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Formation of Wide-Separation Substellar Companions
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Giant Planets on Wide Orbits Have a Low Occurrence Rate

Planet Occurrence Rate
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Giant Planets on Wide Orbits Have a Low Occurrence Rate
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Giant Planets on Wide Orbits Have a Low Occurrence Rate

Planet Occurrence Rate
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Giant Planets on Wide Orbits Have a Low Occurrence Rate

Planet Occurrence Rate
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Giant Planets on Wide Orbits Have a Low Occurrence Rate

Planet Occurrence Rate
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Few Imaged Exoplanets Have Direct Mass Measurements
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Few Imaged Exoplanets Have Direct Mass Measurements
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Astrometric Accelerations Reveal Unseen Wide-Orbiting Planets

Hipparcos
(1991)

Astrometric Accelerations
Enable Rare and Valuable
Dynamical Mass Measurements

Gaia DR3
(2016)

Planets and Brown Dwarfs Induce Small Proper Motion
Differences over 25 years between Hipparcos and Gaia DR3

(See Brandt 2018, 2021; Kervella et al. 2019, 2021)
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Predicted Mass From Astrometric Acceleration

Maximum Separation (AU)
10° 101 102

10~2 101 10° 10%

Maximum Separation (")

See Franson et al. (2023a,b); Franson & Bowler (2023)

See also e.g., Brandt et al. (2019, 2021); De Rosa et al. (2019a,b); Fontanive et al. (2019); Mesa et al. (2022), Li et al. (2023, 2024)
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Predicted Mass From Astrometric Acceleration

Maximum Separation (AU)
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Astrometric Accelerations as Dynamical Beacons

Franson et al. (2023a,b)
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Astrometric Accelerations as Dynamical Beacons
Franson et al. (2023a,b)
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ADec (mas)

HIP 21152 B: First Imaged Brown Dwarf Companion in the Hyades

500

Flux (erg/cm?/s/A)

x10~17

Franson et al. (2023a)

See also Bonavita et al. (2022) and Kuzuhara et al. (2022)
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+ 370 mas separation

+ L' contrast of 9.3 mag

+ F5 Host-Star in Hyades
Cluster

+ Age of 650 = 100 Myr

+ Dynamical mass of
+6
247 My,
 1-20 lower than hot-
start model
predictions
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AF Lep b: Lowest Mass Imaged Planet with a Dynamical Mass

Dec. 2021

AF Lep b
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Earth-Sun
Distance

Franson et al. (2023b)

See also De Rosa et al. (2023) and Mesa et al. (2023) o1 Peg 30th Anmversary
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AF Lep b: Lowest Mass Imaged Planet with a Dynamical Mass

Feb. 2023
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AF Lep b: Lowest Mass Imaged Planet with a Dynamical Mass

Separation of

350 mas, L’ Feb. 2023

Contrast of 10 mag

Franson et al. (2023b)
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AF Lep b: Lowest Mass Imaged Planet with a Dynamical Mass
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AF Lep b: Lowest Mass Imaged Planet with a Dynamical Mass

Separation of
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AF Lep b: Lowest Mass Imaged Planet with a Dynamical Mass

Separation of Delbris Disk
350 mas, L’ Feb. 2023 with Radius of

Contrast of 10 mag 30-70 au

Franson et al. (2023b) Pawellek et al. (2021)
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See also De Rosa et al. (2023) and Mesa et al. (2023) o1 Peg 30th Anniversary




AF Lep b: Lowest Mass Imaged Planet with a Dynamical Mass

Separation of Delbris Disk
350 mas, L’ Feb. 2023 with Radius of
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AF Lep b: Lowest Mass Imaged Planet with a Dynamical Mass

Separation of Delbris Disk
350 mas, L’ Feb. 2023 with Radius of

Contrast of 10 mag 30-70 au

Franson et al. (2023b) Pawellek et al. (2021)
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AF Lep b: Lowest Mass Imaged Planet with a Dynamical Mass
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AF Lep b has been Characterized at Record Pace
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AF Lep b
p b has been Characterized at Record Pa
ce
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Use the 45 (Signal-Safe Speckle Subtraction): Explainable Machine Learning reveals the

Giant Exoplanet AF Lep b in High—Contrast Imaging Data from 2011
Bonse et al. (2024)
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Clues About the Formation of AF Lep b
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16 AF Lep Properties: Balmer et al. (2025) HD 163296 Image: Andrews et al. (2018) Kyle Franson — 51 Peg 30th Anniversary
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Increasing the Efficiency of Imaging Exoplanets
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Increasing the Efficiency of Imaging Exoplanets

Astrometric Accelerations as Dynamical Beacons

34 star sample

Franson et al. (2023b) Franson et al. (2023a)
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Increasing the Efficiency of Imaging Exoplanets

Astrometric Accelerations as Dynamical Beacons

34 star sample

HIP 21152 B
"r = : ‘ ’

Franson et aI (2023b) Franson et al. (2023a)
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Macintosh et al. (2015) Konopacky et al. (2016)
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Increasing the Efficiency of Imaging Exoplanets

Astrometric Accelerations as Dynamical Beacons

34 star sample
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Increasing the Efficiency of Imaging Exoplanets

Astrometric Accelerations as Dynamical Beacons

34 star sample
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“rr N

Astrometric Accelerations Yield
Tenfold Improvement in Planet-
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Gaia DR4: Expected December 2026

Generated using htof
Brandt et al. (2021)

101 109
Projected Separation (")

A Treasure Trove of Informed Targets for Next-Generation

High-Contrast Imaging Instruments
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Gaia DR4: Expected December 2026

Generated using htof
Brandt et al. (2021)

107" 10°
Projected Separation (")

A Treasure Trove of Informed Targets for Next-Generation

High-Contrast Imaging Instruments
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Gaia DR4: Expected December 2026
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Comparison Against Evolutionary Models:
Delayed Formation?
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Constraining the Initial Entropy and
Formation Timescale of AF Lep b

Formation Delay of AF Lep b relative to the Host Star (Myr)
24 19 14 9 4 -1 -6 -11 <— if BPMG age = 24 Myr
16 11 6 1 -4 -9 -14 -19 «— if BPMG age = 16 Myr
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Initial Entro
M=2.8=%0.6 M,
8F log(Lpo/Lo) = —5.22 + 0.04 dex
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Planet Age (Myr) Planet Age

= - - -
o - N w

Initial Entropy (kg/baryon)
O

Zhang (2024)
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Gaia BH3: First Taste of Gaia DR4 Science
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Accessing Small Separations is Challenging with JWST
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HIP 65426 b
(p = 820 mas)
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Carter et al. (2023)
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JWST Imaging of AF Lep b at 4.4 ym
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3-5 pm Spectrum of AF Lep b
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Predicted Mass From Astrometric Acceleration

Maximum Separation (AU)
10* 102

Stars

Planets

10~1 10° 101

Maximum Separation ()

See Franson et al. (2023a,b); Franson & Bowler (2023)

See also e.g., Brandt et al. (2019, 2021); De Rosa et al. (2019a,b); Fontanive et al. (2019); Mesa et al. (2022), Li et al. (2023, 2024)
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Predicted Mass From Astrometric Acceleration

Maximum Separation (AU)
10% 102

Planets

# Could be a planet
within 400 mas!
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Maximum Separation ()

See Franson et al. (2023a,b); Franson & Bowler (2023)

See also e.g., Brandt et al. (2019, 2021); De Rosa et al. (2019a,b); Fontanive et al. (2019); Mesa et al. (2022), Li et al. (2023, 2024)
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