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ABSTRACT

We present results from conducting a theoretical chemical analysis of a sample of benchmark com-

panion brown dwarfs whose primary star is of type F, G or K. We summarize the entire known sample

of these types of companion systems, termed “compositional benchmarks”, that are present in the

literature or recently published as key systems of study in order to best understand brown dwarf

chemistry and condensate formation. Via mass balance and stoichiometric calculations, we predict a

median brown dwarf atmospheric oxygen sink of 17.8+1.7
−2.3% by utilizing published stellar abundances

in the local solar neighborhood. Additionally, we predict a silicate condensation sequence such that

atmospheres with bulk Mg/Si ≲ 0.9 will form enstatite (MgSiO3) and quartz (SiO2) clouds and at-

mospheres with bulk Mg/Si ≳ 0.9 will form enstatite and forsterite (Mg2SiO4) clouds. Implications of

these results on C/O ratio trends in substellar mass objects and utility of these predictions in future

modelling work are discussed.

1. INTRODUCTION

Since the first brown dwarf was confirmed in 1995 (Re-

bolo et al. 1995; Nakajima et al. 1995), astronomers have

worked to establish a set of spectral standards (Kirk-

patrick 2005) – objects whose features define a given

spectral type – as well as characteristic standards (e.g.

Pinfield et al. 2006; Faherty et al. 2010; Gagné et al.

2015) – objects for which properties like age and/or

metallicity are independently known. These standards

outline and define the changing temperature structures

and chemical processes that occur in ultracool dwarf

(UCD) atmospheres. Defining this sequence of stan-

dards is essential in order to calibrate and test cutting

edge evolutionary, photometric and spectral models (ex:

Burningham et al. 2009, 2013). While our understand-

ing of brown dwarf science has advanced significantly in

the near 30 years since the first spectral standards were

discovered, countless open questions remain about the

physical and chemical nature of these objects. To name

a few: what types of convective processes and/or ther-

mochemistry drives differences between observed and

model spectra? What causes the appearance of observ-

able atmospheric clouds and/or variability in certain ob-

jects? How can we determine the formation history of an

object from observational data? While this work does

not attempt to put forth definitive answers to these ques-

tions, we do propose a path forward for those who seek

to do so through careful examination of brown dwarf

characteristic standards, known as “benchmarks”.

Individual characterization of brown dwarf atmo-

spheres and fundamental parameters (age, mass, ef-

fective temperature (Teff), radius) is impeded by the

age-mass-temperature degeneracy that exists due to the

thermal evolution of these objects. Benchmark brown

dwarfs provide the potential to break this degeneracy

with the use of independently known parameters. One

particularly useful subset of benchmarks are co-movers

and companions – those that (a) belong to a moving

group or cluster where the bulk properties of the col-

lection of stars (e.g. age, metallicity, dynamic history)

can be inferred (e.g. Gagné et al. 2015; Faherty et al.

2016; Bowler et al. 2015) or (b) are co-moving in binary

or multiple star systems where a detailed study of the

primary companion star(s) can provide information for

each object in the system (e.g. Pinfield et al. 2006; Fa-

herty et al. 2010; Crepp et al. 2012; Deacon et al. 2014).
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Our focus in this work is on benchmark brown dwarfs

belonging to a binary or multiple system with the speci-

fication that the primary star in the system is of spectral

type F, G or K. In doing so, we aim to map the chemistry

of nearby UCDs to the solar neighborhood population

(≤ 100pc).

Chemical mapping is one route in exploring the possi-

ble origins and evolutionary pathways of stars and plan-

ets within our galaxy. This approach has been taken by

galactic cartographers to understand large scale chem-

ical structure of disk stars (e.g. Twarog 1980; Hawkins

2023) as well as solar neighborhood cartographers focus-

ing on exoplanet host star abundances (e.g. Adibekyan

et al. 2012; Teske et al. 2019; Delgado Mena et al. 2021).

The chemical characterization of local solar-type (FGK)

stars has several benefits – this data is grounded against

the precise chemical abundances of our sun (i.e. Lodders

2021), these spectra are free from molecular absorption

bands that make M-type dwarfs difficult to character-

ize (see Tsuji & Nakajima 2014; Tsuji et al. 2015) and

meteoritic data has established a near 1:1 relationship

between solar abundances and primitive condensed ma-

terial in the protoplanetary disk (Lodders 2003, 2021).

To ground what types of chemistry we might expect in

UCD atmospheres, Brewer & Fischer (2016) found that

local (∼ < 350 pc) FGK stars have a carbon-to-oxygen

(C/O) ratio distribution peaked around 0.47 (lower than

that reported for the Sun at 0.55 by Lodders (2021))

with a steep drop off at supersolar values such that no

stars in their sample had a C/O > 0.7. This leaves the

potential for carbon-rich atmospheres in the solar neigh-

borhood (C/O > 0.65) to be < 0.13%. Additionally,

Brewer & Fischer (2016) found that the magnesium-to-

silicon (Mg/Si) ratio peaks around 1.0 with a broad dis-

tribution ranging from 0.8-1.4, where roughly 60% of

systems have 1 < Mg/Si < 2. To understand the pop-

ulation of nearby brown dwarfs it is extremely useful

to place them in context with what we currently know

about the chemical distribution of the solar neighbor-

hood, and how this agreement or disagreement can in-

form UCD atmospheric chemistry and formation path-

ways.

With the use of the spectral inversion, or “retrieval”,

modeling technique (Line et al. 2015; Burningham et al.

2017), we have been able to probe the atmospheres of

brown dwarfs and approximate molecular abundances

from spectral data. However, even with these methods,

converting from atmospheric molecular to bulk atomic

abundance is a nontrivial task as we know metal conden-

sates (MgSiO3, Mg2SiO4, Al2O3, etc.) will sequester

atoms into clouds starting from the high photosphere

down into the deep, unobservable interior. A major par-

ticipant of this thermochemical process is oxygen, due to

its relatively high abundance in these atmospheres and

its ability to form both volatile species (e.g. CO, CH4,

H2O, etc.) and refractory condensates (e.g. Mg2SiO4,

MgSiO3, Al2O3, etc.). As a result, retrieving a reliable

oxygen abundance for UCD atmospheres has been chal-

lenging (see e.g., Line et al. 2017; Calamari et al. 2022;

Zalesky et al. 2022). To date, the attempts to account

for oxygen sequestered in unobservable condensates have

relied on an approximate correction factor from solar-

ratio, thermochemical calculations done in Burrows &

Sharp (1999) (in which the dominating oxygen sink for

atmospheres < 2200 K is enstatite (MgSiO3) clouds),

or the estimated removal of ∼ 20-23% of bulk oxygen

based upon the abundances of rock-forming elements in

a solar-composition gas (Visscher & Fegley 2005; Viss-

cher et al. 2010b). The inability to accurately measure

oxygen abundances directly impacts all of the aforemen-

tioned open questions in brown dwarf science; inhibit-

ing not only understanding of the thermochemical and

dynamical processes that govern these atmospheres, but

also measurements of fundamental properties like metal-

licity and C/O ratio that may reveal formation history.

To focus on answering some of these open questions,

we revisit the work of earlier chemical models (Allard

et al. 1997; Burrows & Sharp 1999; Ackerman & Mar-

ley 2001; Marley et al. 2002; Visscher & Fegley 2005;

Visscher et al. 2010a,b) and update these assumptions

to include an oxygen sink correction that is reflective of

non-solar abundances and considers other minor refrac-

tory condensates that could shape observable spectra.

By focusing on brown dwarf systems co-moving with a

solar-type star and utilizing the bulk chemistry known

for the primaries in these benchmark systems, we es-

timate condensate species and abundance based on a

given system’s unique stellar, rather than solar, bulk

abundances. For this theoretical framework, we will em-

ploy mass balance constraints and stoichiometric pro-

cedures found in previous thermochemical equilibrium

studies of condensate formation in UCD atmospheres

(Lodders 2002; Visscher & Fegley 2005; Visscher et al.

2010a; Wakeford et al. 2017). By using a more accurate

assessment of the chemical context of stellar systems, we

aim to provide a more rigorous guide to estimating the

loss of oxygen to clouds in UCD atmospheres by tak-

ing advantage of the full data set on benchmark brown

dwarfs.

In section 2, we discuss the utility of benchmark brown

dwarfs in addressing current open questions in brown

dwarf science and present the updated summary of com-

panion benchmark systems (subsection 2.1). In sec-

tion 3, we discuss the importance of L-type dwarf bench-



3

marks in constraining atmospheric chemistry as it re-

lates to cloud model solutions and their impact on UCD

modelling as a whole. In section 4, we outline the cho-

sen published stellar abundance data set and the subse-

quent subset of companion benchmarks highlighted. In

section 5, we give an overview of the theoretical gaseous

absorbers and condensate species we expect to find in

UCD atmospheres. In section 6, we outline the theoreti-

cal thermochemical framework and assumptions used in

order to carry out this work. In section 7, we present our

results from applying thermochemical equilibrium calcu-

lations to a collection of abundances of solar neighbor-

hood FGK-type stars in order to quantify major oxygen

sinks in companion UCD atmospheres. In section 8, we

discuss the implications of these findings on future UCD

atmospheric modelling.

2. SIGNIFICANCE OF BENCHMARK BROWN

DWARFS

The first confirmed methane-bearing brown dwarf was

Gliese 229B, which was found co-moving with the nearby

M dwarf Gliese 229A. The kinematics and general chem-

ical make-up of Gliese 229A were known at the time,

therefore Gliese 229B was marked a “benchmark” brown

dwarf given that the properties of the primary could be

applied to the secondary. The term benchmark is now

used more generally to highlight a UCD for which we

have external empirical constraints that do not rely on

model predictions (e.g. Pinfield et al. 2006; Burningham

et al. 2009). By 2010, approximately 70 benchmarks

were discovered and catalogued in the literature (e.g.

Burgasser et al. 2005b; Faherty et al. 2010; Seifahrt et al.

2010; Bihain et al. 2010) – a number that has more than

doubled in recent years thanks to large or all-sky sur-

veys such as the Two-Micron All-Sky Survey (2MASS;

Skrutskie et al. 2006), Wide-Field Infrared Survey Ex-

plorer (WISE; Wright et al. 2010) and Panoramic Survey

Telescope and Rapid Response System (Pan-STARRS;

Chambers et al. 2016) as well as citizen science projects

like the Backyard Worlds Planet 9 Collaboration (see

Kuchner et al. 2017; Faherty et al. 2021; Schneider et al.

2021; Rothermich et al. in prep.). This subset of brown

dwarfs has systematic or spectral information that can

lead to a more precise age estimation, metallicity and/or

mass – all of which are extremely difficult parameters to

probe independently for UCDs.

The largest (and fastest growing) sample of bench-

mark objects comes from those that are widely separated

from main sequence stars due to their relative abun-

dance and ease of identification as they are individually

resolved from their host star. At present there are >

175 known companion benchmark brown dwarfs cata-

logued in the literature (see Faherty et al. 2010; Deacon

et al. 2014; Rothermich et al. in prep.). To understand

the particular benefit of benchmark brown dwarfs, we

can look to studies that have shown how empirical con-

straints can test current atmospheric and evolutionary

models. For example, Burningham et al. (2009) pre-

sented the discovery of Wolf 940B, a T8.5 companion to

the M4 dwarf, Wolf 940. In this work, they were able to

take robust measurements for distance, metallicity and

age from the primary and apply these to the secondary

T dwarf companion to test model repeatability with a

set of solar metallicity BT-Settl models (Allard et al.

