


















is observed because the flow at k0 ¼ 10 is almost collision-

free at r=R0 > 20, where lðrÞ=R0 > 2000 and the average

number of collisions per cell per time step is as small as

10�4 � 10�6.

The ratio T?=Tjj (inset in Fig. 8(a)), considered a measure

of translational non-equilibrium,12,13,16,18,21 appears to decrease

with increasing r=R0. The nominal upper boundary req of the

near equilibrium part of the flow can be defined by the condi-

tion T?=Tjj ¼ 0:99.21 For Kn0 ¼ 0:001, then req=R0 is equal to

� 1:2 at k0 ¼ 0� 2, � 14 at k0 ¼ 3, � 1:7 at k0 ¼ 10, and

� 2:2 at k0 ¼ 15. In the latter case lðreqÞ=HðreqÞ � 9:7, i.e.,

req > rexo and, thus, an increase in k0 at small Kn0 favors the

translation equilibrium at the exobase.

The lack of translational equilibrium results not only in

the difference between Tjj and T? but also in a drastic devia-

tion of the parallel velocity distribution from a Maxwellian

(Fig. 9). At subcritical k0 and small Kn0, e.g., at k0 ¼ 1 and

Kn0 ¼ 0:001 (Fig. 9(a)), the net distribution function of

parallel velocity on the source surface (curve 1) is far from a

Maxwellian, since molecules returning to the surface after

collisions have a non-equilibrium distribution. The distribu-

tion appears to be close to a Maxwellian at the top boundary

of the Knudsen layer (curves 2) and remains close to a

Maxwellian up to the exit boundary.

At supercritical k0 and small Kn0 (Figs. 9(b) and 9(c)),

the most probable molecular velocity remains close to zero in

the whole domain. The distribution of the parallel velocity on

the source surface in this case is quite close to a Maxwellian

(curves 1 and dashed curve 2 are not shown in Figs. 9(b) and

9(c) because visually they coincide with solid curve 2). At

large r=R0, the distribution becomes essentially asymmetric

and nonequilibrium, since there is depletion in high-speed

molecules moving downward (Fig. 9(c)). Thus, at supercritical

k0, the distribution function of gas molecules deviates much

further from the elliptical distribution than in the case of zero

gravity.12 The perpendicular velocity distributions remain

fairly close to a Maxwellian calculated with corresponding

local temperature T? at both sub- and supercritical k0.

The difference in the mechanism of gas acceleration at

sub- and supercritical k0 determines the nature of thermally

escaping flows. At subcritical k0, the whole distribution is

shifted with r=R0 toward larger vjj and the gas velocity u is

always close to the most probable velocity of molecules.

This is the hydrodynamic regime, i.e., the regime of an

organized outflow from a gravitationally unbound atmos-

phere, where the most probable molecular velocity is larger

than the escape velocity below the exobase.42 At supercriti-

cal k0, the macroscopic flow is mostly provided by the deple-

tion of high-speed molecules moving downward, resulting in

highly nonequilibrium asymmetric velocity distributions.

This is the Jeans escape regime, i.e., the regime where the

most probable molecular velocity is smaller than the escape

velocity below the exobase and the escape occurs due to

molecules from the tail of the velocity distribution.

C. Escape rate

In Figs. 10(a) and 10(b), the ratios of the actual escape

rate, U, found in DSMC simulations to the evaporation rate,

U0;0, Eq. (12), and to the virtual escape rate, U0, evaluated

at r ¼ R0, Eq. (11), are shown vs. Kn0 for various k0. At

k0 ¼ 0, U0 ¼ U0;0, and the ratio U=U0 decreases with

decreasing Kn0 and approaches a limiting value

ðU=U0Þlim � 0:82, which corresponds to an outgassing flow

from a planar surface.19The limiting return flux (�0:18U0) is

close to 0:19U0 found in the outgassing problem with diffuse

scattering of returning molecules.19

For k0 > 0, both U=U0;0 and U=U0 are non-monotonic

functions of Kn0 with the position of the maximum shifted to

smaller Kn0 with increasing k0. With decreasing Kn0, the

effect of the source radius becomes less significant, and U=U0

at a given k0 approaches its limiting value ðU=U0Þlim. At

k0 � 2 and Kn0 ! 0, U=U0;0 !� 0:82 independently of

k0 and, therefore, ðU=U0Þlim ¼ ðU=U0;0Þlim 
 ðU0;0=U0Þ
¼� 0:82 expðk0Þ=ðk0 þ 1Þ is an increasing function of k0.

