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1.1

1.1.1 TRAPPIST-1

1992 3700
(http://exoplanet.
eu) TRAPPIST-1 7
6 (Gullion et al.,
2016, 2017, Wang et al., 2017, Luger et al., 2017 )
TRAPPIST-1e, f, g Kopparapu et al. (2013)

( 1.1)
TRAPPIST-1 3 (b, ¢, d)
1 (h)
TRAPPIST-1 12.0pc
: 2020
WSO-UV (Deeg and Belmonte,
2017)
1.1.2
TRAPPIST-1
( HST) ( SST) TRAPPIST-1
de Wit et al. (2016) HST TRAPPIST-1b, ¢ 1.1-1.7 pm
( H,O )
Delrez et al. (2018) SST 3.6, 4.5 pm
TRAPPIST-1b 3.6 um
4.5 pm TRAPPIST-1b H2O
( COy)
Bourrier et al. (2017) TRAPPIST-1b ¢ Ly-a

HST




1.1

1.1: TRAPPIST-1
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( 1.2) TRAPPIST-1b ¢
Ly-a
TRAPPIST-1
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1.2: TRAPPIST-1 b ¢ Ly«

Ly-« TRAPPIST-1b
TRAPPIST-1c
TRAPPIST-1

Bourrier et al.
(2017) Figure 1

1.1.3

TRAPPIST-1 0.06 AU
6 1.51(b), 2.42(c),
4.04(d), 6.06(c), 9.1(f), 12.35(g)
(Gullion et al., 2017)

(Gullion et al., 2017) Ormel et al. (2017)

cm - m
TRAPPIST-1

TRAPPIST-1




1.1

al., 2017)

5 Myr 1 Gyr
TRAPPIST-1d HZ

0.45 Gyr, 0.20 Gyr, 0.12 Gyr

Violet)

TRAPPIST-1 0.089  (Van Grootel et

(1.3)  TRAPPIST-1
TRAPPIST-1d.ef,g

TRAPPIST-1
(Wolf, 2017) TRAPPIST-1e, f, g
EUV (Extreme Ultra
(Guinan and Engle, 2016)

EUV TRAPPIST-1
Tian and Ida (2015) M
10°
E)
g 10 |
B
= TRAPPIST-1g
TRAPPIST-1f
TRAPPIST-16
TRAPPIST-1d
10-2 1l . L A L A L A
10° 107 108 10° 10%
Age|[yr]

1.3: TRAPPIST-1
e, f, g

TRAPPIST-1d

( :

Kopparapu et al. (2013)
Braffe et al. (2015)

(2),(3)




1.1

1.1.4
EUV
(Lammer et al., 2008)
( Pepin, 2006)
HD 209458b 1.5 %
Ly « 15 %
1
(Vidal-Madjar et al., 2003) HST
HD 209458b 118-171 nm
Ly-a
(Vidal-Madjar et al., 2004)
1.1.5
HD209458b
(Tian, 2015)
EUV
Yelle (2004), Garcia Munoz (2007), Salz et al. (2016a)
Yelle (2004), Garcia Munioz (2007), Salz et al. (2016a) HD209458b
EUV
HD209458b
TRAPPIST-1 H>O
H, O
Bolmont et al. (2017) Owen and Alvarez
(2016) EUV
TRAPPIST-1b, ¢, d EUV




1.3

10

1.2

1.3

3-7.5

EUV

4

(Ribas et al., 2005)
TRAPPIST-1

TRAPPIST-1d
)

(Baraffe et al., 2015)
TRAPPIST-1d

M (Engle and Guinan, 2016)
EUV
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2.1

2.1

Pi U U

fext

fezt
2007)

O(r?pE)
ot or

or2p;  Or’piu
ot or or
d(r’pu)
ot or

d(r?h)

0
+ *(TQ(PE +p)u) +
or

E = e+ 1/2u?
) h w;

n; ) Ai, (67 )

+ 7(73,01,(“1, + Ul)) = 7“2(1)7;,
0
+ —(r*(pu® + p)) = 1 feat + 2pr,

= purzfext + 7'2@-

(Garcia Munoz

(2.4)

(2.5)




2.1 7 A oy
Ai (07 Ref.
H, 223 0.77  [SNOO]
H 379 0.69 |BKT73

[BK73]
Hy 521x107% 25 | ]
Ht 737x107% 25 [BK73]
Hi 425x107% 25 | ]

e 1.20x107% 25 [BKT73J*

0 75.9 0.69 [BKT73|
[oN 56.0 0.69 [BKT73]
H,0 96.7 0.50 [BK73]
OH 50.5 0.50 [BK73]

[SNOO] Schunk and Nagy (2000), [BK73] Banks and Kockarts (1973). x

2.2

vi:—KEDg m2) = _geo(Loni 10n} (2.7)
n; Or n or

KED 1 Epivi =0
Burger (1969)

1 - on; ' 0 m;g on; 0
uz_—pZDwkT[ar+n]<8r(lnT)+kTﬂ DUkTZZ[ +nj5-(InT)

JEl jEl
(2.8)
(1 —w)b; [ 1 Ony 2n, 10T oM mig
= =t (1 4 7 1+ 22>
n ni or + T Or t i Ne + kT
y] 1 an] 2 1 GT 27’1,] m]g
A —— |14+ Z — 2.9
+§ [”] at<+]ne>+T8r +jne +k:T (2.9)
(2%
Di; i J D; D=3, D; i Toe
Zj J qj/qe  bi Yi g
bi - (1 —y;)
Dj; = (2.10)
! ZkeLk;&i Kignin
b D.5 (2.8)
( )
C
! ( 31, 44 )




2.3

2.3

H, HQ, He, HQO7 O, 02, O(lD)

HeH*, H,OF, H30F, O, OF, OH"

, OH
e

H*, Hy, Hi, He™,

2.2:
Ref.
Rla Ha+ hv — H+H+2h [HM70]
R1b — Hi+e [SNOO]
Rlc — HT+H+e [SNO0O]
R2 H+h — Ht +e [SNO0O]
R3 Hj +e — H+H 1.86 x 10777043 [LT00]
R4 Ht +e — H+hv 2.52 x 107107075 [LT00]
R5a  Hi +e — Ho+H 1.38 x 10~ 77 ~0:30 [LT00]
R5b —- H+H+H 4.15 x 10777030 [LT00]
R6  Hj +H, — Hi+H 2.08 x 107° [LTO00]
R7 Hj +H — H"+Hy 6.40 x 10719 [LTO00]
R8 Ht+Hy(v<4) — Hf+H 2.00 x 10921240/ [MC82]
RO Hj +H —  Hj +H, 2.08 x 1079 =19900/T [YEO4]
R10 Hs+ Ho,H — H+H4+Hy,H 7.60 x 10757~ 14752540/T [ THS(]
R11 H*+Hy+H2,H — Hi +HyH 3.20 x 10729 [MI6S]
R12 H+H+Hy,H — Hy+Hy,H 1.50 x 10729713 [THS6]
11 sec™1, 2 cm? sec™!, 3 cm® sec™!. [HM70] Hunten and McEloy

(1970), [SN0OO] Schunk and Nagy (2000), [LT00] Le Teuff et al. (2000), [MC82] McConnell et al.
(1982), [TH86] Tsang and Hampson (1986), [MI68] Miller et al. (1968), [YE04] Yelle (2004)

:1

(2006), [LTOO]

2.3:
Ref.
R13  He + hv — He' +e [SNO0O]
R14 He' +e —  He + hv 9.08 x 10~ 1t7=064  [LT00]
R15 HeH"+e — He+H 3.06 x 1077060 [LT00]
Rl6a He"+H, — H+HeHT 7.20 x 1071° [LT00]
R16b — He+Ht+H 3.70 x 10" M3/ [LT00]
R17 HeH" +Hy — HJ +He 1.50 x 1079 [LT00]
R18 HeH"+H — Hj +He 9.10 x 10710 [LTO00]
R19 Hj + He — HeHT +H 1.30 x 10710 [LT00]
sec™!, 2 em? sec™!, 3 em® sec™!. [SN0OO] Schunk and Nagy

Le Teuff et al. (2000)




2.3

2.4: Hy0O
Ref.
R20a H20O + hv — H + OH [SNO0O]
R20b — HyOF +e [SNO0O]
R21 OH + hv — O+H [SNOO]
R22 O + hv — Ot +e [SNOO]
R23a Oz + hv — O+0 [SNO0O]
R23b Oz + hv — 0 +0(1D) [SNO0O]
R23c O2 + hv — Ot +0 +e [SNOO]
R23d O2 + hv — 05 +e [SNOO]
R24a HoOF +e — O +2H 3.05 x 10777 ~0-50 [LT00]
R24b — OH +H 8.60 x 1087 ~0-50 [LT00]
R24c — O + Hy 3.90 x 10787 ~0-50 [LT00]
R25a H;0" +e — HO +H 7.09 x 1078700 [LT00]
R25b — OH + 2H 3.05 x 10787 ~0-50 [LT00]
R25¢ — OH + Hy 5.37 x 10777 ~0-50 [LT00]
R25d -  O+Hy+H 5.60 x 10797~0-50 [LT00]
R26 OH' +e — O+H 6.50 x 10~ 77 ~0-50 [LT00]
R27a OF +e — 0+0 0.22 % Ry [SS05]
R27b O +e — O +0(1D) 0.42 % Ry [SS05)
R27c O35 +e — O(1D) + O(1D) 0.36 % Ry7 [SS05]
R28 Ot +e — O + hv 1.40 x 10710066 [LT00]
R29a Hy + H0O —  HyO0" +Hp 3.90 x 10797~0-50 [LT00]
R29b — H3O" +H 3.40 x 10797-0-50 [LT00]
R30 Hf +0 — OH" + H 1.50 x 1079 [LTO00]
R31 Hy + Os — Oy +H 8.00 x 10710 [LTO00]
R32 HT + H,0 — HoO" +H 6.90 x 10~97~0-50 [LT00]
R33 H* 4+ OH — OHT +H 2.10 x 10797~0-50 [LT00]
R34 H* +0 — Ot +H 6.86 x 1071070-26e=224/T  [SN((]
R35 H* + O, — O3 +H 2.00 x 107 [LT00]
R36 Hi + H,0 —  H30" +Hy 5.90 x 10797050 [LT00]
R37 Hi + OH —  HyOf +H, 1.30 x 10797050 [LT00]
R38 Hi +0 — OH™ + Hy 8.00 x 10~ 107 —0-50 [LT00]
R39 H,O™" + Hy — H;0" +H 6.40 x 107107 ~0-0 [LT00]
R40 H,Of +H,O —  H30" +OH 2.10 x 10797-0-50 [LT00]
R41 HOF 4+ 0 — O3 + Ha 4.00 x 1071 [LTO00]
R42 Hy0" 4 Oo — 07 +H0 4.60 x 10710 [LTO00]
R43 OH' + Ha — HoOF + H 1.01 x 1079 [LT00]
R44 OHT + Hy0 —  HyO" + OH 1.59 x 1079 [LT00]
R45 OH™T + H,0 — H3;0" 4+ O 1.30 x 107° [LT00]

10



2 2.3
2.4
Ref.

