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Using TTV for Unseen Exoplanets
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DISCUSSIONS

Discussion 1: Informed Priors Accelerate Parameter Recovery 8x Faster

CHALLENGE METHODOLOGY

Exoplanet Detection Bias Distorts Our View of Planetary Systems

Step 1: 80,000 N-body Simulations Exploring 11 Parameters to Discover Hidden Planets Mass and Period Parameter Space for Hidden Planet
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Missing outer planets significantly undercounts multi-planet systems,

leading to an incomplete view of planetary system architectures Step 3: Random Forest Regression to Predict Hidden Planet Priors

Step 2: Signals Extracted from Simulated TTVs

Discussion 2: NEPTUNE Characterizes Hidden Exoplanets

Applied machine learning to data from N-Body simulations
Orbital Period Ratio Bins

Non-Resonant

Dominant Period: Detected via Lomb—Scargle periodogram Planet Classification

* Rocky Super-Earths: < 10 Mg,
* Neptune/super-Neptune like: 10 — 100 Mg,
* Gas Giants: > 100 Mg,

Secondary Period: Detected by subtracting dominant period Training Data

Amplitude: Estimated using sinusoidal fits * 80,000 N-body simulation parameters
False Alarm Probability: Signal kept if FAP < 0.01 (299% certainty) * 10% Gaussian noise added
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Decoding TTVs requires long baselines and breaking degeneracy

RESEARCH GOALS

Goal

Accelerate the detection and characterization of hidden (non-transiting)
exoplanets in multi-planet systems using Transit Timing Variations (TTVs)
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* Degeneracies: Identify solutions with similar TTV fits

Result 1: TTV Amplitude & Period Depend on Resonance, Mass, and Eccentricity Super-Period Increases

Near Resonance

Eccentricity Amplifies

Amplitude Increases Near Resonance and with Perturbing Mass Amplitude
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TTV Amplitude

* Peaks near resonances (e.g., 2:1, 3:2) due
to cumulative gravitational interactions

* Increases with perturbing mass

* Amplified by eccentricity
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TTV Period

* Resonant systems: long-period, high-
amplitude super-period signals

* Non-resonant systems: shorter-period,
synodic signals from conjunction timing
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characterize planetary system
architectures:
* Peas-in-a-Pod: Planets with uniform

Kepler-46
validated

Kepler-1710

Kepler-25 & Kepler-46: Shaped by early
resonance capture and tidal evolution

Errors and Limitations

1. Mid-Transit Time Uncertainty
Transit times from Kepler/TESS light curves included
measurement uncertainties derived using EXOTIC

2. Confidence Intervals of Parameter Estimates
MCMC sampling produced 1-6 credible intervals,
capturing both best-fit parameter values and the
likelihood of different outcomes

3. Model Selection using Sum of Squared Errors

&

oo

() <5 Earth Mass

@ <20 Earth Mass |

Plot created by finalist using Matpiotiib

10t

10?

103 104

Period (days)

TTV Data With Error Bars

*
Jtets

§§+

Objectives Models were ranked by Sum of Squared Errors (SSE); lower SSE indicated a better fit to
- . N . . TTV data
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DATA SOURCES

NEPTUNE: Powered by Open Science, Open Source, Open Data

Data Sources

* TTV Catalog: Kepler and TESS Data Release

* Transit Timings: MAST Archive
* Ephemeris: NASA Exoplanet Archive
* Radial Velocity: HARPS Catalog

Open Robotic Telescopes Network
* Burke-Gaffney Observatory (Canada)
* Alnitak Observatory (Spain)

Modeling and Analysis Tools

* N-Body integrator: REBOUND (IAS15)
* Signal Processing: Scipy, Astropy

* Machine Learning: scikit-learn

* Bayesian Inference: emcee, corner

Networks and Forums

¢ Citizen Science: Ariel ExoClock, ExoFOP

* Forums: Royal Astronomical Society of
Canada, Exoplanet Watch, British
Astronomical Association
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Initial Guess from Random Forest

