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Escaping gases

Atmospheric hydrogen and helium gases of an exoplanet that orbits closely
to its parent star can escape under strong irradiation. The escaping gas

can absorb more starlight than the exoplanet and can be detected by remote,
ground-based spectroscopy.

Hydrogen-Lyman «-1,216A

Infrared Planet

(Brogi, 2018, http://doi.org/10.1126/science.aav7010)
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FiG. 2.—Comparison of off-transit and in-transit spectra for the Si 111, H 1
O 1,and C 11 lines with 1 ¢ error bars. The off-transit spectrum is the additior
of the first exposure of the first and third visits (thin lines); the in-transi
corresponds to the addition of the fully in-transit exposure of each of the fou
HST visits (thick lines). Absorption is clearly detected in the H 1, O 1, anc
C 1 lines. No signal is detected in other lines (e.g., Si 11 ) with about the
same amplitude. The bottom panels show the high-resolution spectra obtainec
in 2001 with the echelle grating (Vidal-Madjar et al. 2003). [See the electronic
edition of the Journal for a color version of this figure.]



GJ 436 b:
Physical Parameters

Nw 75 —&H8I (Butler et al., 2004)
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Fic. 5.—Measured velocities vs. orbital phase for GJ 436 ( filled dots), with
repeated points (outside phases 0—1) shown as open circles. The dotted line is
the radial velocity curve from the best-fit orbital solution, P = 2.644 days,
e =0.12, M sini = 0.067My,,,. The rms of the residuals to this fit is 5.26 m
s~! with a reduced /X2 = 1.00. The error bars show the quadrature sum of

the internal errors (median = 5.2 m s~!) and jitter (3.3 m s !). A linear velocity
trend is found to be 2.7 m s~ ! per year.

Table 1. Physical parameters for the GJ 436 system.

HIEK DN ST LY |

(ISMIZ & %Lyman a

RUXANEREHY)
Parameters Symbol Value
Distance from Earth D. 10.14pc =31.8%5F
Star radius R, 0.44 R, M dwarf
Star mass M, 0.45 M,
Planet radius R, 0.35Ryyp =4-2 Reartn
Planet mass M, 0.073 My,
Orbital period P, 2.644 days
Transit center Ty 2454 865.083208 BID
Semi-major axis ap 0.0287 au
Eccentricity e 0.16
Argument of periastron @ 327°
Inclination Ip 86.7°
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~ #3381 (Gillon et al., 2007)
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Fig. 2. Euler V-band transit photometry. The best-fit transit curve is su-

perimposed in red.



GJ 436 b: Warm Neptune
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GJ 436 b: Lyman a Transit
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Bourrier et al. (2015a)
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Fig.2. Views of GJ436b exosphere (blue dots) from the perpendicular

