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Two additional science
instruments onboard WSO-UV
towards exoplanetary science

Alexander Tavrov, IKI RAN, Moscow

Shingo Kameda (Rikkyo U.), K. Enya, Go Murakami (JAXA)

Jun Nishikawa (NAQOJ), Masahiro lkoma, Takanori Kodama,
Norio Narita, Seiji Sugita,

Motohide Tamura, Ichiro Yoshikawa (U Tokyo)

Applyed for JAXA’s small-scale project AO on May 19,
2017

October 26, 2017




Stellar imaging coronagraph and exoplanet
coronal spectrometer — two additional
instruments for exoplanet exploration
onboard the WSO-UV 1.7 meter orbital

telescope

2017 submitted to JATIS



WSO-UV mission, status, telescope

Primary mirror
D=1.7 m

en.wikipedia.org/wiki/Spektr-UV

* Launch 2022+, 2023+.

* Proton medium class rocket.

* Orbit geosynchronous 51.8 deg.

* Telescope & Platform made in Russia.
* Pointing accuracy 0.1”

 Stabilization accuracy 0.1” (30)

* Main goal UV astronomy




en.wikipedia.org/wiki/Spektr-R
en.wikipedia.org/wiki/Spektr-RG
en.wikipedia.org/wiki/Spektr-UV

Families of (large) Russian space telescopes

«CnekTp-PIM» =Spectrum-X-Gamma, «CneKtp-Y®» = WSO-UV
SRG 2018 2022+

«CnekTtp-P» =
«PagmoacTtpOH» (aHrn.
RadioAstron)
on orbit 2011
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WSO-UV readiness, status 2022+, photos
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WSO-UV instrumentation:
- single telescope

- spectrographs

- imagers

primary mirror

«— Startrackers

optical bench
fine guidance
system

Field Camera Unit (FCU)

World Space Observatory
UV Spectrographs (WUVS)
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Jason A. Dittmann, Jonathan M. Irwin, David Charbonneau, Xavier Bonfils, Nicola Astudillo-
Defru, Raphaélle D. Haywood, Zachory K. Berta-Thompson, Elisabeth R. Newton, Joseph E.
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Space Telescopes

for exoplanet detection & characterization

2010 2015 2020 2025 2030

Launched
S Hubble prior to
WFIRST
. Kepler ->K2
CoRoT
, CHEOPS 2015 WFIRST
/ , Vis-NIR
VEY,[OI nagraph
ARIEL 202-
1 l ~1m, Vis-mNR
N\

low-temperature (M)

JWST 2018.10-
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UVSETI Instrument
Ultra-Violet Spectrometer

Exoplanet Transit Instrument
JAPAN (new name UVSPEX)

The UV-Spectrograph for Exoplanet (UVSPEX)is a
spectrometer in vacuum ultraviolet range aiming to study
the exospheres of exoplanets by observing transit depth in
selected spectral bands to characterize oxygen, hydrogen,
nitrogen species. By the study of transit depth in the
spectral bands, we intend to distinguish the type of rocky
earth-size planets, e.g. Venus, Earth, or the third type. Itis a
magnificent chance for human beings to discover an earth-
twin planet with an ocean and hopefully with life for the
first time.



Mission objectives -> Requirements

(MO1) Determine habitable planet candidates & surface environment

(MR1-1) Confirm presence or non-presence of large oxygen
exosphere expected for Earth-like planet with high EUV

(MR1-2) Confirm whether or not large hydrogen escape occurs on
terrestrial planet with high EUV

(MR1-3) Measure the H Lyman alpha emission intensity of low-
temperature stars

->Requirement for UV spectrograph
(S1-1) Throughput : >0.3% (for> 4 terrestrial exoplanets at > 5 pc)
(S1-2) Spectral resolution : <0.5nm (to separate O | line from others)

(S1-3) Spectral range: <120nm to > 131 nm (for H Lyman alpha
121.6nm, O 1 130nm)



UVSETI Instrument

Overview
* Simple layout: slit + concave grating + detector

* Proven components (grating: CLASP, detector:
BepiColombo/PHEBUS-FUV, PROCYON/LAICA)

Concave grating
Toroidal shape
R = 266.4 mm (horizontal

2
253.0 mm (vertical)

237
\
' Effective area
X7 -
N 9 w
X p— < ) !
J
>0 )
ien i) Number of grooves: 2400 g/mm
(Option: blaze angle ~8.5 degrees)

