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ABSTRACT

When transiting their host stars, hot Jupiters absorb abo4t of the light in the wings of
the stellar Lyman-alpha emission line. The absorption ccatiwavelengths Doppler-shifted
from line center by-100 km's — larger than the thermal speeds with which partially redutr
~10* K hydrogen escapes from hot Jupiter atmospheres. It has freposed that the ab-
sorption arises from 1P K hydrogen from the host stellar wind, made momentarily reut
by charge exchange with planetary H I. Th&00 knys velocities would then be attributed
to the typical velocity dispersions of protons in the stelland — as inferred from space-
craft measurements of the Solar wind. To test this propesaberform 2D hydrodynamic
simulations of colliding hot Jupiter and stellar winds, mented by a chemistry module to
compute the amount of hot neutral hydrogen produced by ehaxghange. We observe the
contact discontinuity where the two winds meet to be Kelglmholtz unstable. The Kelvin-
Helmholtz instability mixes the two winds; in the mixing ky charge exchange reactions
establish, within tens of seconds, a chemical equilibrinwlnich the neutral fraction of hot
stellar hydrogen equals the neutral fraction of cold planehydrogen (about 20%). In our
simulations, enough hot neutral hydrogen is generatedoimadeice the transit observations,
and the amount of absorption converges with both spatialutsn and time. Our calcu-
lations support the idea that charge transfer betweerdaajliwinds correctly explains the
Lyman-alpha transit observations — modulo tifkeets of magnetic fields, which we do not
model but which may suppress mixing. Other neglectiztés include, in order of decreasing
importance, rotational forces related to orbital motiomauity, and stellar radiation pressure;
we discuss quantitatively the errors introduced by our @piprations. How hot stellar hydro-
gen cools when it collides with cold planetary hydrogen soatonsidered; a more careful
treatment of how the mixing layer thermally equilibrateghtiexplain the recent detection
of Balmer Hx absorption in transiting hot Jupiters.

Key words: stars: winds, outflows — planets and satellites: atmosghetime: formation —
methods: numerical — ultraviolet: planetary systems

1 INTRODUCTION from their host stars and bathed in intense ionizing fielg®ecSs

. troscopy withHST reveals absorption depths e2-10% in var-
Gas-laden planets lose mass to space when their upper atmo-

. N ious resonance transitions (H I, O I, C Il, Si lll and Mg II)
spheres are heated by stellar ultraviolet (UV) radiatiobiqui- when the planet transits the star, implying gas outflows éxat

tous in the Solar System, thermally-driven outflows modie t e 1ot caveral planetary radii (elg.. Vidal-Mag al.

compositions of their underlying atmospheres over geoltigie 3 - i, 2004 7 -
(e.g., Weissman et dl. 1999). Thanks to tHebble Space Tele- 200 fVMOPj \ﬁdgl Madjar et = 20 B.enqﬂl 2007 Ben Jﬁe.

scope (.HS'Ij)esc.aplng winds are nOV\./.observgd from extrasolar Fossati et all 2010; Linsky etldl. 2010). Recent observatioh
hot Jupiters: Jovian-sized planets orbiting at distarc€s05 AU HD 189733b also indicate temporal variations in H | Lyman-

a absorption, possibly correlated with stellar X-ray adyivi

(Lecavelier des Etangs etal. 2012). These data promise e co
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strain the compositions of hot Jupiter atmospheres andeabeeds

to which they are vertically mixed (Liang et/al. 2003; Mosesle
).

The HST observations of hot Jupiter winds are accompanied
by theoretical studies that model planetary outflows stgrifom
first principles (e.g..Yelle 2004; Yelle 2006; _Tian et al.080
IGarcia MufidZz 2007; Murray-Clay, Chiang, & Murray 2009, 90
These 1D hydrodynamic models generally agree that hotehgpit
like HD 209458b and HD 189733b are emittilg ~ 10°—
10" g/s in mostly hydrogen gas. Three-dimensional models in-

clude|Lecavelier des Etangs ef al. (2004) and Jaritz et 8DHR

who emphasize the importance of tidal forces.

Do the models agree with the observations? Linsky et
al. (2010) find that their observations of C Il absorption iD H
209458b can be made consistent with modeled mass lossaates,
suming the carbon abundance of the wind is not tétecént from
solar. More comparisons between observation and theorydwou
be welcome—particularly for hydrogen, the dominant congun
of the wind. But the observations of H | absorption have pnove
surprisingly dificult to interpret. On the one hand, the original
measurements by VMO03 indicate substantidl@%) absorption at
Doppler shifts of+100 knys from the center of the H | Lymaan-
line. On the other hand, theory (e.g., M09) indicates thahel
tary outflows, heated by photoionization to temperatdres 10
K, blow only at~10 kmys. How can such slow planetary winds
produce significant absorption atl00 kns? Measurements of
blueshifted velocities as large as -230 /knin the case of HD
189733b only accentuate this problem (Lecavelier des Btanal.
2012).

Holmstrom et al.[(2008, HO8) propose that the observedener

lar tidal gravity, and magnetic fiellsOur goal is to develop a first-
cut hydrodynamic-chemical model of the contact discoritynioe-
tween the two winds where material mixes and charge exclsange
Simple and physically motivated scaling relations will bevel-
oped between the amount of H | absorption and the properties o
the stellar and planetary winds.

The plan of this paper is as follows. §Pl we describe our
numerical methods, which involve augmenting our grid-dasg
drodynamics code to solve the chemical reactions of chaxge e
change, and specifying special boundary conditions toclauhe
two winds. In§3we present our results, including a direct compar-
ison with the H | Ly-a transit spectra of VM03, and a parameter
study to elucidate how the absorption depth varies withestahd
planetary wind properties. A summary is giver§if together with
an assessment of the shortcomings of our study and pointeasd
future work.

2 NUMERICAL METHODS

In §2.7 we describe the hydrodynamics code used to simulate the
colliding planetary and stellar winds. §2.2 we detail the charge
exchange reactions that were added to the codi2.lh we outline

our post-processing procedure for computing the Lymadrans-
mission spectrum. As a convenience to reader§Zid we re-cap

the diferences between our treatment of colliding winds and that
of ELQHO08.

2.1 Hydrodynamics. Codeand Initial Conditions
Our simulations are performed withERACLES I.

getic neutral H atoms arise from charge exchange between pla [2007) a grid-based code using a second-order Godunov scheme

etary H | and protons from the incidestellar wind. In this in-
terpretation, the:100 km's velocities correspond to the thermal
velocities of 16 K hydrogen from the star—hydrogen which is
made neutral by electron-exchange with planetary H I. The si
ation is analogous to that of the colliding winds of O stardbies
(Stevens et al. 1992; Lamberts et al. 2011, and refereneesiti).