2003). They found that the models underestimated the

flux peak in the K spectral band resulting in an over-

estimated model temperature of ∼ 100 K. They also

showed that, at the time, non-solar metallicity model

spectra did not agree well with observed data for late T

dwarfs. With benchmark systems involving FGK-type

primaries, we can even more precisely use inferred chem-

ical properties from the primary (metallicity and abun-

dance) to examine UCD atmospheric and evolutionary

models such as work done in Bowler et al. (2009); Mann

et al. (2013); Line et al. (2015); Wang et al. (2022).

These works have been able to point out incongruities,

or, alternatively, consistencies, between observed data

and spectral and evolutionary models so that we may

understand and tweak our underlying theoretical phys-

ical assumptions accordingly. While spectral or evolu-

tionary analysis on non-benchmark brown dwarfs can

also shed light on model precision, it is much more chal-

lenging to pinpoint the cause of poor matches when

there are no certain constraints. This remains the signif-

icant motivation for studying benchmark brown dwarfs.

2.1. The Compositional Benchmark Sample

Of the collection of co-moving benchmark brown

dwarfs, the main employment of known empirical prop-

erties is done through posterior comparison to resulting

model values. While this is a useful comparative tool, it

can also leave us with more open questions when known

and model values are not within statistical agreement.

As discussed above, this has been done in Burningham

et al. (2009) to comment on and test model reproducibil-

ity of known spectral features. More recently, it can

be seen in the work of Line et al. (2015); Kitzmann

et al. (2020); Calamari et al. (2022) which all utilized

versions of retrieval methods (see Line et al. 2015; Burn-

ingham et al. 2017; Mollière et al. 2020, etc.) to analyze

the observed spectra of Gl 570D and HD 3651B (Bur-

gasser et al. 2006; Mugrauer et al. 2006), Epsilon Indi

Bab (King et al. 2010) and Gl 229B (Nakajima et al.

1995; Oppenheimer et al. 1995), respectively, and deter-
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mine the highest likelihood fundamental parameters (i.e.

molecular abundances, Teff , log(g), [M/H], etc.). To var-

ied statistical degrees, what was reported in these stud-

ies was an inconsistency between the retrieved metallic-

ity and carbon-to-oxygen (C/O) ratio of the companion

and that known for its stellar host.

This application of benchmark data has proven to be a

powerful tool in examining and challenging the assump-

tions we might have about a particular system. Specif-

ically, in Calamari et al. (2022) the retrieved carbon

and oxygen abundances in Gl 229B were compared to

those reported for its primary, revealing that Gl 229B

appeared to be comparatively oxygen depleted (≈ 3σ

disagreement). While there are a few ways of interpret-

ing this result - most notably that the nascent origins

of these two companions are inherently different - Cala-

mari et al. (2022) concluded that this discrepancy, in

part, was suggestive of misunderstood cloud chemistry

in the modelling and theoretical estimations. It is im-

portant to note that only carbon and oxygen abundances

for Gl 229A were readily available for comparative use

in this system. However, this alone provided insight and

motivation to re-examine the ways in which we model

brown dwarf atmospheres and account for clouds.

To fully utilize companion benchmarks in our model-

ing requires systems in which a wider range of atomic

abundances are readily available. To predict the con-

densate species and cloud particle density, we need a

picture of the chemical landscape beyond just carbon

and oxygen. Specifically, we want to know the abun-

dances of the dominant reactive metal species (Mg, Si,

Al, and Ca) to determine what kinds of clouds we would

expect to see if the UCD companion did, in fact, contain

the same elemental abundances as its stellar companion.

While most co-moving brown dwarfs are found orbiting

M-dwarf stars (Faherty et al. 2010; Deacon et al. 2014),

it is notoriously difficult to calculate atomic abundances

for stars of this spectral type due to substantial molec-

ular absorption bands throughout their spectra. As a

result, we turn to benchmark systems in which the pri-

mary star is of spectral type F, G or K in hopes of

attaining such chemical information.

While there have been several individual discoveries

and compiled samples of benchmark brown dwarfs (e.g.

Pinfield et al. 2006; Burningham et al. 2009; Bowler

et al. 2009; Faherty et al. 2010; Deacon et al. 2014;

Rothermich et al. in prep.), here we conduct a thorough

literature search for all brown dwarfs co-moving with an

F, G or K primary. While this criterion significantly

limits the sample size, as more than half of all known

co-moving brown dwarfs are companions to objects of

spectral type M or later, we do this to prioritize the

availability and accuracy of stellar atomic abundances.

In Table 1, we list all known and newly discovered brown

dwarfs co-moving with an F, G or K primary star, label-

ing this subset as the brown dwarf compositional bench-

mark sample. It is important to note that in classifying

compositional benchmarks, attention has been taken to

isolate secondaries that are members of unresolved bi-

naries, as disentangling their combined light spectra is a

nontrivial task and can complicate analysis. One exam-

ple of this type of system would be Gl 417 BC which is a

spectroscopically unresolved L4.5 + L6 brown dwarf bi-

nary comoving with the G2 dwarf, Gl 417, (Kirkpatrick

et al. 2001; Dupuy et al. 2014). However, as there is

an increased binary frequency among widely separated

brown dwarfs to stellar-type primaries (Burgasser et al.

2005a), we include these here for completeness.



5

T
a
b
le

1
.
T
h
e
C
o
m
p
o
si
ti
o
n
a
l
B
en

ch
m
a
rk

S
a
m
p
le

O
b
je
c
t

P
ri
m
a
ry

R
A

D
e
c

S
p
T

S
p
T

d
P

r
i
m

a
r
y

S
e
p
a
ra

ti
o
n

P
ro

j.
S
e
p

A
g
e

R
e
f

S
e
c
o
n
d
a
ry

P
ri
m
a
ry

(p
c
)

(a
rc
se
c
)

(A
U
)

(G
y
r)

