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Full of ionospheric ions in space (1970's)

O* and N* (magnetosphere)
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Outline

1. Three types of outflow and primary destinations: cold (re-filling,
supersonic), superthermal, & hot

2. lons that are not directly escaping: Inner Magnetosphere as a zoo of ions

3. Consequence of ion escape (under-estimated effects):

Sorry no time for
4. Other active roles of planetary ions: Martian bow shock, various SW injection

5. lons in the neutral atmosphere: Unique method to monitor ionizing radiation
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Destinations of outflowing ions

(a) plasmasphere

(b) inner magnetosphere
(c) tail plasma sheet

(d) mixing with solar wind
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Destinations of outflowing ions

(a) plasmasphere

(b) inner magnetosphere
(c) tail plasma sheet

(d) mixing with solar wind
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Destinations of cold, superthemal, hot ions

(1) cold
... (2) SUPErthermal
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Advantage of Cluster
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Three types of ion outflow (Earth)
(1a) Refill plasmasphere with cold H* & He" after

(i) plume is formed & detached (i) outward wind (= 1.4 km/s)
(Darrouzet et al., 2008) Noon (Dandouras et al., 2013)
por Mgy
o | moving outward
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Mm (.o'_' J t
° E 4 X \ \ He+
) o~ 9 1 moving
= L, 1{inward
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"1 10 100
Dusgk
E [eV]
H* loss rate ~ 102%6-27 g-1, H* loss rate ~ 5 x 1026 s-1,
but short time & ng/ny, ~ 3-4% but ngy/ny ~ 3-4%
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(1b) Supersonic flow of cold H* (& some He")

Massive flow (cold H+ ~ 10%° s-1) to the plasma sheet (cold dense
component) # plasmasphere

Geotall @ negative satellite potentlal 1997-7-19, Cluster EFW (3 months data)
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Y (Chappel et al. 1987) ’
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(Engwall et al2009) 0%
B 5 -10 15 ~20

XGSE/GSM (RE)

However, O* is very little
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(2) Superthermal H* & O

They are observed only at low altitude (Freja, FAST, Akebono)
= further accelerated to become (3) hot

outflow from the cusp IMF By ~-60 nT Injection from southern cusp

- l Freja (h=1700 km) 1994-2-21 / Yamauchi et al. 2005
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(Yamauchi et al., 2005)

e —  Eg/Ey=15-20 = Vo~ V,
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(3) Hot H* & O*
magnetosh ntle

Cluster statistics @2001-2005
(Nilsson et al., 2012)

Parallel O flux scaled to ionosphere[log. m “s™']
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0+‘0\. Many try to find way near boundary
N

eet

Earth / Geomagnetic Field Plasma

M. Yamauchi

Kiruna, Sweden



But. often across the boundary
O* '[!
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Fate of ions in (c) the magnetotail

(1) cold
... (2) SUPErthermal
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Fate of ions in the magnetotail

cold ions are also energized = Cluster/CIS can detect all

Central plasma sheet Outer plasma sheet
(a) T ] T T

entral plasma sheet [?)| Outer plasma sheet
26

1025/

Cluster/CIS
(2001-2005)

Earthward O*
~0.6x102° s-1

N
&)

N
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Tailward O*
~0.5x102° g1

Ton transport, loglo[s'l]

N
w

= nearly half-half

100 200 300 400 500 O 100 200 300 400 500

= Net Earthward v s ] s o1
~ 1024 g1 IVl (Slapak et al., 2017) IVxl
earthward
cf. direct escape : O*~102°-26 g-1 ----tailward
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Fate of returned flow

: (1) cold
... (2) SUPErthermal
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Outline

2. lons that are not directly escaping: Inner Magnetosphere as a
z0oo of ions

» time-variable multiple sources

* time-variable E-field

* local energization

« expected/unexpected mass-dependency
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Strong Geomagnetic Field
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lon drift under strong B-field

_E@ O] O] @® O] O] O]

