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ABSTRACT

Voyager 1 and 2 crossed the heliopause at ~122 AU in 2012 and ~119 AU in 2018,
respectively. It was quite a surprise because the thickness of the inner heliosheath
obtained by the existing at that time models of the global heliosphere was significantly
larger (by 20-40 AU). U
. Earlier in the frame of an oversimplified toy model of nearly isothermal

solar wind p

lasma it has been shown that the effect of electron thermal conduction
may significantly reduce the thickness of the inner heliosheath. In 1his paper, we
present the first results of our 3D kinetic-MHD model of the global heliosphere, where

ly. The thermal
conduction acts mainly along the magnetic field lines. Clagsical and saturated thermal
fluxes are employed when appropriate. It is s

IS The thi ed. It is desired effect

since it helps to reconcile the thickness obtained in the model with Voyager data. The

other effects are the strong depletion of the heliosheath plasma temperature toward
the heliopause and the increase of the plasma temperature in the supersonic solar

wind upstream of the termination shock.

Key words: Solar wind — Sun: heliosphere — Methods: numerical

1 INTRODUCTION

Voyager 1 (V1) crossed the heliospheric termination shock
(TS) at 94 AU in 2004 and the heliopause (HP) at 122 AU
in August 2012 (Stone et al. 2013; Krimigis et al. 2013). The
V1 crossing of the heliopause at 122 AU was not expected
by a part of the heliospheric community since the global
models of the solar wind (SW) - local interstellar medium
(LISM) interaction suggest that the thickness of the inner
heliosheath, which is the region between the TS and the
HP, in the V1 direction should be of the order of 50-70 AU
depending on the model (see, e.g., Izmodenov et al. 2013).
The Voyager 2 crossings of the heliospheric termina-
tion shock at 84 AU in 2007 (Decker et al. 2008; Stone et
al. 2008) and the heliopause at 119 AU in 2018 (Burlaga
et al. 2019; Gurnett & Kurth 2019; Krimigis et al. 2019;
Richardson et al. 2019; Stone et al. 2019) are generally con-
firmed that the measured thickness of the inner heliosheath
is smaller than expected in the models. For example, in the
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time-dependent model of Izmodenov & Alexashov (2020)
the heliopause distances are ~123.5 AU in August 2012 for
Voyager 1 direction and ~121.5 AU in November 2018 for
Voyager 2 direction that is quite close to the actual crossings.
However, the distances to the termination shock obtained in
the model by 14 and 6 AU closer than actual distances of
crossings. It was also shown in that paper that the angle
between interstellar magnetic field and LISM velocity has
strong influence on locations of the termination shock and
the heliopause. However, it is not possible to match the Voy-
ager’s TS and HP crossings by varying the magnitude and
direction of the magnetic field.

After 10 years since 2012, the problem of the heliosheath
thickness has no definitive solution. Several ideas to resolve
this problem appeared recently in the literature. Borovikov
& Pogorelov (2014) suggested that the smaller distance is
connected with the instabilities of the heliopause. Schwadron
& McComas (2013) argued for the interstellar flux transfer
effect. Swisdak et al. (2013) and Opher et al. (2013) ex-
plained the observed behavior by magnetic reconnection in
the inner heliosheath and at the heliopause.

The importance of electron thermal conduction in the
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heliosheath plasma flow has been studied by Izmodenov
et al. (2014) in the frame of an over-simplified "toy’ model by
assuming that the plasma flow is isothermal in the entire he-
liosphere. The toy model is clearly demonstrated that the ef-
fect of thermal conduction may be significant, and it strongly
reduces the thickness of the inner heliosheath, which helps
to reconcile the model results with Voyager observations.

This paper explores the effect of thermal electron con-
duction. We present the first results of the 3D kinetic-MHD
model of the solar wind interaction with the local interstel-
lar medium in which the effect of thermal conduction has
been taken into account.

