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Overview

* Simulate an external occulter mission to
detect exo-Earths : James Webb Space
Telescope (JWST) + starshade

* Employ realistic planet distributions,
instead of assuming every star has either
no planet or a single exo-Earth.

 Compare three survey modes:

— Detect-once
— Orbit measurement
— Orbit confirmation (assumes prior astrometry)



Planet detection with a coronagraph

Planet must be outside the IWA, and its
contrast must be above the detection limit.



Criteria for an ‘exo-Earth candidate’

 The planet is detected outside the IWA

* The contrast is less than that of a 10 M__ ., rocky planet
at the inner HZ.

* The planet’s apparent position is inside the outer
habitable zone.



Realistic planet distribution

Should include the population of ‘Neptune class’ planets
(10-100 M., ;) that has recently been uncovered.

Microlensing (A. Gould, S. Gaudi):

— Distribution is flat in log(mass) and log(semimajor axis).

— Density of Neptunes is ~0.36 per dex? in the phase space of mass
and semimajor axis near ~2 AU.

— Occurrence rate ~11% in the HZ.

Geneva RV group:

— 50% of G and K stars have rocky or Neptune mass planets inward
of 50 day orbits.

— This also gives a phase space density of ~0.36 per dex?

If planets in the terrestrial mass range (1 to 10 M_,,.)
have the same phase space density, then ng, .~ 10%



Ice-giant or exo-Earth?

* Anice giant planet
at ~2 AU can have _
the same flux as a }
rocky planet at 1 AU, -
and its projected 10° |
position can appear §
to be within the -
habitable zone.

 From only a single
image, an ice-giant
could be mistaken
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Measuring the orbit

The only way to know if a planet is in the
habitable zone is to measure its orbit.

This can be done by an astrometric mission,
or an imaging mission, or both.

There are six orbital elements:

— Need a minimum of 4 images of the planet at
different phases along the orbit. 3 to measure, 1
to confirm.

If the completeness of a planet’s orbit is 60%,
it takes 6 or 7 observations to get 4 images of
the planet.



Example: JWST + starshade mission

— External occulters are space-based coronagraph systems
that use a specially-shaped starshade occulter separated
by tens of thousands of km from the telescope to
suppress the starlight.

— Can only observe stars in a region 85°to 105°away from
the Sun. This is to keep sunlight off the starshade and
out of the telescope.

— Inner working angle (IWA) is 85 mas.
— Minimum detectable contrast is F,_;, = 4x101!
— Limited to about 70 pointings by starshade propellant.

— Proposed survey of 26 FGK target stars to detect and
take spectra of exo-Earths.

— Brown, R.A. and Soummer, R. 2010 Ap. J. 715:122



Detect-once survey

 Observe each of the 26 stars once; if an exo-Earth candidate is detected,
do not re-observe that star.

 Re-observe remaining stars, repeat until 70 observations have been

made.

Realistic Number of | Number of | Number of | False alarm
planet exo-Earth | exo-Earths | False probability
distribution candidates Alarms

N 0.1 1.9 1.9 N/A N/A

N 0.2 3.8 3.8 N/A N/A

N 0.3 5.7 5.7 N/A N/A

Y 0.1 4.5 1.9 2.6 0.58

Y 0.2 7.9 3.8 4.1 0.52

Y 0.3 11.0 5.6 5.4 0.49

High false alarm probability: on average, there is one false alarm per exo-
Earth



Orbit measurement survey

exo-Earth discoveries in 1000 surveys
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Orbit confirmation survey

Assume a prior astrometric mission has measured the
orbits and masses of 95% of the exo-Earths orbiting
each of the best 60 imaging targets. (As in the
astrometry/RV double-blind test).

Direct imaging mission surveys only the targets that
are known to harbor exo-Earths.

Only 2 images are needed to confirm an exo-Earth
candidate
— First image nails down the orbit phase.

— Second confirms that the planet is in the predicted orbit
and refines the orbit parameters.

Astrometry of stellar reflex motion is the only way to
measure planet mass.



Results of orbit surveys

Exo-earth yield Probability of no exo-Earth
detections

Orbit Orbit Orbit Orbit
measurement confirmation measurement confirmation
survey survey survey survey
(no prior (with prior (no prior (with prior
astrometry) astrometry) astrometry) astrometry)
0.1 0.9 4.7 0.41 0.007
0.2 1.9 9.1 0.16 <0.001
0.3 2.7 12.0 0.07 <0.001

An imaging mission combined with prior astrometry yields 4
to 5 times as many exo-Earths as an imaging mission alone.



Summary and Conclusions

* Arealistic planet distribution introduces the possibility
of false exo-Earth detections for an occulter.

* An occulter mission which is limited to a relatively small
total number of visits (~100) is ultimately more suited
to exo-Earth characterization than initial detection.

 The combination of astrometry and direct imaging

— Increases the science return of a direct imaging mission, and

— Reduces the risk that the mission fails to yield the spectrum of
an exo-Earth.