K
n
o
w
n

S
y
s
t
e
m

s

2
M

A
S
S

J
0
0
1
9
3
2
7
5
+
4
0
1
8
5
7
6

L
P

1
9
2
-5
8

4
.8
8
5
9
9
3
1

4
0
.3
1
5
1
4
4
1

L
2

K
7

5
5
.2
1
±

0
.1
1

5
8
.5

3
9
9
0

0
.3
-1
0

1
,
2

2
M

A
S
S

J
0
0
3
0
2
4
7
6
+
2
2
4
4
4
9
2

B
D
+
2
1
5
5

7
.6
0
4
2
1
9
9

2
2
.7
4
6
1
5
3
7

L
0
.5

K
2

3
7
.9
1
±

0
.1
4

1
1
7
.1

3
9
7
0

0
.5
-1
0

1
,
2

H
D

3
6
5
1
B

H
D

3
6
5
1

9
.8
2
9
6
1
4

2
1
.2
5
4
5
5
9

T
7
.5

K
0
.5
V

1
1
.1
4
±

0
.0
1

4
3

4
8
0

0
.7
-4
.7

1
,
2
,
8
,
9
,
2
3

H
D

4
1
1
3
C

H
D

4
1
1
3

1
0
.8
0
2
5

-3
7
.9
8
2
6
3
0
6

T
9

G
5
V
+
M

1
V

4
1
.9
2
±

0
.0
9

0
.5
3
5

2
2

3
-6

2
7

H
D

4
7
4
7
B

H
D

4
7
4
7

1
2
.3
6
1
5
0
5

-2
3
.2
1
2
4
6
3

L
/
T

G
8
/
K
0
V

1
8
.8
5
±

0
.0
1

0
.6
1

1
0

0
.9
-3
.7

1
8

U
L
A
S

J
0
1
4
0
1
6
.9
1
+
0
1
5
0
5
4
.7

B
D
+
0
1
2
9
9

2
5
.0
7
1
3
1
1

1
.8
4
8
4
3
8
2

T
5

K
5

3
8
.5
6
±

0
.0
3

3
1

3
5
-4
5

6
.5
-1
3
.5

3
,
1
2

2
M

A
S
S

J
0
1
5
9
1
0
7
8
+
3
3
1
2
3
1
3

H
D

1
2
0
5
1

2
9
.7
9
5
9
8
4
3

3
3
.2
0
7
1
9
2

L
6

G
9
V

2
4
.7
7
±

0
.0
2

5
2
.1

1
3
0
0

2
.2
-1
0
.2

1
,
2

H
D

1
3
7
2
4
B

H
D

1
3
7
2
4

3
3
.0
8
6
1
5
6

-4
6
.8
1
6
3
7
7

T
4

G
3
/
5
V

4
3
.4
8
±

0
.0
6

0
.2
4

2
6
.3

0
.0
5
-1
.5

2
6

2
M

A
S
S

J
0
2
2
3
3
6
6
7
+
5
2
4
0
0
6
6

H
D

1
4
6
4
7

3
5
.9
0
2
7
9
6

5
2
.6
6
8
5
1
4

L
1
.5

F
5

8
0
.4
1
±

0
.4
6

4
7
.7

3
3
0
0

0
.5
-2
.4

2

2
M

A
S
S

J
0
2
3
5
5
9
9
3
-2
3
3
1
2
0
5

H
D

1
6
2
7
0

3
9
.0
0
0
1
9
1
9
5

-2
3
.5
2
2
2
4
2
7
7

L
1

K
2
.5
V
k

2
1
.2
2
±

0
.0
2

1
1
.9
5

2
5
0

¡1
1
,
3

H
D

1
9
4
6
7
B

H
D

1
9
4
6
7

4
6
.8
2
7

-1
3
.7
6
2
0
2
8

T
5
.5

G
3
V

3
2
.0
3
±

0
.0
2

1
.6

5
1

4
-1
0

1
3

H
IP

2
1
1
5
2
B

H
IP

2
1
1
5
2

6
8
.0
1
9
9
1
7

5
.4
0
9
9
4
4

L
/
T

F
5
V

4
3
.2
1
±

0
.0
5

4
0
8

1
7
.5

0
.6
5
-0
.8
5

1
,
2
9

H
D

3
3
6
3
2
A
b

H
D

3
3
6
3
2
A
a

7
8
.3
2
0
8

3
7
.2
8
0
8

L
9
.5

F
8
V

2
6
.3
9
±

0
.0
2

0
.7
5

2
0

1
.2
-4
.5

1
9

2
M

A
S
S

J
0
5
3
9
4
9
5
2
+
5
2
5
3
5
2

H
D

3
7
2
1
6

8
4
.9
5
6
6
6
8
3

5
2
.8
9
9
2
5
3
3

L
5

G
5
V

2
8
.0
8
±

0
.0
4

2
7

7
5
3

1
.1
-9
.3

1
,
2

2
M

A
S
S

J
0
6
1
3
5
3
4
2
+
1
5
1
4
0
6
2

H
D

2
5
3
6
6
2

9
3
.4
7
2
5
9
4
4

1
5
.2
3
4
3
3
2

L
0
.5

G
8
IV

8
6
.4
6
±

0
.3
4

2
0
.1

>
1
2
5
2

<
1
0

1
,
2

A
B

P
ic

B
A
B

P
ic

9
4
.8
0
4
1
6
2

-5
8
.0
5
5
6
1
1

L
1

K
1
V

5
0
.1
4
±

0
.0
3

5
.5

2
5
0
-2
7
0

0
.0
3

1
,
1
6
,
2
3

2
M

A
S
S

J
0
6
3
2
4
8
4
9
+
5
0
5
3
3
5
1

L
S
P
M

J
0
6
3
2
+
5
0
5
3

9
8
.2
0
2
0
7
5

5
0
.8
9
3
1
0
6

L
1
.5

G
2

8
2
.5
8
±

0
.1
3

4
7
.4

4
4
9
9

0
.2
-1
0

2

2
M

A
S
S

J
0
6
4
6
2
7
5
6
+
7
9
3
5
0
4
5

H
D

4
6
5
8
8

1
0
1
.6
1
2
1
9
4
6

7
9
.5
8
1
8
1
7
9

L
9

F
7
V

1
8
.2
1
±

0
.0
4

7
9
.2

1
4
2
0

1
.3
-4
.3

1
,
2

H
D

4
7
1
9
7
B

H
D

4
7
1
9
7

1
0
2
.3
3
9
1
6
7

4
3
.7
5
9
1
9
4

L
4

F
5
V

4
1
.4
7
±

0
.0
5

0
.8

4
3

0
.2
6
-0
.7
9

1
,
1
5

2
M

A
S
S

J
0
7
5
8
0
1
3
2
-2
5
3
8
5
8
7

H
D

6
5
4
8
6

1
1
9
.5
0
7
3
2
0
5

-2
5
.6
5
0
8
6
9
8

T
4
.5

K
4
V
k

1
8
.4
8
±

0
.0
1

8
8

1
6
3
0

0
.3
-2
.8

1
,
2

e
ta

C
n
c
B

e
ta

C
n
c

1
2
8
.1
3
2
5
0
2

2
0
.4
4
9
9
6
7

L
3
.5

K
3
II
I

9
7
.4
8
±

0
.8
3

2
.2
-3
.5

1
5
4

1
5
0
0
0

1
,
1
7

H
D

7
2
9
4
6
B

H
D

7
2
9
4
6

1
2
8
.9
6
3
6
1
1

6
.6
2
2
7
7

L
5

G
8
V

2
5
.8
7
±

0
.0
8

6
.5

1
0

1
-2

1
,
2
8

2
M

A
S
S

J
1
0
2
2
1
4
8
9
+
4
1
1
4
2
6
6

H
D

8
9
7
4
4

1
5
5
.5
6
2
3
5
8
3

4
1
.2
4
5
7
7
6
4

L
0

F
7
V

3
8
.6
8
±

0
.1
1

2
4
6
0

6
3

1
.5
-3

1
,
2
,
2
3

2
M

A
S
S

J
1
1
1
0
2
9
2
1
-2
9
2
5
1
8
6

C
D
-2
8
8
6
9
2

1
6
7
.6
2
1
7
1
4

-2
9
.4
2
2
1
6
6
9

L
2

K
5
V

3
9
.7
9
±

0
.0
7

5
0
.8

2
0
2
6

9
.5
-1
3
.5

1
,
2
5

2
M

A
S
S

J
1
2
1
7
3
6
4
6
+
1
4
2
7
1
1
9

H
D

1
0
6
8
8
8

1
8
4
.4
0
1
5
8
0
4

1
4
.4
5
3
1
4
7
9

L
1

F
8

6
7
.1
8
±

0
.5
7

3
8
.1

2
1
7
0

0
.3
-2
.5

1
,
4

W
IS

E
J
1
2
4
3
3
2
.1
7
+
6
0
0
1
2
6
.6

B
D
+
6
0
1
4
1
7

1
9
0
.8
8
3
8
6

6
0
.0
2
3
9
5
7

L
8
γ

K
0

4
4
.9
6
±

0
.0
3

3
7

1
6
6
2

0
.0
1
-0
.1
5

1
1

2
M

A
S
S

J
1
3
0
0
5
0
6
1
+
4
2
1
4
4
7
3

B
D
+
4
2
2
3
6
3

1
9
5
.2
0
8
4
2
0
1

4
2
.2
4
6
5
4
8

L
1

K
6
V

4
4
.1
5
±

0
.0
6

1
3
2
.8

5
6
4
0

0
.3
-1
0

1
,
2

G
J
4
9
9
C

G
J
4
9
9
A
B

1
9
6
.4
2
0
8
7
2

2
0
.7
7
7
9
8
1
8

L
4

K
5
+
M

4
1
9
.6
5
±

0
.0
2

5
1
6

9
7
0
8

3
-5

1
,
5

2
M

A
S
S

J
1
3
2
0
4
4
2
7
+
0
4
0
9
0
4
5

H
D

1
1
6
0
1
2

2
0
0
.1
8
2
0
7
7
6

4
.1
5
2
2
2
4
3

L
5

K
0
V

3
0
.3
1
±

0
.0
4
6

5
1
6

9
7
0
8

1
2
-1
4

1
,
5

U
L
A
S

J
1
3
3
0
0
2
4
9
+
0
9
1
4
3
2
1

T
Y
C

8
9
2
-3
6
-1

2
0
2
.5
1
0
2
5
2
4

9
.2
4
2
2
7
1
8

L
2

K
-t
y
p
e

2
4
6
.8
5
±

2
.8
0

2
6
0
.4

..
.

0
.2
-1
.5

1
,
4

2
M

A
S
S

J
1
3
3
2
4
5
3
0
+
7
4
5
9
4
4
1

B
D
+
7
5
5
1
0

2
0
3
.1
8
8
6
3
5

7
4
.9
9
5
6
2
8

L
2

K
8

3
5
.4
0
±

0
.0
1

3
8
.3

1
3
6
4

0
.2
-1
.4

5

H
D

1
1
8
8
6
5
B

H
D

1
1
8
8
6
5

2
0
4
.9
3
2
3
2
1
3

1
.0
7
6
6
9
8
2

T
5

F
7
V

6
0
.8
0
±

0
.2
0

1
4
8

9
2
0
0

1
.5
-4
.9

1
,
2

2
M

A
S
S

J
1
4
1
6
5
9
8
7
+
5
0
0
6
2
5
8

H
D

1
2
5
1
4
1

2
1
4
.2
4
7
4
5
9
8

5
0
.1
0
8
0
1
3
2

L
4

G
5

4
7
.1
1
±

0
.0
6

5
7
0

..
.

8
.5
-1
1

1
,
3
4

U
L
A
S

J
1
4
2
3
2
0
.7
9
+
0
1
1
6
3
8
.2

H
D

1
2
6
0
5
3

2
1
5
.8
3
7
1
0
2
7

1
.2
7
6
4
9
2

T
8

G
1
.5
V

1
7
.4
4
±

0
.0
1

1
5
2
.8

2
6
3
0

2
.3
-1
4
.4

1
,
3
3

2
M

A
S
S

J
1
4
2
8
4
2
3
5
-4
6
2
8
3
9
3

C
D
-4
5
9
2
0
6

2
1
7
.1
7
6
1
6
8
4

-4
6
.4
7
8
4
9
4
3

T
4
.5

K
7
V
k

2
4
.0
7
±

0
.0
2

3
7
7
.3

9
0
0
0

1
-5

1
,
7

T
a
b
le

1
co
n
ti
n
u
ed



6 Calamari et al.
T
a
b
le

1
(c
o
n
ti
n
u
ed
)

O
b
je
c
t

P
ri
m
a
ry

R
A

D
e
c

S
p
T

S
p
T

d
P

r
i
m

a
r
y

S
e
p
a
ra

ti
o
n

P
ro

j.
S
e
p

A
g
e

R
e
f

S
e
c
o
n
d
a
ry

P
ri
m
a
ry

(p
c
)

(a
rc
se
c
)

(A
U
)

(G
y
r)

H
D

1
3
0
9
4
8
B
C

H
D

1
3
0
9
4
8

2
2
2
.5
6
6
6
6
7

2
3
.9
1
1
6
1
1

L
4
+
L
4

G
2
V

1
8
.2
0
±

0
.0
1

2
.6
4

4
6
.5

0
.4
-0
.9

2
0
,
2
1

G
J
5
7
0
D

G
J
5
7
0

2
2
4
.3
1
7
5
3
8
1

-2
1
.3
7
1
2
1
9
1

T
7

K
4
V

5
.8
8
±

0
.0
0
2

2
6
1
.7

1
5
2
5

2
-1
0

1
,
1
0
,
2
3

U
L
A
S

J
1
5
0
4
5
7
.6
5
+
0
5
3
8
0
0
.8

B
D
+
0
6
2
9
8
6

2
2
6
.2
3
8
8
5
7
9

5
.6
3
2
4
5
9

T
6

K
8
V

1
9
.0
2
±

0
.0
2

6
3
.8

1
2
3
0

>
1
.6

1
,
2

2
M

A
S
S

J
1
5
2
3
2
2
6
3
+
3
0
1
4
5
6
2

*
e
ta

C
rB

2
3
0
.8
4
4
9
1
6
8

3
0
.2
4
8
1
9
4
3

L
8

G
2
V
+
G
2
V

1
7
.8
6
±

0
.2
5

1
9
5
.3

3
6
3
5

3
-5

6

2
M

A
S
S

J
1
7
2
6
2
2
3
5
-0
5
0
2
1
1
0

*
4
7
O
p
h

2
6
1
.5
9
3
1
5

-5
.0
3
6
4

L
5
.5

F
3
V
*

3
2
.2
7
±

0
.1
6

2
9
4
.1

1
8
9
0

1
.6
-1
.9

2

2
M

A
S
S

J
1
8
0
0
5
8
5
4
+
1
5
0
5
1
9
8

H
D

1
6
4
5
0
7

2
7
0
.2
4
3
6
8
8
3

1
5
.0
8
8
4
2
8
7
4

L
1

G
5
IV

4
5
.4
4
±

0
.0
7

2
5
.5

1
1
3
6

3
-4

1
,
2
5

H
R

7
6
7
2
B

H
R

7
6
7
2

3
0
1
.0
2
5
8
3
3

1
7
.0
7
0
2
7
8

L
4

G
0
V

1
7
.7
7
±

0
.0
1

0
.7
9

1
4

1
-3

1
,
2
2

H
D

2
0
3
0
3
0
B

H
D

2
0
3
0
3
0

3
1
9
.7
4
5
7
2

2
6
.2
2
9
4
8

L
7
.5

K
0
V

3
9
.2
9
±

0
.0
9

1
1

4
8
7

0
.1
3
-0
.4

1
,
2
,
6
,
2
3

2
M

A
S
S

J
2
1
4
4
2
8
4
7
+
1
4
4
6
0
7
7

V
*
H
N

P
e
g

3
2
6
.1
1
9
8
7
4
5

1
4
.7
6
8
3
3
8
2

T
2
.5

G
0
V
+

1
8
.1
3
±

0
.0
2

4
2
.9

7
9
5

0
.1
-0
.5

1
,
8
,
2
3

ϵ
In

d
i
B
a
b

ϵ
In

d
i

3
3
1
.0
7
6
7
7
7
6

-5
6
.7
9
3
9
5
3

T
1
.5
+
T
6

K
5
V

3
.6
4
±

0
.0
0
3

1
4
5
9

0
.8
-2
.0

1
,
1
4
,
2
3

2
M

A
S
S

J
2
2
4
6
1
8
4
4
+
3
3
1
9
3
0
4

B
D
+
3
2
4
5
1
0

3
4
1
.5
7
6
8
6
5

3
3
.3
2
5
1
1
9

L
1
.5

K
2
*

6
4
.6
8
±

3
.2
3

1
6

1
0
4
0

0
.1
-1
0

2

N
e
w
ly

D
is
c
o
v
e
r
e
d

S
y
s
t
e
m

s

C
a
tW

IS
E

J
0
0
5
6
3
5
.4
8
-2
4
0
4
0
1
.9

H
IP

4
4
1
7

1
4
.1
4
7
8
5
0
6

-2
4
.0
6
7
2
0
8
3

L
8

K
0

6
7
.6
0
±

0
.0
8

1
0
2

6
9
2
4

..
.

1
,
2
4

C
a
tW

IS
E

J
0
3
0
0
0
5
.7
3
-0
6
2
2
1
8
.6

B
P
S

C
S

2
2
9
6
3
-0
0
1
4

4
5
.0
2
3
8
9
2
3

-6
.3
7
1
8
4
8

L
9

K
7

6
7
.1
3
±

0
.0
8

6
3

4
2
0
0

..
.

