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Directly Imaged Planetary (or Nearly
Planetary) Companions
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Characterization -
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= Spectroscopy [ Spectrophometry

= Rotation /Variability

= Orbital Monitoring / Mass constraints
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Spectroscopy/
Spectro-
photometry

of
directly imaged
exoplanets with
spectroscopy

Spectroscopy
exists for a larger
cohort of free-
floating planetary

mass objects
Bonnefoy et al. 2016

OSIRIS-HK

HRETA0:

HRETEO

I I
_|
CH4LHY, Ks [3.3] L' [4.05 M
————— s e T s A A e

Wavelength (1-5 um)



HIP 65426b:

a warm, dusty giant planet
IFS-Y) (Feb 7th, 2017)
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51 Eri b: a young Jupiter analogue
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Colors = Atmospheric Information
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Explanations of Red Colors

= Thick silicate clouds persisting to lower effective
temperatures (e.g. Madhusudhan et al. 2011)

» Non-equilibrium chemistry / vertical

mixing (e.g. Barman et al. 2011, 2015, Zahnle and
Marley 2014)

» Thermochemical instabilities driving



Clouds or no clouds?’?

Tremblin et al. 2017
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In these cloud-free models, thermochemical
iInstabllities produce the observed red colors
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Wagner et al.
2016
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Normalized Flux (F,)

Normalized Flux (F,)

WISE O855 - an example of a very cool
~250 K atmospher‘e Skemer et al. 2016
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Longer wavelength observations
distinguish better between models

Non—Equilibrium Chemistry Patchy Clouds Models

1100 K Thick Clouds with Cloud—Free Patches
I 1100 K Thick Clouds with Cloud—Free Patches and Non—Eq Chem
HRE 879% «

= A= Td

1100 K Tlek Slouds wity Slona-Free Fatebas and Won-lg Them
HR 87939 d

=
=y
=
S
&
O
-
-
[
*,
—
"

3.0 3.2 3.4 3.6 3.8 4.0

Wavelength in microns

Skemer et al. 2014 Beth Biller  April 23, 2018



Direct Access
to Silicate
Features 1n
the Mid-IR
may settle
the clouds /
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Characterization -
Where are we now?
= Spectroscopy [ Spectrophometry

» Rotation /Variability

= Orbital Monitoring / Mass constraints



a rapid rotator

a )
._éxoo.oé-- S
C_G O ic ]
5 O . & |
‘w q>) 10.0F s .
C . [ ]
el © .
= —
© Q| ol
<5 +— | 1.0}
= < |
o) ' g :
o M
7)) L |,
N 1 b e i
o - ) 0, -4 -3 -2 -1 0 1
O .
Velocity (km/s)

Log(Planet I\/Iass)

Snellen et al. 2014

Beth Biller  April 23, 2018



Young planetary mass objects with

measured periods are fast rotators

Equatorial velocity

Allers et al. 2016
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PSO J318.5-22: 8.5+0.5 M,
member of the ~23 Myr 3 Pic MG wu

et al. 2013, Allers et al. 2016)

Free-floating planet
/" PS0J318.5-22

Beth Biller  April 23, 2018



Biller et al. 2018
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How to explain this? - different
clouds at different heights?

Biller et al. 2018
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JWST will enable high-fidelity
searches for variability for
exoplanet companions

5() ity Jason Wang /

2009-07-31 Christian Marois




Crossfield, Biller, et al., Nature, 2014




Future prospects for
Doppler Imaging

» Limited currently to 1-2 bright brown dwarfs (with
8m class telescopes + high-resolution spectrographs)

= ELT-METIS may enable mapping for a

handful of bright exoplanet companions

(specifically B Pic b) and also free-floating planetary
mass objects like PSO 318.



Characterization -
Where are we now?
= Spectroscopy [ Spectrophometry

= Rotation /Variability

» Orbital Monitoring [/ Mass constraints



Measuring Orbital Motion for
Directly Imaged Young Planets

B Picb

Lagrange et al. 2008,2010
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Miller-Blanchaer
et al. 2015
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Characterization -
Where are we now?
= Spectroscopy [ Spectrophometry

= Rotation /Variability

= Orbital Monitoring / Mass constraints
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This allows us to strongly

constrain the fraction of stars
that host GI planetary systems

__ Scattered population

— Companions < 75 M,

Non-scattered population
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Mirror Diameter (m) for Inner Working Angle of 2 /D at 750 nm
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http://asd.gsfc.nasa.gov/luvoir

JWST and ELTs:

sensitivity to warm Saturns
and warm Neptunes

WFIRST-AFTA/HabEx/LUVOIR:

pushing past the thermal
emission / reflected light
divide



Next Steps: Towards cooler,
closer-in planets:

» Characterization at longer wavelengths
(3-5 um from the ground, >5 um with JWST)

= Characterization at higher resolution
probing planet rotation and composition

= Characterization of a Iarier cohort of



Zhang &
Showman

2014
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Direct Imaging of Extrasolar
Earths around Nearby M Stars

5 Expected Number of Detections = 87

Earth Radii
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We will learn much more about these

worlds 1in the next few years!
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