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Abstract

Brown dwarfs are essential targets for understanding planetary and sub-stellar atmospheres across a wide range of
thermal and chemical conditions. As surveys continue to probe ever deeper and as observing capabilities continue
to improve, the number of known Y dwarfs—the coldest class of sub-stellar objects, with effective temperatures
below about 600 K—is rapidly growing. Critically, this class of ultra-cool objects has atmospheric conditions that
overlap with solar-system worlds and, as a result, tools and ideas developed from studying Earth, Jupiter, Saturn,
and other nearby worlds are well suited for application to sub-stellar atmospheres. To that end, we developed a
one-dimensional (vertical) atmospheric structure model for ultra-cool objects that includes moist adiabatic
convection, as this is an important process for many solar-system planets. Application of this model across a range
of effective temperatures (350, 300, 250, 200 K), metallicities ((M/H] of 0.0, 0.5, 0.7, 1.5), and gravities (log g of
4.0, 4.5, 4.7, 5.0) demonstrates strong impact of water-latent heat release on simulated temperature-pressure
profiles. At the highest metallicities, water-vapor mixing ratios reach an Earth-like 3% with associated major
alterations to the thermal structure in the atmospheric regions where water condenses. Spectroscopic and
photometric signatures of metallicity and moist convection should be readily detectable at near- and mid-infrared
wavelengths, especially with James Webb Space Telescope observations, and can help indicate the formation
history of an object.

Unified Astronomy Thesaurus concepts: Brown dwarfs (185); Y dwarfs (1827); Exoplanet atmospheres (487);
Planetary atmospheres (1244); Exoplanet structure (495)
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1. Introduction

Brown dwarfs are important and abundant worlds with
properties that span from stars to giant planets (Tarter 1986).
Unlike stars, brown dwarfs are not massive enough to sustain
core hydrogen fusion (Kumar 1963). Thus, brown dwarfs
simply cool over cosmic timescales following their formation
(Burrows et al. 1997; Chabrier et al. 2000; Baraffe et al. 2002).

As a given brown dwarf cools, and depending on its initial
mass, its atmosphere can pass through a range of conditions
appropriate for the formation of condensates. Spanning the
effective temperature range of L dwarfs (roughly 2400-
1400 K), materials like corundum, iron, and silicates can
condense to form optically thick clouds (Stevenson 1986;
Lunine et al. 1989; Burrows & Sharp 1999; Marley et al. 2002;
Visscher et al. 2010; Marley et al. 2013). Then for T dwarfs
(with effective temperatures spanning roughly 1400-600 K),
iron and rock particulate clouds clear from the photosphere
(Saumon & Marley 2008; Marley et al. 2010) and proposed
sulfide and salt species condense (Lodders 1999; Morley et al.
2014). Finally, in Y dwarfs at the coolest end of the brown-
dwarf sequence (with effective temperatures below about
600 K), water clouds are expected to condense in the
atmosphere (Burrows et al. 2003; Morley et al. 2014).

While the theory of a condensate sequence for sub-stellar
objects is relatively well developed, associated impacts on
atmospheric structure and emergent spectra—beyond the

influences of cloud opacity—have received extremely limited
attention. Here, especially, the role of latent heat release during
condensation is virtually unstudied. While the atmospheric
abundances of the vapor-phase species that give rise to iron,
rock, sulfide, and salt clouds are generally small enough
(s 107%; Burrows & Sharp 1999) such that associated latent
heating can be neglected, this is not be the case for water in
Y-dwarf atmospheres. For solar-metallicity Y dwarfs, atmo-
spheric water vapor can approach volume-mixing ratios of
0.1% which, when paired with the relatively large latent heat of
water (~40.7 kI mole™"), implies moist adiabatic adjustments
to the convective lower atmosphere (Li et al. 2018) at the 10%
level. Such adjustments would be even more substantial at
super-solar metallicities.

Moist convection is well studied in the solar system,
especially for Earth (Stevens 2005). Early studies of moist
convection on other solar-system bodies (Barcilon &
Gierasch 1970; Gierasch 1976; Stoker 1986; Lunine &
Hunten 1987) emphasized water in the atmosphere of Jupiter,
the onset of condensation, and impacts on inferred oxygen
abundance. Since that time, simulations and observations
have explored moist convection and convective storms across
the solar system (Hueso & Sanchez-Lavega 2006; Lian &
Showman 2010), especially for Jupiter and Saturn (Ingersoll
et al. 2000; Hueso & Séanchez-Lavega 2001, 2004; Sugiyama
et al. 2014; Li & Ingersoll 2015).
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Fundamental work on Y dwarfs (Burrows et al. 2003;
Morley et al. 2014) stresses the importance of water clouds, but
stops short of discussing the moist convection that could drive
the formation of these clouds. Tan & Showman (2017) used a
three-dimensional general circulation model to explore how
latent heat release from enstatite condensation might impact
atmospheric circulation of T dwarfs. These first-of-their-kind
simulations showed limited storm activity stemming from
“moist” enstatite convection (likely influenced by relatively
small vapor-phase mixing ratios) and did not generate spectral
observables for comparisons to observations. Finally, recent
studies (Tremblin et al. 2015, 2016) have explored simulated
L- and T-dwarf atmospheres with prescribed reductions in the
adiabatic temperature gradient, partially motivated by convec-
tion across the boundaries that define thermochemical transi-
tions between CO/CH, and N,/NH3. While not highlighted in
recent work, latent heating effects are another potential
mechanism for reducing temperature gradients.

