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How many stars do we need to look at?
How big (expensive) does the telescope need to be?
Will we know where and when to look?
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Either way, we will still need the planet masses for characterization!



The Doppler Method
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Radial Velocities ...
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Radial Velocities ... In space!
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Survey Yield

Simulated yield from 5 year survey
- 63 HabEx direct imaging targets
- Simulated planetary systems for each 15
- Simulated space-cadence with EarthFinder field of .
regard A 10
- With perfect stellar activity correction B
e

Yes, EarthFinder can recover Earth-mass planets
orbiting the target stars (e.g. it has the photons)
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Significant efficiency gains when diffraction
limited

T

0.00 A
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Wavelength [nm)
Spectrograph Fine Guidence Camers ———
High-resolution (R~150-200k) Cooler (2x) -
Diffraction-limited (Single mode fiber spatial  Spectrometer
illumination stability) e
Compact: 50x100 cm 0.4-1.0 um
Laser frequency micro-comb wavelength Spectrometer -
calibration & 1 cm/s thermal stability
Visible arm: 380-900 nm gu";'gﬂ"'“'"‘ Visible

NIR arm: 900-2400 nm Bipods B Svackumeter
Small UV arm for 280 nm Mgl chromospheric swuctug
activity indicator -
No moving parts except fast steering mirror
High TRL except LFC/etalon tech which is

rapidly advancing kL A



Why space?

Improved by using Fifnintts bf usng Improved by using

diffraction-limited , broadband frequency
spectrometer single mode fiber comb
TEtul msIrument‘ul Doppler error  |e----- E Three top reasons:
Instrument (calibratable): Instrument (uncalibratable): External errors

(uncalibratable):

Atmospheric effects: ¢ R emove te I I u rl CS
 Microteluri confamingion combpletel

Thermo-mechanical: Fiber & illumination:

Thermal stability (grating)

Calibration source modal noise

Science target modal noise

Thermal stability (cross-disp.)

Near-field scrambling

Far-field scrambling MMﬂV/A 1 Very Wlde SpeCtraI
Pl Telescope grasp with precise

- _mmsidsen | | absolute continuum
Barycentric correction: ﬂﬁfﬁﬁﬂm

Thermal stability (optics)

Vibrational stability

Grating substrate aging

Detector effects

——— W icecrpeecorseeen —— normalization
Calibration source Exposure midpain fiming Focus ¢ |deal uniform
(uncalibratable): ——
Calibration accuracy: Calibration process: ral d om Cad ence

Detector effects

Coordinates and proper motion
Intrinsic source stability Software algorithms
Photon noise

Reduction pipeline Figure from Sam Halverson
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Will the Earth’s atmosphere limit RV
precision on the ground?

EarthFinder
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RV Error (m/s)

Will the Earth’s atmosphere limit RV
precision on the ground?

, Sharon Wang & Natasha Latouf (in prep.)
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RV Error (m/s)
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Will the Earth’s atmosphere limit RV
precision on the ground?

Where tellurics have the least impact is where stellar activity has the most.
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RV Error (m/s)

Will the Earth’s atmosphere limit RV

precision on the ground?

10° .
, Sharon Wang & Natasha Latouf (in prep.)
i ----- No Correction
104 D DiViSion :..\." o* " Tast
:- :I! \ B 3 J'/\'q\
— M lin : 3 \ o 1 ;
103 4 ode g— . |' | : s \ :
: TR B . ' : .
.. S I \ . |
107 - Feelt N N | N ,'
" ™ A\ ! .
THACHER ! \ ! ) J
|
I

! Yes, if wavelengths > 0.8 pm necessary to correct stellar
activity: The Earth’s atmosphere introduce RV errors of 3
cm/s in the blue, 10 cm/s in the red, & 1 m/s in the NIR

: Target precision
Where tellurics have the least impact is where stellar activity has the most.
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Can we “solve” stellar activity?