2 MODEL

In the presented model, we use a single fluid ideal MHD
approach for all charged particles (electrons, protons, pickup
protons, helium ions). The system of governing equations is
the following;:

0
a—f+V'(PV):Qn, (1)
a(pV) B\ _BB]_

ot \Y [pVV + (p * 3 I el 0;, (2)
OE B2 (V-B) .
i v N —_lv- =
ot (E +p+ 87r) V- B] Qe +divg, 3)
aa—fw.(VB—BV):o, divB=0 (4)

Here p, V, and p are the density, velocity, and pressure
of the plasma component, respectively. B is the magnetic

2
field induction vector, E = p% + % + 83—” is the total energy,

v =5/3. The sources Qy, Q;, Q¢ in the right parts of (1-3) are
due to processes of charge exchange with neutral component
and photoionization.

The system of equations (1-4) is the same as in the
models presented by Izmodenov & Alexashov (2015, 2020)
with only one exception of the term divq.

The system of equations (1-4) is solved together with
the kinetic equation for the neutral component consisting of
hydrogen atoms. This equation, together with expressions
for the source terms Qy, Q;, Q¢, can be found in Izmodenov
& Alexashov (2015). We do not repeat them here.

The exclusive goal of this paper is to establish the effect
of the thermal conduction term divq in the energy equation.
The influence is analyzed by comparing the modeling re-
sults with the model without thermal conduction. For such
a model we choose Model 1 from Izmodenov & Alexashov
(2020). The boundary conditions for this model are also
presented in Izmodenov & Alexashov (2020). The bound-
ary conditions use the solar wind data at 1 AU and the
interstellar parameters inferred from Ulysses/GAS data and
other previous studies. For the less known interstellar pa-
rameter that is interstellar magnetic field (IsMF) we choose
Brism = 3.75 pGauss and the direction that lies within
the Hydrogen Deflection Plane (see, Lallement et al. 2005,
2010) and constitutes 60° with the direction of interstellar
flow vector.

2.1 Thermal conduction

According to the classical theory of Spitzer (1962), the heat
conduction vector is determined as follows

q=«T2"*(b-VT,)b, b=B/B. ()

As it is seen, the thermal flux is not isotropic. It is
maximal in the direction of the magnetic field and reduced
in the perpendicular direction. The coefficient for thermal
conductivity « is expressed through the Coulomb logarithm
(Balbus 1986)

1.84-107°
K= ———
InA

where InA =29.7 + In[T./(100K) (ne/(1em™3))~1/2].

In the considered problem, the Coulomb logarithm
varies in the range InA ~ 27 — 33 (29-33 in supersonic so-
lar wind and heliosheath, 27-31 in interstellar medium, and
29-31 close to heliopause). For simplicity, we used averaged
value 30 and corresponding coefficient « ~ 6 - 1077 (in sgs).

The classical formula above is valid under following con-
dition

ergs cm_ls_lK_7/2,

T,
IR N (6)
where A is the electron mean free path with respect to elec-
tron collisions. This means that the electron mean free path
should be much smaller than characteristic scale of the tem-
perature variation.

In our problem, the condition (6) does not work at the
fronts of the shocks and heliopause. Moreover, it does not
work also in the inner heliosheath between the heliospheric
termination shock and the heliopause. In this case the ther-
mal flux is so-called saturated and can be calculated as fol-
lows (Cowie & Mckee 1977)

q = gsarsgn(b - VI.)b, (7)
2kpTe

Me

172
qsar = 0.4 ( ) nekpTe = 5¢P(P/P)3/2- (8)
Here ne is the electron number density, m, is the electron
mass, kp is the Boltzmann constant. ¢ is a constant that can
be chosen in the range of [0, 1.1] depending on the ionization
state of the gas. In the case of fully ionized plasma in thermal
equilibrium with ¢ ~ 1. In our model ¢ = 0.5 is assumed
since the neutral component is present. We also performed
calculations with different values of ¢.

