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TRAPPIST-1 system

TRAPPIST-1
System

Orbital Period
days

Distance to Star
Astronomical Units (AU)
Planet Radius
relative to Earth

Planet Mass
relative to Earth

Solar System
Rocky Planets

Orbital Period
days

Distance to Star
Astronomical Units (AU)
Planet Radius
relative to Earth

Planet Mass
relative to Earth

Mercury

87.97 days
0.387 Au
0.38Rr,,
0.06m,,,

th

Habitable Zone

Venus

224.70 days
0.723 au

0.95r

0.82wm,_,

Earth

365.26 days
1.000 Av

1.00~r_,

1.00 ™,

th

Mars

686.98 days
1.524 av

0.53r_,

0.11m_,




Oxygen thermosphere/exosphere
(10 EUV)

300,000 km

300,000 km
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5Xx 1013 6x10%3 7 X103 8 x 1013 9x101B3 10x10!'3

Column density, cm™

* Black circle : Planet, White circle : Star (Proxima Centauri)

* Earth-like case : Optically thick oxygen to ~8R, (1X10¥cm2~1=1)
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Volkov et al. [2011]> 10'g

DSMCE 7 /L

Dimensionless escape rate
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L Transition region in HS gas

Transition region in VHS-LB gas
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I | Transition region in VHS-LB gas
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Full-particle DSMC simulations

Boltzmann equation 300 [T 'i']'c'r'ée moleculaf flow |
oo ST R EL ]
0 0 0
—(nf)+c=nf) + F—(nf) i 1
T or 47]: o " E 290 | exosphere / 1
5 X I tray{ltlon flow I
= n“(f = fy * —=ffi)crodQdey o) 1
—0 J0 © i
2 200
n : number density, f : velocity distribution function, c: = i I e I
molecular velocity, c, : relative molecular speed, F : [ slipTiow 1
external force per unit mass, subscript * : post-collision 150 [ = thgméphere ------------------------------ -
values, fand f; : distribution functions of two different L ul ! continuum-flow-
types of molecules of class ¢ and c¢,, respectively, o : 0.01 0.1 1 10 00
Egllilslg):gfgoss—sectlon, t : time, r : physical space, Q: Knudsen number
. - (mean free path/scale height)
continuum flow e
= Energy of molecules |
are distributed /o . .
according to / \ - Navier-Stokes equations
Maxwell NG * The first order moment of f
distribution oL —
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Full-particle DSMC simulations

* A thermosphere-exosphere
DSMC model [K. Terada et al., 2016]

A full-particle code
e 2-D version is used in this study

* Grid spacing
e Ax=10m ~ 1km
e Az=10m ~ 10km
* (| = 10m ~ 10km)

* No. of particles in a cell
e >~100 particles/cell

altitude [km]

300
280

260 -

240
220
200
180
160
140

0.01

mean free path
vertical grid spacing
horizontal grid spacing




MD simulation

Verlet algorithm

interval of time
At=3 X 10018 ~1 X 1017 s

cutoff point

mmerical integration schemm

& F<10x10"N /

deflection angle

[Angstrom]

Calculated orbit of O interacting with O
(collision energy = 0.03 eV)

10 |

\
\
\
\
|
\
\
\
\

target particle

O (R I (O Y

diffusion cross section

v, =V

15x1071°

)

O, =21 f 000(1 — COS X)bdb ~ 27T E (1 — COS X)bAb
b=0

VISCOSIty cross section

15x10~1°

-5

0, =2m f OOO (1 —cos’ x)bdb ~2 ;O(l —Cos” X)bAb

0 5 10 15
[Angstrom]

Vv Vx6o Vy VyGe -
value at cutoff point

Ab=1.0 X 1083 m
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DSMC collision model

Variable sphere model [Matsumoto, 2002]

{ x (b=d) [)@ . scattering angle ]
X =

b : impact parameter

o, =2m f ;:Ooo (1= cos y)bdb = (1 - cos y, )wd”

o, = an;:: (1 —Cos” X)bdb = (1 —Cos” Xo)ndz

This collision model is simple and efficient, are both diffusion and viscosity
cross-sections are consistent with those of the intermolecular potential.

