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Abstract. We consider the influence of a coronal mass ejection (CME) of a solar type star on9
the mass loss rate of a hot Jupiter exoplanet. We have conducted 3D numerical gas-dynamic10
simulations of the planet’s atmosphere that interacts with CME. Using the results of these11
simulations we have estimated the specific parameters that influence the mass loss rate. Based12
on the assumption that CME totally sweeps away part of the planet’s gaseous envelope located13
outside the Roche lobe we estimated the maximum mass loss rate. Finally, we have considered14
the dependence of mass loss rate on the frequency of CMEs in course of star’s evolution.15

1. Introduction16

Hot Jupiter exoplanets have masses comparable with the mass of Jupiter and orbit17
their host stars at quite short distances, not longer than 0.1 A.U. According to (Bisikalo18
et al. (2013a), Bisikalo et al. (2014)), all gaseous envelopes surrounding hot Jupiters19
can be divided into three groups. Closed envelopes are those where the head-on collision20
point, located at the minimum distance between the contact discontinuity and the planet,21
is inside the Roche lobe. Depending on the degree of Roche lobe filling, the shape of22
these envelopes may deviate from sphere, but their mass loss rates are low (Ṁ < 109 g/s,23
Cherenkov et al. (2014)). If the head-on collision point and, hence, part of the atmosphere24
are located outside the planet’s Roche lobe, a noticeable outflow occurs in the vicinity25
of L1 and L2 points, which results in a significantly asymmetric shape of the envelope.26
Some of these envelopes may be quasi-closed if the dynamic pressure of the wind is strong27
enough to stop the outflow. In this case the envelope has a complex shape (Bisikalo28
et al. (2013b)) and a mass loss rate Ṁ ∼ 3 × 109 g/s (Cherenkov et al. (2014), Bisikalo29
et al. (2015a)). If the wind cannot stop the outflow from the L1 an open (non-spherical)30
envelope forms in the system.31

For the study of planet’s mass loss rate, quasi-closed envelopes are of the main interest.32
Indeed, if the envelope is bigger than the Roche lobe, the material, formally belonging to33
the atmosphere, actually, has a weak gravitational binding with this atmosphere. In this34
case, even an weak impact (for example, a coronal mass ejection) can sweep the outer35
part of the atmosphere away and significantly increase the mass loss rate. Formally, the36
same effect takes place in open envelopes. However, they are not stationary and evolve37
toward quasi-closed envelopes within a short time (see, e.g., Bisikalo et al. (2015b)).38
According to (Bisikalo et al. (2015c)), one third of hot Jupiters should have extended39
envelopes exceeding their Roche lobes.40
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The interaction between hot Jupiter extended gaseous envelopes and coronal mass41
ejections first has been considered by (Bisikalo et al. (2015b)). In this work the authors42
have shown that CME can destroy the outer part of a hot Jupiter envelope and increase43
the mass loss rate by more than an order of magnitude. However, these results have been44
obtained only for a single typical coronal mass ejection, i.e. they allow determining only45
the average mass loss rate for a single event.46

Determining the total atmospheric mass loss of an exoplanet is a more complicated47
problem, since the frequency of CMEs and their power are functions of time and sig-48
nificantly grow for younger stars (Vidotto et al. (2010)). In this paper we consider the49
mass loss rate as a function of only CME frequency, assuming that their power is low50
and sufficient only to sweep away the outer part of the atmosphere located beyond the51
Roche lobe. The paper has the following structure: in Section 2 we describe the problem52
setup; Section 3 is focused on the analysis of the mass loss rate as a function of CME53
frequency; in Section 4 we summarize the main conclusions of the work.54

2. Problem setup55

We consider the HD 209458b exoplanet as a typical hot Jupiter. This is a transiting56
exoplanet with the radius Rpl ∼ 1.38Rjup and mass ∼ 0.69Mjup , orbiting a G0V main57
sequence star at a distance of 0.04747 A.U. with the orbital period of 3.52472 d. (South-58
worth et al. (2010)). The parameters of the planet’s upper atmosphere has been found in59
(Koskinen et al. (2013)). We consider a purely gas-dynamical solution, since one may ne-60
glect the magnetic field of the planet when considering envelopes that exceed the planet’s61
Roche lobe. Indeed, even at maximum estimated magnetic fields (up to 1/10 of Jupiter’s62
field, Kislyakova et al. (2014)) the radius of the magnetosphere is smaller than the size63
of the Roche lobe and, hence, the magnetic field does not influence the outer parts of the64
envelope.65

