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Abstract

This research aims to explore the relationship between the temperatures of solar corona and planetary magnetosheaths. Based
on the second law of thermodynamics, the maximum temperatures of the planetary magnetosheaths cannot be higher than that
of the solar corona. A theoretical investigation has been made on the expansion of solar corona, the propagation of solar wind
and the compressions of planetary magnetosheaths by the bow shocks. The method used is general and fit for the dynamics
of multiple components, thermal anisotropy, and non-Maxwellian plasmas in a steady state, and approximate formulas have
been obtained. It is found that, for the steady situations, the temperatures of all the planetary magnetosheaths at the subsolar
points in the solar system have comparable values, which are also close to the maximum temperature of the solar corona.
Secondly, a systematic statistical survey on the average temperatures of the planetary magnetosheaths have been carried out,
which show that, the average plasma temperatures of the magnetosheaths of Earth and Saturn are 183eV (2.12MK) and 172eV
(2.00MK), respectively. The statistical results are consistant with the theoretical results. These results are very practical for

the estimations of the thermal properties of the planetary magnetospheres.
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Key Points:

1. Quantitative relationship between the temperatures of the steady solar corona
and planetary magnetosheaths has been yielded

2. All the planetary magnetosheaths have comparable maximum temperatures,
which are equal to or lower than that of the corona

3. The statistical investigation confirms the theoretical results
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Abstract

This research aims to explore the relationship between the temperatures of solar
corona and planetary magnetosheaths. Based on the second law of thermodynamics,
the maximum temperatures of the planetary magnetosheaths cannot be higher than
that of the solar corona. A theoretical investigation has been made on the expansion of
solar corona, the propagation of solar wind and the compressions of planetary
magnetosheaths by the bow shocks. The method used is general and fit for the
dynamics of multiple components, thermal anisotropy, and non-Maxwellian plasmas
in a steady state, and approximate formulas have been obtained. It is found that, for
the steady situations, the temperatures of all the planetary magnetosheaths at the
subsolar points in the solar system have comparable values, which are also close to
the maximum temperature of the solar corona. Secondly, a systematic statistical
survey on the average temperatures of the planetary magnetosheaths have been
carried out, which show that, the average plasma temperatures of the magnetosheaths
of Earth and Saturn are 183eV (2.12MK) and 172eV (2.00MK), respectively. The
statistical results are consistant with the theoretical results. These results are very
practical for the estimations of the thermal properties of the planetary

magnetospheres.
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Plain Language Summary

This research has made stress on the relationship between the temperatures of the
planetary magnetosheaths and solar corona, which is an interdisciplinary problem in
the solar—terrestrial physics. A theoretical investigation has been made on the
expansion of solar corona, the propagation of solar wind and the compressions of
planetary magnetosheath by the bow shocks. The approximate formula for the
relationship between the temperatures of the solar corona and planetary
magnetosheaths has been obtained. The quantitative results indicate that, the
maximum temperatures of the planetary magnetosheaths have comparable values,
which are generally close to that of the solar corona. A statistical investigation on the
average temperatures of the magnetosheaths of several planets have been made, and it
is shown that, although the proton temperatures are several times of the electron
temperatures, the average plasma temperatures of the magnetosheaths of Earth and
Saturn are almost the same as that of the solar corona. This work will make
advancement in our understanding on the thermal properties of the planetary

magnetosheaths and also benefit the research on the formation of the plasma sheets.
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1 Introduction

Magnetosheaths are important sources of plasmas in the planetary
magnetospheres, partially control the thermal state of the magnetospheric plasmas,
and play critical role in the dynamical evolution of the planetary magnetospheres
(Chapman et al., 1930; Axford et al., 1961; Dungey, 1961; Song et al., 1990, 1992,
1994, 1999a,b; Southwood and Kivelson,1995, 2020; Phan et al., 2000; Fujimoto et
al., 2008; Taylor et al., 2008; Wang et al., 2012). The solar wind, which originates
from the solar corona, interacts with the intrinsic magnetic field of the planets and
shapes the magnetospheres. Upon impacting the magnetospheres, the supersonic solar
wind will form bow shocks, which surround the magnetospheres with conicoid
surface shapes (Shue et al., 1998; Dmitriev et al., 2003; Chao et al., 2002; Shen et al.,
2007; Shen et al., 2020). The upstream solar wind is compressed by the bow shocks
so as to form the downstream magnetosheath plasmas between the bow shocks and
the magnetopauses. The density and temperature of the magnetosheath plasmas
maximums at the stagnation point and are decreasing gradually downstream (Spreite
and Alksne, 1969; Song et al., 1990, 1999a; Southwood and Kivelson, 2020).
Therefore, the thermal properties of the magnetosheath plasmas should be controlled

by the features of the solar corona.
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The corona is extremely hot with a temperature of millions of Kelvin, that is
much higher than that of the photosphere of Sun (~5770K). The heating mechanism
is not clear and still under investigations (McComas et al., 2007; Parnell et al., 2012;
Klimchuk, 2015; Cranmer et al., 2017). Observations have shown that, the quiet
corona has a temperature of 0.5-3 Million K (MK), here it is noted that
1MK~86.17eV (Laming et al., 1995; Delaboudini€re et al., 1995). In the solar active
regions, the temperature of the corona can reach up to ~3-5MK (350-580eV)
(Delaboudiniere et al., 1995; Schrijveret et al., 1999; Schmelz et al., 2015). The
temperature of the ions in the coronal holes can be as high as 2.5-5.0MK (300-580eV)

(Tuetal., 1999).