For intermolecular potential (Lennard-Jones(6-12) & Universal potentials),
solar EUV heating, CO, 15 um radiative cooling, etc.,
see K. Terada et al. [2016].



INEEFE &

Heat

\/A\\_
/T

DGk

[

Heating mechanism

dissociative recombination of O,"
other minor heating sources are included using a
macroscopic heating efficiency

Cooling mechanism

molecular conduction
CO, 15-um cooling [Gordiets et al.,

1982]

budget of the Martian atmosphere

HEATING RATES

MOLECULAR
CONDUCTION

HEIGHT (km)

EUV
HEATING

B T R—

002000

DEGREES PER DAY [K/day]
[Bougher et al.,

1988]

Altitude (km)

Heating rates in the Venus
thermosphere

195

175

155

135

I

1

10°

10°* 10°
Heating Rate, (eV/cm?/s)
[Fox et al.,

108

2008]
31



Full-particle DSMC simulations

(molecular diffusion and radiative damping included)

300 r——T—1—
:\o

-~ MAVEN obs.

—

Ll II T Ll II 1 LI

= 250 |- o [Mahaffy etal, 2015
X, i ‘
= i

-c -

2 200 | H ¢ 7
©

| N,
150 -

101 10'% 10"° 10'* 10'°
density [m3]

L L
10'° 10"/

Quasi-steady state solution of our DSMC model agrees
well with MAVEN observations.




An example of thermospheric perturbations
(MAVEN/NGIMS in-situ obs.)

S L2 csn Maoss 40/Ar 2015/12/08/04:03:09 — 2015/12/08/04:26:27
T TTTTT T TTTTT T TTTTT ] ""I""l""l""
Between N(Ar)=[10°-107] cm™ :7] | ! ]

NGIM
TT III
300 |\

1
Inbound - : Inbound

H=16.2 km, T,=291.77 K ] ' RMS=0.28 Eﬂ%‘%(/i\ Z D
Outbound ] 1 Outbound

RMS=0.09- ETZETEIE TDO K

280

200}

260 | H=11.2 km, T,=201.34 K - : s X
T 0 : e iE B EL % 5 B
< 240: g ! 952 &
3 | .
2 2207 ] :
E 1

180 |
[Terada et al., 2017]

160 |
vl

10*

Lol L | L |
10°

108 107 -1.0-0.5 0.0 0.5 1.0
cm™? (N=Ng) /N,

* Large-amplitude (¥50%) and small-scale (A,~200 km) perturbations exist
even above the exobase

* Why do they exist in the collisionless exosphere ?
* Any perturbations should be quickly dissipated due to molecular diffagsion



One-year observations of exospheric
(above the exobase) perturbations

100 [
E 80
5 |
ER
-
£ 40|
= =

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

Inbound
Outbound

200
DOY in 2015

amplitude [%]

1 OO REEREEEE I LI RN I R 7o T T T
i Inbound +

- Outbound

80¢ Al (R= 0.40)+ |

60 | S

: At

L + g +ﬁ+++ ‘ #;i.

40 | ++ g ‘, +$_

1] et b S i S &3
0 20 40 60 80 100 120
SZA [degq]

R = 0.7, if daily-averaged amplitudes are used.

