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Earth

Plasmasphere (He+)

Hydrogen:.corona

e

600,000°km

Aurora

lo’s volcanic plasma (Sulfur ions)

Why UV?

-Photon counting capability

-Many emission lines from atoms/plasmas
-Space mission advantages

VT THhdCE

Jupiter

Europa

H20 plume
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-Limb scan (normally)
-H, He, Mg, Ca, Mn, etc... are expected Model spectrum (day

side, 450km, 10% sec exp)

o o o '||'.:: frf+*flrI» Y ymrr7 T ro=&71°¥*7° 10 | I A [ [ r r 7T T T
EUN FUV NUV ‘ h 1 ]
EUV ] FUV M 1
Wavelength Brightness Wavelength Brightness Wavelength Brightness ] '
H 121.6 nm 10 300 R C' 156.1 nm 0.1 -GR K 404 nm < 2R
H 102.5 nm 003 -10R C'165.7 nm 4281 | Mn 403 nm 50— 100 R
HO972nm 0003 - 01R S 180.7 nm 0.05 R Ca 422 nm 100 - 1000R
He 58.4 nm 10 1001 Al 220.9 nm 05 121R 3107 4l 10%k =
5 ] ]
- = s L "
0 130.4 nm < 2R Fe 248.4 nm 10-50 R = ] |
Fe 252.9 nm S-30 R | ]
=1 2519 nm 0.1  GR
Na 268.1 mm 0.5 s8R 1 1
Mu 279.9 mmn 10 - 30 R T
o g 9| 10
Mg 285.2 nm 200  5000R s ; v N Wt e o
B S0 160K 18 14 150 200 TE B0
BTSN 0 ¥
Al 309.3 nm 2-4R Wavelength (nm) Wavelength (nm)

[Quemerais et al., in prep.]



UV technique in solar system science:
our heritages

‘\,\ Nozomi/uvs (1998-2003)

UV remote sensing is one of

key techniques in Japan Hisaki/EégEE? (2013-)
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W Hisaki: Japan’s S-class mission

e Hisaki is the first space telescope dedicated for planetary science

e The first mission of the ISAS/JAXA S-class category |
¢ Hisaki was launched in 2013 and is still working (~2020 or extension) |
|

Grating

St.electablg ‘;/ 1 Detector
Specifications Simple optical design R <= 0
Wavelength range 52 — 148 nm 1. Primary mirror (CVD-SiC | fé
Effective area coating) N |
(I - mm

[
|
: I |
Spatial resolution 2. Selectable slit [ -
Field of view 3. Grating (CVD-SiC coating) L i/_" = ;E\‘FOV
| 1 ]| guide

Spectral resolution 0.4—-1.0nm 4. Detector (microchannel l‘
(FWHM) (depends on slit) plates with Csl photocathode) [ i ]l 1| camera
~ (1 |

Orbit 950 x 1150 km E i o v
Optical layout of Hisaki/EXCEED




H |SAK| (2013/12-) lo plasma torus observed by Hisaki (Murakami+2016)
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B DZEEf (Koga et al., Hikida et al.)
« = EHE (Naraetal)
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lcy moon plume (Active Cryovolcanism)

e Plume
e Access to subsurface ocean

Satellite interior
Source of satellite atmosphere
Source of dust & ring

Source and sink of magnetospheric plasma Pickupions__Exing torus

Cold plasma

Enceladustorus

An ISS NAC clear-filter image of Enceladus’ near-surface

Schematic illustration of Enceladus’ interactions with
plumes taken on 27 November 2005 at a phase angle of 161.4.

Saturn’s complex magnetosphere (Pryor et al. 2011)



Fnceradus plume activity vs. Orbital phase (Hedman et al. 2013)

V1696150728
Date, 2011-274; range, 193,367 km;
SSC lat., 0.3% SSC long., 142.7°;
a a, 150°%; f, 179.8°

200

_ 0
[S
=
® -200
iz
=
o
-400
-600
-400 -200 O 200 400
V1635816518
Date, 2009-306; range, 182,152 km;
SSC lat., -0.5° SSC long., 284.8°;
c a, 163.4°; f, 189.0°
200
_ 0
€
= !
% -200F
2
o

-400}

-600

-400 -200 0 200 400
Offset (km)

Sample VIMS observations of Enceladus and its plume

V1675110461

Date, 2011-030; range, 209,459 km;

SSC lat., 0.2°; SSC long., 250.6°%;
a, 150°% f, 1.5°

-400 -200 0 200 400

V1671552668

Date, 2010-354; range, 156,808 km;