The extremely hot corona expands outward and generates outflowing solar
wind into the interplanetary space (Parker, 1958; Barnes, 1992; Marsch, 1999;
Cranmer et al., 2017). In the space near the Sun, the solar wind is accelerated rapidly
(McComas et al., 2007). With the increasing distance from the Sun, the velocity of the
solar wind becomes larger and larger, while its density and temperature decrease
gradually (Parker, 1958; Barnes et al., 1992; Marsch, 1999; Koet et al.,1999;
McComas et al., 2007, 2008; Cranmeret et al.,2017). As indicated by Parker’s model
(Parker, 1958), the velocity of the solar wind far away from the Sun varies with the
heliocentric distance r and approximately follows the formulaV = 2V, (In(r/ rc))”2 ,
where 1. is Parker critical heliocentric distance and V, is the critical velocity, while
the density of the solar wind is N o« (Vrz)_1 according to the conservation of matter.

The temperature of the solar wind is dropping with the distance from the Sun as
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T oc 1™, where the factor  ranges from 2/7 to 4/3 (Barnes, 1992; McComaset et al.,
2008; Cranmer et al., 2009; Scudder, 2015). Weber and Davis (1967) has established a
steady solar wind model with considering the azimuthal motion of the solar wind,
which indicated that the magnetic field in the solar wind may apply a torque to the

Sun and lead to the loss of the angular momentum of the Sun. As the solar wind
reaches at the location of Earth with a heliocentric distance of 1AU, actual
measurements reveal that (Burlaga and Szabo, 1999), its mean velocity is

V ~ 400km-s*, mean density is n~5cm™, while its average electron temperature
T° ~0.1-0.2MK (12-25eV), and average proton temperature

TP ~0.01-0.4MK (1.2-50eV), with average plasma temperature being

T) = 1 T¢+T")~0.13MK (15eV), if Helium ions are omitted (Burlaga and Szabo,
=5 T

1999; Cranmer et al., 2017).

On the other hand, the solar wind is expanding with the magnetic field frozen
in. According to the Parker spiral field model, the radial component of the
interplanetary magnetic field (IMF) is B, oc1/r?, while its azimuthal component is
B, oc (r —1,) / r* (Parker, 1958). In the vicinity of Earth at LAU, the magnetic strength
of the IMF is ~6nT with the IMF spiral angle being ~ 45", and the ratio between the
thermal energy and magnetic energy in the solar wind is g ~0.1-6 (Burlaga and

Szabo, 1999).

If the expansion of corona and solar wind can be regarded as a heat engine

process, its thermal efficiency at 1AU is ¢ = (T, —(T)_)/T,, ~1-1.3x10°/(3x10°) =96%.

So, the solar corona heat engine is rather effective in respect of transferring heat into
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kinetic energy. When the solar wind passes by the planets, such as Mercury, Earth,
Jupiter, Saturn, etc., it impacts the magnetic field of the planets so as to produce the
planetary magnetospheres and bow shocks. The upstream solar wind traverses the
bow shocks and will be compressed to form the denser and hotter plasmas of the
magnetosheaths (Petrinec and Russell, 1997; Chapman et al., 2004; Masters et al.,
2011). The physical parameters of the upstream solar wind and the downstream
magnetosheath plasmas approximately obey Rankine-Hugoniot jump conditions
(Hudson, 1970; Liu et al., 2007). The observations by the Mercury Surface, Space
Environment, Geochemistry, and Ranging (MESSENGER) show that, the proton
temperature in Mercury magnetosheath at the subsolar pointis T° ~1.2—-8.4MK
(150-980eV) with the most probable proton temperature being Tmpp ~3MK (350eV)
(Gershman et al., 2013). Under extreme solar wind conditions, the proton temperature
in Mercury magnetosheath can be up to 6.0 MK (700eV) (Slavinet et al., 2014).
According to the observations by the Double Star Project (DSP) during the year
2004-2005 (Liu et al., 2005; Shen et al., 2005) the time averaging electron
temperature of Earth’s magnetosheath at the dayside is T° ~50eV , while the time
averaging ion temperature is T' ~200eV (Shen et al., 2008). Therefore, the average
plasma temperature in Earth’s magnetosheath at the dayside is about

(T), ~ %(Te +T")~125eV . The statistical analysis on the THEMIS observations
(Wang et al., 2012) indicates that, at the subsolar point of the Earth’s dayside
magnetosheath, the mean electron and ion temperatures are T°~40eV and

T'~210eV, respectively; thus the average plasma temperature at the subsolar point of
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the Earth’s magnetosheath is (T)_ =~ %(T“‘ +T")~125eV . For fast solar wind
conditions, the mean electron and ion temperatures at the subsolar point of the Earth’s
magnetosheath are T°~53V and T'x~400eV , respectively, with the average plasma
temperature being <T>sh = %(Te +T‘)z 227eV . Based on the measurements by
\Voyager 1 & 2 on the Jupiter and Saturn, Richardson (1987, 2002) have revealed that
the protons in the magnetosheath of Jupiter and Saturn have a double-Maxwellian
distribution, and are composed of both cold and hot components with temperatures

