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Habitable Worlds Observatory

Decadal Survey astro2020 Recommended:

@ off-axis inscribed diameter

, deployable far FUV/optical/NIR telescope (
to enable high performance coronagraphy

& (25 year lifetime goal for non-serviceable




Identifying Habitable exoplanets & biosignatures
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Solar System at
Distance = 12.5 pc
Dictescope = 15-m
R=150

Time = 60 hrs per band
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Credit: T. Robinson / G. Arney
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Using High spatial resolution
(30 mas) and sensitivity
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Europa in far-UV Lyman-a emission
HST HWO

Roth et al. (2014)
HSTIZKAREDFHEIVO/ DT IL—L Input model: G. Ballester
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Sensitivity curves for HWO and other telescopes
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HWO resolves galaxies to 100 parsec scales at any redshift

100

Diffraction limited at 500 nm

| GALEX

—— SOFIA

Keck+AO

LUVOIR-A

HWO is comparable to LUVOIR-B
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Science, Technology, Architecture Technical Assessment Group
Review Team (START) 9

Explore Astro2020 science objectives « ldentify and assess mission architecture options
Analyze mission architecture options and assess the risks associated with each option

selected and approach.

International ex-officio representatives included

Working Groups:
2025/7, science Case Development Documents (SCDDs) Z5e & THEER

> #1=73Science Interest Group (SIG)™~




BEWO25 | JULY 28 — 31,2625
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JOHNS HOPKINS BLOOMBERG CENTER, WASHINGTON DC «J’ :

>700 responses to save-the-date email
>500 abstracts received
Prelim Program: April 30
15t round reg: April 30
General reg: mid-May
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HWQO Community Science and Instrument Team (CSIT)
bringing the expertise of the scientific community into the planning for the HWO

Community Science & = ‘4.~
Instrument Team (CSIT) @ | %
Davidg:_a::r::::neau, Evgeg)("z-jcshl;li(:lnik, . Eestablish the
observatory's

Harvard ASU

A
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Michael Bottom Eric Burns Richard Cartwright Ewan Douglas Kevin France Scott Gaudi Rebecca Jensen-Clem
U. Hawaii LSU JHU - APL U. Arizona LASP/ Ohio State uUcsC

CU Boulder

® Analyze
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Janice Lee Victoria Meadows Chris Packham Laurent Pueyo Tyler Robinson Jason Tumlinson

STScl U. Washington UT San Antonio STScl U. Arizona STScl S u p p O rt

HABITABL
W YR L D S N'ASA
nasa.gov/HWO 5 BEERVATLS Y are)

and




Science Interest Group (SIG)
JAvrYreaza 74— ENEDO

FPAGIZ11{E

Name Institution Program Analysis Group

Joe Burchett New Mexico State University Cosmic Origins
IPAC/NExScl Exoplanet Exploration
Durham University Physics of the Cosmos
JHU/APL Exoplanet Exploration
CfA Physics of the Cosmos

IPAC Cosmic Origins

https://science.nasa.gov/astrophysics/programs/physics-of-the-cosmos/community/hwo-sig/




Rocket Considerations

NASA Space-X Blue Origin
Space Launch System Starship New Glenn

A flexible and modular architecture can best take advantage
of the next generation of large rockets and associated
uncertainties




Shuttle/Hubble Approach Separate Servicer with Carrier

o Allows multiple generations of Instruments
o Enables earlier launch date by focusing on minimum needs initially

o Architecting for Serviceability helps Integration and Testing
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Iterative Design of Exploratory Analytic Cases (EAC’s) aw

N ;

—3»EAC 4 ] [y science

Requirements

_)
—3EAC5 —3» Baseline
—+ MiIZ::-o‘rS\es

Technology Roadmaps ) ) Technology Developments

Testbed Plans Testbed Demos

Science Cases i Driving Science Cases ] ;
Concept Maturity Concept Maturity Concept Maturity

Level 3: Level 4: Level 5:
Explore Trade Space Point Design Baseline Concept

CML - Concept Maturity Level EAC — Exploratory Analytical Case CEC — Coronagraph Exploratory Case STO — Structure / Thermal / Optical




8m, On-Axis 6m, Off-Axis 6m ID/7.2m OD, Off-Axis
9m Diam Fairing 9m Diam Fairing 7m Diam Fairing




NOTIONAL EXPLORATORY ANALYTIC CASES

Assumption

Comments

Launch
Vehicle

New Glenn

7m
diameter
Fairing

Assumption

Comments

Assumption

Comments

Launch Vehicle

New Glenn or

Starship

9m
diameter
Fairing

Launch
Vehicle

New Glenn or

Starship

9m diameter
Fairing

Mass

Bottoms up
estimate

ttof Mirrors

19 Hex
Segments

1.65m
point to
point

Bottoms up
estimate

Mass

Bottoms up
estimate

Teelscope
Diam + Config

Off-Axis,
6M ID/
7.2m OD

ttof Mirrors

6+1

3m central
mirror, 6
Keystone

ttof Mirrors

34 Keystone

Telescope
Diam+Config

Off-Axis, 6m
Circ.