The H | Lymane absorption arises from the contact discontinuity

where the two winds meet, mix, and charge exchange to produce

hot neutral hydrogen.

The calculations of H08, and those of the follow-up study

by [Ekenback et &l] (20110, E10), are based on a Monte Carlo al-

gorithm that tracks individual “meta-particles” of neutingdrogen
launched from the planet. The meta-particles collide arafgeh
exchange with stellar wind protons outside a presumed tdane
magnetosphere, which is modeled as an “obstacle” in theesbap
a bow shock. Good agreement with the dyebservations is ob-
tained for a range of stellar and planetary wind parameses for
a range of assumed obstacle sizes.

In this work we further test the hypothesis of charge ex-

change first explored by HO8 and E10. Our methods are com-

plementary: instead of adopting their kinetic approach,seke

the hydrodynamic equations. We do not prescribe any ofestacl
deflect the stellar wind, but instead allow the planetary sted-

lar winds to meet and shape each other self-consistentlyheia
ram and thermal pressures. Some aspects of our solutionoare n
realistic—we ignore the Coriolis force, the centrifugatde, stel-

to solve the Euler equations:

op B
. ot +V-(V) = 0
%+V~[pV®V+pI] - 0
%—E+V-[(E+ pvl] = 0

PX 9 pxv) = 0 M

ot
Herep, V, p, andE are the mass density, velocity, pressure, and
total energy density, respectively (elg., Clarke & Car$\26D3).

The code tracks abundances of individual specke$s the mass
fraction of thei" species of hydrogen, where {1, 2, 3, 4} to cover

four possible combinations of ionization state (eithertra@wr ion-

ized) and temperature (either “hot” because it is arises fiwe star
or “cold” because it arises from the planet). The outer pobdsi

denotedy, andl is the identity matrix.

All our simulations are 2D Cartesian in the dimensiargstel-
locentric radius) and/ (height above the planet’s orbital plane).
Equivalently the simulations may be regarded as 3D, but nith
rotation and with a star and a planet that are infinite cyliade

1 For recent explorations of star-planet interactions idicly magnetic
forces, se a,b). These simulations doesotve the
mixing layer interface between the stellar and planetarydwi

2 httpy/irfu.cea.ffProjetgSite_heraclegndex.html

© 0000 RAS, MNRASD00, 000-000



oriented parallel to the-axis. At fixed computational cost, two-
dimensional simulations enjoy better spatial resolutlmamtthree-
dimensional simulations and thus better resolve the fluitalnil-
ities at the interface of the two winds. The standard box &ze
(Lx, Ly) = (40R,, 60R,), whereR, = 10'° cm is the planet radius.
The number of grid points ranges up t§,(Ny) = (640Q 9600);
see Table 1.

Colliding Planetary and Stellar Winds 3

A circle of radiusiaunchp = 4Ry, centered at position ) =
(30R,, 30R,) (where the origin is located at the bottom left corner
of the domain), defines the boundary where the assumed pgotro
and radial planetary wind is launched. The properties ofsiur
ulated planetary wind, which are similar to those of the stan
dard supersonic models of HD209458b by Garcia-Mufioz 7200

and Murray-Clay et al[ (2009), are listed in Table 1, and @ c

The star and its wind are modeled after the Sun and the So- stant in time along the circular boundary. The density ardcve

lar wind. The stellar wind is injected through the left eddehs
simulation box; the densities, velocities, and tempeestun the
vertical column of cells at the box’s left edge are fixed indim
Stellar wind properties as listed in Table 1 are given foetiaten-
tric distancer = rjaunch = SRy, Near the box’s left edge. Here the
stellar wind density, temperature, sound speed, and floedspee
setton, = 29x 10* cm 3, T, = 1P K, c. = 129 km's (computed
for a mean molecular weight equal to half the proton mass;capp
priate for anf; = 100% ionized hydrogen plasma), and= 130
km/s (Sheeley et dl. 1997: Quémerais ét al. 2007; se¢ also temai
), respectively. Our stellar wind parameters are shahthe
implied spherically symmetric (3D) mass loss rate ¥s1D* g/s or

2 x 10714My/yr.

Our stellar wind parameters are similar to those of the “5low
Solar wind in the Sun’s equatorial plane. Compare our clsoideh
those of Ekenback et al. (2011), who adopt a stellar wineédué
450 kmys. Their speed is closer to that of the “fast” Solar wind
which emerges from coronal holes. At Solar minimum, the fast
wind tends to be confined to large heliographic latitude$afpe-
gions), but at Solar maximum, the coronal holes migrate weeto
latitudes and the fast wind can more readily penetrate te¢hp-
tic (Kohl et all 1998 McComas et al. 2003; S. Bale 2012, peaso
communication). Evaporating hot Jupiters like HD 209458kl a
HD 189733b have orbit normals that are nearly aligned with th
spin axes of their host stars (Winn etlal. 2005; Winn et al.6200
Because such planets reside near their stellar equattaisg the
slow equatorial Solar wind seems a better guide than therfese
polar wind; nevertheless, as noted above, the fast windag/krio
extend to low latitudes, and the speeds and densities ofviiatis
vary by factors of order-unity or more with time.

The stellar wind velocity at the left boundary is not plane-
parallel but points radially away from the central star éisd out-
side the box). The density, velocity, and temperature irh easd!

ity of the planetary wind at this boundary are such that if the
wind were spherically symmetric, the mass loss rate would be
1.6 x 10" g/s. This value lies within the range estimated from

observations by Linsky et al. (2010) and from energetic con-
siderations (e.g i ;

). Note that + f} = 20% of the planetary wind at launch
is neutral [(Murray-Clay et al. 2009) and available for cleasx-
change. This neutral fraction represents a balance betpken
toionizations by extreme UV radiation and gas advectioneaf-n
trals at a planetary altitude of 4-/&, (Murray-Clay et al. 2009).
The planetary and stellar winds are barely supersonic ackau
(Mach numberav, = 1.2 andM, = 1.01).

