Architectures of Exoplanetary Systems: A Multi-planet Model for Reproducing
the Radius Valley and Intra-system Size Similarity of the Kepler Planets
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The first exoplanets were discovered just about three decades ago

exoplanetarchive.ipac.caltech.edu, 2025-01-31
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The number of known exoplanets has exploded in the past decade

exoplanetarchive.ipac.caltech.edu, 2025-01-31
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Kepler's multi-transiting systems are extremely informative to study
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The observed distribution of planet sizes revealed two distinct patterns

A “radius valley”
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/o forward model the Kepler mission - =——————————

1. Define a model
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Forward modeling the Kepler catalog has been extremely insightful for the
demographics and architectures of exoplanetary systems...

Intra-system patterns
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Occurrence of Earth-sized planets in the
habitable zone (“eta-Earth”




Planet radius valley in the context of a muilti-
planet model (“hybrid model”)

Planet size similarity, ordering, and spacings Occurrence of Earth-sized planets in the
of multi-planet systems (“peas in a pod”) habitable zone (“eta-Earth”)




The Kepler dichotomy: an apparent excess of systems
with a single transiting-planet
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The AMD stabillity criteria provides a dynamically motivated constraint on the
orbital architectures

Maximum AMD model:

0. Draw clustered periods and sizes

1. Calculate critical AMD of system

2. Distribute AMD among the planets

3. Distribute each planet's AMD among e and im
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The AMD model leads to a multiplicity-dependent distribution of eccentricities

and mutual Inclinations

Maximum AMD model
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There I1s observed evidence for the increase In orbital excitations with
decreasing multiplicity
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Planet size similarity, ordering, and spacings Occurrence of Earth-sized planets in the
of multi-planet systems (“peas in a pod”) habitable zone (“eta-Earth”)




We construct a “hybrid model” between the clustered AMD model (He et al.

2020) and a joint mass-radius-period model (Nell & Rogers 2020)

0.06 Hybrid Model
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Planet radius, R, (R o) P
The previous AMD model (hereafter H20)
cannot reproduce any radius valley . - .-
rocky cores retained
+ (lost envelopes) envelope

Neil & Rogers (2020) (hereafter NR20)
proposed a joint mass-radius-period
model and incorporated a prescription for
envelope mass-loss driven by
photoevaporation (Lopez et al. 2012)

Orbital period
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We replace the mass-radius relation with a radius-mass relation
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We replace the mass-radius relation with a radius-mass relation

NR20, best-fit of Model 2
(initial mass distribution)
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Photoevaporation-driven atmospheric mass loss as radius-mass relations

NR20, best-fit of Model 2
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We model planet size similarity in the form of clustered initial planet masses

NR20, best-fit of Model 2
(initial mass distribution)

------ Example cluster

M

panit ~ 1A (pyy, o) |[————

Unclustered initial masses

«
]
------------------------------------------------------------

10.0 ........... SERREE e

g ~ IV (pyy, 0)y)
7
Mp,init ~ In '/V(/’tM,c’ GM,C) Q‘:’;}
3 2.0
Clustered initial masses =
(a lognormal distribution is &
drawn for each planet cluster)
1.0-
: H20 model, 16%-84% region
GM,C < O _ NR20, best-fit of Model 2 (initial)
implies strong clustering | m— 507 e silicate mode
%1 1o 10 7100 1000

Planet mass, M, [M g ]



We test two versions of the hybrid model: with vs. without clustered initial

In HM-C, the cluster width
IS narrow, implying strongly
clustered initial masses

Less massive planets tend to
lose their atmospheres (also
a function of orbital period,
not visible on this plot)
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We need a better way of measuring the strength (depth) of the radius valley

Kepler catalog
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The hybrid models are capable of producing a planet radius valley
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For simulated catalogs that produce a strong radius valley, its location In
period-radius also closely matches that of the Kepler data
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The hybrid models predict a primordial distribution of planet radii
(I.e. before photo evaporation) that peaks above ~ 2R,
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The hybrid models also naturally explains the observed “radius clift
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Planet radius valley in the context of a multi-
planet model (“hybrid model”)

Occurrence of Earth-sized planets in the
habitable zone (“eta-Earth™)




Planets In the same system are more similar in size than planets
from different systems
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We fit the distributions of several metrics that capture the
system-level patterns in the planet radii

How similar are adjacent pairs How similar are planets in the
of planets? same system?

