Advantages of

Peter Plavchan
Associate Professor
George Mason University

Q@PIavchanPeter
http://exo.gmu.edu
pplavcha@gmu.edu




FarthFinder

\"""-\_, -

TN

A NASA Probe Mission
Concept study for input into
the 2020 Astrophysics
Decadal

Credit: Ball Aerospace



FarthFinder

\"""-\_, -

TN

A NASA Probe Mission
Concept study for input into
the 2020 Astrophysics

Decadal Radial Velocities ...

Credit: Ball Aerospace



FarthFinder

\"""-\_, -

TN

A NASA Probe Mission
Concept study for input into
the 2020 Astrophysics

Decadal

—

Radial Velocities ... In space!

Credit: Ball Aerospace



FarthFinder
Team

Peter Plavchan (PI, George Mason University)

Gautam Vasisht (Co-I, Instrument team lead,

NASA Jet Propulsion Lab)

Chas Beichman (Instrument team lead, NASA
Exoplanet Science Institute)

Heather Cegla (Stellar Activity team lead, U.
Geneva)

Xavier Dumusque (Stellar Activity team lead,
U Geneva)

Sharon Wang (Telluric team lead, Carnegie
DTM)

Peter Gao (Ancillary Science team lead, UC
Berkeley)

Courtney Dressing (Ancillary Science team
lead, UC Berkeley)

Fabienne Bastien (Penn State University)
Sarbani Basu (Yale)

Thomas Beatty (Penn State)

Andrew Bechter (Notre Dame)

Eric Bechter (Notre Dame)

Cullen Blake (U Penn)

Vincent Bourrier (University of Geneva)
Bryson Cale (George Mason University)
Enrique Herrero Casas (CSIC-IEEC)

David Ciardi (NASA Exoplanet Science
Institute)

Jonathan Crass (Notre Dame)
Katherine de Kleer (Caltech/MIT)
Scott Diddams (NIST)

Jason Eastman (Harvard)

Debra Fischer (Yale)

Jonathan Gagné (U Montreal)

Catherine Grier (Penn State)

Richard Hall (University of Cambridge)
Sam Halverson (MIT)

Bahaa Hamze (George Mason University)
Andrew Howard (Caltech)

Eliza Kempton (U Maryland)

Natasha Latouf (George Mason University)
Stephanie Leifer (NASA Jet Propulsion Lab)
Paul Lightsey (Ball Aerospace)

Casey Lisse (JHU/APL)

Emily Martin (UCLA)

William Matzko (George Mason University)

Andrew Mayo (Technical University of
Denmark)

Simon Murphy (University of Sydney)
Patrick Newman (George Mason University)
Scott Papp (NIST)

Benjamin Pope (New York University)

Bill Purcell (Ball Aerospace)

Sam Quinn (Harvard University)

Ignasi Ribas (CSIC-IEEC)

Albert Rosich (CSIC-IEEE)

Sophia Sanchez-Maes (Yale University)
Angelle Tanner (Mississippi State)

Samantha
Cambridge)

Kerry Vahala (Caltech)
Ji Wang (Caltech)

Thompson  (University — of

Peter Williams
Community College)

(Northern Virginia

Alex Wise (University of Delaware)

Jason Wright (Penn State)



Planet M*sin(i) [Earth mass]

10

10

10°

Science

Discovery, mass and orbit characterization of Earth-mass

exoplanets orbiting nearest Sun-like stars

NASA Exoplanet Archive

T T T T T T P |
o o .

©
—_—

Stellar Mass [Solar mass]

Thu Jul 26 21:59:25 2018



Planet M*sin(i) [Earth mass]

10

10

Science

Discovery, mass and orbit characterization of Earth-mass
exoplanets orbiting nearest Sun-like stars

NASA Exoplanet Archive

Stellar Mass [Solar mass]

Thu Jul 26 21:59:25 2018



Planet M*sin(i) [Earth mass]

Science

Discovery, mass and orbit characterization of Earth-mass
exoplanets orbiting nearest Sun-like stars

NASA Exoplanet Archive

10

10°

0.1

Stellar Mass [Solar mass]

Thu Jul 26 21:59:25 2018



Planet M*sin(i) [Earth mass]

Science

Discovery, mass and orbit characterization of Earth-mass
exoplanets orbiting nearest Sun-like stars

NASA Exoplanet Archive

10

10°

0.1

Stellar Mass [Solar mass]

Thu Jul 26 21:59:25 2018



Planet M*sin(i) [Earth mass]

Science

Discovery, mass and orbit characterization of Earth-mass
exoplanets orbiting nearest Sun-like stars

NASA Exoplanet Archive

10

0.1

Stellar Mass [Solar mass]

Thu Jul 26 21:59:25 2018

10



Planet M*sin(i) [Earth mass]

10

10°

10

Science

Discovery, mass and orbit characterization of Earth-mass
exoplanets orbiting nearest Sun-like stars

NASA Exoplanet Archive

10% mass precision:f
~1cm/s

‘Wder-
1 ] ] ]