Gravity is neglected, as are all rotational forces. The jpres
sure p is related to the internal energy densiy= E — pV?/2
via p = (y — 1)e, wherey = 1.01. That is, gas is assumed to be-
have nearly isothermally. This isothermal assumption khoot be
taken to mean that the temperature is the same across thatimu
domain; the temperature of the stellar wind at injectiom,is= 10°
K, while that of the planetary wind i$, = 7000 KA Rather, the
two winds, as long as they remain unmixed, tend to maintagir th
respective temperatures as they rarefy and compress.lity,reéree
stellar wind can keep, in and of itself, a near-isothermafifa on
length scales of interest to us because thermal conduaties (es-
timated, e.g., using the Spitzer conductivity) are shomjgared to
dynamical times. Treating the planetary wind as an isothéfiow
is less well justified, as cooling by adiabatic expansiontzaa sig-
nificant portion of the energy budget (Garcia-Mufioz 20009).
Nevertheless the error incurred by assuming the planetang is
isothermal is small for our standard model because the fa@ane
wind hardly travels beyond its launch radius d&4before it en-
counters a shock; thus rarefaction factors are small. Eurtore,
as noted above, shock compression factors are modest bebaus
speed of the planetary wind is only marginally supersonibeYg

at the boundary are computed by assuming that the central sta the stellar and planetary winds meet and mix, the code @sceb

emits a spherical isothermal wind whose velocity growsdihe
with stellocentric distance and whose density decreases as’.1
These scalings, which are modeled after empirical Solad wiea-
surements (e.g., Sheeley et al. 1997) and which maintaistaon
mass loss rate with, are used only to define the left-edge bound-
ary conditions and are not used in the simulation domainfl@ut
boundary conditions are applied at the top, bottom, and gdbes

of the box.

As a final comment about our choice of stellar wind parame-
ters, we note that they are valid for the left-edge boundary-a
lNaunch- = DRe—not for the planet’s orbital radius of= 10R,. The
left-edge boundary must be far enough away from the plam@t th
the stellar wind properties at the boundary are well-apipnated
by their “free-stream” values in the absence of any plagevar
stacle. We will see irf{3 that the stellar wind slows considerably
betweenr = 5R, andr = 10R, as a consequence of the oncom-
ing planetary wind. This region of deceleration is abseomfthe
models of HO8 and E10.

© 0000 RAS, MNRASD00, 000—-000

intermediate temperature 1R < T < 10° K. This temperature, as
computed byHERACLES, is used only for the hydrodynamic evolu-
tion; it is not used for computing either the charge exchanege-
tions §2.2) or the transmission spectrudP(3).

Each simulation is performed in two steps. First only thepla
etary wind is launched from its boundary and allowed to fil &m-
tire domain for 2< 10° seconds. Second the stellar wind is injected
through the left side of the box, by suitable assignment afsgh
cells. This two-step procedure was found to minimize tramtsi.
The simulations typically run for & 1¢° s, which corresponds to
~60 box-crossing times for the stellar wind in the horizomuliaéc-
tion.

3 In the standard model of M09, the temperature starts®r* K at
a planetocentric radius of. 1R, — consistent with the observations by

Ballester et I.7) — and cools #8000 K at R,. The temperatures

calculated bmm

07) &glare 60007000 K.
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Table 1. Parameters of the winds at

launch, and of the simulation box

Stellar Wind Planetary Wind
Iaunch+ = SRo dlaunchp = 4'Rp
n. = 2.9E4cm® np = 3.9E6cm®
T, =1E6K Tp=7000 K

v, = 130 km's Vp =12 knys
fr=1 fy =0.8

c. =129 km's cp=10kms

M. =1.01 Mp=1.2

radial (x) direction

vertical Y) direction

Ly/Rp = 40
Ny = 50, 100, 200,400,
800, 1600, 3200, 6400

2.2 Charge Exchange

Ly/Rp = 60
]N=75, 150, 300, 600,
1200, 2400, 4800, 9600

Charge exchange consists of the following forward and seves-

actions:

0 0
Hi +H, 2 Hyp+H{

@)

Hot (subscripth) ionized (superscript) hydrogen emitted by the
star can collide with cold (subscrig) neutral (superscript 0) hy-
drogen emitted by the planet, neutralizing the former amizing

the latter while preserving their

kinetic energies. Thesrse reac-

tion occurs with an identical rate cieient (units of cni/s; 3 is
the cross section multiplied by the relative velocity).

We have added reactiohl (2) HERACLES by integrating the
following equations in every grid cell (we refer to this port of
the calculation as the “chemistry step”):

d(nux)

G = PO —x)

d(nux) . d(nu )
dt dt

d(nuxg) _ d(nkx)
dt dt

dinkx))  d(nkx})
dt T

XX+ X+ =1. 3

Hereny is the total hydrogen number density (regardless of ioniza-
tion state or temperature), an(gfh) is a number fraction (equiv-
alently a mass fraction because the only element treatetiein t
simulation is hydrogen). The rate deientg = 4 x 108 cm’/s

is calculated by combining the energy-dependent crossosect
ILindsay & Stebbind< (2005) with a Maxwellian distributicr the
relative velocity between hydrogen atoms at the two (carstam-
perature§. andT,. The finite-diference forms of equatiorid (3) are

+(n+1)

%h

O(n+1),,+(n+1) _

=
Xg(n+1) _ Xg(n) — x;(ml) _ X;:(n)

+(n)

xz(ml) _ X;(n) — _X;(Wl) +%
xg(n*'l) _ Xg(n) — _X:]'(n*'l) X:]'(n)
x;(”) + Xﬂ(") + XC(n) + Xc(n) =1 (4)

where the superscriph) refers to then™ time stepp = gnyAt, and
At is the integration time step GfERACLES. Because the righthand

x‘;(m 1) >((C)(n+l))

side of the first of these equations is evaluated at stef) instead
of step @), our scheme is implicit. The first equation combines with
+(n)

the others to yield
[X® 4 b(x® 4 x0) (™ 4 )|
x;(ml) _ Th (5)

from which the remaining number fractions at time stap+(1)

are derived. Because our solution is implicit, the dimemisiss
timestepb can exceed unity (as it does for our runs at low spatial
resolution), and the system will still relax to its correquéibrium.
This chemical equilibrium is discussed furtheii&i2.3.

Note that in contrast to HO8 and E10, our calculations accoun
for the reverse reactiod? + H; — H; + HY. Accounting for the
reverse reaction helps us to avoid overestimating the anufunot
neutral hydrogen. Our calculations nf are still overestimated,
however, because we neglect thermal equilibration, icalirng of
hot hydrogen by collisions with cold hydrogen.§4.7 we estimate
the error incurred to be on the order of unity.

Our calculations of the neutral fraction in the mixing lager
not explicitly account for photoionizations by Lyman caontum
photons, radiative recombinations, or advection of néutydro-
gen from the planetary wind — but thesffeets are already in-

cluded by Murray-Clay et al. (2009) whose planetary wincapar

eters we use; sef 1.

2.3 Lyman-a Absorption

The transmission spectrum in the Lymarine is post-processed,
i.e., calculated afteMERACLES has finished running. Both hot and
cold neutral hydrogemf andn?) contribute to the Lyma-optical
depth. It is assumed that the hot and cold neutral hydrogemotio
thermally equilibrate (sef4.1 where we question this assumption).
Thus in computing the opacity due to hot hydrogen, we adopt a
kinetic temperature of, = 10° K, and in computing the opacity
due to cold hydrogen we takg, = 7000 K. In each grid cell,
the wavelength at line center is Doppler shifted accordmghe
horizontal component of the bulk velocity (the observeroighe
far right of the simulation box). Voigt line profiles are useih a
damping constant (Einstein A cfieient) equal td” = 6.365x 10°
s (e.g.] Verhamme et Al. 2006).