R56 OH" + 0 — O3 +H 7.10 x 10710 [LT00]
R57 OH™ 4 02 — O3 + OH 5.90 x 10710 [LTO00]
R58 Ot + Hy — OHT +H 1.70 x 107° [LTO00]
R59 Ot +H — H* 40 5.66 x 1071 70-36e86/T  [1T00]
R60 Ot + H,0 — HyOT + 0O 3.20 x 10797~0-50 [LT00]
R61 O + OH — O +H 3.60 x 10717 —0-50 [LTO00]
R62 Ot 4+ 02 — 05 +0 1.90 x 10711 [LTO00]
R63 HyO + Hy — H+OH +Hy 5.80 x 10952900/ [THS6]
R64 H,O +H — H, + OH 1.03 x 107 1671:90¢=9625/T  [THgg)
R65 OH + Ha — H,O +H 1.06 x 1071772e~1490/T  [THS6]
R66 OH +H — O +H, 8.21 x 107217281950/ | THS6]
R67 OH + OH — H,0 + O 3.50 x 10~ 10714200/T  [THS6)
R68 O, +H — O + OH 2.61 x 107108160/ [THS6]
R69 O + Hy — OH +H 1.80 x 10720728 =2980/T [ THS(E]
R70 O + H0 — OH + OH 7.59 x 10715713 =8600/T  [THge]
R71 O + OH — Oy +H 7.47 x 107107705¢=30/T [ THS6]
R72 OH+H+Hy,H — HyO+HyH 6.10 x 1072672 [THS6]
R73 O+H+Hy,H —  OH-+HyH 1.30 x 10-27-! [THS6]
R74 O+0+Hy,H —  Og+HyH 5.21 x 10735¢900/T [THS6]
R75 O(1D) — O + hv 1.00 x 1074 [SS05]
R76 O(1D) + H,O  — OH + OH 2.20 x 1079 [GAT2]
R77 Hs + O(1D) — H + OH 1.00 x 107 [RO95]
R7S8 O(1D)+ 0y  — O3+ 0 3.20 x 10~ 11e70/T [DM97]
R79 O(1D)+ O — 0+0 8.00 x 10712 [RO9Y5]
:1 sec™!, 2 cm? sec™!, 3 cm® sec™

Ror(T < 1200) = 1.95 x 10~7(300/T)°7, Roz(T > 1200) = 7.38 x 10~8(1200/T")"-%
[GAT2] Garvin (1972), [SS05] Smithtro and Sojka (2005), [RO95] Roble (1995),
[DM97] DeMore et al. (1997)

11



i wi
. dpi  pi Any
= 9P Hi Ani 2.11
YiTa TN, At (2.11)
j2% an Z&nj At
)
2.2
Anp, = ((Angsq + Angy + Angg + Angi2)
— (Angiq + Angip + Angic + Ange + Angs + Angio + Angii)), (2.12)
Angy, Rn 2.2
2.4
EUV
Q(r)
Q(r) = Qabs(1) — Qen(r) — Qraa(r), (2.13)
(Qabs(r) EUV Cgch(r) (Qrad(r)
2.4.1
EUV 11 (Woods and Rottman,
20022) HoO Oy FUV
EUV 300 nm FUV (Woods and
Rottman, 2002) EUV-FUV EUV EUV
H,Hs,He, O, 09, H,O
(NIFS)3 Woods and Rottman (2002)
EUV (Kuramoto et
al., 2013) EUV 2.1
C?abs(r)
lyabs(T)
abs(T) = 2.14
Qas(r) Vshen (r) (2:14)

2ftp://laspftp.colorado.edu/pub/solstice/ref_min_27day_11yr.dat
3http://dpc.nifs.ac. jp/photoab/d_list.html

12



2.1: two-dimensional energy deposition method

Eabs (T) r EUV
Vanen(7) 2.1 Eans

Eaps(r // orDdD - (1 — exp| {Zazn, DAs(r, D)) - F(r,D,\)AX,  (2.15)

so )= (2 _DQ_WT_A;) o 216)

D ag; ) As
T, Ar F r D
A Eps(r) As(r,D)
Vinen (1)
4 Ar\? Ar\?
Vshell(r) = 37T{ <7“ + 2> — <T — 2) } (2.17)
A, D EUV F(r,D,\)
F(r,D,\)AX = exp[—{>_ oini(r)}As(r + Ar, D)] - F(r + Ar, D, \) A, (2.18)
(r=rn) EUV
F(ry,\)AN = Nphoton()\)%A)\ (2.19)
Nphoton A h &
2.4.2
H>0O

13



Qrad (dT/dt).
oC, (flf) — Qua. (2.20)
c, HE, H,0, H
Hy
Hy Quy
Qur = 4+ Qe (T) (2.21)
Qi (T) ( )

QH; (T)  Miller et al. (2010)

@Hg (400 < T < 900) = — 3.87932 x 107327 4 1.60926 x 10~ 2T3 — 1.443608 x 10~ 2°T?

4 4.96694 x 10727 — 6.11904 x 1072} [W /sr/mol] (2.22)
QH;(goo < T < 3000) = — 1.61317 x 107327 4+ 9.76608 x 102973 — 8.66296 x 1072072

4 3.54583 x 107237 — 8.24045 x 10~ [W /sr/mol] (2.23)
Ly-« (Owen and Alvarez, 2016) H
Black (1981)
—118348
Qu = 7.5 x 107 n.ny exp <T> [W/m3] (2.24)

(Sobolev, 1957)

(LVG, large velocity gradient theory)
B.5

2.4.3

A
Ji(r) = /0 o; - q(r, D, \) AN, (2.25)

14



2.5

q(r,D,\) r D, A
oy r q(r,D, \)

q(r,D,\) = exp[f{z oni(r+ Ar)}As(r + Ar,D)] - q(r + Ar, D, \)

Hy + hv H+H + 2/
(69.0<A<113.0nm)

Hy +e
(A<80.3nm)

—— H+H+e
(A<68.6 nm)

H+hy — s H" +e
(A<91.1nm)

H,O + hv ———  H + OH
(A<98.4nm)

——— H0" +e
(A<242.5nm)

2.2

he he

= A W
QR1a = JR1aNA <>\th 121.6 nm>

he

QRi(i=1b,1c,2) = JRiNA <>\th>

he
Qra = Krinang (AHfRz — 911nm>

QRi(i=3,5,~10) = KrinangAHyR;
QRri(i=11,12) = KrinanpnuAHr;

Ath AHgg;
1 Le Teuff et al. (2000) 2

D.6

2.5

2.5.1

(2.1), (2.2), (2.3)
CIP ( B )
CFL (Courant-Friedrichs-Lewy Condition)
At

A
At =v mm{m}
Ck

(2.26)

(Rla)
(R1D)
(Rlc)
(R2)
(R20a)

(R20b)

(2.27)

15



2 2.6
v 0<v< 1) k Ary Ck
4 T
(%)
T‘k:T()(?W) (’L':O,l,"‘,N)
To
(2.28)
N a
1500 a =2
r—2 ) 107° m/s ,
Nvar Ngrid +1
1 1 (@t — on)2
Ag© = [ k k ] (2.29)
Nvar ; Ngrid grid—1 (Qk)2
@ ( ZPSTQ’ u7 p) n
Nvar Ngrid
Ay©® 10712
2.6
2.5 n
K= Z Yifbi- (2.30)
Yiy i { ( Yi
n;
yi= (2:31)
y
No
v = LiChs) p”), (2.32)
> (iCuyi)
Cpi i Coi i
7 Ys S
1.67 1.41 1.29

16



2.6

2.5:

6.67 x 10~
8.3144
8.3144/p
6.02 x 10%
6.626 x 10734
2.997 x 108

17



3 HD 209458Db

3.1

3 HD 209458b

HD 209458b -

Garcia Munoz (2007)

(Vidal-Madjar et al., 2003)

3.1 HD 209458b
0.045 AU

3.1: HD 209458  HD 209458b

Yelle (2004)

(M) (Ro) (K) (Gyr)
HD209458 1.148 1.203% 6092.0 £+ 103.0° GOV 442¢
(kg) (m) (K) (AU) (JD)
HD 209458b  1.31 x10%™*  9.65 x107® 1459¢ 0.045¢ 3.5244
[a] Southworth (2010), [b] Boyajian et al. (2015), [c] Melo et al. (2006)
3.1
(Hydrodynamic Escape Parameter HEP)
(Watson et al., 1981)
GM,m  GM,u
HEP= — 2 _—=_"7 3.1
R,kT R,RT (3:-1)
R, m k HEP
HEP
HEP
1.0 x 1020 m—3 ya = 0.3,yp, = 0.7
1R, ~ 15R, 3.1
HEP

18



3 HD 209458b

3.1

3.3
2%

Analytical srerrese

Numerical . _

10% FMass Flux [éi]

100 F
108 |

10°8 |
104

3.1: HD 209458 b

HEP=5 (T = 3.7 x 10" K),
HEP25 (T = 7.4 x 103 K)

10

R/Rp

HEP=15 (T =12 x 104 K)7
+

19



3 HD 209458Db

3.1

o
%

T e =
TE%®

Number Density [r"r?’]

[ —
%

[
C%O

3.2: H H2
HEP=5,

HEP=15,

HEP=25

N
T

N
T

o

1
N
[

(Fnum' ana)/Fana[%]
+

I
T

3.3: HD209458 b
(Fanas [S_l])

10

15
HEP

20

25

30

(Fnum, [S_l])

HEP

20



3 HD 209458b 3.2
3.2
3.2.1
Garcia Munoz (2007)
EUV ( 3.2) Garcia Munoz (2007)
EUV i
3.2: HD 209458b
K] 1200
[Pal 1.0
YHy =1
yH, = 0.9, yge = 0.1
yi, = 0.8, yge = 0.2
yH, = 0.7, yge = 0.3
[m?/s] 10%
2.2, 23
EUV [W/m?]  1.71 (at 0.045AU)
Ein
Eout
N
En = 47r/ Q(r)r3dr, (3.2)
0
dar dT
FEout = dmpyunri{Hy — Hy} — 4n (m“2 ) + 4w <m~2> : (3.3)
dr ) dr /),
ug GM M, M, + M, [ aM, 2
H=—+4+—RT - -G -G — . 3.4
2+'y—1 r (a—r) 2a3 M, + M, " (34)
H ( + +
) N0 (3.3)
3.4 [a] (3.3)  (3.2) 3.4 [a]
Hy
FEi, Fout 3.4 [b]

21



HD 209458b

3.2

Total Energy Deposition Rate [.

