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Why Brown Dwarfs?
• H2-He objects with 

masses below H 
fusion limit (~78MJ)


• Same Teff range as 
exoplanets


• Atmospheric 
processes are all 
generally the same as 
planets


• Easier to observe & 
obtain spectra, provide 
learning and testing 
ground for exoplanets


• It happened “here” 
first



Why Me?
• I’ve been studying brown dwarfs since 1986, before their discovery


• First exoplanet paper in 1999. Seen both fields mature along somewhat different tracks


• Been involved in a lot of “lessons learned”, including my own mistakes


• Have published on Solar Systems giants, exoplanets, and brown dwarfs



Solar Sys. 
Science Exoplanets

Brown  
Dwarfs

• Atmospheric Processes 
• Energy transport 
• Chemistry 
• Clouds 
• Photochemistry 
• Dynamics



Atmospheric Processes are Central
Energy is absorbed from incident starlight as well as transported up from interior and 
radiated away to space. The atmosphere is the gatekeeper for evolution, chemistry, 

clouds, and ultimately all observed spectra. 

Brown dwarfs test our understanding of atmospheric processes and connect to solar 
system and extrasolar giant planets. 

Goal is understanding of processes, not just reporting numbers.



Today
• Short reminder on brown dwarf atmospheres and evolution


• A selection of lessons learned


• Clouds


• Hazes


• Chemistry


• Rainout


• Disequilibrium chemistry


• Concluding thoughts and advice
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Chemical Equilibrium Transition
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LESSONS



Clouds



Clouds

• Long been appreciated that clouds would 
condense (since 60s)


• Cloud behavior is fundamental aspect of 
brown dwarf spectra and photometry


• Clouds are intrinsically 3D but need to start 
with 1D to solve


• Particle composition, size, distribution 
matter


• Possible time variability


• Easy to see their effects but hard to 
fingerprint

J

J-K Gao+ (2021)
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Cloud Modeling Schools
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Cloud Modeling Schools
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Microphysics 
Need seeds up here

No microphysics 
Not really 3D















• Broadband 
signature is 
unmistakable


• Silicate 
absorption more 
subtle


• Easier with JWST


• Clouds can 
change 
dramatically in 
just 100K. Why?

Cushing+ (2006)Cushing+ (2006)



Miles+ 2023



Clouds
• Silicate spectral signature present in brown 

dwarfs…will be seeing for exoplanets


• Exactly which species and characteristics still 
unknown (SiO2, MgSiO3, Mg2SiO4…learn a little 
mineralogy!). Need to start considering:


• Mg/Si ratio (when does SiO2 form?)


• Crystalline/amorphous


• Lots of room for improvement but remember 
clouds are hard even for Earth’s atmosphere


• Need more powerful & flexible models


• Advice: Regardless of which model you use, 
aim for underlying physical understanding, 
not just reporting parameters for a model (e.g., 
fsed=2)

Burningham+ (2021)



Gl 229B the First Brown Dwarf and a Lesson Learned

• H2, He atmosphere w/CH4, H2O


• Jupiter size


• ~60x Jupiter mass


• ~900 K, like young Jupiter

Marley+ (1997)

⚠



Keck

Models

Silicate clouds

Organic hazes

Organic Hazes?



Burrows, Marley, Sharp (2000)

KNa

Nope: 
overlooked opacity

⚠



“Haze” is often invoked to explain NUV-Visible slopes  of exoplanets 
Be careful!

Sedaghati et al., 2017 
see also Sing et al., 2015, etc., etc., etc.

⚠



Rainout



Rainout Chemistry

323

outflow from it: It contains many forbidden
emission lines (15, 16), which are usually as-
sociated with young stars in which a fraction
of the inflowing material is ejected perpen-
dicular to the disk. If confirmed through fu-
ture observations, this finding would further
strengthen the analogy between nascent
brown dwarfs and their stellar counterparts. 

The mounting evidence thus points to a
similar infancy for Sun-like stars and brown
dwarfs. Does this mean that the two kinds
of objects are born in the same way? Many
observers tend to think so (7–12), but it
may be too early to rule out the ejection
scenario for at least some brown dwarfs.
Far-infrared observations with the Spitzer

Space Telescope (launched in August 2003)
and millimeter observations with ground-
based radio telescopes may reveal the sizes
and masses of brown dwarf disks, allowing
us to determine whether most disks are
truncated. Better statistics of the frequency
of binary brown dwarfs could provide an-
other observational test. Infrared studies of
even younger “proto-brown dwarfs,” which
are still embedded in a dusty womb, may
also provide clues to their origin.
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Adecade ago, brown dwarfs were not
much more than a theoretical curios-
ity in astronomy textbooks. It was

unclear whether such objects, with masses
and temperatures between the giant planets
and the coolest known dwarf stars, even
existed. Today, the problem is how to tell
all the different low-mass objects apart. In
a recent paper in Astrophysical Journal,
McLean et al. (1) propose a unified classi-
fication scheme for brown dwarfs on the
basis of near-infrared spectra. The scheme
also provides insights into the chemistry of
these cool, dense objects. [For a discussion
of brown dwarf origins, see (2).]

The first brown dwarf, prosaically
called Gl229 B, was discovered in 1995 (3,
4). It was clearly substellar, sharing more
characteristics with giant planets like
Jupiter than with red M dwarfs, the coolest
and lowest mass stars known at the time.
Many more brown dwarfs were discovered
in the late 1990s thanks to large-scale in-
frared sky searches [Two Micron All Sky
Survey (2MASS), Deep Survey of the
Southern Sky (DENIS), and Sloan Digital
Sky Survey (SDSS)].

