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ABSTRACT

Context. It is known that the solar atmosphere exhibits a varying degree of ionization through its different layers. The ionization
degree directly depends on plasma temperature, that is, the lower the temperature, the lower the ionization degree. As a result, the
plasma in the lower atmospheric layers (the photosphere and the chromosphere) is only partially ionized, which motivates the use of
a three-fluid model.
Aims. We consider, for the first time, the influence of electrons on granulation-generated solar chromosphere heating and plasma
outflows. We attempt to detect variations in the ion temperature and plasma up- and downflows.
Methods. We performed 2.5D numerical simulations of the generation and evolution of granulation-generated waves, flows, and
other granulation-associated phenomena with an adapted JOANNA code. This code solves the simplified three-fluid equations for
ions (protons) and electrons and neutrals (hydrogen atoms) that are coupled by collision forces.
Results. Electron-neutral and electron–ion collisions provide extra heat in the low chromosphere and enhance plasma outflows in
this region. The effect of electrons is small compared to ion–neutral collisions, which have a significantly greater effect on the
heating process and the production of outflows. Ion–neutral collisions involve higher energy exchanges, making them the dominant
mechanism over collisions with electrons.
Conclusions. Electrons do not play a major role in heating and producing outflows, primarily because their mass is much lower
compared to that of neutrals and ions, resulting in lower energy transfer during collisions.
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1. Introduction

The solar atmosphere can be divided into distinct layers with
different physical characteristics, namely: the photosphere, the
chromosphere, the transition region, and the corona. The photo-
sphere is considered the conventional surface of the Sun, which
spans a height of about 500 km. The chromosphere develops
up to a level of about 2100 km and is capped by the corona,
which is assumed to extend out into the solar wind over a dis-
tance of about 2–3 solar radii. Between the chromosphere and
the corona, there is a narrow plasma layer known as the tran-
sition region, which is only 100–200 km thick. The temperature
variation between these layers, which leads to varying degrees of
ionization in the solar atmosphere, is a significant characteristic.

The temperature at the bottom of the photosphere is around
5600 K, gradually falling off with height to a minimum of about
4300 K. This minimum occurs around 100 km above the photo-
sphere. From there, the temperature gradually rises again, first
slowly in the low chromosphere, then much faster from the high
chromosphere and in the transition region. On average, the tem-
perature in the transition region is 104−105 K, abruptly increas-
ing to 1−3×106 K in the corona. The reason for this temperature
increase with height remains a major unknown in heliophysics
(Uchida & Kaburaki 1974; Ofman 2010).
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The ionization degree is a measure of the number density
ratio of particles that have been ionized to the total number of
particles. It is influenced directly by the plasma temperature; a
lower temperature corresponds to a lower ionization degree. A
low ionization degree indicates that the majority of the matter is
not ionized, with many atoms retaining their electrons. Due to
its extremely high temperature, the solar corona is completely
ionized, while the lower and less hot regions of the solar atmo-
sphere are only weakly (the photosphere) and partially (the chro-
mosphere) ionized. In the photosphere, the ionization degree is
roughly 10−4, which means that there is only one ion per about
104 neutral particles. In the chromosphere, the ionization degree
increases with height, which motivates and justifies using the
multi-fluid model of the solar atmosphere. These observations
have been reported by Aschwanden (2005) and Avrett (2003). It
should be noted that Brchnelova et al. (2023) shows that even in
the almost fully ionized solar corona, the very low abundance of
neutrals has a considerable effect on the flow field in the corona.

The recent investigation by Alharbi et al. (2022) shows that
the partially ionized plasma can also be divided into two different
regions based on the collisional frequency, and this divergence
appears around the chromosphere’s base. In the lowest region
(the photosphere), the collisional frequency of the charged par-
ticles (ions and electrons) is higher than the gyro-frequencies of
the charged particles, meaning that the dynamics of the particles
are not much affected by the magnetic fields and that the gas
dynamics can be described within the framework of a three-fluid
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plasma model. In this model, the ions, electrons, and neutrals
are treated as three separate fluids. In the higher layer (the chro-
mosphere), only the electrons are magnetized. Nevertheless, the
strong coupling of the charged particles reduces the working
framework to essentially a three-fluid plasma model.