108 ¢
10t F
10'
10%°
10* F
10
102 |
10t b
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3.4: Garcia Mutioz (2007)
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3 HD 209458b

3.3Garcia Munioz (2007)

3.7
EUV Hy
3.7 (n)
n= Qabs(r) - Qch(r) - Qrad(r) 7 (3.6)
Qabs(r)
EUV
30% ~ 45% 10%
Hp Hy
Hy Hj
10° : : T
Ly || [PV IOAUE-ED ;:;gé;g —
yeZo7
g (?m 1070 I Crit)i/gél point x

E [C] ZIAUEﬂEO y:H'E 0.9

Temperature [K]

5102:

3.5:

3.3 Garcia Munoz (2007)

HD 209458b
3.8

(2007)

Garcia Munoz (2007)
Garcia Munoz (2007)
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Garcia Munoz
Garcia Munoz (2007)
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3 HD 209458b 3.3Garcia Mufioz (2007)
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3 HD 209458b 3.3Garcia Munioz (2007)
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3 HD 209458b 3.4
Garcia Munoz (2007)
( )
3.9 Garcia Munoz (2007)
1.58 x108 [kg/s]
3.7[al 3.9[d]
Garcia Munoz (2007) EUV
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Hy Hy
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3 HD 209458b

3.4
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3 HD 209458Db 3.4

( 3.10)
EUV
(Yelle, 2004, Garcia Munoz, 2007, Salz et al., 2015b ) EUV
(Woods and Rottoman, 2002: 6.9 x 1073 W/m?
Ribas et al., 2005: 4.6 x 1072 W/m?) (Richards et al., 1994: 3.5 x 1073
W /m?) Woods and Rottman (2002) EUV
%o
Garcia Munoz (2007) Richards et al. (1994) EUV
Woods and Rottman (2002)3
EUV Richards et al. (1994) 2
EUV

Vidal-Madjar et al. (2004)

(Hunten et al., 1987)

kT Iy
bgyn

Mme = My + (3.7)
my FH k
T g b
Banks and Kocharts (1973) 5.70 x 101979708 m~1 g=1 1,576 x 102°7%5 m~1 57!
yu  Ho 4
1 x 101 amu®

(CO, CHy)
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HD 209458b
(0.045 AU )
H-He CO CHy

H
Vidal-Madjar et al. (2003) Ly-a
15% 2.4.1
Ly-a 1s —
2p 2p
3Woods and Rottoman (2002) EUV EUV

4 (H + Hy)=He
5
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3 HD 209458b 3.4

Ly-a
Ly-a
HD 209458b
H ym, =1
Ly-a 1.0 x 10718 m?
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(Linsky et al., 2010)
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3 HD 209458Db

3.4

I:out”:in

3.11: HD 209458b
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4  TRAPPIST-1

41EUV
4.1 EUV
TRAPPIST-1 M8 (41 )
EUV X
( Bolmont et al., 2017) X (M5 ~G,F )
X EUV
EUV Chadney et al. (2015) X EUV
log Fryv = 2.63 4+ 0.58log Fx (41)
EUV FX FEUV X (0.517—12.4 nm) EUV

TRAPPIST-1 X Wheatley et al. (2017) 3.8—7.9x 1019 J/s

X 6 x10'Y J/s (Judge et al., 2003)
TRAPPIST-1 MS8 VB10 X
10 TRAPPIST-1 (Prado and Shaklan, 2009)
VB10 X Fleming et al. (2000), Berger et al. (2008), Williams et al. (2014), Cook
et al. (2014) 4.2 TRAPPIST-1
X X VB10 20
(Bolmont et al., 2017, Burgasser and Mamajek, 2017)
X X
4.1: TRAPPIST-1  VBI0
(Mo) (Ro) (Gyr) (K) Ref
TRAPPIST-1 0.089 0.117 M8 7.6 £22 2560 1], [2], [3], [4]
VB10 0.078 0.102 M8V ~1 2600 (5], [6]

[1] Gullion et al. (2017), [2] Costa et al. (2006), [3] Burgasser and Mamajek (2017), [3] Van
Grootel et al. (2017), [5] Linsky et al. (1995), [6] Prado and Shaklan (2009)

TRAPPIST-1

M X
Bolmont et al. (2017)

(Chabrier and Baraffe, 1997)
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4  TRAPPIST-1 4.2

4.2: TRAPPIST-1 VB 10 X

[J/s] [J/s] Ref
VB10 1.74 x 1018 2.76 x 10%(peak)  [1]
1.74 x 1018 1.38 x 1017 2]
1.38 x 1018 4.37 x 10" (3], [4]
TRAPPIST-1 3.8 7.9 x 1019 5]

[1] Fleming et al. (2000), [2] Berger et al. (2008), [3] Williams et al. (2014),
[4] Cook et al. (2014), [5] Wheatley et al. (2017)

X X
(G
Ribas et al. 2005) Guinan et al. (2016) M
X TRAPPIST-1 X
M
M MS8 X X
TRAPPIST-1 X (Wheatley et al., 2017) ( 70
) X VB10 X (1.74 x 10*® J/s) (1
) Chadney et al. (2016) X EUV
EUV ( 4.1) X
Strong EUV model | X Weak EUV model
HoO Oy FUV (Lruv) EUV
I _ Lguv
FUV = LFUV,SUN X 7 (4.2)
EUV,SUN
Lyuv,suN, Lruv,sun Woods and Rottoman (2002) EUV,
FUV Lgyvy  Chadney et al. (2015) EUV 4.1  +
EUV
4.2
TRAPPIST-1d TRAPPIST-1d
Kopparapu et al. (2013)
TRAPPIST-1e,
f, g
100 km
10
200- 250K
200 K (Haynes, 2014)
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4  TRAPPIST-1

4.2

10

10"
102 | Strong EUV model (at 1A -
< | = S
S hN =
2 10° ¢ T Ly =10°%L,, 0t &
i S . X~ 0] pust
x L * . LEuy = 5.0 Ly (at 1AU) ey 5&
= 4 S
> 10" fweak EUV model (at 1AU) . 102 <
>} F » -l >
w )
10° | ~ -
10°
-6 i ! R ‘ Ll ‘
10 R
10° 102 10" 10° 10"
Age [Gyr]
4.1: TRAPPIST-1 1 AU EUV
1 AU EUV EUV
EUV [6.9 x1072 W/m? Woods and Rottoman, 2002]

+

Wheatley et al. (2017) X
X EUV
EUV
EUV

EUV

EUV
Bolmont (2017)

VB
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4  TRAPPIST-1 4.3
4.3: TRAPPIST-1
(M) (Re) (AU) (K)*  Ref
b 0.79+0.27  1.086 + 0.035 0.0111 400.1+7.7 1], 2]
c 1.634+0.63  1.056+0.035 0.0152 3419466  [1], [2]
d 0.41+0.27 0.772£0.030 0.0214 288.0+£ 5.6 1]
e 0.24705%  0.918 £ 0.039 0.0282 251.3+4.9  [1], [2]
f 0.364+0.12  1.045+0.038 0.0371 2190442  [1], [2]
g 0.566+0.038 1.127+0.041 0.0451 198.6+38  [1], [2]
[1] Gillon et al. (2017), [2] Wang et al. (2017)
4.4: TRAPPIST-1d
(o) 1.0 Ry + 1.0 x 10° (m)
ro <r <10R,
1500 grid
K] 200
[Pa] 0.1
H,O
[m?/s] 10?
2.2, 24
EUV [W/m?] 74.9 ~ 0.72 (Strong EUV model)
EUV [W/m2]  0.50 ~ 0.02 (Weak EUV model)
4.3
3.2 Strong
EUV model EUV 4.2
1
EUV
(42 )
EUV
4.3 [a] EUV

Yspss = 0, Xgpsus =0
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4  TRAPPIST-1 4.3
( 43[b])
b
Dif foagy =—2L2% % 100, (4.3)
U
. Espsus
Dif fror = x 100, (4.4)
4.3 [b] 0

% 1016: AL AL T T 1 T "“_‘+‘ HRRRAL T o
§ 108 [ [a] ¥ ¥i¥ex¥®v.E~CU ] + [b] ¥ ¥I¥EY®|YaYay»
S ot ] 0.99 3 -
£ E o Fluid —— E P IR L S
3 10'% | Upper ¢ ] £ 098 1
@ 102 [ Total --&- . ~

% 10t F E o oo7f I
o 10°0F H_l\’_—’“\ 1 0.96 |- i
% 10° F 1

E 108 N BT RN BT 0.95 R Ll Ll

0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10
Age [Gyr] Age [Gyr]
4.2: TRAPPIST-1d, Strong EUV model [a]
[b]
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4  TRAPPIST-1 4.4
5
10 F [a] 7, ATI¥O¥e¥AYy ¥iIE-EU i 5 4+ [b] 3E»T[¥'C)¥é¥A§;_¥U/4)"I»U ' -
_ s 3 Myr E
2 0.5 Gyr s 2r T
= =
x 1 Gyr £ 0 fyeoss
é10 E 3Gyr % Ll |
i 7 Gyr & eddy diffusion mass flux
r o -4 moIecngrdiffusjon mass.flu?(---.---.--.‘
1 1 | | 1 ° 1 10
MRy r/Rp
4.3: TRAPPIST-1d, Strong EUV model
[a]
[b]
4.4
A
4.4.1
4.4  Strong EUV model ,
(1073 ~ 1072 m/s)
4.4 ( 3.5)
4.4.2
4.5 EUV
~1.1R,
Strong EUV model 3 Myr, 0.5 Gyr, 7 Gyr EUV
( 46) 05Gyr,9Gyr 3 Myr EUV 10 1 100 1
H>O
H, O EUV
H2O OH H20+
EUV
EUV H>O
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4  TRAPPIST-1

4.4

Velocity [m/s]

3 Myr
50 Myr
0.5 Gyr
1 Gyr
3 Gyr
7 Gyr

4.4: TRAPPIST-1d, Strong EUV model

_l’_

r’R

10
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4  TRAPPIST-1 4.4

! HyO 2 (Tesc < Tphotolysis) H>O
(47)
O(ID) EUV
O;a 02
o(1D) o(p) O OF
1.05R, O OH
H->O
O +H +Ho, H ¢ OH + Hy, H (R72)
EUV ~ 1.05R,
(
)
10° T
-6 | yr ]
10 50 Myr

Density [kg/n‘?’]

IRy,
4.5: TRAPPIST-1d, Strong EUV model
+
4.4.3
4.8 H,O
~ 1.05R,

r=v.r
1:JRnum
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4  TRAPPIST-1

4.4

4.6: TRAPPIST-1d, Strong EUV model

[d], [f] H20,0

[a], [c], [e]
3 Myr, 0.5 Gyr, 7 Gyr

H
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4  TRAPPIST-1

4.4

4.7: TRAPPIST-1d, Strong EUV model

3 Myr, 0.5 Gyr, 7 Gyr
R20a, R20b
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4 TRAPPIST-1 4.4
1.02R, H,0
1.05R, H20O
EUV ~ 1.02R,
4.9
H->O 1.29
H20O
1.05R, 1.67
1.5R, 3500 K
Ly-« 7 Gyr
10%
z —H—
(&)
=
<
= 103 H E B
qé-’. i g 3 Myr
I 50 Myr
2 N 0.5 Gyr
# 1 Gyr
102 3 Gyr
1 1.1 7 Gyr
17 SRS .
1 10
r/Rp
4.8: TRAPPIST-1d, Strong EUV model
+
4.4.4
4.10 EUV
EUV
H50 H50O
H Ly«
4.10 EUV
EUV
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4  TRAPPIST-1

4.4

1.7 T
o 16 .
I
8 15 s
<
ke
g Mr 3 Myr i
& 0.5 Gyr ——
1.3 1Gyr —— 4
3Gyr ——
7Gyr ——
1.2 1
1 1.1
r/Rp
4.9: TRAPPIST-1d, Strong EUV model 1.2R,

1.2
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4 TRAPPIST-1 4.4
EUV
H
EUV EUV H>O
H>O
4.10: TRAPPIST-1d, Strong EUV model
3 Myr, 0.5 Gyr, 7 Gyr EUV
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4  TRAPPIST-1 4.4

4.4.5

4.11  Strong EUV model

Thnet
_ f 477T2<Qabs(r) - Qch(r) - Qrad(T»dr
Thet = 3 (4.5)
[ ATr2Qaps (r)dr
EUV 3 Myr
3% H 7Gyr  10%
(3.6) 4.12 [a)
EUV
( 30%) EUV
4.12 [b] Hy
H,He H.O OH
(R36,37,38) Hy H
H>O H
5 Gyr H>O
100 F T T T
> f
&)
C -
Q
9 i
=
[} 1[0
o> 107 F
£ n
© I
[B)
I -
10—2 TN R R R ST
0.001 0.01 0.1 1 10
Age [Gyr]
4.11: TRAPPIST-1d, Strong EUV model
4.4.6
4.13 Strong EUV Model
4.1 EUV
1 Gyr EUV
10 3 Myr 10 1 1Gyr
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4  TRAPPIST-1 4.5

H
%
o

%

.4
%

=
QU
'S

Energy Depositiopn Rate [J/s]
=
U
(%))
T
|
Energy Depositiopn Rate [J/s]
=
U
w
T
m,
I

| E —— N
gEabS—n—
[ Ech —— 1

I E
3 ad

Ll Lol L] N n

1
0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10
Age [Gyr] Age [Gyr]