TP ~100eV and T, ~600eV , respectively. These two components of protons have
comparable densities, therefore the average proton temperature of the magnetosheath
of Jupiter and Saturn is estimated as T° ~ (T? +T,)/2~350eV . The explorations of
Cassini on Saturn have shown that the average ion temperature of the Saturn’s
magnetosheath is T'~210—370eV (Sergiset et al., 2013). Thomsen et al. (2018)
made a detailed survey on the features of Saturn’s magnetosheath based on Cassini
measurements and showed that the mean temperatures of the electrons and protons at
the subsolar point of Saturn’s magnetosheath are T°~34eV and T° ~340eV ,
respectively, with the average temperature of the Saturn’s magnetosheath being

<T>sh = %(Te +T ) ~187eV . Both the temperatures of electrons and protons from the
Saturn’s magnetosheath are gradually decreasing as we move away from the noon
(Thomsen et al., 2018). Therefore, the observations indicate that, the plasma

temperatures of the planetary magnetosheaths have comparable values of about

several MK or several hundred eV, which are very near to that of solar corona.

Satellite observations of velocity distribution functions (VDFs) from solar



171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

wind and the magnetosheaths of planets (such as Earth, Mercury, Saturn and Uranus)
frequently show non-Maxwellian features. Such distributions exhibit suprathermal
tails at high energies and quasi-Maxwellian behavior at low energies [Christon et al.,
1988; Maksimovic et al., 1997; Pierrard et al., 2004]. Non-Maxwellian VDFs have
also been found in the solar wind and around Earth’s bow shock with two different
temperatures and densities, with ‘core’ a dense thermal population superimposed on
‘halo’ a superthermal hot population [Feldman et al. 1975; 1983a; 1983b; Lin 1998;
March 2006; Gaelzer et al., 2008]. Distributions superthermal tails are well modelled
by kappa distribution since it fits both the Maxwellian (thermal) and non-Maxwellian
(superthermal) high energy part of the distribution [Pierrard and Lemaire, 1996;
Schippers et al. 2008]. Electron VDFs in the Earth’s magnetosheath and
magnetosphere have also been observed with flat tops instead of quasi-Maxwellian
low energy part, which could not be fitted either by Maxwellian or kappa distribution
functions. Such observed flat top VDFs often showed one and two distinct
components and are well fitted by generalized (r,q) distribution function [Qureshi et
al., 2004; 2019; Sumbul et al., 2019]. It is known that the magnetosheaths are also
rather turbulent and filled with various waves, such as the fast and slow magnetosonic
waves, the Alfven eaves, and mirror modes, whistler waves, even solitary waves

(Sckopke, et al., 1990; Song et al., 1990, 1992, 1994; Southwood and Kivelson,1995).

As for the simplified cases when the magnetic field, solar gravity, and coronal
heat conduction could be omitted, the expansion of the solar corona could be regarded

as an adiabatic process, with the plasma entropy conserved. The coronal plasmas with
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an extremely high temperature expand outward from a stationary state, accelerated in
the interplanetary space, and decelerated by the bow shocks in the vicinity of planets
so as to form the hot magnetosheath plasmas with very small bulk velocities.
According to the second law of thermodynamics, the plasma temperatures of the
planetary magnetosheaths cannot be larger than the maximum temperature of the
source region plasmas—the solar corona, i.e. T, <T_, . However, in the actual
situations, a part of the thermal energy of the corona will be spent to overcome the
pull of the solar gravity, and the magnetic field in the corona may also accelerate the
solar wind. Furthermore, the electrons and ions of the solar wind or the
magnetosheaths have different temperatures. So that, it is one complicated problem
associated with many factors. Therefore, it is necessary to have a detailed theoretical
investigation on the whole process of the outward expansion of the solar corona,
propagation of the solar wind and the compression of the planetary magnetosheaths

by the bow shocks, so as to find the quantitative relationship between the

temperatures of the solar corona and the planetary magnetosheaths.

In this research, a theoretical analysis on the motion of the solar wind has been
made in Section 2 and approximate formulas relating the maximum temperatures of
solar corona and the planetary magnetosheaths for the steady situations presented;
statistical investigations on the features of the plasma temperatures in planetary
magnetosheaths have been carried out in Section 3; at last discussion and conclusions

are given in Section 4.
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2 Theoretical Analysis on the Physical Processes

Here the propagation of the multiple components, thermal anisotropy and
non-Maxwellian solar wind from the corona to the planetary magnetosheaths have
been investigated. It has been shown that multi-component magnetohydrodynamic
(MHD) is effective for approximately describing the coronal expansion and the

propagation of the solar wind (Parker, 1958; Echim et al., 2011).

In the solar system, the planets are orbiting the Sun about at the ecliptic plane. We

may investigate the steady propagation of the solar wind at the ecliptic plane, which is

illustrated in Figure 1. To make the physics explicit and facilitate the analysis, we first

present a short derivation of the Bernoulli’s equation applicable for the multiple

components, thermal anisotropy and non-Maxwellian solar wind.