Work presented here explores the effect of water-latent heat
release on the atmospheric thermal structure and the emergent
spectra of ultra-cool objects. Simulations span a range of
gravitational accelerations and atmospheric metallicities that
apply to Y-class brown dwarfs and free-floating planets. As
metal enrichment influences water abundance and, in turn, the
water-vapor mixing ratio impacts latent heating -effects,
constraints on the thermal structure of ultra-cool objects may
yield insights into their formation history. A prediction of the
core accretion model for planet formation (Pollack et al. 1996)
is that gaseous planets should demonstrate increasing metal
enrichment with decreasing mass, whereas brown dwarfs
formed from gravitational collapse would show metallicities
akin to those of stars (see Figure 8 from Zhang 2020). As an
example of the scales involved, the atmospheres of Uranus and
Neptune are enriched in carbon by roughly 100 times relative
to solar (i.e., [C/H] of 2), while self-luminous objects in the
solar neighborhood have an [Fe/H] that spans roughly —0.7 to
0.5 (Buder et al. 2019). Nevertheless, recent inferences (from
low signal-to-noise observations) show that Jupiter-mass
exoplanets may possess metallicities spanning sub-Jupiter
values to enhancements potentially greater than the solar-
system ice giants (Welbanks et al. 2019; Zhang 2020).

In what follows, Section 2 describes a one-dimensional
(vertical) radiative-convective model for sub-stellar objects that
includes latent heating effects. Then, Section 3 presents
equilibrium thermal structures generated from this radiative-
convective model as well as associated spectra, photometry,
and detectability studies for the James Webb Space Telescope
(JWST). Finally, Sections 4 and 5 discuss the implications of
the models developed here and summarize key conclusions.

2. Model Description

The one-dimensional (vertical) atmospheric structure model
used in this study is derived from original brown-dwarf
simulation efforts described in Marley et al. (1996) and a Titan
radiative-convective modeling tool developed by McKay et al.
(1989). Building on this foundational work, the one-dimen-
sional model has seen extended applications to exoplanets (e.g.,
Fortney et al. 2005, 2008; Morley et al. 2017) and brown
dwarfs (e.g., Marley et al. 1996; Saumon & Marley 2008;
Morley et al. 2012, 2014; Robinson & Marley 2014; Marley
et al. 2021). Most fundamentally, the model generates atmo-
spheric thermal structure profiles that are in radiative-
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convective equilibrium and that assume local rain-out thermo-
chemical equilibrium.

Radiative fluxes are computed via the “two-stream source
function” technique (Toon et al. 1989) with the opacity
databases from Freedman et al. (2008, 2014) that have
spectrally resolved gas opacities incorporated via eight-term
correlated-k coefficients (Goody et al. 1989; Lacis &
Oinas 1991). Clouds, when included, are modeled according
to the EddySed framework described in Ackerman & Marley
(2001). Finally, chemical abundances of all radiatively active
species are based on Lodders & Fegley (2002, 2006), Lodders
(2004), and Visscher et al. (2006, 2010), and are generally a
function of pressure, temperature, and metallicity ([M/H]).
Metallicity is taken as the logarithm of the metal (i.e., atomic
species heavier than helium) enrichment relative to solar
abundance then quantifies the multiplicative enhancement of all
metals in the assumed underlying atomic abundances in the
thermochemical calculation. For a recent review of the solar
elemental composition, see Lodders (2020).

2.1. Convection

Modeling results presented here adopt the timestepping
framework outlined in Robinson & Marley (2014), which has
been found to produce better-converged stratospheric temper-
ature profiles compared to a Newton—Raphson solver. The
convective heat flux, F,, is computed using mixing length
theory (Prandtl 1925; Vitense 1953; Bohm-Vitense 1958;
Gierasch & Goody 1968) with

T
F. = —pc,Ky - 7 (M — V) (D

where p is the atmospheric mass density, ¢, is the gas-phase,
temperature-dependent specific heat capacity, Ky is the eddy
diffusivity for heat, T is temperature, ¢ is the mixing length
(often taken to scale with the atmospheric pressure scale height,
Hp), V,q is the isentropic adiabatic temperature gradient, and
V =90InT/d1Inp (with p as atmospheric pressure). The eddy
diffusivity is given by

_nl8v_v
Ky=1¢ /HP(V Vad) » (2

where g is the gravitational acceleration. A convective flux is
only applied when the atmosphere is unstable to convection
(i.e., when V > V,4); the eddy diffusivity and convective flux
are zero in all stable portions of the atmosphere.

Equilibrium thermal structure solutions that include latent
heating effects are emphasized in this work. These “moist”
models relax the convective portions of the atmosphere to the
moist pseudo-adiabat with

1+ fL
Vi = ——— 3)
Vi +f R
where f is the gas-phase volume-mixing ratio for the
condensing species, L is the latent heat, Ry is the universal
gas constant, and V is the adiabat for the “dry” portion of the
atmosphere (for a complete derivation of the isentropic moist
adiabat, see Li et al. 2018, their Section 2). While the models
presented here adopt dry adiabats from the equation-of-state
work of Saumon et al. (1995), the pressure and temperature
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Table 1
Modeling Grid
Parameter Units Values
Gravity” ms2 100, 300, 500, 1000
Effective temperature (7¢r) K 200, 250, 300, 350

Adiabat option
Metallicity ([M/H])

dry, moist
YBs": {0.0, 0.5},
YPs®: {0.7, 1.0, 1.5}

Notes.
2 Gives log g of roughly 4.0, 4.5, 4.7, 5.0 (in cm s~ 2).
b YBs: “Y-class brown dwarfs”; YPs: “Y-class planets.”

conditions are generally such that an ideal gas equation of state
would suffice. A distinct treatment that would more properly
capture the dynamic evolution of the atmosphere would only
convectively mix the atmosphere when the local temperature
gradient is steeper than the dry adiabatic gradient, and then
release latent heat to the atmosphere if the mixed layers
experience subsequent condensation. Note that the “pseudo” in
the pseudo-adiabat refers to the assumption that the condensed
phase leaves the parcel, which is consistent with our
assumption of local rain-out thermochemical equilibrium.
Finally, “dry” models—which do not consider latent heating
effects on the adiabat—simply adopt V4 as the adiabat within
the mixing length formalism.

