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- Extrasolar Storms

Apai, Kostov & Kasper 2011

Hot Jupiters Directly imaged Exoplanets Brown 2 ARIE

Tidally locked, hot (>1,000 K), >-15 Jupiter mass, young, Masses ~3 to 70 Jupiter masses no
~Jupiter-mass, complex weakly irradiated irradiation, no host star
temperature distribution not tidally locked ’
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e.g. Marley et al. 2002, 2007 PPV, 2010, 2012; Helling et al. 2008; Burrows et al. 2003,2007, 2010, 201 |; Barman et al. 2012ab; Baraffe
et al. 2003; Morley et al. 2012,2014
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UV Photochemistry or Charged Particles
form Tiny Particulates

/ | ' Extremely long

Supersaturation 2 Grains Condense residence times

Air Flow

| __3 Large Grains Rain Out

") Grains Grow 3 Grains Grow

1 Grains Condense
Supersaturation 4 Grains Evaporate

Air Flow . Refractory Grains Form
Nucleation Cores

Clouds form in Updraft  § Clouds form in Downdraft Haze Layer




Extrasolar Storms P D’aniel Apai ATLAST Seminar 2015
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Color—Magnitude Diogram
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Temperature, Log g, Composition,
Age, Vertical Mixing, Cloud Structure
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Temperature, Log g, Composition,
Age, Vertical Mixing, Cloud Structure
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6 Hubble Space Telescope programs Cycle-9 Extrasolar Storms

Pl Daniel Apai, ~220 orbits Pl: Daniel Apai |,144 Spitzer hours + 24 HST orbits
Cycle-8 Weather on Other Worlds

Other HST programs ongoing Pl Stan Metchev, 880 hours

(Buenzli, Radigan, Cushing, Patience) Cycle-11 Weather on Other Worlds 2

Pl: Stan Metchev 540 Spitzer hours
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Best—fit Model and Observations

Light Curve 1.1-1.7 microns
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Observed Color—Magnitude Variotions
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Cloud Holes : Large Color Variations Cloud Thickness: Small Color Variations

Cool Upper
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Daniel Apai
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Cloud Holes : Large Color Variations Cloud Thickness: Small Color Variations

Cool Upper
Atmosphere

i
Silicates Silicates

A

Iron metal droplets

Iron metal droplets

CO Gas CO Gas

Ca-Ti-oxides Corundum Ca-Ti-oxides Corundum

Hot Interior

Daniel Apai

|) First spectral maps of an ultracool atmosphere  3) Only a single type of thick cloud

2) Warm Thin - Cooler Thick clouds 4) Spectral signature of the difference
Apai et al. 201 3 ApJ; Buenzli et al. 2015
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How Do Clouds in L Dwarfs Differ from those in early T dwarfs!?
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Color—Magnitude Diaqram
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Temporal
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Water-band Amplitude as Cloud Depth Probe
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7 UV Photochemistry or Charged Particles
form Tiny Particulates
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Water-band Amplitude as Cloud Depth Probe
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|) First spectral maps of L dwarfs
2) No reduced amplitude in the water band
3) High haze in L dwarfs, deeper clouds in L/T dwarfs

Yang, Apai et al. 2015 Ap)
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What is the Vertical Structure of
the Cloud Layers?
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Different wavelengths probe different depths
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Correlation between phase shift and pressure
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Atmospheric Dynamics in Ultracool Atmospheres
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What Physical/Chemical Processes Drive the
Light Curve Evolution in Brown Dwarfs!?

Extrasolar Storms

Exploration of Atmospheric Dynamics in Brown Dwarfs
Pl: Apai
(1,144 hour Spitzer + 24 HST orbits)
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Lightcurves Sampling Multiple Timescales

Spitzer EACH VISIT

Ch1 Ch1 Ch2 Chi1

S —

4 periods (12-24 h)

HST Spectra HST Spectra

~40 periods ~ i ~ i
' p . / 40 perlod?‘/ 40 periods

Wz i

Vv

Visit 1 Visit 2 Visit3 Visit 4 Visit5 Visit6 Visit 7 Visit 8
100 periods (~25 days) TOO periods (~25 daysl)

~1 year (~1,000 periods)
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How Accurately Can We Map Clouds
From Lightcurves?
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AEOLUS

MCMC MAPPING CODE
ASSUME HETEROGENEITIES ARE ELLIPTICAL SPOTS (E.G. GREAT RED SPOT)