Previously we conducted a study using only a two-fluid
model of the solar atmospheric plasma, from which electrons
were excluded, and their influence was mimicked by setting
the mean mass of the ion+electron gas to 0.5 (Pelekhata et al.
2021). In particular, we studied the effect of Alfvén waves
and their coupling with magneto-acoustic waves on the ther-
malization of the lower solar atmosphere and plasma outflows
(Pelekhata et al. 2023). Murawski et al. (2022) investigated the
impact of granulation-induced two-fluid waves within the non-
ideal and nonadiabatic quiet Sun atmosphere. The findings
reveal that these waves heat the surrounding medium efficiently
and simultaneously generate subtle plasma outflows. While we
usually consider only the photosphere and the lower chromo-
sphere, performing studies within a two-fluid framework is rea-
sonable. We did this in an attempt to clarify whether electron
pressure contributes to the granulation-generated solar chromo-
sphere heating or whether it is not necessary to particularize our
model.

The remainder of this paper is organized as follows:
Section 2 presents the simplified three-fluid equations and
the background equilibrium model of the solar atmosphere.
Section 3 presents the results of the numerical simulations, and
Section 4 contains a discussion and summary of the results of
the numerical experiments performed and the conclusions that
can be drawn from them.

2. Physical model

To simulate the lower atmospheric layers of the Sun, a model
of the partially ionized solar atmosphere stratified by a con-
stant gravity was used. The initial setup for the numerical
model, including the stratified temperature, is adopted from pre-
vious studies (Niedziela et al. 2021; Pelekhata et al. 2021, 2023;
Niedziela et al. 2022; Murawski et al. 2022). Specifically, we
used the model from Avrett & Loeser (2008) for the initial tem-
perature of ions and neutrals. This study focuses on the quiet Sun
region, ensuring that our model accurately represents the temper-
ature stratification observed in this part of the Sun’s atmosphere.
The presence of neutral particles in the photosphere and chro-
mosphere, as reported by Khomenko et al. (2014), and recently
also by Murawski et al. (2022), necessitates the use of at least a
two-fluid plasma model. However, this project applies a simpli-
fied three-fluid framework, where a single ion+electron fluid is
separated into two distinct fluids, but the electrons are treated as
mass-less, and a third fluid describes the dynamics of the neu-
trals. These fluids interact directly among themselves through
ion–neutral, electron–neutral, and electron–ion collisions.

Simplified three-fluid equations

The simplified three-fluid equations describe the behavior of the
species using magnetohydrodynamic-like equations for charges
and the Navier–Stokes equations for neutrals. These equations
for ions and neutrals can be written as follows:

the continuity equations:

∂%i

∂t
+ ∇ · (%iVi) = mi(Γion

i + Γrec
i ), (1)

∂%n

∂t
+ ∇ · (%nVn) = mn(Γion

n + Γrec
n ); (2)

the momentum equations:

∂(%iVi)
∂t

+ ∇ · (%iViVi + (pi + pe)I)

= %ig +
1
µ

(∇ × B) × B + ∇ ·Πi + Si, (3)

∂(%nVn)
∂t

+ ∇ · (%nVnVn + pnI) = %ng + ∇ ·Πn + Sn; (4)

the energy equations:

∂Ei

∂t
+ ∇ ·

[(
Ei + pi + pe +

B2

2µ

)
Vi −

B
µ

(Vi · B) +
η

µ
(∇ × B) × B

]
= (%ig + Si) · Vi + Qi + ∇ · (Vi ·Πi) + qi − Lr + Hr, (5)
∂En

∂t
+ ∇ · [(En + pn)Vn]

= (%ng + Sn) · Vn + Qn + ∇ · (Vn ·Πn) + qn (6)

and the induction equation with the solenoidal constraint:

∂B
∂t

= ∇ × (Vi × B − η∇ × B), ∇ · B = 0. (7)

Here, the energy densities are defined as

Ei =
%iV2

i

2
+

pi + pe

γ − 1
+

B2

2µ
, En =

%nV2
n

2
+

pn

γ − 1
. (8)