For each wavelength, the line-of-sight optical depth(y)
is evaluated along each horizontal row of cells pointinghi® star
(lying between the white dashed lines in Figures 1[@nd 2) totad
absorption is then computed as

A1) = (1 - exp-7)) (6)

where() denotes a 1-dimensional spatial average gveIf course

the star actually presents a circular disc, but becauseiltingdes

tion is only 2D, our simple 1D average seems fair. The abgworpt
profile A(1) can be computed for every snapshot (timestep) of the
simulation.

2.4 Differences Between ThisWork and E10/H08

The main diference between our methods and those of/IH08
is that we numerically solve the equations of hydrodynarnmica
2D geometry, whereas E/H08 simulate collisions of hydrogen
“meta-particles” in a more kinetic, 3D treatment. Neithez nor
they compute magnetic forces explicitly.

E10 include forces arising from the orbit of the planet about

© 0000 RAS, MNRASD00, 000-000



the star, including the Coriolis force, the centrifugalderand stel-
lar tidal gravity. We do not. Our focus is on resolving mixiagd
charge exchange in the interface between the two winds. dt th
end, we solve for both the forward and reverse reactions afgeh
exchange (equatioh$[2-3), whereas/HDB solve only for the for-
ward reaction. Our equations permit a chemical equilibrtorbe
established in the mixing layer; s§8.2.3. Furthermore, the struc-
ture and geometry of the interaction region between the timalsv
are direct outcomes of our simulations, whereas the shageeof
interface layer is imposed as a fixed “obstacle” in the st
of E10.

Other diferences include our treatments of the planetary and
stellar winds. We account for both the neutral and ionizedpo-
nents of the planetary wind; E10 assume the planetary outflow
purely neutral. We draw our parameters of the stellar windnfr
those of the slow equatorial Solar wind, which blows~t30
km/s at a stellocentric distance of= 5R, (Sheeley et al. 1997,
Quémerais et al. 2007). E10 take the stellar wind to blow5éx 4
kmy/s, while HO8 take the stellar wind to blow at 50 lenNeither
work accounts for how the stellar wind decelerates due tmits
teraction with the planetary wind, whereas in our simulaithe
deceleration zones are well-resolved.

We will review again our simulation methods, and assess the
severity of our approximations, §.1.

3 RESULTS

Results for Lymanx absorption by the mixing layer, including nu-
merical convergence tests and a direct comparison withredse
tions, are given i§i3.1. A parameter study is describediB.2.

3.1 Absorption vs. Spatial Resolution and Time

In Figured anfl2, we present results at our lowest(38) and
near-highest (320& 4800) spatial resolutions, respectively. The
simulations agree on the basic properties of the flow. Thegbéay
wind is launched from the red circle and encounters a bowkshoc
visible in the left panels as a curved boundary separatinggs
(unshocked planetary wind) from red (shocked planetarydyvin
The radius of curvature of the planetary wind shock is roughl
~6R,,. Outside, the red region of thicknesSR, contains shocked
planetary wind.

The stellar wind encounters a weak shock—visible as a near-
vertical line separating dark blue from lighter blue in teé&-hand
panels of Figurels] 1 afid 2—at a distance bR, from the left edge
of the box. The shocked stellar wind is diverted around tlae e
by the pressure at the stagnation point where the two windideo
head on.

We observe that both winds accelerate somewhat before they

encounter shocks. For our standard model, the Mach numbers a
M, < 1.3 andM, < 1.5 (for the parameter study simulations
of §3:2, M, can grow up to 2-3). Density enhancements are thus
modest—Iless than a factor of 2.

The contact discontinuity between the stellar and plagetar
winds separates light blue from dark red in the left panéis.lami-
nar at low resolution but breaks up into turbulent Kelvinkidisoltz
rolls at high resolution (cf. Stone & Proga 2009 whose spetis
olution was probably too low to detect the Kelvin-Helmhatigta-
bility). The middle panels plot the density of hot neutratihygen

© 0000 RAS, MNRAS0D00, 000—-000
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produced by charge exchange in the mixing layer. The “he&d” o
the mixing layer, located near the stagnation point, spahsane

or two grid cells in the low resolution simulation. The higfsolu-
tion simulation resolves much better the head of the mixaygH.
Zoomed-in snapshots of the head will be presentefBid.

In Figure[3, the star-averaged absorptidrat an equivalent
Doppler velocity of+100 knys (redshifted away from the observer)
is plotted against time for a range of spatial resolutiomsnit = 0
to 2x 10° s, the planetary wind fills the simulation domain; the
absorption quickly settles down to a value~##%. At these early
times, only cold T, = 7000 K) neutral hydrogen from the planet is
available to absorb in Ly and it is clearly insfiicient to explain
the absorption observed withST.

Starting att = 2 x 10° s, the stellar wind is injected into the
box. The absorption attains a first peak when the planetatygt-
lar winds reach a rough momentum balance and a mixing layer
containing hot T. = 10° K) neutral hydrogen is established. The
height of the first peak decreases with each factor of 2 ingrrmnt
in grid resolution until a resolution of 3200x4800 is reathEn-
couragingly, all of the absorption values calculated inthgous
simulations converge at late times.

The 3200x4800 run is the best behaved, with the absorp-
tion holding steady af ~ 9% for 1 s. Compared to all other
simulations at lower resolution, the 3200x4800 run is thé/ on
one in which Kelvin-Helmholtz rolls appear (more on the Kelv
Helmholtz instability in§3:2.2).

We further tested the convergence of the 3200x4800 run by
performing an even higher resolution simulation with 642600
grid cells. Because of the expense of such a simulationnitieli
conditions of the 6400x9600 run were taken from the 32008480
run att = 10° s, and integrated forward for onlyx310° s (approx-
imately 9 box crossing times for the stellar wind in the honial
direction). The absorption values versus time for the 696080
run are overlaid in FigurE]l 3 and are practically indistirsaible
from those of the 3200x4800 run. Having thus satisfied ouvesel
that the 3200x4800 run yields numerically convergent tesute
will utilize this grid resolution (00125, per grid cell length) for
further experiments to understand the dependence of tloegiiosn
on input parameters, as describediid.