The maximum ðU=U0Þlim is achieved at k0 ¼ 2 and it is equal

to 2.04. Thus, the constancy U=U0;0 ¼� 0:82 at Kn0 ! 0 is

characteristic for subcritical Jeans parameters and can be used

to determine the upper boundary kc1 ¼ 2 of the range of sub-

critical k0.

At k0 �� 3 and Kn0 � 1, values of U=U0;0 (not shown

in Fig. 10(a)) are much smaller than 0.82 and the drop in U=U0

is striking, e.g., U=U0 � 0:02 at k0 ¼ 3 and Kn0 ¼ 0:0003.

Because U=U0 is found to decrease even near our lowest

FIG. 9. (Color online) Normalized dis-

tribution functions of parallel velocity

vjj=C0 of gas molecules for k0 ¼ 1 (a),

k0 ¼ 3 (b), and k0 ¼ 10 (c) at

Kn0 ¼ 0:001. Solid curves are obtained

at r=R0 ¼ 1 (curves 1), r=R0 ¼ 1:001

(curves 2), r=R0 ¼ 1:1 (curves 3),

r=R0 ¼ 2 (curves 4), r=R0 ¼ 4 (curves

5), r=R0 ¼ 10 (curves 6), and r=R0 ¼ 40

(curves 7). In panel b, curve 1 visually

coincides with curve 2. Dashed curve 2

represents Maxwellian distribution with

the same nðrÞ, uðrÞ, and TjjðrÞ as found

in the corresponding DSMC simulation.
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Knudsen number, Kn0 ¼ 0:0001, at k0 > 2, our simulations

cannot predict ðU=U0Þlim in the limit that Kn0 ! 0.

If Kn0 is small and fixed, e.g., Kn0 ¼ 3 
 10�4 (curve with

square symbols in Fig. 10(c)), then U=U0 as function of k0

drops steeply in a narrow range of k0 from its maximum 2.04

at k0 ¼ kc1 to its minimum �0.02 at k0 ¼ kc2 ¼ 3. The value

kc2 can be considered as a nominal lower boundary of the

range of supercritical k0. This boundary, however, is difficult

to calculate accurately, since numerical errors are maximal at

k0 ¼ 2� 4. At Kn0 � 0:1, calculated values of kc2 are in the

range 3-3.5 and at small Kn0 kc2 appears to approach 3. The

latter is accepted as an estimate of kc2 for small Kn0. The steep

decrease of U=U0 in the transition range kc1 � k0 � kc2 is

related to the behavior of the gas velocity and the Mach num-

ber Ma. Approaching kc1 from subcritical k0 at small Kn0, the

distribution of Ma in the supersonic part of the flow becomes

flatter. At k0 slightly larger than kc1, u and Ma drop in the

entire domain, so that the distribution of u becomes qualita-

tively similar to that shown in Fig. 6(c).

The virtual escape rates /ðrÞ, given by Eq. (6), are

found for several Kn0 and shown in Fig. 11 as functions of

r=R0. This sheds light on the origin of the non-monotonic de-

pendence of U=U0 on Kn0 at k0 > 0 seen in Fig 10(b). For

FMF /ðrÞ=U0 ¼ 1, while at finite Kn0, the effect of colli-

sions on the virtual escape rate at non-zero gravity is two-

fold. First, collisions near the source surface, where the gas

is relatively dense, result in a return to the source of a frac-

tion of molecules, which originally leave the source with

velocities that are above the escape velocity veðR0Þ. This

results in the formation of a return flux of molecules onto the

source surface. Second, due to collisions some molecules at

high altitudes can gain the energy needed to escape. This can

result in an increase of /ðrÞ=U0 above 1 at some distance

from the source for moderate and large Kn0. With decreasing

Kn0, the first factor prevails and the distribution /ðrÞ=U0

acquires a local minimum (curve for Kn0 ¼ 0:001 in Fig.