4.12: TRAPPIST-1d, Strong EUV model
[a] [b]
[a] EUV
EUV

3Myr 2 1Gyr 5) 1

Fo =4mr*{po (v +vo +uo) + po+ (v + vor + uo+)} (4.6)
Fyg :47T7‘2{pH (v+vg +un) + pp+ (v + v+ + uH+)}

4.13
1/8 H>0 H O
1/8 Strong EUV model
4.5
4.5
4.5 1,2 4.14

H>O
4.15

3Strong EUV model
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4  TRAPPIST-1

4.5

v
g 10° S e
x i
S i
o i
Q 10° 3
= F total ——
H R T
104 . O| . ol
0.001 0.01 0.1 10
Age [Gyr]

4.13: TRAPPIST-1d, Strong EUV model
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4  TRAPPIST-1 4.6

4.5:
[Pa K] (ro) EUV 3
0.1 600 1.0 Ry + 1.0 x 10° (m) 10 Myr, 0.1 Gyr, 1 Gyr
1.0 300 1.0 R, +1.0 x 10° (m) 10 Myr, 0.1 Gyr, 1 Gyr
3 0.1 200 1.0 R, 3 Myr, 0.5 Gyr, 1 Gyr
EUV H,O H
10° : —— 10" ' '
108 | [a] Density Profile gggﬁgégg _______ 3 b [b] Temperature Profile
107 b 600K, 0. 1P 3 o |
E 00 3 s |
2 450 g E 10
E 1?10 3 E §.103 E
g 10m 3 5 wE E
0 i = E
' L S —
wop e oL mh i
1 10 1 10
1Ry 1Ry
4.14: TRAPPIST-1d, Strong EUV model [a] [b] [a]
[b] [a]
200 [K], 0.1 [Pa] 300 [K], 1.0 [Pa]
600 [K], 0.1 [Pa] 10 Myr, 0.1 Gyr, 1 Gyr
4.5 3
4.16
% 100 [Km)]
4.6
TRAPPIST-1
Guillon et al. (2017) TRAPPIST-1d 4 (0.68
Wang et al. (2017) TRAPPIST-1 TRAPPIST-1d 0:33 0:15
M Guillon et al. (2017)
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4  TRAPPIST-1

4.6

7
>
2
X
=)
()]
wn
(1]
= 200K,0.1Pa
300K 1.0Pa- -~ -
600K 0.1Pa— — -
10° S
0.01 0.1
Age [Gyr]

4.15: TRAPPIST-1d, Strong EUV model 10 Myr, 0.1 Gyr, 1 Gyr

200 [K], 0.1 [Pa] 300 [K], 1.0 [Pa]
0.1 [Pa]

)
fs)
=3
x
=
[%)]
0
©
= Height:Fi,—
Height=R + 1x 10 ------
105 Ll g‘ Fi)x L
0.01 0.1 1
Age [Gyr]

4.16: TRAPPIST-1d, Strong EUV model 3 Myr, 0.5 Gyr, 1 Gyr

Ry Ry + 10°(m)

600 [K],
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4  TRAPPIST-1

4.7TRAPPIST-1

Mg) (0.14 Mg)
4.4
4.17 1 Gyr 7 Gyr
EUV
H>O
4.18 [a] EUV
1Gyr
4.18 [b]
Qabs Qch EUV
( 4.17 ) Qabs
Qch
419 1 Gyr, 7 Gyr
5 (0.68 Mg/0.14
Mg) 0.25 ~ 0.3 1/2
~ 04
EUV
4.7 TRAPPIST-1
TRAPPIST-1d EUV
TRAPPIST-1b g EUV
TRAPPIST-1h TRAPPIST-1
4.3 TRAPPIST-1 b, e, f, g
c 300 K, 1.0 Pa 5
EUV EUV
500, 270, 78, 45, 30 TRAPPIST-1 X
Strong EUV model 70 EUV
4.20
1.6 TRAPPIST-1c EUV
g
° 4.5
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4  TRAPPIST-1

4. 7TRAPPIST-1
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4.17: TRAPPIST-1d, Strong EUV model

[e],[f]

EUV

1 Gyr

_'_

16¢ [ bl Velocity Profile (7 Gyr) 1

Velocity [m/s]
=
N

Mid ——

r/ Rp

10° |- [d] Debsity Profile (7 Gyr)  Max ———
w0’ b Mid —— -

Density [kg m3]

r/ Rp

[f] Temperature Profile (7 Gyr)

Temperature [K]

1 Gyr, 7 Gyr [a],[b] [c],[d]

EUV 7 Gyr
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4  TRAPPIST-1

4.7TRAPPIST-1

Heating efficiency
[
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-
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S
N

4.18: Strong EUV model

4.19: Strong EUV model

7 Gyr
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1Gyr
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1016 F T T

10* f _

Energy Deposition Rate [J/s]
[
U
[$]
T T
S

1013 | | | |
1x1?* 2x10* 3x1F* 4x1* sx1d?

Planetary mass [kg]

[a] [b]
1 Gyr, 7 Gyr TRAPPIST-1d
[b] [a]
EUV 7 Gyr EUV
1 Gyr EUV
7 Gyr EUV EUV
EUV
;
10" f ' ' " Total mass flux
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4  TRAPPIST-1

4. 7TRAPPIST-1

Mass flux [kg/s]

4.20: Strong EUV model

7 Gyr

Planets
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5.1
5.1 TRAPPIST-1d
EUV
25  (Weak EUV model  0.75 Gyr )
EUV
1
H-O, H-O*, H"-O, H*-O" ( D.6)
5.2
6R, H-0, H-O%, H+-0
HT-Ot
() 10-Tm/s,
10% m/s 3x10% m/s
EUV 25
EUV
EUV EUV
5.2 H-0 4R,
EUV
! (m,) 3.7
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) 5.2
5.2
TRAPPIST-1d
H
(0] 5.3 Strong EUV model
316 EOn 268 EOo
EOn, EOo (1.62 x 10%° kg) (1.30 x 10%
kg) TRAPPIST-1d 15 % TRAPPIST-1d
15 % TRAPPIST-1 Ormel et al.
(2017)
Weak EUV model ~ 1
(0.75 Gyr) 0 2
EUV 2.35 EOq
1.78 EO¢ 2 EUV
TRAPPIST-1d ( )
EUV 5.3 Bolmont et al. (2017)
1 Gyr ~ 3 EOn
3.05 EOqg
EUV 0.5 Gyr
EUV 1Gyr 3.62EOp 7Gyr 5.54 EOy
Bourrier et al. (2017) Ly-a EUV (Linsky et al., 2014)
TRAPPIST-1 EUV Linsky et al. (2014) F5V
M5V Ly-« EUV Bourrier et
al. (2917) TRAPPIST-1d EUV 3
1071992 x 107! W/m? Weak EUV model 5
Bourrier et al. (2017) EUV
15.2 EOy 12.5 EOo ( EUV
EUV ) Weak EUV model
5 Bourrier et al. (2017) EUV
(~ 1Gyr) (~ 10%) ( 5.4[b] )
2 H20 ( 5.4[a] )

3Bourrier et al. (2017) EUV

10 nm - 91.2 nm
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Hydrogen Loss (EQ)

| Escape of O

167 _ [a] Total Escape of H

Hydrogen Loss (E@)

5.3: EUV

and Mamajek (2017)

5.4: EUV

EUV
Weak EUV model

Strong EUV model, Weak EUV model

[b]

TRAPPIST-1d
Strong EUV model,
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5.3
Woods and Rottman (2002) EUV-FUV
M M
FUV TRAPPIST-1
M
FUV M
( 5.5) 5.5 160 nm
160 nm-300 nm HO O
H20 + hv — O + OH (R20a)
OH +hyr—-0O+H (R21)
O2 + hv — O + O(1D) (R23b)
3 R21 160 nm ( D )
FUV
160 nm 160 nm Strong EUV
model 3 Myr 7 Gyr EUV 5.6
EUV FUV
EUV FUV
Strong EUV model 7 Gyr
5% EUV
EUV-FUV
H>0O
1%
FUV
5.7
R20a, R23b 160 nm
R21 160 nm
2 OH R21 R21
(5.8 H(T)  O(F)
FUV
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5.3

5.5: TRAPPIST-1 FUV

M

(Rugheimer et al., 2005)

O’Malley-James and Kaltenegger (2017)

[a] 3 Myr

EUV absorption rate [J 'r?]s'l]

Specfrum of SUN——
Spectrum of TRAPPIST-1(modeh)- - - -

5.6: Strong EUV model 3 Myr(

TRAPPIST-1

), 7 Gyr(

[b] 7 Gyr

EUV absorption rate [J ??15'1]

Specfrum of SUN——
Spectrum of TRAPPIST-1(modebh)- - - -

) EUV

FUV

EUV
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5
10 R20a
R21 ——
R23b
— 10 R20a (Spectrum of TRAPPIST-1 model) - - - |

R21 (Spectrum of TRAPPIST-1 model} - - -
23b (Spectrum of TRAPPIST-1 model) - - -

Reaction rate [ﬁ?is'
(=Y
er

10° ‘ ‘ : : : : : : :
1 11 12 13 14 15 16 17 18 19 2
r/Rp
5.7: Strong EUV model 7 Gyr FUV
R20a, R21, R23b FUV
160 nm FUV
5
10 R20a
R21 ——

Reaction rate [ﬁ?is'l]

1 11 12 13 14 15 16 17 18 19 2

r/Rp
5.8: Strong EUV model 7 Gyr 160 nm FUV
R20a, R21, R23b

H>O OH 0o




5.4
TRAPPIST-1 EUV Strong EUV model
TRAPPIST-1 3.4
Ly-a  (121.6 nm) OI (130.5, 130.6 nm)
Ly-« Bourrier et al. (2017) TRAPPIST-1
5x 1075 W/m?(at 1 AU) Ol M Proxima
Centauri 0)1 (Linsky et al., 2913) Ly-a  (Ribas et al., 2016)

6.8 x 1078 W/m? (at 1 AU)
Voigt
(Voigt function)
4(Pseudo-Voigt function) ¢(\)
(Ida et al., 2000)

o(A) = A{””;T(z(x - m;mw%) +- 7’”)\/7?1@ exp{ B (AA_DA(])ZH (5-1)

A A Ao T
AD
[2kET
k T m c
Bourrier et al. (2017) Ly-a
5.1
0] Ly-«
5.1: Bourrier et al. (2017) 2 TRAPPIST-1 Ly-«
Ly-a 0]
[nm] 121.567 130.4858 130.6029
[K] 4.3 x10°
( ) [erg/(cm?-snm)] 1.22 x1071  3.37 x10716  3.22 x10716
) 0.1
TRAPPIST-1
1—(V/e)?
N = A x (V/e) (5.3)

1—(V/e)cosh
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) 5.4
N A Vv (
) 0 TRAPPIST-1 -56.3 [km/s]
(Burgasser et al., 2015) TRAPPIST-1
Ol Ly-a
> oI
oo
Vet
= 5.4
g0 mec P (5.4)
e Me f Up

v1In 2/\%

AT [m(2(A EPWE +21n2X7’:)) +{ _m)eXp{ - <A;D/\O>2H

(Ida et al., 2000)
TRAPPIST-1d

40%, 20%

0.36%) EUV

TRAPPIST-1 ¢
TRAPPIST-1 ¢

EUV
EUV
TRAPPIST-1
LIC) TRAPPIST-1
Staller Medium, )
al. (2017) ISM/LIC ( 5.2)
( 5.13) TRAPPIST-1
Ly-«
Ly-«