Figure [4 plots the absorption spectrum for our standard
3200x4800 simulation dt= 2 x 10° s. The absorption is eval-
uated at wavelengthdfset from the central rest-frame wavelength
of the Lymane transition by 9 Doppler-shift velocitieav. Ab-
sorption at -50 kifs is stronger than at50 knys, a consequence
of neutral, charge-exchanged hydrogen from the star aedtiig
from the stagnation point toward the observer. At largeoeities
|Av| > 100 knys, the spectrum is more nearly reflection-symmetric
aboutAv = 0, because the broadening is purely thermal,a¢ 10

Figure[® displays the same information as in Fiddre 4 but in
the full context of theHubble Space Telescopdservations. The
agreement between the modeled and observed in-transttajgec
encouraging.

3.2 Scaling Relationsfor Absorption in the Mixing L ayer

To understand how absorption in the mixing layer dependsion i
put parameters, we performed 3 additional simulationsingrihe

launch propertiesy,, n., v, and Tj,. The altered parameters are
listed in Table[®. For all 3 simulations, the box size was main
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Figure 1. Snapshots of total density and velocity (left panel), dgrsi hot neutral hydrogemﬁ, middle panel), and temperature (right panel) of the 50x75
simulation, with parameters listed in Table 1. Snapshasaken at = 2 x 10° s. The temperature map shown in the right panel is computétEkyCLES

and used only to compute the hydrodynamic evolution; it isused to compute the charge exchange reactions or the Lynspeetrum (se@Z.2£2.3). The
two dashed white lines represent sightlines to the steltard.
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Figure 2. Same as Figulld 1 and for the same simulation parameters &griat resolution of 3200x4800. Kelvin-Helmholtz rolls hetcontact discontinuity
first appear at this resolution. An even higher resolutio4f0x9600 yields the same star-averaged absorption; gaecB3.

tained at [ L,) = (40R,,60R,) and the grid resolution was  on the properties of the mixing layer with order-of-magdétscal-
(Nx, Ny) = (320Q 4800). ing relations. The mixing layer’s location is analyzed§i2.1; its
thickness ir3.2.2; the densities of its constituent specie§3?.3;

Note that our parameter study is not exhaustive. For example - > v .
and the column density and absorptivity of hot neutral hgdroin

none of the simulations listed in Taljlk 2 varies the Mach remalb
launch of either the planetary or stellar wind. Actually veé per- B.2.4.

formed simulations varying the Mach number of the stellandwi

These behave as we would expect—in particular, increadinig-

creases the amount of absorption because of the increasgues

sion in the stellar shock. Nevertheless we elect not to dethese ~ 3.2.1  Location of the mixing layer
extra simulations in our parameter study below. Magnetidgiae-
glected by our simulations but certainly present in theatelind

if not also the planetary wind, would §&n the gas and prevent the
kind of compression that we see when we rdike

Along the line joining the planet to the star, the mixing laye
equivalently, the contact discontinuity—is located aprately
where the two winds reach pressure balance:

In the following subsections, we explain our numerical hssu p.(V+?) = pp(vfJ + cf,) . @)

© 0000 RAS, MNRASD00, 000-000
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Figure 3. Lyman- absorptionA (equatior_B), evaluated at a Doppler-shift velocity+df00 knys from line center, versus time and spatial resolution. The
absorption converges in time for all simulations, but ordy drid resolutions of 3200x4800 or greater does a uniqueevidr the absorption emerge. The
3200x4800 simulation is also the lowest resolution run smhkes Kelvin-Helmholtz billows; see Figulé 2.
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Figure 4. Lyman- absorptionA versus Doppler-shift velocitgv from line
center, evaluated for our standard 3200x4800 simulatidn=ag x 10° s.
Absorption at -50 kifs is stronger than at50 knys because of the bulk mo-
tion of charge-exchanged neutral hydrogen streaming fl@rstar toward
the observer. The line wings at larger Doppler shifts anmarily thermally
broadened aT, = 10° K. The absorptiom ~ 9% atAv = +100 knys, in
accord withHSTobservations; see Figuré 5.
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Table 2. Launch parameters for the 3 additionalR}0x 60R, simulations
at 3200x 4800 resolution. The stellar parametersandT. are kept at their
nominal values from Tab[g 1. Note that none of the Mach nusibeange.

Nominal ) n. | Vp, Tp 1
n. 2.9E4cm® 2.9E4cm® 9.7E3cm®  2.9E4cm?®
n, 3.9EGcm®  1.2E7cm®  3.9E7cm®  3.9E6cm®
vp  12kms 12 kmjs 12 knfs V3x12 ks
Tp 7000 K 7000 K 7000 K 21000 K
R Ro=011 3xRg 3x Ro 3xRo

In equation[(¥Y), quantities are evaluated near the mixiyer|aot at
launch. Note further that in equatidd (7) and in equatiorfsitow,
we ignore the distinction between shocked and unshockedagas
wind Mach numbers are near unity. Idealizing each wind \igtoc
as constant, we substityig = M,/(27v,d,) andp. = M. /(2rv.d.)
into equation[{l7), as appropriate for the 2D circular windur
simulations. Hered, measures distance from the planet, ahd
measures distance from the star. Then the distance fronlahetp
to the mixing layer—i.e., the approximate radius of curvatf the
mixing layer—is given by

dp = d.R 8)
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Figure 5. Observed out-of-transit (highest blue curve) and obseiwérhnsit (green curve) Lymaam-spectra, reproduced from Figure 2 of Vidal-Madjar et
al. (2003). In the line “core” from -42 te-32 knys, where interstellar absorption is too strong to extradaagiary transit signal, the flux is set to zero. Our
theoretical in-transit spectrum (red curve) is computedritiplying the observed out-of-transit spectrum by 1, whereA is plotted in Figuré 4. The
agreement between the theoretical and observed in-trigesitra is good, supporting the idea that charge exchartgedre the stellar and planetary winds
correctly explains the observed absorption at Doppldt-ghiocities around:100 kny's.

where

Mp(V2 + C2)/Vp

R ——— .
M..(V2 + c2)/v.

9)

For our standard modeR = R, ~ 0.11. Note that for 3D spherical
winds,d, = d. VR (Stevens et al. 1952), but this relation is not rel-
evant for our 2D Cartesian simulations — we will ugk (8) iaste

The parameters in Tabld 2 were chosen to incréddy a
factor of 3 compared to its value in our fiducial model. By equa
tion (8), whenR = 3Ry, the mixing layer should be displacect 3
farther away from the planet compared to its location in dans
dard model, assuming the star is far enough awaydhet essen-
tially fixed at the star-planet separation. Figiure 6 displagomed-
in snapshots of the mixing layers for all simulations in EdBl
Looking at thely-positions of the mixing layers, and recalling that
the planet sits al, = 30R,, we find that the layer is displaced
(30-8)/(30-21) ~ 2.4x farther away in the three new simulations
as compared to the standard model. We consider this closgkno
to our expected factor of 3, given our neglect of the rathakth
layers of shocked gas surrounding the mixing layer.