@
=
a1

Development status for options

* Blazed grating samples (plane) were
successfully manufactured

* Test model of Funnel-MCP achieved 1.7
times higher quantum efficiency than
normal MCP (4.6%->7.8%)

Specifications
Spectral range 115-140 nm
Spectral resolution <0.5 nm @130 nm
Total efficiency "4.6%
Slit Width 2.5 arc—sec (= 200 um)
Type Laminar
Shape Toroidal
Grating Coating Al + MgF2
Efficiency 29% (ref. CLASP)
N 2400 g/mm
f 250 mm
Csl photocathode +
Type microchannel .pla.tes
(MCPs) + resistive
Detector anode encoder (RAE)
Efficiency 16% (ref. LAICA)
Effective area ® 30 mm
Resolution 80 um

Standard MCP




We Know Already...

Lyman Alpha Imaging Camera (LAICA)
onboard PROCYON

Observed Hydrogen Geocorona
Kameda et al. submitted

The Earth 1ooks
e TBOOOR e S extremely large

Rayleigh 7300 in the Uv

14




HOt omm corom Temperature of atmospheres

with high EUV irradiation

0‘ Ea'th'nh Ph"t‘ Kulikov+07, Tian+08
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Temperature (K)

Only the Earth-like planet has
extended oxygen corona
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|. Shklovsky coined the name “geocorona” to describe the huge
cloud of H atoms, which surrounds the Earth in the external

part of the atmosphere, the exosphere, where the density is so
low that collisionsare negligible.

Transit depth

spectrum
10_14 4 1.09e+13 2.07e+13 3.07e+13  4.06e+13 5.05e+13 6.04<;+13 7.03é+13 8.03e+13 9.01e+13
. S—
[x J —Before transit

I —During transit (Earth) |
< 3L —During transit (Venus)| _ -
3 —During transit (Mars) | Planet transit depth, % Required S/N*
g ) Earth 2 10
S §
5 _ Venus 0.30 980
%
E 1 i Mars 0.31 950

* For 30 detection.
0

L I L I L
1305.9 1306 1306.1  1306.2

Wavelenoth A Oxygen column density



Are “Habitable Zones” around M Stars

are similar to those around Solar-type Stars?

TRAPPIST-1 System

act system A

['* High UV irradiation
* Tidallocking etc. |

Inner Solar System

Mercury Venus Earth Mars



Eccentricity

Water Delivery

Walsh et al. (2011) 1 10 100
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SCEDI instrument
Stellar Imaging Coronagraph for

Exoplanet Direct Imaging
Russia-JAPAN

Why exoplanet exploration via coronagraph ?

Why onboard the WSO-UV ?

What can be the science income ?



Direct Detection of Planets
Surrounded by Debris Disks

Planet Mass

106 @
'o" //////// Optimistic science goal
Vi %
o 107 |00 BEEREHY & s /‘ 10°M;,,, todirectlyimage exoplanets
§ b 0¥ gy 7 /// and circumstellar discs by
g 108 e /. searchingof 20-30 stars nearby
O | Ay 110*°Mg,, to Solar system,. Planets and
s 109 | 0% '-"' ; ! discs can be observed at
V,; . o .2 % \f:. , multiple epochs down to 7-9-th
T 10710 .b L1 % % O | 10Mgn  order peak-to-peak (star-to-
- o o Ny o» --s .
% \ A ,'."‘c:;\. planet) coronagraphic contrast,
= 11 % o e R '{-«, & which enables detectingand
R« 107} R o 0gn i) IM -
oo oV : ':.:‘.‘“ | Fath  characterizingexoplanetsdown
12 00, ' P o to super-Earth sizes.
10° 107 10 10 Pessimistic scenario

to photometrically characterize
~10 giant planets detected by
the radial velocity technique. 20
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Planet mass (Earth

Exoplanets Detected So Far

-~

S

13

75,

Y7

exoplanets.org | 5/18/2017 ;

1 10 100

Semi-major axis (AU)

(O Transit

(O Radial velocity
() Microlensing
@ Directimaging

Unknown is how many
planets of middle mass
exist in middle orbits

... Those planets have the greatest
impact on planetary system formation

21



Direct Detection of Planets

Surrounded by Debris Disks

Comparison of Fomalhaut System and Solar System

Fomalhaut System Hubble Space Telescope « STIS
Fomalhaut = PO Tomahast O -
b‘ ™ .
plénet \ .
|‘ \ Fo ".Inli!l.),' ’