Telescope
Diam+Config

On-Axis,
8m Circ.

Large FOV
Hybrid OOFS
Guider

Deployment

JWST-like
Wings, Hinged
tower

Deployment

No Primary
Mirror

deployment.

Deployment

JWST-like
Wing, SM




EAC 1-3 Preliminary specs & candidate instruments

Coronagraph High-Resolution Imager UV Multi-Object
Telescope Spectrograph
Diameter | ~6-8 m (inner) High-contrastimaging and UVIVis and NIR imaging UV/Vis multi-object spectroscopy

Bandpass | ~100-2500 nm Imaging spectroscopy Bandpass  |~200-2200 (TBD) and FUV imaging
Bandpass  [~450-1700 nm nm Bandpassl |50 700 nm

Contrast <S1x10°10 Field-of-View |~3'x 2’ ) ) Y
' . . . Field-of-View |~2'x 2
R (\/AX) \|\/|I|Sré-~14400 60+ science filters & grism Apertures | ~B40 x 420
- R )
High-precision astrometry’ R(A/AN) | ~500-60,000

%
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SATURN
£ 4

JUPITER
&
VENUS—/ N/ ++—— EARTH

Other Possible

Instrument(s)

include NUV coronagraph,
NUV starshade, UV/VIS IFS,

Spectropolarimeter C . ) . )
PECHO Potential international contributions.




CONCEPTS

Off axis, >6.5m Off axis, >8m (8.3m ID/10m OD)

Volume dual rocket compatible * Volume dual rocket compatible

5 instruments w/UV IFU 5 instruments w/UV IFU

2 channel Vis+NIR 3 channel Vis/Vis+NIR coronagraph
Coronagraph




Originality and international competitiveness

class telescopes directly observe rocky planets
in the habitable zone CCeecgee

® ESA's observes planetary atmospheres but has a small
aperture and

® ESA's is a mid-IR space interferometry, observing
from terrestrial planets around the red dwarf to solar-type stars and
searches for signs of life. . Still concept.

® Observations of
are unique. Extension of

JWST, Euclid,
LSST, Roman, nor 30m ground telescopes.
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2016-2020:Science and Technology Definition Teams (STDT)ZH:LUVOIR({E ), HabEx( H#¥)
2017 LUVOIR/HabEXIREIES RE (—>2022 MIRSEHE > )
2021 PMERIAZ—TI7UBE (—>2022 )
2023/10 STARTAS (15t START meeting) : {E(BRX). EIFEE (NAOY)
2023/12/7 HWO-J 2585 (online). 2024/1/22 HWO-J 1RE1%& (F2F@ISAS)

2024/10 KX EHY AT RAO—K T YT ALOIRH

2024/12/3-6 RXBFREIVRID L

2024/12/27 XFREO—FIVTEOE—T124 .
2024/12 NASA technology RoadmaplZ& ¥}z H
2025/1/8 NASA TMPOc‘:g)quarterly meeting
2025/1/28-30 9 IXBHUMTHEST

2025/2  JAXA/ISAS TF, NASA/GSFCEh [

2025/10  RFEDZFMIREBE CHgEHE




BADRB. RS T
o i&aﬁ%: - 1'6 57 « (FME$ %8 : 200-3001&, Roman CGL:$400M <$350M w/o COVID) “

EETRAMMYFEHR (JAXAf) :

—REBEFERIAFTS57(8K) (UPL, TIE%. testbed)

[LH18< X 7(ABC, NAOJth): (G- R ER, EMBU/E - EZHER)

FHEEMEES 1—ILEEK, JAXA, NAOJUf) : Hil 1 #515 fB R (T20%) $TH GE 2+ 1HEF)

(EEZEHER, HESOR AT, SLMBEIH)
Photonic nuller (Subaru): (DM upgrade, NIR detector), (system integration)

EFRSNAOFTST79HBU XT L (NAOJ, ABC, JAXA) : (F1F3, EME 25 ER)

