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Formation of Wide-Separation Substellar Companions

Core/Pebble Accretion
Pollack et al. (1996) 

Lambrechts & Johansen (2012)

Cloud-Fragmentation
Boss (2001) 

Bate et al. (2002)

Gravitational Instability
Boss (1997)

Credit: Ken Rice Bate (2009)2

Giant Planets Brown Dwarfs
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Few Imaged Exoplanets with Direct Mass Measurements
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Few Imaged Exoplanets with Direct Mass Measurements

Imaged brown 
dwarf companions

Saturn

Jupiter

Uranus
Neptune

Imaged planets
51 Eri b

β Pic c HR 8799 e

β Pic b
HD 206893 c

Marois et al. (2010) 
Lagrange et al. (2009, 2010) 
Macintosh et al. (2015) 
Nowak et al. (2019) 
Brandt et al. (2021a,b) 
Hinkley et al. (2022) 
Matthews et al. (2024)

Highly uncertain masses 
inferred through models

 Indi bε
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Few Imaged Exoplanets with Direct Mass Measurements
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Jupiter
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Highly uncertain masses 
inferred through models

51 Eri b

HR 8799 e

β Pic b
HD 206893 c

β Pic c

Jupiter
Precise Dynamical Masses 

Model Independent

 Indi bε

Marois et al. (2010) 
Lagrange et al. (2009, 2010) 
Macintosh et al. (2015) 
Nowak et al. (2019) 
Brandt et al. (2021a,b) 
Hinkley et al. (2022) 
Matthews et al. (2024)
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Hipparcos

μhg

μhip

μgaia

(1991)

Finding Wide-Separation Planets through Astrometric Accelerations 

Planets and Brown Dwarfs Induce Small Proper Motion Differences over 
25 years between Hipparcos and Gaia EDR3

6

Gaia DR3
(2016)

(See Brandt 2018, 2021; Kervella et al. 2019, 2021)

Astrometric Accelerations 
Enable Rare and Valuable 

Dynamical Mass Measurements
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Predicted Mass From Astrometric Acceleration

7

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

Stars

Brown Dwarfs

Planets

See also e.g., Brandt et al. (2019, 2021); De Rosa et al. (2019a,b); Fontanive et al. (2019); Mesa et al. (2022), Currie et al. (2020)
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Stars

Brown Dwarfs

Planets

Predicted Mass From Astrometric Acceleration

8

Could be a brown dwarf 
within 500 mas!

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), Currie et al. (2020)
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Predicted Mass From Astrometric Acceleration

9

Stars

Brown Dwarfs

Planets

Avoid! It’s a 
binary!

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), Currie et al. (2020)
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Predicted Mass From Astrometric Acceleration

10

Could be a planet 
within 400 mas!

Stars

Brown Dwarfs

Planets

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), Currie et al. (2020)



Kyle Franson — Know Thy Star 2See also De Rosa et al. (2023) and Mesa et al. (2023)
Franson et al. (2023b)

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

350 mas, L’ 
Contrast of 10 mag

Franson et al. (2023b)

Sun-Like Host 
Star in  Pic 

Moving Group
β

Zuckerman & Song (2004)

Age of 
24 ± 3 Myr

Bell et al.  (2015)

Debris Disk 
with Radius of 

30–70 au
Pawellek et al. (2021)

Astrometric 
Acceleration of 
2.4 ± 0.3 m/s/yr

Brandt (2021)

Dynamical Mass 
of 3.5 MJup

Bonse et al. (2024)
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AF Lep b: Lowest Mass Imaged Planet with a Dynamical Mass
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Marois et al. (2010) 
Lagrange et al. (2009, 2010) 
Macintosh et al. (2015) 
Nowak et al. (2019) 
Brandt et al. (2021a,b) 
Hinkley et al. (2022) 
Matthews et al. (2024)
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Potential Enhanced Metallicity of AF Lep b

13

Zhang et al. (2023)
See also Palma-Bifani et al. (2024)
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90% Coronagraphic Transmission

3.81 * 0.6235926305574556 * 2

75%
50%

F444W

HIP 65426 b 
( )ρ = 820 mas

25%

Accessing Small Separations is Challenging with JWST

14
Carter et al. (2023)

AF Lep b 
Separation

10%

1 arcsec
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JWST Imaging of AF Lep b at 4.4 μm

15

AF Lep b Recovered 
with S/N of ~10  at 
320 mas Separation

σ

F444W Contrast of 
 mag10.01 ± 0.11

Closest Separation 
Planet Imaged 

with JWST

Coronagraphic 
Transmission of 7% 
at Planet Separation

ObservedPrediction

F444W

Franson et al. (2024)
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16
Franson et al. (2024)
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3–5 μm Spectrum of AF Lep b

17
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Orbit Fit Including 2011 NACO Data and new GRAVITY Astrometry

✦ Semi-Major Axis:  

✦ Eccentricity:  (Circular) 

✦ Orbital inclination:  
• Inclination of host-star:  

✦ Dynamical mass:  
• Consistent with hot-start, warm-start if 

delayed formation 

✦ Reinforces emerging trends in eccentricity 
and spin-orbit alignment (Bowler et al. 2020, 2023; 
Do Ó et al. 2023; Nagpal et al. 2023; Sepulveda et al. 2024)

9.0 ± 0.2 au

0.01 ± 0.02

57.5 ± 0.7∘

54+11
−9

∘

3.7 ± 0.5 MJup

October 2011
Bonse et al. (2024)

Planet’s on 
the other side 

of the star!

Orbit Fit & GRAVITY Astrometry: 
Balmer et al. (2024)
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Clues About the Formation of AF Lep b

19

Circular Orbit

Enhanced Atmospheric 
Metallicity

Dynamical Mass of          
~3—4 MJup

Core Accretion

HD 163296 Image: Andrews et al. (2018)19

Consistent with Spin-
Orbit Alignment

Semi-Major Axis at Peak 
of Gas Giant Production 

(Fulton et al. 2021)
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Summary

20

Successful recovery of AF Lep b with JWST at a 
separation of 320 mas

The Future of Astrometric Accelerations: Gaia DR4/
DR5 and the ELTs

We are conducting an exoplanet imaging survey 
targeting stars with promising astrometric accelerations

AF Lep b: The Lowest-Mass Imaged Planet with a 
Dynamical Mass
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Stars

Planets

Brown Dwarfs

Hipparcos and Gaia Now

Dynamical Masses Now and in the Future

21

  
 
With 
Gaia DR4/
DR5 and the ELTs

Discovered through Hipparcos-
Gaia Follow-Up Programs
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22

Generated using htof 
Brandt et al. (2021)

A Treasure Trove of Informed Targets for Next-Generation High-Contrast 
Imagers and the ELTs

Lower Masses 
for Bright Stars

Opens Up Faint Targets 
Not in Hipparcos 

( )V ≳ 11 mag