BO ®O ©® OJN OO

Magnetic drift (energy-dependent)
* gradient-B & curvature drift

= dominant for > 10 keV Both drifts are mass-independent

for given energy
= H* He*, & O* should drift

together
C)

Eﬁ?ﬁ}ﬁ}ﬂ‘ﬁ

ExB drift (energy-independent)
* co-rotation & external E-field

= dominant for < 0.1 keV
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(courtesy by Ebihara)

circle

~Model Combining both drifts

/ ;eastward

>10 kth 1< keV

For all of H*, Het, and O*
But, this is just a model

— V4°E > 0 = adiabatic energization
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Old "textbook" view of returned ions 1
23 LT Cluster (CIS-4), 2001-3-19

>10 keV (westward)

ILAT -71° 9° | T 730

Zase 3.7 0.1 3.9
3 hours >

15 LT Clust (Cl

Cluster ion spectrogram:

all shows energy flux density (JE) R R e o s, VAL R >
but not flux (J) ' : 1 J Gl I' log 3E3
7 5.6

ILAT -65° 64° 76°

y Zgsg 2.4 1.1 4.3
.+ ‘Cluster orbit " ., _ .
Yes, mass-independent for given energy
® T = source location of H* & O* is the same

i Highly elliptic orbit = traverses inner magnetosphere quickly

......
--------
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Old "textbook" view of returned ions 2
15LT CIS/CODIF (SC-4),, 2001-7-16

[keY] N — 1 ——— 6.7
>10 keV (westward) - A | is.o
energy gap vl s

< 5 keV (eastward) IZLAT 73° %o;' ' 73°

asE " 3 hours >0
3l N _CIS/CODIF (SC-4), 2001-11-05
k] 3 ———— 6.7
. e 5.0

lon observation (Cluster) H '+

0.1 4 3.3

ILAT -72° 61° 75°

Zose 2.7 1.4

Highly elliptic orbit = traverses inner magnetosphere quickly
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Reality: three basic populations

5LT CIS/CODIF (SC-4) , 2004-12-22
k . :
accelerated plasma gt b

sheet (westward drift .' o T

plasma sheet
(eastward ExB drift) ‘ oE -4 BOh%urS 3.1
% CIS/CODIF (SC-4), 2002-1-22

sub-keV stripes (?77) 50

2002-3-06

CIS/CODIF (SC-4) ,

[k?X] M 6.7
______________ H+ is.o
*‘Cluster orbit . 01 il E 33
e ILAT -73°" et 69°
: Zoop 4.1 0.4 3.4

i Highly elliptic orbit = traverses inner magnetosphere quickly

......
--------
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Three basic populations

5 MLT

accelerated plasma CIS/CODIF H+ data (SC-4), 2004-12-22
sheet (westward drift)
plasma sheet

(eastward ExB drift)
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(Yamauchi et al.,2009)
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Can ExB drift really explain?
15 MLT

CIS/CODIF (SC-4) , 2001-7-9

Equatorial location of 0.1 keV H*+ (PA=90°), 2001-7-9
— 05:00. UT noon - 06:00. UT

1Py Cluster SC-4.7: - .

4
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&
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Energy

: " midnight |
3 05:30.UT. | = . 06:30.UT,
V|rtual Cluster SC 4 (H+ Local PA—90°) o Eeepee R

o
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Q A * x PR Y ¥ N T . * x * . N PR "
‘IO_E = 1§f Pt \ et . e /_\ et
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- 1—5 = g
w3 r = R10° 3
’ N )
0.1 | 16~ _ o oo :
ULT o%:%o o% %o 01:,1 %o oe‘s1 qo 065:%0 og:go . . . .
MLT 16.1 15.8 15.6 15.4 15.3 15.3 i
MLAT -45.8 -29.9 -11.5 7.8 26.0 421 (YamaUChl et al" 2014)

(1) Afternoon sector = Yes
(2) Sudden appearance in 2 hours = Yes
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In fact, source locations are sometimes
different between H* & He?