1
,
2
4

C
a
tW

IS
E

J
0
5
5
9
0
9
.0
0
-3
8
4
2
1
9
.8

H
D

4
0
7
8
1

8
9
.7
8
7
5
0
2

-3
8
.7
0
5
5
0
2
7

L
4

G
0
V

6
0
.6
5
±

1
.3
0

5
4
.5

3
2
5
9

<
1

1
,
2
4

C
a
tW

IS
E

J
0
6
5
7
5
2
.4
5
+
1
6
3
3
5
0
.2

H
D

5
1
4
0
0

1
0
4
.4
6
8
5
7

1
6
.5
6
3
9
6
6

L
6

G
5

3
7
.0
8
±

0
.7
8

6
4

2
2
5
4

..
.

1
,
2
4

C
a
tW

IS
E

J
0
8
5
1
3
1
.2
4
-6
0
3
0
5
6
.2

P
M

J
0
8
5
1
5
-6
0
2
9

1
3
2
.8
8
0
1
8
4
6

-6
0
.5
1
5
6
1
2
8

L
3

K
7

3
0
.9
3
±

0
.0
1

9
5
.3

2
9
4
8

<
1

1
,
2
4

C
a
tW

IS
E

J
1
3
3
4
2
7
.7
0
-2
7
3
0
5
3
.1

H
D

1
1
7
9
8
7

2
0
3
.6
1
5
4
3

-2
7
.5
1
4
7
6
6

L
0

K
3
V

3
6
.9
5
±

0
.4
6

5
0

1
7
7
2

..
.

1
,
2
4

C
a
tW

IS
E

J
1
8
3
2
0
7
.9
4
-5
4
0
9
4
3
.3

H
D

1
7
0
5
7
3

2
7
8
.0
3
3
1
1

-5
4
.1
6
2
0
2
8

T
7

K
4
.5
V
k

1
9
.1
2
±

0
.0
1

6
1
9
.3

1
1
8
4
3

9
-1
3
.5

1
,
2
4

K
n
o
w
n

U
n
r
e
s
o
lv

e
d

B
in

a
r
ie
s

2
M

A
S
S

J
0
0
2
5
0
3
6
5
+
4
7
5
9
1
9
1

H
D

2
0
5
7

6
.2
6
6
9
7
2
8

4
7
.9
8
7
7
5
6
6

L
4
+
L
4

F
8

5
4
.0
1
±

0
.4
0

2
1
0

8
8
0
0

<
1

3
2

H
D

8
2
9
1
B

H
D

8
2
9
1

2
0
.5
7
0
8
8
2
9

3
.5
2
2
5
7
2

L
1
+
T
3

G
5
V

5
0
.3
8
±

0
.3
5

4
4
.9

2
5
7
0

0
.5
-1
0

1
,
2

G
l
3
3
7
C
D

G
l
3
3
7

1
3
8
.0
5
8
4
9
1
9

1
4
.9
9
5
6
7
0
6

L
8
.5
+
L
7
.5

G
8
V
+
K
1
V

2
0
.3
5
±

0
.1
4

4
3

8
8
1

0
.6
-3
.4

1
,
3
1

G
l
4
1
7
B
C

G
l
4
1
7

1
6
8
.1
0
5
5
6
5
3

3
5
.8
0
2
8
9
5
3

L
4
.5
+
L
6

G
2

2
2
.6
5
±

0
.0
2

9
0

2
0
0
0

0
.0
8
-0
.3

1
,
3
0

R
e
fe
r
e
n
c
e
s
—

1
.G

a
ia

C
o
ll
a
b
o
ra

ti
o
n

e
t
a
l.

(2
0
2
1
),

2
.
D
e
a
c
o
n

e
t
a
l.

(2
0
1
4
),

3
.
B
u
rn

in
g
h
a
m

e
t
a
l.

(2
0
1
8
),

4
.
M

a
ro

c
c
o
e
t
a
l.

(2
0
1
7
),

5
.
G
o
m
e
s
e
t
a
l.

(2
0
1
3
),

6
.

P
in
fi
e
ld

e
t
a
l.

(2
0
0
6
),

7
.

L
o
d
ie
u

e
t
a
l.

(2
0
1
4
),

8
.

L
u
h
m
a
n

e
t
a
l.

(2
0
0
7
),

9
.

M
u
g
ra

u
e
r
e
t
a
l.

(2
0
0
6
),

1
0
.

B
u
rg

a
ss
e
r
e
t
a
l.

(2
0
0
0
),

1
1
.

F
a
h
e
rt
y
e
t
a
l.
(2

0
2
2
).

1
2
.
S
k
rz
y
p
e
k
e
t
a
l.
(2

0
1
6
),

1
3
.
C
re
p
p
e
t
a
l.
(2

0
1
2
),

1
4
.
S
ch

o
lz

e
t
a
l.
(2

0
0
3
),

1
5
.
M

e
tc
h
e
v
&

H
il
le
n
b
ra

n
d
(2

0
0
4
),

1
6
.
C
h
a
u
v
in

e
t
a
l.

(2
0
0
5
),

1
7
.
Z
h
a
n
g
e
t
a
l.

(2
0
1
0
),

1
8
.
C
re
p
p

e
t
a
l.

(2
0
1
6
),

1
9
.
C
u
rr
ie

e
t
a
l.

(2
0
2
0
),

2
0
.
D
u
p
u
y
e
t
a
l.

(2
0
0
9
),

2
1
.
P
o
tt
e
r
e
t
a
l.

(2
0
0
2
),

2
2
.
L
iu

e
t
a
l.

(2
0
0
2
),

2
3
.

F
a
h
e
rt
y

e
t
a
l.

(2
0
1
0
),

2
4
.

R
o
th

e
rm

ic
h

e
t
a
l.

(i
n

p
re
p
.)
,
2
5
.

M
a
ro

c
c
o

e
t
a
l.

(2
0
2
0
),

2
6
.

R
ic
k
m
a
n

e
t
a
l.

(2
0
2
0
),

2
7
.

C
h
e
e
th

a
m

e
t
a
l.

(2
0
1
8
),

2
8
.
M

a
ir
e
e
t
a
l.

(2
0
2
0
),

2
9
.
K
u
z
u
h
a
ra

e
t
a
l.

(2
0
2
2
),

3
0
.
K
ir
k
p
a
tr
ic
k

e
t
a
l.

(2
0
0
0
),

3
1
.
W

il
so

n
e
t
a
l.

(2
0
0
1
),

3
2
.
R
e
id

e
t
a
l.

(2
0
0
6
),

3
3
.
P
in
fi
e
ld

e
t
a
l.

(2
0
1
2
),

3
4
.
C
h
iu

e
t
a
l.

(2
0
0
6
)



7

3. THE ROLE OF L-TYPE DWARFS IN

BENCHMARKING

At the ultracool end of the spectral sequence, the L,

T and Y dwarfs exhibit spectra filled with large molec-

ular absorption bands and atmospheres cool enough to

form clouds. Of the 57 systems in the compositional

benchmark sample listed in Table 1, ∼ 75% are sys-

tems in which the UCD companion is an L-type dwarf,

a spectral classification bounded by 1300 < Teff < 2200

K. This statistic is likely due to an observational bias as

L dwarfs in the local region will be brighter, and there-

fore easier to identify, than T or Y dwarfs. However,

this bias works in our favor in regard to calibrating and

tuning atmospheric modelling of brown dwarfs due to

the particularly cloudy photospheres of L dwarfs (Burn-

ingham et al. 2017; Suárez & Metchev 2022; Vos et al.

2023).

Calamari et al. (2022) showed that the population of

brown dwarfs modelled with retrievals have an anoma-

lously high median C/O ratio (∼ 0.79) which is shown to

be inconsistent with the solar neighborhood, where the

median C/O ratio for local F, G and K-type dwarfs is ∼
0.47 (Brewer et al. 2016). While we could consider that

this is a real attribute of this sample of brown dwarfs,

uniformly oxygen-depleted atmospheres suggests a sys-

tematic modelling error in the way clouds are accounted

for, as oxygen-rich condensates are known to play a ma-

jor role in atmospheres < 2200 K. Within the substellar

population, the most abundant object choices for eval-

uating the influence of clouds are L and T dwarfs. T

dwarfs are the more simplistic objects to approach given

the relative lack of silicate clouds in the photosphere

and dominance of methane gas. However, for the exam-

ination of oxygen sequestration and condensate species

formation, it is useful to examine the more complex pho-
tospheres of L dwarfs.

A notable feature of UCD atmospheres is condensate

formation, not only theorized to exist (e.g. Lunine et al.

1986; Tsuji et al. 1996; Marley et al. 1999; Ackerman

& Marley 2001; Lodders 2002, 2004; Kirkpatrick 2005)

but also evidenced in observable mid-infrared spectra

(Cushing et al. 2006; Suárez & Metchev 2022). As de-

scribed in Kirkpatrick (2005), early L dwarfs near the

M/L transition see the spectral line disappearance of

TiO and VO as those molecules are sequestered into

oxygen-bearing condensates (e.g., CaTiO3, Ca4Ti3O10,

Ca3Ti2O7, Ti2O3, Ti3O5, Ti4O7). Related to titanium

condensate chemistry are aluminum and calcium, which

form condensates (i.e. Al2O3, CaAl12O19, CaAl4O7,

Ca2Al2SiO7) at slightly higher temperatures than tita-

nium, but similarly impact the availability of oxygen

(Burrows & Sharp 1999; Allard et al. 2001; Lodders

2002; Lodders & Fegley 2002; Wakeford et al. 2017).

A similar phenomenon occurs with iron, magnesium

and silicon at the transition into the mid-L (L4-L6)

regime. The FeH and CrH absorption features that

shape early- to mid-L spectra begin to weaken with the

appearance of iron and magnesium-silicate clouds – most

notably, forsterite (Mg2SiO4) and enstatite (MgSiO3),

the Mg-rich endmembers of olivine and pyroxene, re-

spectively (Burrows & Sharp 1999; Lodders & Fegley

2002, 2006a; Lodders 2010; Visscher et al. 2010a). Mid-

infrared observational evidence of this silicate cloud fea-

ture is catalogued in Suárez & Metchev (2022), which

measured the strength of silicate absorption at 8-11 µm

in 69 L dwarfs across spectral type L0-L8. They found

evidence for silicate clouds across the L spectral se-

quence while also noting that this feature disappears

upon entering the T spectral type (around T2). De-

spite theoretical predictions of photospheric alkali metal

(KCl, Na2S) and sulfide (MnS, ZnS) clouds in T dwarfs

(e.g., Morley et al. 2012), they generally exhibit cloud-

less photospheres with the potential for the same silicate

clouds to be forming in deeper, unobservable parts of the

atmosphere (see Kirkpatrick 2005; Line et al. 2015, 2017;

Calamari et al. 2022).

Accordingly, if we want to understand and accurately

model the chemistry of UCDs, we must first understand

the thermochemical processes behind condensate (i.e.,

cloud) formation. In order to check these thermochemi-

cal cloud predictions, a useful starting point is studying

L dwarf spectra where we can test theory against obser-

vation, making L dwarf chemical benchmarks a prime

target of study.

4. SAMPLE SELECTION

In exploring well-characterized systems, we began by

cross-matching our compositional benchmark sample

with published elemental abundance studies for main

sequence stars (e.g. Adibekyan et al. 2012; Brewer et al.

2016; Delgado Mena et al. 2021) in search of a host com-

panion with well characterized chemistry. We prioritized

literature spectroscopic chemical abundance studies of

main sequence stars that had a uniform observational

and/or reduction set-up to minimize systematics which

could contaminate the analysis. We found that Brewer

et al. (2016) and Rice & Brewer (2020) were inclusive of

our sample and produced robust measurements for tem-

perature, gravity, metallicity and abundance over a large

sample (> 2,000) of main sequence stars. Both works

utilized high resolution (R∼ 70,000), high signal-to-noise

(S/N ≥ 200) HIRES spectra from the Keck I telescope.