O UVH 77 JERR(E S S HEE D). 345305, 64208EM) (FMIARER: 508<1008) [ "
® *UViZH B (funnelZIMCP, ST K, JAXA) K E!MCP80Omm~—>100mm : 3
® *UVAA—I XS54 H—(605F->EHr&-F601HE)
® UVEIHHEF(WSO-UVDEHE+LAPYUTAIR =B F 3L K, JAXA) \O
® UVI—T1U 4 (LAPYUTA[H (TIZB5E, JAXA) N
* UVEIS LR ERLE LGRS, ERELTRHEIT HATEEEDHY funnelZMCP

UV A= RS 5 —

uvan+J 357 &5 )

XKAEBREFB/HAANR(BXR) (ARFI57, UVERBICERT) SERRBERIL

th_F /5:L2, Ka—band (Roman TEE{EH, JAXA) UV Grating R _ sBere seroselfadi
H AT RRE(NASA START WG, Ei, {£. #iEetc.) Nl of 26x 0.25 x

6.5 mm mirrors




NIR coronagraph

e
Archean Earth ||

Archean ——
hazy Archean

In NIR (~1 -2 um), there are
many molecular absorption of
biosignature, such as H20, CO2
and CH4.

e [
Proterozoic Earth | |
1% present level of 0 ——
.1% present level of 0, ——
0 H,0

CHs O, Y
H,0 CHy =
0 H0
PR I R AN B AR .

To spatially resolve the habitable o

zone around Sun-like stars in the " varainm)
H-band, we require a very small g JPRBNINEE NN
Inner Working Angle (IWA) _ | 0wy

(~ approximately 1 A/D). | i W\f\

1044 102 100 102 104 J 1.0 1.5

column mass (g/cm?2) wavelength (ym)
Figure 3.1-6. O2, O3, H20, CH4 and CO2 concentrations over Earth’s history, during Archean, Proterozoic, and modern Earth eras.
HabEx is required to be able to detect the gaseous byproducts from oxygen-producing synthesizers (all EECs) or methane-
producing synthesizers (some EECs), if present at concentration levels similar to Earth over the last 3.5 Gy of its history. This
covers part of the Archean Era as well as the full Proterozoic and Modern Eras during which life has been present on Earth.
Credit: Britt Griswold, Giada Arney, and Shawn Domagal-Goldman
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D]} i{e] g BIToaT1 (=Yo MeTol o] F-Te[z]o] s W NIR coronagraph, wave front control is

Four unique features: easy compared to gptlcal. Chgllenge is
: that it needs small inner working angle
1. Working for any

2. Small inner working angle (~ )

3. Working for

4, for fiber/photonic nulling
Experiments show: )

1. Unperturbed except for on-axis point source 2 Experimental result
2. over bandwidth (with fiber) L [ - ltoh et al. PASP 202
Collaboration: 2 0

1. Coronagraph design survey for HWO (w/ NASA Ames) Throughput of the sky

2. Test at SCExAO as NIR coronagraph (w/ Subaru & U. Sydney) contras10-:9/10-¢ for

3. Test at JPL for double stars (w/ JpL) point/finite source

10°

Of—ais

1071

0 1072
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g 3 ke

50 100 150 200 250

2

0

y (WD)

Enlarged view
1 pix = fiber diameter

Mask

Entrance Focal-plane
pupil mask

Diffraction-limited coronagraph Fiber nulling
Iltoh, Matsuo, Tamura, AJ 2024

Image on focal plane



SMALL-IWA STARLIGHT SUPPRESSION
R&D WITH PHOTONIC NULLING CHIP

IWA: ~0.5\/D

OWA:-3\/D
Contrast:1010 (currently 103)

Throughput: high

Integrated-photonics concept Frame 84/7196

for hlgh—contrast Imaging Measurement and order-sorting is P4
performed via an energy-resolving N3
MKIDS detector. =

N2

This injects the light into

a nulling chip. N5

[
w
o

A telescope pupil is injected
into a pupil-remapping chip
via an on-chip 3-D-printed

microlens array. The output is sp'ectrally dispersed

at high spectral resolution via an
arrayed-waveguide-grating-based
photonic spectrograph.