to the ()Ihlldl plane. The planet is the small disk at the intersection of the
star/Earth LOS (dashed black line) and the planetary orbit (green line).
All system properties are similar in the three panels, except for radiation
pressure. Upper panel: without radiation pressure, stellar gravity shears
the extended cloud of hydrogen, and gas at shorter orbital distance than
the planet falls toward the star. Middle panel: with even a moderate ra-
diation pressure (~60% of stellar gravity at maximum), all the escaping
gas decelerates and moves to larger orbits, forming a longer comet-like
tail trailing behind the planet. This is the real radiation pressure that
corresponds to the observed Lyman-a flux. Lower panel: with a high
radiation pressure (~400% of stellar gravity at maximum), the escaping
gas is swiftly blown away. The planet is surrounded by a much smaller
coma but trailed by a narrower, more radial, cometary-tail.
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(Bourrier et al., 2015a)
Parameter Visit 2 Visit 3 Unit
Fit range Blue wing [1214.64-1215.53] [1214.68-1215.53] A
Red wing [1215.75-1216.70]  [1215.75-1216.54]7 A
ISM (H1)  logio N(HI) 18.01 +0.07 17.9070 15 cm™2
b(HT) 9.9%13 12.3537 kms™!
y(HI),. —9.1714 9.2 kms~!
LSF OLSF 0.97 +0.14 1257015 HST pixels
Stellar line  feu (1 au) 1.55%054 1.627038 ergcm 257! A
Avp 74 +3 69 +5 kms™!
Adamp 0.09 + 0.02 0.10*00>
y. 74+1.6 8.2°15 kms™!
Fiy.(Earth) 2.05%x 10713 2.01x 10718 ergcm s
Fy,(1 au) 0.90 0.88 ergcm 2 57!
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Fig. 1. Lyman-« line profiles of GJ436 for Visits 2 (top) and 3 (bot-
tom). The yellow line shows the theoretical intrinsic stellar emission
line profile as seen by hydrogen atoms escaping the planetary atmo-
sphere, scaled to the Earth distance. It also corresponds to the profile
of the ratio 8 between radiation pressure and stellar gravity (values re-
ported on the right axis). The solid black line shows the Lyman-a line
profile after absorption by the interstellar hydrogen (1215.6 A) and deu-
terium (1215.25 A), whose cumulated profile is plotted as a dotted black
line (ISM absorption in the range 0—1 has been scaled to the entire ver-
tical axis range). The line profile convolved with the LSF (blue line)
is compared to the observations shown as a red histogram. Above the
horizontal dashed line (8 = 1), radiation pressure would overcome stel-
lar gravity and accelerate particles away from the star. However with
[ values below unity, radiation pressure from GJ 436 can only brake the

gravitational deviation of particles toward the star.
LSF: Line Spread Function



EVaporating Exoplanet (EVE) Code
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dP =1 —exp[—ouu+(AV) AV ny+ dt], (1)
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netlid. BEAESAEZ TONBEKRKIC K B self-shielding #ZE L. UTOHXTEZ 3 :

st aP 2
ne (F) = (7) expl—thm (A)] 3)
; AV
THH+(A)=f”H(IJ)0'HH+(/1) v W du
bulk—wind

0

TETFIVICEBIESNBER/NT XA —% & Vstyukwind, VSttherm-wind, NStwind

13



SR EERMEA

1.

"Abrasion": [EEEICXI T 5

"Neutralized protons": [E£&

==
=S}

——f—

(=1}

N

DHNR

R

L —— =t
J @Tm\

RIPBICK > THHEEEISNTHE
N>y EER) BNEZFRK

Time of planetary neutral escape (h)

RRDIKRIRFED
SIRAMENKRIREF ( TH4E(E

I
ol
Ul

Time of proton neutralization (h)

-40 -36 -32 -28 -24 -20 -16 -12 -8 -4 40 -36 -32 -28 -24 -20 -16 -12 -8 -4 0
ICCLERE G727 7 D0 U SULY SO PP B ORI B R v R Fe e PR N N I S S S U B SR TRy
| <! bl Lk e e €X ) R T T T S e T G *® A 4
L4 Without stellar  |ooivdl e e oy < With stellar e A R R e U R N
1.0 ;: wind interactions ::":: CHw P LT ] [ wind interactions [ [ L T TS Tl A
Eei—-*f-’-'e"w"‘k‘w-/./(rr /a’z: r/(, | T T Rl St 0 T I ]
_’4/4"‘(”&/4/‘/‘/(‘/‘,(( Xy vy _7.77/4./.’4—‘4—-1—4—“4-“\$‘$¢€‘7'
"/A/"/jl,";"‘kf?ln/a?///;((,l{/{_ P PP IR SR D NSRS e e
'//**/K‘f;."?.‘/f‘/v"/‘/.‘/l"’tt.(/K:;, B et Rt e AR N SR, o, A AL
I el o i oY AP P Sy S SA RS G e CEE e e ¥
:(/‘/4/‘/'_*’1’('_“/;(({{,,’/‘/1‘11.{{ ‘l L < e e e T e e S SN
Lt R i W g ] |« B i e TSR
1 0.0—h////'kk,('(r{//-’f/ J“J“! | '/‘///4//(4/4-&-@“4-"001..
g ./“//‘fkt‘/’?"{//,{'/l%““‘l-l‘,-.', PR Bl ot D TR At R S5 SN S
= i LA AT AV e R e LN g A B ok i
S [ S A A S TR Y AT I il e R ST . -
(] = @4.\.l_\(:?".;:‘»‘\“$¥ ////,/‘/‘/(rikl—k#ktdo.
b - RV T R A o T P R A AL et A
© I S0 2 S S S T W LR A R A N .
7] I LA A AV R L A S TR * N Y
B -1.0fF S g =Y N SN LA AR GREG R TR
i VAR G B I T A S S Y T R
- Wyen i SPLTALTAS T A AR By N ST
[ e R B RN TS PALTAAAA A A LR NN
I s e L /LA AAA AT A G5 AN \4\'\,?\\.
: WL I e L VL GEALTTAL NS SRR N |
i g v/.///./uxlutzxx,&_,.V,ﬁ%"\\\
i jf NN
2.0 35y COU } tl“\}i‘&'k
- — - v 1 1
- / [ ] [T fH\\ N (Orbital velocity ~ 100 km/s
1 1 .
- 1 LU L SW velocity ~ 85 km/s)
PR I T T ST T S A ST | I T T S S S S I I T S ST S SO T S | I S T S S S N S | I T S T S S S W1 [ T
-3.0 -2.0 -1.0 -3.0 -2.0 -1.0 0.0