2.2. Timestepping Solutions

The timestepping model was initialized with a first estimate
from a Newton—Raphson solver. Individual timesteps were
permitted to adapt in duration to ensure that the Courant—
Friedrichs-Lewy condition was met. Within each timestep
(Af), atmospheric temperatures were updated according to

Ti(t + At = Ti(1) + QiAt 4)
where Q; is the heating rate at the ith pressure level given by

or 8 OF,e
=2 =50 5
¢ ot ¢, Op ©)

and Fp. is the net energy flux (i.e., the sum of the net
convective and radiative fluxes). Models are considered
converged once the net flux at each model level is within a
fraction of 10~ of the internal energy flux (i.e., o e‘}f, where o
is the Stefan—Boltzmann constant and 7. is the adopted
effective temperature of the sub-stellar object).

2.3. Model Grid

Table 1 shows the modeling parameter grid adopted in this
study. For this initial work, models are assumed to be cloud-
free except for a limited number of example partially clouded
cases with log g of 4.0, a moist adiabatic troposphere, o of
either 200 or 250 K, and [M/H] of either 0.0 or 1.5. The grid
parameters were primarily selected to explore scenarios where
water-latent heat effects may be relevant to the atmospheres of
ultra-cool objects. The minimum 7. in the grid is slightly
cooler, by 50 K, than the T, of the coolest Y dwarf known to
date, WISE 0855—0714 (~250 K; Luhman 2014). Also, the
maximum metallicity is taken to be intermediate to Uranus/
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Neptune (with [M/H] ~ 2) and Saturn (with [M/H] ~ 1) (see
Table 1 in Atreya et al. 2020).

For clarity, we labeled objects with stellar-like metallicities
(IM/H] £ 0.5) as “Y-class brown dwarfs” (YBs), and labeled
objects with super-stellar metallicities ((M/H] 2 0.5) as “Y-
class planets” (YPs).®

The estimated mass range for worlds explored in this study is
about 0.004-0.005 Mg (~4.3-5.0 Mjypiier) for log g of 4.0 and
about 0.026-0.028 Mg (~27.2-29.3 Mypiier) Tor logg of 5.0,
based on cloud-free evolutionary models from the Sonora
Bobcat grid (Marley et al. 2021). As noted in Morley et al.
(2014), a square grid (as is adopted here) can include some
parameter combinations (e.g., of effective temperature and
gravity) that may be unphysical given the mass-dependent cooling
models of Saumon & Marley (2008). For some higher log g cases
presented here, evolutionary models indicate that it may take tens
of Gyrs for such worlds to cool to ultra-cool temperatures.

3. Results

The adopted grid of model parameters (Table 1) results in a
large suite of simulated atmospheric structures and associated
spectra. To more clearly demonstrate the impacts of water-
latent heat, the atmospheric structure and spectral results
presented below highlight a limited subset of the modeling
grid: effective temperatures of 350K, 250K, or 200K
(spanning extremes of the T.y grid), surface gravity in logg
of 4.0, and metallicities of 0.0, 0.7, and 1.5. Our results related
to photometry are more complete in their sampling of the
modeling grid.

Data generated in this study are publicly available.’

3.1. Thermal Structure Profiles

Figure 1 shows equilibrium thermal structure profiles from
the aforementioned abridged modeling grid. Solar-metallicity
models from the Sonora Bobcat grid"’ (Marley et al. 2021)
are also shown. The underlying chemistry and opacities for the
Sonora Bobcat models are identical to those used here,
although the Sonora models use convective adjustment—rather
than mixing length theory—to treat convective instabilities.
Agreement between the Sonora Bobcat models and the
solar-metallicity simulations developed in this work helps to
demonstrate the validity of both grids (and their associated
treatments of convection).

In general, effects of latent heat release primarily impact
thermal structure gradients near the water condensation curves
(which are also depicted in Figure 1). Especially at higher
metallicities (implying more atmospheric water vapor), temper-
ature gradients can be markedly reduced due to latent heating.

For Ty pof 350K (panel (a) in Figure 1), atmospheric
temperatures remain warm enough that relatively minimal
water-vapor condensation occurs in the convective region of the
atmosphere, independent of metallicity. Regardless of water-latent
heat treatment, detached convective zones form in the 0.1-10 bar
range for the higher-metallicity models. Detached convective
zones were also seen in some solar-metallicity Y-dwarf models
from Morley et al. (2014). These occur when a window of lower
opacity in the deeper atmosphere enables thermal radiative

8 Our labeling is primarily for convenience and clarity, and we recognize that
planets can have [M/H] < 0.5.

? Zenodo: 10.5281/zenodo.5143675.
19 Sonora Bobeat Zenodo: 10.5281 /zenodo.5063476.
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Figure 1. Thermal structure profiles from converged solutions of the radiative-convective model at log g = 4.0 for YB ([M/H] of 0.0, here) and YP ([M/H] of 0.7 and
1.5) cases. Panel (a) shows results from the highest T, investigated (350 K) and panel (b) shows results from the lowest T, investigated (200 K). Line thickness
indicates the fraction of internal heat flux carried by convection; from thin to thick these are: 0%, 0%—1%, 1%—10%, and >10%. The Sonora model is from Sonora
Bobcat (Marley et al. 2021) with T. = 200 K, log g = 4.0, and [M/H] = 0.0. Condensation curves at solar metallicity are shown for both water (purple) and
ammonia (yellow) as dotted—dashed lines and [M/H] = 1.5 curves only for water in dotted lines. Impacts of water-latent heat release are only apparent at high
metallicity for the 350 K models and are more pronounced for the 200 K models (see inset).
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Figure 2. Most extreme fractional deviation of the moist adiabatic treatment from the dry adiabat (inferred from the minimum value of V/V, achieved in the
convective region of the atmosphere) for all simulated YB and YP cases. The minimum deviation for all cases is zero, as shown in Equation (3) when no latent heat is
present. Metallicity is indicated by symbol type and model gravity is depicted in shades of gray. Deviations are increasingly significant at larger metallicities and lower

gravity.

transport to briefly dominate as the preferred mechanism for
moving flux through the atmosphere.

