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Confirmed Exoplanet Statistics
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Transit timing variations _
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Pulsar timing variations |5 |

B |Pulsation timing variations _
BB |Orbital brightness modulations _
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The number of known exoplanets has been increasing exponentially for 25 years...
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Exoplanet Population
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Sizes of Kepler Planet Candidates
As of July 23, 2015

1,592 - Neptune-size
2-6R)

Super Earth-size - 1,322
(1.25-2R))

Earth-size - 955
(<1.25R))

289 - Jupiter-size (6 - 15 R )
72 - Larger (15-25 R )



What is a Free-Floating Planet”

Yie

Planemo
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free-tloating planet
'ogue planet
iInterstellar planet
nomad planet
orphan planet
wandering planet
starless planet
sunless planet

anetary-mass object t
d does not appear to

“imxw t4 s Waammis k)

D1 NI 22

IT THE BLARLT WIT BD TR

- WHLAL THE WIGETLIZE HEVER ZHD

nat orbits the galaxy

nave a host star


https://en.wikipedia.org/wiki/Galaxy

Free-Hloating Planet Population

Excplanet Mass (M) Age (Myr) Distance (ly) Status

OTS 44 ~1§ 0.5-3 150 Likely & low-mass brown dwarf !9

Age and mass uncertain; may be a foregrcund brown cwarl

S On 52
Candidale

hMass uneartain

Cha 110913-773444
UGPS J072227 .51-0540371 .2

[MPX2010b] 4450 Candidate

CFEBOSIR 21460403 ; 110 130 117 143 Candidate

May de a red dwa-t

Conflirmed

MOA-2011-BLG-262
PSO J3185-22
2MASS J2208+2921
WISE J1741-4642

Candidate; racial veloczity needed
Candilale
WISE 0855-07"4 Age uncertain; may de a nrown dwart
2MASS J12074836-390C043 Candidale. distance needed

SIMP JZ2154-1055 Age questonad <

SOSS J1711010.014071613. Confirmed
2MASS J1119-1137 Candidale, distance needed
WISEA 1147 Carcicale; distance needed

*from wikipedia, likely not up-to-date

 FFP have been observed by microlensing surveys and optical

and IR wide-field surveys
* The detected free-floating planets are mostly giant worlds that

could represent the tail-end of the stellar mass distribution



FFP Formation Mechanisms

formation via collapse

planetary mass object
sub-brown dwarf

formation within ~

FFP via ejection e



F-P Formation Mechanisms
Kant (1755) and Laplace (1796): planets form in disks

~Core Accretion (safronov 1969: Lissauer 1993)
Gravitational Instabilities uiper 1951: Boss 2006)
Pebble Accretion (Levison; Chambers)




FFP Formation Mechanisms

Ejected material is a natural outcome of the planet

formation process

.- planet-planet interactions

- glant planet or stellar companion

- external forces (passing stars, galactic tides, clusters)

- ‘:m
Lots of anal ical,



Numerical N-body Models

Widely used tools to explore planet formation
- different stars
- different architectures

- explore where planets form and timescales
- fate of mass that falls into star (stellar pollution)
- fate of ejected mass (implications for FFPs)

Integration packages:
Mercury (Chambers 2001)
REBOUND (Rein 2011)



Planet-Planet Interactions

Veras and Raymond (2012) scattering simulations:

Observed frequency of FFPs (giants)

NFrFp
N = fgiant X funstable X Nejected
stars
fgant = fraction of stars with giant planets

funstable = fractions of giant planet systems that become unstable
Nejected = Mean # planets ejected via dynamical instability

Numerical simulations to estimate # of ejected
planets (nejected) NEEdEd to Match observations



Planet-Planet Interactions

Scattering simulations: Veras and Raymond 2012

3 - 50 giant planets
equal-mass Jupiters, or Saturn to 10 Jupiter-mass
3 AU — 200 AU, “ejection” if a> 1075 AU

Ejection Fractions — Equal Planet Masses Ejection Fractions — Unequal Planet Masses
100% 100%

0% 9%
80% 80%
70% T0%
60% 60%
S50% 50%
40% 40%
0% J0%
20% 20%
10% 10%
0% 0%

3 4 5678 10 20 50 4 56 8 10 20

Initial Number Of Giant Plancts Initial Number Of Giant Planets

M,=0.3M .