In this work we analyze a solution with a quasi-closed envelope from (Cherenkov et al.66
(2014)). It is characterized by the temperature T = 7.5 · 103 K and concentration on67
photometric radius n = 1011 cm−3 . In Fig. 1 we show the main flow elements in the68
quasi-closed envelope. One can see that in the solution two streams are formed; the69
major, from the vicinity of the L1 point, directed to the star, and a minor, weak, but still70
noticeable from the L2 point, directed from the star. The stellar wind stops the outflow71
from the L1 at a distance of several Rpl from L1. Due to the supersonic motion of the72
planet in the gas of the stellar wind a system of two bow-shocks forms in the flow. The73
head-on collision point of the first bow-shock is located ahead of the stream from L1.74
The head-on collision point of the second wave is located ahead of the spherical part of75
the atmosphere. At the accepted parameters of the stelar wind, equal to those of the76
Sun, the total mass loss rate is lower than 3 · 109 g/s. Analyzing this solution we have77
determined the mass Menv of the quasi-closed envelope located beyond the Roche lobe.78
This envelope mass is ∼ 6 · 10−16Mjup .79

In (Bisikalo et al. (2015b)) we have modeled the interaction between CME and a hot80
Jupiter envelope. In these simulations we used the parameters of the solar wind measured81
by (Farrell et al. (2012)) during a typical coronal mass ejection. In (Bisikalo et al. (2015b))82
it was assumed that the relative variations of the wind parameters in the orbit of the83
modeled hot Jupiter are the same as in Earth’s orbit. The CME phases proposed by84
(Farrell et al. (2012)) are separated by vertical gray lines in Fig. 2. The mass loss rate85
measured during the propagation of CME through the quasi-closed envelope is shown86
in Fig. 2. One can see that most of the time the mass loss rate is significantly higher87
than that in the equilibrium state, except short time periods in the beginning of phases 288
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Figure 1. Density distribution in a quasi-closed envelope of an exoplanet. We show the cross–
section in the equatorial plane of the system. The star is on the left. A white circle in the center
is the planet. White solid lines depict the isolines of the Roche lobe. We also show the positions
of the L1 and L2 . Dashed black lines show positions of bow-shocks.

Figure 2. Mass loss rate during the propagation of CME through a quasi-closed envelope. CME
phases are separated by vertical gray lines. This figure is taken from the paper by (Bisikalo et al.
(2015b))

and 4 when the dense stellar wind approaches the envelope. The equilibrium value of the89
mass loss rate is 3 ·109 g/s and is shown in Fig. 2 by a dashed line at phases 1 and 5. The90
total mass the planet loses in the interaction with CME is 1016 g, which is approximately91
14 times higher than the mass the planet loses in the stationary solution within the same92
period of time Δt ∼ 0.83 · Porb . The characteristic time tloss , during which the planet93
loses the envelop with the mass Menv , may be determined as a ratio between the total94
mass loss during CME and the CME duration. This approach enables one to take into95
account the complex behavior of CME in time and to obtain an appropriate estimate96
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that allows describing an average solar CME. From (Bisikalo et al. (2015b)) the value of97
tloss can be estimated as ≈ 7.4 hours.98

Another important parameter that governs the total mass loss rate in the interaction99
with CME is the time of formation of the quasi-closed envelope tf orm . The results of100
the simulations show that for HD 209458b this parameter is tf orm ≈ 24 hours, which is101
approximately twice as longer than the time needed to form the stream of the same size102
in the ballistic approach.103

All the estimates we show here have been obtained for only one configuration of the104
gaseous envelope of HD 209458b that corresponds to model 3, described in (Bisikalo et al.105
(2015b)). According to our results the size of the envelope L (distance between the L1106
point and the head-on collision point) is ∼ 10Rpl. However, in (Bisikalo et al. (2015a))107
by analyzing the results of HST observations of the WASP-12b exoplanet (Johnstone108
et al. (2015)) have shown that the envelope may be significantly bigger, up to L> 21Rpl.109
It is obvious that at bigger envelope sizes the parameters Menv , tloss , and tf orm should110
be different. According to our estimates the maximum possible size of the envelope of111
HD 209458b should be ∼ 52Rpl . In this case its mass is ∼ 10−15 Mjup ; tloss and tf orm112
are ∼ 15 and ∼ 39 hours, respectively.113

The combination of Menv , tloss , and tf orm , in principle, allows determining the mass114
loss rate as a function of CME frequency. However, one also should take account of CME115
duration tC M E in comparison with tloss . Indeed, if tC M E > tloss , mass loss efficiency116
decreases, since the entire envelope disappears within tloss and during the rest period117
tC M E -tloss no mass loss occurs. If tC M E > tloss the efficiency also decreases, since during118
tC M E the envelope loses a mass Menv · (tC M E /tloss). It is obvious that optimal CME (in119
the sense of efficiency) should have duration tC M E =tloss . Hereafter, we consider these120
CMEs.121

