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Reminder: Detecting Planets Is Hard

Zhu & Dong (2021)



The Planet Census is Incomplete

Dressing (in prep) using data from the NASA Exoplanet Archive



What Are the Properties of Nearby Planetary Systems, 
And How Well Have They Been Searched for Planets?

• See in-person poster 21 by Caleb Harada



Definitions



What is a Planetary System?

• Working definition for this talk: a gravitationally-bound collection 
of multiple objects including at least one planet

• Example systems:
• A single star with ≥ 1 planet

• A single star with ≥ 1 planet AND  additional substellar companions (e.g., brown dwarfs, dwarf 
planets, small bodies)

• A stellar binary in which planets orbit one or both stars

• Three or more stars with planets orbiting one, some, or all stars

• One or more brown dwarfs with planets orbiting one, some, or all brown dwarfs

• A  collection of gravitationally bound planets, moons, or planetesimals without any bound stars 
or brown dwarfs



Planets Orbiting Black Holes Are An 
Extreme Type of Planetary System

• See the remote poster by Alaa Salah Afifi



An Isolated, Single Free-Floating 
Planet is NOT a System…

• See in-person poster 15 by William DeRocco



…but Free-Floating Planets Might 
Interfere with Planetary Systems

• See remote poster by Shreesham Pandey



Some Planetary Systems Have 
More Than One Star

• See in-person poster 2 by Aleyna Adamson 



Determining Which Star In A Multistar 
System Hosts A Planet Can Be Challenging

• See in-person poster 8 by Nathanael Burns-Watson

Burns-Watson, 
Sullivan, & 

Kraus



What is Architecture?

1) Merriam-Webster offers the following definitions:

2) the art or science of building
a) Specifically, the art or practice of designing and building structures and especially habitable 

ones

3) formation or construction resulting from or as if from a conscious act

4) a unifying or coherent form or structure

5) architectural product or work

6) a method or style of building

7) the manner in which the components of a computer or computer system are organized 
and integrated



What is Planetary System Architecture?

• Working definition for this talk: the arrangement of one or more planets and 
other astronomical bodies in a gravitationally-bound collection of objects

• Example metrics:
• Number of stars, brown dwarfs, planets, and other objects

• Spacing between objects

• Hierarchical structure (or lack thereof)

• Distribution of mass

• Mutual inclinations

• Eccentricities

• Extent of similarity in various components



There Are Many Ways to 
Classify Planetary Systems

• See in-person poster 26 by Alex Howe



There Are Also Frameworks for 
Classifying Planets Within Systems

• See in-person poster 41 by Eva Plávalová



Planetary Systems Can Also Be Classified By How Planet 
Properties Change With Distance From The Host Star

• Example: Mishra et al. (2023) proposed four categories of systems
• Similar: the quantity is roughly the same for all planets

• Anti-Ordered: The quantity decreases with increasing distance

• Mixed: The quantity both increases and decreases with increasing distance

• Ordered: The quantity increases with increasing distance

Figures from Mishra et al. 2023a



Most Detected Systems Have 
“Similar” Architectures

Mishra et al. 2023a



Simulations Suggest That Similar Architectures 
Are The Most Likely Outcome of Planet Formation

• Nearly all systems formed from 
disks with < 1 MJ of solids are 
similar.

• Anti-ordered and ordered 
systems are more likely for 
systems with metal-rich host 
stars.

• Mixed systems are more likely 
at intermediate metallicities 
than at low or high 
metallicities

• With increased dynamical 
interactions, mixed, anti-
ordered, and ordered 
architectures are more likely. Mishra et al. 2023b



Gilbert & Fabrycky (2020) proposed a classification 
system inspired by information theory

They identified seven key metrics



G&F Metric 1: Dynamical Mass

• How much mass is in planets compared to the host star?