B IMF Magnetosheath

Corona Magnetosphere

Solar wind tube Tsw

< ~ h
Sun (—}—— fl —V : ®Earth

TCO r A

Magnetopause

Bow Shock

Figure 1. Propagation of the solar wind from the corona to the Earth’s magnetosheath

The steady coronal solar wind and magnetosheath plasmas obey the equation of
continuity

op
—:—v- V :O’
ot (oY)

(1)
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where, Vand p are the bulk velocity and mass density of the plasmas, respectively.
For simplicity, it is assumed that the electrons and ions of plasmas have the same bulk
velocities. Generally, it is proper to denote V =VA, here A is the unit radial vector
with respect to the heliocenter. The mass density of the plasmas can be expressed as
p=Y n,m,, here m, and n, arethe mass and number density of the species a,

respectively.

The steady expansion of the corona, propagation of the solar wind and compression of
the magnetosheath plasmas also obey the following equation of energy (Rossi et al.,
1970; Echim et al., 2011)

g(%pVZ+ST+gem +p¢j=—V-{P-V+[%pV2+5TjV+Sem +(p¢)V+q}=0 » (2)

where the total energy of the solar wind is composed of the kinetic, thermal,
electromagnetic and gravitational potential. The thermal energy density of the solar
wind is

gT:Za:gﬁzza:na[%k'l'la+ijj (3)

Here, &; is the thermal energy density of the species a, T and T! arethe

temperatures of the species ‘a’ parallel and perpendicular to the magnetic field,

respectively, k is the Boltzmann constant and ¢, is the electromagnetic energy
density. The gravitational potential is ¢ = —GM /r , where G is the gravitational
constant, M, isthe mass of the Sun, r isthe heliocentric distance. In contrast
with the solar gravity, those of the planets are rather weak and their effects on the

solar wind can be omitted. The thermal pressure tensor of the species a is defined as
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Pij‘:jvipjfa (x,p)d’p , in the frame of reference of the plasma bulk velocity Vv, where
f.(x,p) is the phase space density of the species a in the space of positions x and
momentum p (Rossi et al., 1970). The phase space densities of the solar wind and
planetary magnetosheath plasmas can be non-Maxwellian ( Vasyliunaus et al., 1968;
Maksimovic et al., 1997; Masood et al., 2006; Richardson, 2002; Qureshi et al., 2014;
Qureshi et al., 2019a, b). The components of the total thermal pressure tensor P of

the magnetized plasmas in the coordinates of the magnetic field is

PP 0 0
R 1

where the pressures of the species a parallel and perpendicular to the magnetic field

are P/ =nKT} and P’ =nkTf

|+ respectively. The flux density of electromagnetic

energy is

ExB
Sy = — 5)
Hy

Generally, the magnetic flux is frozen in the plasmas and E=-VxB, so that

S, :i(BxV)xB :A[BZV—(B-V)B]. In Eq. (2), q is the total heat flux in the

Hy Hy

solar wind. Presently, we still do not understand the heating mechanism of the solar
corona and it is a problem still under investigation (McComas et al., 2007; Parnell et
al., 2012; Klimchuk, 2015; Cranmeret et al.,2017). As indicated by the observations
that the heating and radiative losses are at an equilibrium in the core region of the
solar corona, so as to maintain the extremely high temperature of the coronal plasmas.

This investigation has been carried out under the assumption that the coronal plasmas
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expand under the thermodynamic force or pressure so as to produce the solar wind
flowing outward. Therefore the heating and radiative loss in the coronal region will

not be considered here.

Applying the equation of conservation of energy (2) in the steady situation to the solar

wind tube with cross-sectional area A as indicated in Figure 1, yields

Aﬁ-{P-V+(%pV2+gTjV+Sem+(p¢)V+q}:Const (6)
or
{Pnnvjt(%pvz+gTjV+iBfV—pGMSV+qn}A:Const (67)
Ho
Bx Al
where P_=nA.P.A and Soﬁ=i[(BxV)xB]-n:i(er"l)-(BxV)z| v
Ho Ho Hy
1

=—BJV . Here B, is the component of magnetic field in the direction
Hy

perpendicular to the radial direction.

On the other hand, the continuity equation (1) reduces to

pV-A=Const @)

Comparing the equations (6”) and (7) yields

2

(E+1V2+‘9_T+ B, _GMS+ el ]:Const (8)
p 2 P MHp T pV .

Equation (8) is the Bernoulli’s equation for multiple components, thermal anisotropic

and non-Maxwellian solar wind plasmas. It is noted that, only the laws of

conservation of matter and energy (equations (1) and (2)) have been used in the above

deducing, but the momentum conservation equation has not applied. So that the
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equation (8) obtained above is not a complete description of the dynamical evolution
of the corona, solar wind and magnetoshesths. The formula (8) relates the thermal
properties of the corona, solar wind and planetary magnetoshesths, but is not able to
provide the definite features of their motions. Their velocities can be given the
observations directly.

Denote the angle between v and B as 6. In the steady situation, &~0° in the
outer corona, while 6 ~45" at 1AU. In the Cartesian coordinates with respect of the

magnetic field as illustrated in Figure 2,

A A

A =cos@é, +singe, ,P=Pge, +P, (&8 +&8 ), therefore

P, =-P-Ai=cos” 0P, +sin’ 9P, = " (cos’ On kT, +sin” On KT? ) 9)

~

€

X

v=>
\%
<

B

Figure 2. Demonstration of the Cartesian coordinates with respect of the magnetic field. It is

chosen that, the z axis is along the direction of magnetic field B, and the radial direction A is at

the x-z coordinate plane.

