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GJ 1132b ?

Earth-like exoplanet
GJ1132: M3.5 dwarf( 0.181 Msolar )
Discovered by transit method

located only 39 light years away

Credit: Dana Berry, from NASA website

Parameter Values

Present-day stellar luminosity L (L)
Orbital distance a (au)

Planetary mass M, (Mg,)

Planetary radius r, (rg)

1.16

Core mass fraction M. (M,,) 0.262
Core radius 7. (r,) Closer than habitable zone 0.54
Surface gravity g, (m s~ °) 11.8

Planetary albedo A 0.75




Transit method
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Fig. Transition method
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M dwarf is suitable for transit method!



Exoplanets around M dwarf

M dwarf 10" —_—

 Habitable zone is close to the st 9 Sun ~—~

— suitable for observation _ . = |
Habitability £
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Stellar age (Gyr)

Strong stellar flux is expected

Fig. Evolution of stellar luminosity (Ramirez et al. 2014)

XUV = X-ray + EUV

We need to know the early evolution of exoplanets around M dwarf




Early stage of Planet history

Accretion of
Planetesimals

__Questions

H>-O would remain?
Abiotic O2 would build up?

Magma ocean

__, |Magma ocean |__,
solidification

Crust is formed
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Fig. Magma ocean model illustration




Purpose of this study

Previous Study

Several studies of atmospheric loss of H2O-rich rocky planets

orbiting M dwarf have done but without fully interior model.
(Luger & Barnes 2015; Tian & Ida 2015; Bolmont et al. 2016)

'

Purpose of this study

To study atmospheric loss of H2O and O2 build up during and
after magma ocean with a fully atmosphere-interior coupled

model about GJ 1132b
and predict its present atmosphere
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Model Description



Model outline

Long-wave
FXUV kRadiation
gm: mantle heat flux /
Qr: heat from radioactive decay
AHs: heat of fusion of silicates Atmosphere Heat (Qm)
m
H20, 02, H2
Heat (Qr; Heat (AH)
Surface

FeO, Fe,Os
Solid

mantle

Fig. atmosphere-interior coupled model

Model components

e Heat flux balance — Thermal parametarization: —
e Mantle solidification Lebrun et al. 2013,

« Exchange rate of H, O species at boundaries Elkins-Tanton 2008,

* Escape flux of Hand O Hamano et al. 2013

* Time-dependent stellar XUV flux




Atmospheric escape model

e XUV-driven hydrodynamic escape of H (Zahnle et al. 1990)

elyuy GM,
¢=- Vogr = = ——
4Vp0t Fp

e The number flux @, of O is given by (Hunten et al. 1987)

Xo e— k., TD
b, = ¢, Xi uc—ui (,u2 < ,uc) M. = Uy T b 1 (Cross-over mass flux)
0 (p2 > pic) bir8X1my,

After the abundances of O» exceeds that of H-O

e Diffusion-limited escape of H and no more O escape
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XUV assumption

The present-day XUV flux from GJ

1132 has not yet been measured =g GJ 1214 as a proxy(Parke Loyde et al. 2016)
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Fig. Scaled bolometric and XUV flux from GJ1132
at GJ 1132’s orbit as a function of time



Thermal model(D

* Equation of Heat balance in the magma ocean (Schaefer & Sasselov. 2015)

4 C (3 — 3 dTP_4 IAH dr, A2 4 3.3
=70, C,(r, — 1r{)—— =|4nr;AH;p,, TG+ = TP Q 1y = 15)
3 dt dt 3

Heat change in the mantle Fusion of silicates  Mantle heat flux = Radioactive decay

Tp: Potential temperature which governs the degree of melting and convection in the mantle
Ts: Surface temperature which is governed by heat balance

I's : Radius of solidification

Atmosphere } Heat (gm) —

H20, 02, H2 /
/ Heat (Q 4 Heat (AH)
Surface

L|qU|d
mantle

FeO, Fe,0;

Solid
mantle



Thermal model®

Solidification of the magma ocean proceeds from the bottom up

e Radius of solidification (Hirschmann. 2000) 006
| | Time
ag <
Ti)[l +_(rp_rs)] :agpm(rp_r8)+b S 4000
“p .
5
dr, cp(ba — ap, cp) dT, 2000 7
dt  glap,c, — aTy)* di | | |
500 1000 1500 2000 2500 3000
Depth (km)

Fig. Adiabatic temperature profile, Liquidus: black dashed line,
Solidus: grey dashed line (Lebrun et al. 2013)

e Calculation of the surface Temperature

4 dﬂur
(Cp,HzOMatm + Cpm gwpm (rp3 — 63)) aét - 47rr§ g, — 5)

Heat flux from the atmosphere

from LBL model
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Volatile model

* H20 pressure is set by its solubility in the magma ocean (Papale. 1997)

FHQO )1/0.74

344 < 109 Fhoo: fraction of water in the liquid silicate melt
44 x 10~

p(Pa) = (

e H20 exchange between boundaries with 2 differential equaitons
MY = Mis™ + Myl + Mg

_ stal I
= ko Fr,oM ™ + FyyoM™

We calculated O exchange between boundaries in the same way for H20

e Qutgassing is parameterized similar to (Sandu & Kiefer 2012)

r

— 2 avg ravg
outgass ~— dnr p P mF UcXg

melt’ melt €

avg

metr . VOluMe-averaged mass fraction of water in the melt
fue : VOlume-averaged mass fraction of the mantle

u. :the mantle convection velocity

x; :degassing efficiency
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Initial condition

e Mantle FeO Abundance: 0.1~20 wt%

e |nitial Water abundances : 0.1~1000 EOQO (Earth Ocean)
F€3+

. ~ ()
Fetotal

e Comparison of the effect of degassing coefficient X4 = 0 and Xq =1

Both Model A and B were run for a total integration of 5 Gyr
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solidification time (Myr)