11(a)). The actual escape rate can be either larger or smaller

than U0 depending on relative contributions of these two

mechanisms.

From curves for Kn0 ¼ 0:01 and Kn0 ¼ 0:001 in Fig.

11, it is seen that treating the escaping molecules as origi-

nating at the nominal exobase is a rough approximation and,

in fact, a significant fraction of these molecules is produced

in collisions well above the exobase.7,43On the other hand,

the size of domain over which most of the escaping mole-

cules are produced is �ð2� 4Þrexo. This allows us to esti-

mate the position of the exit boundary, R1, needed to

accurately calculate the escape rate at k0 � 10. This is not

the case for subcritical k0. For example, at k0 ¼ 0 and

Kn0 ¼ 0:01, /ðrÞ=U0 approaches its asymptotic value al-

ready at r=R0 � 1:3 (inset in Fig. 11(a)). The radial size of

this domain is a few times larger than that for the domain of

subsonic flow and much larger than the thickness of the

Knudsen layer.

D. Approximate calculations of the escape rate

In this sub-section, the actual escape rate U is compared

with the Jeans, /JðrÞ, and modified Jeans, /J;modðrÞ, escape

rates given by Eqs. (10) and (9). Following Chamberlain,26

FIG. 10. (Color online) Escape rate

U=U0;0 vs. Knudsen number Kn0 (a),

escape rate U=U0 vs. Knudsen number

Kn0 (b), and escape rate U=U0 vs. Jeans

parameter k0 (c). In panel c, vertical

dashed lines mark the boundaries

kc1 ¼ 2 and kc2 ¼ 3 of the hydrody-

namic escape domain (gravitationally

unbound atmosphere) I, the transition

region II, and the Jeans escape domain

(bound atmosphere) III. U0;0 is the flux

of molecules leaving the source and

entering the simulations region, Eq.

(12). U0 is the virtual escape rate on the

source surface, Eq. (11).
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the escape rate is often estimated as /JðrexoÞ, where rexo is

the location of the nominal exobase. In order to analyze the

validity of this approximation for various k0, we plot the ra-

tio of U to /JðrÞ (Fig. 12(a)). The profile of U=/JðrÞ can be

quite complex even well above the exobase exhibiting one

or two local extrema. The ratio U=/JðrexoÞ can be much

larger than 10 for k0 ¼ 1, while U=/JðrexoÞ < 2 for k0 ¼ 10.

As k0 goes from 6 to 15, the ratio U=/JðrexoÞ varies from

1.7 to 1.4.28 The large values of U=/JðrexoÞ at subcritical k0

are observed because the flow at the exobase is hypersonic

(Fig. 8(a)), while u ¼ 0 is assumed in the derivation of

/JðrÞ. Thermal escape at large uðrexoÞ is often called atmos-

pheric blowoff2,34 and has been applied to early atmospheric

loss and is characteristic for atmospheres around comet

nuclei.44–46 One can extend the Jeans escape rate to roughly

describe rapid atmospheric loss, if one accounts for the non-

zero u and calculates the modified Jeans escape rate

/J;modðrÞ given by Eq. (9). A few approaches can be used to

estimate u, e.g., Ref. 5. For subcritical k0 and small Kn0,

first approximation for u near the exobase can be found

from the isentropic model given by Eqs. (16). Using uðrÞ
that is found in DSMC simulations, ratio U=/J;modðrÞ
becomes less than a factor of 1.5 (Fig. 12(b)). At k0 < 2,

U=/J;modðrÞ � 1 holds at large r because the distribution

function of vjj remains close to a Maxwellian (Fig. 9(a)).

Thus, for subcritical k0, /J;modðrexoÞ approximates U with

error in a few percents. At k0 �� 6, /JðrexoÞ � /J;modðrexoÞ
because uðrexoÞ is relatively small.