* Wave amplitudes in the Martian exosphere (>~200 km alt.) are
~10-20 % on average, and sometimes > 50 %

* Higher amplitudes on nightside
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Latitude (deq)

RMS DEV

Comparison among Earth, Venus, and Mars

@  Around the exobases.
160-600km, kp < 3 & 160—600km, 4.5 < kp < 9

s «_* Similar analysis methods

135%

B2z are used.

e 30 105 2
g o 7505 * Earth low lat. ~ 1%
T -30 :

g * (Earth high lat. ~ 3-8%)

1.50 &

R _hihe-od BN Y AGUN LA Mooo [Bruinsma and Forbes, 2008]
Dt im0 Locame toun * Venus ~ 5-10%

Earth, CHAMP obs. at 370-450 km altitudes [Kasprzak et al., 1988]
[Bruinsma and Forbes, 2008]  Mars ™~ 10_20%
[Terada et al., 2017]

Frrrr o rrrrr o e
04LC SPECIES: CO; E 100% 60 F T ” " ' -

E ] —o— 90% — 50
35 — o 5% E

C A A —— 50% 3 40 ¢ 25X "
2L, A . AN A : —x— 25% ._g E _Average _
01: N NG TN N ®  AVERAGE 3 0% e NGO E
jEN = : :21-'2 —2— ,_j-':!:fl o AVG ERR S 20 -rv h,._—-\“x \/ ) * ‘{ =
00mE819.%19 0innin O IR R in,00.010,010,.01 5 108 7 :_:_: 5o g e S

0 2 4 6 8 10 12 14 16 1B 20 2 % 5 ST e

LOCAL SOLAR TIME (hr) 4 - L L 3
-180 =120 -60 0 60 120 180

MSO longitude [deg]

Mars, MAVEN obs. around the exobase
[Terada et al., 2017]

Venus, PVO obs. around the exobase
[Kasprzak et al., 1988]



Full-particle DSMC simulations

 To understand excitation, propagation, and dissipation processes of
thermospheric-exospheric perturbations, a full-particle DSMC (Direct
Simulation Monte-Carlo) model is utilized

/—l Effect from above I—\

r—l Effect from below |—\

Altitude
HO ©
©
Periodic © ()
boundary N, 00
c0® © o

2

from lower boundary

\ Gravity wave is imposed /

©OOO O ions precipitate

from upper boundary
Altitude

915 km
© /i:
©
A © Free
© © Olgodr dary
Reflec N, C
bouncg (o) #] © =
Coo 0 G ‘.vSt
grids
./




Full-particle DSMC simulations

(molecular diffusion and radiative damping included)

GWs with A,=30 km GWs with A,=215 km

Ballistic motions
above exobase

time= 0s time= 0s
density temperature and flow density temperature and flow
T T T T T T 1 T N ———r—— 1 00
190 - mm m e e e el — = = BT e i s s B 280 + 280
Exobase I
| | 180 1 . 260 260
=20 - = 240
E170 | . E170 - £ £
= o o 220 + o 220
5 160 - E 160 - 2200 - i 2200 -
] = = Fmm e mm e e m e - - - o
150 L | 150 1 _ 180 160 Exobase
160 + 160 g
140 | ] 140 | i
, 140 + | | | 140 il
130 T R R 130 ————————————]
0 10 20 30 40 50 0 10 20 30 40 50 0 50 100 150 200 0 50 100 150 200
(km] [km] (km]
| I [ 3 g
-10 -5 0 5 10 150 200 250 300 ] [ [ [ [ [ [ [
density variation [%] temperature [K] -40 =30 20 10 0 10 20 30 40 150 200 250 300

density variation [%]

temperature [K]

km alt.) perturbations observed by MAVEN.

A,=200 km or more is required to explain exospheric (>200




 Amplitude growth of GW (cf. Imamura and Ogawa [1995]):

1| [n k2+k2Y [ 1 (k2 +K2)
< exp f— Z
2H 724N Q

Growth Damping due to Damping due to
with height molecular viscosity radiative cooling

* GW with a large A, (with a faster group velocity) has a higher
amplitude at a higher altitude
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 Amplitude growth of GW (cf. Imamura and Ogawa [1995]):

1 n(k2+k2a

1 (k2 + k§)3/2})
Z

X exp W—

P 2H TradNB kzkx
Growth Damping due to Damping due to
with height molecular viscosity radiative cooling

* GW with a large A, (with a faster group velocity) has a higher
amplitude at a higher altitude

 Why larger amplitude at Mars than Venus and Earth ?