Asteroid Belt

AU . », — ‘:|>

Kuiper ( 4@
Belt . : nes

A N(vtuno

Asteroid Belt

3

Jupiter

STScl-PRC13-01a

NASA and ESA




SEEDS has revealed gaps & rings of <100AU scale in many disks by
polarimetric imaging (Res.~0.06", IWA~0.1")
Note that ALMA TW Hya/HL Tau images are thermal emission.

o b mg o

_100AU 100 AU

¥

Gap
Q \ =8 2 ALMA
100 AU

\J TW Hya
100 AU __100AU 100 AU HL Tau
. o
o L
100 AU 100 AU

e o

100 AU 100 AU 100 AU 100 AU 100 AU




Debris disks & WS0-UV corona

Contrast per V-band resolution element

107

10¢

107k

-10
10 0.0

0.55 m

4

1

1

red square:
Hubble detected

® black circles:
Herschel marginally
resolved

dashed line:
e/ JWST sensitivity to disks

0.5 1.0 1.5

2.0

2.5
Disk radius (arcsec)

3.0

3.5
24



Mission objectives -> Requirements

(MO2) Detection and characterization of middle-mass & -orbit
planet for origin of habitable planet candidates

(MR2-1) Survey of Neptune-like to giant exoplanet around the near
star by direct imaging with high contrast

(MR2-2) Clarify the fine structure of dust disk by polarimetric
observation

(MR2-3) Detection of H alpha emission from protoplanetary disk

Requirementfor a detector of coronagraph

(S2-1) Photon-counting of > 10000 photons/s flux
(S2-2) >20 hour observation time

(S2-3) dark current: >0.01 counts/s/pixel

(*S2-4) >512x >512 pixels



Telescope

........................................................ Pri_ mary o otodetoctor
Secondary ( .................................................. mlrror
MIMTOr | e i
on spider / QM o
....................................................... F | Coronagraph /&
NN L
OAPFPM?1 OAPM:2
s | s

here

\(}Joronagraph can
e easily added

Optionally: Spectrometry &

Polarimetry via filter wheel
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Coronagraph Instrument Focal plane image of small rotation AIC

Variable
rotational
shear

Variable(small) rotation AIC (Achromatic Interfero Coronagrap rtvoma
= 3-Dimensional Sagnac Interferometer

* Divide input beam by a BS, return to the same BS and combine T

* 3-D optical train with a image rotator I:> |:>

* Nulling the star stable by the common-path optics

* Achromatic nulling for one polarization o T O o

& nulled star
e Canceling the wavefront error by small rotation shear
* Use lambda/2 wave plate for high throughput for small rotation share

Optics of 180 deg rotation Optics of variable rotation

Nulled Output

PBS, transmission axis

Ml PBS (45 deg.)
M6

Bright output
“as? g utp

Two electric fields (projected) oo ohid)

will be canceled

27



Coronagraph Experiments

180 deg rotation experiment

Yokochi et al. Opt Lett. 34, 1985 (2009)

» Commercial mirrors on the block

> Beam diameter of 3mm

» Rawcontrast (532nm&633nm)
1E-6(@5A/D)~1E-7(@16A/D)

» Enough performance for WSO-UV
» Tip-Tilt control required

532nm 633nm
(@NAOJ) (a) : ; (b)
Bright
Output
le-2

Nulled

Output

o le-8

o 1 r~

= . .

£ le2 ( Transmittance
2 E
i= é) = -'1""{".‘.:\,‘ o
§ S le-4 T e B (a)
S o : - [—
i -g le6] e Simulation ¢35 (b)
Q_[S) - <33 (¢)
= le-8 (d)
g o Simulation WFE 0.005Arms

e-10' . . | ; : v

ze 0 5 10 15 20 25 30

Separation [ 4/d ]
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Coronagraph Experiments

20 deg rotation experiment (@Moscow)
off axis | Nulled
Achromatic interfero-coronagraph with variable =plar)et OUtpUt
rotational shear: reducing of star leakage effect, on axis
white light nulling with lab prototype —star
Frolov et al. JATIS 2,011002 (2016) +a
» Raw contrast (532nm) <1E-5 @~3A/D
» Increase throughput by A/2 waveplate e