=
i
S
v
%
—
e

Fraction

20 — 70% giant planets ejected



Planet-Planet Interactions

NFrp

= fgiant X funstable X Nejected
Nstars

Assuming observationally motivated constraints

N fy = 0.2
" _ 18 fg'a”t _07 Sumi et al. 2011
N unstable = V.
stars . _
Nejected = 12

Inconsistent with observational constraints, concluded
planet-planet scattering cannot explain the FFP population
Veras and Raymond 2012

NFrp
— 0_25 nejected =1.6 Mroz et al. 2017

Nstars



FFP Terrestrial Planets

Exploring gas giant instabilities on terrestrial FFPs

iInner disk: 550 embryos/planetesimals
middle disk: 3 giant planets >=5.2 AU (Saturn - 3 Mjup)
outer disk: 1000 planetesimals

500 sims; giant planets unstable in ~2/3
Instabilities affected timescales, not mass

Mass of gjecled “10° * 10° 107 10F
body (M ) lime of ejection (yr)

Raymond et al. 2011, 2012
Barclay et al. 2017



Jupiter analogs are likely scarce

Occurrence Rates of Jupiter (RV + Transits) ~ 6%
(Wittenmyer et al. 2016)

How do systems that lack

giants affect terrestrial
FFPs?







No giant planets
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Run06 0.00c+00

Jupiter+Saturn

0.00c+00






Final Planetary Systems

With giant planets No giant planets
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Mass In Ejected Material
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Barclay et al. 2017

No bodies larger than 0.3 Me were ejected



Ejection Timescales

Our simulations begin

4.567 Gya +2 Myr 7 10 20 30 50 70 110 Myr

>

Embryos Gas in disk Moon forming giant
form disperses impact occurs

with giant planets without giant planets
I with giant planets (embryos only)

_Barclay et al. 2017 -

105 108 107 108
Time of ejection (yr)

With giant planets, ejections occur prior to epoch of Earth formation



o My‘yr

weRsr)  WFIRST Detections

— Qur predicted occurence =—— WFIRST detection limit

Barclay et al. 2017

r
.

in each bin (M4 )
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0
%
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=

0.0001
0.01 0.1

Mass of ejected body (M, )

Prediction: WFIRST will find plenty of Mars’ but few *Earths

*if giant planets are common



Ejections In Pebble Accretion Regime

1 w/o Migration

Matsumura et al. 2017

WFIRST prediction: at least one Earth or more massive
FFP may be discovered for two Mars-like planets

Caveats:

* simulations with migration do not lead to any ejections due to early
dynamical instability

* simulations do not reproduce the observed distributions well



What about M dwarfs??

>70% stars in galaxy are M dwarfs

Typical microlensing host star is an M dwarf



M dwarfs Disks

Difficult to constrain

Surveys of disks at sub-mm wavelengths show an
overall positive relation between stellar and disk mass,

either linear or steeper Andrews et al. 2013, Gaidos 2017

 Sunlike Stars
" Cooler Stars

Scaling Solar Nebula to M <0.25 Msun leaves < 1 Mgartn in disk



>5 Mearths around 0.5 Msun M dwart

186f Kepler-186 System
f bcd e
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" : }‘\ -
Solar System
o T
Mercury \ >
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>/ Mearths around 0.08 Msun M dwart

TRAPPIST-1 System

[llustration

Studying planet formation around M dwarfs is hard!



M dwarf In Situ Simulations

Hansen (2014)

0.5 Msun, no giant planets .
a=0.05-05AU (6 MEarth)




Jupiters are rare around M dwarfs,
... but Neptunes likely common

Microlensing RVs (HARPS)
Astudillo-Defru et al. 2017
GJ 3138d (MO, 0.7 Msun)

P=258d
Msini = 10.5 Mearth

GJ 628d (M3.5, 0.3 Msun)
P=217d
Msini = 7.7 Mearth

=
Mass Rate, g

Suzuki et al. 2016

Simulations in progress ...



Pre-lim Results for Solar System

Jupiter, Saturn
225, 75 M, cores
150, 50 A7, cores
90, 30 A7, cores
45, 15 M, cores
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Demographics of outer giants will provide
constraints on FFPs, formation mechanisms







The End



Number of planet detections (assuming 1 per star)
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