SSC lat., —0.1%; SSC long., 219.0°%
@, 163.5% f,-1.7°

-400 -200 O 200 400
Offset (km)

(wavelengths of 0.88-1.56 um)

0.4

0.3

0.2

0.1

Corrected equivalent width (km)

C T T T T T T ]
r  « (degrees) Year ]
E 163-165  + 2005 .
C 161-163  © 2009 .
- 159-161 A 2010 -
C 57-159 O 2011 ]
F 155-157 X 2012 :
F 153-155 .
E 151153 E
C 149-151 .
F 147-149 :
L A -
: a L Ap :
r [ 7
- ) :
- pericenter , apocenter ]
-90 0 90 180

Orbital phase, f (degrees)

Variations in the plume’s corrected brightness with Enceladus
orbital position. The position of Enceladus is given by the
‘orbital phase’, f: that is, the difference between the moon’s
orbital longitude and the longitude of its pericentre.

270

’

Polar surface fractures are principally expected to experience
tension during the apocenter phase (Hurford et al. 2007).



First (presumed) detection of Europa H,0 plume

600
500

400

HI 121.6 nm
Rayleigh

0O1'130.4 nm
Rayleigh

Lyman-a and Ol 130.4-nm STIS images from a global

Ganymede atmosphere with two H20 plumes. (Roth et al. 2014b)
01130.4nm, 135.6nm
Europa H,0 plume (HST) - Electron impact excitation
- Emissions from H and O atoms (Roth et al. 2014ab) - Solar resonant scattering

- H,O0 Absorption features (Sparks et al. 2016, 2017) - Electron impact dissociation of H,0 or O,



First (presumed) detection of Europa H,0 plume (Roth et al. 2014ab)

HI 121.6 nm
w
8
Rayleigh

Ol 1356
10 011304 i 200
— ClI1335 E 100
ol .
e ]
72 105H W
§ J AT / -_ E g <
o ‘ . < >
‘;‘ ‘ 7 . 8 %
=) K — =
L 10—6 : . |' . _E 6
. H . . Albedo: 0.017 3 1
1200 1300 1400 1500 1600 1700
Wavelength [A]
(Top) Spatial STIS image of the combined exposures Comparison of December 2012 observations and
from January 22, 2014 after background correction. atmosphere plume model results. Lyman-a and Ol
(Bottom) Corresponding integrated spectrum (black) 130.4-nm STIS images and model aurora images
and modeled spectrum of surface-reflected sunlight from a global atmosphere with two H20 plumes.

(red).(Roth et al. 2014a) (Roth et al. 2014b)



Detec):tion of Europa plume (absorption in 125 to 185nm) (Sparks et al.
2016

Probability images for Europa transits Credit: NASA, ESA, W. Sparks (STScl)

Jan. 26,2014 | | " Mar .'1_7-; 2014
10£8;81 5 3£7;81TTa— LZ#&R H [Sparks et al., 2016]
2[A](ERoth et al. [2014]E B UL G E RIS, FXS 1B FRE T
CTHRH
FARTH20ICEBRUNTZERTETHE. ARZFRE: ~1.8X 102 m2,
BE:~5.4%x100kg [CFEY

Plumes

©A. Field (STScl)



Roth et al. [2014] & Sparks et al. [2016] D tbE:

2012 (transit absorption) 2014 (emission)

©NASA, ESA, W. Sparks (left image)
L. Roth (right image)

KL, EL2HAFETRALHEZELO7 Y 2 — LIRH



Thermal anomaly

.v - " = ‘.‘-.-7 x| .n‘ & ‘; 3 \
e BT e R Wl T e
(a) The region near Pwyll, with the green (cyan) ellipse outlining the position of the candidate plumes of 2014 March 17
(2016 February 22 ). (b) Nighttime brightness temperature contours, in kelvins, from the Galileo PPR, from Spencer et al.

(1999) showing a thermal anomaly with peak temperature at the same location as the plume candidates.
(Sparks et al. 2017)
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Detection of Europa plume by Galileo Magnetometer and Plasma Wave

Spectrometer

Jia et al., 2018]

Magnetic field

Plasma wave
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[Jia et al., 2018]
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©NASA/JPL ©ONASA/JPL




Plumes of Icy moons: Europa & Enceradus (Hansen et al., 2019)

Location of Plume  Southern polar region & Equator Southern polar region

Duty cycle 17% ? or sporadic Persistent
Orbital phase Unknown known
dependence

Column density 0.7-3.3 x 1017 cm™ 1.4 X 101%cm™2
Vertical scale (gas) >200km ~80km

20um particles to be lofted to 200km
2mm particles to be lofted to 2km
(Lorenz et al 2016)

Total eruption mass 1.4-6.6 x 10° kg 3 X 10% kg
(assume pure H,0) Eruption rate~1x103kg/s(flight time:103s)



Europa plume activity vs. Orbital phase

Polar surface fractures are principally expected to experience tension during the apocenter phase (Hurford et al. 2007).
Appearance of plumes at Europa does not follow the orbital apocenter.