30%
TRAPPIST-le, f
TRAPPIST-1b, d, e, f, g

"Ly-  :6:25 10%1/s, OI (130.487nm):1:3

TRAPPIST-1b, g

10% 1/s OI

(5.5)
5.9, 5.10
Ly-a Ol
(TRAPPIST-1d
TRAPPIST-1d
5.11

5.12  TRAPPIST-1d

(Local Interstaller Cloud,

Ly-a ISM/LIC (Inter
(Bourrier et al., 2017) Bourrier et
Ly-«
ISM/LIC
20%
ISM/LIC

130.604nm):0:41  10% 1/s
( )
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5.4

Flux [erg/s/cn%/nm]

2

1.8
1.6
14
1.2

1

0.8
0.6
0.4
0.2

0

-~ 1058

T

T

T

T

T

T

T

|

Lya (121.567 nm)

T T
Before Transit
During Transit

|

121.45 1215

5.9: TRAPPIST-1d

Ly-a

35
3
25
2
15
1
0.5

Flux [erg/s/crﬁ/nm]

. 16
4 —10

[a] O ‘(130.45‘558 nm‘)

T T
Before Transit
During Transit

Wavelength [nm]

Ly-a

0
130.43130.44130.45130.46130.47130.48130.49 130.5
Wavelength [nm]

5.10: TRAPPIST-1d

Ol

121.55

Flux [erg/s/crﬁ/nm]

4
3.5
3
2.5
2
15
1
0.5

121.6 121.65

- 1016

[b] O1{130.6029 nm) Before Transit

During Transit

0
130.54130.55130.56130.57130.58130.59 130.6 130.61

Wavelength [nm]

Ol
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50 T T T T T T
Ly-a +
40 Ol X
g 30| ., |
% +
= *
2 20| x x -
Y
= X x
10 |- . -
X
0 x x x x x x
b c d e f g
Planet Name
5.11: TRAPPIST-1 transit
Ly-« Ol
40 T 1( 80 T T
35| i 0 i
S ' S E
s 301 7 =
£ . £ sl ]
° 25 |- B © *
2 * 2 40r * i
g 20r « i £ sl T
S 1 20 | * w
10 | | | 10 | | |
min mid max min mid max
EUV energy Planet mass
[a] EUV [b]
5.12: TRAPPIST-1d [a] EUV Strong EUV model ~ 7Gyr (max), Weak
EUV model  3Myr (mid), Weak EUV model 0.5 Gyr (min), [b]
(max) (mid) (min) transit
Ly-« 0]
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Bourrier et al. (2017) TRAPPIST-1b, ¢ Ly-«

Ly-a ( 5.14)
121.55 nm ISM/LIC
Bourrier et al. (2017)
ISM/LIC 0]
5.2: Bourrier et al. (2017) ISM/LIC
[m? [km/s] [km/s] K]
ISM/LIC 1.99 x104 -1.25 1.62 7500
, ~10% : | |
Lya (121.567 nm) Before Transit
Before Transit(+ISM absorby- — —
During Transit(+ISM absorb)y— — —
€ 15 %
£
&
o
2
2 _
)
x
=
LL —]
121.45 121.5 121.55 121.6 121.65
Wavelength [nm]
5.13: ISM/LIC Ly-«
ISM/LIC
Ly-a ISM/LIC Ly-«
ISM/LIC TRAPPIST-1d Ly-«
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5.4

. 413
2 10 é T T
Lya (121.567 nm) Before Transit

Bourrier et al., (2017)-———
Before Transit(+ISM absorby- — —

g 15} During Transit(+ISM absorb}— — — |
g
£ os) .
0 _
121.45 121.5 121.55 121.6 121.65
Wavelength [nm]
[a] TRAPPIST-1b
5.14: TRAPPIST-1b,c
Ly-a ISM/LIC

ISM/LIC
Bourrier et al. (2017)

Flux [erg/s/crﬁ/nm]

. 413
2 10 é T T
Lya (121.567 nm) Before Transit

Bourrier et al., (2017)-———
Before Transit(+ISM absorby- — —

15} During Transit(+ISM absorb)— — — |
1 - .
05| A .
//4 \_/g\ /l \\
= ! AL OSs
121.45 121.5 121.55 121.6 121.65
Wavelength [nm]
[b] TRAPPIST-1c
ISM/LIC
Ly-a

Ly-«
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) 5.5
5.5
Ly-a Ol (HST)  World Space
Observatory-Ultraviolet (WSO-UV)
5.3
5.3: HST,WSO-UV
HST WSO-UV
240 cm 170 cm
~ 550 km ~ 6.6 Re
1990 4 24 2021 ( )
~ ~ 110-320 nm
5.5.1 HST
HST NASA HST
Space Telescope Imaging Spectrograph (STIS)  Cosmic Origins Spectrograph (COS)
COS OI Ly-a
STIS STIS
0] Ly-a E140M,
G140M 5.4
5.4: STIS E140M, G140M (STIS Instrument Handbook )
E140M G140M
] 114.4-171.0 114.0-174.0
(\/2A)) 45,800 11,400-17,400
(120.0 nm) [%] 0.3 1.2
(130.0 nm) [%] 0.6 2.1
a [counts/ (pix-s)] (0.05-6) x10~4?
[pm?] 25 x 25
[a] FUV-MAMA [b]
S/N  (signal-to-noise ratio) S/N
N; N N;
0 /Ns+NyyNa VN5 +2Ny
N, 5 Nog
Ny Nog
Nog ~ Ny S/N T,
Cs +2Cy

S
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) 5.5
Cq
Cs (Howell, 2006)
7TD2 l )\OFtrans
= ml 5.8
Cs = B) he (5.8)
Dy Up Firans h
STIS E140M 121.56 nm AN = 0.0013 nm 130.0 nm
AN ~ 0.0014 nm G140M AN ~ 0.005 nm
Ly-«
TRAPPIST-1d ( 0.01 nm)
5.15 5.9 Ly-a
ISM/LIC (w ISM) (w/o ISM)
dy
F urin,
dy =1 — “durine (5.9)
before
quring Fbefore
TRAPPIST-1d d; Ly-« 60% (w ISM, w/o ISM ) OI
35% (130.5nm, 130.6nm ) 30 6
S/N
N, 1
S/ N=—=— 5.10
R P NE (5.10)
S/N Ly-a 5.0 OI 8.55 ( 5.16)
5.5: HST/STIS TRAPPIST-1d
Before transit [erg/(cm?:s)] During transit [erg/(cm?-s)]
Ly-o  (w/o ISM) 1.67 x 1071 6.71 x 10716
Ly-a  (w ISM) 1.06 x 10712 4.07 x 10716
Ol (130.5nm) 3.06 x 1071® 1.99 x 1071%
OlL (130.6nm) 3.06 x 10718 1.99 x 10~1#
TRAPPIST-1
TRAPPIST-1
2 x 2 pix 6.0 x 1074
[counts/s]
S/N (5.7) Ly-a
41  (w/o ISM) 68 (wISM) OI 5x10% h ( 5.17) TRAPPIST-1d
47 Ly-« 1-2
S/N ( 5.6) TRAPPIST-1c
1-3
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5.5

5.15: TRAPPIST-1d

100 —

10 -

S/N ratio

T T T

5.16: HST/STIS (E140M)
S/N S/N

Ly-a (w/o ISM)  +
Ly-a (wISM) X
Ol(130.5 nm)

* * *
3 * *
| | |
d e f

Planet Name

TRAPPIST-1
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100000 T T T T T
- X
10000 N N y %
= L
1 - =
.Gg-) 000 i
o B Ly-a (w/o ISM)  + i
5 100 ¢ Ly-a wISM) x |7
o L OI(130.5nm) A
3 10 | ]
N : N 1
1 X X X X X X |
FF ¥ ¥ ¥ +
0.1 L ! ! ! ! !
b c d e f g
Planet Name
5.17: HST/STIS (E140M) TRAPPIST-1
S/N (hour)
5.6: TRAPPIST-1
a1 ] [ ] (Wang et al., 2017)
TRAPPIST-1b 33.9 1.51
TRAPPIST-1c 39.7 2.42
TRAPPIST-1d 47.1 4.05
TRAPPIST-1e 54.0 6.10
TRAPPIST-1f 61.8 9.20
TRAPPIST-1g 68.3 12.4
[a] (AT) AT = Lgijp=1 Hstar P
Rgtar a
(@)1 S/N Ly-«
OI 01 2
wing
S/N (~ 2.6 x10%)
HST 550 km Ol
Ol HST/STIS(E140M)
HST/STIS  E140M
G140M G140M  E140M
0 3

0.997
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( 54 ) ( )
( )
( ) G140M  E140M 5.4
4 G140M  S/N
TRAPPIST-1d 4.8 x 102 h E140M 10 1
( 5.18)
6-7 7 HST TRAPPIST-1
Ol
10000 o [ [ [ [ [ [
- *
1000 e
< * * * 3 * ]
() i
E 100 | =
) Ly-a (w/o ISM)  + ]
2 - Ly-a (wISM) X .
S 10 | Ol(130.5nm) % =
5 ﬁ ‘
1 3 + =
| X X X X X X
b c d e f g
Planet Name
5.18: HST/STIS (G140M) TRAPPIST-1
S/N (hour)

5.5.2 WSO-UV

WSO-UV Space Research Institute of the Russian Academy of Sciences (IKI)
(UVSETI)
(Murakami et al., 2017) UVSETI 5.7
5.7 0.5 nm Ol Ly-«
TRAPPIST-1 Ol
M Proxima Centauri Ayres et al. (2010) 0)1 130.32
nm  Silll UVSETI OI
Silll Silll Proxima Centauri
1.44 x 10718 erg/cm?- s oI 1.25 x 10717
erg/cm?- s TRAPPIST-1d
’ 4:8 10* h TRAPPIST-1d 0.785 h 610
4.05 2468
(6.78 )
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5.7: UVSETI ( ( ) )
UVSETI
(AX, nm) 0.5
(%] 4.1
[counts/cm?- ] 1

[pm?] 40 x 40

5.8 HST
wing
(5.9 HST 3o
S/N Ly-aa  (w/oISM) 7.79 Ly-o (wISM) 3.61 OI 14.9
S/N (5.9
S/N (5.7) Ly-a
1.8 (w/oISM) 1.4 (wISM) OI 55 ( 5.20) TRAPPIST-1d
47 Ly-a 1
S/N ( 5.6) TRAPPIST-1
2
HST Ol 70
TRAPPIST-1d
0.8
TRAPPIST-1b 0.8 TRAPPIST-1c 6.3 TRAPPIST-1e 1.1
TRAPPIST-1f 14 TRAPPIST-1g 3.9 TRAPPIST-1b
1.5 1
EUV Strong EUV model
WSO-UV WSO-UV
HST Ly-a Ol
Ly-a
TRAPPIST-1
5.8: WSO-UV/UVSETI TRAPPIST-1d

Before transit [erg/cm?/s] During transit [erg/cm? /s]

Ly-a  (w/o ISM) 7.83 x 10717 4.81 x 10717
Ly-a  (w ISM) 7.83 x 1071° 1.32 x 10715
Ol 1.25 x 10717 1.00 x 10717
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5.5

5.9: TRAPPIST-1d S/N
Transit depth [%] S/N ratio
Ly-a  (w/o ISM) 38.6 7.79
Ly-a  (w ISM) 83.1 3.61
Ol 20.1 14.9
100 — T T T T x
r Ly-a (w/o ISM)  +
* Ly-a (wISM)  x
+ Ol X
% *
g « oxox
S | + —]
< 10 - ’ + + + 1
N
X X X X X X
1 | | | | | |
b C d e f g
Planet Name
5.19: WSO-UV/UVSETI TRAPPIST-1