In the above equations, the energy source terms, Qi,n, repre-
sent the heat production and exchange resulting from the col-
lisions, as specified by Meier & Shumlak (2012). The terms
Γ

ion,rec
i,n correspond to the ionization and recombination processes,

as described by (Murawski et al. 2022)

Qi = Qin
i + Qie

i , Qn = Qni
n + Qne

n , (9)

Γion
i = −Γion

n = nnv
ion, Γrec

i = −Γrec
n = niv

rec. (10)

The above equations for ions and neutrals are supplemented by
the charge neutrality condition and an expression for the electron
velocity, derived from the definition of the electric current:

ne = ni, Ve = Vi −
1

eniµ
∇ × B, (11)

where ni and ne are the concentrations of ions and neutrals,
respectively.

In the above equations, the subscripts i,e,n correspond to ions
(protons), electrons, and neutrals (hydrogen atoms), respectively.
Therefore, Vi, Ve, and Vn are respectively the ion, electron, and
neutral velocities, B denotes the magnetic field, I indicates the
identity matrix, and g = [0,−g, 0], with g = 274.78 m s−2 being
the gravitational acceleration on the Sun. Additionally, %i, %e,
and %n are respectively the ion, electron, and neutral mass den-
sities, ni,n are the number densities, pi, pe = pi and pn are the
thermal pressures, and Ei and En are the total energy densities.
The symbol kB denotes the Boltzmann constant, µ is the mag-
netic permeability,Πi,n the viscous tensor (Braginskii 1965), and
γ = 5/3 is the adiabatic index. Hr indicates a heating term. The
other symbols have their standard meaning. The reader should
refer to Murawski et al. (2022) for the two-fluid version of the
equations.
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3. Numerical simulations

The JOANNA code (Wójcik et al. 2018, 2019) was used to per-
form numerical simulations to specify changes in the ion temper-
ature and vertical plasma up- and downflows caused by electron
influences. This code provides numerical solutions to the ini-
tial boundary value problem for the three-fluid equations. Addi-
tionally, the simulations use second-order accurate linear spatial
reconstruction (e.g., Toro et al. 2009) and the third-order accu-
rate super stability preserving Runge–Kutta (SSPRK3) method
(Durran 2010), which facilitates a Courant–Friedrichs–Lewy
number of 0.9 in the simulations. The simulations utilize the
Harten–Lax–van Leer discontinuity (HLLD) approximate Rie-
mann solver (Miyoshi & Kusano 2007; Mignone et al. 2012), as
well as the divergence of magnetic field cleaning method from
Dedner et al. (2002).

3.1. Numerical box, initial, and boundary conditions

The simulation domain is two-dimensional, with the horizontal
direction ranging from −20.48 Mm to 20.48 Mm and the verti-
cal direction ranging from −3 Mm to 25 Mm. The box is cov-
ered by a total of 1024 cells in the x direction, In the y direction
the box is divided into two regions: from −3 Mm to 17.48 Mm,
it is overlayed by a uniform grid of 512 cells; from 17.48 Mm
to 25 Mm, it is covered by a non-uniform grid with increas-
ing cell size in the vertical direction to damp the incoming
signals and reduce reflections (Kuźma & Murawski 2018). The
plasma variables at the top and bottom of the simulation domain
were set to their magnetohydrostatic values, that is, the hydro-
static equilibrium complemented by the force-free magnetic field
B = [0, By, Bz] = [0, 5, 1] Gs. Periodic boundary conditions were
imposed at the side boundaries.

3.2. Numerical results

Figure 1 gives the spatial profiles of log(Ti), overlaid with mag-
netic field lines at two instances of time: t = 0 s (top panel)
and t = 4000 s (middle and bottom panels). The bottom (green)
zones in the two lower panels clearly show a perturbed pattern
that contains oscillations and jets that are associated with self-
generated and self-evolving turbulent fields that mimic convec-
tion with granulation cells at their tops. The middle plot repre-
sents a numerical experiment in which the collisions of both ions
and neutrals with electrons are ignored, and it can be seen that
the largest jet reaches heights of about y = 6 Mm and is located
at x = −0.2 Mm. The granulation perturbations are not defined
explicitly by specific equations but are a result of convective
instabilities. We initially perturbed the vertical velocity Vy by
small random vertical ion and neutral flows to see these convec-
tive instabilities. The self-generated and self-evolving turbulent
fields are seeded by these initial perturbations and the natural
convection processes, which evolve to form granulation patterns
similar to those observed in the photosphere. This transition is
illustrated in Figure 1.

