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o HSTIZ&LBLyo#R;8l, « Zeeman-Doppler surface

. METEEREABRA MG — magnetogramsic & HEA
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Large, diffuse interstellar gas cloud

As it conlracts, the cloud heats, (solar nebula) contracts under gravity

flattens, and spins faster, becoming
a spinning disk of dust and gas Sun will be born in center.

/ / Planets will form in disk.

Warm temperatures allow only
melalfrock "seeds” lo condense
In inner solar system
Hydrogen and helium remain gaseous, _ ; \
but other malerials can condense into . Cold temperatures
solid “seeds” for building planets. ' allow "seeds” to
contain abundant ice
in outer solar system.,

Terrestrial planets are bullt from
metal and rock
Solid “seeds” collide and stick together. The seeds of jovian
Larger ones attract others with their planets grow large
gravity, growing bigger still. enough 10 attract
A4 hydrogen and helium
gas, making them into
giant, mostly gaseous
- - - planets; moons form in
 — disks of dust and gas
that surround the planets.

\
\
)

1

1

Solar wind blows remaining gas Terrestrial planets remain
into interstellar space In INner solar system Jovian planets remain

/ in outer solar system
. . s “Leftovers” from the
; » formation process

become asteroids

(metal/rock) and

Not to scale comets (mostly ice)
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o ERE|ZEIEINSHIKDE [Raymond et al., 2006, 2007]
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Factor 100 loss
(CO,, N,)

Factor 10 loss

10 | (Ar, CO,, N))

1

Hydrodynamic : Pick-up ion
and . Large ' Sputtering
large impact : impact : Dissociative recombination

Middle Amazonian
& Late
Noachian

Early
Noachian

‘atastrophic outflow channels

Time from present (Gyr)

[Chassefiere et al., 2007]
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MHD simulation:
4.5 Ga

i : Mars has lost up to a few bars
Hybrid simulation: of oxygen during 4.5 Gyrs -
present-day, 2.0, and 3.5 Ga Merada et al., 2009]




NASA's MAVEN mission
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NASA's MAVEN mi

MEASURING MARS' ATMOSPHERE LOSS

Mars began as a warm, wet planet that gradually dried out as it lost its atmosphere.
To investigate Mars' climate history, scientists measured the ratio of argon isotopes
in the upper atmosphere using NASA's MAVEN mission. This ratio reveals how much
argon and other gases have been lost to space through a process called sputtering.

Argon-36 depletion in Mars’ : SPUTTERING

cificspheicieniine lons can get "picked up” by the solar wind
and slammed into the top of the atmosphere,
knocking other atoms into space. Over time,
this leads to significant atmospheric erosion.

ARGON ; ? i

This noble gas is removed from the atmosphere only through

sputtering. Because the argon-36 isotope is lighter than
~argon-38, emoved more efficiently. By measuring the -

A0{E LRI
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pressure (bar)

~ﬂ40 ,UEFHEW)K—UE'HS iy

Noachian Hesperian Amazonian ° -
RINYR) T

60

-ttt
o A—A—A—A—j f=0.96-0.98, < 0.3 EMCO, A AT RE

Sputtering escape rate (total loss = 232 mbar) i f=0 - 6’ bﬁ' m % ‘j: {J/\fd: L \ 75§ A 61 3C ‘ - ’r:// \07 I\ x

Photochemical escape rate (total loss = 8.2 mbar) Magmatic (SNCs) I I

Mantle (derived) +

Carbonate deposition in open-water systems
position in open-water sy Carbonate (SNCs) I—I

Carbonate deposition in shallow subsurface aquifers
Carbonate (ALH 84001)

Atmosphere measurements:
Trapped gas (EETA 79001)

Equivalent pressure of free carbon including the atmosphere, Viking
the absorbed carbon in the regolith and the polar caps

Initial pressure = 0.32 — 0.50 bar
Initial pressure = 0.25 — 0.29 bar

2 1.5
Time before present (Ga)

FreservoirtE{EET L [Hu et al., 2014]
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EERIEETILICEKSETE (way+, 2016]
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Paleo Venus High Level Cloudiness (2.9Gya solar spectrum)

(a) Paleo Venus Surface Air Temperature (2.9Gya solar spectrum)
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Power category Particle (GW) Joule (GW) Solar (GW) Total (GW)

Solar min: 75-77, Average S.D.J} 38 (8%) 21 77 (16%) 63 Y359 (76%) 46 474 (101)
83-87, 93-98

Solar cycles 21-23  Average S.D.§ 36 (6%) 24 95 (16%) 93 R464 (78%) 135 596 (190)

Solar max: 78-82, Average S.D.{} 35 (5%)23 112 (16%) 111 §562 (79%) 116 710 (182)
88-92, 99-03

Top 5% of power  Average S.D.§ 73 (7%) 36 331 (30%) 226 §687 (63%) 116 1090 (226)
events

