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ABSTRACT

Context. We investigate the wave heating problem of a solar quiet region and present its plausible solution without involving shock
formation.
Aims. We aim to use numerical simulations to study wave propagation and dissipation in the partially ionized solar atmosphere, whose
model includes both neutrals and ions.
Methods. We used a 2.5D two-fluid model of the solar atmosphere to study the wave generation and propagation. The source of these
waves is the solar convection located beneath the photosphere.
Results. The energy carried by the waves is dissipated through ion-neutral collisions, which replace shocks used in some previous
studies as the main source of local heating in quiet regions.
Conclusions. We show that the resulting wave dissipation is sufficient to balance radiative and thermal energy losses, and to sustain a
quasi-stationary atmosphere whose averaged temperature profile agrees well with the observationally based semi-empirical model of
Avrett & Loeser (2008, ApJS, 175, 229).
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1. Introduction

The heating problem of the solar atmosphere is very challeng-
ing as it requires an explanation of the counter-intuitive 200−500
fold atmospheric temperature rise from about 5600 K at the solar
surface over a height of about 2000 km. Two main families of
heating mechanisms have been proposed: one uses microflar-
ing while the other is based on energy carried by various waves
present in the solar atmosphere. There is observational evidence
for the existence of both microflares and waves in the solar atmo-
sphere. The former likely contributes to the heating at higher
altitudes, whereas the latter is expected to be responsible for the
heating of lower atmospheric layers. The main unsolved heating
problem refers to the mechanism by which the wave energy is
generated and dissipated. A solution of this longstanding solar
physics problem is proposed in this paper.

The most efficient source of waves is the convection zone.
Lying below the photosphere, this zone is populated by highly
turbulent motions that generate magnetohydrodynamic gravity
waves (e.g., Musielak & Ulmschneider 2001). Recent observa-
tions reveal a diversity of waves in the solar atmosphere and they
also demonstrate that some of these waves carry enough energy
to heat this atmosphere (e.g., Jess et al. 2009; Srivastava et al.
2018). Propagation of these waves in the atmosphere is affected
by cutoff frequencies. Acoustic-type waves with frequencies
higher than their cutoffs are propagating, but waves with lower
frequencies are evanescent and their amplitudes decay with
height.

The concept of cutoff was originally introduced by Lamb
(1909) and later modified to be applicable to the solar atmo-
sphere by others (e.g., Roberts 2004; Musielak et al. 2006).
Strong observational evidence for the existence of cutoffs in

the atmosphere and their variations with the atmospheric height
was presented by Wiśniewska et al. (2016) and Kayshap et al.
(2018). Several theoretical attempts have been made to fit
the available observational data (e.g., Murawski et al. 2016;
Wójcik et al. 2018) without achieving satisfactory agreement.
However, in the most recent study by Wójcik et al. (2019a), good
agreement between the numerical simulations and observations
was finally achieved, and the authors pointed out the impor-
tance of partially ionized effects that were accounted for by their
numerical code. Similar code is used in this paper but with the
exception that all nonideal and nonadiabatic terms are switched
on. However, the main goal of this paper is different from that
of Wójcik et al., as here we concentrate on wave generation and
dissipation, and the solar atmosphere wave heating problem.

Waves in the solar atmosphere may form shocks that heat the
plasma locally (e.g., Ulmschneider et al. 1978; Carlsson & Stein
1995). Fawzy et al. (2002) constructed theoretical models of the
chromosphere that are based on the waves generated in the
convection zone and using the dissipation of wave energy by
shock formation (Hillier et al. 2016). The constructed models
were purely theoretical, one-dimensional (1D) and they included
both nonmagnetic and magnetic regions as well as full treatment
of nonlocal thermodynamic equilibrium (NLTE) ionization and
radiation. The only free parameter in these models was a fill-
ing factor, which was used to explain different levels of activ-
ity observed in solar-like stars. The models were used to com-
pute profiles of Ca II and Mg II lines, which were compared
to observational data. The comparison shows good agreement
between the theoretically predicted line profiles and observa-
tions, and also demonstrates that the theoretically predicted tem-
perature variations in the solar atmosphere are in an agreement
with the semi-empirical VAL model (Vernazza et al. 1981). The
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main difference between the approach of Hillier et al., which
was based on fully ionized plasma, and the one presented in this
paper is that our numerical model is 2D and properly accounts
for partially ionized plasma in the solar atmosphere.

