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Program purpose per Charter 
From the  Astrophysics Division
1. Discover planets around other stars 

2. Characterize their properties 

3. Identify candidates that could harbor life 

ExEP serves the Science Community and NASA:
• As a Focal point for exoplanet science and technology
• By Integration of cohesive strategies for future discoveries

https://exoplanets.nasa.gov/exep

NASA's search for habitable planets and life beyond our solar system
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Mass of Milky Way’s stars: 
50 billion solar masses (±10%)
(Cautun+2020 using ESA/Gaia results)

Mean star mass: 
0.40 solar mass (±10%)

Total number of stars in Milky Way: 
125 billion (±15%)

NASA Kepler mission
(2009-2018)



# close-in exoplanets per star (NASA Kepler):
M dwarfs: ≿ 4 (Hsu, Ford & Terrien 2020)
K dwarfs: ≿ 2.6 (Kunimoto & Matthews 2020)
G dwarfs: ≿ 1.7 “
F dwarfs: ≿ 0.9 “

Credit: Andreas Papadopoulos Credit: NASA

Minimum number of planets in Milky Way galaxy:
≿ 400,000,000,000 

Mass of Milky Way’s stars: 
50 billion solar masses (±10%)
(Cautun+2020 using ESA/Gaia results)

Mean star mass: 
0.40 solar mass (±10%)

Total number of stars in Milky Way: 
125 billion (±15%)



Number of small rocky planets in         
“habitable zone” per star (NASA Kepler):
Sun-like stars: ~0.24*  (Bryson+2021) 
M dwarf stars: ~0.33   (Hsu, Ford & Terrien 2020)

Number of rocky temperate exoplanets in Milky Way:
~30 billion (very rough estimate)!

Credit:  NASA/Ames Research Center/W. Stenzel

Credit: Andreas Papadopoulos Credit: NASA

Mass of Milky Way’s stars: 
50 billion solar masses (±10%)
(Cautun+2020 using ESA/Gaia results)

Mean star mass: 
0.40 solar mass (±10%)

Total number of stars in Milky Way: 
125 billion (±15%)



Voyager 1 (1990)  “The Family Portrait”    Credits: NASA/JPL-Caltech
Voyager 1 (1990)  “Pale Blue Dot” 
Credits: NASA/JPL-Caltech



HR 8799  system / Keck – Credit: Jason Wang et al. TYC 8998-760-1 (YSES 1) system / VLT – Credit: Alex Bohn et al.



Credit: Paul Hertz (NASA HQ)
Voyager 1 (1990)  “Pale Blue Dot”
Credits: NASA/JPL-Caltech

Simulated image w/coronagraph – star @ 12pc
LUVOIR Report (2019)



Decadal Survey on Astronomy & 
Astrophysics 2020 (Astro2020) 

11Image credit:  National Academies



Segmented, deployable telescopes

LUVOIR-B
8-m, off-axis

w/coronagraph

11/13/2020

HabEx
4-m monolith 
telescope 
with 
coronagraph 
and  
formation-
flying 
starshade

NASA’s 2020 Astrophysics Decadal Mission Concept Studies:
https://science.nasa.gov/astrophysics/2020-decadal-survey-planning

https://science.nasa.gov/astrophysics/2020-decadal-survey-planning


The Need to Measure Exoplanet Masses

“Mass is the most fundamental 
property of a planet, and 
knowledge of a planet’s mass 
(along with a knowledge of its 
radius) is essential to 
understand its bulk composition 
and to interpret spectroscopic 
features in its atmosphere. If 
scientists seek to study Earth-
like planets orbiting Sun-like 
stars, they need to push mass 
measurements to the sensitivity 
required for such worlds.”

-National Academy of Sciences 
Exoplanet Science Strategy (2018)

EPRV Working Group Presentation to NASA & NSF (2020)
https://exoplanets.nasa.gov/exep/NNExplore/EPRV/

https://exoplanets.nasa.gov/exep/NNExplore/EPRV/


14Meadows & Barnes (2018)

Many Factors Affecting Habitability



Terrestrials/rocky planets“Super-Earths”
“sub-Neptunes”

(puffy
, H

/He atm
ospheres)

“Neptunes”

Credit: background plot from Li Zeng (CfA)

“Fulton Gap”/”Radius Valley”