D|Stance (aphuut)

14

D|Stance (aplamf)



FURIM SEVE/NT X — 45 Z #l#Y
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VStwind) 75—: ?&EE

Table 4. Best-fit parameters and 10 uncertainties derived from the fits to the Lyman-a line observations of GJ436 b in Visits 2 and 3.

Parameter Visit 2 Visit 3 Unit
My 2.5 x 108 2.50% x 108 g5
Lion 22t82 X 107 241-11(6) x 1072 g1
Usvind 50:2 60i2 kms™! error barla:
bulk —wi 85 8510 km s~ minG@+1
bulk—wind k¥ 4 -
TS 12+ 1.2x 10* 1.2 +1.2x 10* K S BIETRH
:ltl;m—wind 10+ 10 10 + 10 kms™!
:\t/ind 13t82 x 10° 33:L]]8 x 10° cm™
2
X 203 182 :
d.o.f. 200 198 -> good fit!

Notes. () The thermal velocity is calculated from the values obtained for the stellar wind kinetic temperature. n®. . I'j,,, and My are given at the

distance of the semi-major axis (a, = 0.0287 au).
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(Tanaka et al., 2016, https://doi.org/10.14909/yuseijin.25.2_46)

o
MHD;EE)H\EXEN I 5 KK
CRMAHELT = 41 |
HEMHZEE) N

o NERRDY A XZFHAT 5D ICBBEIZKRAD : - =\
REN EEAEE L]
I VPuing ~40-70 km/s £, XUVAIEMC & 2 — ER S
MHD B S "

AN ZRRBICDOWTFREIENTWSE (~1-10

km/s) EEHNTEIT =S R BERAEEIC & 3 BRI E I OERE. Kok
IXRER O DEERARMERLTINE., KENEIS%E

FoTHhY, RAIC—EDRIDERNGFET SI5E, &
HCHIIME RSN EINT LEENEGETS. LETH

e BEMZSITHIITERE LT, LEXRKFDMHD BoWaRL TARENML, S1AAREBYT S LT
JRE) (Suzuki & Inutsuka 2005, 2006; Tanaka et al.