For near- and supercritical k0, the position of the exo-

base approximately follows the power law rexo=R0 / Kn�v
0

(Fig. 13(a)), where the exponent v is a function of k0 and

decreases from 1.03 at k0 ¼ 3 to 0.11 at k0 ¼ 15. At

Kn0 ¼ 1=k0 when l0=H0 ¼ 1, the nominal exobase is still

slightly above the surface, because the number density on

the surface is smaller than n0 and, hence, the real mean free

path is large than l0.

In Fig. 13(b) for k0 ¼ 3, the ratio U=/JðrexoÞ is a non-

monotonic function of Kn0. The presence of the maximum is

related to the presence of maxima in distributions of

U=/JðrÞ shown in Fig. 12(a). At k0 ¼ 10 and k0 ¼ 15, the

ratio U=/JðrexoÞ is limited by a factor of 2 (Fig. 13(b)). The

difference between U and /JðrexoÞ occurs because a fraction

of the escaping molecules is produced by collisions above

the exobase (U > /ðrexoÞ) and due to deviations of the veloc-

ity distribution on the exobase from a Maxwellian

(/ðrexoÞ 6¼ /JðrexoÞ).
Thus, DSMC simulations clearly show that for

k0 ¼ 6� 15, the Jeans escape rate /JðrexoÞ given by Eq. (10)

applied on the exobase serves as a fairly good approximation

to the actual escape rate. This result is in dramatic disagree-

ment with certain applications of the SHE model for the

atmospheres of Pluto and Titan, where the predicted values

of U are orders of magnitude larger than /JðrexoÞ for

k0 ¼ 10� 40.9,10,31,32 On the other hand, our results are

found to be in a partial agreement with SHE simulations of

thermal escape of hydrogen H from the early Earth’s atmos-

phere47 in the region above the temperature maximum,

where the volumetric heating of the atmosphere is presum-

ably small. With the diameter d ¼ 3 
 10�10 m of H atoms

estimated from the conductivity law used in the SHE simula-

tions, we found a good agreement between the SHE and

DSMC simulations in distributions of nðrÞ, uðrÞ, and TðrÞ

FIG. 12. (Color online) Ratio of the

actual escape rate, U, to the Jeans escape

rate, /JðrÞ, calculated with Eq. (10)

(panel a) and to the modified Jeans

escape rate, /J;modðrÞ, calculated with

Eq. (9) (panel b) vs. radial distance r=R0

for k0 ¼ 1 (dashed curves) and k0 ¼ 10

(solid curves) at Kn0 ¼ 0:1 (black

online) and Kn0 ¼ 0:01 (red online).

Vertical ticks mark the positions of the

exobase.

FIG. 11. (Color online) The ratio /=U0, the virtual escape rate, /ðrÞ given

by Eq. (6) compared to the virtual escape rate on the source, U0, vs. radial

distance r=R0 at k0 ¼ 10 in FMF (dash-double-dotted curve), at Kn0 ¼ 0:3
(solid curve), Kn0 ¼ 0:01 (dashed curve), and Kn0 ¼ 0:001 (dash-dotted

curve); inset shows the distribution of /ðrÞ=U0 vs. r=R0 at k0 ¼ 0 and

Kn0 ¼ 0:01, and vertical ticks mark the positions of the exobase.
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and in the escape rate (within 20%) for the smallest U con-

sidered in Ref. 47. For the density distribution corresponding

to the largest U in Ref. 47, the DSMC escape rate is found to

be in a few times smaller.

E. Energy balance

Understanding the energy balance is important for

understanding thermal escape. That is, the upward energy

flux at large k0 must counterbalance the downward flux of

gravitational energy in order to maintain a flux of escaping

molecules in steady-state outflow. In this sub-section, we

consider the energy balance for supercritical k0, taking

k0 ¼ 10 as characteristic.

