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Substellar objects

object (class) mass ___________|properties

stars >75 M; fusion in interior
brown dwarfs 13 to 75M temporary D fusion

L dwarfs warmest BDs, C as CO

T dwarfs CH, in spectra

Y dwarfs lower T.,(300-600 K)
planets <13 M; no fusion

 first approximation: solar abundances of heavy elements (> He)
« expect similar chemical behavior for similar P - T conditions



Substellar objects

10
A moons/dwarf planets
O  exoplanets
O  brown dwarfs
w  stars
10
&b
ot
T
a et
10
107"

" 10 10~ fo—

BLBLLLLLLLL HH'I'R

compression

hyd
bur

R MOS8
1" Stellar
-« worlds

o)

=1
=i
0 ..
(=)
-

|||||nT||

T T 111

I ) I

L B T

| I e

M/M,

1

10°

Chen & Kipping 2016



Substellar objects

« expect similar chemical behavior for similar P - T conditions
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Low-mass exoplanets

« may also possess H/He envelope
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Transit observations

Secondary Eclipse

See planet thermal radiation
disappear and reappear

\»

Primary Eclipse |
Measure size of planet Learn about atmospheric
See star's radiation circulation from thermal phase

transmitted through the curves
planet atmosphere

Figure by S. Seager

« provide constraints for theoretical models:
* bulk density, atmospheric composition & structure
« H, Na, H,0, CO, CO,, CH, have all been detected

transit geometry



Directly-1maged planets
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Model approach: what influences properties?

observations
retrievals, constraints
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Chemical regimes in exoplanet atmospheres

« chemical equilibrium is a useful first approximation, but substellar
atmospheres are not in complete equilibrium

« may see three chemical regimes:
« equilibrium, quench, photochemical
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Orbit-induced variations in chemistry

« for close-in, eccentric orbits

« can chemistry keep up with changes in temperature?
 not at high altitudes (P < 4 bar for HAT-P-2b)
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Equilibrium condensation chemistry

« condensation curves
defined by stability

Fe(gas) = Fe(met)

UFe(met) = K Prpe

 1ntersection between
P-T profile and
condensation curve
defines cloud base

« Fe metal & silicate clouds
are consistent with
Jupiter and brown dwarf
observations
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Metal xain virga?
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Equilibrium condensation chemistry 14

Jupiter: observed H2S requires deep Fe removal

presence of GeH4, absence of SiH, even though Asi>>Ace
detection of Na, K, in brown dwarfs implies Al, Si removal

disappearance of Na, Fe, Mg, Si, Ca features in later BD spectral types

silicate spectral features in brown dwarfs and hot exoplanets
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Clouds on planets and brown dwarfs

« strongly affect observational properties:
« introduce condensed particles (reflection, absorption, scattering)
« remove atoms and molecules from the gas phase

Atmospheric Water

Possibly Hidden Observable

Opaque Clouds

Iyeret al (2016): clouds on exoplanets obscure H,0 features in transmission spectra



Clouds on planets and brown dwarfs

« strongly affect observational properties:

Deeper
Hotter

introduce condensed particles (reflection, absorption, scattering)
remove atoms and molecules from the gas phase

CO gas CO gas

P erovskite Corundum
Mg-silicates

CO gas

CO gas
Mg-silicates

Perovskite Corundum

P erovskite Corundum
CO gas CO gas

Denser Perovskite  Corundum

Lodders 2004

Jupiter

16



Relative cloud masses

condensate relative cloud mass

H,0 87386
CH, 50627
MgSiO; (enstatite) 43838
Fe metal 20853
NH, 11644
NH,SH 9241
Mg,SiO, (forsterite) 1254
Na,S 1000
Ca, Al, Ti silicates and oxides (total) 360
MnS 355
Cr metal 298
KCl 123
ZnsS 53
NH,Cl 37
other chlorides 1

Assuming element abundance ratios are solar (Lodders 2003) and complete condensation



Clouds on cool brown dwarfs

« exploring effects of “minor” cloud species on brown dwarfs

— Morley et al (2012) after Ackerman & Marley 2001 cloud models
« effect consistent with color-magnitude trends for cool brown dwarfs
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Hazes on the “Super Earth” GJ 1214b

* “minor” clouds such as chlorides and sulfides
« hazes may help explain “flat” spectra of GJ1214b
« 6.5Earth mass, 0.014 AU orbit (M type star)
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— 50 x solar, dayside, cloud-free
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Visscher et al 2006, Morley, Visscher, et al 2012, 2013; see Kreidberg et al 2014



Clouds on hot exoplanets: HR 8799c

e young giant planets: similar atmospheric temperatures as brown dwarfs
« Fe and Mg-silicate clouds may play a role on HR 8799-like planets
« HR8799c: 7.1 M ;1.3 R;, 38 AU, orbiting young A/F star

HR 8799c T dwarf
1100 K young giant planet 1100 K mature brown dwarf

CO + trace? CH,

Sulfides
R ———

Mg-silicates

Mg-silicates

HR 8799 system, Marley 2013, after Lodders 2004
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Clouds on hot exoplanets: high-T clouds

« hot exoplanet spectra may be influenced by Ca-Al-Ti clouds

1x Solar

log(pressure) (bar)
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Wakeford, Visscher, etal submitted
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Outstanding questions (ongoing & future work)

« what chemical mechanisms are involved in condensate formation?
« what are the kinetics of cloud formation?
 how might mixing & orbital effects influence cloud formation?

 how does variable cloud coverage influence spectra?
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Iro et al 2005; dayside vs. nightside condensation of Na,S; cloud gaps on Jupiter






