subsolar metallicity for
SDSS J1256−0224, we tested the impact of choosing metal-
licities ranging from −2.5≤ [Fe/H]ion ≤ 0.0 when determin-
ing the neutral H, H−, and electron (ion) abundances, which
are used for the continuum opacity calculations. These ion
metallicities were chosen from a chemical grid assuming a
Solar C/O ratio. When using the full gas set, for metallicities
below [Fe/H]ion = −1.5 the cloud-free models were indistin-
guishable from one another. We therefore ran models using
[Fe/H]ion = −1.5,−2, and −2.5 for each of our cloudy models.

As SDSS J1256−0224 could have a subsolar C/O ratio, we
also ran a cloud-free, [Fe/H]ion = −1.5 ion metallicity model
where the ion abundances were pulled from a chemical grid
with a C/O ratio of 0.25x Solar. We found that this model
was indistinguishable from the cloud-free, [Fe/H]ion = −1.5,
Solar C/O model and therefore used ion abundances from the
Solar C/O ratio chemical grid for the cloudy models.

Additionally, before moving to the cloudy models we
tested the alternate gas abundance method (thermochemical
equilibrium) on the “winning” uniform-with-altitude model.
In this case since the [Fe/H]ion = −1.5,−2, and −2.5 full gas
set models were indistinguishable, we only tested thermo-
chemical equilibrium on the [Fe/H]ion = −2 model.

Lastly, we were unable to strongly constrain some gases
included in our models. To test the impact of these gases
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Table 2. Data used for SDSS J1256−0224 retrieval models

Spectrum Obs. date Reference Distance (pc) Reference

Spex prisma 2005-03-23 Burgasser et al. (2009) 79.7±4.6b Gaia DR2

aDistance-calibrated output from SEDkit.
bBecause we used the 10 pc distance-calibrated spectrum, we set the distance in our

retrievals to 10 pc instead of the true distance and scale the uncertainty accordingly.
Therefore we set the distance to 10±0.58 pc.

NOTE—We use the Gaia DR2 parallax as the eDR3 value was not available at the start
of this work.

Table 3. Priors for SDSS J1256−0224 retrieval models

Parameter Prior

gas volume mixing ratio uniform, log fgas ≥ −12.0,
∑

gas fgas ≤ 1.0

thermal profile (α1,α2,P1,P3,T 3) uniform, 0.0K < T < 6000.0K
scale factor (R2/D2) uniform, 0.5RJup ≤ R ≤ 2.0RJup

gravity (log g) uniform, 1MJup ≤ gR2/G ≤ 100MJup

cloud topa uniform, −4 ≤ logPCT ≤ 2.3

cloud decay scaleb uniform,0 < log∆Pdecay < 7
cloud thicknessc uniform, log PCT ≤ log (PCT +∆P) ≤ 2.3
cloud total optical depth at 1µm uniform, 0.0 ≥ τcloud ≥ 100.0
single scattering albedo (ω0) uniform, 0.0 ≤ ω0 ≤ 1.0
wavelength shift uniform, −0.01 <∆λ< 0.01µm
tolerance factor uniform, log(0.01×min(σ2

i )) ≤ b ≤ log(100×max(σ2
i ))

aFor the deck cloud this is the pressure where τcloud = 1, for a slab cloud this is the top of the slab.
bDecay height above the τcloud = 1.0 level only for deck cloud.
c Thickness and τcloud only retrieved for slab cloud.

we ran [Fe/H]ion = −1.5,−2, and −2.5 cloud-free models in-
cluding only the constrained gases (H2O, CrH, and FeH). As
these reduced gas set models produced significantly better
∆BIC values and model spectra similar to full gas set mod-
els, we conclude that the additional gases initially included
are not constrained.

6. RETRIEVAL MODEL OF SDSS J1256−0224

Table 4 lists all models tested for SDSS J1256−0224 with
their corresponding ∆BIC values. The cloud-free uniform-
with-altitude ion metallicity [Fe/H]ion = −1.5 reduced gas set
model best fits SDSS J1256−0224. When comparing the BIC
to the full gas set version of this model, the reduced gas set
model is greatly preferred. The improved BIC for the re-
duced gas set model is likely due to the fewer parameters, as
the spectral fits are nearly identical to those in the full gas set
model.

We, however find that the cloud-free uniform-with-altitude
[Fe/H]ion = −2 reduced gas set model and the cloud-free
uniform-with-altitude [Fe/H]ion = −1.5 drawn from the C/O=
0.25x Solar chemical grid reduced gas set model (with a
∆BIC= 1.6 and ∆BIC= 0.4 respectively) are indistinguish-
able from the “winning” model and therefore provides simi-
lar quality fits to SDSS J1256−0224’s spectroscopic features.
As the P-T profiles and spectra of these indistinguishable
models are very similar to the winning model, we will only
discuss the winning model here. Discussion of the indistin-
guishable models in comparison to the “winning” model can
be found in Section 7.3.1.