How are planets ordered?
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transit depth ratio “radius monotonicity”
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He et al. (2020)



We find strong evidence for clustering in the underlying planet mass
distribution, which produces the planet radius correlations

How similar are adjacent pairs
of planets?
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HM-C provides a better fit to the Kepler
distribution (especially the strong peak
around 1, implying similar planet radii)
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same system?
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HM-C also provides a better fit here,
implying similar planet sizes within the
same system

How are planets ordered?
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While both models produce more positive
than negative values (indicating a
preference for increasing sizes towards
longer periods), HM-C is again better

He & Ford (submitted)

The observed size similarity of planets in multi-planet systems can be
fully explained by a clustering in the initial mass distribution



Planet radius valley in the context of a muilti-
planet model (“hybrid model”)
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What about the occurrence of Earth-sized rocky planets in the
habitable zones of Sun-like stars (ng)?
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Extrapolating population models based on the inner systems can
significantly overestimate ng

In abstract of Pascucci et al. (2019): In abstract of Neil & Rogers (2020):

“Here, we show that extrapolations relying on the population of “When using models with envelope mass loss to calculate ne,

small (<1.8Rg), short-period (<25 days) planets bias ne to large we find nearly an order of magnitude drop, indicating that many

values. As the radius distribution at short orbital periods is Earth-like planets discovered with Kepler may be evaporated

strongly affected by atmospheric loss, we reevaluate ng using cores which do not extrapolate out to higher orbital periods.”

exoplanets at larger separations. We find that ne drops

considerably, to values of only ~5%-10%." Variable Range Model 1 Model 2
04 < 2~ <30,03 < day < 100 1.361 000 1.3170:9¢

Model  Fitted P  Fitted R Function I Nes 05 < & <6, 2 < m < 400 2.28+022 1.89+018

7 days Re % % 1.4 < - < 28,03 < 50 < 100 0.431093 0.47+093

1 2-400 0.5-6 2D broken 59.61218  40.61149 » P <403 < <y 100 0304001 0454002

2 2-400 0.5-2 P broken 7871353  53.61%7 Rj, ‘ day 0001 0002

3 12400  05-6 R broken 17.0776  11.5+]2 20 < g < 1000003 < gy < 1 000520001 0.010%0001

4 12400  1-6 R broken 160720  10.9+33 3< - <10,03< < 50 0.19799! 0.22+90!

5 R broken 08<£<12 292<L<438

6 R broken

7 P and R single

Table 2 of Neil & Rogers (2020) T T

(partial) No mass With mass
0SS 0SS

Table 2 of Pascucci et al. (2019)



Extrapolating population models based on the inner systems can
significantly overestimate ng

Full simulation range  =—»

Planets spanning valley =—»

Hot sub-Saturns/Jupiters —»

1o (Venus-like planets) —»

Not ne, but a similar ———»

quantity (Earth-like
composition planets at
slightly shorter periods)

Table 2. Occurrence rates (1) of various planet types for each model, and comparisons to previous literature values.

Planet bounds

H20 model

HM-U

HM-C

NR20* Other literature value/reference

R, = 0.5-10, P = 3-300

R, = 2-4, P = 3-100

R, =1.4-2.8, P = 3-100

R, = 0.75-1.4, P = 3-100

M, = 50-1000, P = 3-11

M, = 3-10, P = 3-50

M, = 1-3, P = 3-50

R, = 0.75-2.5, P = 50-300

R, = 0.8-1.2, P = 180-270"

R, = 0.8-1.2, P = 180-270, M, = 0.65-0.98'

M, = 0.1-4, P = 180-300, R, = (0.9-1.1) Rs*

Includes all periods less than 100 days.

2.4970-37
0.34+953
0.4610-02
0.5419-07
0.002+2-907
0.2970:02
0.23%.03

0.87+0:15

0.2110:02

2.53105%
04375704
0.6079-98
0.5419-97
0.00679-905
0.2370:05
02775703

0.9810-11

0.07510 032

* “Model 2” of NR20; their values include periods down to 0.3 days.

2.49703%
0.4219-25
0.5819-02
0.557 50
0.008F9-00
0.2219-02
0.275 05

0.9179:13

0.07970 055

NOTE—The units for the planet bounds are: R, [Rg|, M, [Mg], and P [days].