Stronger XUV of Model A enhances escape of H20

Result: Magma Ocean Solidification time
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Fig. Solidification time for different initial water abundances
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fraction HZO lost
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Result: Water loss
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Low XUV, no outgassing

Thick lines: Xqa= 0 (no outgassing )
Thin lines : Xq = 1(efficient outgassing)

XUV model A

XUV model B ||
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Fig. total water loss for different initial water abundances

Water remaining conditions

* High initial water abundances
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Result: Atmospheric Oxygen buildup o, pressure

log1o (bars)
3

High XUV (model A) Low XUV (model B)
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Fig. Final O2 pressure as a function of initial H2O and F<O contents, X4 =0

e For both XUV models, O> > H2O vapor for nearly all of our parameter space

The atmosphere of GJ 1132b may be tenuous and dominated by O..

If abundant water vapor is observed, both a low flux and high initial
water is expected.




Result: Change of FeO to FeO1.5 in the mantle
XUV Model A XUV Model B
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Fig. Mantle averaged ratio of FeO1.5 to initial FeO as a function of initial H-O and FeO, xq =0

1
e At most, 10% of O2 is absorbed in magma ocean for model B FeO +202 < FeO, 5

In the case of Low XUV (model B), initial FeO abundances have stronger

effect on 02
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Discussion



Discussion: Effect of CO-

e Greenhouse effect of CO»

—p Longer magma ocean lifetimes & Additional loss
of both water vapor and O

* CO2 is soluble in metal alloy.

It would be possible that later outgassing of CO2 during post-magma ocean

== \Ne need more a detailed model to evaluate
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Discussion: Initial H2 envelope

It is possible that GJ 1132b began with an envelope dominated by Hz> gas
— Interaction of an H2 and FeO may be expected

* Reduction of FeO — Fe metal through a reaction below

H,(g) + FeO < H,O(g) + Fe
<—

The forward reaction is thermodynamically unfavorable on the present and
early Earth (Fukai 1984, Kuramoto & Matsui 1996)

Initial H2 envelope may prolong the magma ocean lifetimes
and reduce the loss of water and Oo
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Conclusion (Predictions of GJ 1132b)

* Predictions of the atmosphere

Tenuous atmosphere with a few bars of O2
and little or no steam for most of starting conditions

* Requirement for water remaining

More than ~5wt% of initial water would be required to
retain a substantial steam envelope

* Effect of interaction of magma ocean with a H2>O-rich atmosphere

Magma ocean absorbs at most 10% of the O
produced while 90% is lost to space
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Implications of special cases

Implicating ,-P : : ]
resence of an earlier Ho-rich envelope
e O, abundances > 500bars ” P

& Significant steam >500 bars

=~ [Low XUV flux over the system’s lifetime
initial water abundances > 250EQO

I Continued existence of a magma ocean

* The presence of a steam atmosphere
Implicating | 2t the surface

It was reported that transmission spectrum is best fit to the

atmosphere with H20 volume mixing ratios of 1~10%
(Southworth et al. 2017 )
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Appendix
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Appendix

XUV assumption

NUV-FUV: Hubble COS and STIS (France et al. 2016)
EUV: model-dependent scaling from Lya (Linsky et al. 2014)

X-ray: from a plasma model matched to an earlier XMM detection of flare from GJ1214
(Lalitha et al. 2014)

XUV flux(1-120nm) = 3 x 10> bolometric flux
XUV flux(120-130 nm) = 3 x 10~>bolometric flux contributed by Lya

GJ1214 as proxy'for GJ1132
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Fig. XUV flux assumption

Time evolution
Ly,y =107°L,,; Saturation

Model A:

XUV flux is 10-3 time-evolving stellar
luminosity and after 1 Gyr, declining as a
power of law with €=0.3

Model B:
XUV flux is 10-8 present-day stellar luminosity
and 0 after 1Gyr, with €=0.15
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Appendix

Thermal model

* Mantle heat flux is parameterized by the mantle Rayleigh number

k(T —T
g, = ( p surf )( Ra p k: thermal conductivity
m / Ra a: thermal expansion coefficient
cr K: thermal conductivity
3 v: kKinematic viscosity
ag(T, — Ty,
Ra =

KU

* Melt fraction ¢ (Lebrun et al. 2013)

W =

The viscosity depends on the melt fraction .

Tp o Tsolidus

Tliquidus — Tsolidus
Solid-like viscosity n

Below ¢ ~0.4, viscosity becomes solid-like. n =nyexp(—E,/(RT))

28



Appendix Line by Line model

To calculate out-going-radiation

* Monochromatic equation

F,(7,) = B (T, e " + EJ B (T)e" *~d7
0

Conditions

e 30 layer up to a minimum atmospheric pressure of 1 Pa

e Spectral calculations; 1 cm-1 ~ five times Wien peak number of the Planck function at the
given surface Temperature

* sensitivity; 5000 points in wavenumber

* Temperature assumption; a dry adiabat from the surface to the tropopause, after which a
stratospheric temperature = skin temperature of GJ 1132b (Albedo = 0.75)

e MT-CKD parametrization for far-wing absorption of strong H20 line

29



Appendix

Discussion: Transition point of Escape model

ol model A: blue /’i
/"
/.

FeO: 8 wi%
Xq: 1
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Fig. Sensitivity of the final O2 pressure to the transition point of 3 different Xu

Energy-limited hydrodynamic
Escape where P, < Py,

* Po> = PH20 ‘Transition point

Reducing the transition abundances

—  more tenuous O2

Diffusion-limited Escape: H diffuse
through O background
with no more O escape 30