6.1. Pressure-Temperature Profile and Contribution
Function

Figure 1(a) shows the retrieved P-T profile for the “win-
ning” model for SDSS J1256−0224. Overplotted are the
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Table 4. SDSS J1256−0224 Retrieval Models with ∆BIC

Cloud Model Gas Methoda Ion Metallicity ([Fe/H]) Number of Parameters ∆BIC

Reduced Gas Set Modelsb

Cloud Free uniform -1.5 12 0
Cloud Free uniform -1.5c 12 0.4
Cloud Free uniform -2.0 12 1.6
Cloud Free uniform -2.5 12 4.9

Full Gas Set Modelsd

Cloud Free uniform -1.5 18 36.4
Cloud Free uniform -1.5c 18 36.7
Cloud Free uniform -2.5 18 37.0
Cloud Free uniform -2.0 18 37.0
Cloud Free uniform -1.0 18 45.6
Grey Deck cloud uniform -1.5 21 56.1
Grey Deck cloud uniform -2.0 21 56.5
Grey Deck cloud uniform -2.5 22 59.4
Grey Slab cloud uniform -2.0 22 59.9
Power-law Deck cloud uniform -1.5 22 62.1
Grey Slab cloud uniform -1.5 22 62.2
Grey Slab cloud uniform -2.5 22 62.5
Power-law Deck cloud uniform -2.0 22 62.8
Power-law Deck cloud uniform -2.5 22 65.9
Power-law Slab cloud uniform -2.0 23 67.4
Power-law Slab cloud uniform -2.5 23 68.3
Power-law Slab cloud uniform -1.5 23 68.6
Cloud Free CE -2.0 11 102.5
Cloud Free uniform Solar 18 129.2

aMethod used to determine gas abundances. uniform = uniform-with-altitude mixing, CE = Chemical
Equilibrium.

bH2O, CrH, and FeH only.
c Ion abundances drawn from chemical grid with C/O=0.25x Solar, where bulk Solar C/O=0.46 based on

Lodders (2010) abundances.
dH2O, CO, CO2, CH4, TiO, VO, CrH, FeH, and Na+K.

Sonora (Marley et al. 2021) profiles for solar-metallicity
(solid lines) and [M/H]= −0.5 (dotted lines) at a logg = 5.0
with temperatures from 2200 − 2400 K which bracket the
semi-empirical and retrieved Teff. P-T profiles from the
Sonora grid currently only are provided for metallicities as
low as [M/H]= −0.5. In the photosphere (∼ 5 − 75 bars, see
panel b) and deeper, the slope of our P-T profile matches that
of the Sonora grid model profiles. In the upper atmosphere,
at pressures lower than 0.1 bar, our retrieved profile becomes
nearly isothermal unlike the Sonora profiles.

The contribution function for this model is shown in Figure
1(b) with the τ = 1 gas contribution in aqua. The contribution
function in a layer is defined as

C(λ,P) =
B(λ,T (P))

∫ P2

P1
dτ

exp
∫ P2

0 dτ
(2)

where B(λ,T (P)) is the Planck function, the pressure at
the top of the atmosphere is zero, P1 is the pressure at the
top of the layer, and P2 is the pressure at the bottom of the
layer. The bulk of the flux contributing to the observed spec-
trum, corresponding to the photosphere, comes from roughly
5 to 75 bars, reaching to deeper layers than the previously
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Figure 1. (a) Retrieved Pressure-Temperature Profile of SDSS J1256−0224 (median in black, 1 σ pink shading) compared to Sonora cloudless
solar and low-metallicity model profiles (neon green, teal, and purple). Colored dashed lines are condensation curves for the listed species. (b)
The associated contribution function for this model, with median gas τ = 1 contribution over plotted in aqua.

retrieved L dwarfs in Burningham et al. (2017) (1 − 10 bars)
and Gonzales et al. (2020) (1 − 18 bars).

6.2. Retrieved gas abundances and derived properties

Figure 2 shows the posterior probability distributions for
the retrieved gas abundances and surface gravity, the derived
quantities for radius, mass, and atmospheric metallicity, and
the extrapolated Teff. Table 5 provides the values from the
corner plot for ease of reading and to present upper limits for
unconstrained parameters.