NUMBER OF SPOTS

LOCATION ON DISK

SIZE OF SPOT

CONTRAST RATIO TO BACKGROUND TOA
INCLINATION OF BROWN DWARF/ (EXO)PLANET
LIMB DARKENING

ABILITY TO MODEL MULTIPLE LAYERS SIMULTANEOUSLY
CAN BE COUPLED TO OUR PIXELIZED RADIATIVE TRANSFER MODEL

CAN MODEL TIME-EVOLVING FEATURES
Karalidi, Apai et al., submitted



Schneider and Vedovato Karalidi, Apai et al., submitted
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Extrasolar Storms
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What Processes Set Cloud Thickness?
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Color—Magnitude Diogram
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Color—Magnitude Diogram
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HST/WFC3 Photometry of AB Pic b
t F160W: Std Dev: 0.39%
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Zhou, Apai et al., in prep.
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How Are Cloud Structure and Gravity Connected in
Exoplanet and Brown Dwarf Atmospheres!?

Cloud Atlas - An HST Large Treasury Program
(112 orbits, Pl: Apai)
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Giant Exoplanet Phase Mapping with XAQO Systems
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Discussion of the capabilities of future telescopes/instruments, ideal wavelengths/filters for observations, cadence,
mapping techniques, limitations, etc.

Kostov & Apai 2013 Ap]
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Extrasolar Storms

VLT SPHERE Time-Resolved Observations of HR 8/799bcde
Planets in the HR8799 System (Combined Data)
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Extrasolar Storms

Science Investigation
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Clouds in High Definition

Possible
Parallel?

Exodm EBoSp UV Pl MOS

Instrumentation

Aperture
Area PSF UV  NIR

Hubble24m JWST6.5m

Band  opectral

ATLAST Seminar 2015

HDST11.7 m

Detector

Resolution ~ Requirement

Detect Earth-like planets in HZ : . | | 5 0.05
Obtain orbital parameters L . ' |5 0.05
Obtain spectra, detect biosignatures . . « | >70-500 PC <0.005
Characterize planetary systems I . . « | >70-500 PC <0.005
Transit spectroscopy/atmospheres . : ; 100-3000 Dyn Rg 10+
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Earthshine Spectrum: Visible and Near-IR -

0.8 -
3 H,0
= 2
06 « > -

Jupiter 3 H,0

rew . -
2 | CH,
.g 0.4 w 02* | | —
= D S
) Co, * -
m r——

0.2 H,0 B

2 w
-——
0f H,0 ~

| | | | .} G .} % 3 -5 3 S 9.0 3% 55
0.5 0.6 07 08 09 1.0 1.2 14 16 18 20 22 24

Marc Kuchner 2015 wavelength (um)
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Science Investigation
MULTI-HOUR LONG OBSERVATIONS

MULTI-EPOCH

Detect Earth-like planets in HZ
Obtain orbital parameters

Obtain spectra, detectbiosignatres ~~~ NATURE OF PLANETS FROM REFLECTED LIGHT?

Characterize planetary systems

?
Transit spectroscopy/atmospheres ALBEDO VS SIZE*
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TIME-RESOLVED DATA ON GAS GIANTS, ICE GIANTS, SUPER-EARTHS, EARTHS
ROTATION PERIODS AS A FUNCTION OF AGE AND MASS?

ICE CLOUD COVER STRUCTURE + INFRARED HOTSPOTS?
HAZE DISTRIBUTION AND EVOLUTION?

ATMOSPHERIC EVOLUTION?
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HDST RepoLtMlt al. 2015

ATMOSPHERIC COMPOSITIONAL VARIATIONS

TALK IN THIS SERIES BY N. CoOwWAN ON MAPPING EXOEARTHS
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Summary

Clouds: Major Challenge in Ultracool atmospheresy

Thin-thick cloud structures in L/T transition Brov 155 arfs (Apai et al. 2013 Ap))

High-level haze in most L dwarfs; clouds deep;r i L/T dwarfs (Yang et al. 2015)

Dynamic, rapidly evolving atmospheres (Apai et al.,'in prep.)

Vertical/Longitudinal Structure in a T6.5 Brown Dwarf (Buenzli et al. 2012)

Rotational Mapping for Directly Imaged Hot Exoplanets: AO+|WST (Kostov & Apai 2013
)

MCMC-based Light Curve Mapping Tool Validated on Jupiter (Karalidi et al., submitted

Time-domain observations are important for future LUVOIR telescopes!