21 MLT Cluster (CIS 4), 2005-4-30
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Well, real game is not that simple
Ex. Out-of-phase between H* & O*

(I still do not have answer)

(Yamauchi et al., 2014)
21 MLT Cluster (CIS 4), 2005-4-30 13 MLT Cluster (CIS- 4) 001-8%21
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Other O*
source during
substorm?

(multiple onset, AE= 365nT@23:10)

Different H* arrival
time to 9 MLT

&
E=1-3 mV/m (V; =
3~10 km/s)

O* < 0.2 keV (< 50 km/s)
&
pitch angle = 180°(not 0°)

o liem 1 1""I'.‘ .
0 M%H { AR T, o
. . | 'u'HL' 'll I |
262i00 South 23:00 00:00 North 07:Q
10
10° '-..,‘l"r-“"h“.ﬂ.d
10° H* flux > 100 keV (SC-4) i
e\&: e — ' :

1 ST - —— o

T ITI

0. +(SC'4) gk
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Derived ion motion

P 5 RE H* timing analyses
T 4R i X = H+ dispersion started 6~7 MLT
. /. SCluster ~23:10 UT

1 2 LA O* signature
= 20-30 min from northern ionosphere
Staﬁ;;; along B

18 6 d!SPerS'°“ = O* outflow started near 9 MLT
0 t ‘_ at ~23:20 UT

strong E

T e t Both agree with substorm onset
P b 10 keV

at 23:10 UT

(Yamauchi et al., 2006)
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Another mass-mystery = same velocity
19 MLTCIuster (SQ 1) RAPID & CIS 2002-5-19

(a)7500
x 5000
2500

Ol
3e5

2e5¢t

Flu

ions > 5000 km/s

Diff.

ions = 3000 km/s

Mass-dependent
but velocity-
dependent

o 2 =
W
1850 = .:,IHE:,H " & Sudden strong E
2g°_§ I“ | I..001~02keV :_ ( 10mV/m) and
06:20 07 05 07:20
Zgse -1.4

1.1 auroral bulge

v £ e EEeE R FESCEEEREEERs SEELEY e e e T T —: -1+~ == {1 - -

(Yamauchi et al., 2009)
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Mystery-2: Propagating E, + aurora

.+ Y-X projection BtoRm)
\\\ + . é magnetic drift Iu’ magnetic drift
N + E-flEld 3 | (10~15km/s (10~15 km/s)
o+ 2| = 1000~2000 km ) =
R ‘ :
+ = = equatorlal plansg 3sc 2
sc-1[y £ AU el T
R x \\ 8 \ ‘ | /
J L . X SC-2 < N T
X Y (100 km) Timing o GZE
% SC'4 = Eisnearly Lto =, | | T /%
h top}iew  wave front, which — <=/
%7)( SC-3 propagates sunward—\ VoL
= A
~ A — P L
% =
IZNRN] . -
e Mapping & ion data  mirror altitude
- A L S AVbythiseat 230
T | tor th lonosphere X (sunward)
] equator causes the, ot

- auroral bu Ige Fropagatwn

1°/min)



Other example of propagation

LANL Geosynchronous Proton Data (LoP) . :

" H'50-400 keV , 2003-10-29 ACE: 0558:20 UT/ +221 R;

w07 LT . GTL: 0609:40 UT/+26 R
e s o Wind: 0619:30 UT/-156 R
§ e 0B1A0UT ground B: 0611:20 UT
 § | = arrival at MP: ~ 06:10 UT
1 e ——
3 2[~—~———1 0610:50 UT
~ w131
X o ~ 3
e 102 WWW I
£ |~~~ 0610:50 UT
g 16 LT
g Pl 0611:20 UT
¢ w19 LT .
< — —
Lo N . o _
& 0| 3  Dipolarization + substorm onset ~ 06:12 UT
0 S 0611:50 UT - P _ _

06:00 06:10 06:20 06:30 = Unlike previous case, the sweeped
Shock swept the inner shock triggered this particular
magnetosphere (0.3 R¢/s) substorm onset (Yamauchi et al., 2006)
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Mystery-3: Energization