At cooler temperatures, as the T of 200 K models show
(panel (b) in Figure 1), substantial impacts of water-latent heat
release can be seen, even at a modest metallicity of 0.7 (blue
solid line) and especially at a metallicity of 1.5 (red solid line),
both of which are YPs in our terminology. The structure of the
overlying moist convective region (~1-10bar for the models
with T of 200 K) sets the thermal conditions for the top of the
deep, dry convective zone (i.e., below about 10 bar where H,O

is in gas phase). Thus, even the structure of the deep
atmosphere is impacted by water-latent heat release aloft,
which has potential consequences for evolutionary models (see
Section 4.2).

Figure 2 shows the maximum fractional decrease in the moist
model adiabat from the dry adiabat for all simulations in the grid.
The minimum deviation is zero, which occurs wherever water is
not condensing. Leggett et al. (2021) demonstrated that data-model
comparisons for some brown dwarfs could be improved through
decreasing the adiabatic lapse rate. These authors defined a
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Figure 3. Example thermal structure solutions with 50% fractional cloudiness
(dotted), as compared to cloud-free models (solid). Models adopt metallicity
extremes (a YB with [M/H] of 0.0 [black] and a YP with [M/H] of 1.5 [red]),
Tetr of 200 K, a log g of 4.0, and a moist adiabatic treatment. An indicator of
the top of the cloud deck (taken as where the cloud column-integrated optical
depth achieves unity) are shown as thick horizontal lines.

parameter in terms of the temperature gradient, v=1/(1 — V), and
allowed this parameter to have a non-dry adiabatic value
throughout the troposphere while fitting photometry and spectrosc-
opy for several brown dwarfs (at 7 below 500 K). Fits indicating
that v~ 1.20-1.33 (Table 3 in Leggett et al. 2021) yielded an
overall better reproduction of observations (as opposed to using
~ ~ 1.4, which is more appropriate for a dry adiabat). While water-
latent heating effects do not impact the entire troposphere, our
reported deviations are still useful for comparison to the scale of
reductions reported by Leggett et al. (2021). Values of ~ for our
moist models in convective zone with T, of 350 K span ~1.4-1.5
for [M/H]=0.0 and ~1.1-1.5 for [M/H]=1.5. As for T
of 200K, ~ spans ~1.4-1.5 for [M/H] =0.0 and ~1.2-1.5 for
[M/H] = 1.5. Thus, only at YP-like enhanced metallicities can
latent heat release provide a partial physical explanation for the
lapse-rate reductions explored by Leggett et al. (2021).

Figure 3 shows the comparison between two sets of
temperature profiles from our limited 50% water cloud-coverage
models to the cloud-free models. Models shown adopt
T.+=200K, logg=4.0, [M/H]=0.0 or 1.5 (i.e., a YB or YP
scenario, respectively) and a moist adiabatic treatment. In general,
clouds provide an infrared back-warming effect (i.e., greenhouse
effect), which results in a warmer deep atmosphere.

3.2. Atmosphere Abundances

Figure 4 shows converged chemical abundance profiles for four
different models. The underlying atmospheric chemistry is
determined via an assumption of local rain-out thermochemical
equilibrium (Section 2). At solar metallicity (panels (a) and (b)),
the atmosphere is composed primarily (=99.8%) of molecular
hydrogen and helium, although water vapor can reach a volume-
mixing ratio of ~0.08%. Condensation of water can be seen
starting near 0.1 bar and 2 bar for the 350 K and 200 K models,
respectively. Even at these relatively low mixing ratios, the
impacts of water-latent heat release may be detectable (as is
discussed in Section 3.5). Models at both temperatures also show
condensation of ammonia in the upper atmosphere, and the
ammonia profile for the 350 K model indicates a thermochemical
preference for nitrogen to exist as N, in the deep atmosphere.
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Figure 4. Chemical abundance profiles for the most abundant species (H,, He,
H,0, CH,, and NHj) from converged models. Columns are for different
effective temperatures (7.¢ of 350 K and 200 K at left and right, respectively)
and rows are for different metallicities (a YB with [M/H] of 0.0 and a YP with
[M/H] of 1.5 at top and bottom, respectively). All models assume log g = 4.0.
Solar-metallicity models (panels (a) and (b)) have water-vapor mixing ratios
smaller than 0.1% while models with [M/H] of 1.5 (panels (c) and (d)) have
water-vapor mixing ratios that can exceed 1%.

At enhanced metallicity (Figure 4; panels (c) and (d)), the
combined molecular hydrogen and helium mixing ratio
decreases to roughly 95%. The maximum water-vapor mixing
ratio increases to roughly ~2.6%, making it a substantial
atmospheric constituent. Interestingly, this water-vapor mixing
ratio is comparable to surface water-vapor concentrations at
warmer/moister locations on Earth (McElroy 2002). As with
the solar-metallicity models, water vapor and ammonia
condensation is apparent. Note that adopting the moist adiabat
for the 350K model results in a slightly warmer upper
troposphere and stratosphere. Thus, substantial water-vapor
condensation is not seen in the moist case except at very low
pressures (p < 10> bar) in the stratosphere.