In the numerical calculations for each cell of the nu-
merical grid thermal fluxes are calculated by (5) and (7).
Following Cowie & Mckee (1977), we choose classical flux
(5) when the classical flux is smaller than the saturated one
(7), and the saturated flux otherwise.

Following Izmodenov & Alexashov (2020), the helium
ions in the interstellar medium and solar alpha particles have
been taken into account in the model (see, also, Izmodenov
et al. 2003). In this case, to close the system of equations
the following equation of state is employed: p = (np +nge +
ne)kpT, where np, n. and np. are the number densities of
protons, electrons and helium ions, From conditions of quasi-
neutrality: n, = np+2ng. in the solar wind, n, = np +ng. in
the interstellar medium. In this notation, p = mp,(np+4ng.),
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mp is the proton mass. Introducing the parameter ¢ that is
0= (np+nge)/(np +4ny,) for the interstellar medium and
6 = (np + 1.5nge)/(np +4ng,) for the solar wind, we have
the following expressions for the electron temperature and
the saturated heat flux ggqr:

mp p

b |32
T.=T= 2%, (5_ qsat = S¢mpne (%) .

3 NUMERICAL APPROACH

The problem to be solved numerically consists in the solution
of system of equations (1) - (4) self-consistently with kinetic
equation for the neutral component. The latter equation is
solved using the Monte-Carlo method (Malama (1991), see,
also, Izmodenov & Alexashov (2015)).

The system (1) - (4) is solved by Yanenko’s method of
fractional steps (Yanenko 1967). In this numerical approach,
the solution of the full system on the next time step is ob-
tained by two (fractional) sub-steps. In the first sub-step,
we solve the thermal conduction equation:

Z‘: = divg, (9)
where ¢ = % is the plasma thermal energy. As a result
of this solution new distribution of the thermal pressure is
obtained. This distribution is used as initial values of pres-
sure for the second sub-step. In the second sub-step, we
solve the ideal MHD equations with the source terms due to
charge exchange. The numerical procedure for this time-step
is the same as described before in Izmodenov & Alexashov
(2015, 2020). Briefly, to solve the ideal MHD equations we
use finite-volume high-order Godunov’s type scheme that in-
cludes 3D adaptive moving grid with discontinuities captur-
ing and fitting capabilities, Harten-Lax-van Leer Discontinu-
ity (HLLD) MHD Riemann solver and Chakravarthy-Osher
TVD procedure.

The numerical methods employed for the first time-step
are described below. To calculate the thermal flux, we pre-
liminary construct the magnetic field lines passing through
the centers of computational cells. The magnetic field lines
are calculated for all computational cells and at each com-
putational time-step. Then the thermal fluxes are calculated
by solving a one-dimensional version of the thermal conduc-
tion equation (9) along of each field line:

ot ds Bds  ds

00 _0g_q08_y0 (a) a0

where s is the coordinate along the magnetic field line, g =
lql, B = |B|. Note, the equation (10) has been derived from
(9) under assumption that the vectors q and B are parallel.
The equation (10) is solved by implicit second order
numerical scheme:
ns n*

nx _ on . L1 .1
8,‘ si & +5 -3
h

(11)

i+l _yn

where ' and ! are the time moments corresponding to
previous and following time steps, 4 is the uniform step along
the magnetic field line. For the classical thermal flux q 1 i

I\)
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approximated as

Tir1 - T;

5/2
T; 1+T'
R e (12)
where
Y Y
=1 — 1) | B )
kb N1+1 kp Nln

and N is sum of number densities of protons electrons and
helium ions. For the saturated flux q 1 is calculated as

(2kp)*"2 (Tiil +T,~)3/2 Mit (1)

= +5¢(n,)" s
(‘1 1)sat #( ) % m B ATzl

where AT;1 =Ti41 — T;-
The choice between classic and saturated fluxes depends
on their absolute values. Eventually, we have qf’* (q )Cl

if1(q7 etl <147 )sarl and 7%, = (g7 1)sat overwise.
2

Tozget the vahzles of p? and o} at the points along the
magnetic streamline, we use a hnear interpolation proce-
dure.