In accord with the steady-state analogue of Eq. (2), the

total energy transfer rate _E through any spherical surface

concentric with the source center is constant and can be rep-

resented in the form

_E ¼ _EQ þ _EH þ _ES þ _EG; (18)

where _EQ ¼ 4pr2q, _EH ¼ Uðð5=2ÞkT þ mu2=2Þ,
_ES ¼ �4pr2us, and _EG ¼ UUGðrÞ are the heat, total en-

thalpy, viscous dissipation, and gravitational energy transfer

rates,

q¼ 2p
ðþ1
�1

ð1
0

ðvjj � uÞ
m½ðvjj � uÞ2þ v2

?�
2

f ðr;vjj;v?Þv?dv?dvjj

(19)

is the heat flux, and

s ¼ nkT � 2pm

ðþ1
�1

ð1
0

ðvjj � uÞ2f ðr; vjj; v?Þv?dv?dvjj (20)

is the radial component of the viscous stress tensor.

At small Kn0, variations of _EQ and _EG tends to counter-

balance each other near and below the exobase (Fig. 14). At

r=R0 ¼ 20� 40, all terms in Eq. (18) have the same order of

magnitude. At larger distances, the contribution of _EG

becomes insignificant. Thus, near and below the exobase,

4pr2q / UGMm=r, and the heat flux satisfies a rough scaling

law q / r�3. Far above the exobase (at r=R0 > 10 in Fig.

14), the exponent in the scaling law approaches �2.

In the SHE model, the heat flux on the source surface is

often determined in the flux-limited approximation, assum-

ing _EQ ¼ 0.47 At Kn0 � 1, both j _ESj and Umu2=2 on the

source are much smaller than absolute values of other terms

in the right part of Eq. (18). Neglecting j _ESj and Umu2=2,

the heat flux on the source is equal to q0 ¼ U½ð5=2ÞkT0

�GMm=R0�=ð4pR2
0Þ, i.e., q0 is proportional to U. The addi-

tional condition needed to determine the “free” parameters

in the SHE model, q0 and U, is a critical point, where

uðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kTðrÞ=m

p
. In our simulation, we do not impose any

conditions on q0 or _EQ, so the values of q0 and U are a result

of the simulations. In spite of this fact, results of kinetic

simulations can be in agreement with the flux-limited

approximation. This is the case when _E is much smaller

than _EQ and j _EGj at r ¼ R0 (Fig. 14) and q0 / U (Fig. 15).

On the other hand, kinetic simulations often predict escape

rates that are an order of magnitude smaller than those

found using the SHE model. We attribute this difference to

FIG. 13. (Color online) Position of the

exobase rexo=R0 (a) and the ratio

U=/JðrexoÞ of the actual escape rate U to

the Jeans escape rate /JðrexoÞ at the exo-

base (b) vs. Knudsen number Kn0. The

results are obtained for k0 ¼ 3 (solid

curves with square symbols), k0 ¼ 10

(dashed curves with triangle symbols),

and k0 ¼ 15 (dash-dotted curves with

circle symbols). In panel a, lines are fits

to rexo=R / Kn�v
0 with exponents v

shown in the figure. In panel b, results

for k0 ¼ 3 are not shown at Kn0 < 10�2,

when the exobase is found to be outside

the computational domain.

FIG. 14. (Color online) Total energy transfer rate _E= _E0 (dotted curve) and

its components as given by Eq. (18) vs. radial distance r=R0 at k0 ¼ 10 and

Kn0 ¼ 0:001. _EQ= _E0 (solid curve), _EH= _E0 (dashed curve), _ES= _E0 (dash-dot-

ted curve), and _EG= _E0 (dash-double-dotted curve) are the heat, total en-

thalpy, viscous dissipation, and gravitational energy transfer rates.
_E0 ¼ 4pR2

0n0kT0C0. Vertical line marks the position of the exobase.
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the fact that the condition uðrÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kTðrÞ=m

p
is satisfied in

the FMF region,47 where hydrodynamic equations fail. As a

result, the SHE model cannot predict the position of the

critical point and, consequently, cannot reliably predict the

structure of the upper atmosphere.

