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Why Planet Populations?

As physicists, we want to understand
how planets form and evolve.

Many physical processes are at work (accretion,
migration, photoevaporation) and they are

| sometimes stochastic (i.e. giant impacts). We

s need Nsys>1 to test these theories!
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| We've been surprised by
2 exoplanets before
(existence of hot
Jupiters, plethora of sub-
Neptunes), so we must
° map out the diversity of
extrasolar systemes.

Image credit: astroclock2010.wordpress.com



Planet Population Synthesis
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... is the simulation of many exoplanet
systems based on the physics we understand.
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Comparing these
to the observed
B population
<ol distributions test
formation theory.
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Planet Mass

So, what is observed!?

O
—

.:
o
—

[

Beware:
you will

be
misled!

How well did we
measure these!?
(error bars)

-

2 llll 1 1 lllllll

What features do
you see in this plot?
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Inject Signals: Do you recover them!?

Distribution of injected planet pa,ra.meters
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Completeness-corrected Results

Kepler
Raw occurence

Correctior for
missed plenets

Planet Occurrence (%)
Petigura et al.
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Completeness-corrected Results

exoplanets.org | 7/27/2018
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Different techniques, different biases

Transits
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More considerations ...
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Your target stars are important!
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3 Is the gap produced
during formation, or by
| photoevaporative mass
A\ loss afterward!?
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There was a gap before this ...

Planet Radius (Rgyn)
, , : , .
1.0 1.5 2.0 2.9 : 3.9 .
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(The star sample used -}
~in Fulton et al. 2018 -
their gap is real.)

... but it was
produced by
the distribution
of target star
radii!
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More considerations ...
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Correlated noise =® False alarms

Barclay et al. 2015: Kepler-91 b

in brightness (%)
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Do you see transits!?
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Astrophysical False Positives

Morton 2012 =» VESPA
Background Eclipsing Binaries Blended Planets

B remamning (939

n secordary cepth 13.9%) -

m bright blenc lrit (0.0, KOl 84.01
S Probabilty

of scenario: 0.008
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More considerations

Planet Mass
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Improved Methods Change Results
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Correctly incorporating non-detections in completeness
correction changes occurrence rate of Earth-sized planets!




Think Distributions Instead of Lines

Wolfgang, Rogers, & Ford, 2016

Allows for a distribution
of masses at a given radius
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v , as is motivated by
observations and theory

Can distinguish between
scatter due to
measurement uncertainty
and astrophysical scatter

in the planet population

Is an empirical

| W|th a density constraint description of

“’ for smallest planets
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Toward the Future
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Populations of Exoplanet Atmospheres!

Will need to understand how the
choice of targets affects the
inference about the population
(focus on small, low-density
planets =¥ biased toward more
low mean molecular weight
atmospheres?)

WAGP-33b

HD209453C

WASH-13C

How will the presence
of clouds influence our
understanding of the
population?
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“ Lots to consider for JWST,
°F Sing et al. 2016 Origins Space Telescope, ...
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Synthesizing results from many surveys

. c Direct Imaging Survevs
Radial Velocity Survevs 8 g. . Y
* v PALMS: Bowler+ (2015)

® CPS: Johnson+ (2010) . ' ¥ 9541 Jpper Limit [Hot-Start]
® HARPS-S: Bonlils+ (2013) A\IIICI'O]E‘.DSII]g Surveys PALMS: Bowler+ (2015)
® CPS/TRENDS: Montet+ (2014) ® Gould+ (2010) v 95% Upper Limit [Cold-Start]
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First stab: occurrence rate of planets have ~ no dependence on semi-major axis




Future: Full Exoplanet Census

Combining these results in detail involves:
1) Different survey completeness
2) Different observables
3) Different stellar samples
4) Different false positives
5) Improvmg anaIyS|s technlques

i Obtalnlng the true e Transits
. exoplanet census is a &
 significant endeavor - &

plenty of opportunlty &

for you to contrlbute' _

' A A A J

100 1000
figure courtesy
of Rachel Street
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Architectures: A Rich Problem

Kepler-62 System e Multiplicity: number of planets

® Spacing: periods & period ratios

: 3 ;  ) . ¢ : "' - . . . .
) ’ ’ . ‘ & & Alignment: inclination

differences between planets
. e Orbital eccentricities

o Stellar spin & orbital alignment

Image credit: NASA/Ames/JPL-Caltech

e Dynamics: 3-D orbits with argument of periapse and longitude of
ascending node, and changes in all orbital elements

e Orbital elements as a function of host star properties

e Planet size/mass/composition as a function of orbital elements



Observed Multiplicity Distribution

} 5
exoplanets.org | 10/9/2017

RVs

|. More multiple planet
systems (from Kepler)

Kepler target selection
and detection
completeness have
been rigorously
quantified.
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Detections Depend on Inclination!

small population




Multiplicity Depends on Inclination!

Lissauer et al. 201 |
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Need low inclination dispersion
to fit Kepler data
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Inclinations from transit durations

iInnermost planet
(P =10.3 days)

Tqur = — arcsin
v

. . i 1/3
transit duration arin/ P

increases with period — 7
. 1/3
Tdur,out/Pm{t

Planet e has
a higher
inclination!!
(eccentricity is a

2nd order
effect)

outermost planet
(P = 118 days)

Kepler-11




S0, how many planets per system!?

All systems have same Ny, s Npi drawn from "¢

Poisson distribution ,—/j %,
Npl ~ 3 i {
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Difficult to fit observed multiplicity distribution with one parameterized

true multiplicity distribution
(not an issue with generalized multiplicity distributions: Tremaine & Dong, 2012)

Also: in-situ planet formation underpredicts number of 1-planet
systems (Hansen & Murray, 2013)
— the "Kepler Dichotomy”: need > 1 formation pathway!!
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Ballard & Johnson, 2016

KOI Sample
16 Model Interval
20 Model Interval

Including LT (2014) eccentricity

Fit 2-component model:

fraction f with Npl = N;
| -f with Npl = |

3 4 5
Number of Planets Per Star

An Opportunity from Knowing the Star

Kepler Dichotomy for M-dwarfs:
~ 50% of systems have intrinsically
high multiplicity

Kepler Dichotomy for GK-dwarfs:
~ 25% of systems have intrinsically
high multiplicity

Moriarty & Ballard, 2016

M dwarfs

GK dwarfs B.J14 M dwarfs

finMode 1



Summary

Exoplanetary system architectures is a rich area of study,
with many interesting questions to pursue.

The true multiplicity distribution depends on the mutual inclination
distribution. Average number of planets per star vary
from | to 5.

In-situ planet population synthesis requires at least two
formation pathways to fit the observed multiplicity distribution;
the fraction of stars in each pathway differs for different
stellar types.

We are just starting to probe planet compositions as a function
of orbital architectures: weak dependence on period.

Obtaining a full exoplanet census will produce many exciting
new directions for studies on system architectures.