Our derived radius is determined by using the retrieved
scale factor and the parallax measurement. The mass is then
calculated using the derived radius and the retrieved log g.
To get the extrapolated Teff we use the radius and integrate
the flux from the resultant forward model spectrum across
0.7 − 20 µm. The atmospheric metallicity is derived using
the following equations:

fH2 = 0.84(1 − fgases) (3)

NH = 2 fH2 Ntot (4)

Nelement =
∑

molecules

natom fmoleculeNtot (5)

NM =
∑

elements

Nelement

NH
(6)

where fH2 is the H2 fraction, fgases is the total gas fraction
containing all constrained gases, NH is the number of neutral
hydrogen atoms, Ntot is the total number of gas molecules,
Nelement is the number of atoms for the element of inter-
est, and natom is the number of atoms of that element in a

Table 5. Retrieved Gas Abundances and Derived
Properties for SDSS J1256−0224

Parameter Value

Retrieved
H2O −4.59+0.12

−0.13

CO <−5.63
CO2 <−4.79
CH4 <−6.14
TiO <−9.75
VO <−9.92
CrH −8.95+0.13

−0.14

FeH −9.55+0.47
−1.29

Na+K <−8.64
log g (dex) 5.42+0.15

−0.22

Derived
Lbol −3.59±0.01
Teff (K) 2558.37+168.43

−137.97

Radius (RJup) 0.79+0.11
−0.10

Mass (MJup) 65.14+21.41
−20.61

C/O · · ·
[M/H]a −1.54+0.12

−0.13

aAtmospheric value. Derived from only H2O, CrH,
and FeH abundances.

NOTE—Molecular abundances are fractions listed as
log values. Upper limits for gases not included in
this model come from the cloud-free, [M/H]= −1.5
full gas set model. For unconstrained gases, 1σ con-
fidence is used to determine upper limits.
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Figure 2. SDSS J1256−0224 “winning” model posterior probability distributions for the retrieved parameters and extrapolated parameters. 1D
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 histograms 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 are shown as the median ±1σ. Gas abundances are displayed as log10(X) values, where
X is the gas. Teff, radius, mass, and [M/H] are not directly retrieved parameters, but are calculated using the retrieved R2/D2 and log g values
along with the predicted spectrum. Our [M/H] is relative to Solar.
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molecule (e.g. 2 for oxygen in CO2). Thus the final value of
[M/H] is

[M/H] = log
NM

NSolar
(7)

where NSolar is calculated as the sum of the solar abundances
(from Asplund et al. 2009) relative to H. We do not account
for gases that are invisible (e.g. Nitrogen) in our atmospheric
metallicity calculation.

From our initial full gas set model, we were only able to
constrain abundances for H2O, CrH, and FeH. One likely ex-
planation is the low metallicity of SDSS J1256−0224. As
subdwarfs have weak or absent metal oxides (TiO, VO, CO)
along with enhanced collisionally-induced H2 absorption,
which can aid in the reduction of CO in the K band (Bur-
gasser et al. 2009 and references therein), these species may
not be in the atmosphere of SDSS J1256−0224. Another
explanation could be that the signal-to-noise (SNR) is not
high enough in particular regions of the spectrum for some
gas species. This could be a possible cause for the uncon-
strained CO abundance in particular, where Gonzales et al.
(2018) saw weak CO absorption in the FIRE echelle in the K
band spectrum of SDSS J1256−0224 that was undetectable
in the SpeX prism spectrum. Both cases will be discussed
in Section 7. We derive a metallicity of [M/H]= −1.54+0.12

−0.13
and find that it agrees with the Zhang et al. (2017) value. As
we do not constrain any carbon-bearing species, we cannot
determine a C/O ratio for SDSS J1256−0224. As a subd-
warf, we do not expect to detect a large fraction of carbon
in the atmosphere due to the low amount of carbon available
in the natal gas at the time of formation. With these species
excluded from our metallicity calculations, our metallicity is
likely overestimated (lower than the true value). A compar-
ison of our constrained parameters to those expected from
chemical grids are discussed in Section 6.3.

6.3. Retrieved Spectrum and Composition

Figure 3(a) compares the fit of our retrieved spectrum and
the BT-Settl2 grid models (Allard et al. 2012, scaled to our
median retrieved scale factor) to the observed SpeX prism
data. The BT-Settl 2500 K, logg = 5.5, [Fe/H]−1.5 model
provides the overall best fit to the observed data, however it
has difficulties fitting the Y and J bands. Our retrieved spec-
trum does a better job than the BT-Settl models at fitting the
spectrum overall, however we also struggle at fitting the fea-
tures in the Y and J bands. The largest issue in these bands
is the inability of our model to simultaneously fit the slope
from ∼ 1 − 1.1µm, which is highly influenced by the pres-
sure broadened wings of the 0.77µm K I doublet, and the

2 https://phoenix.ens-lyon.fr/Grids/BT-Settl/AGSS2009/.
Retrieved from http://svo2.cab.inta-csic.es/theory/newov2/index.php?
models=bt-settl-agss

narrow Na I and K I doublets. We see the fit to the 1.25 K I
in the J band appears to be shifted to the right of the feature,
due to it being blended with a CrH feature nearby. Thus we
caution the reader in trusting the retrieved CrH abundance
due to this blend. These issues are likely due to how pressure
broadening is treated in the opacity models for these lines.
Additionally, we are unable to fit the FeH feature in the J-
band. This was seen in the retrieval of SDSS J1416+1348A
(Gonzales et al. 2020), where the goodness of fit was driven
by the broader FeH feature in the H band, thus allowing for
a poorer fit in the J band. For SDSS J1256−0224, we do not
detect the H band FeH feature as collisionally-induced H2

absorption shapes the longer-wavelength end of the H band,
however, this too is likely driven by a trade off for better fit-
ting the other parts of the spectrum.