S/N S/N
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5 5.5
1000 1 ¥ T T T T
100} * %
= 3 b3 x *
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E 10 |
) Ly-a (w/o ISM)  +
2 - Ly-a (wISM) X
8_ 1k Ol X
%3 B +
i
0.1
+ +
L X X * )42 >-|2 X
0.01 | | | | | |
b c d e f g
Planet Name
5.20: WSO-UV/UVSETI TRAPPIST-1
S/N (hour)
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TRAPPIST-1d
EUV
268 EOp
1 EO

EUV

HD 209458b

Garcia Munoz (2007)
Garcia Munoz (2007)
Garcfa Mutioz (2007)

EUV
EUV
Ly-a
( )
TRAPPIST-1d EUV
EUV TRAPPIST-1
X EUV X
EUV
EUV
EUV 25
( 0 )
316 EOy,
EUV
EUV 15%
TRAPPIST-1
TRAPPIST-1
TRAPPIST-1d Ly-« 30%, OI 20%
TRAPPIST-1d, e, f, g
Ly-« 40% Ol 10 %

74



TRAPPIST-1c
10%
TRAPPIST-1
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A.1 Strong EUV model

A.1 Strong EUV model

Velocity [m/s]

A.l:

Density [kg/n]

A.2:

A

10

10*
10° |
107
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0 [ -
10 3 Myr z
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1Gyr —
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10 —
1
1Ry
Strong EUV model
1 3 Myr
6 | yr i
10_7 50 Myr
107 | 0.5 Gyr N

Strong EUV model
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101 0.75 Gyr ——
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3 9Gyr ——
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A.1 Strong EUV model

Temperature [K]

1045

10°

3 Myr
50 Myr
0.5 Gyr

1 Gyr

3 Gyr

7 Gyr

107

'R

A.3: Strong EUV model
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A.4: Strong EUV model

Number Density [r?:f]
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A.5: Strong EUV model

10

10* |
<
()
3
1l g 4
g. E 10 Myr ——
I 0.1yr ——
2 10° 0.75 Gyr ——
2 2Gyr ——
1R 5Gyr ——
9 Gyr ——
1 11
10 ‘ —
1
r/Rp
10° o
At yr—— 4
107 0.1yr — ]
_ 102 0.75 Gyr —— 4
T -
=55 -
) I
>
[}
(%]
<
o

P = B =
L L QLR
S o ==} o

Number Density [r??]

10'°

N
R
~

78



A.1 Strong EUV model
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A.6: Strong EUV model
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A.1 Strong EUV model
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A.9: Strong EUV model
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A.10: Strong EUV model
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A A.1 Strong EUV model
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A.12: Strong EUV model 2 Gyr
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A.1 Strong EUV model

[
BN
]

P = B =
QL L QL
N R o ©

Number Density [ﬁﬁ

,_\

U

o
—

.
%

-
N
N
-
[N}
o b
IN
o
©
=
o

A.15: Strong EUV model 7 Gyr

i
D
S

Number Density [r’h7’]
= = = B =
L QL QL QL
o N = o =<}

._‘
%

N
N
1
N
N
ot
~
o
oo
=
o

A.16: Strong EUV model 9 Gyr

B = =
L L
o <] o

Number Density [ﬁﬁ
[
QU
N

H
& %

B P T
L L
(2] o] o

Number Density [rﬁ?’]

H
& %

[
SR
=

B =
U
N S

82



A A.1 Strong EUV model
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A.1 Strong EUV model

Heating/Cooling rate [J h §1]

Heating/Cooling rate [J h’ﬁs‘l]

Heating/Cooling rate [J h §1]

7 Gyr

A.18: Strong EUV model 1 Gyr

Heating efficiency

Heating efficiency

Heating efficiency

9 Gyr

Heating/Cooling rate [J h’ﬁs'l] Heating/Cooling rate [J i%s'l]

Heating/Cooling rate [J h §1]

Heating efficiency

Heating efficiency

Heating efficiency

A7

84



A A.2 Weak EUV model
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A.2 Weak EUV model

Temperature [K]

A.21: Weak EUV

Pressure [Pa]

A.22: Weak EUV

=
SN

H
2w

3 Myr
10 Myr
E 50 Myr
L 0.1 Gyr
12 0.5 Gyr
0.75 Gyr
1 11
10? ‘ S
1 10
r/Rp
model
10 3‘M ‘

vl L yr _
10_2 10 Myr i
107 50 Myr
10 0.1 Gyr
10% 0.5 Gyr .
10% P 0.75 Gyr

6
10° -

107 |
108 |
10° |
1010 -

o1t . . . L
1

r'R

model

10%° : ‘ ‘ —
H'i
10'8 | HHZ — ]
H? —
dﬁ: 10'° T 1
g
8 10*
2
2
E 10"
P4
101 |
1P &

A .23: Weak EUV model

3 Myr

[N
B
]

10

A3

A4

= = =
QL L
= o oo

Number Density [r?ﬁ

N
U
|5}

[N
L
~

H
B

86



A.2 Weak EUV model
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A.2 Weak EUV model
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A.2 Weak EUV model
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A A.3 Bolmont EUV (Lx/Lye = 107%°, Lgyyv = 5.00Lx)
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A A.3 Bolmont EUV (Lx/Lye = 107%°, Lgyy = 5.00Lx)
z —
< 3 Myr —\]
£ 10 Myr ——
= 50 Myr ——

0.1 Gyr ——
0.3 Gyr ——
102 1 ‘ ‘1_1 ‘ 035 GYI’ —
1 10
r/Rp
A.32: Bolmont EUV model A3
1 ™
-1 yr — |
107 10 Myr ——
07 f 50 Myr ——
T 10 0.1 Gyr —— |
2 10,4 0.3 Gyr —— |
o 105 0.35 Gyr ——
2 10°F
o 10°
& 07k
108 |
10° |
10—10
1 10
r/Rp
A.33: Bolmont EUV model A4
10%° 10%°
101 10t

E 10' | E 10'°

§ 1 -

[a) 101 [a) 10:l

5 5 y

§ 102 f . § 102 [+

=z N =z

10} 10 |
108 b 10°

A.34: Bolmont EUV model

3 Myr

91



A A.3 Bolmont EUV (Lx/Lye = 107%°, Lgyyv = 5.00Lx)

10%°
10
E E 10°
éc’ é:’ 101
g ‘§ 102 [
pz4 pz4
1010
108
A.35: Bolmont EUV model 10 Myr
10%° : 10%°
10" £ 108
E 10'° E 10'°
é 0% &C’ 0%
é 1012 é 1012 |
2 2
10 | 10 1
1P L : 10° i
1 11 12 2 4 6 8 10
r/Rp
A.36: Bolmont EUV model 50 Myr
10%° ‘ - 107°
H
10'8 HHZ —_— 108
Hy" — :
E 106 E 106
éc’ 104 § 104
£ o £ 02|
2 2 |
10%° 10%°
10° 10° :

1 11 12 2 4 6 8 10

A.37: Bolmont EUV model 0.1 Gyr

92



A A.3 Bolmont EUV (Lx/Lye = 107%°, Lgyy = 5.00Lx)
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A A.3 Bolmont EUV (Lx/Lye = 107%°, Lgyyv = 5.00Lx)
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(C.40)
(C.41)

(C.42)

(C.43)
(C.44)

(C.45)

(C.48)

(C.49)
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C.1

j;j}
sy _ msthg + mtTSC?
Jsfe= (m3ada?) xp ( 2kT.T;
. NsTt < __gﬁr_‘ﬁi
(m3a3a3) P a®>  a?

dCs, dCt
dcsdcy = dC dh = dC dh =dCdh

(C.36) (C.42), (C.45), (C.51)

Aq_z / / desdc fs fih / / . — qs)bdbde
2 2
- w?ag;3 //dC dhexp< & _ b )hq
sty C’ hi .

C,

2
/dC exp ( - C;)
a
+o0 (72 ™ 2
:/ dC*CfeXp<—;)/ sinGd@/ d¢o
0 a 0 0
+00 2
= 477/ dC,C? exp ( — C;)
0 a

7T3/2CL3
NNy 02 h,% .
Uz hz ~

[ dhexp ( "2) hi h2

hZ = (h —u)? = h? — 2hu + u?

2 2 2
/dhexp< Z;)hq: /dhexp ( W)huhsst

(C.50)

(C.51)

(C.52)

(C.53)

(C.54)

(C.55)

(C.56)
(C.57)

(C.58)

(C.59)

(C.60)

(C.61)

(C.62)

(C.63)
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h,u 0 e2 ¢
400 2 0 h2 — 9k o’ 2
/ dhh S, / ¢/ / sin 0/d6 exp ( _ “O;‘)S tu )
0 0 0
{sin @’ cos ¢'e1 + sin ' sin ¢'es + cos f'es} (C.64)
400 s h2 —92h o’ 2
_ / dhh*uSs | sin@'de’ exp < - “;208 Tu >{27r cos 0'es}
0 0
(C.65)
x = cos b
™ h2 —92h o’ 2
/ sin 0'd0’ exp < — “ c2()s tu ) {27 cos@'es} (C.66)
0 (6%
! h% —2h 2
= 2me; / 1 dxx exp ( - Oj;x tu > (C.67)
(u>h)
h? — 2huz + u? h? —2huz + u?
exp ( — a2 > = exp < — a2> exXp < — a2> (C68)
h? 2huz
~ exp < - 042> [1 + 2 ] (C.69)
h? ! 2huz? 8mhu h?
2mes exp ( - aﬁ) /1 dx {x + 2 } = 3oz P < — az>eg (C.70)
_ 8mu msmy oo 5 h?
8munsng oo 5 h?
= ,U,?Meg/o dhh exp < — ? Sst (C72)
h Chapman-Cowling cosllision
Lj
Qg
; A [ h?\ h%+3
lj Ry l
Q= 773/2/0 dhexp( oﬂ) 70[2#455,5 (C.73)
1, 1,1
Qst] = Qst
2ng
Ag=p2 :to‘ufz;f (C.74)
u€3 = U = Ug — Ug Ky Ky = Kis =
%nsnt,aniil
Ag=> Kquu (C.75)
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C C.1

Us, Ut (ws =us —U)

Ag =" Ku(We — Ws) (C.76)

(C.29)

dpsws | Opsws(us + U) dps  ps Op Ps 1 Ps
ot + or + or por) Pes = ppe E_(S”c Pestisi = ;peUl B;
= Ka(we — ws)
t

(C.77)

(slow diffusion)

Ops Ps op Ps 1 Ps
< or - ) - <pes - ;pe E— 51]2 Peslsi — ;peUi Bj = ; KSt(Wt - WS) (078)

p Or
v,
0 0 1
_\I}S — Ds — &71) + Pes — &pe E —+ 62]7 PesUsi — &peUz B] (079)
or p Or p ¢ P
-0, = ZKst(Wt — Ws) (C.80)
t
s
K )

u, — 2es Ksttis + Vs (C.81)

ZteS K

v, !
S =0 (C.82)
seS
o+ > W =0 (C.83)
teSt#£s

o \Ils - _ Z \I’t (084)

teSt#£s
v, = 2tes Kottt = Doyes W (C.85)

ZteS Ky

= 9rs %S% + n.gs f2 Pszs gsns E




C C.2
s
Ztes Wy
Us = Up — === (C.86)
’ teZS ZteS Kt
> peus =0 (C.87)
seS
Pstls + Z prur =0 (C.88)
teSt#s
PsUs
U = ——=—— (C.89)
ZtES,t;As Pt
Dtes s Pt =P = Ps
up = —-L3Ys (C.90)
P — Ps
(C.85)
PslUs 1
Ug = — - v C.91
e con
A+ =L =Y L, (C.92)
P — Ps teS Kst
— 1
uy = — 2 Ps — (C.93)
P tes st
1
e sy, (C.94)
tes st
Ys Dg = _[l(;y/ép S
1
Us = — Z Dst\:[/t (C95)
p tesS
C.2
Dy = —3—2
st = T Ka/p Us
. S pllv (C.96)
p
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!
P s,t DEs]t) (1
0,1,... ) 0,
0 d s
Wy =— (;% - ,Otap> + <ntQt _ B Z%m)E (C.97)
roopor P ies

