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(Most of) the 'abEx STDT

<

HabEx STDT Meeting, May 16-17 2016, Washington, DC. Team members from left to right: Rachel Somerville, David Mouillet, Shawn Domagal-Goldman,
Leslie Rogers, Martin Still, Olivier Guyon, Paul Scowen, Kerri Cahoy, Daniel Stern, Scott Gaudi, Bertrand Mennesson, Lee Feinberg, Karl Stapelfeldt, Sara
Seager, Dimitri Mawet. Missing STDT members (unable to attend meeting in person): Jeremy Kasdin, Tyler Robinson and Margaret Turnbull.

18 STDT Members, Study Scientist, Study Manager, 2 HQ Liaisons, 5 International Observers,
8 Working Groups

http://www.jpl.nasa.gov/habex/
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Additional Missing STDT members: John Clark, Chris Stark, Peter Plavchan
Start: Jan 2016; End: ~Jun 2019



HabEx Study Goals:

“Develop an optimal mission concept for characterizing
the nearest planetary systems, and detecting and
characterizing a handful of ExoEarths.”

“Given this optimal concept, maximize the general
astrophysics science potential without sacrificing the
primary exoplanet science goals.”
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Deliverables: A comprehensive report detailing a space-telescope mission concept with the following high level goals:



Difference between LUVOIR and HabEx?

Both LUVOIR and HabEx have two primary science goals

Habitable exoplanets & biosignatures

Broad range of general astrophysics

The two architectures will be driven by difference in focus

For LUVOIR, both goals are on equal footing. LUVOIR will be a general purpose “great
observatory”, a successor to HST and JWST in the ~ 8 — 16 m class

HabEx will be optimized for exoplanet imaging, but also enable a range of general astrophysics. It
is a more focused mission in the ~4 — 8 m class

Similar exoplanet goals, differing in quantitative levels of ambition

HabEx will explore the nearest stars to “search for” signs of habitability & biosignatures via direct
detection of reflected light

LUVOIR will survey more stars to “constrain the frequency” of habitability & biosignatures and
produce a statistically meaningful sample of exoEarths

The two studies will provide a continuum of options for a range of futures
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Philosophy: HabEx should be both technologically and financially feasible to launch in the mid-2030’s as part of a balanced NASA astrophysics program. 
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Philosophy: HabEx should be both technologically and financially feasible to launch in the mid-2030’s as part of a balanced NASA astrophysics program. 



HabEx Science Goals

1. To seek out nearby worlds and explore their
habitability

2. To map out nearby planetary systems and
understand the diversity of the worlds they
contain

3. To carry out observations that open up new

windows on the Universe from the UV through
NIR
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#3 Is a GO program (budgeted at at least 25% of Mission time). Can include any exoplanet science not included in #1 and #2, essentially anything that gets proposed as a GO program (including transit spectroscopy and bright debris disk imaging). 


We have already found a lot of Exoplanets
3550 Confirmed Planets as of 11/02/17

exoplanetarchive.ipac.caltech.edu
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By unveiling these worlds, we will be able to measure their spectra in reflected light, probing the compositions of their lower atmospheres. This will present us with a fascinating possibility – the detection of biosignatures on planets around other stars. And this telescope’s large aperture is a hedge against the possibility that such life is rare. Even if remotely detectable life is present on only ~10% of the potentially habitable worlds in our nearby neighborhood, we will be able to find it. And in the process, we will measure the spectra of hundreds of worlds. b


Imaging Planets is Challenging!

4

Seeing an exoplanet in the
around a star is like trying to see
a firefly near in San

Francisco... when you are in standing in
Washington DC!

Image Credit: National Geographic
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http://science.nationalgeographic.com/science/space/universe/new-planets/
5-foot-wide (1.5-meter-wide) searchlight.
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Image: Infrared image of the HR8799 planetary system. This image shows planet HR8799b (five times the mass of Jupiter), planets HR8799c and HR8799d (seven times the mass of Jupiter) and the new planet HR8799e. The arrows show the predicted motion of the planets over the next 10 years. The scale bar at the bottom left shows 20 astronomical units (AU), about equal to the radius of the orbit of Uranus. Credit: NRC-HIA, Christian Marois, and the W.M. Keck Observatory
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Challenging Contrast Requirements
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The 4-m HabEx design employs two starlight suppression systems

Internal CORONAGRAPH

External STARSHADE

* Very nimble

e Large field of regard

* Planet Yield limited by time (not fuel)

e Searches for planets around many stars

* Takes images at multiple visits to measure orbits

Wide instantaneous bandpass

High throughput

No OWA

Accesses closer-in planets at a given A
Takes broad spectra of all planets found
in “50-100 most interesting systems
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OWA for starshade is the size of the detector in the starshade instrument, which is 6 x 6 arcsec^2.
Should try to be more specific about number of systems Star shade will take spectra of. 
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Need image that is specific to HabEx Coronagraph. 
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This is not to scale

This is an STDT solution.