2
Here the transverse plasma beta is defined as g, =&, /[2 t ] that is the ratio

Ho

between the total thermal energy &; and the transverse magnetic field energy
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Bf I 2u,. So the Bernoulli’s equation (8) becomes

EV2+£(PM+gT+£gTj—%+q—n=C0nSt (10)
2 P t r PV .

In the above equation, the term %:&%z(&j\@, where %:VEZ, and the
r r R r

S S

escape velocity V. = 438km /s . Here, the gravitational constant
G ~6.67x10""'m’ /(s -kg), the radius of the Sun Ry ~6.69x10°m, and the solar mass

M, ~1.99x10*kg . Then the Bernoulli’s equation (10) can be written as

1v2+1[Pnn+(1+2ﬂ;1)gT}_&vé+q_n:const (11)
2. p ro- pv .

Commonly, the ion ratio He** /H* in the solar wind is less than 6% and around
4.5% on average (Song et al., 1999b; McComas et al., 2008; Cranmeret et al., 2017).
In the solar wind plasmas, heavy elements are very rare, so we can just consider
electrons, protons and “He** (or « particles) and neglect other ions, which is a
reasonable approximation. Assume the ion ratio He* /H* in the solar wind be 7<
0.06, and the number densities of the protons, ions He** and electrons are n,,
n,=m,,and n,=n, +2n,=(1+2n)n,, respectively. Then the total number
density of the plasmas is n=n_+n +n,=(+27)n +n_ +nn, =(2+3n)n , and the
mass density of the solar wind is

p=nm_ +nnm, +(1+27)nm, =num, (12)
where M., M and M, arethe masses of the electrons, protons and He®* ions.
Considering M, <M, and M, ~ 4mp, the average atomic weight of the solar plasmas

is u=(+4n)/(2+3n). Therefore, from Eq. (9) it yields
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P k ) .
M =——————1c0s” 0| (1+2n) T + T +nT7 |+sin” 0| A+2n) T, +T! +4T]
0 (2+377)ﬂmp{ [( T+ T+, ] [( MT +T+7 J}

(13)
or
P k
| (42T + TP+ T (14)
p (2+43n)um, [ |
here, the radial temperatures of the species ‘a’ (e, p, or « ) are defined as
T, =cos” 4T +sin’ Ty (15)
The total thermal energy density is
T 1 a a
& :Zga :Zna EkT” +KT; (16)
The omnidirectional temperature of a species can be defined as
3 Ta l a a
E kT? = E kT“ + kTL (17)
Then the total thermal energy density in Eq. (16) becomes
gT:gnk[(u 2m)T°+TP+9T |1 (2+3p) (18)
We can regard that the average temperature of the plasmas is
(T)=[@+2)T +T" +5T* |/ (2+3n) (19)

For the situations when the Helium abundance is very small, the contribution of the
He”*" ions can be neglected and the average temperature of the plasmas is

(T)=(T*+T")/ 2. Therefore, the Bernoulli’s equation (11) reduces to

e p a
EVZ‘}' k (1+277)Tn +Tn +77Tn +§(1+2ﬂt—1)<-|-> _&VEZ +q_n
2 r pV

pm; 2+3p 2

=Const  (20)

Relating the corona to the planetary magnetosheaths, it yields



346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

eLTh a
Tve e N Q2T T 40Ty B ppaymy| —Reves o
2 ,lep 2+ 377 2 cor Feor P Vcor
e TP a
Tvee X 2L 40T 30 opymy| L 1)
2" um, 2137 2 N

where the subscript “cor” and “sh” denote the corona and magnetosheaths,
respectively. Here, the heat flux of the planetary magnetosheath collisionless plasmas
has been neglected. At the subsolar point of the planetary magnetosheaths, the
temperatures reach the maximum values, while the bulk velocities of the downstream
plasmas are very small. According to the observational results of Wang et al., (2012)
on Earth’s magnetosheath and those of Thomsen et al., (2018) on Saturn’s
magnetosheath, in general, V,, <100km/s, V,, /'V,, <1/16, V /V? <0.060. As
approaching the nose (the stagnant point) of the magnetopause along the
Sun-planetary line, the velocity of the magnetosheath plasmas is decreasing to about
zero. So the kinetic energy is much less than the total energy in the planetary
magnetosheaths at the subsolar points and thus can be neglected. Similarly, the
coronal velocity is very small and less than 100km/s in the corona region (Cranmer et
al., 2017), therefore the first term at the left hand of Eq. (21) can also be neglected.
Then the equation (21) is rewritten as

q_”_&VEZ+

pV rCOI' ﬂmp

K | Q+29)T +TP +1T" 3 _
{ 243 +§(1+2ﬂr1)<T>} =

cor

kK | 1+29)T+TP +9T 3 -
( 77) n n T, +—(1+2ﬁt l)<-|-> (22)
m, 2+37 2 .

For the steady corona, the magnetic field B is almost in the radial direction, i.e.