Gilbert & Fabrycky (2020)

Low dynamical mass High dynamical mass



G&F Metric 2: Mass Partitioning

• How much do the masses of individual planets vary?
• Inspired by Millholland et al. (2017) and Wang (2017)

Figures from Songhu Wang 2017 Res. Notes AAS 1 26 

Circle size = planet mass



G&F Metric 2: Mass Partitioning

• How much do the masses of individual planets vary?
• Inspired by Millholland et al. (2017) and Wang (2017)

Figures from Songhu Wang 2017 Res. Notes AAS 1 26 

intra-system mass dispersion

Circle size = planet mass



G&F Metric 2: Mass Partitioning

• How much do the masses of individual planets vary?
• Inspired by Millholland et al. (2017) and Wang (2017)

Figures from Songhu Wang 2017 Res. Notes AAS 1 26 

intra-system mass dispersion

Circle size = planet mass

Systems with less massive planets tend 
to have very low mass dispersions



G&F Metric 2: Mass Partitioning

• How much do the masses of individual planets vary?
• Inspired by Millholland et al. (2017) and Wang (2017)

Figures from Songhu Wang 2017 Res. Notes AAS 1 26 

intra-system mass dispersion

Circle size = planet massSystems with 
massive planets tend 
to have high mass 
dispersion

Systems with less massive planets tend 
to have very low mass dispersions



G&F Metric 3: Monotonicity

• To what extent are the planets ordered by size?
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G&F Metric 3: Monotonicity

• To what extent are the planets ordered by size?
• Monotonicity > 0: planets generally ordered by increasing size

• Monotonicity ≈ 0: no evidence that planets are ordered by size

• Monotonicity < 0: planets generally ordered by decreasing size
Gilbert & Fabrycky (2020)



Longer Period Planets Tend to Be Larger

• In systems in which at least one 
planet is at least as large as 
Neptune, Ciardi et al. (2013) 
found that larger planets tend 
to have longer orbital periods.
• True even after correcting for 

detection biases

• Trend is NOT seen for systems 
in which all planets are smaller 
than Neptune

Ciardi et al. (2013)



Compact Systems Resemble Peas in a Pod



Compact Systems Resemble Peas in a Pod

Figures from Weiss et al. (2018)



Compact Systems Resemble Peas in a Pod

• Radii of neighboring 
planets are correlated.

• For systems with 3+ 
planets, the period ratios 
of adjacent planet pairs 
are correlated.

• Smaller planets tend to 
have closer spacing.

• Systems with more 
planets tend to be more 
packed.

Figures from Weiss et al. (2018)



“Split Peas in a Pod”

Figures from Millholland & Winn (2021)



“Split Peas in a Pod”

• Compact systems with both Super-Earths and Sub-Neptunes show planet size 
correlations within planet classes

• Within a system, sub-Neptunes tend to be 1.7 times larger than Super-Earths

Figures from Millholland & Winn (2021)



Planets in Compact Multis Also 
Tend to Have Similar Masses

Masses and radii for transiting planets  with masses measured from transit timing variations. Figure from Millholland et al. (2017)



Cold Jupiters May Point 
Towards Hot Super Earths

• Roughly 1/3 of hot super Earths are 
in systems with cold Jupiters

• Most systems with Hot Jupiters also 
have cold Jupiters

• Nearly all systems with cold Jupiters  
also host inner super-Earths

Zhu & Dong (2021)

See also Knutson et al. (2014), Bryan et al. (2016, 
2019), Huang et al. (2016), Uehara et al. (2016), 

Dawson & Johnson (2018), Zhu & Wu (2018), 
Herman et al. (2019), Masuda et al. (2020)



How Does The Frequency of Outer Gas Giants 
Depend on the Properties of Inner Planets?

• See in-person poster 7 by Joshua Bromley



How Can Systems Form Planets 
Interior to Hot Jupiters?

• See in-person poster 38 by Devansh Mathur



System Architectures Hold Clues to the 
Physics Of Planet Formation & Evolution

• See in-person poster 23 by Matthias He



G&F Metric 4: Characteristic Spacing

• What is the typical separation between planets?

Gilbert & Fabrycky (2020)

Characteristic spacing

Scaled separation

Mutual Hill radius

Typical separation ≅ 20 Hill radii

Consistent with Lissauer+2011, Fang & Margot 2012, 
Pu & Wu 2015, Dawson+2016, Weiss+2018



There is an Excess of Planets 
Just Wide of Resonance

• There are clear peaks in the distribution of period ratios for 
adjacent planets.

• Systems just wide of resonance are much more common than 
those  just narrow of resonance.

Jiang et al. (2020)
Fabrycky et al. (2014)

Muresan et al. (2024)



System Architectures 
Can Be Shaped By Migration

• See in-person poster 29 by Finnegan Keller



How Does Planet Mass Ratio 
Affect Period Ratio? 

• See in-person poster 36 by Linghong Lin



G&F Metric 5: Gap Complexity

• How predictable is the relationship between planetary periods?

Gilbert & Fabrycky (2020)

Long tail!
partially caused by missing planets?