While the Starshade blocks the star’s light the planet’s light is able to pass through. The Starshade would be tens of meters in diameter, separated tens of thousands of kilometers away from its telescope. The telescope must maintain an offset of +/- 1m laterally and 250 km in the radial direction. The Starshade would then move to the next target and re-align.

But why those artistic petals? What Carl Sagan didn’t say is that while a circular disk would indeed block most of the light, some of the light would be bent by the edge of the disk towards the telescope, adding unwanted starlight onto the detector, making it harder to observe the planets.  

Blue provides the greatest accessibility to close-in planets, but covers few spectral features.

Red covers a variety of interesting spectral lines in the NIR

Green provides some spectroscopic access with better inner working angle.

The starshade spacecraft is a simplified version of the WISE bus. It is spin-stabilized so no reaction wheels are needed. Power is generated via fixed body-mounted solar panels. There is no science data handling. Direct to Earth communications are limited to engineering functions only. A small hydrazine propulsion system provides pointing and spin control. A proximity radio provides interspacecraft communications and telescope- starshade range measurement via a 2-way ranging code.




Starshade







Starshade







Coronagraphs and starshades make great
partners...

one is nimble while the other enables deep, broad
observations.



But both technologies present key engineering
challenges...

coronagraphs require ultra-stable telescopes, while
starshades must unfurl to great precision!




Technology Gaps and TRL Pl
Assessments

EXEP TRL Our
Technology Gap Assessment Assessment
at P&L at Final Report

Starshade
Coronagraph

Petal Shape stability 3 3 High priority. Needs a plan.

Petal Position Accuracy 3 3 High priority. Needs a plan.

High Priority. Once we can demonstrate that we need only the same
LOWFS implementation as WFIRST we can move to TRL 4.

Starshade Starlight Suppression 3 4 Technology being advanced in the S5 project

Starshade Edge Scattering 3 4 Technology being advanced in the S5 project

EXEP needed analysis that demonstrated that the existing thrusters
Micro-Thrusters 3 5 would work for HabEx. We are doing this now. Once complete, the
technology moves to TRL 5 since already demonstrated in space.

LOWES and control 3 4

Enabling

Coating Uniformity on Large Optics High priority. Needs a plan.
Coronagraph Architecture

Large Aperture Primary
- Formation Flying

Deformable Mirrors
Visible Detectors

Technology being advanced in the S5 project.

unugh|h(~|p~
tuiogulibh b

EXEP needs analysis showing that the current SOA will meet HabEx
NIR Detectors 3 4or5 needs. May be able to leverage work in JWST to show HgCdTe
detectors are suitable for the HabEx environment.

Enhancing
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Formation flying should be a 5 for final report


TRADE STATEMENT: Recommend a 4m exoplanet direct detection architecture for HahEx study concept development TRADE STATEMENT: Recommend a 4m exoplanet direct detection architecture for HabEx study concept development
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HabEx Exoplanet Observing Strategy has 2 Components:

Broad Survey (Blind Exoplanet Search ~3.25 yrs mission time):
HabEx will survey ~120 FGK stars out to 16 pc. Each target will be observed with the
coronagraph on average ~6 times, optimized for the detection of exo-Earth candidates.
Using the starshade, HabEx will obtain R=7 spectra from 0.3-0.45 um and R=140 spectra
from 0.45-1.0 um for each planetary system observed.

Deep Survey (Nearest Neighbors ~6 months mission time):

HabEx will use the starshade to observe 7-10 nearby high priority G&K stars 3 or 4 times
each (regardless of whether an exo-Earth candidate exists) to obtain i) a deep systematic
noise-floor limited broadband image, ii) an R=7 spectrum from 0.3-0.45 um, and iii) an
R=140 spectrum from 0.45-1.0 um using the IFS.



Mar. 2035

Figure Credit:
Garreth Ruane
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HabEx uses a coronagraph to search for planets, observing a set of ~120 stars within 10 pc multiple times (6.7 times in average) to detect HZ earth-sized planets, confirm physical association and derive orbital parameters (e,i,a) via bronad band imaging. 4 detection epochs are nominally required, as illustrated in slide 1.