In Brewer et al. (2016), one-dimensional (1D) local ther-
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modyamic equilibrium (LTE) models were iteratively fit

to observed spectra using the procedure described in

Brewer et al. (2015). Rice & Brewer (2020) added to

this work by using The Cannon, a machine learning

technique (Ness et al. 2015; Casey et al. 2016), to build

a well-characterized model trained on the data set from

Brewer et al. (2016) that was shown to efficiently obtain

high-precision stellar parameters with improved speed

and accuracy. Both of these studies combined provide a

uniform and reliable catalogue of stellar parameters and

abundances from which we base our study.

In Table 2, we outline the compositional benchmarks

whose primaries have been thoroughly studied in either

Brewer et al. (2016) or Rice & Brewer (2020), a total

of 12 stars. We use the procedure outlined in Brewer &

Fischer (2016) to convert from reported [X/H], the log10
of the solar relative number abundance of an element

with respect to hydrogen, to abundance ratios for a given

two elements:

X1/X2 = 10([X1/H]−(X1/H)⊙)−([X2/H]−(X2/H)⊙) (1)

We do this for [C/H], [O/H], [Mg/H], [Si/H], [Ca/H] and

[Al/H] to determine C/O, Mg/Si and Ca/Al abundance

ratios. Additionally, we examine these elemental abun-

dances along with [Ti/H] and [V/H] as required inputs

of the thermochemical equlibrium procedures detailed

in section 6. We use the solar elemental abundances

published in Lodders (2021).

While we highlight this intersection of known com-

positional benchmarks with elemental abundances from

Brewer et al. (2016) and Rice & Brewer (2020) (12

stars), we use the data set from Brewer et al. (2016)

with a cutoff for stars ≤ 100 pc (746 stars) as a guide

for the kind of chemical distributions we might expect to

find across the solar neighborhood. In Figure 1, we show

abundance ratios for C/O, Mg/Si and Ca/Al for the

compositional benchmark subset and the Brewer et al.

(2016) solar neighborhood sample plotted against each

other as well as overall metallicity, traced by [Fe/H], to

outline the range of local chemical abundances on which

we focus our discussion.

5. REVIEW OF OBSERVATIONAL BROWN

DWARF SPECTRAL SIGNATURES

In this section, we review the spectral absorption fea-

tures for brown dwarfs that have served as observational

evidence for the predicted thermochemistry in these at-

mospheres. These features establish the available data

that can be translated into fundamental parameter cal-

culations such as C/O ratio and metallicity in retrieval

studies for these objects.

Table 2. Abundance Ratios of Selected Compo-
sitional Benchmark Primaries

Name C/O Mg/Si Ca/Al Ref

HD 12051 0.513 1.030 0.668 1

HD 203030 0.468 0.939 1.011 1

HD 46588 0.447 0.984 1.083 1

HD 126053 0.426 1.030 0.653 1

HD 19467 0.363 1.129 0.543 1

HD 37216 0.479 0.918 0.822 2

HD 164507 0.380 1.104 0.785 2

HD 3651 0.501 1.030 0.623 2

HD 4747 0.426 1.054 0.803 1

HD 33632 0.398 1.079 0.803 2

HD 130948 0.490 0.984 1.131 1

HR 7672 0.549 1.054 0.767 1

References—1. Brewer et al. (2016) 2. Rice &
Brewer (2020)

5.1. Major Absorbing Elements in Ultracool Dwarf

Atmospheres

As established in the foundational works of Tsuji

(1964); Lunine et al. (1986); Burrows et al. (1997);

Allard et al. (1997); Marley et al. (1999); Burrows &

Sharp (1999); Lodders (1999, 2002); Lodders & Fegley

(2002); Geballe et al. (2002); Lodders & Fegley (2006b);

Kirkpatrick (2005); Lodders (2010) and Visscher et al.

(2010a), the atmospheres of UCDs, and their subse-

quent spectra, are dominated by C, N, O, Ti, V, Fe,

Cr and neutral alkali element chemistry. At temper-

atures starting near the M/L spectral transition and

cooler (≤ 2200 K), we see atomic and neutral atom ab-

sorption shift toward broadband molecular absorption

features due to H2O, CO, CO2, CH4, NH3, FeH, TiO,

VO, CrH, H2S, HCN throughout the optical and infrared

(see: Burgasser et al. 2002; Geballe et al. 2002; Marley

et al. 2002; Kirkpatrick 2005; Cushing et al. 2006; Fa-

herty et al. 2014; Helling & Casewell 2014). Retrieval

models attempt to constrain the abundances of these

absorbers across spectral type – for L dwarfs mainly

H2O, CO, CO2, CH4, FeH, VO, TiO, CrH, Na, K; for T

dwarfs H2O, CO, CH4, CO2, NH3, Na, K; for Y dwarfs

H2O, CO, CO2, CH4, NH3, PH3. To date, several re-

trieval studies have been able to constrain abundances

of major absorbers (i.e. H2O, CO, CH4, NH3, Na, K)

in both L, T and early Y dwarfs (ex: Line et al. 2017;

Zalesky et al. 2019a,b; Burningham et al. 2021; Zalesky

et al. 2022; Calamari et al. 2022) with some studies on

L dwarfs having shown abundance constraints on mi-
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Figure 1. Highlighting the abundance ratios of the compositional benchmarks found in the Brewer et al. (2016); Rice & Brewer
(2020) stellar abundances catalogues. Blue points represent the compositional benchmarks laid out in Table 1 while the yellow
star indicates solar abundance ratios. The grey points show the chemical variance in solar neighborhood FGK stars from Brewer
et al. (2016).

nor metal hydrides and oxides (FeH, VO, TiO) as well

(Burningham et al. 2017, 2021; Vos et al. 2023).

In this subsection, we provide a brief overview on the

dominant thermochemistry in the L, T and Y tempera-

ture regimes marked by the most abundant volatile ele-

ments (H, C, N, O), as these resulting species drive the

C/O ratio and metallicity solutions in current retrieval

modelling. We focus our discussion on thermochemi-

cal equilibrium assumptions for well-mixed, convective

atmospheres as a necessary simplification in our mod-

elling. For a more detailed discussion, see Lodders &

Fegley (2002).

Carbon and Oxygen. The most identifiable features in

UCD spectra often result from carbon and oxygen chem-

istry in the form of H2O, CH4, CO and CO2. In warmer,

less dense atmospheres (i.e., L dwarf atmospheres) we

expect to see more carbon and oxygen in CO and CO2

whereas cooler, denser atmospheres (i.e., T or Y dwarf

atmospheres) would show more CH4 and H2O. We can

consider CO2 to play a lesser role under thermochemical

equilibrium assumptions as it is expected to be observ-

able at much lower pressures (log P (bar) < -8) than

the photospheric pressures we probe (1 < log P (bar) <

10). For the remaining three major absorbers, they are

governed by the net thermochemical reaction:

CO + 3H2 ⇌ CH4 +H2O (2)

It is important to note that even in a CO-dominated at-

mosphere, the abundances of CH4 and H2O do not drop

to zero and vice versa. Lodders & Fegley (2002) also

discuss the implication that overall metallicity ([Fe/H])

has on the CH4 = CO boundary (i.e., the threshold in

P − T space between a CO- or CH4-dominated atmo-

sphere). As metallicity decreases, the CH4 = CO bound-

ary shifts to higher temperatures, whereas as metallic-

ity increases the CH4 = CO boundary shifts to lower

temperatures. Additionally, while CO2 is not consid-
ered a major C-bearing gas in these atmospheres, it is

moderately abundant (-12 < logXCO2 < -6) in a CO-

dominated atmosphere. Observational evidence for this

species exists in hotter L dwarf atmospheres but sub-

sequent retrieval modelling attempts failed to constrain

its relatively low abundance (e.g. Line et al. 2015; Gon-

zales et al. 2020) and, as such, is not considered a major

contributor in determining C/O ratios for brown dwarfs.

While we focus our analysis in section 7 on thermo-

chemical equilibrium assumptions, we do have observa-

tional evidence of chemical disequilibrium for the CO to

CH4 conversion (i.e. Noll et al. 1997; Oppenheimer et al.

1998; Miles et al. 2020) in brown dwarf atmospheres.

This results in higher observed abundances of CO than

predicted by thermochemical equilibrium due to rapid

vertical mixing from the deeper, hotter atmosphere at
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rates faster than the chemical timescale conversion to

CH4 (Prinn & Barshay 1977; Fegley & Lodders 1996;

Lodders & Fegley 2002; Visscher et al. 2006; Visscher

& Moses 2011). While this is a real, observed phenon-

menon, we focus here on thermochemical equilibria for

well-mixed atmospheres.

For the CO to H2O conversion, even in the regime

where CO is the major C-bearing gas, half of all oxygen

can still be in H2O as oxygen is nearly twice as abun-

dant as carbon. It is important to note, as discussed for

a solar composition gas in Lodders & Fegley (2002), that

the distribution of oxygen atoms between H2O and CO

in a UCD atmosphere is going to be affected by the pro-

duction of oxygen-rich clouds. We discuss theorectical

implications of this further in subsection 5.2.

Under equilibrium conditions for pressure and temper-

ature expected in UCD atmospheres (-4 < log P (bar)

< 3; 250 < T (K) < 2500), H2O, CO, CH4 and CO2

will be the most abundant carbon- and oxygen-bearing

species. Several other species exist within either CH4-

or CO-dominated atmospheres and may play key roles

in H-C-N-O reaction kinetics (i.e. CH3, C2H6, CH2O,

CH3OH) but their relative abundances and strength of

their absorption lines are too weak to consider and have

never been recovered in a spectral analysis.

Nitrogen. The other major contributor shaping UCD

spectra comes from the distribution of nitrogen in NH3.

Similar to the carbon and oxygen chemistry above, ni-

trogen chemistry in these atmospheres is governed by

the net thermochemical reaction:

0.5N2 + 1.5H2 ⇌ NH3 (3)

In cooler, denser atmospheres, NH3 gas dominates while

N2 gas dominates in warmer, less dense atmospheres.

Similar to the CH4=CO boundary, the overall metallic-

ity impacts the boundary temperature. As metallicity

decreases, the NH3 = N2 boundary shifts to higher tem-

peratures whereas as metallicity increases the NH3 =

N2 boundary shifts to lower temperatures. As discussed

for the carbon and oxygen chemistry, an N2 dominated

atmosphere still has a nonzero abundance of NH3. It is

relevant to note here that any object showing NH3 ab-

sorption in their spectrum is expected to have CH4 as

their major carbon-bearing species (Burrows et al. 2003;

Canty et al. 2015; Line et al. 2017).

While condensation of N-bearing species into NH3

and/or NH4SH is possible in the coolest atmospheres

(e.g., Jupiter and Saturn; Lewis 1969; Carlson et al.

1987; Lodders & Fegley 2006a), these types of conden-

sate clouds are not expected in the warmer atmospheres

of L and T dwarfs and do not play a role in subsequent

modelling.

As with the carbon chemistry, other minor N-bearing

condensates are predicted to exist within either N2- or

NH3-dominated atmospheres (i.e., CH3NH2, HCN). As

N2 doesn’t have absorption features in the near-infrared,

its abundance cannot be constrained by observational

data and NH3 then remains the only major N-bearing

species able to be constrained through retrieval mod-

elling. As a result, NH3 is the only N-bearing species to

contribute to metallicity calculations. This hinders our

ability to quantify the total nitrogen budget in a given

atmosphere.