CME frequency significantly varies during star’s lifetime. Using observational data,122
including those from the Kepler space telescope, (Vidotto et al. (2010)) have derived123
an empirical dependence of superflare’s frequency on star’s age for flares, whose energy124
exceeds the energy of solar flares by up to 1000 times: f ∼ t−1.4 . According to (Shibayama125
et al. (2013)), the dependence of flare frequency on their energy has a unified form126
dN/dE ∼ E−2 , which allows us to assume that the frequency of flares of any types varies127
in course of stellar evolution in the same way as that of superflares.128

3. Mass loss rate as a function of CME frequency129

Let us consider the influence of CME frequency on the mass loss rate. We show above130
that the optimal duration of CME is tC M E = tloss . In addition, CMEs take the maximum131
mass away if the envelope fully forms by the next flare, i.e. the time between CMEs132
should be equal to tf orm . This means that the most efficient mass outflow takes place if133

the specific time between flares is (tloss + tf orm ) and mass loss rate is Ṁ = Menv/(tloss +134
tf orm ). For a quasi-closed envelope with the size L∼ 10Rpl the optimal flare recurrence135
time is 31.4 hours and the total mass loss rate is ∼ 1010 g/s or ≈ 1.64 · 10−13MJup/year.136
For an envelope of the maximum size (L∼ 52Rpl) the optimal mass loss rate is more or137
less the same, but at a specific inter-flare time of ∼ 54 hours.138

The obtained estimates are the highest possible for flares having enough power to139
sweep the outer envelope, but weak to significantly affect the material inside the Roche140
lobe. We should note that these estimates Ṁ are in a good agreement with the value of141
mass loss rate ṀL1 = 2 · 1010g/s that takes place at free outflow through the vicinity of142
the L1 point. This allows us to use the theoretical value ṀL1 when analyzing the total143
mass loss of exoplanets.144
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If the flare frequency grows or decreases (at a constant flare duration) the mass loss145
decreases, since either the flares overlap and prevent the outflow through the Roche lobe146
or the envelope retains in a quasi-stationary state between the flares when the mass147
loss rate is low. If the power of flares grows above some level CME should be able to148
sweep even those parts of the atmosphere that are located within the Roche lobe, which149
significantly increases Ṁ . This mechanism requires additional study, so in this work we150
consider only sufficiently weak flares, whose parameters are close to those of the Sun.151

If one knows the flare frequency as a function of star’s age (Vidotto et al. (2010)) and152
uses the observed frequency of Solar flares (approximately two flares a month detected153
in Earth’s orbit, Farrell et al. (2012)), he can estimate the age at which the exoplanet154
analogous to HD 209458b undergoes the maximum mass loss: the most efficient frequency155
occurs at an age of ∼ 0.8 billion years.156

4. Conclusions157

We have considered how a coronal mass ejection (CME) from a solar type star in-158
fluences the mass loss rate of a hot Jupiter exoplanet. Using the results of 3D gas-159
dynamical simulations (described in Bisikalo et al. (2015b)) of the typical hot Jupiter160
planet HD 209458b we have estimated the maximum possible mass loss rate due to161
planet’s interaction with CME. It has been shown that the maximum mass loss rate of162
≈ 1.64 · 10−13MJup/year takes place at the flare recurrence time of ≈ 31 hours, which163
corresponds to the star’s age of ≈ 0.8 billion years. This estimate has been made under164
the assumption that the size of the planet’s envelope is ∼10Rpl . However, its maximum165
size, in the case of low velocity stellar wind, may be ∼52Rpl for HD 209458b. In this166
case the mass loss rate should be the same, but at the flare recurrece time of 54 hours,167
which corresponds to the star’s age of 1.2 billion years.168

In this paper we consider only one parameter, the frequency of flares. We assumed169
that the power of a CME is sufficient to sweep away the outer envelope and insufficient170
to affect the material within the Roche lobe. Analyzing the light curves, obtained with171
the Kepler space telescope, (Vidotto et al. (2010)) have shown that solar type stars may172
demonstrate super flares, whose energy may exceed that of the Sun by three orders of173
magnitude. These flares may move the atmosphere/wind head-on collision point deep174
inside the Roche lobe and push part of material from the lobe. The mass loss in these175
flares may be by 2-3 orders of magnitude higher than in those we consider here. However,176
this mechanism requires additional study.177
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and Astrophysics 577, A122195
K. G. Kislyakova, M. Holmström, H. Lammer, P. Odert & M. L. Khodachenko 2014, Science196

346, 981197
T. T. Koskinen, M. J. Harris, R. V. Yelle & P. Lavvas 2013, Icarus, 226, 1678198
Shibayama T., Maehara H., Notsu S., et al. 2013, The Astrophysical Journal Supplement Series,199

209, 5200
J. Southworth 2010, MNRAS, 408, 1689201
A. A. Vidotto, M. Jardine, A. C. Cameron, J. Morin, J. Villadsen, S. H. Saar, et al. 2010, 18th202

Cambridge Workshop on Cool Stars, Stellar Systems, and the Sun, 18, 65203