0.457992  0.377902  Fulton et al. (2017)°

0.477003 0.431905  Fulton et al. (2017)°

0.01079-002 - -

0.2270°01 0.127503  Howard et al. (2012)

— 0.771015 Burke et al. (2015)

= 0.07570 225

Burke et al. (2015)

He & Ford (submitted)

1.
These bounds correspond to approximately within 20% of Venus (Pg = 224.7 days and Mo = 0.815Mg).

R is the radius, as a function of planet mass, given by the pure-silicate model (Equation 28; Seager et al. 2007).



We can also ditferentiate between occurrence rates (n) and the fractions of
stars with planets (fwp) In the hybrid models

Table 3. Fractions of stars with various planet types (fswp) for each model, and comparisons to previous literature values.

Planet bounds H20 model HM-U HM-C Other literature value/reference
R, = 0.5-10, P = 3-300 0.847505 0.87% 0.87* - —
For small planets in R, = 2-4, P = 3-100 0.23100%  0.347903  0.307002  0.24790%2  Petigura et al. (2013)°
large period ranges, R, = 1.4-2.8, P = 3-100 0.307505  0.42%9083  0.377005  0.33790;  Petigura et al. (2013)°
fswp IS generally lower R, = 0.75-1.4, P = 3-100 0.347393  0.36+994  0.3310-02 - =
o
than n by up to ~50% M, = 50-1000, P = 3-11 0.0029:007  0.00670005 0.00779:00; 0.0097000:  Mayor et al. (2011)°
M, = 3-10, P = 3-50 0.2279-92  0.197992  0.15759] - -
M, = 1-3, P = 3-50 0.18+2-02  (.22+993  0.17+2-0% - -
R, = 0.75-2.5, P = 50-300 0.5519:97  0.63139s  0.5810:02 — =
A similar drop in fswp Of R, = 0812, P = 180-270" _ _

Venus and Earth-like
composition planets at
these periods

e | R, = 0.8-1.2, P = 180-270, M, = 0.65-0.98"
M, = 0.1-4, P = 180-300, R, = (0.9-1.1)Rs" _ _

NOTE—The units for the planet bounds are: R, [Rg]|, M, [Mg], and P [days|.

*The uncertainties are not reported here because they are exceedingly low, due to fixing the parameters for the overall
fraction of stars with planets in these models (see discussion at the end of §2.3.2).

a

Includes periods down to 5 days.

b
Includes all periods less than 11 days, and the mass bounds are in M, sin 1.



| am working to reprocess the original Kepler pipeline at NASA Ames,
with the goal of delivering a new planet catalog and improving ng

Bergsten et al. (2022)
Bryson et al. (2021)
Kunimoto & Matthews (2020)
Bryson et al. (2020)

Pascucci et al. (2019)

Hsu et al. (2019)

Zink & Hansen (2019)
Garrett et al. (2018)

SAG13

Mulders et al. (2018)

Burke et al. (2015)

Silburt et al. (2015)
Foreman-Mackey et al. (2014)
Petigura et al. (2013)

Figure from: Michelle Kunimoto
See also: Fernandes et al. (2025), Bryson et al. (2025)

The number of rocky habitable planets per star () is a critical input for the

design of the Habitable Worlds Observatory (aims to detect 25 such planets)

——e—

0.01
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This means rewriting

0.7, 1.5] Rg, P =[370, 826] d . .
o and improving the

0.5, 1.5] Rg, Optimistic Habitable Zone

0:3, 1.51Re, P = 1237, 8601 cays original pipeline code!
0.5, 1.5]1 Rg, P =1[237, 860] days
(0.7, 1.5] Re, P = [329, 804] days SN

(0.75, 1.5] Re, P =[237, 500] days
0.72, 1.48] Rg, P =[237, 860] days
0.5, 1.5] Re, P =[237, 864] days
(0.5, 1.5] Rg, P =[237, 860] days
0.7, 1.5] Re, P =[329, 804] days
(0.5, 1.5]1 Rg, P =1[237, 860] days
(1, 2] Re, P = [350, 810] days

(1, 2] Re, P = [200, 400] days

(1, 2] Re, I =[0.25, 4] I

Pl’s: Steve Bryson, Jon Jenkins, and
Douglas Caldwell (original Kepler team
members); Aritra Chakrabarty (NPP),
and other collaborators



Occurrence of Earth-sized planets in the
habitable zone (“eta-Earth™)