5.2. Major Refractory Condensates

Beyond gaseous molecular absorption bands that

shape brown dwarf spectra, we have theoretical and

observational evidence of condensate absorption as

mentioned in previous sections (see section 3, sub-

section 5.1). Thermochemically-derived condensation

curves of many refractory mineral condensates overlap

with the pressure and temperature profiles of UCDs, in-

cluding CaTiO3, Al2O3, Mg2SiO4, MgSiO3, SiO2, Fe

metal, Na2S, Li2S, LiF, KCl, and ZnS (Marley et al.

1999; Chabrier et al. 2000; Ackerman & Marley 2001;

Lodders 1999; Marley et al. 2002; Lodders 2002; Lod-

ders & Fegley 2002, 2006b; Visscher et al. 2006, 2010a;

Morley et al. 2012; Wakeford et al. 2017).

While the salt and sulfide clouds are expected in the

observable photospheres of cooler T dwarfs, we have yet

to find strong spectral evidence of these clouds using

retrieval analysis. This could be due to a variety of rea-

sons, including but not limited to clouds sinking below

the photosphere in T dwarfs (e.g., Marley 1997; Marley

et al. 2013; Line et al. 2015; Zalesky et al. 2022; Calamari

et al. 2022) or weak or nonexistent spectral absorption

features in the near infrared despite observed variance in

infrared T dwarf colors (Morley et al. 2012). In warmer

objects, or in deeper, hotter layers in T dwarfs, we find

the mineral oxide and atomic iron condensates. These

condensates will form the most substantial cloud lay-

ers in UCD atmospheres due largely to the high relative

abundance of magnesium, iron and silicon.

Due to the relatively high condensation temperature

of Fe metal, nearly all of this elemental reservoir is con-

densing into a cloud layer below the photosphere in L

dwarfs. This limits Fe abundance above this cloud layer

and prohibits it from being a major gaseous absorber

(as FeH, FeOH, Fe(OH)2, FeS, etc.; Allard et al. 1997;

Burgasser et al. 2002; Burrows & Sharp 1999; Visscher

& Fegley 2005; Lodders & Fegley 2006b; Visscher et al.

2010a) or a major oxygen sink (as condensed FeSiO3 or

Fe2SiO4, iron endmembers of the pyroxene and olivine

mineral groups, respectively; Visscher et al. 2010a).
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Moreover, the hydrogen-rich atmospheres of UCDs are

expected to be too reducing (i.e., the oxygen fugacity

is too low) to allow for any appreciable formation of Fe

oxides or Fe silicates under equilibrium conditions.

Prior to the condensation points of forsterite

(Mg2SiO4) and enstatite (MgSiO3), the magnesium end-

members of the pyroxene and olivine mineral groups,

corrundum (Al2O3) and perovskite (CaTiO3) will con-

dense. This will lower the available oxygen inventory

above these clouds but as the abundances of calcium,

aluminum and titanium are roughly two to three orders

of magnitude less abundant than oxygen, the impact

on the oxygen inventory is minimal. This is true also

for the calcium silicate species anorthite (CaAl2Si2O8)

and diopside (CaMgSi2O6) that are condensing in P−T

space nearer to forsterite and enstatite but are still lim-

ited by the total calcium and aluminum abundance, min-

imally contributing to the depletion of atmospheric oxy-

gen. So, we are effectively left with condensates that are

significant sources of oxygen sinks in UCD atmospheres:

forsterite, enstatite and quartz. At present, we have

mid-infrared observational evidence of silicate conden-

sate (Mg2SiO4, MgSiO3 and SiO2) absorption (Cushing

et al. 2006; Burningham et al. 2021; Suárez & Metchev

2022; Grant et al. 2023), however, deciphering the exact

species responsible remains a challenge.

In the following sections, we focus on the totality of

these oxygen-rich condensate species (Mg2SiO4, MgSiO3

and SiO2, Al2O3, CaTiO3, CaAl2Si2O8, CaMgSi2O6)

not only because their existence is most feasibly modeled

(e.g. Burningham et al. 2021; Vos et al. 2023) but be-

cause they directly tie in to the determination of oxygen

abundance in UCD atmospheres. As oxygen abundance

can be a potential formation and evolution tracer (see

Öberg et al. 2011; Madhusudhan 2012), it is essential

to understand the impact condensate formation has on

oxygen sequestration and how we can most accurately

account for this in our modelling.

6. THEORETICAL FRAMEWORK FOR

THERMOCHEMICAL ANALYSIS IN BROWN

DWARFS

One major assumption in the framework of current

UCD atmospheric modelling is the use of solar abun-

dance ratios as the standard for understanding the

chemistry of these atmospheres beyond spectral line ab-

sorbers. These solar abundance ratios are used not only

to disentangle the effects of condensate formation but

also as population calibrators to help us ground the fun-

damental parameters of nearby brown dwarfs. However,

we’ve already seen from Brewer et al. (2016), as illus-

trated in Figure 1, that the solar C/O ratio lies at the

higher end of the population of F, G and K type stars in

the local solar neighborhood. This might suggest that

using the solar C/O ratio as a chemical marker for the

local brown dwarf population is an overestimation. As

shown in Calamari et al. (2022), > 80% of the current

population of retrieved brown dwarfs has a C/O ratio

greater than solar (∼ 0.55 from Lodders (2021)) with >

40% being greater than 0.8, a category of carbon-rich

stars thought to be less than ∼ 1% of the local solar

neighborhood (Brewer & Fischer 2016).

While abundance ratios are a useful trend guide, if

we want to understand the chemical makeup of UCD

atmospheres it is more informative to examine actual

elemental abundances (the occurrence of a given ele-

ment relative to all other elements). We again point

back to Calamari et al. (2022), where oxygen, specifi-

cally, appeared to be depleted in Gl 229B as compared

to Gl 229A. While still an open question, this pinpoints

what types of atmospheric, or even formation, dynam-

ics could be causing such an outcome. If we want to

explore this open question regarding oxygen in brown

dwarfs, we turn not only to abundance ratios but indi-

vidual element abundances. We know that the chemical

makeup of the solar neighborhood does vary – in addi-

tion to using broad metrics like C/O ratio and metal-

licity ([Fe/H]), we want to know how specific element

abundance may change and how that can impact subse-

quent cloud formation. Specifically, we look at species

that act as potential oxygen sinks in UCD atmospheres

(see subsection 5.2).

6.1. Stellar Abundances as a Tool for Understanding

Companion Atmospheres

By focusing on well-studied primary stars, we can ex-

amine the total chemical makeup of a given system by

using observationally measured abundances of certain

elements. Assuming co-evality, we can use the stellar

abundances of both volatile and refractory elements to

examine how oxygen is theoretically being sequestered

into refractory condensates in a companion UCD at-

mosphere. This methodology works uniquely for com-

positional benchmark systems by utilizing known host

star element abundances and assuming a similar chem-

ical makeup for its companion. This assumption is

strongly supported by the observation in our own so-

lar system that element abundances in the solar photo-

sphere (with the exception of H and He) closely match

the element abundances directly measured in the most

primitive chondritic meteorites, widely thought to be the

building blocks of the planets in our solar system (Lod-

ders 2021). While this introduces a new assumption, we

use this method in order to revisit the calculation done
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Figure 2. Oxygen sink fraction (Osink) as function of bulk oxygen abundance (left), bulk silicon abundance (middle) and
oxygen removed per silicon (right). Circles represent the solar neighborhood sample from Brewer et al. (2016) colored by their
Mg/Si ratio. White crosses indicate the subset of compositional benchmarks and the yellow star represents the Sun. The grey
dashed line shows the median oxygen sink fraction for the total solar neighborhood population with the shaded region bounding
the first and third quartiles.

in Burrows & Sharp (1999) where they employed solar

abundances to predict that approximately 3.28 oxygen

per silicon atom would end up in clouds (accounting for

∼ 14% of bulk oxygen). We address implications and

evaluations of our assumption in section 8.

In order to constrain the amount of total oxygen that

would sink into clouds for each benchmark system, we

use the published abundances from Brewer et al. (2016);

Rice & Brewer (2020) to stoichiometrically calculate

how much oxygen will bond with the refractory elements

Mg, Si, Ca, Al, Ti, and V. Under thermodynamic equi-

librium conditions, in cooler atmospheres, O-bearing

condensates form at the transition from the deep interior

to cooler pressure layers near the photosphere. In these

calculations, we assume that the total bulk abundance

of each of these refractory elements is bonding with oxy-

gen, forming MgO, SiO2, CaO, Al2O3, TiO2, VO. Sub-

sequent refractory condensates (see subsection 5.2) can

be constructed from combinations of these metal oxides,

making the quantitative oxygen sink path-independent

– i.e. the resulting phase composition(s) of the clouds

are irrelevant. For example, enstatite and forsterite can

be made by combining metal oxide building blocks via

net thermochemical reactions:

MgO + SiO2 ⇌ MgSiO3 (4)

2MgO + SiO2 ⇌ Mg2SiO4 (5)

wherein the total amount of oxygen that may be se-

questered into Mg-silicates is determined by the avail-

able abundances of Mg and Si, and not upon the rel-

ative proportions of particular silicate phases. For a

more in-depth discussion of how these various gaseous

oxides form mineral condensates, see Lodders (1999);

Ackerman & Marley (2001); Allard et al. (2001); Lod-

ders (2002, 2010); Visscher et al. (2010a); Wakeford et al.

(2017).

If we consider these types of chemical pathways for

both major (Mg, Si) and minor (Ca, Al, Ti, V) re-

fractory elements, we can determine a maximum oxygen

sink fraction (the percent fraction of oxygen in conden-

sate clouds) based upon oxidation stoichiometry (e.g.,

see Visscher & Fegley 2005):

ΣOcloud = 2ΣSi+ΣMg+ΣCa+1.5ΣAl+2ΣTi+ΣV (6)

Osink =
ΣOcloud

ΣO
(7)

where ΣOcloud is the total amount of oxygen taken into

metal oxides (and thus condensate clouds), ΣO is the

total amount of oxygen, and Osink is the fraction of to-

tal oxygen in clouds in a given atmosphere. We note

that though titanium and vanadium are strong gaseous

absorbers, they are typically present in trace (∼ 1%)

amounts in the most abundant mineral condensates.

However, we include their abundances for completeness

in our calculation.

The advantage of this stoichiometric approach is that

the total oxygen removal is limited only by the abun-

dances of the major refractory elements and does not

require prior knowledge of the distribution of elements

into specific condensate phases. While our determina-

tion of Osink includes minor refractory elemental abun-

dances (Ca, Al, Ti, V), Mg and Si are responsible for
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> 90% of the oxygen removal into such clouds. More-

over, the abundances of minor metals tend to increase

with increasing abundances of Mg and Si. Using ele-

mental abundances from the Brewer et al. (2016) solar

neighborhood sample, we can thus make a first order

approximation for Osink in companion objects using the

Mg and Si abundances as a proxy for all metal oxides:

Osink ≈ 2.024(ΣSi/ΣO) + 1.167(ΣMg/ΣO) (8)

From this relation, the number of oxygen atoms removed

per silicon atom (cf. Fig. 2 and Burrows & Sharp 1999)

can also be estimated:

Ocloud/ΣSi ≈ 2.024 + 1.167(ΣMg/ΣSi) (9)

where ΣMg/ΣSi describes the bulk Mg/Si abundance

ratio in the system. The significance of this ratio for

silicate phase composition will be explored in subsec-

tion 6.2.

We can also consider the impact of the oxygen sink

on the observable C/O ratio, such that the removal of

oxygen into condensed phases will cause the C/O ratio

to become greater above the condensate cloud layers rel-

ative to the “below-cloud” (i.e. bulk atmosphere) C/O

ratio. This “above-cloud”, or observed, C/O ratio can

be expressed by:

(C/O)obs = (C/O)bulk ×
1

1−Osink
(10)

where (C/O)obs is the observed C/O ratio in the up-

per atmosphere, (C/O)bulk is the bulk atmospheric C/O

ratio, and Osink is the percent fraction of oxygen se-

questered in clouds, calculated from equation (7).