Approaches under exploration for activity
mitigation:

Wavelength Coverage (e.g. CARMENES)
Cadence (e.g. MINERVA)

R~200k resolution (e.g. ESPRESSO)
Line-by-line analysis (Lanza et al. 2018)

Simultaneous photometry (e.g. Oshagh et
al. 2017, RVxK2)



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.:

Tr—r——r—y L Gun aan au e g ane s o o |
¢ hv=(3145:85)m#s - -

500 b= (~441 + 50) m/s per Np
Y + Reiners et al (2018)

.’RV=(126:91)m.‘s ——
b :l(453: 52)mlfs per Np R




Wavelength Coverage

To first order, RV~1/A 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

b=(-441 + 50) m/s per Np

+ Reiners et al (2018)

7000 8000
wavelength A [A]




Wavelength Coverage

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. It is not possible
to get this precision on the RV color from the visible alone.

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



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.



R>150k & Line-by-Line
Analysis

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

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.



Cadence

Space Ground

Constant Viewing Zone

Field of régard |

Operational Pointing
Zone: ~70.7%
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Avoidance Avoidance
Zone: ~14.6% Zone: ~14.6%

Figure from Bahaa Hamze

Two 3-6 month visibility windows One ~3-6 month visibility
per year (critical for 0.5-2 yr HZ window per year, minus
orbital periods), no daytime (no 1 daytime and minus

day aliases!) weather



Cadence

Space Ground
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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.



Cadence

0.20° i E:ﬂ:';iﬂ?::,um Distribution of number of
observations per star for a

e 0.15 ground based survey of 61
£ future flagship mission direct
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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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Project Schedule

Ground Based PRV
Technology Development
and Readiness

Mission Phases
Mission Reviews

OTA
Inst./Spectrographs
Payload I&T
Spacecraft

EF Observatory I&T

Launch

Nominal Mission

Fv20-23 | Ff24 | fv25s | FY26 | FY27 | FY28 | FY29 | FY30 | Fy31 | FY32 | Fy33
Q1Q2Q3Q4Q1Q2Q304Q10Q2Q0304Q102Q3040Q1Q203040Q1020304Q1Q2Q30Q4Q10Q2Q304Q1 Q2030401020304

Assess fraction of flagship targets meeting 9 cm/s

Confirm space obs will overcome activity

\ 4

LFC/Etalon Development TRL 5 Rev

Spectrograph Testbed

Phase A Phase B Phase C Phase D Phase E

SRR PDR CDR SIR PER PSR/Launch

Deliver to payload I&T
Deliver to payload I&T
Del to obv I&T

Deliver to obv I&T

EarthFinder Schedule Highlights
1. Assess ground-based PRV by end FY23

2. Complete mission technology development by FY25
3. EarthFinder Phase A-D from FY26-32, Sept 2032 launch

Del. For Launch




Risks - Stable Frequency
Standards for Space

Long term PRV stability of <1 cm/s is essential
for detection of Earth Analogs (9 cm/s signal)
Compact, low power, visible light etalons and
Laser Frequency Combs (LFC) are being
developed as frequency standards suitable for
spaceflight

Etalons may prove most effective from 400-800
nm while LFCs can cover from 700-2400 nm

A number of technology efforts are underway
with TRL 5 possible by 2025 with suitable
Investments

A chip-based soliton microresonator has been
demonstrated with NIRSPEC at the Keck
Observatory (Suh et al 2017) and is currently
under development through an NSF grant.
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Top) An approved NASA SAT program (Leifer et al 2019) is
developing a CaF, Whispering Gallery Mode (WGM)
resonator. The unit is 0.1 cm in diameter and 50 ym thick
and be used for a compact, low weight, visible light etalon-
based frequency standard stable to 1 cm/s.

Bottom) A low power, self referenced frequency comb from
NIST can serve as an absolute reference for the etalon
(Manurkar et al 2018 OSA Contin,1, 274).

Femtosecond

Amp .|
laser P




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

Flndlnqs Why space?

EarthFinder offers a unigue 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 ym direct detection spectroscopy
And more!



EarthFinder Summary

Recommendations:
 Develop a national testbed (e.g. upgrade-able) 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

We fully support the NAS ESS recommendation to invest in a big science coordinated
effort for ground-based PRVs to better understand the challenges of mitigating stellar
activity, as currently being explored for implementation by a NASA-NSF EPRV
Working Group co-chaired by Scott Gaudi and Gary Blackwood (report due to NASA
3/23/2020)
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