V|k|ng S unlque example of conic acceleration by pc5

[keV] 40 40 [keV]
X
Viking Data £ (pubrmolhutieit bt bl ww\w\w‘wwwwwwwww counta
Orbit #1114 2 ‘&ﬂ& 3t 4 w”f* i 1 i o W L & r 5 i s o R U +‘| il 1i+ 250
i ‘ 80
1902212 £, ot s i, 1
Sl 0.1
" (UP)180° | 180° (up)
S5 (perp)o0° !
& < (down) 0° | : - . - 0° (down)
88 = 232 . _ -
keV Key
"’[4oﬂ]m. ‘ \' — Fa0 I %
: T om
510 - ‘ ”Mll"l; L MLt | 10
2
“ Im T T 'w‘muun
» ] N( lrizll’hw l aenm‘m I}r il i«h I[H H‘ ‘ ‘ i .L”.u. ’
§ | l | / ’”!I'I! [ ”‘) '“l " |
011l ! h MMW H 1“”““ H\ ”wnr 1AL T
§ AEnorth i
== A At S T P
; ABx = ABwesl orbit 1114 U fil ﬂ“’ﬂ‘u ﬂﬁ orbit 1114 . A
fWW | | APTX“A].-%west
°l ) ion drift (km/s) erountd PC5 15 dett dossas HORG eSSy
d § (4 IV I [F7 Sl ion drift (krnIS)
0.3
M.. . ] - . H
T 0806 0810 0814 0818 0822 0826 0830 0834 0837 084) 0845 0849  O08.53 068;5|7 069;_.(11

nvdat 547 354k 56.1 56.9 577 584 59.2 601 60.7 61.3 62.5 63.3 64.2
vILT 11.32 11.33 i1.33 11.33 11.33 11.34 11.34 .34 11.34 11.33 11.35 11.35 11.36 11.36 11.37



Local 1 heating in the plasmasphere

4 MLT Cluster (CIS-4), 2002-1-03 ~ 20 MLT Cluster (CIS 4) 2004-5-04

[keV] ............... % [k V] e - oy “ ‘ 5 |i, : {.
3 LlQ e 3 1% PR e A, ! ' \ ‘Ilt
f *mi y y "E b (T mﬁ} 1|.Hl,p-.| !r I._.h.
= L Anl. l.-.1." JI y -' : v ] =
1aJ_-d|rect|ons "'E x| " li L "|"'| &
—~ + |
< 0 12 b He 0.1 w | Hé H" g ..|
% 1? -dlreCtlth' o ||||| B | : 1 |' "I ’ |||| ’ | H' ﬁ
_| 0'1§: l I lwwr :E :II |IHIHII I IIII ‘||II 1 Hlll\ | Illﬂf IMIIH; |l:lllllll
3 T = 0'1 O II| [ I| | 1 | lll| ||’ \ |II 'f'| | mn‘ ” |I|I ul m
1a_J--d |rect|on§ L F 1 8%@50 07:00__07:10 07 20 ,07:30 3
+ B ] | III| III o
s I Q. g “,‘ RSNl 5
17:00 17:30 18:00 18:30 0] ' uji 2
Zgse-2.1 -0.9 eql 0.5 1.7 Zgse -2.0 -1.6 -1.2 -0. 7 -0.3
Confined to equator with T ~ 1 hour Rare but probably related to substorms
Why variable E,/E, (=1~4)? Why only He & not equator?
(I still do not have answer) (I still do not have answer)
(Yamauchi et al., 2012) (Yamauchi et al., 2014)
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Decay Viking observation frequency