The bottom plot corresponds to the scenario where electron
collisions are taken into account. Here, the largest jet reaches y =
4 Mm and is located at x = 12 Mm. Furthermore, the maximum
ion temperature values differ slightly: 1.5 × 106 K in the case
without electrons (this value agrees with the result obtained by
Murawski et al. (2022)) and 1.4 × 106 K with electrons.

Electron motion contributes to electric currents, which, in
turn, influence the behavior of the magnetic field. Electrons are
affected by the Lorentz force. This force can lead to the twist-

Fig. 1. Spatial profiles of log(Ti) overlaid with magnetic field lines at
t = 0 s (top) and t = 4000 s (middle and bottom), without electrons
(middle) and with electrons (bottom).

ing and bending of magnetic field lines, contributing to changes
in ||∇ × B||. Figure 2 presents spatial profiles of ||∇ × B|| for
the cases without electrons (left) and with electrons (right). For
the electrons dynamics that are ignored, the maximum value of
||∇ × B|| reaches about 7900 Gs Mm−1, and is greater than in the
case in which the electrons are taken into consideration, where
max(||∇×B||) ≈2600 Gs Mm−1. Since ||∇×B|| is nonzero, accord-
ing to Eq. (10), the electrons attain different speeds than the ions,
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Fig. 2. Spatial profiles of ||∇ × B|| at t = 4000 s, for the models without electrons (left) and with electrons (right).

Fig. 3. Time–distance plots for horizontally averaged 〈Ti〉x (top); the dashed line represents the semi-empirical model of Avrett & Loeser (2008)
and averaged-over-time ion temperature 〈Ti〉xt (bottom), for the model without electrons (left) and with electrons (right).

allowing them to exchange and thermalize their energies during
collisions.

Figure 3 (top panels) presents time–distance plots for the
horizontally averaged ion temperature, 〈Ti〉x:

〈Ti〉x =
1

x2 − x1

∫ x2

x1

Ti dx, (12)

where x1 = −10.24 Mm and x2 = 10.24 Mm. The only differ-
ence between the two plots is that the one on the left is based
on a simulation in which collisions with electrons were ignored,
while for the plots on the right, these collisions were included. It
is clear that the plots are very similar, except that the values of
the ion temperature are slightly higher in the case without elec-
trons, max〈Ti〉x = 2 × 106 K; however, the difference is so small
as to be negligible.

The same is true for the plots in the bottom panels, which
show the horizontally and time-averaged ion temperature 〈Ti〉xt,

which can be defined as

〈Ti〉xt =
1

t2 − t1

∫ t2

t1
〈Ti〉x dt, (13)

where t1 = 0 s and t2 = 5000 s. In the case of the bottom-left
panel, 〈Ti〉xt reaches a maximum of only about 106 K in the upper
corona. The minimum value of about 104 K occurs at the height
of the bottom of the photosphere.

Additionally, we specify that

∆T ≡
〈Ti − T

T

〉
xty

=
1

y2 − y1

∫ y2

y1

〈Ti〉xt − T
T

dy, (14)

where y1 = 0 Mm, and y2 = 2 Mm and T is the semi-empirical
temperature (Avrett & Loeser 2008). When electron collisions
were ignored, ∆T = 1.25; when electron collisions are taken
into account, ∆T = 0.53. These results show that the presence of
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Fig. 4. Vertical profiles of relative perturbed ion temperature δTi/T (top) and averaged-over-time perturbed ion temperature (bottom) without
electrons (left) and with electrons (right).

electrons does not significantly increase the amount of heat that
is deposited in the atmosphere.