P n q E

_aape g E =0 (C.98)
T

e
DU Ern and Giovangigli (1994, 1997)

-1

Dl =>"(PTYPM~'PT (C.99)
j=0
P=1-UQ®Y I URY Usye Us s
1 Ys T=I-M"1A M
=1
pl = pyp—1pT = PDPT (C.100)
1 S 1 - US S —Us
P=1-UQY = ) o %) = Y i (C.101)
01 Yt -y U 1 —=Usy,
PT — 1 - Usys _Utys (C102>
-Usyr 1-—Usys
p=( D= 0 (C.103)
0 Dy
pll = pppT
_ (1 - Usys)2ﬁss + (Usyt)QDtt _(1 - Usys)ysUtﬁss - (1 - Utyt)Usytﬁtt
_(1 - Usys)ysUtDss - (1 - Utyt)UsytDtt (Utys)zDss + (1 - Utyt)tht
(C.104)
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s s
DQJ - (1 - UsyS)zﬁss + (Usyt)gbtt
= f)ss - QUSZJSZA)SS + (USyS)QﬁSS + (Usyt)2Dtt
S t
DES] = _(1 - Usys)ysUtlA)ss - (1 - Utyt)UsytlA)tt
= _ysUtﬁss — sytﬁtt + UsUtyﬁf?ss + UsUtthEtt
= _ysUt-Dss — UsytDtt + UsUy Z yzbkk
kes
1
(C.1) Dy
Dg - 5stDss - ysUtDss - Sytﬁtt + UsUt Z y%f)kk
keS
(Garcia Muifloz, 2007. A.8)
Us
" L(Dss = 2UsysDss + 2(Usys)? Dss) W (s,t = s)
S — A~ ~ A~ A
%Ztes(_ysUtDss — Usyt Dy + UsUpy? Dss + UsUpyi Dy )Wy (st # 5)
[)557 Dtt
~ 11— Ys
D..=
> Zkes,k;ﬁs K /p
Kk, Kg = Mﬂ%ﬁsmaTst = % (Tst S 13
bs )
Kst _ kTnsn:

(C.105)
(C.106)

(C.107)
(C.108)

(C.109)

(C.110)

(C.111)

(C.112)
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D D.1 EUV

D.1 EUV

0-105 nm EUV 300 nm FUV
(Woods and Rottman (2002), ftp://laspftp.colorado.edu/pub/solstice/ref _min_27day_
11yr.dat)

(Nphoton(A)) 11

(year —1) 4+ 1 (day — 1) +1

Nphoton()\) = Nphoton,min()\) 9 9 (D'l)
Nphoton,min()\) year, day
11 1 D.1
105 nm 6.9x1073
[W/m?]
1019 o T T T
Tl —_— e —
R o i e
L o e S
8100 e e e
R L o s Vi~
g% - o A CA—
S 102 AN A N A e
Eagt o oM foe — ——
Tl SO — —— R—
10° U B B SR
0.1 1 10 100
Wave length [nm]
D.1: [nm], [photon /s /m?]
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D.2
EUV, FUV
(NIFS http://dpc.nifs.ac.jp/photoab/d_list.html) Ho Avakyan et al.
(1998) H,O 100 nm 99.893-
113.919nm  Fillion et al. (2004) 114.8-193.9nm  Mota et al. (2005)
EUV ( D.2)

9 0% 35 102

sl _— 1 sl
& T 1 &

S I - | 3 2.5 [
2 -3 S S | 2 2
§ L R 7 § 15 |t
Sep * § b

2 .

P . | 0.5 |t

0 i | | 0 i i | | |

0 20 40 60 80 100 0 20 40 60 80 100
Wave length [nm] Wave length [nm]
[b] Hy

8 3 107 ‘

L e A S : 7 FE R 1 . —
€ by i € Ll o~ ML o |
§ 5 VVVVVVVVVVVV ] é H H
e —-—- i RETCY I R | - T ]
L : s |/ W _— |
O 2 . © s 1l s

T D, AN N N S 1 05|/ SR B 1) SR _

0 | | 0 | |

80 100 0 50 100 150 200
Wave length [nm]
[d] H,0
, ~10%
12 L L L P , 6 4 T S -
R T EE S S 0/ S S AR SRR FRTR R S |
é 0.8 oo fordi e e é e S | R [ B
Q Q
o 06 e e e o 3 g 1
g : : : : : g
S 04y o P o L O 2 I A 1 77 | A po 1
o2l /o — ) N ] e — i
0 | | | | | 0 | |
0 20 40 60 80 100 0 50 100 150 200
Wave length [nm] Wave length [nm]
[e] O [f] Oz
D.2:
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D.3

D.3

Cross section [ﬁ]

Cross section [ﬁ]

o B N W A~ OO N ©

EUV, FUV
Institute (http://phidrates.space.swri.edu/)

the Southwest Research

EUV

( D.3,D.4)
21 . g2l
107 14 20—
e s 12 - SO SRS N SN SO -
| E o S SO SSRGS S SO SO .
S SN S c
L 0.8 e | .
[S]
OSSR SRR SUOSUUSNE HOSROS SO 3
o 0.6 S =
T e 1)
<
R T S N O 04 b .
S OO SE USRNSSR U 0.2 [ =
i | | \ 0
0 20 40 60 80 100 0 100
Wave length [nm] Wave length [nm]
la] Hy + hv — H + H [b] Ho + hv — HJ +e
© a2 o422
1.6 10 1 7 10 1 1
1.4 s T . 3 I - | J
1.2 [ 1 & sl i
T i e s T - c
% 4 e i
0.8 [t . @
PR R —
L0 At S A H e . 2
04 b L | O 2 .
0.2 fmmd b | R S -
0 i 0 i i i i
0 80 100 0 20 40 60 80 100
Wave length [nm] Wave length [nm]
(] Ho+hvy — HY +H +e [dH+hv —H +e
. 1722
12 10— :
10 [ -
€
= B | —
k=]
S
S Bl ]
2]
@
9 ,,,,,,,,,,,,,, —
O
i
80 100

D.3: H, Hy, He

D.2

Wave length [nm]

[e] He + hv — Het +e
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D D.3
22
16 —10
€ ] E
c — c
2 2
S S
Q — (9]
2] "
[} 12}
[%2] — %]
/< <
O H O
0 50 100 150 200 0 20 40 60 80 100
Wave length [nm] Wave length [nm]
[a] HoO + hv — O + OH [bj Hy0 + hv — HyOF +¢
o122 PR
35 10— g 10
3 ,,,,,,,,,,,,,,,,,,, | 7 -
B 25| . € ° il
c c 5 -
o o
‘3 2 e e - ‘3
@ o 4 i
P e e e . 2 4 |
<t <t
8] i S e I A R I T G 5 |
0.5 [ttt . 1 ]
0 L I 0
0 50 100 150 200 250 300 100
Wave length [nm]
[c] OH + hv — O + H
o a2l
18 10— 18
1.6 [ = e e e .
e L R
E E
p B =12 [
K] k=]
B e R T A0 [t
b b
o 0.8 [ b
[%2] [%2]
O 0.6 [ N
O O
O s e o 4 [
O e 2 e
0 I I 0 I
0 20 40 50 100
Wave length [nm] Wave length [nm]
le] O +hy — O + 0O [f] O2 + hv — O + O(1D)
~10% -~ 192t
7 T
6 [ N E ]
ol 7 LS oo | 1 A S : €
5 5
= L e O . 2
2 2
2 F | St S § S S ] »
1%} %]
< o
O 2 P N o
1 A ‘: ,,,,,,,,,,,,,,,,,, -
0 \ | ‘i |
0 20 40 60 80 100 0 20 40 60 80 100

Wave length [nm]

[g] Oa+hv — OF +0 +e
D.4: H,O,0H, 0,0,

Wave length [nm]

[h] O2 + hv — OF +e

D.3
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D.4
qs
9(r*Q) 9 9 9 9
— —((r“J)=0 D.2
g Torm WD) (D-2)
Q=) qns (D.3)
seS
J= Z qsns(us + vs) (D.4)
s€S
Zsesws = 072565 Ps(us + US) =0 J=0
( (ambipolar constraint) ) Q=0
D.5
Banks and Kocharts (1973) Schunk and Nagy (2000)
ion-neutral ion-ion neutral-
neutral Banks and Kocharts (1973)
( D.1,D.2 )
ion-neutral Banks and Kocharts (1973)
kT
bin = —— (D.5)
HinVin
bin s,t k T Hin ion
neutral Ujn lon  neutral Uin Schunk
and Nagy (2000)
Ny MM y 62 0.5
Ui = 2.2l ———= ( = > (D.6)
m; + Mp | Hin
My, M neutral, ion e Yn ~ neutral

(Schunk and Nagy, 2000, Table4.1 )

[
8.31 x 107T
by = o 0 (D.7)
HAVin
ion-ion Banks and Kocharts (1973)
po_ 37 (2T 05 (okT\? [ 1 D)
e 32”2 i T 62 InA '
N9 M ion-ion InA
y HA
InA =15

6.5 x 107yT%?
napy®

ii
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neutral-neutral Banks and Kocharts (1973)
bon = 1.96 x 10° (D.10)
Tfbnn
fnn  neutral-neutral
HA
bn = 1.52 x oL (D.11)
A
D.1: H — He
bem™'s7!]  Ref | blem=' s71]  Ref
H Hy, 8.290x10Y77078 [1] Hy H  5.970x10°7725  [5]
HT 62701017795 [2] He  6.050x10'710  [4]
H  4.820x10%710  [4] Het  5.629x1007725  [5]
Hi  4.550x10'6710  [4] HeH" 5.438x10°772%  [5]
He  8.840x10Y770796 [3] | HJ He  5.340x106710 [4]
Het  4.370x10%710  [4] He™  4.964x107T%*5  [5]
HeH™  4.290x10'6710  [4] HeH" 4.747x10°772%  [5]
Hy HY  4.360x10710  [4] He Het  4.759x10Y77%5  [2]
HY  6.270x10"77%%  [2] HeH' 4.700x106710  [4]
Hf  3.250x1067%0  [4 | Het  HeH* 4.360x10772% [5]
He  8.840x10'770-706  [g]
He™  3.060x10'T7'%  [4] | neutral e  3.390x10Y70° [3]
HeH™  2.960x10'6710  [4] ion e 2.800x10097%5 [3]
H* Hf  8.010x10°772%5  [5]
HY  7.560x10°77%5  [5]
He 7.810x 1016710 [4]
Het  7.267x10°7725  [5]
HeH*  1.270x10%72%%  [5]

[1] Marrero and Mason (1972), [2] Schunk and Nagy (2000), [3] Banks and Kocharts (1973), [4]