100'614131087674656555447

3 5 5~8
Viking observations g c0 i H 6 I“l
= atorward Viking data, orbit 1147 { 8}6t9|418)w %[““‘i‘f}) ; 28: T T —
HﬂWJ“N“ AL l“ll"lmmuﬂﬁ il :f! 'I Hiﬁ' o1, L P128.26 206 11 108 10 1010 6 & T 7 o7
s v g T g °0- T
M A ” - £ W
r |i h W’m“ ‘ )l}( n'%hw H i
M\M H)M w ‘ N il H”M )l”ﬂ“l ‘ml R 13 39 38¥83 32 25 20 20 22 18 13 14 16 15 16 13 90
Wil ') l i il i - [ I l ul= 1 :
o BOWOW W OB oW oW oW fgg |88 12 MLT
‘56° 2o min 61’° % 0l
o4 181816 9 191617 8 4 8 1214 8 8 6 84
S 80 LLT]
After high AE activities. § o . MLT
BQ a
(‘I)Mov.es castward "er?’ fast ,,,102 01014 9 9 810 9 6%8 8 10 7. 7 6 4 64
= fossil of substorm filling S 0 19 ML
(2) Quick decrease for 12-18 MLT E gg L] - _181\‘"-1-
=R — L e a
| | 1 5 10 15
(Yamauchi and Lundin, 2006) acearcass  hours after AE>400 nT
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Why decay? (1) loss to the ionosphere

(i) O* <1 keV: mainly Charge exchange during mirroring (high n)
=> half will be lost

(if) O* > 1 keV: mainly Strong pitch-angle diffusion to loss cone
=> real return
O™ Lifetime
10000-

100 o
—Ne=t00/cc

Ne=10/cc . Simulation for all O*

— | -~ = half will be lost
~Ne=1000/cc v (except leak)

.
whoo

V“ T

[
2

[day]

1 3 - -~ — T - - Ti:__\*_f—
- [ Chal’qe eXChanqu T = L=_6>':x:;
3 Coulomb collision s E
r Strong diffusion limit - ]
0.01 . ]

: 10 100
(Ebiharaand Ejiri 2003)  E [keV]
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Why decay? (2) Magnetopause shadowing

sc3 _ O* pick-up by SW _2000-12-10

(Marcucci et al., 2004)
N & 10° -
- o
%. ) V\«\r\H =
10 — + t + + + t + } + + + } + t + = Qﬁ
— -
2 600 1x g
400 N <
200 k L /
"] e ERERIRT L R e Ty droi o CRTTRRNNT R
| 200 B magnetosheath :: " . ; kY
] 3 O = R Py L e e o B
" magnetosphigre T e
Time (UT) PO RS 03:00 04:00 05:00
XGSM -1.51 -1.28 -1.05 -0.81 -0.56
Y GSM 12.56 13.71 14.85 15.93 16.89
ZGSM  9.78 9.18 8.23 7.08 5.76
< >
Z=10 Rg 4 hours Z=6 Rg

n
ExB drift overshoots magnetopause = magnetopause (MP) shadowing

= 1/3 of input O* during storm
(Zong et al., 2001)

= works for all drifting ions (cold + hot + energetic)
note: Largest at mid-latitude rather than equator (because of bouncing motion)
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lon evacuation by substorm E-field

Viking ion data 1986-9-12
10 MLT (orbit #1112)

1000+ 1 keV ' e iy T
0 éli.*z’“’“”‘-h 4 ° . ” i i J “f l | !M || ‘ w WI’M
-1000¢} AL 1 100 eV 4| | | '”'3 “
| ; i b il ki

-2000 L
UT 18 0 6 UT 00:20 00:30 00: 40 OO 50 01:00

...........

|||||||||||

ILat 65.2° 67.3° 69.6° 72.1° 74.9°
Real data! = evacuated! 11 MLT (orbit #1113)
1 keV— """""""""""""""""""""" ‘W’NH T A ‘ Eflux_, &
=] <
| | llllhnnn”"J |
100 eV— 2o
+—————— :|: - H M' W””l‘l\'“ WH“‘"'J 10 Tﬂl\
UT 04:10 04:20 04:30 04:40 04:50 N
ILat 58.3° 60.1° 62.0° 64.1° 66.3° i E

A2 MLT (orbit #1114)
1 keV] " ' ' - - ' ' —

| il | 1 T AR "\' Mtu ' "J".,.m"l
100 ev DN L v e

/1 y gL
uT 08:30 08:40 08:50 09:00 09 10 09:20 09:30
ILat 59.2° 61.2° 63.5° 65.7° 68.5° 71.4° 74.7°