Roth et al. 2014a
(O, H emissions)

Europa
Orbital period:85h

Apocenter | --ecccccaccaa- HNCE ---=-==--~ Pericenter

)
-
22 Jan 2014
%

2 Feb 2014

L

Sketch of Europa’s positions in its elliptical orbit during the five
observation visits of ~7-h duration. The new observations
cover almost the identical true anomaly range of the initial
detection HST visit from December 2012.

Oct 1999

Nov 2012

True anomaly: blue transit, red no transit

2ﬁ|\|\\\‘|\\\|\\ TTT T T T T T[T T T TTTTTT]

~ Sparks et al. 2016 .

~ (Absorption) .

— TA=90 deg —

1 — //)/&* —‘L\‘\ ]

E ./ \ E

- TA=180 deg ( _ ‘I)‘| TA=0deg .

0 C T g P ]
¢ J ]

- . .
R C \\@)-/@ij ]
- ‘ TA=270 deg n
C | ]
_2-2I | | | || 5 L1l || | b I || - N I B |

The true anomaly distribution for HST STIS observations.
Transits are in blue and out of transits are in red. The
transits with evidence of plume activity are circled.
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W Europa plume: When? How often?

Oct 1999 Nov 2012 Dec 2012

Observed in UV by
S00R | Hubble Space Telescope

[Roth et al., 2014]

Still missing about plumes due to small number of observations

->Key: Japan’s powerful technique, UV long-term monitoring
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Oct 1999 Nov 2012 Dec 2012

Observed in UV by
S00R | Hubble Space Telescope
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E-THTiEDAKRNATIOONEK
m(CELZETEIDH ?

©NASA/JPL-Caltech

/el AV

(a) Explosive venting (b) Pressurization by crustal stresses (c) Pressurization by reservoir freezing

surface effusion:

surface effusion liquid/slurry

ice

volatile-

\/
\

\lwd reservoir

(e) Diapiric heating and brine release

bearing fluid reservoir /
water / \

(d) Ridge formation and cyclic pumping

compression/
extension
«—

A B\

[Fagents, 2003]
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(a) Explosive venting (b) Pressurization by crustal stresses (c) Pressurization by reservoir freezing

surface effusion:

surface effusion liquid/slurry

ice ice

s i \ - /
AP y
- — T
volatile-
bearing fluid reservoir fluid reservoir
water / T L \ e

(d) Ridge formation and cyclic pumping (e) Diapiric heating and brine release

compression/
. extension
©Britney Schmidt/Dead Pixel VFX/Univ. of Texas at Austin >

-y

E-THTiEDAKRNATIOONEK
m(CELZETEIDH ? e >

water

©NASA/JPL-Caltech [Fagents, 2003]



Europa Clipper

‘NASAICLRIVONERETH
2020FEKDITE EITZB$ET
-AKEZFEMEULDD. I90/V754
N Z45[EIF2EE Tk
-EBHhLFNET)1— LR(CZEA
LCoH#T

Credit: NASA/JPL-Caltech
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W Japan’s UV space telescope: “Hisaki-2” concept?

Long-term and continuous monitoring is most important
-> “Hisaki-2"” dedicated for icy moons

Year 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

Target specifications
-Category: JAXA’s M-class

-Mirror diameter: 60cm~1m

Europa
Clipper

Outer planet
exploration

-Altitude: 1000 km (or >60000km)
-Effective area: 125~350 cm2 @130nm
-Spectral range: 115-230 nm

(Main target: Ol and Hl)

-Spatial resolution: ~0.1 arc-sec

-Target launch: ~2029

Still under concept study in Hisaki team

“Hisaki-2"7?