CIeES20055

Figure Credit: Sergi Hildebrandt
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Once HZ planets have been detected and the orbit constrained , the HabEx starshade is being slewed and pointed to the system at the right time for observations of the HZ exo-Earths previously detected during the coronagraph blind search phase.  Starshade observations start with a braod-band 12” x 12” image of the system. Slide 2 shows an example observations of an exo-system, with both an exozodi and exo-Kuiper belt, and 5 planets detected: an exo-earth at 1 AU, a sub-Neptune at 2AU, Jupiter, Saturn and Neptune ~analogs at 5, 10 and 15 AU (slide 2). UV to near IR spectra of these objects will be obtained, with the spectral resolution and SNRs used in slide 3-5 of first powerpoint, slides 1-3 of the second.


Oct. 2035

Figure Credit: Sergi Hildebrandt
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Once HZ planets have been detected and the orbit constrained , the HabEx starshade is being slewed and pointed to the system at the right time for observations of the HZ exo-Earths previously detected during the coronagraph blind search phase.  Starshade observations start with a braod-band 12” x 12” image of the system. Slide 2 shows an example observations of an exo-system, with both an exozodi and exo-Kuiper belt, and 5 planets detected: an exo-earth at 1 AU, a sub-Neptune at 2AU, Jupiter, Saturn and Neptune ~analogs at 5, 10 and 15 AU (slide 2). UV to near IR spectra of these objects will be obtained, with the spectral resolution and SNRs used in slide 3-5 of first powerpoint, slides 1-3 of the second.
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exo-earth at 1 AU,

Radius Measurement
Feng et al., in prep.) aim to
understand how well HabEx might expect to
HabEx STDT Interim Report 2—Direct Imaging and Characterization of Exoplanets
2-7
The technical data in this document is controlled under the U.S. Export Regulations, release to foreign persons may require an export authorization.
measure planetary size. Spectra over the 450–
1,000 nm range, at a characteristic signal-to-noise
ratio of 10, yield uncertainties in planetary radius
of 30–50%. More importantly, though, if one
“deep dive” spectrum is taken to a characteristic
signal-to-noise ratio of 15, these uncertainties
shrink to below 30%, and further shrink to 10%
for a spectrum with a characteristic signal-tonoise
of 20.



HabEx Instrument Capabilities for High Contrast Imaging and
Spectroscopy of Exoplanets

Instrument raw contrast of <=1010, stable at

a fraction of that level
Time-based

] Spectra/Photometry
Can detect p|anetS brlghter than 4 X 10-11 Of Repeat visits for photometry or
the visible stellar flux at Sepa rations > 60 mas spectroscopy, to detect phase andor

IR REtriE'Jal Spectrum seasonal variations

Take SNR = 20 spectrum across near IR

. . channel with starshde for atmospharic
Can measure orbit for all such planets with A o—v Visible Retrieval Spectrum
orbital periOdS < 15 yearS Take SNR = 20 spectrum across visible

channel with starshde for atmospheric
retrieval.

Can get 450nm to 1000nm R=140 spectra for 02 detection

Thig is to detect the presence of 02, not

a | | suc h p | anets mieasure its concentration. Designed to

test for need for long integration. For some

targets, could target 03 in the UV Search for HEOICHzt

Near UV (down to 200nm R=7) spectro- o—v features
H Ta confirm planet status and

photometry for brightest planets pmi:w;fT.f 3ﬁatr’lcj;:l';r:- and
provide information on
atmospheric composition and

Near IR (1000 to 1800nm R=40) spectra of ekttt
Inrarmamnan.

brightest planets

Time-based spectra and photometry

(selected few): phase/ seasonal/ diurnal Exoplanets Characterization “Pyramid”
variations (Figure Courtesy of S. Domagal-Goldman)
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a sub-Neptune at 2AU
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Jupiter, Saturn and Neptune ~analogs at 5, 10 and 15 AU (slide 2)
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Jupiter, Saturn and Neptune ~analogs at 5, 10 and 15 AU (slide 2)
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Jupiter, Saturn and Neptune ~analogs at 5, 10 and 15 AU (slide 2)


Predicted Yields of

Blind Exoplanet Search

Figure Credit: Chris Stark

Planet Yields

# of Detected Planets

-g- I%.

b
=

4.7

92 rocky planets
Incl. 12 HZ exo-earths

116 sub-
Neptunes

65 Neptunes and
Jupiter analogs
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While these starshade spectral observations are timed to get spectra of the inner exo-Earths, many other planets will be detected and their spectra will be taken at much higher SNR. The last 2 slides show the number of planets of different  types detected. All exo-Earth candidates will have a 300nm- 1000nm spectrum taken, plus possible extensions to the near IR for the most favorable cases.  Up to half of the other planets detected will get their spectrally characterized as well, depending on their visibility at the time of observations.