As seen for the d/sdL7 SDSS J1416+1348A in Gonza-
les et al. (2020) and for the unusually red L4.5 2MASSW
J2224438-015852 (hereafter J2224−0158) in Burningham
et al. (2021), we find that the uniform-with-altitude gas abun-
dance method is preferred over thermochemical equilibrium.
This method appears to be preferred for sources that are out-
liers, those which are unusual in some way from standard
field brown dwarfs, as it allows for more flexibility to fit a
wide range of spectral features. Additionally, the uniform-
with-altitude method provides flexibility to attempt to bet-
ter fit spectral features that are ongoing challenges for the
thermochemical equilibrium method such as the treatment
of pressure broadening for the alkalies (Allard et al. 2016,
2019).

Figure 3(b) shows retrieved abundances compared to the
expected abundances from a [Fe/H]ion = −1.5, C/O= 0.25x
Solar thermochemical equilibrium model from the grid in-
troduced in Section 4.3. Here we see that our retrieved H2O
abundance matches what is expected from the grid mod-
els. For FeH and CrH, it is difficult to compare our abun-
dances to the chemical models as these abundances vary
greatly in the photosphere and are not close to uniform-with-
altitude. The photosphere is shown as a gray strip to guide
the reader on reasonable abundance ranges expected for the
metal-hydrides. We find that the retrieved FeH abundance
falls within a large range of expected photospheric abun-
dances, while for CrH our 1σ confidence interval just agrees
with the highest possible abundance expected.

When we compare our retrieved gas abundances to those
from a Solar C/O ratio, [Fe/H]ion = −1.5 grid model, we found
no major difference in the model values expected for FeH
and CrH, however, for H2O we retrieve an abundance slightly
greater than expected by the chemical equilibrium grid mod-
els. As SDSS J1256−0224 is an old low-metallicity source
we expect there to have been a lower abundance of metals
available during its formation, which is apparent by our in-
ability to retrieve any carbon-bearing species. Therefore the

https://phoenix.ens-lyon.fr/Grids/BT-Settl/AGSS2009/
http://svo2.cab.inta-csic.es/theory/newov2/index.php?models=bt-settl-agss
http://svo2.cab.inta-csic.es/theory/newov2/index.php?models=bt-settl-agss
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Figure 3. (a) Retrieved forward model spectra of SDSS J1256−0224 for the “winning” cloud-free, ion metallicity [M/H]=-1.5 reduced gas
set model. The maximum likelihood spectrum is shown in dark green, the median spectrum in yellow, and 500 random draws from the final
2000 samples of the EMCEE chain in red. The SpeX prism data is shown in black. For comparison the BT-Settl low metallicity grid models
bracketing SED-derived and retrieval-derived Teff range are over-plotted (logg = 5.5, [M/H]= −1.5,−2 (solid/dotted lines), Teff = 2300 − 2600K
(teal, blue, and purple)). (b) Retrieved uniform-with-altitude mixing abundances for constrained gases compared to abundances expected for
a [M/H]= −1.5 and C/O= 0.25x Solar model. Bulk Solar C/O= 0.46. The approximate location of the photosphere is shown in gray. Gas
abundances are shown as log fgas and are unitless.

water abundance agreeing with the lower C/O ratio model is
expected. Because of this we tested the impact of using a
C/O ratio that is 0.25x Solar for the ions and found that it
was indistinguishable from the winning model. Interestingly,
when testing the thermochemical gas abundance method, we
retrieved a C/O ratio near 0.25x Solar, however this model
pushes the metallicity to the low end of the grid and retrieves
a very low gravity which is not expected for an old source.

7. DISCUSSION

7.1. Fundamental Parameter Comparison

Figures 4(a)–(d) compare our retrieval- and SED-based
fundamental parameters of SDSS J1256−0224 to the Sonora
Bobcat cloud-free evolutionary model grids for [M/H]=
0.0 and [M/H]= −0.5 and the Baraffe evolutionary mod-
els (Chabrier & Baraffe 1997; Baraffe et al. 1997) for
[M/H]= −1.5 and [M/H]= −2.0. The SED-based values for
Teff, mass, and radius are drawn from different evolution-
ary models (Saumon & Marley 2008 [M/H]=-0.3 grid, see
Gonzales et al. 2018 for additional details) and therefore
are only shown as comparison to our retrieval-inferred val-
ues. We find that the SED- and retrieval-based log g, Teff,
and mass agree within 1σ while the radius differs by 1.5σ.
The retrieval-inferred radius, and Teff agree with the Baraffe
[M/H]= −1.5 and [M/H]= −2.0 models, while the log g is
consistent with all of the Sonora and Baraffe models. The
mass is only consistent with the Sonora and Baraffe Solar
and [M/H]= −0.5 models, however, when using the complete
gas model the mass is consistent with all models.