Brown dwarfs fall in two spectral class-
es, L and T (5–8). L dwarfs, which are
closer to M dwarfs than to giant planets in
spectral appearance, include the lightest re-
al stars and the heaviest substellar objects.
T dwarfs have spectra that are more similar

to those of giant planets, but are much
more massive. Brown dwarfs are further
divided into subtypes from zero for the
hottest (L0, T0) to eight for the coolest (L8,
T8), depending on whether certain spectral
features assumed to be a proxy of temper-
ature are present. Today, ~250 L dwarfs
and ~50 T dwarfs are known (9).

Initially, subtyping of L dwarfs was
based on red optical spectra, whereas T
dwarfs were sorted by near-infrared spectral
features (5–8). McLean et al. (1) have now
advanced a unified classification scheme
for L and T dwarfs based on ~50 objects an-
alyzed with the Keck II Near-Infrared
Spectrometer. They have used the high-
quality near-infrared spectra to categorize
brown dwarfs by the relative strengths of the
atomic lines of Na, K, Fe, Ca, Al, and Mg
and bands of water, carbon monoxide,
methane, and FeH. The observations estab-

lish a firm reference frame for the spectral
classification of L and T dwarfs.

Such observations represent major
progress, because small sizes (roughly the
radius of Jupiter) and low masses hamper
the detection of brown dwarfs. Their mass-
es only reach up to ~7% that of the Sun (for
comparison, Jupiter’s mass is ~0.1%), not
enough to initiate and sustain the hydrogen
burning that powers real stars. Brown
dwarfs may burn deuterium if they exceed
13 Jupiter masses. However, the energy re-
leased by this deuterium burning is a small
fire compared to the inferno of hydrogen
burning in stars and lasts less than 100 mil-
lion years for the most massive brown
dwarfs. In contrast, hydrogen can burn for
several billion years in dwarf stars (10).
Much of the energy released by a brown
dwarf over its lifetime is from gravitation-
al energy gained during its formation and
contraction. A brown dwarf’s main fate is
to sit and cool in space.

Deprived of a nuclear engine, brown
dwarfs never exceed ~3000 K near their sur-
faces. The more a brown dwarf cools, the
less it is visible at optical wavelengths. M
dwarf stars emit most strongly at red wave-
lengths (~0.75 µm), but maximum emis-
sions of the cooler L dwarfs (1200 to 2000

A S T R O N O M Y

Brown Dwarfs—Faint at Heart,
Rich in Chemistry
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A cloudy picture. Cloud layers for Jupiter, T dwarfs, L dwarfs, and objects near the transition from
L to M dwarfs. The layers are progressively stripped off as the temperature of the object increases.
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Are condensed species really 
removed from equilibrium 
with the gas phase? Lewis 

termed this “rainout 
chemistry”. Canonical 

example is Fe and H2S in 
Jupiter.  

We test by seeing when Na, 
K are lost from the 

atmosphere. KCl vs. albite 
NaAlSi3O8.  

Does Al2O3 sequester Al?

z Fe + H2S → FeS?

K. Lodders

H2S 



Zalesky+ 2019

What Happens to Condensed Species?

Y dwarfs

T dwarfs

Rainout

Pure 
Equilibrium 

Retrieval methods test tens of 
thousands atmospheric 
composition to find the best 
fitting abundances. 

Lesson Learned:  
Rainout — not equilibirum — 
chemistry is the correct choice. 
Exemplifies the type of 
understanding we should be 
aiming for, trend & process 
are important not the raw 
abundances. 

Alos an example of the brown dwarf-planetary connection
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Disequilibrium Chemistry



Disequilibrium Chemistry

• Observed chemical composition 
departs from that expected in chemical 
equilibrium 

• Vertical and horizontal transport vs. 
chemical equilibrium timescales 

• 200+ papers on exoplanet 
disequilibrium chemistry in ADS

Saumon+ 2003

equilibrium



But “Disequilibrium Chemistry” Has a Long History

• Understood since 1970s in Jupiter’s atmosphere 

• Fegley & Lodders (1996) predicted for brown dwarfs; 
Noll et al. (1997) confirmed CO-CH4 disequilibrium 

• Tends to be a focus of BD & exoplanet literature 

• But not that surprising for giant exoplanets 

• Both vertical and wind driven expected 

• Lesson Learned: We don’t need any more simple 
examples of CO-CH4 disequilibrium 

• Too often used as a crutch for “abundances are not 
what we expect” or “proposed observations will 
search for disequilibrium chemistry”

Noll, Geballe, Marley (1997)



Lesson: BDs Point to Better Disequilibrium

• What can we do with it? 

• Measure mixing timescales 

• Relate to atmospheric structure 

• Can we infer Kzz (z) ?  

• Does it make sense? 

• Feedbacks to structure, spectra?

Miles+ 2020

Upper limits f(g)

Inferred Kzz



Some Lessons from Brown Dwarfs
• Most all exoplanet atmosphere topics were studied in brown dwarfs first


• Worthwhile to take time to look at the literature and see where the BD science went and 
what it focused on


• Some specific lessons:


• Clouds are hard, we are not there yet (don’t trust any models). 


• Don’t focus on model parameters too much yet.


• Don’t blame clouds and hazes for every shortcoming.


• Take rainout chemistry seriously.


• Time to move on with disequilibrium chemistry. What is driving Kzz?


• Focus on understanding trends and physical processes