Space telescope
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W Europa plume detection feasibilit

Feasibility analysis

Oct 1999 Nov 2012 Dec 2012

e Brightness of plume [Roth+14] -
O1130.4nm:34R, HI121.6 nm:506 R D e
* Brightness of backgrounds (Ly-o. 121.6 nm) ' ({\ . })
1. IPM:Average ~300 R [Roth+14] <~
2. Geocorona:700R
3. Solar reflectance of Europa disk:1 kR [Roth+14]

* Brightness of backgrounds (Ol 130.4 nm)
1. Solar reflectance:Average 26 R [Hall et al., 1995]
2. Atmospheric emissions (O, O,): 70 R

HI 121.6 nm

01130.4 nm

0Ol 135.6 nm

[Roth+14]




Post HISAKIZ & % R 8E & 730 5 LR 1

. . e . . . Europa Water plumes: When? How often?
mL%Wﬁﬁwﬁﬁﬁz(ﬁ% BF -A4F) Oct 1999 Nov 2012 Dec 2012

- AB KR - BEEE - BB
- RIKORNEEE - KBRS
- RKE-7 7 XTHEEER

HI 121.6 nm

Europa plume : Enceradus plume x 2 #7 D&
HIRSH - RAEEE I

Roth ., 2014
UIte [Roth et al., 2014]

HEK JE IE@LLﬁ\bCDEuropa plume Mk H ATEEE -
- B E30,000km, 60cm$z, 0.1 f2EE, B M 1065
=& 1,000km, 60cmis O 1" fEee, B R RI500F

9 ERRE0.1"DUVEEE
- KBRBEDKRT - 7 —0 7 DOFRE
CNKIE R BEE - NKE
- R FHITR
HNRE - IR AARIBREE - REXRMAE
(FeFIRNMERSGERE = White paper )
CJYRBEEZRERI VY 3 > DBASA

Auroral morphology reflects
magnetospheric dynamics
-> Energy flows to icy moons

[Feldman et al., 2002]
-Spectral range: 110-220 nm with <1nm resolution

-Spatial resolution: 0.1 arc-sec
-Effective area: >200cm? Field of view: >320 arc-sec(TBD)

AT ABFE~ADSMEBEWVWLET FTa WA X =D, BRI, B, AIRAXS




W World Space Observatory — Ultraviolet (WSO UV)

Russian UV space telescope
-Launch: 2023 (-2024)
-Mirror diameter: 1.7m
-Spectral range: 110-320 nm
-Orbit: GSO (6.6 Re, 51.8 deg)

-> Much less geocoronal flux than HST

Longer continuous target visibility

-Pointing accuracy: 0.1 arc-sec
-Two major instruments:

WUVS (High dispersion spectrometer:
R>50,000)

FCU (Field Camera Unit)

Japanese team is proposing to participate:
UV Spectrograph for Exoplanet (UVSPEX)
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'?K World Space Observatory — Ultraviolet (WSO-UV)

Russian UV space telescope
-Launch: 2023 (-2024)

-Mirror diameter: 1.7m

-Spectral range: 110-320 nm

-Orbit: GSO (6.6 Re, 51.8 deg)
-> Much less geocoronal flux than HST

Longer continuous target visibility giaiiacors
-Pointing accuracy: 0.1 arc-sec
-Two major instruments:
WUVS (High dispersion spectrometer: I B
R>50;OOO) | opric.albel-nch s
FCU (Field Camera Unit) WSO-UV instrument compastment,

—y
wuvs (é!* &

\,

Japanese team is proposing to participate:
UV Spectrograph for Exoplanet (UVSPEX)




W World Space Observatory — UItraV|oIet (WSO- UV)

Russian UV space telescope
-Launch: 2023 (-2024)
-Mirror diameter: 1.7m
-Spectral range: 110-320 nm
-Orbit: GSO (6.6 Re, 51.8 deg)

-> Much less geocoronal flux than HST

Longer continuous target visibility

-Pointing accuracy: 0.1 arc-sec
-Two major instruments:

WUVS (High dispersion spectrometer:
R>50,000)

FCU (Field Camera Unit)

Japanese team is proposing to participate:
UV Spectrograph for Exoplanet (UVSPEX)
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ﬁﬁ World Space Observatory — Ultraviolet (WSO-UV)

WUVS
-Vacuum Ultraviolet Echelle Spectrograph (VUVES)
R ~ 50000, 115-170 nm

-Ultraviolet Echelle Spectrograph (UVES)

o~ -uv/
R ~ 50000, 174-310 nm osrex.

UVES
-Long-slit Spectrograph (LSS) * -/\d_c:;;;

COS/G185M

STIS/E140H

R ~ 1000, 115-310 nm, 0.1-0.5 arc-sec resolution g

UVSPEX
-High sensitivity in 120-
140 nm
-Low spectral | ol
resolution (R ~ 300) i Hisaki

Effective area, cm

¢
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[From Shustov+18]