Figure[T shows density profiles for hot neutral hydrogen in
the mixing layer for the three simulations plus our standaaodiel.

Densities are averaged oMgrand plotted againgt. The fact that
the mixing layers in the simulations havily= 3R, align in posi-
tion confirms thaRr is the dimensionless parameter controlling the
location of the mixing layer.

3.2.2 Thickness of the mixing layer

FigurelT also indicates that the thickness of the mixingrdygx,
varies when we change input parameters. Empirically, wetfiat
the variations are consistent with the relation
n 05
Lonix ~ 0.1Rp(n—") (10)
where, as before, the distinction between shocked and oksto
gas densities is ignored.

We can rationalize {10) as follows. The timescale for a mode
of wavelengthAxy to grow exponentially by the linear Kelvin-
Helmholtz instability (KHI) is given by
Pp + P

V. = Vp 21(ppp:)¥2  27v, \ p.
(e.g.[Chandrasekhar 1961). We assume that the thicknetse of

(11)

© 0000 RAS, MNRASD00, 000-000
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Figure 6. Zoomed-in snapshots of hot neutral hydrogen in the four kitimns used to study how the properties of the mixing laygrashd on input parameters;
see TablER2. Snapshots are taken nea x 10° for the standard model, and neas 1 x 1P s for the others. The bottom white dashed line is the linegftsi
to the lower stellar limb. The upper two red dashed lineskatathe “sampling interval” over which the hot neutral hyglea density is vertically averaged
to produce the density profiles shown in Figlite 7 (the uppstmel dashed line is also the sightline to the upper stéftds)!l In cases (b), (c), and (d), the

mixing layer is located farther from the planet (centeret} at 30Rp,) than is the case in (a). In cases (b) and (c), the horizohizkriess of the mixing layer

is greater than in cases (a) and (d). And in case (c), thetglesfdiot neutral hydrogen is lowest. S§&.7 for explanations.
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Figure 7. Density profiles of charge-exchanged hot neutral hydrogéhe
mixing layer, averaged vertically (between the dashedines lin Figuré®)
and plotted against horizontal position. The planet istlettdo the right at
Ix = 30Rp. The mixing layers of the three non-standard simulatioesadir
displaced farther from the planet than in the standard medsnsequence
of increasing the rati®R of the momentum carried by the planetary wind
to that of the stellar wind§3.21). The thicknesses of the mixing layers
as shown by the red and green curves are larger than those shyothe
blue and cyan curves, a consequence of changing the grotettiorathe
Kelvin-Helmholtz instability §3.2.2). The two dashed lines are predictions
of equation[(IB) based on considerations of chemical dxjiuiti; the blue,
green, and cyan curves correctly intersect the upper ddsteedvhile the
red curve correctly intersects the lower dashed If£Z.3).

mixing layer saturates when a certain mode first becomes non-

linear. Near saturation, the velocity perpendicular to Haek-

ground shear flow becomes comparable to the shear flow wglocit
V., ~ V. —Vp ~ V.. Thus when the mode becomes nonlinear, the

mixing layer has thicknesisyix ~ Vitkn ~ (Akn/271) \/pp/p«. This
result matched (10), if we assume the initial disturbaneg de-

© 0000 RAS, MNRAS0D00, 000—-000

velops into the mixing layer has a characteristic lengtlestt®at is
fixed atAky ~ Rp. Our description of mode saturation can only ap-
ply to locations not too far downstream from the stagnatioimtp
far away, the flows are too strongly perturbed to be descrilyed
the linear growth timescalg(lL1).

3.2.3 Density of hot neutral hydrogen in the mixing layer

The density of hot neutral hydrogen in the mixing layer isset
chemical equilibrium. Suppose that within the layer, thaltden-
sity ny mix IS approximately the average of the planetary wind den-
sity and the stellar wind density:
Np+Nn. N
I’]H,mix ~ P 2 ~ ?p .

(12)

The densities if(12) are those of shocked gas, but as is sedfaa
all of §3.2, we ignore for simplicity the élierence in density be-
tween pre-shock and post-shock gas §2&.1). Because, > n,,
charge exchange hardly alters the ionization state of tbhekslu—
and still cold—planetary wind. That is, the valuesxgfandx! do
not change as the dense planetary wind mixes with the ditate s
lar wind. In particular, the ratio®/x; is fixed at its initial value of
(1-1)/f5 =1/4.

The timescale for charge exchangerig £ix8)* ~ 10 s, much
shorter than the hours required for stellar-occulting gagrdvel
from the stagnation point to region#f ¢he projected stellar limb.
Thus nearly all of the gas seen in transit is driven quicktg chem-
ical equilibrium, which from equatiofi]3) demands that:

X_x
XX
1—fg 1

_f—g_é_l'

(13)

(14)

In other words, in the mixing layer, the ionization fractiohstel-
lar wind material quickly slaves itself to the ionizatiormétion of
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planetary wind material. Now all of the hot hydrogen (bothinal
and ionized) in the mixing layer originates from the stelland;
from (I2), we have

(Xﬁ + Xr]) r]H,mix ~ n_£ . (15)
Combining [T#) with[(Ib) yields
1
NS = XN mix ~ > (1— fg) n,. (16)

Equation[[I6) is approximately confirmed by our numericalites
in Figure[T; the horizontal dashed lines predicted[by (16)hdy
match the densities from our numerical simulations.

3.2.4 Column density and absorptivity of hot neutral hyerog

Combining [I0) with [[(IB) gives the total column density oft ho
neutral hydrogen:

1/2

N2 ~ MLmix ~ 0.05(1 = ) (npn.) "~ Ry. (17)

For our standard modeN? ~ 3 x 10" cmr2.

During planetary transit, the hot absorbing gas that cavers
face of the star is located near the stagnation point. As,sheh
bulk line-of-sight velocity of transiting gas is much lesgan its
thermal velocity, which is of order 100 k& Assuming that the
gas is only thermally broadened, and that the gas is optitah at
wavelengths Doppler-shifted from line center by velositle, we
construct an approximate, semi-empirical formula for theaap-
tion:

A(AV) ~ N2 Tjine_ctr €XpI=my (AV)?/ 2KT, ] (18)
. 0.1(1‘ fﬁ)( My )1/2( n, )1/2
02 j\4x10Fcm3 3x10tcm3

(106 K\Y? (exp[—mH (AV)2/2KT.]
“\T ) 05 )

(19)

whereijine_cr = 6 x 10715(10° K/T,)Y? cn? is the line-center cross
section for the Lymane transition,my is the mass of the hydro-
gen atom, and is Boltzmann’s constant. Strictly speaking, the
quantities in equatior (19) should be evaluated in the iticiof
the contact discontinuity, but we have instead normalizgéhgon
(I9) to the wind properties at launch (evaluatedi@hcyp, = 4R,
andrunch- = 5Ry). We have verified in our simulations that the
launch properties dier only by factors of order unity from the val-
ues at the contact discontinuity, and so equafioh (19) magéé to
predict the absorption by inserting only the launch prdpsriThe
exponential in equatiod (19) is evaluated for nominal patans
Av = 100 kns andT, = 10° K.

