The Sun-Earth System in Time:
Searching For Habitable Rocky Exoplanets



OUTLINE



How Can We Detect a Habitable Planet Out of the Zoo of
>5500 exoplanets? Which Star is Hospitable?



Is Earth a Unique Planet?
Is Earth-Sun a Unique System?




Is Earth-a-Unigue Planet?

Is Earth-Sun a Unique System?




We need to understand how habitability state evolved
in the Solar System




Earth Through Time:
Which Version Are We Going 1o Search For?

Proterozoic Phanerozoic
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Flare
XUV



Why Do We Need to Study Stellar CMEs ?

Dissociation
CO, CN, NH, NO,,
OH, NHO.

Inmiz ior
N+, O%, s s
NO*, OH*

Nitrous Oxide, N,O
Hydrogen Cyanide, HCN

CME/SEP

Acetonitrile, CH;CN
Formaldehyde, CH,0




Flares, CMEs & StEPs from Young Suns



XUV dimming




Blue-shifted Balmer/ XUV lines on M/K/giant stars



Searching for SW Around Other Suns:
Blue-shifted Ho and X-ray dimming as CME signatures
on EK Dra

Corresponding flare &
Prominence Eruption
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X-ray flare
\{

X-ray dimming




3D MHD AWSoM Model: Magnetic Flux Rope

Bmax =2 kG; 3% MHS



Ejected Flux Rope - Stellar CME shocks

Velocity, Density,

We use the AWSoM to model initiation & propagation of a stellar CME

6 hr CME simulation in the coronal region, 2013.9 epoch
Flux rope energy is ~2.7x10%4 ergs, CME speed is ~5000 km/s at =30 min

CME shock data used as input for the particle acceleration model (iPATH)



CME shocks as the source of
accelerated particles



CMEs Compressed Early Earth Magnetosphere
opening up 70% of the magnetic field



Solar Superflare of 775AD via Cosmogenic Isotopes
as a Proxy of Stellar Superflares




SEP Energy Spectra of Solar and Stellar
Superflares
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3D GM + WACCM Model of 775AD CME&SEP Impact




SW Driven Chemistry
XUV

N,0,C0,H,0

Dissociation Ionization

CO,CN,NH, NO_, N*, O*, CO*, NO*,
OH, NHO NO*, OH*

Formation of NOx, OHx

Destruction of O;




Destroyed O;, Formed: N,0O, NO,



Pressure (mbar)

Global-Mean Vertical Profiles and IR spectra
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Impact of SEPs on Young Volcanic Earth and
rocky exoplanets



Hydrogen cyanide and Formaldehyde in early Earth’s
atmosphere



Laboratory Experiments at Tokyo Tech

Mixture  Chromatogram Enlarged GC  P(N;0)

Amino Acid Formation from a Mixture of CO),,
CH,, N, and H( |

Gas Mixture (5Gas Mixture (50% Nz + 50% (CH,+CO,)) of
various Gas Mixture (5Gas Mixture (50% N, + 50%
(CH4+CO,)) of various mixing ratios™ + H,O 5mL; 80% N, +
50% (CH4+CO,)) of various mixing ratios* + H,O 5mL

[ |

Spark Discharges Proton Irradiation UV Irradiation
(Thundering) (Cosmic rays) Solar UV

w/ a Tesla coil
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|
| Gas inlet

Screw valve
Pyrex glass tube (400 mL)

—
— Gas mixture

Proton beam

Liquid water

il window



Conclusions