By substitution of Osink (equation 8) into equation

(10), the (C/O)obs ratio can be estimated from the bulk

elemental abundances for C, O, Mg and Si:

(C/O)obs ≈
ΣC

ΣO− 2.024ΣSi− 1.167ΣMg
(11)

Moreover, the observed abundance trends for ΣMg,

ΣSi, ΣO, and the C/O ratio in the Brewer et al.

(2016) solar neighborhood sample were used to de-

rive a more general relationship for finding (C/O)obs.

From this sample, the abundances of Si and Mg can be

roughly approximated by (ΣSi/ΣO)∼ 0.1159(ΣC/ΣO)

and (ΣMg/ΣO) ∼ 0.1165(ΣC/ΣO). Substitution into

the above expression thus yields

(C/O)obs ≈
(C/O)bulk

1− 0.371(C/O)bulk
, (12)

which allows for estimates of the (C/O)obs ratio using

only the bulk (C/O)bulk ratio. This expression can like-

wise be used to estimate bulk C/O, based upon observed

values of the C/O ratio by accounting for the sequestra-

tion of oxygen into major condensate phases.

6.2. Classifying Major Condensates

In addition to determining the total percentage of oxy-

gen in condensate clouds, we can also use the element

abundances and abundance ratios of refractory elements

to predict the type of oxygen-bearing clouds we might

expect to see and model in a given atmosphere. Simi-

lar to the path-independent, stoichiometric calculations

above, we can evaluate the silicate condensate sequence

by a series of stoichiometric and mass balance calcula-

tions.

Due to the high relative abundance of magnesium and

silicon (as compared to calcium, aluminum, titanium or

vanadium), the dominant oxygen-bearing condensates

in UCD atmospheres are expected to be the well-known

“silicates”: enstatite (MgSiO3), forsterite (Mg2SiO4)

and quartz (SiO2). The inventories of these conden-

sates will be affected (1) by the bulk abundances of their

constituent elements (Mg, Si) and also (2) by the abun-

dances of the minor refractory elements (Ca, Al, Ti, V)

as these elements will condense into even more refractory

oxygen-bearing clouds deeper in the atmosphere and can

thus affect the available, “above-cloud” inventory of Mg

or Si.

A solar-composition gas will condense magnesium and

silicon mostly into enstatite, forsterite (and possibly

quartz, see below) with < 20% of Mg or Si into minor

refractory condensates (cf. Lodders 2002; Visscher et al.

2010a). However, to illustrate the silicate condensation

sequence, we first consider a solar-composition gas where

forsterite and enstatite are the only Mg- and Si-bearing

condensates. We can thus determine the inventory of

forsterite by the following:

ΣMg = 2AMg2SiO4
+AMgSiO3

(13)

ΣSi = AMg2SiO4
+AMgSiO3

(14)

AMg2SiO4
= ΣMg − ΣSi (15)

where AX is the abundance of a given condensate species

and ΣN is the abundance of a given element.

From this example, we can see in a gas where Mg/Si

> 1, forsterite effectively serves as a sink for “excess”

magnesium. If Mg/Si = 1, no forsterite condenses and

the only oxygen-rich condensate is enstatite. If Mg/Si <

1, the above expression gives a nonphysical result (i.e.,

a mass balance violation) for forsterite. In this case, we

have a system characterized by “excess” Si which is able

to condense into Mg-free species, namely quartz (SiO2).

However, as previously stated, other Mg- and Si-

bearing condensates exist and can impact the avail-

able inventories of magnesium and silicon. The most

abundant of the minor refractory species are diopside

(CaMgSi2O6) and anorthite (CaAl2Si2O8) (Allard et al.
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2001; Lodders 2002; Visscher et al. 2010a). We can

take the first order approximation example from above

and extend it to include these refractory species by as-

suming that anorthite is the main Al-bearing conden-

sate and diopside is the main Ca-bearing condensate

(in the very rare case where 2ΣAl > ΣCa, anorthite

becomes Ca-limited and the excess Al can form spinel,

MgAl2O4). Assuming complete condensation of Ca and

Al, the available inventories of Mg and Si at altitudes

where we might consider forsterite, enstatite, or quartz

as possible condensates are given by:

NMg ≈ ΣMg −ACaMgSi2O6
(16)

NSi ≈ ΣSi− 2ACaMgSi2O6
− 2ACaAl2Si2O8

(17)

The forsterite regime threshold (cf. Eq. 15) is then

AMg2SiO4
≈ ΣMg + ΣCa + 0.5ΣAl− ΣSi, (18)

where a nonphysical value (AMg2SiO4
< 0) again indi-

cates an excess of Si and the formation of SiO2. Us-

ing element abundances from the Brewer et al. (2016)

solar neighborhood sample, this second-order stoichio-

metric approximation suggests a condensation regime

highly sensitive to the bulk atmospheric Mg/Si ratio

(ΣMg/ΣSi). For ΣMg/ΣSi ≳ 0.9 we anticipate the con-

densation of enstatite + forsterite, whereas for ΣMg/ΣSi

≲ 0.9 we anticipate enstatite + quartz.

In the following section, we discuss variations in the

predicted silicate condensation sequence over a range

of observed solar neighborhood stellar abundances via

Brewer et al. (2016) and as a function of the Mg/Si

ratio.

7. SEQUESTERED OXYGEN IN COMPOSITIONAL

BENCHMARK BROWN DWARFS

In the following subsections we summarize the results

of using stellar elemental abundances in compositional

benchmark systems to predict the oxygen sink fraction

and the silicate cloud regime. Additionally, we calculate

these values for the Brewer et al. (2016) solar neighbor-

hood sample to give a population overview of what we

might expect to see for the entire compositional bench-

mark sample (see Table 1) as well as brown dwarfs in

the local region.

7.1. Effective Oxygen Removal in Ultracool Dwarf

Atmospheres

Using the mass balance and stoichiometric calcula-

tions explained above, we calculate an oxygen sink frac-

tion, or the fraction of bulk oxygen lost to condensates

in a UCD atmosphere, for the solar neighborhood as

shown in Figure 2. We highlight the individual compo-

sitional benchmark systems among this larger sample to

Figure 3. The predicted observed C/O ratio in a UCD com-
panion as a function of the system’s bulk C/O ratio, using
stellar elemental abundances from Brewer et al. (2016) and
assuming removal of oxygen via condensation of metal ox-
ides. The dashed line indicates the 1:1 line. The red curve is
the estimated (C/O)obs from equation (12). The star indi-
cates (C/O)bulk and the predicted (C/O)obs ratio using solar
elemental abundances from Lodders (2021). Circles repre-
sent the compositional benchmarks subset colored by Mg/Si
ratio while grey points show the solar neighborhood sample
from Brewer et al. (2016).

illustrate the potential for large variations in chemistry

to exist. However, we plot the median of this entire

sample such that the chemical distribution of the local

solar neighborhood lends itself to an oxygen sink of ap-

proximately 17.8+1.7
−2.3% (or Osink ≈ 0.178+0.017

−0.023). This is

an upper limit estimate by assuming, not unreasonably,

that all Mg-, Si-, Ca-, Al-, Ti-, and V-bearing oxides

condense out at various points in the UCD atmosphere.

In Figure 2, we show how this oxygen sink varies with

bulk oxygen abundance such that in relatively oxygen-

rich atmospheres, the refractory elements have a lesser

fractional impact where the opposite is true for rela-

tively oxygen-poor environments. In relatively oxygen-

poor stars, we find that the bulk abundances of Mg and

Si are not necessarily uniformly depleted relative to oxy-

gen thereby sequestering a larger fraction of oxygen in

clouds. Additionally, we illustrate that the oxygen sink

fraction trends intuitively with bulk silicon abundance

such that systems with more silicon will sequester oxy-

gen into clouds at a larger fractional occurrence. Fi-

nally, we show the variance in “oxygen removed per sil-

icon atom” – a parameter defined in Burrows & Sharp
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(1999) to describe the amount of oxygen in condensates.

Burrows & Sharp (1999) estimated an O/Si removal fac-

tor of ∼ 3.28 using solar abundances from Anders &

Grevesse (1989) while here we illustrate the scatter in-

troduced by using elemental abundances from a larger

stellar sample. We find a median O/Si removal factor

of ∼ 3.19+0.05
−0.06 which intuitively trends with Mg/Si such

that systems with higher Mg/Si ratios will have higher

O/Si ratios (cf. equation 9). However, we show that

O/Si does not trend with the oxygen sink fraction and

is therefore not a useful metric, alone, to estimate the

total oxygen removed due to clouds.

The predicted median oxygen sink fraction here is ∼
10 percentage points less than that estimated in previ-

ous retrieval modelling work on T-type dwarfs (e.g. Line

et al. 2015; Calamari et al. 2022), potentially driving the

high brown dwarf C/O ratio trend discussed in Calamari

et al. (2022) even steeper. If only ∼18% of total oxygen

is being lost to clouds, we have to consider what other

types of dynamical processes could be occurring in these

atmospheres.

Additionally, we show a predictive relation between

the above- and below-cloud, or observed and bulk, C/O

ratio in Figure 3 as laid out in subsection 6.1 via Equa-

tion 12. We determine a fit to this data based on the

behavior of Mg/O, Si/O and Mg/Si ratios as bulk C/O

increases. This generally correlates with a median oxy-

gen sink fraction of ∼ 18% for the solar neighborhood

population. However, we do show how observed C/O

ratio increases nonlinearly as bulk C/O increases – a

function of the fact that element abundances of O, Mg

and Si in metal-poor systems are not necessarily uni-

formly depleted. As such, as bulk C/O ratio increases,

or bulk oxygen abundance decreases (see Figure 2), there

is a nonlinear increase in oxygen sink fraction which ef-

fects the observed UCD C/O ratio. This fit provides

some guidelines for what we might expect given UCD

retrieval model outputs.

7.2. Predicted Silicate Cloud Regime

While the range in stellar elemental abundances cre-

ates variance in the oxygen sink fraction, it minimally

impacts the silicate regime threshold, which is highly

sensitive to the Mg/Si ratio. This behavior is demon-

strated in Figure 4, which shows the equilibrium distri-

bution of O-bearing phases at 1000 K and 1 bar as a

function of ΣMg/ΣSi in an otherwise solar-composition

gas (solar Mg/Si = 1.03 using abundances from Lodders

2021). This P − T point was chosen as it is generally

representative of UCD photospheric temperatures and

pressures and also lies above Mg-silicate cloud conden-

sation P − T points, thus capturing the upper limit of

oxygen sequestration.

Figure 4 shows a Mg/Si ratio threshold value of ∼ 0.9,

such that UCD companions may be expected to exhibit

the following equilibrium silicate condensate regime:

• Mg/Si ≲ 0.9 : Enstatite + Quartz

• Mg/Si ∼ 0.9 : Enstatite

• Mg/Si ≳ 0.9 : Enstatite + Forsterite

consistent with the second-order approximation de-

scribed above (cf. equation 18). Moreover, we find that

Mg-silicate condensation behavior is relatively indepen-

dent of varying Ca and Al abundances, etc., suggest-

ing that this threshold may serve as a guide to differ-

entiating silicate cloud regimes in UCD atmospheres.

For example, this finding is in agreement with previous

retrieval work in Burningham et al. (2021) where the

best fit model for the L4.5 dwarf, 2MASSW J2224438-

015852, was a layered cloud model consisting of en-

statite, quartz and iron with an inferred Mg/Si=0.69.