Target List

120 | N

.3 mas

163 pc |0

mz

1 w
£ 5
= & g
o 2
= o bS]
= * =
8 =
j ol
7!
A F G KM A F G KM A F G K M
i
o
@
2 g
5 3 z
[ & &
i 2
g s 2
3 =]
- =
g o
5] H
=
g,
o 01234567 8910111213
< my
s 400
@
5 ]
n ]
g 5 g 300
g 2 ;
- S
=]
Q § 5 200
5 2 100
« #*
o 0
ﬁ 006 0.11 019 034 0.60 1.05 1.85 3.24 5.7010.00 0.06 0,11 0.19 0.34 0.60 1.05 1.85 3.24 57010.00
By, (mas) By, (mas)
% Target Priority HZ Completeness Exposure Time (h) # of Obgervations
E L 40 50 1y 000 0.33 el im0 153 W 4w 012345678010
(] 10.00
Q
5
RZ /E 1.00
A 2
:;;I.} q@ o010
=
wn
Q
=) 001
- —
g o5 1015 20 25 0O 5 10 15 20 25 5 10 15 20 25 0 5 10 15 20 25
S dped 4o d o dpo



HabEx Science Goals

1. To seek out nearby worlds and explore their
habitability

2. To map out nearby planetary systems and
understand the diversity of the worlds they
contain

3. To carry out observations that open up new

windows on the Universe from the UV through
NIR
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#3 Is a GO program (budgeted at at least 25% of Mission time). Can include any exoplanet science not included in #1 and #2, essentially anything that gets proposed as a GO program (including transit spectroscopy and bright debris disk imaging). 


A Diversity of Planets on the Way to Earths

Designed to directly image
habitable-zone Earth
analogs around nearby
sun-like stars, HabEx will
also detect planets that are
as bright or brighter than
Earths at a range of orbital
separations.




B
Giant Planets

« HabEx will determine
whether there exist nearby
solar-type stars with
planetary system
architectures that resemble
the distribution of small
rocky planets, giant planets
and interplanetary dust
found in the solar system.

« HabEx will also determine if
the presence of giant
planets is related to water
vapor in the atmospheres of
small planets within the
snow line.

Grand Tack model of Solar System formation (Walsh et al. 2011)

Sun Jupiter Saturn Uranus Neptune
Year O )
_Iu iter f{]rmg ; L 11} (11111} I (11111111} -.'....lll-lii
P rocky asteroids icy asteroids
Year 70,000
Jupiter migrates inward o e oo o Devee® 5 essecsscseee
Year 100,000 8% i () 0% 0% .: eech’eee
Saturn migrates inward g | C * o g Vet TR L .
™ " L] L 2
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Outward migration . o °* g RN R WEED :
" .
a ° . ™ b o
Year 500,000 % . ey R B <
End of Grand Tack 3 . °.° 'o' . ‘et *e
L] @ L * .
Mercury Mars
Year 600,000-present : > i & o
Venus Earth
I I I I |
2 AU 4 AU 6 AU 8 AU 10 AU

Figure Credit: exoclimes.com/F. Pont, Adapted by M. Telfer
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Above: Illustration of the Grand Tack model of Solar System formation (Walsh et al. 2011). As Jupiter and Saturn paced back and forth in the early solar system, they re­arranged the rock and ice debris encircling the young sun. Credit: exoclimes.com/F. Pont, Adapted by M. Telfer

Also mention Kruijer et al. results
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Super-Earth and Sub-Neptune Size Planets

HabEx will determine the
diversity of planetary
atmospheric compositions in
nearby planetary systems
around solar-type stars,
including (but not limited to)
planets with sizes ranging from
1 to 3 Earth radii,
encompassing the regime of
super-Earths and sub-
Neptunes.
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Figure Credit: T. D. Robinson
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Presentation Notes
Spectra of different planet types at UV and visible wavelengths. Spectra for Mars (red) and Venus (yellow) are based on models validated with real data, and spectra for an Earth-like planet with a 3 bar atmosphere (blue) and a cool Neptune-like planet (green) are simulated.