Figure 4 (top panels) shows time–distance plots for the rel-
ative perturbed ion temperature δTi/T for simulations without
(left) and with electrons (right). The top-left panel shows that
max(δTi/T ) is about 300, whereas the top-right plot shows that
the maximum value is about 350.

The bottom panels of Fig. 4 show the temporarily averaged
perturbed temperature 〈δTi/T 〉t. In the case of the bottom-left
panel, 〈δTi/T 〉t reaches a maximum of about 120 in the chromo-
sphere (but higher up it rapidly decreases almost to 0 K). The
bottom-right panel reveals a similar trend and shows that the
maximum value occurs at the same height but is smaller – about
90. The observed difference in the height at which ion tempera-
ture perturbations begin can be attributed to the higher collision
frequency at lower heights when electrons are included.

Figure 5 (top panels) presents time–distance plots for the
vertical component of the horizontally averaged ion velocity〈
Viy

〉
x
. The maximum value of the vertical component of the ion

velocity in the case without electrons (left panel) is max(Viy) ≈
70 km s−1, while with electrons, it is max(Viy) ≈ 55 km s−1.

The bottom panels of Fig. 5 show the time-averaged vertical
ion velocity, which can be defined as〈
Viy

〉
tx

=
1

t2 − t1

∫ t2

t1

〈
Viy

〉
x

dt, (15)

where t1 = 0 s and t2 = 5000 s. It is noticeable that in the
case without electrons, downflows take place almost in the entire
studied area up to y = 5 Mm, with the minimum velocity value of
about 4.1 km s−1 taking place at y ≈ 1 M. The panel on the right-
hand side represents the case in which collisions with electrons

were taken into account. Here, net downflows mainly take place,
but they turn into upflows with a magnitude that increass with
height y while moving from the lower atmosphere to the corona.
Its minimum value reaches about 3.9 km s−1 at y ≈ −1.2 M and
the maximum value is approximately 0.9 km s−1 at y ≈ 5 M.

Additionally, we specify that

∆V ≡
〈

Viy

cs

〉
xty

=
1

y2 − y1

∫ y2

y1

〈
Viy

〉
xt

cs
dy, (16)

where y1 = 0 Mm, and y2 = 2 Mm and cs ≈ 10 km s−1 is
the local sound speed. For the case where electron collisions
were not considered, ∆V = 0.2, and for the case with electrons,
∆V = 0.05. Equation (16) demonstrates that the Mach number of
the generated upflows remains subsonic and does not vary sig-
nificantly with or without the presence of electrons. This occurs
because electrons lose energy through collisions in the lower part
of the simulation domain, thereby reducing the energy available
for conversion into the kinetic energy of the plasma upflows.

4. Summary and conclusion

Numerical simulations of chromosphere heating and plasma
flows were performed in a partially ionized solar atmosphere,
with nonadiabatic and nonideal effects taken into account and
with electron effects included in the model. The considered
model atmosphere was supplemented by spontaneously evolv-
ing and self-organizing convection, which excited waves and
sheared plasma flows. The energy associated with these pro-
cesses is dissipated by collisions, magnetic diffusivity, and vis-
cosity, effectively heating the solar plasma and competing with
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Fig. 5. Time–distance plots for
〈
Viy

〉
x

(top) and time-averaged vertical ion velocity (bottom), without electrons (left) and with electrons (right).

radiative and thermal energy losses. This dissipation results in
the local heating of the chromosphere.

Compared to the previous study by Murawski et al. (2022),
who adopted a model without electron effects, our results show
that electrons do not significantly affect the chromosphere heat-
ing and plasma outflows. The reason for their negligible effect
lies in the physics of collisions and energy transfer within
the solar atmosphere. Electrons are less effective in transfer-
ring energy through collisions due to their significantly lower
mass compared to ions and neutrals. This reduces their abil-
ity to heat the plasma and generate significant flows. Con-
versely, ion–neutral collisions play a dominant role in these
processes. They occur more frequently and involve larger
energy exchanges, making them crucial for heating the plasma
and driving atmospheric flows. Therefore, we conclude that
while electrons are present and do contribute to energy trans-
fer, their overall impact is negligible compared to ion–neutral
collisions.
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