Kepler’s Legacy: The zoo of close-in small planets 

Credit: Dorn+2017

Credit: G. Arney 
(NASA GSFC) / 
S. Domagal-
Goldman 
(NASA GSFC) / 
T. B. Griswold 
(NASA GSFC) 



http://sites.nationalacademies.org/SSB/CurrentProjects/SSB_180659



Radial velocity & astrometric amplitudes:
measuring the gravitational tug of exoplanets on their stars

refs: Lovis & Fischer 2010, Unwin+2009

Doppler/RV amplitude

Astrometric amplitude



Predicted Radial Velocity Amplitude for 1 MEarth Planet 
Orbiting in Habitable Zone of Main Sequence Stars
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𝞂RV

𝞂photon 𝞂facility 𝞂star   

System throughput
Magnetic field Faculae / spots

Extraction / Doppler analysis pipeline

Calibration stability

Aperture

Detector effectsInstrument stability

Stellar information content

Starspots Granulation

Oscillations

Deconstructing Radial Velocity Measurement Precision

Telescope Aperture
and Cadence

Technology/Instrumentation and 
Tellurics Research

Stellar Variability and 
Data Analytics Research

Proposed Architectures Proposed Research 19EPRV WG Presentation 
to NASA & NSF 3/2020

https://arxiv.org/abs/2107.14291
https://exoplanets.nasa.gov/exep/NNExplore/EPRV/

https://arxiv.org/abs/2107.14291
https://exoplanets.nasa.gov/exep/NNExplore/EPRV/


Initial prospects for astrometry – LUVOIR study
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Predicted astrometric & radial 
velocity amplitudes for exo-
Earth twins 
(Earth mass, insolation)  
orbiting LUVOIR & HabEx 
target stars 
(mostly FGK stars within 25pc)

EPRV Gap
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New 
Spectrographs



• EPRV precursor observations reduce mission time to achieve 50% of yield or characterized planets by a factor of 3!
– High impact science occurs earlier in the mission, allowing time for follow up characterization
– More immediate science results excite the public and science community
– Mitigates risk of early mission failure

• EPRV makes missions more nimble and powerful
– Precursor spectral targets on Mission Day 1 ensure robust scheduling opportunities for starshade arrival at optimal 

viewing  epochs
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Extremely Precise Radial Velocities Accelerates the ExoEarth Yield for Flagship 

Morgan+2021
JATIS
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Important Open Questions for the Community to Guide the 
“Mass Strategy” for the IROUV Space Observatory Recommended by Astro2020

1.  What degree of precursor knowledge will we want for the masses and orbits of 
exoplanets (esp. small HZ planets) imaged and spectrally characterized by IROUV?

2.  What are the astrophysical and technical limits to the accuracy of the astrometry 
and radial velocity techniques, with respect to the goals of measuring accurate 
masses for potentially habitable worlds orbiting IROUV target stars? 

4.  What combination of astrometry and radial velocity capabilities will we plan to for 
accurately measuring the masses and orbits of potentially habitable worlds orbiting 
IROUV target stars? 

3.  What are the astrometry capability options in support of IROUV exoplanet 
imaging/spectroscopy science? 



Thoughts on options for community to consider for ‘mass strategy’ for IROUV mission  
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LUVOIR study 
(2019)

Measure precursor mass/orbit data before
exo-Earth imaging/spectroscopy

Measure precursor mass/orbit data 
during/after exo-Earth 
imaging/spectroscopy

Live without accurate masses for some 
(possibly most) exo-Earths 

imaged/spectroscopically characterized

• EPRV Initiative – follow EPRV Working Group plan -
reach decision point in mid/late 20s on feasibility of 
ground EPRV solution (but we already know ~30% of 
stars not amenable to EPRV for exo-Earths, maybe 
higher)

• Advance options for astrometry from space 
w/dedicated mission? What scale(s)? When? Who?

• Astrometry w/Astro2020 mission concept studies 
was just started to be explored in concept study 
reports, but further analysis and exploration of options 
needed (see A. Roberge talk)

• “Best effort” - Accept that EPRV can’t measure masses 
for all small planets for which direct imaging mission 
can measure spectra. Accept risk to Decadal goal 
(~25x...) of not having precursor orbit/mass knowledge 
before IROUV mission. 

~25x



exoplanets.nasa.gov

This work was carried out at the Jet Propulsion Laboratory, California Institute of Technology under contract with the National Aeronautics and Space Administration. © 2022 All rights reserved.

Voyager 1 (1990)  “Pale Blue Dot”   Credits: NASA/JPL-Caltech
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Extreme Precision Radial Velocity Working Group
https://exoplanets.nasa.gov/exep/NNExplore/EPRV/

Decision Statement: Recommend the best ground-
based program architecture and implementation (aka 

Roadmap) to achieve the goal of measuring the masses 
of temperate terrestrial planets orbiting Sun-like stars

https://arxiv.org/abs/2107.14291