Unlike previous L dwarfs retrieved with Brewster, SDSS
J1256−0224 has a radius consistent with the evolutionary
model radius, however, the median value is slightly smaller
than expected from the Baraffe models. The retrieval-
inferred radius match to the evolutionary models is likely due
to the cloud-free nature of SDSS J1256−0224. The majority
of T7 and T8 dwarfs retrieved in the literature have radii in
agreement with evolutionary models. Using Brewster, Gon-
zales et al. (2020) found the radius of SDSS J1416+1348B
agreed with the low-metallicity Sonora models and the SED-
based radius. Using CHIMERA, Line et al. (2017) found 9
out of the 11 T7 and T8 dwarfs they retrieved agreed with the
SED-based radii from Filippazzo et al. (2015). Additionally,
Kesseli et al. (2018) found radii of M subdwarfs (sdM6 and
earlier) were in agreement with the Baraffe model radii. They
used a method similar to that of Filippazzo et al. (2015) to
determine Lbol, fit BT-Settl CFIST spectra to their observed
data to get Teff values, and then determined radii using the
Stefan-Botlzmann law. With the sdL3.5 SDSS J1256−0224,
this is the first sign that this agreement could follow for the
cooler mid-L subdwarfs.

7.2. How can retrieved abundances help inform the origins
of a target?

Understanding the chemical makeup of a target is criti-
cal when trying to decipher it’s origin. For higher mass
stars in the stellar halo, Helmi et al. (2018) found by cross-
matching Gaia DR2 and APOGEE, that two distinct chem-
ical abundance sequences are visible on a color-magnitude
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Figure 4. Comparison of retrieved bolometric luminosity, radius, surface gravity, Teff, and mass to the Sonora Bobcat evolutionary Solar and
low metallicity models, as well as the Baraffe low-metallicity models. [M/H]= 0.0 are displayed as solid lines, [M/H]= −0.5 as dashed lines,
[M/H]= −1.5 as dotted lines, and [M/H]= −2.0 as dashed-dot lines with the 1 Gyr and 10 Gyr curves in blue and purple respectively. For the SED
values, the thick pink lines indicate a range as they use the radius range in the determination of the value, while thin lines are the uncertainties.
(a) Radius versus Lbol. (b) Log g versus Lbol. Log g values come from Baraffe et al. (1997) and are only available for an age of 10 Gyr. (c) Teff

versus Lbol. (d) Mass versus Lbol.

diagram, which trace the Gaia-Enceladus merger. Particu-
larly low [Fe/H] and high [α/Fe] values as well as noticeably
different chemical abundances than the thick disk or halo
stars formed in-situ were found for the Gaia-Enceladus stars
(Helmi et al. 2018; Haywood et al. 2018). Haywood et al.
(2018) also noted that the low- and high-[α/Fe] sequences
of halo stars observed by Nissen & Schuster (2010) corre-
spond to the blue and red sequences of the main-sequence
in the Hertzsprung-Russel (HR) diagram for kinematically
identified halo stars. Later, Di Matteo et al. (2019) found that
the blue sequence (low-[α/Fe) likely originated from the ac-
cretion of stars in the Gaia-Enceladus merger and the red se-
quence (high-[α/Fe]) corresponds to in-situ Milky Way Stars.

For substellar subdwarfs, retrievals provide the only way
for us to determine their chemical abundances. Including
optical spectra (∼ 0.5 − 1.0µm) into retrievals of subdwarfs,
would provide additional metal-hydride features and alkali
lines that could help to better constrain their retrieved gas
abundances. However, optical data has been historically ex-
cluded in retrievals due to the strong impact pressure broad-
ened wings of the 0.77µm K I doublet has on the pseudo-
continuum. There have been recent updates to the treat-
ment of alkali pressure broadening (Allard et al. 2016, 2019)
and by including these updates Gonzales et al. (in prep)
are working on exploring the effect including optical data
will have on the retrieved gas abundances. Therefore, with
a large enough sample of substellar subdwarfs with well-
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constrained retrieved chemical abundances and kinematics,
these low- and high-[α/Fe] sequences could potentially be
extended down to include the lowest mass objects enabling
us to determine if any substellar subdwarfs are remnants of
the Gaia-Enceladus merger.

7.3. Retrieval Insights from the “Rejected” Models

The “rejected” models, those with a ∆BIC> 45, can pro-
vide a great deal of insight on how the retrieval model com-
pensates to fit the data with a worse ∆BIC model. Of partic-
ular interest is the behavior of the indistinguishable full gas
set models, the cloud and its opacity in the cloudy models,
and the behavior of the chemical equilibrium model. Addi-
tionally, the uniform-with-altitude models can inform us how
much of an effect the choice of a poorer ∆BIC cloud model
can have on the retrieved gas abundances.