To solve non-linear system of equations (11) for inter-
mediate values " we used an iterative procedure.

Solving the system of non-linear equations (11) by an
iterative procedure, we obtained the pressure distribution
that is used then to calculate mass, momentum and energy
fluxes at the time-step of Godunov’s method.

4 RESULTS

The effect of thermal conduction on the global heliosphere
is significant. It is clearly seen from Figures 1 and 2. The
figures present the results in the solar polar and equatorial
planes, respectively. The comparison of the current model
results with the results of the model without thermal con-
duction (Model 1, hereafter) is presented. The most pro-
nounced effect is in the inner heliosheath between the TS
and HP. The temperature in this region is high (7 2 10° K),
so thermal fluxes are large and saturated.

The results show that the thickness of the heliosheath
is reduced by about 20 % in the region of the solar equator
mainly due to the heliopause moving toward the Sun (com-
pared to Model 1). At the poles the heliosheath thickness
is reduced by more than 50 %. In addition to the HP that
approaches the Sun, the TS in the pole regions moves out
(compared to Model 1). This happens due to higher solar
wind speed at the poles, which results in higher temper-
ature in the post-shocked plasma of the inner heliosheath.
The higher temperature, the larger the coefficient of the heat
conduction.

The changes in shapes and locations of the heliopause
and termination shock are connected with strong depletion
of the plasma temperature and pressure in the inner he-
liosheath toward the heliopause (Figure 3). The plasma tem-
perature drops in the vicinity of the heliopause so-strongly
that it becomes much smaller than the temperature from
the interstellar side of the heliopause. This is the combined
effect of the thermal conduction and magnetic field. Indeed,
after crossing the TS, the plasma temperature is high, so
thermal conduction works effectively. The heat is removed
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Figure 1. Number density (panels A and B) and temperature
(panels C and D) of the solar wind in the solar polar plane. Pan-
els A and C present the results obtained in the frame of the model
with the effect of thermal conduction. Panels B and D are shown
for the sake of comparison and present result of Model 1 of Iz-
modenov & Alexashov (2020). The shapes of the heliospheric ter-
mination shock and the heliopause are shown as the white curves.
Solid and dashed lines correspond to the current model and Model
1, respectively. Projections of the streamlines and magnetic field
lines are shown as black lines.

from the region toward the tail along the magnetic field lines.
Therefore, the temperature reduces as we move from the TS
toward the heliopause. The coefficient of thermal conduction
becomes small, and, at some distances the thermal conduc-
tion becomes ineffective.

Moving further toward the heliopause, the observer en-
ters the so-called magnetic wall region, where the magnetic
field becomes dominant. The plasma moves around this re-
gion, creating plasma depletion. The effect has been ob-
tained and explained in Izmodenov & Alexashov (2015). It
is also seen in Figure 3 for Model 1. The temperature also
drops down in the vicinity of the termination shock. Nev-
ertheless, the temperature of the heliospheric plasma at the
heliopause is about 10 times higher than the interstellar tem-
perature.

For the current model, the effects of thermal conduction
and plasma depletion due to magnetic field work simultane-
ously. This produces huge drop of heliosheath temperature
at the heliopause.

This is due to the fact that the thermal conduction
works along the magnetic field lines, which in the upwind,
are parallel to the HP surface and nearly parallel to the
TS. The magnetic field lines connect the heated plasma of

0 100 200 300-300-200-100 O 100 200 300
Z(AU) Z(AU)

-300 -200 -100

T.K 6451 57671 462250 711306 1087163 2029049 3593073

-300 -200 -100 O 100 200 300-300-200-100 O 100 200 300
Z(AU) Z(AU)

Figure 2. Description is the same as for Figure 1, but for equatorial
plane.