3.3. Model Spectra

Figure 5 shows low-resolving power (R= A/AX=100)
emission spectra for previously shown thermal structure
models (Figure 1) generated with the PICASO open source
software'' (Batalha et al. 2019; Batalha & Rooney 2020). As
before, adopted models bracket the effective temperatures
explored here (i.e., 350 K and 200 K) and assume log g of 4.
Three different metallicities are shown (with [M/H] of 0.0, 0.7,
and 1.5), as are the moist adiabatic versus dry adiabatic cases.

At the lower effective temperature (200 K), flux differences
for the varied metallicities are most strongly distinguished at
near-infrared wavelengths. A difference in flux of roughly a
factor of 10° is shown in the J band between metallicities of 0.0
and 1.5. Moreover, the difference in flux between the dry and

1 https:/ /natashabatalha.github.io/picaso/


https://natashabatalha.github.io/picaso/

THE ASTROPHYSICAL JOURNAL, 922:26 (12pp), 2021 November 20 Tang et al.
] ] ] ] ] ] | ]
102 Teff = 350 K _
A.\ e AAAY
_]_ —
_ 10 Ters = 200 K
£
3
~ 10—4 -
=
~
= 107
10 logg = 4.0
X
> —_— —
> g1 [MH] =00
— [M/H] = 0.7
— [M/H] =15
10-13 [3.6] [4.5] —-—-— Dry adiabatic
Juko Huwio Kmko Wl w2 —— Moist adiabatic
10-16 ] ] ] ] ] ] ] .
1 2 3 4 5 6 7 10 20

Wavelength [um]

Figure 5. Low-resolution (resolving power of 100) emission spectra for models with T, of 350 and 200 K, [M/H] of 0.0 (YB), 0.7 (YP), and 1.5 (YP), and log g of
4.0. Spectra assume a size of one Jupiter radius (Ryypiter)- Photometric bandpasses for Maunakea Observatory (MKO) JHK, WISE W1 & W2, and Spitzer [3.6] & [4.5]

are indicated.

moist treatments is also most distinct in this wavelength region.
Nevertheless, with emitted flux peaking at longer near-infrared
and mid-infrared wavelengths, it may be that differences in
models may be most straightforward to observe at the longer
wavelengths where greater photon fluxes are achieved.

Figure 6 shows higher-resolution (R = 500) spectra spanning
limited wavelength ranges in both the near-infrared (3.5-5.5 um)
and mid-infrared (629 pm). More than 99% of the flux for these
models is emitted in the in 1-30 ym range. The upper panels ((a)
and (b), with Tgof 200K and log g of 4.0) represent an analog
for the nearest (~2.3 pc) and coolest Y dwarf known to date—
WISE 0855—0714, with log g~3.54.3, T.;~240-260K, and
mass~1.5-8.0 Mypier (Leggett et al. 2017). Figure 7 helps to
indicate key opacity sources by showing contributions at the level
of the photosphere (here, taken as the wavelength-dependent
atmospheric level where the column-integrated optical depth
achieves unity). In the highlighted near-infrared wavelength
region, the dominant opacity sources at shorter wavelengths are
methane and ammonia while water opacity dominates at redder
wavelengths. Strong opacity contributions from ammonia, water,
and H,—H, collision-induced absorption (CIA) are apparent in the
highlighted mid-infrared wavelength range, especially at wave-
lengths longer than 16 pm.

Figure 8 (similar to Figure 5) shows spectral comparisons
between cloud-free and 50% water cloud-coverage models with
[M/H] of 0.0 (YB) or 1.5 (YP) and log g of 4.0. The spectral
region affected most by clouds is the near-infrared wavelength
region (~4.5 pum), which is a gas opacity window (Figure 7).
Here, flux can more easily escape from the clear-sky model
than the cloudy model (where water cloud opacity partially
obscures the window). Owing to generally warmer thermal
structures (Figure 3), mid-infrared fluxes from cloudy models
can exceed those from cloud-free solutions.

3.4. Color-Magnitude Diagrams

To better facilitate data-model comparisons, Figure 9 shows
model photometry (assuming one Jupiter radius) in filters from
the Maunakea Observatory (MKO) photometry system, the

Wide-field Infrared Survey Explorer (WISE), and the Spitzer
Space Telescope'? (see also Appendix Table Al). The data in
Figure 9 are from Best et al. (2020), and are for isolated field
brown dwarfs. Solar-metallicity, dry adiabatic model results
from the Sonora Bobcat grid (Marley et al. 2021) are also
shown, and indicate good agreement with the equivalent
simulations performed here. A limited number of models that
include partial water cloud coverage (50%) (following the
treatments of Morley et al. 2014) and moist convection are
plotted to help illustrate the limited impact of clouds on the
near-infrared spectral region.

The J versus J—K color-magnitude diagram (Figure 9 panel
(a)) shows the standard shifts toward bluer colors at the L-T
transition, followed by a slight reddening for Y dwarfs. Cloud-
free, solar-metallicity models (i.e., YB models) do not
reproduce the Y-dwarf color trends. While YP models (with
enhanced metallicity) do reproduce the limited number of
Y-dwarf observations, this explanation is unsatisfying as it
requires all of these field objects to have large metallicities.
Data-model mismatches for YBs can be a result of imperfect
modeling of J-band gas opacity (see Marley et al. 2021), where
enhancements of CH, and/or NH; may help to drive the J—K
color redder. In contrast, the H versus H—W2 color-magnitude
diagram shows a tight linear trend for ultra-cool objects first
described in Kirk et al. (2020). Based on the model grid
developed here, this linear trend—an important tool to identify
unresolved companions—could continue down to (at least)
Terrof 200 K. Finally, the Spitzer [4.5] versus [3.6]—[4.5]
color—magnitude diagram shows a significant difference
between the data and models. Such discrepancies are a known
problem (Leggett et al. 2017) and discussed in (Section 4.2).