Circumstellar Dust

« HabEXx optical observations are projected to
be sensitive to ~0.3 times the solar system
equivalent dust level around a solar twin at
10pc (10 to 100 times the sensitivity of LBTI
for exozodiacal dust).

« HabEx will determine the dust origin in
debris disks by observing whether dust
disks are always associated with detectable
planets (dynamical stirring by planets
important) or not (self-stirred planetesimals).

« HabEx may also use dust structures driven
by planetary perturbations to constrain
planet masses.

Beta Pictoris planet in the NIR (at 3.6 microns with NACO on the VLT) and
debris disk in reflected visible light. Credit: ESO/A.-M. Lagrange et al. (2008)



HabEx Science Goals

1. To seek out nearby worlds and explore their
habitability

2. To map out nearby planetary systems and
understand the diversity of the worlds they
contain

3. To carry out observations that open up new

windows on the Universe from the UV through
NIR
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Presentation Notes
#3 Is a GO program (budgeted at at least 25% of Mission time). Can include any exoplanet science not included in #1 and #2, essentially anything that gets proposed as a GO program (including transit spectroscopy and bright debris disk imaging). 
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Observatory Science/General Astrophysics JWST/HabEx

 Consider existing/future telescopes: HST, JWST, ~6.5m
WFIRST, Ground-based ELTs

UV >2.5m provides a novel capability

HabEx
~4d ' m

HST/WFIRST
2.4 m

Images Courtesy Jason Tumlinson, STSc
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UV Spectrometer and UVOIR Imager
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3'x3'
150 nm - 400 nm
400 nm - 950 nm

Wavelength bands

Pixel resolution 15.5 mas
Telescope resolution 30.9 mas
Design wavelength 600 nm
Detector 3x3 CCD203
Array width 12288 pixels
Spectrometer R=2000

Aperture array

HabEx Includes Two “General Astrophysics” Instruments:

Workhorse Camera:

UV/VIS channel | iR channel |

3'x3'

950 nm - 1800 nm
Stretch goal >=2.5 um
24.5 mas

49 mas

950 nm

2 x2 H4RG10

8192 pixels

R=2000

2x2 array 200x100 um 171x365 apertures

High Resolution UV Spectrograph:

Wavelength bands
Spectral resolutions

Telescope resolution

UV channels

FOV 3'x3'

20 bands covering 120nm to 360 nm
60,000 25,000 12,000 6000 3000 1000 500
Diffraction limited at 400 nm

Detector 6x6 MCP array, 100 mm sq each

Array width

Aperture array

60000 pixels
2x2 array 100x200 um 171x365 apertures
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UVS has more than ten times the effective area
of HST-COS, enabling vast improvements at wavelengths
that are inaccessible from the ground. Combined with its
higher spatial resolution and microshutter array, HabEx will be
several orders of magnitude more efficient than HST for UV
spectroscopic studies. This will enable the first multiplexed
observations of multiple sightlines to a single galaxy, allowing
an unprecedented probe of the baryon cycle in galaxies.



Observatory Science Themes:

 Hubble Constant

* Galaxy leakiness and reionization

e Cosmic Baryon Cycle

 Massive Stars & Feedback

e Stellar Archaeology

 Dark Matter (using Dwarf Galaxies)

* Planetary Aurora and Exospheres

* Plumes from Small Solar System Bodies
* Exoplanet Transit Spectra

GO Observations of Bright Debris Disks

The Four Graces: John Clarke, Paul Scowen, Rachel Somerville, Dan Stern
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Presentation Notes
Stress that these are just examples and that HabEx is highly capable and the GO program will be wide open

Some of the investigations enabled by HabEx high far UV sensitivity , spectral resolution (R up to 40,000) and L2 location (outside of the Earth’s geocorona):



Finding another pale blue dot

That's home. That's
us. On it, everyone
you ever heard of,
every human being
who ever lived, lived
out their lives.

-Carl Sagan, 1994

45
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Presentation Notes
This is an image taken by Voyager in 1990, about 40 times as far from the earth as the sun is.  The pale blue dot is earth.  The bands are scattered light from inside the camera. This is the kind of image we will get from a coronagraph or starshade in the 2020s or beyond, but it might be able to tell us if a planet has life
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Presentation Notes
Hopefully you agree that HabEx sounds incredibly exciting.  At the same time, we must be realistic – HabEx, and missions like it, present major engineering challenges.  In the end, though, this is what NASA is about – overcoming the seemingly impossible in the spirit of exploration and the search for life beyond Earth.
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