• In most cases, planet spacing appears 
very regular

• Planet spacing is more uniform than 
required by analyses of adjacent planets

• Systems with high apparent gap 
complexity might actually have low gap 
complexity if we could detect all of the 
planets.



Inferences About System Architectures May 
Be Incorrect When Planets Are Missed

• See in-person poster 56 by Alexander Thomas



Testing Empirical Models of Exoplanet 
Systems Based on Kepler Data: 

Searching for Additional Planets in TESS Multi-Planet Systems
Emma Turtelboom (UC Berkeley → Herschel Postdoctoral Fellow at McMaster), 

Jamie Dietrich (postdoc at Arizona State University), Courtney Dressing (she/her; 
UC Berkeley), & Caleb Harada (grad student at UC Berkeley)

Lead author 

Emma Turtelboom 

(UC Berkeley → McMaster)

Work supported by the Packard Foundation & NASA XRP

Turtelboom, Dietrich, Dressing, & Harada 

(2025, AJ, 170, 3; arXiv:2409.03852)



Key Question:
How Well Do We Understand the Architectures of Multiplanet Systems?



If we have detected some planets in a system, 
can we successfully predict the properties of 

additional planets in the system? 



Methodology

Check whether newly detected planets match predictions

Investigate detectability of predicted planets

Search the expanded data set for additional planets

Collect more observations of those stars

Use empirical models to make predictions about the likely radii and periods of as-yet-
undetected planets in systems that are known to have multiple planets



Step 1: Predict Planet Properties

• Jamie Dietrich (now at ASU, then at Arizona) developed the DYNAMITE 
package (https://github.com/JamieDietrich/dynamite) to predict system 
properties and test architectures (Dietrich & Apai 2020, 2021; Dietrich et al. 2022; Basant et al 
2022a, 2022b; Dietrich 2024)

• Predicted additional planets in 52 TESS multiplanet systems using two models 
for the distribution of planet periods

Weiss et al. 2018

Period Ratio Model

He et al. 2019



Step 2: Collect More Observations

• Between 2020 and 2024, TESS 
continued to observe the sky

• A typical star in the sample 
received five additional sectors of 
TESS data!

• Most targets had at least twice as 
much data in 2024 as in 2020

• The most heavily observed stars 
had six times as many sectors of 
data and 4.5 times more transits!

Turtelboom, Dietrich, Dressing, & Harada (2025)



Step 5: Assess Model Predictions

Turtelboom, Dietrich, Dressing, & Harada (2025)



Step 5: Assess Model Predictions

Correct Period

Near Maximum Peak
No Planets Where They 
Shouldn’t Be
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Turtelboom, Dietrich, Dressing, & Harada (2025)
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Turtelboom, Dietrich, Dressing, & Harada (2025)



Key Result: Neither model 
accurately predicted 

additional planets
• 8 of 25 newly detected planets have >10% period 

overlap with PRM or PCM predictions

• Using updated predictions from DYNAMITE v3 
(Dietrich et al. 2022) that include non-circular orbits 
& variable inclinations slightly improves predictions 
(13 matches instead of 8)

• Periods tend to be closer to primary peak of PRM 
posteriors than primary peak of PCM posteriors

• For more details, see Turtelboom, Dietrich, Dressing, 
& Harada (2025, AJ, 170, 3;; arXiv:2409.03852)



G&F Metric 6: Flatness

• How similar are the orbital planes of the planets?
• Most systems are very flat

Gilbert & Fabrycky (2020)



Obliquity Measurements Provide 
Valuable Information About Architectures

• See in-person poster 62 by Elina Yuchen Zhang



Hot Jupiters In Compact Systems Appear 
Preferentially Aligned With Their Host Stars

• See in-person poster 42 by Brandon Radzom



G&F Metric 7: Multiplicity

• How many planets are known to exist in the system?

Zhu et al. (2018)

30% ± 3% of stars 
have planets ≥ REarth 
within 400 days

See also Fang & Margot (2012)

Systems with more planets have 
lower mutual inclinations (i.e., 
1° for 5 planets within 400 days 
or 10° for 2 planets)

Per system: 
3 ± 0.3 planets 
with P ≤ 400 d



Compact Multis Appear Truncated

Figures from Millholland et al. (2022)



Compact Multis Appear Truncated

Figures from Millholland et al. (2022)

See also Fang & Margot (2013), Pu & 
Wu (23015), Tió Humphrey & Quintana 

(2020), Turtelboom et al. (2025) 



Future Directions

• Improve measurements of host star properties

• Increase the sample of planets with measured masses

• Refine eccentricity measurements

• Determine obliquities

• Extend searches and combine detection methods to increase search 
completeness

• Consider a wide variety of planetary systems, not just those around 
single stars

• Continue measuring abundances in stellar and planetary atmospheres

• Build and expand frameworks to consider full systems and include 
correlations between system parameters



Stellar Science is Essential

• See in-person poster 17 
by Ashley Elliott



How Do Cold Jupiters Acquire 
their Eccentricities?