Synodic Signals Selects Correct Parameters for Hidden Planet Kepler-46¢ * Period ratio: 5:3 | far from resonance
* Eccentricity: 0.00 - 0.03
~ Predicted synodic = observed peak * Mass: 80 - 200 Mg,
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5 : Bayesian Inference (MCMC)

gos * Gelman—Rubin R < 1.1 (converged)
& 02 * Chain length > 20x autocorrelation
Posteriors: 9 degenerate solutions

Predicted Parameters of Kepler 46c Matched NASA
NEPTUNE NASA

57.16+£0.40 57.01+0.06

Parameter Accuracy

99.74%
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Resonance

15 20 25 30 35

Synodic Signal (Unique Solution)
* Period: 82.32 £ 0.2 days
*  Amplitude: 20.25 £ 1.9 min

Eccentricity
Mass (Mg)

Result 4: Discovery of Possible Candidate Exoplanet in Single-Planet System Kepler-1710

Target: Kepler-1710b (Transiting, Period: 14.9 days)

) . Kepler Target Pixel Files (TPF) with
Single-planet system with TTVs (Kepler DR 25)

Aperture And Light Curve Generated

. . . Kepler-1710b O-C Plot
Star in Kepler Field of View

Data and Light Curve Processing e . - %
* 70+ Target Pixel Files (TPF) from NASA MAST ¢ : i Z
* Custom apertures via EXOTIC !

* Mid-transit times = O-C curve

Jan 2011

Images taken from MAST

Apr 2012

TTV Signal Analysis (Kepler-1710b)

* Sinusoidal O-C = likely gravitational perturbation
* Dominant Period: 259.43 £ 0.3 days

*  Amplitude: 37.6 £ 0.2 min

* FAP: 10! {Highly significant)
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Days
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Image taken from NOAO, 2014 500

Corner Plot: Posterior Distribution
Period = 23.20 + 0.39

Likely Parameters of Candidate Exoplanet
Meets Radial Velocity Constraints

Initial Guess from Random Forest
*  Period ratio: 2:1 | 3:2

* Eccentricity: 0.00- 0.03

* Mass: 5-80 Mg,

Parameter NEPTUNE

* RV baseline: 12.2 years, 21 RV points

* No RV trend: Excludes distant giant
companions

* RV mass limit: <1.23 Jupiter Mass at 10 AU

Period (days) 23.20+0.73

Resonance 3:2

Eccentricity
Yo, e, % % %,

Mass = 27.48 + 2.38

Bayesian Inference (MCMC)
* Gelman—Rubin R < 1.1 (converged)
* Chain length > 20x autocorrelation
* Posteriors: 1 solution
(others rejected > 10% Sum of Squared Errors)

Eccentricity 0x0

Mass (Mg)

R

Consistent with proposed Neptune-sized
candidate (27.5M, at ~0.15 AU)

27.48+2.38

Vass
Bob, B
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* Integrates machine learning + Bayesian inference to rapidly detect and characterize

hidden exoplanets

* With informed priors, NEPTUNE achieves 8x faster analysis vs. current methods

2. Degeneracy Resolution

* Uses multi-period fitting to resolve degeneracies in planetary mass, period, and

eccentricity

3. Model Validation and Uncertainty Quantification

* Model accuracy validated by comparing results with well-studied TTV systems

* Includes uncertainty estimates for reliable predictions

4. Applications to New Systems and Scalability

* Successfully applied to discover possible exoplanet candidate in Kepler-1710 system

and potentially transform it from a single-planet into a multi-planet system

* Open-source tool enables broader use by researchers and citizen scientists

PROJECT IMPACT AND FUTURE

1. Contributed to ESA Ariel/ExoClock Mission

NEPTUNE observations added to ExoClock to
improve TTV baseline

2. Expanding to Mono-Transit Analysis

Huge demand for NEPTUNE to characterize long-
period planets with only 1 transit observation
(eg: KOI 4307, KOI 1271) and where future
observations are unlikely

3. NEPTUNE is Open-Source

Posted on GitHub and training modules created to
crowdsource analysis of hundreds of unstudied TTVs

4. International Talks Delivered on NEPTUNE
4th ExoClock Annual Meeting, Portugal (Oct 2024)
31st Youth Scientists Conference, Ukraine (Apr 2025)

NEPTUNE Analysis Added to
ExoClock to Improve TTV Baseline

KELT-16b Transit Curve and O-C Plot
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