As a further check, we show in Figurk 8 the absorption values
A to which the four simulations converge. They compare wethwi
the values predicted b {119) using only the launch propertie

Had we kept the dependence of the mixing layer properties on

the stellar wind Mach numbe¥., equation[(I6) would be modified
such than? o« M2n,—wheren, is the pre-shock (launch) density—
in accord with the usual Rankine-Hugoniot jump conditioatth
states that the density increases by the square of the Maxhearu
across a plane-parallel isothermal shock. And equat[ons-(19)
would be modified such thak o« N2 o« M.. Indeed our numeri-
cal simulations (not shown) confirm this linear dependeriok an
M... We mention this result only in passing because it is notyit@
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Figure 8. Lyman-« absorptionA versus time, evaluated at a Doppler-shift
velocity of +100 knys from line center, for our standard model plus three
additional models with dierent input parameters as indicated in the leg-
end (see also Tab[d 2). The colored jagged lines are thetsefsoin our
numerical simulations. The dashed black lines are the gifeds from our
physically motivated scaling relatioh {19); the simulagaconverge fairly
well to the predicted values.

remain true once we account for the real-life magnetizatiotne
stellar wind. Magnetic fields $fen gas and reduce the dependence
of Aon M..

4 SUMMARY AND DISCUSSION

Using a 2D numerical hydrodynamics code, we simulated the co
lisional interaction between two winds, one emanating feohot
Jupiter and the other from its host star. The winds were asdum
for simplicity to be unmagnetized. Properties of the stellend
were drawn directly from observations of the equatorialvs&o-

lar wind (Sheeley et al. 1997; Quémerais et al. 2007; Lesnair
2011), while those of the planetary wind were taken from bydr
dynamic models of outflows powered by photoionization tmegati
(Garcia-Mufioz 2007; Murray-Clay et al. 2009). For oumstrd
parameters, the mass loss rate of the stafis= 2 x 10-4Mg/yr

= 102 g/s and the mass loss rate of the planetlis= 1.6 x 10

g/s = 2.7 x 103My/Gyr. At the relevant distances, each wind is
marginally supersonic—the stellar wind blows~at30-170 ks
(sonic Mach numbeM., < 1.3) and the planetary wind blows at
~12-15 knfs (Mach numbeM,, 5 1.5). Thus shock compression
is modest, even without additionalf8&ining of the gas by magnetic
fields.

A strong shear flow exists at the contact discontinuity betwe
the two winds. At sfficiently high spatial resolution, we observed
the interfacial flow to be disrupted by the Kelvin-Helmhadhsta-
bility. The Kelvin-Helmholtz rolls mix cold, partially nétal plan-
etary gas with hot, completely ionized stellar gas. Chargbange
in the mixing layer produces observable amounts of hot K
neutral hydrogen. Upon impacting the planetary wind, thteshel-
lar wind acquires, within tens of seconds, a neutral compbne
whose fractional density equals the neutral fraction of fitame-
tary wind (about 1- f5 = 20%). Seen transiting against the star,
hot neutral hydrogen in the mixing layer absord% of the light
in the thermally broadened wings of the stellar Lymapmission
line, at Doppler shifts 0100 knys from line center. Just such a

© 0000 RAS, MNRASD00, 000-000



transit signal has been observed with thgbble Space Telescope
(Vidal-Madjar et al. 2003). The:100 knys velocities reflect the
characteristic velocity dispersions of protons in thelatelind —
as inferred from in-situ spacecraft observations of theSwoind
(e.g., Figure 3 6).

Our work supports the proposal by Holmstrom et al. (2008)
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neutral hydrogen may be too large, but hopefully not by fiacto
of more than a few. Keeping more careful track of the velocity
distributions—and excitation states—of neutral hydrogerthe
mixing layer would not only improve upon our calculations of
Lyman-« absorption, but would also bear upon the recent detec-
tion of Balmer Hr absorption in the hot Jupiters HD 209458b and

and Ekenback et al. (2010) that charge exchange between theHD 189733b[(Jensen etlal. 2012).

stellar and planetary winds is responsible for thealybsorp-
tion observed byHST. This same conclusion is reached by

(i) Magnetic fields. Insofar as our results depend on Kelvin-

Helmholtz mixing, our neglect of magnetic fields is worrisem

Lecavelier des Etangs etal. (2012) in the specific case of HD because magnetic tension can suppress the Kelvin-Helmimsit

189733b. Our ability to reproduce the observations comaties
the first-principles calculations of hot Jupiter mass lossahich
we have relied (e.g., Yelle 2004; Garcia-Mufioz 2007; Mw€lay
et al. 2009, M09). Time variations in Ly-absorption are expected
both from the variable stellar wind — the Solar wind is notosly
gusty — and from the variable planetary wind, whose masséiss
tracks the time-variable ultraviolet and X-ray stellar inosity.

4.1 Neglected Effectsand Directions for Future Research

Although the general idea of photoionization-powered etary
outflows exchanging charge with their host stellar windsmsee
correct, details remain uncertain. We list below some wivesl
issues, and review thefects that our simulations have neglected,
in order of decreasing concern.

(i) Thermal equilibration in the mixing laye®ur calculations over-
estimate the amount of hot neutral hydrogen produced bygehar
exchange because they neglect thermal equilibration. Adwtral
hydrogen atom cools by colliding with cold gas, both ionizedi
neutral, from the planetary wind. The concern is that hotna¢gas
cools before it transitsfbthe face of the star. Starting from where
the mixing layer is well-developed (say the lower red dadimedin
Figurel[®), hot neutral gas is advecteft the projected stellar limb
in atime

tagy ~ 2Rp/V. ~ 2x 10s. (20)
By comparison, the cooling time is of order
1 2x 10°cm 3\ (10 cn?) (100 knys
o e~ e )
N0 Vrel ng o Vrel

wheren; is the density of cold ionized hydrogen in the mixing

layer, v is the relative speed between hot and cold hydrogen, and

o is the H-H cross section for slowing down fast hydrogen, here
taken to be the “viscosity” cross section calculate.
(2008Y Our estimate of . in () neglects cooling by neutral-
neutral collisions, but we estimate the correction to bellsraa
n? is lower thann! by a factor of ¥(1 - f;) ~ 5, and the cross
section for H-H collisions is generally not greater than foH"*
collisions (A. Glassgold 2012, personal communicatiore akso
Swenson et al. 1985; note that Ekenback et al. (2010) takeeth
evant H-H cross section to be 10 cn? but do not provide a refer-
ence).