Model 1, heat corllguction, Upwind
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Figure 3. Density (p), radial component of velocity (Vg), temper-
ature (T') and total (p+ ?—ﬂ) pressure of the plasma component as
functions of the heliocentric distance. The distributions are shown
in the upwind direction. Red curves correspond to the results ob-
tained in the frame of current model with thermal conduction
included. Black curves correspond to Model 1.
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Figure 4. Number densities of different populations of atomic
hydrogen as functions of the heliocentric distance. The distribu-
tions are shown in the upwind direction. Red curves correspond
to the results obtained in the frame of current model with thermal
conduction included. Black curves correspond to Model 1.

the nose region with cooler plasma in the downwind. The
thermal conduction redistributes heat toward the tail. This
mechanism is more effective for the streamlines closer to the
heliopause since they are connected to the most distant tail
regions, which are cooler.

In the outer heliosheath beyond the heliopause, the in-
fluence of thermal conduction is much less pronounced, and
it is noticeable only in the vicinity of the heliopause.

There is another interesting effect that is seen in Figures
1 - 3. The plasma temperature in the supersonic solar wind
upstream of the TS is lager compared with Model 1. This is
due to transfer of thermal energy from the heliosheath due
to thermal conduction along the magnetic steamlines. The
streamlines connect the supersonic solar wind region with
the inner heliosheath because the TS is not spherical. This
effect is rather large and will be discussed in last section.

It is interesting to note that the termination shock re-
mains to be discontinuity despite the presence of a dissipat-
ing process of the thermal conduction. It can be explained
by the form of the saturated thermal flux expression em-
ployed. This flux (contrary to the classical flux) does not
change the divergent form of governing equations. There-
fore, the Rankine-Hugoniout (R-H) conditions connect the
parameters upstream and downstream the shock. The only
difference with classical case is the appearance of the addi-
tional (algebraic) term in the R-H condition. Such modifica-
tion of the R-H conditions is well known (see, for example,
Chernyi (1988)). Therefore, the shock structures remain for
thermal conduction with the saturated heat flux. For the
classical heat flux, one could expect a smooth shock transi-
tion when the magnetic field streamline is not parallel to the
shock front. If the streamline is nearly parallel to the shock
front then the transition region is quite narrow.

Figure 4 presents the number density distribution of the
neutral components in the upwind direction. The left panel
presents the number density of interstellar atoms (both pri-
mary and secondary) in the upwind direction.

The difference with Model 1 is within 5 %. A much more
difference with Model 1 is seen in the number density of H
atoms, which were born (by charge exchange with protons).
The number density in the current model is larger by a factor

MNRAS 000, 1-7 (2022)
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of two at the maximum (see the right panel in Figure 4).
This is connected with the significant increase in the number
density of the parent protons since the charge exchange rate
is proportional to the density.

5 SUMMARY AND DISCUSSION

The presented first results of the global model of the helio-
sphere confirm the preliminary estimates of the importance
of thermal conduction on the plasma flow in the inner he-
liosheath. The thermal conduction essentially changes the
shapes of the heliopause and the termination shock. The
thickness of the inner heliospheric is significantly (by a fac-
tor of two at the poles) reduced. This is the desired effect
because it helps to reconcile the thickness obtained in the
model with Voyager data.

Other main results obtained are connected with plasma
temperature in the inner heliosheath and the supersonic so-
lar wind. The first not evident and expected result is the
strong depletion of the heliosheath plasma temperature to-
ward the heliopause. The depletion is so strong that the
temperature becomes lower than the interstellar tempera-
ture. We explain the depletion by combined effects of the
thermal conduction and magnetic field.

The second result is the increase of the plasma temper-
ature in the supersonic solar wind upstream of the termina-
tion shock. This increase is associated with the heat transfer
from the inner heliosheath due to the thermal conduction.