(Yamauchi and Lundin, 2006)
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auroral solltary structure
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m here

Zoo of chaos, e.g., by
Differential attack (location for O* and He*)
Changing speed (by E-filed) and angle (PA-diffusion)
Surge (during storm/substorm)
Repelling (by charge exchange)

i M. Yamauchi
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Inner
magnetosphere

Only few can “goal” to the Earth

i M. Yamauchi
_QF Kiruna, Sweden



Outline

3. Consequence of massive ion escape
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Main escape mechanisms for present Earth

leak+pickup (dz —p 7 (1) cold
S ‘ ..-"’,.'-':t‘_ii_'f -

e . e — (2) superthermal

. .l
‘ 0y ..
. . -
.
.
'
' '
| 1 1 1 1 1
. ' ' ' ' '
. 3 . . .
. 0 O . .
K . / . h
/ / . ‘ .
RY L) B 5 & £ e
R . . 5 .-
. F . & . . L
. . . e
----------- . . ’ ‘ .
. . B L.
2 ~ . .
. . ’ .
- . . . P
o R Le”
. R

...... ‘

---------------------

L, Il (b) Charge-exchange & Magnetopause
el T shadowing
(c) Large-scale momentum transfer

(d) lons accelerated by field reach SW
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Known escape rate with Cluster

(a) polar outflow of hot O* (x 10%° s)
magnetosheath O* (escape) ~ 0.7
plasma mantle O* (mostly escape) ~ 2

(Nilsson et al. 2012, Slapak et al., 2017a)

(b) magnetotail hot O* (x 105 s°)
tailward O* (escape) ~ 0.5

earthward O* ~ 0.6 = roughly half escapes later
(Slapak et al., 2017b)

or, Nng,/ngy = 1%,
i.e., p0+IpSW — 10'20(%),

(c) plasma sheet cold H* (x 10%° s, with O/H ratio < 102 ?)

3 ~ 10 (for H*) = more than half escapes
(Eriksson et al. 2006, Engwall et al., 2009)

(d) plasmaspheric cold H* and He* (x 10%° s*1, with O/H ratio ~ 3%)
Plume : peak 100 (for H*)

Wind : up to 50 (for H*) (Darrouzet et al. 2009, 2013)
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Outline

3. Consequence of massive ion escape (under-estimated effects):
* local energy conversion through mass-loading

M. Yamauchi
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O* inside solar wind = Mass Loading

Mass loading = inelastic mixing conserving momentum

= kinetic energy K is not conserved
(AK/K = Au/u= deceleration rate)

example 1: comets and Mars LD mass-/oad;'p_g. a/ea

(loading of pickup ions)

example 2: cusp & plasma mantle

(mixing of escaping O7) - 5. t

M. Yamauchi
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In fact Cluster obs. indicates Mass Loading

250Totall velocity along the flow

——O0"

—e—H"
§ZOOF
= V,, increases while V,,, decreases
2 150 . . . . . .
> = Mixing is indeed inelastic
3 100 toward the common velocity
2 100t
c—z = AK/K = Au/u
2 50 T

1 1 1 Lo (K=kinetic energy)
. (Cluster data: 2001-2005)

40° 50° 60° 70° 8.0° 90° 100° 110°
(dayside) Latitude (nightside)

(Yamauchi and Slapak, 2018)
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In fact Cluster obs. indicates Mass Loading

MHD dynamo during deceleration

E+ : + . . )
e)éterior cusp , .* Where does AK (kinetic energy) go*

& + = lonosphere! Because, connected by
proton : o :
& geomagnetic field (same mechanism as

+ +
- o+
m—» : "open" magnetosphere)
5 ele‘cm _ EEJ (=
_ . AB

= Two type of "open":

i <~ dig .
. . : : * looking from the Earth (Dungy type), and
T ﬂ f » looking from the solar wind (Vasyliunas
74 B J// v, Y. 4 type)
g : : oo+ o+ o+
< :ﬂ :
i -
lonosphere
= = = =