3.5. Simulated James Webb Space Telescope Observations

The 6.5 meter JWST is a joint NASA-ESA-CSA mission
scheduled to launch in late 2021 (Gardner et al. 2006). The
near- and mid-infrared capabilities of JWST make it well suited

12 Filter profiles and Vega magnitude zero-points are from the SVO Filter
Profile Service (http://svo2.cab.inta-csic.es/theory /fps/).
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Figure 6. Model spectra (resolving power of 500) in near-infrared (NIR; panels (a) and (c)) and mid-infrared (mid-IR; panels (b) and (d)) spectral regions for T of
250 and 200 K (top and bottom rows, respectively) with log g = 4.0. Both a YB (black) and YP (red) case are shown. The JWST MIRI MRS filter regions are shown
at the bottom of (b) and (d). Key opacity regions for CH,, H>O, NH3, and H,—H, collision-induced absorption (CIA) are indicated.

to the study of ultra-cool brown dwarfs and free-floating
planets. The broad wavelength coverage of the Near-Infrared
Spectrograph (NIRSpec, 0.6-5.3 um; Bagnasco et al. 2007)
and the Mid-Infrared Instrument (MIRI, 4.9-28.3 um; Rieke
et al. 2015) make them particularly well suited to observing and
characterizing Y dwarfs. While the exposure times presented
here emphasize NIRSpec, Figure 6 indicates that the mid-
infrared wavelength range spanned by MIRI includes indicators
that are sensitive to the metallicity of a given Y dwarf.

The NIRSpec instrument provides several different modes:
Multi-Object Spectroscopy (MOS), imaging spectroscopy with
the Integral Field Unit (IFU), high-contrast single object
spectroscopy with fixed slits (FSs), and high throughput Bright
Object Time-Series (BOTS) spectroscopy. The FSs mode with the
G395M disperser and the F290LP filter is well suited to studying
the 4.5 yum window (highlighted in Figure 6), as this disperser/
filter combination spans 2.87-5.10 um with R ~ 1000 resolving
power. Given the faintness of potential targets explored here, and
hence the possibilities of blind guidjng, the S400A1 aperture with
its larger slit width of ~0”4 is adopted. The Pandela JWST
observation simulation tool (Pontoppidan et al. 2016)"* was used
to estimate signal-to-noise ratios (S/Ns) and exposure times. In
Pandeia, the S/N is estimated based on the number of groups

13 https: / /pypi.org/project/pandeia.engine /#description

in each ramp, the number of ramps in each exposure, and the
number of user-specified exposures.

Evidence for moist convection is quantified using the flux
difference between a dry versus moist adiabatic model at a
given effective temperature, metallicity, and gravity. With this
definition, Figure 10 shows the detectability (at an S/N of 5) of
the impacts of moist convection for various objects at three
different distances (5, 10, and 20 parsecs) and for three
different exposure times. Squares indicate the requisite S/N for
detection while lines indicate S/N values from Pandeia,
implying that the impacts of moist convection could be
detected in cases where a line sits above a square data point.
The best scenario explored here occurs when the target is
located at a distance of 5 pc and with a metallicity of 1.5, i.e., a
close-by free-floating planet. Here the moist convection effects
at all T,¢ can be detected with about 30 minutes of exposure.
On the other hand, the most difficult scenario explored here
occurs when the target located at 20pc and has solar
metallicity. In this case, an exposure time longer than 5 hr
would be required to detect the impacts of moist convection.

4. Discussion

The results presented above have several important con-
sequences for the characterization of Y-class brown dwarfs
and free-floating exoplanets. These consequences are best


https://pypi.org/project/pandeia.engine/#description

THE ASTROPHYSICAL JOURNAL, 922:26 (12pp), 2021 November 20

Tang et al.

. NIR mid-IR
10 T T ! T I ! v ! J I ! T ! ! 1 ! T ! ! ! ! v ! 1 ! T ! T | T ! T ! 1 ! v ! v | v ! v
[(a) —— CH, H2-H> —= Al ] Tert = 200 K
102 | —— H,0  —— HyHe  —— PH3 : logg = 4.0 =
! NH5 Ho-CH, Moist adiabatic IE
1 : E 1T
107! | = 14—
o g |
© : — < Efo)
a 100 F N T T POV N L T
i WA
p ' ,.MJA oy J/ if<)
—_ 1 _;
T 10 [ |
] 1 20 25
E)’ 103 L L L B B B S L L B R R BN B
C : | Terr = 200 K
3 1072 | 3 logg =4.0 1 —
" I | Moist adiabatic |=
Q N 7 &‘l :E
|- g 3 I 3
o 10! E 3 lliﬁ'i “lell};‘ﬁ A=
wy "" 4 II
'I'Aa ',A,‘w{ill ) E
N gt s -
1o
1 3
10 | I T TR S T NN T S
1 10 15 20 25

5
Wavelength [um]

Figure 7. Wavelength-dependent location of the “photosphere” (i.e., the atmospheric pressure level where column-integrated optical depth, 7, reaches unity) and
contributions from key opacity sources. Left columns show the near-infrared wavelength range and right columns show the mid-infrared wavelength range. All plots
adopt Ter = 200 K, log g¢ = 4.0, and a moist adiabat. Upper rows show [M/H] of 0.0(YB) while bottom rows show [M/H] of 1.5 (YP).