B, =0, so the transverse plasma beta S, > 1. Usually, all the species in the solar



366  corona are thermally isotropic, i.e. T* =T* (the transverse temperatures and the

367  average temperatures are equal). So that, according to the definition (19), we can have
368 incorona ((1+2n)Ti+TP+nTy )/ (2+3n) =((L+2n)T+T" +7T*)/ (2+3n) =(T).
369  Furthermore, at the coronal region with the highest temperature T, the gradient of
370  the temperature is almost zero, i.e. VT, =0, so the heat flux can be neglected there.
371 Therefore, equation (22) becomes

(A+2) T +TP +4T7 3 -
372 __.T+§.<T>w= 2 +§(1+2,Bt1)(T) . (23)

sh

373  The above formula shows the relationship between the maximum temperature of the
374  solar corona and that of the planetary magnetosheaths at the subsolar points in the
375  steady situation. It can be seen that, the maximum temperatures of the planetary

376  magnetosheaths at the subsolar points are determined by the highest temperature of
377  the solar corona. The transverse plasma beta /3, of the magnetosheaths at the right
378  hand of the equation (23) is still not fixed because the equation of momentum has not

379  been included in this investigation. The transverse plasma beta /£, of the

380  magnetosheaths can be determined by the observations.

381 Now, we can consider the statistically averaged situations. For the electrons, protons
382 and He® ions in the planetary magnetosheaths, their transverse temperatures are
383  equal to their average temperatures, i.e., TS =T°,T? =T, and T =T* statistically.
384  So that, with the definition (19), statistically the equation (23) becomes

R, #mVE 5 5 3
385 s PR ELYTY 2| 242 ) 24
r k + 2 < >cor [2 + ﬂt ]<T>sh ( )

386  The above formula indicates that, the higher the plasma beta, the larger the values of
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the temperatures of planetary magnetosheaths at the subsolar points.

Generally in the planetary magnetosheaths S ~0.10-20 (Richardson, 2002;
Gershman et al., 2013; Sergiset et al., 2013; Thomsen et al., 2018), and S, = . From
the above equation it is easy to obtain that

(Mo 2(T)s, (25)

or

= — o 1 e — Ta b
(A+2m)Tg, + T8 +7Te )= x5 (A+2m)Tg + T +77Ts ). (25)

(2+3n)

The above formula indicates that, the mean temperatures of the planetary
magnetosheaths are controlled by the mean temperature of the solar corona. In general,
the average temperatures of the planetary magnetosheaths at the subsolar points
cannot be higher than the maximum mean temperature of the solar corona. During the
expansion of the coronal plasmas, the gravity of the Sun acts to exhaust one part of

the thermal energy; on the other hand, during the compression of the magnetosheath
plasmas by the bow shocks, one part of the total energy is transferred into the
magnetic energy. So that, the average temperatures of the planetary magnetosheaths at
the subsolar points are lower than the maximum temperature of the solar corona, as
shown by the above equations (24)-(25). The statistical investigations have shown that,
the average temperature of Earth’s magnetosheath at the subsolar point is

<T>Sh ~125eV or 1.45MK (Wang et al., 2012).

Usually, the planetary magnetosheaths (heliocentric distance is larger than 0.39AU)

may have a very high values of plasma beta. As an example, we may estimate the
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mean value of plasma beta of Saturn’s magnetosheath. As shown by the statistical
investigations (Thomsen et al., 2018), the mean value of the proton beta of Saturn’s

magnetosheath at the subsolar pointis g,  ~ (y —1) " x10 =~ 15, where the factor
y—1=~2/3 arises from the difference of definitions on plasma beta. The
proton-electron temperature ratio is much larger than 1 (Thomsen et al., 2018), and

the electrons have much less contributions to the total thermal energy. So that the total

plasma beta of the Saturn’s magnetosheath at the subsolar pointis g, ~ g, ~15 on
average, and the corresponding mean transverse plasma betais gy, =24, ~30>1.

During certain periods, there can be very weak magnetic field in the solar wind and

magnetosheaths, g, , > £, >1. For these situations with g3 >>1, the formula (24)

reduces to
— =S P E4(T) ={T) . 26
5 r k +< >cor < >sh ( )

The above formula implies that, for the cases when the planetary magnetosheaths
have very high values of plasma beta, the planetary magnetosheaths has a mean
temperature lower than the maximum temperature of corona. This result is surely
consistent with the second law of thermodynamics if the plasma bulk velocity in the

planetary magnetosheaths at the subsolar points is ignorable.

Therefore, in this research, we have verified that for the steady situations, the
temperatures of all the planetary magnetosheaths at the subsolar points in the solar
system have comparable values, which are less than the maximum one of the solar

corona.
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The above assumptions are correct for the steady cases and can be valid for the
average situations, but not applicable for the transient processes, such as the coronal
mass ejections (CMEs). Nevertheless, the theoretical results obtained above will be
supported by the statistical survey on the planetary magnetosheaths performed in the

next Section.

3 Statistical Investigations

We have had statistical investigations on the plasma temperatures in the
magnetosheaths of Mercury, Earth, Jupiter and Saturn, and made comparisons with

the theoretical results in the last section.