Thattee ~ tagy indicates our simulated column densities of hot

4 For slowing down fast H in a sea of cold‘Hthere may also be a contri-
bution too from “momentum transfer” in “elastic” (non-charge-excgah
collisions. This contribution increasesover the viscosity cross section by

only ~30%; compare Figures 6 and thoosy

© 0000 RAS, MNRAS0D00, 000-000

stability (Erank et 8l 1996). For numerical simulationshudgne-
tized planetary winds interacting with magnetized stellends, see
I.,b). These magnetohydrodynamic siiongat
can track how planetary plasma is shaped by Lorentz forads, b
as yet do not resolve how the planetary wind mixes and ex@sang
charge with the stellar wind.

(i) Dependence of Ly-absorption A on the planetary wind density

n,. In the same vein as item (ii), we found empirically that ny?,

and argued that this result arose from the Kelvin-Helmhpitzvth
timescale. Ekenback et al. (2010) found a much weaker depen
dence: increasing, by a factor of 100 only increasesin their
models by a factor of2 at -100 knfis and even less at positive
velocities—see their Figures 8 and 9. The true dependendenf

n, remains unclear.

(iv) Rotational gfects and gravityThere are a few order-unity geo-

metrical corrections that our study is missing. Our stadddel-

lar wind velocity ofv. = 130 knys is comparable to the planet’s
orbital velocity ofvo, = 150 kmy's, so that in reality the stellar
wind strikes the planet at an angle of roughly 45 deg. The-Cori
olis force will also deflect the planetary wind by an ordeityn
angle after a dynamical time of vy, ~ 5 x 10* s, by which time
the wind will have travelled-5R, from the planet. These geomet-
rical effects are potentially observable—see, etal
(2007) and Ehrenreich etlal. (2008) for modeling of HD 209158
and Rappaport et al, (2012) for a real-life example of a itdight
curve that reflects the trailing comet-tail-like shape @f ¢lcculting
cloud. However, these geometricdliexts seem unlikely to change
the basic order of magnitude of the absorptidn- 10% that we
have calculated.

We have also neglected planetary gravity, stellar tidadigraand
the centrifugal force, all of which can change the planetairyd
velocity. But this omission seems minor, since we have draum
input planetary wind velocities from calculations that diw@unt
for such forces (M09), at least along the substellar ray.ofdiog

to Figure 9 of M09, the planetary wind accelerates frgyme 10
km/s at a planetocentric distance= 4R, to v, ~ 30 knys at

d = 10R,. This range of velocities and corresponding distances
overlap reasonably well with the range of velocities andagises
characterizing our simulations.

(v) Hydrodynamic approximations for the stellar and planetary

winds.We have not formally justified our use of the hydrodynamic
equations to describe the wind-wind interaction. The pFobis
that the collisional mean free path in the stellar wind is mienger
than the lengthscales of the floeouomns = 1/(N.0coulomn ~
1013(104 cm‘3/n*)(10‘17 Cmz/O'Coulomb) cm, where ocouomb  ~
10°Y7(T./10P K)~2cn? is the cross section for protons scattering
off protons. That the Solar wind is collisionless and does not ne
essarily admit a one-fluid treatment is well-known.

Nevertheless, it is perhaps just as well-known that Pal@,
M) use of the fluid equations to describe the collisianles
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Solar wind is surprisingly accurate, capturing the leadinder
features of the actual Solar wind. The role of Coulomb colli-
sions in relaxing the velocity distribution functions ofopons
and electrons is fulfilled instead by plasma instabilitind avave-
particle interactions—see, e.g., reviews of Solar windspts/ by
Marsch et al.[(2003) and Marsch (2006). The gross propeofies
collisionless shocks can still be modeled with the hydraafyic
equations insofar as those properties depend only on theomac
scopic physics of mass, momentum, and energy conservaiiah,
not on microphysics (e.E@QZ).

Note that the planetary wind is fully collisional because
of its higher density and lower temperature, and model-
ing it as a single fluid appears justifiedicouombp ~
107(10P cm3/n,)(T /10 K)2 cm, which is smaller than any other
length scale in the problem.

(vi) Non-Maxwellian behavior of the stellar proton velocitytdisu-

tion. Lyman- absorption at the redshifted velocity 100 ks
arises from charge-exchanged neutral hydrogen at the asisstei-
lar wind temperature of fOK. We have assumed a Maxwellian
distribution function for hydrogen in the stellar wind, ahdve
ignored non-Maxwellian features that have been observetien
actual Solar wind, including high-energy tails and tempera
anisotropies. Accounting for non-Maxwellian behavior niay
troduce order-unity corrections to our results for the abison.
For the more polar fast Solar wind, proton temperatures|para
lel to and perpendicular to the Solar wind magnetic fielffedi
by factors of a few at heliocentric distances of 5-10 Solalira
(McKenzie et al. 1997). For the more equatorial slow Solardw-
which our simulations are modeled after—temperature &op@s

are more muted (Marsch et/al. 2003, page 391).

(vii) Stellar radiation pressureStellar Lymana photons can ra-

diatively accelerate neutral hydrogen away from the stag.(e
Vidal-Madjar et al| 2003; M09). Both the planetary wind, ahe
charge-exchanged stellar wind in the mixing layer, areexttip a
radiation pressure force that exceeds the force of staléadity by

a factorg on the order of unity.

Radiative repulsion of the charge-exchanged stellar winthe
mixing layer may not be observable, because once hot newtral
drogen is created in the mixing layer, it is advectétoe projected
limb of the star before radiation pressure can produce afsignt
velocity: Viag ~ GM,/r2 x B X tagy ~ 68 kmy/s, which does not
exceed the hot neutral hydrogen’s thermal velocity 00 knys.
What about radiative acceleration of the planetary winde tfavel
time of the planetary wind from the planet to the mixing layer
is ~10R,/v, ~ 10° s, long enough for neutral hydrogen to attain
radiative blow-out velocities in excess of 100 jesmHowever, the
amount of hydrogen that fiers radiative blow-out is limited to the
column that presents optical depth unity to Lymaphotons. This
column is ¥ojne-ctr ~ 2 X 108(Tp/10*K)¥2 cm2, and is much
smaller than the typical column in the planetary wind, whish
(1 - f7)NpR, ~ 10" cmr2. Thus the bulk of the planetary wind
is shielded from radiative blow-out, and our neglect of atidin
pressure appears safe. Note that Lecavelier des Etang¢20?)
find that radiation pressure cannot explain the largestshitted
velocities observed for HD 189733b; like us, they favor geagx-
change.
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