NIR mid-IR
60 [ e T — —_—
i ] i — [M/H]=0.0
| 6l | —— [MHI=15 1
50 - ] [ ---- 50% cloud coverage -
| 5| A M A; n — No cloud
T O 1g | '
3 | 13 7
< | 1< al
NE | NE I
~ 30 I 1 I
E. I ] E 31
Z 20 13 |
— | 1= 2
(1N | [T I
10 :* ] 1 }
0 b= .,.,f_MNJ\“" L L JWST MIRI MRS
| S N#RSpec G)BQSM/FZ?OLP } O P Chic™chaa chas chac  chaa ch3s [ chc chaa ch4B chac ]
L L L Il Il Il
4.00 4.25 4.50 4.75 5.00 5.25 5.50 15 20 25

Wavelength [um]

Figure 8. Emission spectra (resolving power of 200) comparison of cloud-free and 50% water cloud-coverage models. Models shown are for T.s= 200 K,
log g = 4.0 and [M/H] of 0.0 (YB) and 1.5 (YP). Spectra assume a size of one Jupiter radius (Ry). Photometric bandpasses for JWST shown are the same as in

Figure 6.

understood through the impact of metallicity and moist convection
on observables, which is discussed immediately below. However,
models still fall short of reproducing some observations, so areas
for model improvements are also discussed.

4.1. Detecting Effects of Metallicity and Moist Convection

There are two primary models for how giant planets are
distinguished from brown dwarfs: based on a minimum mass
for deuterium burning or based on formation mechanism.

Characterizations based on the deuterium burning limit may
be practical, but are influenced by model dependencies
(Grossman 1970; Grossman et al. 1974; Burrows et al. 1997,
Spiegel et al. 2011; Bodenheimer et al. 2013) and associated
issues with constraining masses from observations (Chauvin
et al. 2005; Currie et al. 2014). As an example of the subtleties
involved, a 13 Jupiter-mass object could be classified as a
planet or a brown dwarf depending on its initial helium,
deuterium, and metal abundances (Spiegel et al. 2011).
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Figure 9. Color-magnitude diagrams for model grids compared to observational data from Best et al. (2020). Data are for field brown dwarfs with no known
unresolved companions from L6 to Y2 spectral types. Moist (triangle/solid) and dry (square/dashed) model tracks are shown for metallicities of 0.0 (YB), 0.7 (YP),
and 1.5 (YP; black, blue, and red, respectively). Solar-metallicity, cloud-free models from the Sonora Bobcat grid (green dashed) are shown for validation
purposes. Finally, a limited number of 50% cloudy runs (dashed—dotted) are provided at high metallicity to investigate the impacts of water clouds.

Categorization based on formation mechanism (core accretion
versus gravitational collapse) is physically and observationally
well motivated (Burrows et al. 2001; Chabrier et al. 2014;
Schlaufman 2018). While such a distinction may be more
straightforwardly applied to worlds orbiting stellar hosts where the
formation history is likely much better-known, issues could arise
when studying sub-stellar objects in the field. Here, distinguishing
a free-floating planet—which would have been ejected from a
planetary system following formation—from a brown dwarf
would include an emphasis on the metallicity of the object, as
formation via core accretion (Pollack et al. 1996) can lead to much
higher levels of metals enrichment. Thus, the metallicity-
dependent models presented above can help interpret observations
of Y-dwarf targets as either free-floating planets or brown dwarfs
(although cases with intermediate metallicities will present
challenges to interpretation). Furthermore, as the models described
above indicate that the impacts of moist convection are sensitive
to metallicity, observables related to water-latent heat release can
also help distinguish free-floating planets from brown dwarfs.

Figure 6 shows that the 4.5 ym spectral window could be a
powerful tool for indicating metallicity in ultra-cool objects
and, thus, their formation mechanism. For the 250 K, case, the
moist adiabatic models show a ~80% flux difference between a
solar-metallicity and a metal-rich object. Dry models show only
a ~40% flux difference, which demonstrates that water-latent
heating effects are just as important as underlying chemical
abundances in influencing fluxes in this spectra range.
Assuming targets in the effective temperature range of
200-350 K are well represented by moist models.

Figure 10 indicates that objects with [M/H] spanning 0.0 to 1.5
(i.e., YB through YP objects) within 10 pc may be distinguished

spectroscopically at the 5o level with JWST exposure times of
less than about 1.5 hr for nearly all effective temperatures in our
grid. While a 5o detection could still be achievable within about
1.5 hr of exposure time for high-metallicity (YP) cases at 20 pc,
detections at solar metallicity (i.e., YB-like scenarios) become
challenging. Atmospheric retrieval as applied to high-quality
brown-dwarf spectral observations will also constrain metallicity
(Line et al. 2014; Burningham et al. 2017; Lothringer &
Barman 2020; Piette & Madhusudhan 2020) and such inference
tools may need to be updated to allow for detections of markedly
sub-adiabatic temperature gradients.

Ammonia is also likely to be an important tracer of
metallicity, as indicated by near- and mid-infrared spectra in
Figure 6. Shifting of the underlying continuum makes the
ammonia feature near 4.2 ym much less pronounced for higher-
metallicity models. In the mid-infrared, a strong, broad
ammonia feature near 16 um is overwhelmed by molecular
hydrogen CIA for lower-metallicity models. Observations at
these two wavelengths, even if only photometric, could
efficiently trace Y-dwarf metallicity.

While the models presented here are largely cloud-free,
previous Y-dwarf modeling studies have shown somewhat
limited impacts of water clouds (at solar metallicity), especially
in the 4.5 pm spectral window (Morley et al. 2014, their Figure
11). Spectra in this window probe the deeper atmosphere
(below roughly 1bar) and large fluxes from this warmer
portion of the atmosphere can dominate over the more limited
fluxes emerging from patches of the atmosphere obscured by
cooler clouds. Nevertheless, cloudiness remains an important
consideration when interpreting observations of ultra-cool
objects (Skemer et al. 2016; Morley et al. 2018).