(D.5) ,[5]  (D.8) 6] (D.10)
blem™! 71 Ref ‘ blem™! 571 Ref
H20 H  1556x10%7%% 6] [ Of  H  3.971x10°7T0 [4]
Hy  1.129x10"7%°  [6] Hy  2.576x10'6710  [4]
Ht  2.703x106710  [4] HY  8.977x10%7T%5  [5]
Hf  1.961x10'67'0  [4] H  6.870x1007725  [5]
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D.2
blem™* 571 Ref blem™! s7!]  Ref
Hi  1.641x10'97'0  [4] Hi  6.083x10°7725  [5]
O 5.223x10177%5 6] OH  1.052x1016710  [4]
Ot 9.072x105T10 4] OH*  5.852x10%77T%5  [5]
02 4.478x1017T05  [6] H,Ot  3.351x1097725  [5]
Of  7a8Ix108T0  [4] H;OF  3.380x 1007725 [5]
OH  5.141x10'"7T%5  [6] | OH H  1.558x1087%% [6]
OH*  8.932x101T0  [4] Hy  1.132x10%T79%5  [6]
HoOF  3.298x10Y7705  [2] Ht  3.594x1016710  [4]
H30T  8.687x10°7T0  [4] Hf  2.611x106710  [4]
O H  5.700x10"77%7%  [3] Hi  2.188x10'6T7'0  [4]
Hy  7.830x10"77%% 2] OH*  1.980x10Y77%%  [2]
HT  3.760x10'6710  [4] HoOF  1.186x 1016710 [4]
H 27361070 [4] H;OT  1.170x 1016710 [4]
Hi  2296x101670  [4] | OH*  H  4.024x10°70 [4]
Ot 2192x1017795 2] Hy  2.643x106710  [4]
Oz  9.690x106707™ (3] HT  9.096x10°772%  [5]
O3 1.121x 10710 [4] Hi  7.046x100772°  [5]
OH  5.294x10Y"T%5  [6] Hi  6.309%107725  [35]
OH"  1.275x10'710  [4] HoOF  3.847x10%772%5  [5]
H,Ot 1.258x 1016710 [4] H3OT  3.906x 1007725 [5]
H;0T  1.242x10'710  [4] | HoOT H  4.017x107%0  [4]
o~ H  4.031x109710  [4] Hy  2.635x10'6710  [4]
Hp 2.651x 1016710 [4] H*  9.082x10%77%5  [5]
HT  9.112x10977%5 |5 Hf  7.025x1097725  [5]
Hy  7.069x10°77%5  [5] Hi  6.283x1097725  [5]
HY  6.330x1007725  [5] H;0+  3.741x107725  [3]
Oy  7.774x10TH0 4] | HOt  H  4.012x10°7M0  [4]
03 7.774x10%T0  [4] Hy  2.628x1016710  [4]
OH  1.221x10710  [4] HT  9.070x10°7725  [5]
OHT  6.792x10°7725  [5] Hf  7.006x1097725  [5]
HoOF  3.908x10077%5  [5] H  6.259x1007725  [5]
Hs0"  3.970x10°77%5  [5]
Oz H  4.750x1077%7  [3]
Hy  3.060x10'7T0-732 3]
Ht 2.569x 101710 [4]
Hy 1.844x 106710 [4]
HI  1.528x1016710 4]
OF 1.697x10Y7T9%  [2]
OH  4.562x10Y77%% 6]
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D.2

blem™! 571 Ref blem™! s71] Ref
OHt  7.623x10P°7T10  [4]
HoOF  7.484x101°T10  [4]
H3Ot  7.357x1015710  [4]

[1] Marrero and Mason (1972), [2] Schunk and Nagy (2000), [3] Banks and Kocharts (1973), [4]
(D5) 5 (D) 6 (D.10)
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D.6

D.6

1 mol

2.2.2.3,2.4
Le Teuff et al. (2000)

D.3)

D.3: 1 mol Le Teuff et al. (2000)
[kJ /mol] (at 0 K) | [kJ/mol] (at 0 K)

H 216.0 H,0 -238.9
Hy 0.0 HyOF 977.9
H* 1528.0 H30°F 597.0
Hy 1488.3 0] 246.8
Hi 1107.0 (02} 0.0
He 0.0 ot 1560.7
He' 2372.0 O 1164.7

HeH™* 1352.0 OH 38.4

O (1D) 437 OH™ 1292.7

D .4:
AHgg;[kJ]

R3  HJ +e — H+H 1.0563 x 109/N,
Rba  Hj +e — Hy+H 8.910 x 10°/N,
R5b - H+H+H 4.590 x 10° /N,
R6  HJ +H, — Hj +H 1.653 x 10° /N,
R7 Hy+H — Ht +Hy 1.763 x 10°/N,
R8 HY'+Hy(v<4) — Hj+H —~1.763 x 10°/N,
RO  Hf+H — Hy +Hs ~1.653 x 10° /N,
R10 Hy+ Hy, H — H4+H+Hy,H —4.320 x 10°/N,
R11 HY+Hy,+H2,H — Hj+HyH 4.210 x 10° /N,
R12 H+H+HyH —  Hp+Hy, H 4.320 x 105/N,
R15 HeHT +e — He+H 1.136 x 10%/N,
R16a He™ + Hy — H+HeHT 8.060 x 10° /N,
R16b — He+H"+H  6.280 x 10°/N,
R17 HeH" +H, — Hi +He 2.450 x 10° /N,
R18 HeH™ +H —  Hj +He 7.970 x 10*/N,
R19 HJ + He — HeH™ +H —~7.970 x 10*/N,
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D.6

D.5:

AHfRi[kJ]
Rla Hy+hr — H+H+2hw —egnBe—
R1b — Hj +e ~ g0t T
Rlc - Hi+H+e —gmrtesm
R2  H4hr — Htte — oI
R4 Ht+e - H+h STTXI0Sam
R13 He+hr — Het+te ~ 50T T0 S am
R14 Het+e — He+hv 50T S
R20a H,0 +hy — H+OH — 20 Tam
R20b — HyOf +e ~ ORI FEm
R21 OH+hy — O+H —2Eai0 Tam
R2 O+hyr — Ot+e — oI S
R23a Os+hv — O+0 — I T
R23b Os+hvy  — O +0(1D) —m
R23c  Og + hv — O"+0+e —m
R23d Op+hvr — OFf e — o0 T
R28 OF +e —~ O+hv ST S
R74 O(ID)  — O+hv e
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D.6

D.6: H,O
AHg,[kJ] Ref.
R24a HoOF + e — O +2H 2.99 x 10°/N,  [LT00]
R24b — OH +H 7.24 x 10°/N,  [LT00]
R24c — O + Hy 7.31 x 105/N,  [LTO00]
R25a H3O" + e — H,O +H 6.20 x 10°/N,  [LT00]
R25b — OH +2H 1.27 x 10°/N,  [LT00]
R25¢ — OH + H, 5.59 x 105/N,  [LT00]
R25d —-  O+Hy+H 1.34 x 105/N,  [LT00]
R26 OH' +e — O+H 8.30 x 10°/N,  [LT00]
R27a O +e — 0+0 6.71 x 10°/N,  [SS05]
R27b O +e — 0 +0(1D) 4.79 x 10°/N,  [SS05]
R27c OF +e — O(1D) +0(1D) —2.29 x 10°/N,  [SS05]
R29a HJ + H0 —  HyO" +Hp 2.72 x 10°/N,  [LT00]
R29b — H3O" +H 4.36 x 10°/N,  [LT00]
R30 Hf +0 — OH' +H 2.26 x 10°/N,  [LT00]
R31 Hy + Os — O5 +H 3.24 x 10°/N,  [LT00]
R32 HT + H,0 — H,O" + H 9.52 x 10*/N,  [LT00]
R33 H* 4+ OH — OH" + H 5.77 x 104/N,  [LT00]
R34 HT +0 — Ot +H —1.90 x 103/N,  [SN0O]
R35 HT 4+ Oy — O3 +H 1.47 x 10°/N,  [LT00]
R36 Hy + H20 —  H30T +H, 2.71 x 10°/N,  [LT00]
R37 Hi + OH —  HyOf +H, 1.68 x 10°/N,  [LT00]
R38 Hi +0 — OHT + Hy 6.11 x 10*/N,  [LT00]
R39 HoOF + Hy — H;0" + H 1.65 x 105/N,  [LT00]
R40 H,O" +H,O0O —  H30" + OH 1.04 x 10/N,  [LT00]
R41 HOF + 0 — O35 + Hy 6.00 x 10*/N,  [LT00]
R42 HyO" 4 0o - O +H0 5.21 x 104/N,  [LT00]
R43 OH' + Hp — HoOF + H 9.88 x 10*/N,  [LT00]
R44 OH' + Hy0 —  HyO" + OH 3.75 x 104/N,  [LT00]
R45 OH™ + Hy0 — H30" + O 2.10 x 10°/N,  [LT00]
R56 OH' + 0O — O; +H 1.58 x 105/N,  [LT00]
R57 OHT + Oy — O3 + OH 8.92 x 104/N,  [LT00]
R58 Ot + Hy — OHT +H 5.20 x 10*/N,  [LT00]
R59 Ot +H — HT +0 1.90 x 103/N,  [LT00]
R60 Ot + H,0 — HO" + O 9.71 x 104/N,  [LT00]
R61 Ot + OH — O3 +H 2.18 x 10°/N,  [LT00]
R62 0" + 0y — O3 +0 1.49 x 105/N,  [LT00]
R63 Hy0 + Hy — H+OH+Hy —4.93x10°/N, [THS6]
R64 H,O + H — Hs, + OH —6.13 x 10*/N, [THS6]
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R65 OH + H, — H,O +H 6.13 x 10*/N,  [THS6]
R66 OH +H — O + Hy —7.60 x 103/N, [THS6]
R67 OH + OH — H20 + O 6.89 x 10*/N,  [THS6]
R68 O, +H — O +OH —6.92 x 10*/N, [THS6]
R69 O +Hy — OH +H —7.60 x 103/N, [THS6]
R70 O + H,0 — OH + OH —6.89 x 10*/N, [THS6]
R71 O +0H — 02 +H 6.92 x 10*/N,  [THS6]
R72 OH +H +Hy,H — HyO +Hp,H 493 x10°/N, [THS6]
R73 O+H+Hy,H —  OH+HyH 4.24 x 10°/N,  [THS6]
R74 O+ 0 +Hy,H — Os +Ho,H 4.94 x 105/Na [TH86]
R76 O(1D) + H,O  — OH + OH 1.23 x 10°/N,  [GAT2]
R77 Hs + O(1D) — H + OH 1.85 x 10°/N,  [RO95]
R78 O(1D) + Oq — 02 +0 1.92 x 10°/N,  [JP94]
R79 0O(1D) + O — 0O+0 1.92 x 10/N,  [RO95]

D.7 H,0O

H-O ( )  HITRAN(http:

//hitran.org/) H,O HO HI'O HPO

8 HITRAN
40 % D.5
HITRAN 3
~ 3010 K HITRAN
3000 ~ 6000[K] ExoMol(http://exomol.com/)

1.681 x 107773 4 6.180 x 107472 +4.536 x 10T — 1.710 x 10* (60 < T' < 1000)
Zyso = 8119 x 1077T% +1.612 x 107°T% 4 3.283 x 107 — 1.287 x 10* (1000 < T < 3010)
2.200 x 10773 4+ 1.491 x 107272 + 4.690 x 10'T — 5.003 x 10* (3010 < T' < 6000)

9.819 x 107773 + 3.728 x 107372 + 2.745 x 10°T — 1.105 x 1012
Zyyro = 4775 x 107°T% —9.095 x 10772 4 1.853 x 10*'T — 6.971 x 10*°
7.472 x 107973 — 2,577 x 107272 + 4.613 x 10717 — 1.139 x 101*

60 < T' < 1000)
1000 < T' < 3010)
3010 < T' < 6000)

Zyso = | 7.826 x 1077T% — 1.417 x 107T% 4 2.907 x 10°T — 1.057 x 10*% (1000 < T' < 3010)

(
(
(
1.409 x 107773 + 6.598 x 107472 4 4.443 x 10717 — 1.707 x 10" (60 < T' < 1000)
(
1.583 x 107673 — 8.172 x 107372 + 2.246 x 10717 — 2.038 x 10™* (3010 < T' < 6000)
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