Exoplanetary System
Architectures

e 2 - ‘ . ® Kepler Orrery IV
* O & o -, 09 May 2013
y y X . By Ethan Kruse
% @ ® ® o " " @ (v, @ethan_kruse
e ® »
. o © c 2 . 2
L ® o ) e ® . ) & .
a ‘ 0: ; e o ) v e e 9
o® L] ® “® e 8 . Solar®
. o0 % o ® ® System
\ s - s N ® ¢ ®
] o .~ \ *® > Y )|
P > . ¢
- Angie Wolfgang ® . &
Penn State . -.‘ . .
‘ o e
. NSF Postdoctoral Fellow .« » ® Q ¢ a ' -

‘ a|a 5 .' s



Architectures: A Rich Problem

Kepler-62 System e Multiplicity: number of planets

® Spacing: periods & period ratios
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) ’ ’ . ‘ & & 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
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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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Still, inferring the true multiplicity
distribution is difficult because ...
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Number of planets per system



Detections Depend on Inclination!




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
(or need very high Ny))
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How to break degeneracy?
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Mean Number of Planets (N )




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



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

e Alignment of orbit & stellar spin

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



Probabilistic M-R Relation

Allows for a distribution
of masses at a given radius
< 1.6 Reonr v , as is motivated by

< 4 Reant observations and theory

Wolfgang, Rogers, & Ford, 2016

Can distinguish between
scatter due to
measurement uncertainty
and astrophysical scatter
in the planet population
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Astrophysical
scatter (1 0)

v ’ (/1—2 (R o = 1.¢ . e
| ] Mo Ro Is an empirical

| | with a density constraint description of
“’ for smallest planets P
exoplanet

composition
distribution.

ilh 1
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Radius (Reartn)




Scatter Due to Orbital Period?

— Pure Water
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Composition more rocky as flux T? —

(Expected due to irradiation post-formation: _

hydrodynamic mass loss and photoevaporation) ]
| I | | | | I | | | | I | | | | I | | | |

5 10 15 20 25
Planet Mass (M@) figure courtesy

of Eric Lopez
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Allow a Period Dependence:

M (/‘L _C ( : Wolfgang, Jontof-Hutter,

— ~ N 1l
Mg, o & Ford, in prep.

Period Power-law Index yp
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-4 -2 0 2 1 0 1 2 3 4 5 20 25 30 35 40 45
Log of Normalization Constant In(C)  Radius Power-law Index vg Intrinsic Scatter oy (Mgartn)

Marginally negative Yp — decreasing average mass at longer periods;

note that the astrophysical scatter is larger now ...



Data Don’t Suggest a Power-Law

50 F Earth

10 F_Earth
1 F Earth

Radius (REarth)

How can we still predict planet masses with this?!



Beyond the Power Law:

Ning, Wolfgang & Ghosh, in prep.

Definitely not one power-law ... gt
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Maybe not even piecewise power-law ... .
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+ From Earth to super-Neptune, a roughly
log-constant astrophysical scatter

Data: Kepler (prime) planets with either RV masses
or published N-body TTV masses

2 3 45 7 10 15 20 30
Radius (Rearth)




Future Architectures with Full Exoplanet Census
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Combining these results will be difficult:
1) Different survey completeness
2) Different observables

3) Differ
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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.



Intentionally left blank ...



Beyond the Power-Law

Go nonparametric!! (Ning,Wolfgang & Ghosh, in prep.)

|) Define the joint distribution f(m,r) as mixture of basis functions
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2) Fit mixture coefficients w to data, then calculate conditional f(m|r)

EM|R = ] — [ mf(m,r)dm

© [ flm,r)dm




Benchmark to Previous Result

Mass—-Radius Relations

< 8REartn Nonparam

< 4Rgatn WRF16 ' ' The power law
was hot a bad
assumption for
small planets,
given the
current data.

- fmj(772~r)dm
o [ f(m,r)dm

E[M|R =7

Radius (REarth)



What about K2 (Zombie Kepler)?

Ning, Wolfgang & Ghosh, in prep.

BE WARNED!! There are biases in the
current sample of K2 planet masses!!

Comparing planet formation simulations to
only detections can be very misleading!!!

2 3 45 7 10 15 20 30




New Predictions for Mass:
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Python package coming in the next few months!
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Different mass

Multiple populations?

RVs f |
’ methods will give you

Stay tun ed ! different answers!

TTV planets tend to
be less dense ...

selection effect or
astrophysical?

(Easier to measure
higher mass planets
with RVs; easier to
measure larger
Radius (Regth) planets with TTVs)