• See in-person poster 60 by Grant Weldon



One Set of Metrics For 
Classifying Planetary Systems

• Gilbert & Fabrycky (2020) proposed a classification system inspired by 
information theory and identified seven key metrics:

1. Dynamical mass: how much mass is in planets compared to the host 
star?

2. Mass partitioning:  how much do the masses of individual planets vary?

3. Monotonicity: to what extent are the planets ordered by size?

4. Characteristic spacing: what is the typical separation between planets?

5. Gap complexity: how predictable is the relationship between planetary 
periods?

6. Flatness: how similar are the orbital planes of the planets?

7. Multiplicity: how many planets are known to exist in the system?



Summary of System Architectures

1. Dynamical mass: planets are much less massive than their host stars

2. Mass partitioning:  in compact multis, planets tend to have similar masses

3. Monotonicity: planets are sometimes ordered by size

• In compact multis, planets tend to have similar sizes

• In systems with planets larger than Neptune, exterior planets tend to be larger

4. Characteristic spacing: planets tend to be evenly spaced

• In compact multis, typical separations are roughly 20 mutual Hill radii

5. Gap complexity: how predictable is the relationship between planetary periods?

• Planets spacing is very regular

• 25% of systems have higher gap complexity, which could be due to missing planets 

6. Flatness: most systems are very flat

• Some evidence that systems with more planets are flatter

7. Multiplicity: systems tend to have roughly 3 planets with periods < 400 days

• High-multiplicity systems seem to be drawn from the same population 

• Single-planet and multi-planet systems can also be explained by the same population 

Selected References
Lissauer+2011,Fang & 

Margot 2012, Fabrycky 
2014

Millholland+2017, Wang 
2017, Weiss+2018,  Gilbert 

& Fabrycky 2020, Zhu & 
Dong 2021



Supplemental Reading
• Fang, J., Margot, J.-L. 2012. Architecture of Planetary Systems Based on Kepler Data: Number of Planets and 

Coplanarity. The Astrophysical Journal 761. doi:10.1088/0004-637X/761/2/92

• Lissauer, J. J. et al. 2011. Architecture and Dynamics of Kepler's Candidate Multiple Transiting Planet Systems. 
The Astrophysical Journal Supplement Series 197. doi:10.1088/0067-0049/197/1/8

• Millholland, S., Wang, S., Laughlin, G. 2017. Kepler Multi-planet Systems Exhibit Unexpected Intra-system 
Uniformity in Mass and Radius. The Astrophysical Journal 849. doi:10.3847/2041-8213/aa9714

• Weiss, L. M. et al. 2018. The California-Kepler Survey. V. Peas in a Pod: Planets in a Kepler Multi-planet System 
Are Similar in Size and Regularly Spaced. The Astronomical Journal 155. doi:10.3847/1538-3881/aa9ff6

• REVIEW ARTICLE: Weiss, L. M. et al. 2023. Architectures of Compact Multi-Planet Systems: Diversity and 
Uniformity. Protostars and Planets VII 534, 863. doi:10.48550/arXiv.2203.10076

• REVIEW ARTICLE: Winn, J. N., Fabrycky, D. C. 2015. The Occurrence and Architecture of Exoplanetary 
Systems.  Annual Review of Astronomy and Astrophysics 53, 409–447. doi:10.1146/annurev-astro-082214-
122246

• Zhu, W., Petrovich, C., Wu, Y., Dong, S., Xie, J. 2018. About 30% of Sun-like Stars Have Kepler-like Planetary 
Systems: A Study of Their Intrinsic Architecture. The Astrophysical Journal 860. doi:10.3847/1538-4357/aac6d5

• REVIEW ARTICLE: Zhu, W., Dong, S. 2021. Exoplanet Statistics and Theoretical Implications. Annual Review of 
Astronomy and Astrophysics 59, 291–336. doi:10.1146/annurev-astro-112420-020055
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