In the SHE model (see Eq. (S3) in supplemental material

at Ref. 54), it is assumed that the heat flux is maintained out

to the very large r (far above the exobase) and can be

described by the Fourier law in spite of the well-known fact

that for spherical expansion at zero gravity the Fourier law

provides poor approximation for the actual heat flux in the

far field, e.g., Ref. 20. In order to test this assumption at

k0 6¼ 0, we calculate the Fourier heat flux

qF ¼ �jðTÞ dT

dr
; (21)

based on the temperature TðrÞ obtained in DSMC simula-

tions, where the thermal conductivity jðTÞ is taken from the

first approximation of the Chapman-Enskog method for a HS

gas,36

jðTÞ ¼ 25

32

k

d2 Pr

1

p
k

m
T

� �1=2

; (22)

where Pr ¼ 2=3 is the Prandl number for a HS gas.36

The Fourier heat flux (solid curves in Fig. 15) is found

to be close to the actual heat flux within the quasi-equilib-

rium part of the flow, r < req, where jTjj=T? � 1j.0:01.21

As one approaches the exobase, qF starts to deviate signifi-

cantly from q and far above the exobase, the Fourier heat

flux can be orders of magnitude larger than the actual heat

flux. Although the large difference between qF and q, in the

region of nearly free molecular flow, is expected, it is quali-

tatively different from that at k0 ¼ 0.48 In the SHE model,

the Fourier law is applied above the exobase, since the

boundary conditions for the hydrodynamic equations

include, following to Parker29, the critical point, where

u ¼
ffiffiffiffiffiffiffiffiffiffiffi
kT=m

p
which usually lies in the region of FMF.

VI. CONCLUSIONS

DSMC simulations of the thermal escape from a single

component atmosphere of a monatomic gas of hard spheres

reveal the existence of a narrow transition range of the

source Jeans parameter, k0 ¼ 2� 3, around which the char-

acter of the flow changes. The lower limit of this range

approximately corresponds to a critical Jeans parameter

kc ¼ 2:06, the upper bound of the range of k0, where super-

sonic isentropic outflow is energetically possible. Trends in

variations of both the flow structure and the escape rate as

functions of Kn0 differ qualitatively for subcritical (k0 � 2)

and supercritical (k0 � 3) Jeans parameters.

At subcritical k0, the initial enthalpy of fluid particles on

the source surface is sufficient to drive escape from the gravity

well and the atmospheric structure is similar to that observed

at zero gravity, where the flow at large distances from the

source is hypersonic. The flow contains a near-surface region

of non-isentropic flow, where the gas accelerates up to the

sonic speed. The flow parameters above the sonic surface can

be approximated by those found from the model of isentropic

flow. The ratio of the actual escape rate to what we define as

the virtual escape rate on the source surface, Eq. (11), is found

to be a non-monotonic function of Kn0 and its maximum

increases with increasing k0. The characteristic feature of

flows at subcritical k0 is that in the limit of small Kn0, the

escape rate becomes independent of k0 and is equal to �82%

of the rate of molecules evaporating from the source surface.

The actual escape rate in this case can be in orders of magni-

tude larger than the Jeans escape rate, Eq. (10), at the exobase,

but this difference is caused mainly by non-zero gas velocity

at the exobase, which is not accounted for in Eq. (10). A modi-

fied Jeans escape rate, Eq. (9), at the exobase, which accounts

for the non-zero gas velocity, can be used to estimate the

actual escape rate in this regime.

At supercritical k0, the initial enthalpy of fluid particles

is insufficient to escape the potential well, and the steady-

state escape from the atmosphere is maintained by the

upward heat flux, which tends to counterbalance the down-

ward flux of gravitational energy. The terminal value of the

Mach number in this case is close to 1, so that neither the

hypersonic approximation nor the isentropic model can be

used. The asymptotic behavior of the perpendicular tempera-

ture appears to be close to that for free molecular flow, at

least in the part of the flow simulated here and, hence, differ-

ent from the asymptotic behavior at subcritical Jeans param-

eters. The ratio of the actual escape rate to the virtual escape

rate on the source surface, Eq. (11), approaches zero as

Kn0 ! 0.