7.3.1. Insights From Indistinguishable Full Gas Set Models

From testing the full gas set models, we found that the
cloudless ion metallicity [Fe/H]ion = −2.5,−2.0 and −1.5
(drawn for a Solar C/O ratio grid) models as well as the
cloudless [Fe/H]ion = −1.5 (drawn from a C/O= 0.25x Solar
grid) model were indistinguishable from one another. After
running these models with the reduced gas set, the cloud-free
[Fe/H]ion = −2.5 model was no longer indistinguishable. Here
we will discuss the behavior of the full gas set indistinguish-
able models as the corresponding reduced gas set models be-
have in a similar way.

Figure 5 compares the P-T profiles and the model spec-
tra of the four indistinguishable full gas set models. In the
photosphere (logP∼ 0.5 − 2 bars), the four profiles separate
into two options– the cooler profiles of the [Fe/H]ion = −1.5
models with either Solar or 0.25x Solar C/O and the hotter
profiles for the [Fe/H]ion = −2 and −2.5 ion metallicity mod-
els. At 1 bar, there is a ∼ 300 K temperature difference be-
tween two groupings of P-T profiles. In the upper atmosphere
(lower pressures), the 1σ contours for all four models over-
lap while the median profiles become cooler as you move to
lower metallicities. Figure 5(b) shows the retrieved model
spectra for each of the indistinguishable models. While they
all look quite similar overall, slight differences occur in their
fits to the the FeH feature in the Y band as well as the H2O
features in the J band.

Table 6 shows the retrieved abundances and extrapolated
parameters for the four indistinguishable full gas set mod-
els. All of the retrieved and derived quantities are consis-
tent between the models within the 1σ intervals. For the Teff

and radius, we find that as the ion metallicity decreases the
median Teff increases while the radius becomes smaller. In-
terestingly, moving from the [Fe/H]ion = −1.5 model to the
[Fe/H]ion = −2 model, the median mass drops drastically and
is smaller than expected by evolutionary models. This set

of indistinguishable models tells us that while ion metallic-
ity plays an important role in subdwarf retrievals, using an
ion metallicity lower than the atmospheric metallicity does
not have a major impact on the retrieved parameters but will
strongly affect the derived mass.

It is interesting that the cloud-free ion metallicity
[Fe/H]ion = −2.5 model is distinguishable when more gases
are included in the retrieval model. The largest difference in
the resultant spectrum between the full gas set and reduced
gas set models is the seen in the Y band FeH feature. In
this region, the reduced gas set spectra lie further above the
data than the full gas set spectra. Additionally of the gases in
common, the FeH abundance median has the largest increase
between the two gas sets. These FeH differences could play a
role in producing distinguishable ∆BIC vales for the reduced
gas cloud-free ion metallicity [Fe/H]ion = −2.5 model.

7.3.2. Cloud Behavior

For the cloudy retrievals, we only ran models using the
full gas set indistinguishable models with ion metallicities of
[Fe/H]ion = −1.5,−2,and − 2.5. Regardless of the ion metal-
licity, the deck cloud models always pushed the cloud top to
the bottom of the atmosphere and were unable to constrain
the vertical extent of the cloud (where the opacity drops to
τ = 0.5). With the power-law deck cloud, the power α was
consistent with zero. For the grey deck cloud, the τ = 1 cloud
opacity was always below the gas opacity near 100 bar across
the entire spectral range, while the power-law deck cloud
τ = 1 cloud opacity followed a similar behavior across the
entire spectral range or until it became optically thin. For
the slab cloud parameterization models, both the grey and
power-law models were optically thin with median opacites
ranging from ∼ 0.2 − 0.4 dex, with the median opacity in-
creasing as the ion metallicity decreased. The location and
thickness of the slab clouds were entirely unconstrained. For
all of the cloud models, the retrieved spectrum looks, by eye,
similar to the winning cloud-free spectrum as the clouds were
pushed out of sight making them all effectively cloud-free.

7.3.3. Thermochemical grid model

As part of our model sample, we tested the thermochem-
ical equilibrium gas abundance method in addition to the
uniform-with-altitude method to determine which method
was preferred. The thermochemical equilibrium method was
only tested with cloud-free, solar ion metallicity model. In
this model, the P-T profile was consistent with the Sonora
grid profiles. We retrieve a metallicity at the bottom edge of
our prior along with a subsolar C/O ratio and a log g which
would indicate a low surface gravity– an unlikely result for an
old source. The rejection of this model is influenced by its re-
duced flexibility in comparison to the uniform-with-altitude
method, which is visible in the poor fit of the retrieved spec-
trum to the observed data in the Y , J, and H bands.
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Figure 5. (a) Comparison of the P-T profiles for the three indistinguishable models for SDSS J1256−0224. Top model ([M/H]=-1.5) in red,
([M/H]=-1.5) in blue, and ([M/H]=-1.5) in purple. (b) Comparison on the resultant retrieval model spectra.