It is important to keep in mind that the particular

sequence and identity of cloud condensate phases in

a given UCD atmosphere will be subject to each ob-

ject’s atmospheric properties including element abun-

dance patterns, thermal structure, mixing, condensate

re-equilibration, and gravity. Indeed, several works have

suggested by closely examining both low and medium

resolution optical and near infrared spectra as well as

the scatter on color magnitude diagrams, that there

is an atmospheric difference in young L dwarfs ver-

sus field L dwarfs. This difference can be linked to a

low surface gravity in the former (e.g. Faherty et al.

(2012, 2016); Suárez & Metchev (2023)). However, given

these possible variations, the stoichiometric approach

presented here provides a robust estimate of oxygen re-

moval into refractory condensates and an estimate of at-

mospheric C/O inventories over a broad range of UCD

atmospheres.

8. FUTURE APPLICATIONS IN EXTRASOLAR

WORLD MODELLING

In order to utilize these theoretical predictions, we

turn back to retrieval modelling for brown dwarfs, as

this is currently the only modelling technique that can

explore the unique chemistry and thermodynamics of in-

dividualized spectra. These thermochemical predictions

will act as guidelines but not constraints in future mod-

elling attempts for compositional benchmarks. In par-

ticular, having empirical knowledge about the system

will help ground our results in what is already known
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Figure 4. Predicted silicate regime and distribution of oxy-
gen into condensates and vapor at 1000 K and 1 bar, based
upon thermochemical equilibrium calculations over a range
of bulk Mg/Si element abundance ratios in an otherwise
solar-composition atmosphere. The fraction of the oxygen
inventory removed into condensates corresponds to Osink as
described in the text.

rather than act as an a priori constraint, potentially bi-

asing results.

In future work, we will specifically return to the com-

positional benchmark sample outlined in Table 2 and

shown in Figure 2 and Figure 3. Of the 12 systems

with well characterized host stars, 10 have L-dwarf com-

panions that would be excellent candidates for detailed

cloud modelling via retrievals. However, only 4 systems

(HD 130948BC, HD 203030B, HR 7672B, HD 4747B)

have available near-infrared (NIR) spectral data. Addi-

tionally, only 2 of these 4 systems have full NIR spec-

tral coverage (1-2.5 µm) which has been shown to be

the minimum necessary requirement for robust retrieval

modelling (Burningham et al. 2021). Beyond NIR spec-

tral coverage alone, Burningham et al. (2021); Calamari

et al. (2022); Vos et al. (2023) demonstrated the need for

mid-infrared (MIR) spectral coverage in order to fully

model molecular abundances and characterize conden-

sate cloud species. In order to capitalize on the entire

compositional benchmark sample outlined in Table 1, we

will continue to require and employ the use of telescopes

such as the James Webb Space Telescope (JWST) to

provide detailed and full spectral coverage (1-28 µm) of

these objects. Additionally, we will rely on optical tele-

scopes such as HIRES on Keck or PEPSI on the Large

Binocular Telescope (LBT) to obtain spectral coverage

on the primaries listed in Table 1 to continue character-

ization of these systems.

By obtaining full spectral coverage for L-type objects

in the compositional benchmarks sample, we can then

begin to conduct a suite of models (both cloudy and

cloudless) where we might expect a best fit cloud model

for each object in this sample to fall into the Mg/Si > 0.9

(enstatite + forsterite) cloud regime. A result counter

to that expected would certainly be cause for discussion

on the chemical makeup of the UCD companion and its

origins.

Additionally, we can apply the oxygen sink correction

in future work in the way that has been done in Line

et al. (2015, 2017); Zalesky et al. (2022); Calamari et al.

(2022) – increasing retrieved oxygen abundance by the

percentage lost to clouds. However, this will be a much

closer approximation to a true oxygen sink in these at-

mospheres since we have accounted for system-specific

elemental abundances. While our median oxygen sink

fraction is a good estimation for oxygen lost to clouds in

UCDs that are solitary or have unknown host star chem-

istry, the compositional benchmark sample outlined in

Table 2 has fractions uniquely specific to each system.

This subset of host star chemistry reveals variance in

oxygen sink fraction from 13 - 19%. Again, we might

expect to see trends toward high C/O ratios (or rela-

tively low retrieved oxygen abundances) strengthen as

a result of this work. The population of brown dwarfs

with a C/O > 0.8 will likely increase. As a result, oxy-

gen loss in brown dwarf atmospheres remains an open

question to be explored.

Finally, the work presented here has implications for

the atmospheric modeling of gas giant exoplanets whose

effective temperatures (Teff) cross into the L and T dwarf

regime. While exoplanet modeling cannot assume co-

evality as we do here given the uncertainty in and influ-

ence of the formation process on those worlds, seques-

tration of oxygen into refractory condensates will cer-

tainly impact retrieved molecular abundances in those

temperature atmospheres. Despite the added compli-

cations of processes such as late-stage accretion, plane-

tary migration and atmospheric differentiation, host star

abundance analysis is essential in order to reconstruct

formation history. Moreover, the approach described

here can provide clues to oxygen sequestration into con-

densate phases and estimates of bulk composition based

on observed abundances of C- and O-bearing species in

exoplanet atmospheres.

9. CONCLUSIONS

In this work, we present evidence in favor of using

brown dwarfs in comoving systems with F, G or K type
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stars (“compositional benchmarks”) to ground our ex-

ploration and understanding of the thermodynamic and

chemical processes in brown dwarfs. As F, G and K

type stars often have a wealth of data available, this

provides us with external empirical information that will

help ground our modelling in our attempt to disentangle

what the fundamental properties of brown dwarfs, like

C/O ratio, are telling us about their atmospheres and

formation histories.

Specifically, we have used published elemental abun-

dances for a sample of compositional benchmarks, along

with the local solar neighborhood population, from

Brewer et al. (2016) to provide us with two empirical

constraints: oxygen sink fraction and predicted silicate

regime. Through a series of stoichiometric and mass

balance calculations, we have determined that, given the

bulk elemental abundances from a primary host star, the

median oxygen sink in the companion UCD atmosphere

is 17.8+1.7
−2.3%. This update provides context for previous

work (e.g., Burrows & Sharp 1999; Lodders & Fegley

2002; Visscher & Fegley 2005; Visscher & Moses 2011;

Line et al. 2015) that have based oxygen sink estimates

upon solar elemental abundances. We have also used

the elemental abundances of our primary stars to de-

termine the Mg/Si ratio threshold at which the silicate

cloud composition transitions from enstatite (MgSiO3)

+ quartz (SiO2) clouds (Mg/Si < 0.9) to enstatite +

forsterite (Mg2SiO4) clouds (Mg/Si > 0.9).

Our global aim in this work is to utilize these chemi-

cal predictions in future brown dwarf retrieval modelling

studies to help understand the thermochemical dynam-

ics of cloud processes and oxygen sequestration in these

atmospheres. By carefully studying brown dwarf atmo-

spheric chemistry, we are one step closer to uncovering

the formation and evolution pathways of these objects.
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Suárez, G., & Metchev, S. 2022, MNRAS, 513, 5701,

doi: 10.1093/mnras/stac1205

—. 2023, MNRAS, 523, 4739, doi: 10.1093/mnras/stad1711

Teske, J. K., Thorngren, D., Fortney, J. J., Hinkel, N., &

Brewer, J. M. 2019, AJ, 158, 239,

doi: 10.3847/1538-3881/ab4f79

Tsuji, T. 1964, Proceedings of the Japan Academy, Series

B, 40, 99, doi: 10.2183/pjab1945.40.99

Tsuji, T., & Nakajima, T. 2014, PASJ, 66, 98,

doi: 10.1093/pasj/psu078

Tsuji, T., Nakajima, T., & Takeda, Y. 2015, PASJ, 67, 26,

doi: 10.1093/pasj/psu160

Tsuji, T., Ohnaka, K., Aoki, W., & Nakajima, T. 1996,

A&A, 308, L29

Twarog, B. A. 1980, ApJ, 242, 242, doi: 10.1086/158460

Visscher, C., & Fegley, Bruce, J. 2005, ApJ, 623, 1221,

doi: 10.1086/428493

Visscher, C., Lodders, K., & Fegley, Bruce, J. 2006, ApJ,

648, 1181, doi: 10.1086/506245

—. 2010a, ApJ, 716, 1060,

doi: 10.1088/0004-637X/716/2/1060

Visscher, C., & Moses, J. I. 2011, ApJ, 738, 72,

doi: 10.1088/0004-637X/738/1/72

Visscher, C., Moses, J. I., & Saslow, S. A. 2010b, Icarus,

209, 602, doi: 10.1016/j.icarus.2010.03.029

Vos, J. M., Burningham, B., Faherty, J. K., et al. 2023,

ApJ, 944, 138, doi: 10.3847/1538-4357/acab58

Wakeford, H. R., Visscher, C., Lewis, N. K., et al. 2017,

MNRAS, 464, 4247, doi: 10.1093/mnras/stw2639

Wang, J., Kolecki, J. R., Ruffio, J.-B., et al. 2022, arXiv

e-prints, arXiv:2202.02477.

https://arxiv.org/abs/2202.02477

Wilson, J. C., Kirkpatrick, J. D., Gizis, J. E., et al. 2001,

AJ, 122, 1989, doi: 10.1086/323134

Wright, E. L., Eisenhardt, P. R. M., Mainzer, A. K., et al.

2010, AJ, 140, 1868, doi: 10.1088/0004-6256/140/6/1868

Zalesky, J. A., Line, M. R., Schneider, A. C., & Patience, J.

2019a, ApJ, 877, 24, doi: 10.3847/1538-4357/ab16db

—. 2019b, ApJ, 877, 24, doi: 10.3847/1538-4357/ab16db

Zalesky, J. A., Saboi, K., Line, M. R., et al. 2022, arXiv

e-prints, arXiv:2206.01199.

https://arxiv.org/abs/2206.01199

Zhang, Z. H., Pinfield, D. J., Day-Jones, A. C., et al. 2010,

MNRAS, 404, 1817,

doi: 10.1111/j.1365-2966.2010.16394.x

http://doi.org/10.1051/0004-6361/201527359
http://doi.org/10.1093/mnras/stac1205
http://doi.org/10.1093/mnras/stad1711
http://doi.org/10.3847/1538-3881/ab4f79
http://doi.org/10.2183/pjab1945.40.99
http://doi.org/10.1093/pasj/psu078
http://doi.org/10.1093/pasj/psu160
http://doi.org/10.1086/158460
http://doi.org/10.1086/428493
http://doi.org/10.1086/506245
http://doi.org/10.1088/0004-637X/716/2/1060
http://doi.org/10.1088/0004-637X/738/1/72
http://doi.org/10.1016/j.icarus.2010.03.029
http://doi.org/10.3847/1538-4357/acab58
http://doi.org/10.1093/mnras/stw2639
https://arxiv.org/abs/2202.02477
http://doi.org/10.1086/323134
http://doi.org/10.1088/0004-6256/140/6/1868
http://doi.org/10.3847/1538-4357/ab16db
http://doi.org/10.3847/1538-4357/ab16db
https://arxiv.org/abs/2206.01199
http://doi.org/10.1111/j.1365-2966.2010.16394.x

	Introduction
	Significance of Benchmark Brown Dwarfs
	The Compositional Benchmark Sample

	The Role of L-Type Dwarfs in Benchmarking
	Sample Selection
	Review of Observational Brown Dwarf Spectral Signatures
	Major Absorbing Elements in Ultracool Dwarf Atmospheres
	Major Refractory Condensates

	Theoretical Framework for Thermochemical Analysis in Brown Dwarfs
	Stellar Abundances as a Tool for Understanding Companion Atmospheres
	Classifying Major Condensates

	Sequestered Oxygen in Compositional Benchmark Brown Dwarfs
	Effective Oxygen Removal in Ultracool Dwarf Atmospheres
	Predicted Silicate Cloud Regime

	Future Applications in Extrasolar World Modelling
	Conclusions