At supercritical k0, the velocity distribution near the

exobase deviates much further from the elliptical distribution

than in the case of zero gravity. Due to the depletion of high-

FIG. 15. (Color online) Heat flux q=q0 vs. radial distance r=R0 calculated

for k0 ¼ 10 and Kn0 !1 (FMF, curve 1), Kn0 ¼ 0:3 (curves 2, red online),

Kn0 ¼ 0:01 (curves 3, green online), and Kn0 ¼ 0:001 (curves 4, blue

online). Dashed curves show actual values of q=q0 as found in DSMC simu-

lations, while solid curves show values of q=q0 calculated based on the Fou-

rier law given by Eq. (21), where TðrÞ is found in DSMC simulations and

jðTÞ is the thermal conductivity given by Eq. (22). q0 ¼ n0kT0C0. Vertical

ticks mark the positions of the exobase.
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speed molecules moving back to the dense region of the

atmosphere, the parallel velocity distribution becomes essen-

tially nonequilibrium and asymmetric, while the most proba-

ble molecular velocity remains close to zero even at large

distances from the source. At small Kn0 and k0� 3, how-

ever, translation equilibrium is very nearly maintained in the

exobase region, e.g., at k0& 12 and Kn0 � 10�3, the flow on

the exobase is found, within the uncertainties of the simula-

tions, to be in local equilibrium. At k0 � 6, the ratio of the

actual escape rate to the Jeans escape rate, Eq. (10), at the

exobase falls into the range �1.4–1.7.

The large set of simulations described here shows that,

for k0 ¼ 6� 15, which is the suggested domain of the SHE

model,9,10 the escape rate is fairly close to the Jeans escape

rate when heat is deposited below R0, in drastic disagreement

with certain applications of the SHE model.9,10,31,32 The

DSMC simulations also reveal that the basic assumptions of

this model do not correspond to the real flow conditions at

supercritical Jeans parameters, e.g., the temperature does not

drop to zero, hypersonic flow is not achieved, flow is essen-

tially nonequilibrium on the exobase at k0 . 12, and the

heat flux near and above the exobase can differ by orders of

magnitude from the heat flux predicted by the Fourier law.

Therefore, care must be used in predictions of the escape

rate when applying the SHE model. A major drawback of

the SHE model is the use of boundary conditions at large
distances from the source, where hydrodynamic equations

are not applicable. In Parker’s model, the existence of an

“isothermal” critical point for k0 & 10 was intended to take

into account the boundary conditions,29 but at k0 � 10, this

point lies in the region of free molecular flow. Such condi-

tions cannot be used to determine unknown conditions on

the source surface. Therefore, although the kinetic solution

of the thermal escape problem approaches the hydrodynamic

solution at Kn0 ! 0, as it has been shown in Ref. 55, exact

agreement can only be obtained if the boundary conditions

used are the same as those determined in a molecular kinetic

model. An accurate comparison of hydrodynamic and

kinetic models using the same boundary conditions are in

progress.

In real planetary atmospheres, both the asymptotic behav-

ior of gas parameters in the far field and the escape rate are

subjects of multiple effects that are not accounted for in the

thermal escape model described here, e.g., heating of the

atmosphere in the simulation volume and more accurate treat-

ment of inter-molecular collisions12 including quantum

effects22 and rotational18,49,50 and vibrational51 nonequili-

brium of polyatomic molecules. In addition, non-thermal

effects are produced by the space environment: solar UV-

induced photo-ionization and dissociation and interaction with

the local plasma and fields.2,52 However, many qualitative

properties of thermal escape, which are revealed in this study

using the simple hard sphere model, will remain unchanged

when more accurate cross sections are taken into account.28

Therefore, scaling an atmosphere by parameters k0 and Kn0,

the extensive results presented here can be used to describe

thermal escape from real atmospheres. In particular, of consid-

erable recent interest are kinetic estimates of the thermal

escape rate for the atmospheres of Titan and Pluto, for which

the interaction with the space environment is not robust. This

is the subject of our current work.53
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