7.3.4. Impact on Retrieved Gas Abundances

A remaining question for brown dwarf retrievals is “Are we
able to retrieve gas abundances matching with the winning
model even if we have a poorer fitting model (lower ∆BIC)?”
From examining all the models tested for SDSS J1256−0224,
we found that for a majority of the models, the gas abun-
dances are not affected. Table 7 lists the abundances for the
constrained gases and log g for all of the rejected uniform-
with-altitude models we tested in order of increasing ∆BIC.
As seen in Table 7, the only model with gas abundances and
a log g that are inconsistent with the winning model is the
cloud-free Solar ion metallicity model, the poorest model
with a ∆BIC= 129.2. Interestingly, this model is the only
one that constrains abundances for CO2 and CH4 requiring
them to be the two most abundant gases respectively. So in
the case of SDSS J1256−0224, you can have a poorer fitting
model as long as the ion metallicity is subsolar and get gas
abundances consistent with the indistinguishable “winning”
models.

7.4. Impact of Signal-to-Noise on the retrieved gas
abundances

An important aspect to consider is the signal-to-noise
(SNR) of our spectrum and how that may impact what gases
we are able to constrain. Previously L dwarfs retrieved with
Brewster have had a higher SNR in the Y and J bands, where
we see the largest discrepancies in our retrieved spectrum to
the observed data, than that of SDSS J1256−0224. For ex-
ample in the peak of the J band, the spectrum used in Gon-
zales et al. (2020) for SDSS J1416+1348A has an SNR= 437
where SDSS J1256−0224 has an SNR= 84. From examining
another L subdwarf of similar metallicity and spectral type
with an SNR=492 in the peak of the J band, Gonzales et. al

(in prep) have only been able to retrieve one additional gas.
Therefore, the small amount of constrained gases is likely
due to the low-metallicity of the source and not strongly de-
pendent on the SNR of the spectrum.

8. CONCLUSIONS

In this work we present the first retrieval of a sub-
stellar subdwarf, SDSS J1256−0224, and provide an up-
dated distance-calibrated SED for it. We find that SDSS
J1256−0224 is best fit by a cloud-free model with a subsolar
ion metallicity of [Fe/H]ion = −1.5, however, this model is in-
distinguishable from cloud-free models with an ion metallic-
ity of [Fe/H]ion = −2 and a cloud-free [Fe/H]ion = −1.5 drawn
from a C/O= 0.25x Solar model. From our winning model,
we are able to constrain gas abundances for H2O, FeH, and
CrH but are unable to constrain any of the carbon-bearing
species. We find our extrapolated fundamental parameters
from our retrieval agree with the low-metallicity Baraffe et al.
(1997) evolutionary models.

Examinations of the “rejected” models, shows that gas
abundances which match the “winning” model can be de-
rived with a poorer fitting model, as long as the ion metal-
licity is subsolar. In the cloudy models, the retrieval will try
to remove the cloud’s effect by pushing the cloud to the bot-
tom of the atmosphere or making it optically thin so it has
very little to no contribution to the observed spectrum in the
photosphere.

The results of this work help to confirm the cloud-free na-
ture of subdwarfs and are part of a larger sample addressing
the nature of how subdwarf P-T profiles compare to similar
spectral type or Teff sources (Gonzales et al. in prep). With
additional retrievals of substellar subdwarfs, we can better
address these questions as well as collect key abundance in-
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Table 6. Retrieved Gas Abundances and Derived Properties for SDSS J1256−0224
indistinguishable full gas set models

Parameter Value for Ions for Continuum Opacities

[M/H]= −1.5 [M/H]= −2 [M/H]= −2.5

C/O=1.0 C/O=0.25

Retrieved
H2O −4.58+0.16

−0.14 −4.57+0.18
−0.16 −4.71+0.20

−0.19 −4.60+0.19
−0.18

CO <−5.63 <−5.57 <−5.74 <−5.67
CO2 <−4.79 <−4.91 <−5.45 <−5.49
CH4 <−6.14 <−5.92 <−6.39 <−6.81
TiO < −9.75 < −9.71 < −9.88 < −9.77
VO < −9.92 < −9.98 < −9.87 < −9.87
CrH −8.95+0.14