~ 70 T . T T T
Tk 102
2014, 2015) A& X% Ceol -
= I 110" o
i \\ﬁ\ o/ 00 % 41010 §
RERHE COREEDHNEZEDE-17%12E (800 K 540 ;
£ _ 410° &
vy — SN = 30F -
ZIRET 5 E2.4km/s) HNlE. RESNTEEMR - .
. £ 20 310° 2
ZHETES 5 |
o S IS R ST S RS S S RS
100.05 0.10 0.15 0.20 0.25 0.3010
ov/Cg
;L'E'&Qﬁg_gla\ L C 0)7[%%’ % Li@f\j] %ﬁb{\ﬁlﬁ L\—C L) %)%E\iﬁ {,C BE Fig. 5. Dependence of the maximum wind velocity (dashed line) and
. total planetary mass-loss rate (solid line) at the Roche radius as a func-
fE_" é 5 75\ Eﬁ ; J CEVE> =2 L — =4 J:I: $§E H tion of the velocity dispersion at the planet surface (note that the two
o vertical axes do not correspond). Results come from 1D simulations of
~ 3= N — — S [— atmospheric outflows induced by MHD waves. Ranges of v°. . values
o ‘j: /) ”’Hj h\T@ L(" BEE é ;h’—( LY % t Li% A (’(" < LY derived from the observations are highlighted as blue (Visit 2)dand red

(Visit 3) shaded areas, allowing an estimation of the required velocity
dispersions and corresponding total mass loss.
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e EVETODlontEEDHIFIE U T

’—?ﬁ rion @ :.FEEE

e BILINIEEARFDLYMan affHS#EE UTZEUVAXRY ML &Chandra™T
(EVE& IFHRIZIC) HEBEHERZITE T D &, #)
EEEERIEE T H T 2.3+08,05 x10-5 1 (Visit 2), 2.2+1.37 x105 s-1 (Visit 3)

\/\—(\

TANDEEZITEAELW)

911.8A
— F /l ion /l
rion:f EUV(h)‘T @D a4
c

Tion = 6.538 X 10772 (
Va

X (1 — 28846.9)> 120185

W% (fcleL7avTa VIR A Y

Table 3. X-EUV emission of GJ 436 b.

A,

79,62 ~2.963
— + 1)

Wavelengths ~ Stellar flux at 1 au  Stellar flux at the semi-major axis ~ Stellar luminosity

(A) (erg 57! cm‘z) (erg sThem™?) (1026 erg s7)
Visit 2 Visit 3 Visit 2 Visit 3 Visit2  Visit 3
5-1007 0.205 — 249.0 — 5.77 -
100-200 0.290 0.283 351.4 344.0 8.14 7.97
200-300 0.254 0.249 308.2 301.7 7.14 6.99
300400 0.224 0.219 272.2 266.4 6.30 6.17
400-500 0.007 0.007 8.2 8.0 0.19 0.19
500-600 0.017 0.017 21.0 20.3 0.49 0.47
600-700 0.016 0.015 19.0 18.5 0.44 0.43
700-800 0.025 0.025 31.0 30.0 0.72 0.69
800-912 0.045 0.043 54.8 52.8 1.27 1.22
912-1170 0.085 0.083 102.8 100.6 2.38 2.33
Lyman-a 0.897 0.878 1088.5 1065.5 25.22 24.68

Notes. ' X-ray emiss%n5fr0m Chandra measurements (Ehrenreich et al. 2015).
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Owen & Alvarez (2016)

Energy-limited regime T®D (XX 7?) BUEXZLITOR (e.g.,
Bourrier et al. 2015b) TREBEH % &

. 3FX EU\/(laU)
M =n L\ : (6)
4G(li§/) K(idc

=n2.2+0.6x1010¢g/s

I'I'

(NDEFHMEIL10-20% 12 E)

FoTHOZ LEBRTDKEDEIEZET ZE. MO = fi0 Mot H S nfi0
~1.2+05x102 15513
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(Marois et al., 2008, doi:10.1126/science.1166585)
http://www.manyworlds.space/index.php/2017/01/24/a-four-planet-system-in-orbit-directly-imaged-and-remarkable/

Direct
Imaging

HR 8799 b

__HR8799b
HR 8799 ¢ =

1*_‘
¥

-

exoplanets.org | 1/7/2019 |

* HR 8799 d

#

Jason Wang /
2009-07-31 M Christian Marois

oot o1 _______t 10