Top 1% of power  Average S.D.§104 (7%) 44 638 (45%) 306 §691 (48%) 113 1433 (313)
events

[Knipp+, 2004]

o BEFHBICEXABFEADIRILT—R

o MBKIBIFEADIRILT—HRAIZ. KEBEIAKRIFDIRIL
F—LUHIBHTREWN(IRILEF—ZFE5EZ 55 EHITELSN)
41




AN E DML

JL—3H5EY . KED ERSESs
BAFEIF40-41{EFER] BB
[Z{=1E [Lillis et al., 2013]

§e] ¥ i1 !
% i ] NP
E _l_l I e -0. Ag
i ﬁ Ezg i’ﬂ_ gﬁ IX ‘j: 4.00 4.05 4.10 4.15 420 | 425
1 Model Age, Ga (note different timescales)

~5000NnT?7? [weiss et al., s B
2008] £l

B LA SETFoF-0D |

j%ﬂi [Lillis et al., 2013]

LT=Oh7?




IR 15 D R

R EL D B #A (& . $05-H
+RFE

» IWEDIIBF W5 RE

[, 100FEIZDF 5.5%

Z| & TiE e

e 1000-2000F THAEF
ilktEnolz?

Hh b S R ER D
0%




- 0 N
RAR (FEABRD T OFX?)
. ABZTH—ENASEEOEE
. RSP TENFERYDESHE
- B EHLFiidEBER XS THIE
— KGENE. T 2B DEZE
o #EAthBR RS ODT7AOXT ?
— BBk -EE - N E XKL, BT THOI=[REENFLY, NEBLGE
TIXEEED=HFA0EFERIETULMAUNLG LA, FNLRIDZEITTH
RARRUZBTEIARRBIRDEE . 27 FEEYMER.. RENRFEXIES

KEKE (Pa) SE (km)

B ~ M40 ER OBILRR
> KERE

I7OYVILE
(RfEE)

%‘&Ei%? /
2

(a g
5 m?(;d:ﬁ) %}9" -
W (KT g 1BE
et S

BA5TIE, ABRIMRPBLALF—HFA — ' e S
SN FEEYE RO LELS [Sekine et al., 2008]




#) HA tth Tk

o HIDHLULNKIGEEN

s BEIRILF—RFICKLEEINIRETANO)  FH
7F (HCN) DHE R ? [Airapetian+, 2016]
— Faint Young SunftizE
- BREMNRARE (EZEAETIEIEEDIEYIRL

. CO,, NH,, CH,, H,, ...

[
E.
. » o ;
s 9%
- -
-

1075 1074 1073 1072 107" 10° 10" 102 103 104 105 10°¢
Concen tration (ppb)




AR ANLKIGRNANDFH

KE EE iﬁﬁ;kj( _\.uu.
(j(_UEﬂS)LiFEO)ﬁfFEﬂ

EE.h'uﬁ.’fT/ pigan

ABREE %@
PNEELN @

RReREBITOEHIE
HEanREDILEHE




& it B A 77 R HepR s (CHZ)

MR 5 - S BIPR 57 -
FEHTEMADKEDHMEH CO,D BT REMNBINHEFFAA

C
3
%]
=
-
©
17
=

Orbital distance (AU)

CHZOHHHES:
EKFELIDRED . REIZEADKERIFTEH5EE,
IR D AKPEZR TIL0.95-1.37 AU (46{EEHijl£1.15 AUZ T)




ME B [ZH 1+ E LG
Eﬁ‘IﬁEﬁEﬁ (CZ)

80000
[nPa)

Solar Wind
Parameter

- L
—1x10"
it= 661, time=10.02 days

Cases | d [AU] ) ) A ar

100130 | 2x10" |« 32165 160|325 320 | 63 0 16 stars
100130 | 2x10*|5x10% 32108 16 | 4 32
100130 | 8x10*|9x10*® 12.8/ 1.45 64725

10030 | 7x10%|6x10% 1.1]0.095 5.51047

100 | 30 1.2 x 10* | x10%® 1.910.16 96108 19.2] 1.6
100130 | 2x10®%|1.3x 107 | 0.32]0.02 1.6]0.1 32102
10030 | 7.5x10* |5 x 10”7 1.210.028 6104 1210.8 . S e
10030 | 1.8 x 10 |8x 107 | 0.29]0.128 1.4510.64 291128 S —

ME! 2 FYTIE., FEERIRHEIZEKY
~0.1 AULINTIEEREND ARITILZEICIFE TS 48

W b -
o == O
Mstar/Msun

e
=

(o))

o0
kot
~ N B




Eﬂ
v
v
T
E
-
v
c
T
(=

—
o
o

w
(=]

s
o]

- W

R R

ransit
o Radial velocity
o Etlipse timing variations

Imaging

Microlensing
Pulsar timing

10!

104

10°
Orbital

Planet radius (R.)

- -Jupiter

Neptune 1

100

period (days)