−0.16 −8.95+0.16
−0.19 −9.08+0.18

−0.19 −9.03+0.20
−0.19

FeH −9.49+0.59
−1.32 −9.43+0.56

−0.97 −9.41+0.45
−0.73 −9.13+0.42

−0.63

Na+K < −8.64 < −8.67 < −8.65 < −8.56
log g (dex) 5.44+0.19

−0.20 5.47+0.17
−0.24 5.12+0.29

−0.33 5.27+0.30
−0.29

Derived
Lbol −3.60±0.01 −3.59±0.01 −3.59±0.01 −3.60±0.01
Teff (K) 2550.46+194.50

−170.03 2538.43+233.35
−152.20 2648.53+171.58

−177.44 2716.85+160.47
−154.07

Radius (RJup) 0.79+0.13
−0.12 0.80+0.13

−0.15 0.74+0.12
−0.09 0.70+0.10

−0.09

Mass (MJup) 72.11+21.75
−24.24 74.09+20.23

−24.40 28.61+21.36
−11.56 37.36+29.07

−16.60

C/O · · · · · · · · · · · ·
[M/H]a −1.53+0.16

−0.14 −1.51+0.18
−0.16 −1.65+0.20

−0.19 −1.55+0.19
−0.18

aAtmospheric value.

NOTE—Molecular abundances are fractions listed as log values. For unconstrained
gases, 1σ confidence is used to determine upper limit. C/O= 1.0 is Solar abun-
dance and C/O= 0.25 is one quarter Solar abundance.

formation that can aid in understanding the origins of these
sources.
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Table 7. Rejected Models Retrieved Gas Abundances and log g Comparison

Modela H2O CrH FeH log g

Cloud Freeb, [M/H]= −2.5 −4.60+0.19
−0.18 −9.03+0.20

−0.19 −9.13+0.42
−0.63 5.27+0.30

−0.29

Cloud Free,[M/H]= −1.5 −4.58+0.16
−0.14 −8.95+0.14

−0.16 −9.49+0.59
−1.32 5.44+0.19

−0.20

Cloud Free, uniform,[M/H]= −1.5, C/O= 0.25x −4.57+0.18
−0.16 −8.95+0.16

−0.19 −9.43+0.56
−0.97 5.47+0.17

−0.24

Cloud Free, [M/H]= −2.5 −4.60+0.19
−0.18 −9.03+0.20

−0.19 −9.13+0.42
−0.63 5.27+0.30

−0.29

Cloud Free, [M/H]= −2.0 −4.71+0.20
−0.19 −9.08+0.18

−0.19 −9.41+0.45
−0.73 5.12+0.29

−0.33

Cloud Free, [M/H]= −1.0 −4.56+1.26
−0.11 −8.90+0.75

−0.13 −10.12+3.18
−1.29 5.47+0.13

−0.14

Grey Deck cloud, [M/H]= −1.5 −4.61+0.15
−0.13 −8.97+0.83

−0.16 −9.70+0.57
−1.30 5.39+0.17

−0.19

Grey Deck cloud, [M/H]= −2.0 −4.69+0.23
−0.18 −9.10+0.19

−0.20 −9.50+0.53
−0.96 5.13+0.27

−0.33

Grey Deck cloud, [M/H]= −2.5 −4.91+0.22
−0.18 −9.38+0.24

−0.23 −9.46+0.46
−0.38 4.71+0.43

−0.41

Grey Slab cloud, [M/H]= −2.0 −4.65+0.14
−0.16 −9.04+0.14

−0.19 −9.26+0.38
−0.69 5.20+0.24

−0.28

Power-law Deck cloud, [M/H]= −1.5 −4.67±0.16 −9.02+0.15
−0.23 −9.66+0.52

−1.31 5.22+0.25
−0.30

Grey Slab cloud, [M/H]= −1.5 −4.65+0.12
−0.11 −9.00+0.13

−0.15 −9.79+0.57
−1.25 5.32+0.17

−0.21

Grey Slab cloud, [M/H]= −2.5 −4.86+0.33
−0.18 −9.36+0.29

−0.27 −9.17+0.58
−1.51 4.58+0.46

−0.34

Power-law Deck cloud, [M/H]= −2.0 −4.74+0.19
−0.20 −9.14+0.23

−0.26 −9.60+0.50
−0.95 5.10+0.32

−0.37

Power-law Deck cloud, [M/H]= −2.5 −4.90+0.22
−0.19 −9.34+0.22

−0.27 −9.57+0.43
−0.59 4.71+0.47

−0.41

Power-law Slab cloud, [M/H]= −2.0 −4.65+0.16
−0.19 −9.07+0.17

−0.23 −9.31+0.41
−0.83 5.20+0.27

−0.38

Power-law Slab cloud, [M/H]= −2.5 −4.75+0.19
−0.21 −9.23+0.23

−0.25 −9.28+0.41
−0.50 5.00+0.35

−0.59

Power-law Slab cloud, [M/H]= −1.5 −4.67+0.14
−0.13 −9.04+0.16

−0.20 −9.47+0.45
−1.05 5.24+0.24

−0.33

Cloud Free, [M/H]= 0.0 −2.67+0.10
−0.11 −7.40+0.21

−0.28 −6.24±0.13 5.77+0.16
−0.29

aGas abundance method is uniform-with-altitude.
bReduced gas set.

NOTE—Models listed in order of increasing ∆BIC.
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