M. Yamauchi
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Energy conversion by Mass Loading

If final Vo, = V., AK is independent of ionospheric conductivity:
AK = ('1/4)'UZSW'FIoad

(where F is O* mixing rate to the solar wind) (Yamauchi and Slapak, 2018)

(1) AK=10°%10W for F__, = m,*102526 g1
= Can explain cusp current system

(amount + independency) — | @plasmamantle
" 1 (Schillings et al., 2019)
(2) We expect F, .4 « AK 2 1026 ]
(through ionospheric heating) o I
= Large ug,, increases O+ escape? => =3 ] L
3 i
YES 2 1
+ 10284 | 95% ci
(3) O+ outflow influence the SW injection? 0 ' 60 | 700

= Various types of injection? Vsw [km/s]
(not all are understood)
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Outline

3. Consequence of massive ion escape (under-estimated effects):

- Evolution of the Earth in geological scale (then cannot ignore
neutral)

M. Yamauchi
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Scaling to the past : high EUV + Pg,,

Ancient solar forcing (young M-stars) 100f

(a) much higher EUV flux than present fast rotating stars

(b) faster solar wind than present

(c) much faster rotation than present
= stronger solar dynamo

= stronger flare /| CME / SEP
(Solar Energetic Particle)

30 EUV

* _>_-medium rotating stars

10 EUV

.,

EUVstar/EUVsun
o

Yy,
-
~
-
“
~
~
~
el
e
e
e
~
~
N

(.., Wood, 2006) | slow rotating stars .
= We scale Kp=10 or use extreme 4 time [G?’yr ago] 2
events as proxy of the past (Tu et al. 2015, Lammer et al., 2018)
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Cluster Statistics of strong SW & EUV in the past

o | —a— Magnetosheath /‘/‘/-/’ - _1 026/8
— (Slapak et al.;2017a)__
3 1024/s
" Loss rate : « exp(0.45*Kp)

oKp1=1 2 3 K4p
Cluster@2001 — 2005

© Kp=7

For direct escape only (O* mixing into
the solar wind), we expect 1027 s-1 for

Kp=10

We examined also with coupling function

(Shillings et al., 2019)

mantle

magnetoshe

plasma sheet

= 10%’s"' x 1 Gyr (3-10"® sec) = 3-1043
= 70% of present atmospheric O,
(15% of N,)

= cannot ighore

A few % change in O/N ratio does affect
bacteria activity (e.g., Loesche, 1969)
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Past escape = must know neutrals

Ancient solar forcing (young M-stars)
(a) much higher EUV flux than present

k]|
= thermosphere expands 10000F - massive escapeof
= neutral escape becomes large : ) ~Oand N starts |
1000k #~| (x6 present EUV)

(no collision)
Thermosphere

Exobase altitude

- C

EUVXx5 x10 x15

EXOSphere for N, atmosphere (Tian et al., 2008)

\ coIIiS|onaI) veloicity i 10.8 km/s | 9.8 km/s 7.0 km/s
Earth O 9.7 eV 8.0eV 41eV
a N 8.5eV 70eV 3.6eV
T " " 02+ + e- = 20 1-r eV
boundary = "exobase N, +e = 2N 366V