 Difference in damping
* Radiative cooling (CO, 15 um) is stronger at Venus (higher O/CO, ratio)
 Damping due to ion drag is stronger at Earth

 Difference in forcing (?)

e Mars winter jet wind speeds would be much faster than Earth’s [Fritts et
al., 2006]
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Full-particle DSMC simulations

(molecular diffusion and radiative damping included)

MAVEN observation DSMC simulation (A,=215 km)
[England et al., 2016] time= 33s
> density variation
o 20 00—
o) — CO,
O -+ + + _ E N o
1.5 + .
5 T = Cpu—
'..C:) + )
S 10 o | -
g 2 mf :
= et
',?Ez 0.5 l < | I
< 100 150 | 7
Apparent wavelength, km S ' : 1

0 10 20 30 40 50
[%]

Calculated amplitude ratio of CO, to N, perturbations
qgualitatively agrees with MAVEN observations.




How such a long A, (A,>200 km) wave excited ?
A gap between lower and upper thermospheres

MAVEN observation in
upper thermosphere
>150 km alt. [This study]

MGS observation in
lower thermosphere
[Creasey et al., 2006]
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Gap ?




Excitation of secondary GWs ??

time= O0s
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Effects from above

Quiet
(total: 6.7E+26 eV/s)

* Precipitating ions R N
* Pickup O* ions at Mars (and e
Venus) £ 1giii A
5

* They may produce larger
amplitude waves at higher . i
latitudes [e.g., Fang et al., 2013] 31E425 g

 Total precipitating O* energy is
~0.1-1 Giga Watt at Mars

3.4E+26
dayside .. AT

.....

e

..l .

- . |
. . 1

. " . .

South

* (cf. in the polar region of Earth,
Joule heating and particle .
precipitation ~100 Giga Watt nightsidsl s
[Knipp et al., 2004])

Estimate of precipitating O*
energy flux [Fang et al.,2013]



Full-particle DSMC simulations

(effect of precipitating O* ions)

Effect from above

—

\@km CO,

©OOO O ions precipitate

from upper boundary

Altitude
915 km
©
© e
H 0 © Freer i
© boundary
Reflec N, O/Od: ,
boung °¢ ¢ Ghost

“

Energy spectrum
of precipitating O* ions
Impacting for only first 3 minutes
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1 |

1000

108 [ vl
100
Energy [eV]

10000

About 3-4 orders larger flux
than Chaufray et al. [2007]
and Leblanc et al. [2015]



Full-particle DSMC simulations

(effect of precipitating O* ions)

Density perturbations in the Martian

Precipitating O* ions
thermosphere-exosphere

time= Os time= 0s
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Full-particle DSMC simulations

(effect of precipitating O* ions)

density variation at 240 km altitude time =600 s

0 50 100 150 200

[km] N, amplitude is

larger than CO,
away from the
source region

density variation at 160 km altitude

[%]
o

_5 J L 1 L 1 1 L 1 1 " L " 1 1 L 1 L
50 100 150 200
Source region [km]

Amplitude ratio of CO, to N, may be opposite to MAVEN observations.
Even more, a very large precipitating flux of O* ions is required.
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Conclusions

The average amplitudes of small-scale perturbations around exobase are ~10-
20% at Mars, ~5-10% at Venus, and ~1% at low latitude region of Earth (~3-8%
at high latitude region of Earth).

DSMC simulations suggest that perturbations around Mars exobase are
produced by GWs with a very long A, (A,>200 km).

However, excitation mechanism of such a long A, mode, and a gap between the
lower and upper thermospheres (opposite day-night variations) are still to be
explained.

In the polar region of Earth’s thermosphere, solar wind forcing (Joule heating
and particle precipitation, ~100 Giga Watt) sometimes generates large-
amplitude perturbations.

However, in the Martian (and probably Venusian) thermosphere, solar wind
forcing (~0.1-1 Giga Watt) seems to be less important.