0.1

1 1 1 1
2 3 4 5

Stellar Mass [Solar mass]

11

6 7 8 9

Thu Jul 26 21:59:25 2018



Survey Yield

Simulated yield from 5 year survey
- 63 HabEx direct imaging targets
- Simulated planetary systems for each
- Simulated space-cadence with EarthFinder field of regard
- With perfect stellar activity correction

Yes, EarthFinder can recover Earth-mass planets orbiting the target stars (e.g. it has the
photons)
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Spacecraft & Orbit
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» Ball Aerospace

« Kepler, Spitzer heritage
« Extended baffle
« Thermal shield
e 1.45 meter primary
e 5year primary mission
e ~50 nearest FGKM main sequence stars (V~5)



Spacecraft & Orbit
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o Kepler, Spitzer heritage Zone: ~70.7% .
« Extended baffle
e Thermal shield & /
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* 5 year primary mission Zone: ~14.6% Zone: ~14.6%

e ~50 nearest FGKM main sequence stars (V~5)
« Earth-trailing or L2 orbit Figure from Bahaa Hamze
e 70.7% of sky visible at any time

e  Minimum two three-month visibility windows every year

e 29% of sky in continuous viewing zone



INnstrument

Fine Guidance Camera

Spectrometer

M= / housing/thermal shield
Cooler (2x) — / A = %g? Y
Y 4 = =Y 1.0-2.4 pm
Spectrometer — Spectrometer
housing/thermal
shield

0.5-1.0 um
Spectrometer Beam Splitter

Assemblies

Spectrometer uv

——g Spectrometer

Observatory
Spectrograph: Primary Mirror

« High-resolution (R~150-200k)

 Diffraction-limited (Single mode fiber spatial illumination stability)

e Laser frequency micro-comb wavelength calibration & 1 cm/s thermal
stability

e Visible arm: 380-900 nm

e NIR arm: 900-2400 nm

« Small UV arm for 280 nm Mgl chromospheric activity indicator



5 &

8

o
. .
—
o

Total system throughput
o
o

g &

VIS NIR short

Spectrograph __

s

1500 2000
Wavelength [nm)

Significant efficiency gains when diffraction limited

Spectrograph:

High-resolution (R~150-200k)

Diffraction-limited (Single mode fiber spatial illumination stability)
Laser frequency micro-comb wavelength calibration & 1 cm/s thermal
stability

Visible arm: 380-900 nm

NIR arm: 900-2400 nm

Small UV arm for 280 nm Mgl chromospheric activity indicator



Why space?

Improved br usin
di'llfrucﬁon- imite

spectrometer

Eliminated by using
single mode fiber

----- Total instrumental Doppler error  fe=====1
1 x 7y 1
Instrument (calibratable): Instrument (uncalibratable): External errors
Thermo-mechanical: Fiber & illumination: (uncalibratable):
Calibration source modal noise Atmospheric effects:

Thermal stability (grating)

Thermal stability (cross-disp.)

Thermal stability (optics)

Vibrational stability

Grating substrate aging

Science target modal noise

Near-field scrambling

Far-field scrambling

Polarization

Stray light

Detector effects

Calibration source
(uncalibratable):

Calibration accuracy:

Barycentric correction:

Exposure midpoint timing

Algorithms

Coordinates and proper motion

Telescope:

Guiding

Focus

Detector effects

Calibration process:

Reduction pipeline

Figure from Sam Halverson
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The telluric challenge
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We simulated the impact of synthetic telluric lines in synthetic
observed stellar spectra, and tested different methods of

correcting them, and did an empirical comparison to ISHELL
spectra



RV Error (m/s)
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Can we “solve” stellar activity?




Wavelength Coverage

To first order, RV~1/\ was expected for cool starspots
(eg Reiners et al. 2010),and observed for T Tauri stars,
Barnard's star with HARPS, and now CARMENES:

; Rv=ciesTesme 2
b = (=441 + 50) m/s per Np
T + Reiners et al (2018)

% Rv=(126:91)mis ——
b = (453 + 52) m/s per Np —
6000 7000 8000 9000

wavelength & [A]




Wavelength Coverage

To first order, RV~1/\ was expected for cool starspots
(eg Reiners et al. 2010),and observed for T Tauri stars,
Barnard's star with HARPS, and now CARMENES:

Stellar activity is not a
simple function of A, and
also time-dependent

500 F b = (441 + 50) m/s per Np
: L 1Y + Reiners et al (2018)

7000
wavelength A [A)



Wavelength Coverage
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Wavelength Coverage

Simulated Active Sun with StarSIM 2.0
blue=380-900; red=900-2400
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Wavelength Coverage

Simultaneous RV color subtracts planet signal(s)
completely!

“Clean” measure of RVs due to chromatic activity!

Needs modeling to go from RV color —> RV from activity
To zeroth order, activity RV o RV color, so:

o |solated planet signal is still~RV - Cx(RV color)

Simulated Active Sun with StarSIM 2.0
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Wavelength Coverage

Simultaneous RV color subtracts planet signal(s)

completely!