THE ASTROPHYSICAL JOURNAL, 922:26 (12pp), 2021 November 20

102 k
=

total exp. time
—— 312 min
—— 84 min
—— 32 min
11 min

10t |

10°

102 E/ / .
= i | ] T
E 101 _- = = - /./ ”
(o]
i <

100 1 1 L L L L

102 |

5
\

10 |

E m m P
= o
100 | 1 1 1 1 1 |

PSS M A M MO I I M

S'1

Temperature [K]

Figure 10. Detectability of the impact of moist convection for models with
different effective temperatures, at three different distances (5, 10, and 20 pc at
left, middle, and right, respectively), and a log g of 4. Square symbols show the
observational S/N needed to detect the spectral impact of moist convection at a
50 level in the 4.5 um window region. Lines indicate the S/N delivered by
JWST NIRSpec G395M/F290LP in different exposure times (312, 84, 32, and
11 minutes; gray shades) as estimated by the Pandeia exposure time
calculator. Thus, cases where gray lines sit above square data points indicate
stronger detectability. Exposure times assume a single ramp in each exposure,
and the combination of the number of exposures and the number of groups in
each ramp are (30, 100), (20, 40), (15, 20), and (10, 10) for the 312, 84, 32, and
11 minute cases, respectively.

4.2. Future Work and Model Improvements

While results indicate that moist convection is likely to have an
observable impact through a swath of the Y spectral class with
T 350K, data-model comparisons still show room for
improvements. Most significantly, Spitzer [4.5] versus [3.6]—[4.5]
color—magnitude diagrams (Figure 9 show systematic discrepan-
cies). Poor model fits in these bands are a known issue (Kirkpatrick
et al. 2019), where disequilibrium chemistry, breaking gravity
waves, and clouds have been discussed as potential solutions
(Motley et al. 2018). At the low temperatures investigated here, a
disequilibrium chemistry mechanism for carbon would not apply as
carbon is stable in the form of CH,4. Furthermore, Morley et al.
(2014) demonstrated only minimal impacts of disequilibrium
chemistry at effective temperatures below about 300 K. Breaking
gravity waves may be a viable explanation, but would be required
to produce colors that are roughly 1 mag bluer than those presented
here, which is a significantly larger effect than has been investigated
with previous models that include upper-atmospheric heating
(Morley et al. 2018). As in the case study of Morley et al. (2018), it
may be that a combination of the effects of metallicity, carbon-to-
oxygen ratio, disequilibrium chemistry, and clouds are all required
to produce acceptable fits.

Models presented here would benefit from a more physical
treatment of convection and associated cloud formation as well
as pairing to evolutionary calculations. Convection is, by
necessity, parameterized in one-dimensional models, and is
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influenced by competing effects of both temperature and mean
molecular weight gradients in atmospheres (Tremblin et al.
2015, 2016). Rather than relaxing thermally unstable regions of
the atmosphere to the moist adiabat, improved dynamic
solutions would only trigger (dry) convection once an atmo-
spheric layer becomes net buoyant and would only release
latent heat (and form clouds) once appropriate conditions for
condensation have been met. Interestingly, models presented
here also show that ammonia could be condensing in the
convectively stable stratospheres of some Y dwarfs, where an
associated ammonia volatile cycle would be dependent on
stratospheric mixing and dynamics (Showman & Kaspi 2013).
Finally, as water-latent heat release impacts the deep thermal
structure of a wide range of ultra-cool models presented here,
evolutionary calculations (which rely on the deep atmospheric
adiabat as a boundary condition; e.g., Saumon & Marley 2008)
should be updated at low effective temperatures.

5. Conclusions

Work presented here investigated the impact of water-latent
heat release on the atmospheric thermal structures of Y-class
brown dwarfs and free-floating planets. Key results are as follows:

1. The one-dimensional, dynamic atmospheric structure
model for brown dwarfs and giant exoplanets developed
in Robinson & Marley (2014) has been updated to
include moist convective effects.

2. A grid of atmospheric simulations spanning a range of
metallicities, gravities, and effective temperatures shows
that water-latent heating effects are likely to be significant
at effective temperatures below about 350 K, especially at
super-solar metallicities. At high metallicities ((M/H] of,
or above, 1.5), water-vapor mixing ratios can reach an
Earth-like 3% and latent heating effects are pronounced.

3. Spectral impacts of metal enrichment and moist convection
will influence near- and mid-infrared observations of Y
dwarfs. Such impacts could be straightforward to detect with
JWST for Y dwarfs at distances of up to 10 pc (or beyond).
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Appendix
Synthetic Photometry

Synthetic photometry transfer from model spectra with
R ~ 3000.
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Table A1

Synthetic Photometry
g Tetr GiminiM
(cms?) (K) [M/H] IRAC36 IRAC45 W1 w2 (mag) MKO_J MKO_H MKO_K MKO_Lp adiabatic®
M @ 3) “® (5) (6) @) ®) )] (10 an 12) 13)
100 200 0.0 24.94 18.29 26.40 18.32 17.76 33.56 31.78 38.64 22.61 D
100 200 0.0 25.03 18.41 26.47 18.43 17.87 33.99 32.15 38.64 22.72 M
100 250 0.0 2241 16.98 23.70 16.99 16.48 28.91 28.36 32.15 20.52 D
100 250 0.0 22.51 17.09 23.79 17.09 16.58 29.21 28.63 32.31 20.63 M
100 300 0.0 20.64 16.01 21.77 16.00 15.54 25.58 25.84 27.79 19.00 D
100 300 0.0 20.68 16.03 21.82 16.03 15.56 25.72 25.95 27.88 19.04 M
100 350 0.0 19.38 15.27 20.40 15.26 14.82 22.99 23.92 24.82 17.89 D
100 350 0.0 19.40 15.29 20.43 15.28 14.85 23.06 23.99 24.87 17.92 M
Note.

# “D” for dry adiabatic model and “M” for moist adiabatic model.

(This table is available in its entirety in machine-readable form.)
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