Figure 3 shows the distributions of ion temperatures in the magnetosheaths of
Mercury, Earth, Jupiter and Saturn, respectively. For Mercury, we use the data from
the Messenger satellite from 2012 to 2013. Based on the statistical analysis of the data
from 2012 to 2013, we can find that there are 94 days when the satellite is located in
Mercury’s magnetosheath region. Based on the proton measurements during these
periods, we obtain the distribution of proton’s temperatures in Mercury’s
magnetosheath as shown in Figure 3. The temperatures of protons are drawn from the
NTP data in FIPS-DDR with the time resolution of 1 min. It can be seen from Figure
3 that the maximum proton temperature in Mercury’s magnetosheath can reach up to
~1500eV, with the most probable value of proton temperature being T, ~ 275eV,

and the average value 'ITP ~ 414eV .
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Figure. 3 Distributions of ion temperatures in the magnetosheaths of Mercury, Earth, Jupiter and

Saturn.

As for Earth, we choose the data of the MMS1 satellite during the period from 2015
to 2016 for analysis. Examining the data during this period, we can find that there are
141 days when the detector was in the subsolar region (with the zenith angles from X
axis being <30 ) of Earth's magnetosheath. Using the data within this interval, the
distributions of ion temperatures and electron temperatures in Earth’s magnetosheath

can be obtained. The ion temperatures are derived from the ion vertical

temperature T, and the ion parallel temperature T, in FPI_FAST_L2_DIS-MOMS

1
of MMS1 and the electron temperatures are gained from the electron vertical
temperature T, and the electron parallel temperature T, in

FP1_FAST_L2 DES-MOMS of MMS1 with the data time resolution of 4.5s. The

2

calculation formulas are T, =1TiH +ETil and T, :ET +—T,, . In the analysis of
3 3 3 3

i el

this article, we take a data point every 10 minutes. Figure 3 shows the distribution of

ion temperatures in Earth’s magnetosheath. It can be seen from the Figure 3 that, the
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maximum ion temperature in Earth’s magnetosheath can reach up to 1000eV, the

average ion temperature is T ~ 319V, and the most probable value of ion

temperature in Earth’s magnetosheath is T, ~195eV . The distribution of electron

temperatures in Earth’s magnetosheath is shown in Figure 4. It can be seen from the
Figure that the maximum electron temperature can reach 120eV, the average electron
temperature is 'ITe ~ 46eV , and the most probable value of electron temperature is

T,, =35V .

S ——
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Figure. 4 Distributions of electron temperatures in the magnetosheaths of Earth and Saturn, which

are obtained from the MMS1 and Cassini measurements, respectively.

Regarding Jupiter, we use the data of Voyager 2 satellite from July 2 to July 5, 1979.
Proton temperatures used the ION-L-MODE data in PLS with the data time resolution
of 96 s. The distribution of proton temperatures in Jupiter’s magnetosheath is
illustrated in Figure 3. It can be seen from Figure 3 that the maximum proton
temperature in Jupiter’s magnetosheath can reach 600eV, average proton temperature

in Jupiter’s magnetosheath is 'I'_P ~ 310eV , and the most probable value of the proton
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temperature is T pm ~ 330eV .

For Saturn, we use the data of the Cassini satellite from 2007 to 2008. Counting the
data from 2007 to 2008, we found that there are 66 days that the detector was located
in the subsolar region (with the zenith angles from X axis being <30° ) of Saturn's
magnetosheath. With the data during these 66 days periods, the distribution of
plasmas temperatures in Saturn’s magnetosheath can be obtained. Proton temperatures
are derived from the DDR-ION-MOMENTS data in CAPS (Cassini Plasma
Spectrometer) with the time resolution of ~ 7 minutes and electron temperatures are
derived from the DDR-ELE-MOMENTS data in CAPS with the time resolution of ~
32s. In the statistics of this paper, proton temperatures take one data point every 7
minutes, and electron temperatures take one data point every 5 minutes. Figure 3
presents the distribution of proton temperatures in Saturn's magnetosheath. It is shown
in Figure 3 that the proton temperature can reach 800eV, the average proton
temperature is 'I'_p ~307eV , and the most likely value of proton temperature is
T, = 270eV . The distribution of electron temperatures in the magnetosheath of
Saturn is presented in Figure 4, which indicates that, the electron temperature can
reach 100eV, the average value of electron temperature is 'ITe ~ 36eV , and its most
measurable value is T, ~33eV . Table 1 lists the relevant parameters of ion and
electron temperatures in the magnetosheaths of Mercury, Earth, Jupiter and Saturn.
We still can not find the electron observation data for the magnetosheaths of Mercury
and Jupiter. The average plasma temperature of Earth’s magnetosheath is

1

(T),, ”E(T_e +T, ) ~183eV ~ 2.12MKand 172eV, and 2.00MK, respectively, which



504  are very near to the average temperature of the solar corona. As for Suturn’s

505  magnetosheath, its average plasma temperature is

506 <T>Sh ~
507  of the solar corona.

508 in the last Section.

It can also be seen that, for both Earth’s and Suturn’s

T +T, )zl?ZGV ~ 2.00MK, which is again about the average temperature

These statistical results confirm the theoretical results presented

509  magnetosheaths, the electron temperatures are much less than the proton temperatures.