Due to the lack of electron temperature observations in
the distant heliosphere and the heliosheath, we can not ver-
ify this result directly. However, a single-fluid approach for
plasma is assumed in this model. Such an assumption has
been employed in our previous models (except for Malama
et al. 2006; Chalov et al. 2016; Baliukin et al. 2020, 2022).
It is implied that the pickup protons immediately assimi-
late into the solar wind plasma. This leads to a large in-
crease in the proton temperature toward the termination
shock and, therefore, the electron temperature. Such an in-
crease was not observed by Voyager 2, which proved the
thermal decoupling of the solar protons and pickup protons.
Nevertheless, the non-adiabatic behaviour of the solar wind
protons is observed (Gazis et al. 1994; Lazarus et al. 1995)
and was explained by the transfer of thermal energy from
pickups to protons through their interaction with electro-
magnetic waves propagating from the Sun and originating
due to unstable ring distribution of newly originated pickup
protons (Williams et al. 1995). Recently Korolkov & Izmode-
nov (2022) have shown that the primary process responsible
for the non-adiabatic behaviour of the distant solar wind is
the heating by numerous shock waves propagating in the
solar wind.

The single-component approach for the heliospheric
plasma is probably appropriate to describe the global struc-
ture of the heliosphere since it is built on fundamental laws
of mass, momentum, and energy conservation. Nevertheless,
describing distribution of different components requires a
multi-component approach as those proposed by Malama
et al. (2006), Chalov & Fahr (2013), and later by Chalov et
al. (2016), Baliukin et al. (2020, 2022). In addition to sepa-
ration of solar and pickup protons, most probably, the elec-
tron component should be considered as thermally decou-
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Figure 5. The distribution of number density (A) and tempera-
ture (B) in the upwind direction. Different curves correspond to
the different values of the parameter ¢ of equation (8). Panels
C and D shows the positions of the termination shock and the
heliopause in the polar and equatorial planes.

pled with solar protons. Such a model has been recently de-
veloped for the inner heliosphere by Usmanov et al. (2018).
Such an approach should be extended to the global models
of the heliosphere. The possible extension will require the
conditions for solar protons, pickup protons and electrons
at shocks in general, and, in particularly, at the termina-
tion shock. Such conditions have been considered by Fahr
& Chalov (2008), Fahr, Siewert, & Chashei (2012), Fahr &
Siewert (2013), Fahr & Siewert (2015) under assumption
of magnetic moment conservation across the shock. Specific
role of electrons has been explored in Fahr, Richardson, &
Verscharen (2015). Recently, Gedalin, Pogorelov, & Royter-
shteyn (2021) obtained conditions for downstream pickup
proton temperature and pressure by using test-particle anal-
yses.

Another way to advance the current model of the global
heliosphere is to consider the parameter ¢ in the expression
(8) as a function of coordinates. Indeed, this coefficient de-
pends on the ionization state (¢ = 1 for fully ionized plasma),
which strongly changes throughout the heliosphere. The pre-
sented solution strongly depends on ¢. To demonstrate it, we
performed calculations for different values of ¢ (see, Figure
5).

It is also important to underline that in the considered
model the thickness of the inner heliosheath is reduced due
to evacuation of thermal energy into the heliotail along of
magnetic field lines. The the inner heliosheath would be re-
duced if the heat is transferred through the heliopause. How-
ever, the electron heat conduction is strongly anisotropic
and the heat is transferred along the magnetic field lines
by several orders of magnitude faster than in the perpen-
dicular directions. The magnetic field lines are parallel to
the heliopause surface. Therefore, despite much longer way
along the magnetic field line the heat energy will evacuated
in the heliotail region rather than transferred through the
heliopause. This approach is considered in our paper. Of
course, alternatively, some dissipative process may lead to
reconnection of the magnetic field lines at the heliopause.
Then the thermal energy can be evacuated through the re-
connected lines.

Overall, we conclude that thermal conduction has a sig-
nificant effect on the global shape of the heliosphere and
should be included in the global models. At the same time,
there is no doubt that single fluid description is not appro-
priate to be used for comparison with Voyager plasma data.
Instead, most probably, pickups, solar protons, and electrons
should be considered as three co-moving but thermally de-
coupled fluids.
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