“Clean” measure of RVs due to chromatic activity!

Needs modeling to go from RV color —> RV from activity
To zeroth order, activity RV o RV color, so:

Isolated planet signal is still~RV - Cx(RV color)

RV color {m/s)
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Wavelength Coverage
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Wavelength Coverage
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EarthFinder RV color achieves a 61% reduction in RV rms from stellar
activity using only a simple linear-scaling model (e.g. no physics, limb-
darkening and convective blue-shift wavelength dependence), better
than the best results achieved from the ground to date, and it is not
possible to get this precision on the RV color from the visible alone.



Cadence lall et al. 2018
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Cadence

Space Ground

Constant Viewing Zone

135°

EarthFinder EarthFinder

\iﬁ’/ Orbital plane (near Ecliptic)

Operational Pointing
Zone: ~70.7%

Sun
Avoidance
Zone: ~14.6%

Anti-Sun
Avoidance
Zone: ~14.6%

Figure from Bahaa Hamze

Two 3-6 month visibility windows
per year (critical for 0.5-2 yr HZ
orbital periods), no daytime (no
1 day aliases!)
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Field of regard

One ~3-6 month visibility
window per year, minus
daytime and minus
weather



Cadence

Space Ground

Constant Viewing Zone

Field of r\egard

EarthFinder

Operational Pointing
Zone: ~70.7%

Anti-Sun
Avoidance
Zone: ~14.6%

Sun
Avoidance
Zone: ~14.6%

The little telescope that could: Due to loss of observing time on the
ground due to daytime and weather, a 1.5-m telescope in space has
the photon gathering power of a 3.5-m telescope on the ground. Add
in efficiency gains from the diffraction-limited optics in space, and one
achieves the equivalent of a 5-m telescope on the ground.



Cadence
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The little telescope that could: Due to loss of observing time on the
ground due to daytime and weather, a 1.5-m telescope in space has
the photon gathering power of a 3.5-m telescope on the ground. Add
in efficiency gains from the diffraction-limited optics in space, and one
achieves the equivalent of a 5-m telescope on the ground.
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R>150k & Line-by-Line
Analysis

« Line-by-line analysis has recently shown promise for
mitigating activity w/ HARPS data:
« Dumusque et al. (2018) - 30% reduction in RV rms for

Sun and Alpha Cen B
« Lanza et al. (2018) - 50% reduction in RV rms for one

dozen solar-like stars
o Wise et al. (2018) - Line depth correlated with activity

for optimal subsets of lines
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R>150k & Line-by-Line
Analysis

Ground continuum normalized Space absolute Space absolute
line-profile depth line-profile depth line-profile depth proxy from
line-integration

Sun-as-a-star simulations of a magnetically quiet star with surface magnetoconvection
(Cegla et al. 2019). Line-by-line analysis of activity is easier in space! From the ground, correlations of

RVs with activity sensitive line parameters degrade due to the uncertainty in continuum normalizing spectra
from variable atmospheric transmission and variable blaze functions.
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EarthFinder Summary

We will learn a lot from the new RV spectrometers at the sub-m/s level from ESPRESSO, EXPRES

and NEID over the coming 5 years
EarthFinder is a space-based 1.45-m observatory Probe mission concept

Extremely precise and stabilized high-resolution UV-VIS-NIR spectrograph

Findings

EarthFinder offers a unique combination of space advantages that aid in mitigating stellar activity:
Uninterrupted wavelength coverage to isolate stellar activity
Uninterrupted cadence to improve statistical planet recovery eliminating diurnal
and seasonal aliases
Diffraction limited provides extreme spectral resolution for line-by-line analysis
and absolute continuum flux normalization
Activity from multiple scale-heights with UV coverage of Mg Il lines
Telluric lines will limit RV precision from ground at 3 cm/s in the blue, 10 cm/s in the red, and 1
m/s in the NIR. If red or NIR velocities are needed to mitigate activity, it will not be possible to do
from the ground.
Ancillary science cases:
Asteroseismology
Water in the local Universe
UV space capability

He | 1 um direct detection spectroscopy
And more!
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EarthFinder Summary

Recommendations:
Develop a national testbed (e.g. upgrade-able) diffraction-limited spectrograph
facility with a target single measurement precision and long-term RV stability path
towards 1 cm/s
Empirical >> simulation
EarthFinder will not fly without a ground-based pathfinder
demonstration first for our Sun and/or a small subset of nearby stars
Investment in frequency comb technology development for wavelength calibration
(such as micro resonator & EOM combs)
Investment in detector characterization
Many detector error terms in the RV error budget crop up at the ~5
cm/s level
Foster new collaboration with NASA Heliophysics
Possible balloon and SmallSAT demonstrations opportunities

Aligned with NAS Exoplanet Science Strategy recommendations
These efforts will benefit ground-based RV efforts at the same time as prepping for
EarthFinder
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