510  The proton-electron temperature ratio in the magnetosheath of Earth and Suturn are

511 6.9 and 8.5, respectively. It is indicated that, as the solar wind are running out from
512  the solar corona, the electrons have been cooled sufficiently.
513
514 Tablel
515  lon and electron temperatures of the magnetosheaths as deduced from Mercury, Earth, Jupiter and
516  Saturn observations.
Parameters —
T (eV) | T (eV) | T (V) | T (ev) | (T) (eV) TPT_
Planets e
Mercury 275 414
Earth 195 319 35 46 183 6.9
Jupiter 330 310
Saturn 270 307 33 36 172 8.5

517
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4 Discussion and Conclusions

The magnetosheaths supply matter and energy to planetary magnetospheres and
play critical roles during the evolutions of the magnetospheres (Axfordet et al., 1961;
Dungey, 1961; Phan et al., 2000; Fujimoto et al., 2008; Wang et al., 2012). The
upstream solar wind plasmas, which originate from the solar corona, are compressed
by the bow shocks so as to form the downstream magnetosheath plasmas. Obviously,
the thermal properties of the planetary magnetosheaths are determined by the features
of the solar corona. A lot of observational investigations have indicated that the
temperatures of planetary magnetosheaths at the subsolar points are about several
hundred eV or several MK (Gershman et al., 2013; Slavinet et al.,2014; Shen et al.,
2008; Wang et al., 2012; Richardson, 1987, 2002; Sergiset et al., 2013), that are very
close to the maximum temperature of the solar corona (Laming et al., 1995;
Delaboudiniere et al., 1995; Tu et al., 1999; Schrijveret et al.,1999; Schmelz et al.,
2015). This research seeks to find the quantitative relationship between the

temperatures of the solar corona and planetary magnetosheaths.

It is noted that the thermal energy of the solar corona that was converted into
kinetic energy to accelerate the solar wind is almost entirely converted back to
thermal energy when the plasma crosses the planetary bow shock. As viewed from the
second law of thermodynamics, generally, the maximum temperatures of the planetary
magnetosheaths cannot be higher than that of the solar corona. In this investigation, a
detailed theoretical exploration has been made on the steady expansion of solar

corona, the propagations of the solar wind and the compressions of planetary
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magnetosheaths by the bow shocks. The method used is universal and fit for the
dynamics of multiple components, thermal anisotropy and non-Maxwellian plasmas
in a steady state. In the core region of the solar corona, the heating input and the
radiative loss reach a thermal equilibrium, so as to maintain the extremely high
temperature of the corona plasmas. At present, we still have not had a clear
understanding on the real heating mechanism of the solar corona (McComas et al.,
2007; Parnell et al., 2012; Klimchuk, 2015; Cranmer et al., 2017). In this research, we
only study the outward expansion of the outer corona under the thermodynamic
driving, evading the possible heating and radiation loss. This approximation is

reasonable and will not seriously affect the results obtained in the work.

The formula for the relationship between the temperatures of the solar corona
and planetary magnetosheaths has been approximately yielded. The quantitative
results indicate that the maximum temperatures of all the planetary magnetosheaths at
the subsolar points in the solar system have comparable values. In general, the
maximum temperatures of the planetary magnetosheaths are lower than that of the
solar corona. These theoretical results are consistent with the measurements on
planetary magnetosheaths (Gershman et al., 2013; Slavinet et al., 2014; Shen et al.,

2008; Wang et al., 2012; Richardson, 1987, 2002; Sergiset et al., 2013).

A systematic statistical investigation on the average temperatures of the
magnetosheaths of Mercury, Earth, Jupiter and Suturn has been performed. It has been
found that, the average proton temperatures of the magnetosheaths of Mercury, Earth,

Jupiter and Suturn are 414eV, 319eV, 310eV and 307eV, respectively; while the
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average electron temperatures of the magnetosheaths of Earth and Suturn are 46eV
and 36eV, respectively (no electron data for Mercury and Jupiter are available at
present). The average plasma temperatures of the magnetosheaths of Earth and Suturn
are 183eV and 172eV, respectively, or 2.12MK and 2.00MK, respectively, which are
about the average temperature of the solar corona. The statistical results are in
agreement with the theoretical results. However, the electrons have been cooled

considerably during the outward propagating of the solar wind.

The relationship between the temperatures of the solar corona and planetary
magnetosheaths obtained here can be applied to the steady corona, solar wind and
planetary magnetosheaths. These results can also be fit for the magnetosheaths of
Venus and Mars without intrinsic magnetic field (Qieroset et al., 2004). The
heliosheath is at the temperature of ~2MK as shown by the observations (Liu et al.,
2007), which can also be explained by the theoretical results in Section 2. It is shown
that the planetary magnetosheaths, ICME sheaths, and the heliosheath have similarity
in respect of hot protons (Richardson and Liu, 2007). These should also be applicable
for the steady fast solar wind originating from the coronal holes. However, the results
obtained in this investigation are not suitable for the explosive processes of the CMEs,
during which the coronal magnetic energy contributes to the outward acceleration of

the solar wind.

The relationship between the temperatures of the solar corona and planetary
magnetosheaths obtained here is useful for the evaluation on the thermal features of

the planetary magnetospheres based on the solar coronal conditions. The plasmas in
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the tail plasma sheet are mainly originated from the magnetosheath. It is found that
the temperature ratio of protons and electrons in the Earth’s plasma sheet is ~7, which
is about the same as that in the magnetosheath. The higher the temperature of the

magnetosheath, the higher that of the plasma sheet.
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