Spatial axis (px)

On-chip active modulation
allows the null to be carefully
tracked by dynamically
adjusting optical path length.
1800 1700 1600 1500 1400
Illustration by Phil Saunders Wavelength (nm)




Broadband coronagraphic masks

« Multi-layer phase masks = broadband stellar suppression
* 4th- and 6th-order phase masks =» robust against telescope pointing jitters

Photonic-crystal phase mask (three-layer,
6th-order 24-sector vortex)
for 4th-order

for 6th-order
(LUOVIR, TMT, Subaru)
in the laboratory

LUVOIR-B LUVOIR-A

Vo

u‘t‘.

%ﬁ

Experlmental coronagraphic image with oo optimized for LUVOIR-A and -B with
polarization filtering using the vortex masks-octant phase mask. (Nishikawa et al.
and the SP (at non-center wavelength)  (2020), Proc. SPIE, 11447, 114474T)

Fabricated TMT (segmented mirror)-
optimized SP for the 24-sector vortex




Optical module towards multi—-wavelength dark holes

» Multi-wavelength photometry = infer
 Efficient spectroscopy = search for biosignatures on exoEarth
: Concept proposed;

green/red lasers

: Optics refined; Advanced tests planned;
1 1 i

C ~ 1.4x1078

Preliminary (monochromatic) laboratory
test of the dark hole control at EXIST

Star simulator .

Laboratory testbed “EXIST” where the prototype of the
proposed optical module is installed and tested

Earth surface cb_r)oneﬁt map inferred from
DSCOVR multi-wavelength photometric data
Figure 7 of Kuwata et al. (2022), ApJ, 930, 162




R&D, SYSTEM VALIDATION AT SCEXAO @ SUBARU

Serves at “daytime” R&D testbed as well as nightime
validation platform.

Of specific interest to HWO:
NIR spectroscopy
Small-IWA starlight suppression in
NIR (GLINT)

WEFS/C with segmented DM (BMC
Hex3k)




Concept of a high-throughput, high-resolution spectrograph

R>100,000 spectroscopy, 380-900nm

spectrometer behind a high-contrast system of ( |
HWO \

Spectrometer throughput > 30% from

Options VAMPIRES and
Spatial filtering with a single-mode fiber to further s Hamamatsu
reduce speckle noise - photonics

Ultra- compact Mini-IFU
Key technologies:
State-of-the-art echelle grating from Canon

Extremely low noise, photon counting, large format - 4 : | Zer.O-CTE ceramic
qCMOS sensor from Hamamatsu photonics | s, : . optical bench

Light weight, zero-CTE ceramic for optics, bench,
support structures from Kyocera

Ultra-compact machined slicer IFU




UV IFS+HRS

We consider to develop the UV Integral Field Spectrograph (IFS) with High Resolution Spectrograph
(HRS, echell) mode as the 4" instrument of HWO. The key components are High—efficiency Large—format
UV detector (Funnel MCP), Integral Field Unit (Image slicer), and UV grating.

IFU (UV image Slicer) SUMgaiﬁ)tz)dndary | Electronics
Canon provided NASA INFUSE
mission with an image slicer with 26

High efficiency UV detector: Funnel MCP
Double the QE (~40%) compared to the standard
MCP. MCPs by Hamamatsu Photonics were used

in JAXA’ s missions (Hisaki, BepiColombo, etc.) slices and spectoral range of Image Sliger
Funnel-MCP Standard MCP 100-200 nm. ‘

[ OARS0 T e ' i | Canon can prepare ~60-slices IFU 3
and also echelle grating for HRS. The INFUSE

A _A A S NF
slicer consists
of 26x 0.25 x
6.5 mm mirrors

.(44\,(4

FUV grating
- High efficiency Toroidal Grating
~ 120 mm x 120 mm funnel-type MCP for HWO, will be has been developed for WSO-

feasible (80x80 is under manufacturing for LAPYUTA UV/UVSPEX EM. Achieved

mission test model). relative diffraction efficiency is ~

Spectral range: 100-180 nm 60% with 2400 gr/mm.

IFS: 60 slices (60x60 div.) with R of 2000-5000
with HRS: point source with R of 50,000—100,000




Current status and Schedule
® Currently, PO is making

, ahead of Mission

Concept Review (MCR). HWO Technology Maturation
® |t will be presented to NASA HQ in March 2025. Formulation Agreement
Mission Concept Review
Key decision Point

N ASA HWOTM

Project Office MCR Launch

HWO Established KDP-A
JAXA
AO)




Project Organization

NASA JAXA Community

Habitable Worlds HWO study 42 people
Observatory Task Force
Technology

Maturation Project NAOJ (29 people)

Office (Project office)
ATC
ADC
Exoplanet Research Hub
ESA, CSA Galaxy Formation Research Hub
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