» Wide-band nulling confirmed

Not difficult to obtain raw contrast of

1E-6 @5A/D by only the coronagraph optics.
* Need to consider wavefront error of the

Primary mirror

10
8
6
4
2

WD 0

-2

-4

-6
-8

-10

pupil plane

image plane

5352nm

1086420246810

8 8 4 2 0 2 4 6 8 10
/D
532nm Wide band
(500-700nm)

Pupil plane




Coronagraph Simulation Study

> Raw contrast -

Defined by the wavefront error of the primary
and the cancelling effect of the small rotation AIC.

sec. of arc.

Primary’s wavefront error : anaberration level below A/5,
1nm rmsin mid- & high spatial frequencies.

A5 (PV). —11/3law (good at high frequency) -

>simulation

Raw contrast of 1E-6@5 A/D can be obtained by

5 deg ~ 10 deg rotation

(should be confirmed with real condition)

> Inner working angle (IWA)

180 deg rotation - 0.38 A/D
10deg rotation : 4.5 A/D

sec. of arc.
0.8

0 0.13 0.27 040 0.53 0.67 0.80 0.93 1.07 1.20 1.33

(~0.3"@550nm)

0.7}

06

' OPhase . &1

067 133 200
1 8 0 d e g — Averaged Coronagraphic Section
%\ | Nonaveraged Coronagraphic Se
H MR —N ic Section
Rotation
Shearing L
>
sec. of arc.
0 -2.00 -1.33 -0.67 0 0.67 1.33 2.00
T T T 1y T T T ]
.“' 1 Averaged Coronagraphic Section
-1+ Hi :, Nonaveraged Coronagraphic Section
:“\ I[N ic Section
2t |
3t
=4
g
=-5¢ |
10deg | o1
1|
YR8 AU R S 1 LA A AL LY WL v
-9 i
30 20 10 0 10 20 30
AND
e sec. of arc.
M2 P\N -2.00 -1.33 -0.67 0 0.67 1.33 2.00
T T T A

" 7Averagéd Coronagraphic Sectién
" '\ |~ Nonaveraged Corpnagraphic Section|

5 deg

M6
plate —
PBS2 \
PBS1

N

a5

Dark output
(coronagraphic)

Bright output
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sec. of arc.
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Parameter WFIRST WSO-UV

Telescope D |2.4m, complex spider 1.7m R-C, symmetric spider
Country USA (Telescope + Platform) Russia (Telescope + Platform)
Orbit Inclined Geosynchronous geosynchronous 51.8 deg.
Lifetime 5yrs (corona 6yrs; 10yrs) 10 yrs

Rocket AtlasV 541 Proton medium class

Launch 20257 2021

Wavelength |0.9-1.9um + OPTICAL corona |[0.11-0.32um + OPTICAL corona
CORONAGRAPH

Wavelength |0.43-0.9um 0.5-0.75um (hopefully 0.3-1um)
Diff |@0.5um |0.04” 0.06”

Contrast 9 (goal 10) 7 (raw) -9 (w/ WFC) (TBD)
IWA 0.2” (goal 0.1”) 0.3” (goal 0.15”)

Mode Photo, IFU, Pol TBD but Photo and Pol
Spectral R R=70 R=107
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Schedule

FY2017 EM design

Mar 2018: Preliminary Design Review

FY2018 EM manufacturing /test

Jan 2019: Detector for coronagraph delivery to IKI

Assembling coronagraphin IKI fr Jan to Mar

Mar 2019: UVSETI Delivery to IKI

Mar-May 2019: BKP assembly

May 2019: BKP delivery to NPOL

FY2019-20 FM manufacturing /test

Feb 2020: Detector for coronagraph delivery to IKI

Assembling coronagraphin IKI fr Feb to Apr
Apr 2020: UVSETI Delivery to IKI

Apr-Jun 2020: BKP assembly
Jun 2020: BKP delivery to NPOL

i ¥ PfEy

2RI

o | IS |-

2023+ Launch

2023 Preliminary result

Terrestrial exoplanets in the distance < 10
pc.

(> 10 planets will be found by TESS before
WSO-UV launch)

2025 Mission success

5-107? terrestrial planetsin HZ

Directimaging 2



Thank you for attention

Planet c
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We invite you for cooperation
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