M. Yamauchi
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In fact, exosphere drastically responds to EUV

Mars Express 2005-7-12

eVi - -
. . . pick-up ions I B
Newly-formed cold ions (pickup ions) at Mars 10— /,/\. ,. PRPRY WJ‘ =
3 r F R ST LY - —
= X 10 increase for <50% increase in EUV 1 S ITAATUY --".‘.,"Ea'f';";!"i't. ® ft‘l'-:; mi',";-'é. 3:&& E—
I ER i | b} . : i =
during 1 Mars year = Pl a o’ ];} s
= expansion of exosphere is much more 0.1 Y \ 1 _
than any simple models E | | g
D/Ry; 2.86 2.43 bowshock 1 93
(@)100% (Yamauchi et al., 2015) UT 08:30 08:50 09:10
° ~MEX/IMA detection probability of pick-up ions
B0we - — appear for only < 7 hrs -
(D)
= 60% — — = —
= . o ol -
§' 40% - 77 Ei -
§ 20% — I —
0% [ 2005 2006 | 2007 | 2008 I 2009 1 2010 I 2011 | 2012
m strong most likely difficult to judge undetectable
(b)(\z 7 i EUV (10-124 nm) flux at Mars
= 6 .:;g_ﬁ(proiectedfrogmobserv;ationatE;arth)4.1,,:;;
TN el , PP e — B el " R — i PO PTI s b A
E \ .‘A!‘L- - - : M ,«_h i o i JM .
Rt 4 S f”_‘:Y_’f’.’”"’-:7”"A;‘;’"-’”””””””’ ””%’””””””"";’.-l”%’i””””””’:;‘»_’-’1”“5 ”””””” _:.7-;1:’—" ”””””””””””””” M ””””””””
é 3 MV( """""""" \"‘*‘_J-\*‘ """ """"""""""" W%‘s‘ """"""""""""""""""""""" """"""""""""""
2005 2006 2007 2008 2009 2010 2011 2012

\



atmospheric escape from ancient Earth

plumes

mechanism present Earth | ancient Earth?
Jeans escape - " yes? (need to understand present exosphere)
Hydrodynamic blow off - TE yes? (need to understand present exosphere)
Momentum exchange - = yes? (need to understand present exosphere)
Q
Photochemical energization |- c yes
Charge-exchange yes K (need to understand ring current)
Atmospheric sputtering - yes? (need to understand past cusp)
lon pickup - yes
lons accelerated by field YES! yes
reach SW
Large-scale momentum yes yes? (need to understand past
: - 7))
transfer & instabilities c | magnetosphere)
Magnetopause shadowing yes O |yes? (need to understand past ring current)
(ions)
Plasmaspheric wind and yes yes? (need to understand past plasmasphere)

M. Yamauchi

Kiruna, Sweden




Summary

Terrestrial ion behavior has inter-disciplinary aspect on

* Substorms

« Solar wind injection and energy conversion
* Magnetospheric dynamics

* lonospheric physics

* |lon-neutral interaction

« Space weather

« Evolution of atmosphere and biosphere

and
 Radioactive hazard

M. Yamauchi
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After Fukushima accident, we retrieved motion of
radionuclide that ionizes molecules

vertical E = 60 V/im: low o
vertical E = 0 V/Im: high o

W Exolcislon(#3 Vent#2) Explosido(#2) Flre(
EA[V/Bm lll llllll Ylllll | L lllllllllllll | | Il{lu llllllll[lllllllllll
o £ T T — 5 mmiR&in 'J | |
£S5 40 et “",,.:\: Kakibka| pf‘o | ’,J.JL. \ —
o= Wi, VAl A
> V T
1[1]![T1¥1T lYlYlIVTIlI IITIT] IIIII1T‘ITYI LI LI ll[lf1¥l[!l lf]IlIIl
uop 6 1 18 ¢ 2 18 + 6 12 ) 18 UT
“1?8 fﬁ,,;,[ﬁ:ﬁff,,a,' nl 2""”3)'----—/---
& | | A araki (70 km ' ‘ y
0 0.1 ' L : ! Wi
D Illll llllll ll}ll|ll Illllllllllllllllllll IIII lllll
14March 15 March amh(Yamauchl etal., 2012)

Arrival (= high o) Blow up by wind (= low o)
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Summary

« Qut of three type of outflow (cold filling, cold supersonic outflow,
hot outflow), hot O* alone cause >10 2°-26 s-1 mainly though
direct entry into the solar wind in the polar region.

* Inner Magnetosphere is a zoo of "un-understood"” ions.
* Terrestrial (planetary) ions plays active roles in the solar wind
interaction with the magnetosphere (extra “open” hole in the open

magnetosphere).

« lon escape influences evolution of the Earth in geological scale
= We still need missions to study "escape" (Friday morning).

« Knowledge of ion dynamics even allows monitoring radioactive
materials
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Thank you
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