In the chromosphere models described above, and in most
of the previous theoretical studies, i.e., studies of Hillier et al.
(2016), the effects of partially ionized plasma in the gravitation-
ally stratified solar atmosphere were often neglected or consid-
ered under some assumptions. For instance, Wójcik et al. (2018)
and Kuźma et al. (2019) devised 1D models of the dynam-
ics of ions and neutrals and then the models were extended
to 2D geometry (e.g., Srivastava et al. 2018; Wójcik et al.
2019a,b). Moreover, Maneva et al. (2017) developed a 2D
model of nonadiabatic and nonideal atmosphere to show that
ion magnetoacoustic-gravity and neutral acoustic-gravity waves
(e.g., Vigeesh et al. 2017) lead to local heating of a mag-
netic flux tube. In addition, Martínez-Sykora et al. (2017) and
Khomenko et al. (2018) included neutrals in their respectively
2D and 3D models of self-generated solar granulation. The con-
tribution of neutrals was taken into account by amending a
few extra terms in the induction equation. These models were
recently generalized to dynamic ions and neutrals in the chro-
mosphere by Popescu Braileanu et al. (2019) who reported the
development of a new two-fluid code and its numerical verifi-
cation. We present here an approach in which ions and neutrals
are included self-consistently in our numerical model, and their
dynamical effects on wave propagation and dissipation are fully
accounted for. Our approach provides new insight into the wave
heating problem.

Our paper is organized as follows: our two-fluid
(ions + electrons and neutrals) model is described in Sect. 2;
wave heating resulting from our numerical simulations is
presented and discussed in Sect. 3; our conclusions are given in
Sect. 4

2. Two-fluid model of a partially ionized solar
atmosphere

We consider a gravitationally stratified and partially ionized
solar atmosphere whose evolution is described by the set of two-
fluid equations (e.g., Zaqarashvili et al. 2011; Leake et al. 2012;
Martínez-Gómez et al. 2018; Soler et al. 2013; Oliver et al.
2016; Ballester et al. 2018, and references therein). We take into
account hydrogen as a main dynamic plasma ingredient; the
influence of heavier plasma species is considered with use of the
OPAL solar abundance model (e.g., Vögler et al. 2004). Addi-
tionally, for simplicity we assume that ions and electrons consist
of a single ion-electron fluid, while neutrals are described by a
second fluid. Interaction between both fluids occurs through the
ion–neutral collisions. In this model we neglect effects of recom-
bination, ionization, and charge exchange, as well as effects of
electrons exerted on ions, mimicked by extra terms in the gener-
alized Ohm’s law (e.g., Khomenko 2017). As a result of com-
plexity of the present model, these effects are left for future
studies.

2.1. Two-fluid equations for ions and neutrals

We write the equations that describe dynamics of neutral and
ion + electron fluids as

∂%n

∂t
+ ∇ · (%nVn) = 0, (1)

∂%i

∂t
+ ∇ · (%iVi) = 0, (2)

∂(%nVn)
∂t

+ ∇ · (%nVnVn + pnI)

= αc(Vi − Vn) + %ng, (3)
∂(%iVi)
∂t

+ ∇ · (%iViVi + pieI)

=
1
µ

(∇ × B) × B + αc(Vn − Vi) + %ig, (4)

∂B
∂t

= ∇ × (Vi×B),∇ · B = 0, (5)

∂En

∂t
+ ∇ · [(En + pn)Vn]

= αcVn · (Vi − Vn) + Qin
n + qn + %ng · Vn, (6)

∂Ei

∂t
+ ∇ ·

[(
Ei + pie +

B2

2µ

)
Vi −

B
µ

(V · B)
]

= αcVi · (Vn − Vi) + Qin
i + Qi

R + qi + %ig · Vi, (7)

where the heat production terms are

Qin
n = αc

(
1
2
|∆V|2 + a∆T

)
, (8)

Qin
i = αc

(
1
2
|∆V|2 − a∆T

)
, (9)

with ∆V = Vi − Vn, ∆T = Ti − Tn, and a = 3kB/ (mH(µi + µn)).
Here I is the identity matrix, and subscripts i, n, and e corre-
spond respectively to ions, neutrals, and electrons. The symbols
%i,n denote mass densities, Vi,n velocities, pie,n ion + electron and
neutral gas pressures, B magnetic field, and Ti,n are temperatures
specified by ideal gas laws,

pn =
kB

mHµn
%nTn, pie =

kB

mHµi
%iTi, (10)

where the gravity vector is g = [0,−g, 0] with its magnitude g =
274.78 m s−2, αc is the coefficient of collisions between ion and
neutral particles, qi,n describe thermal conduction (Spitzer 1962),
Qi

R represents radiative losses, µie = 0.58 and µn = 1.21 are the
mean masses of electrons + ionized plasma species and neutrals,
respectively, and they are taken from the OPAL solar abundance
model (e.g., Vögler et al. 2004), mH is the hydrogen mass, kB is
the Boltzmann constant, γ = 1.4 is the specific heats ratio, and µ
is the magnetic permeability of the medium. All other symbols
have their standard meaning.

The radiative losses term, Qi
R, consists of two separate parts:

thick cooling which operates in the low atmospheric layers and
thin cooling, which works in the upper atmospheric regions.
In every time-step we calculate the optical depth, starting from
infinity and ending at the bottom boundary. For optical depths
higher than 0.1 we use the thick cooling approximation of
Abbett & Fisher (2012). For optical depths lower than 0.1 we
use the thin cooling curve (Cox & Tucker 1969), which is inter-
polated by a tenth-order polynomial. In order to mimic energy
transport into the simulation box from lower lying convective
regions, we supplemented the radiative term by the heating term
which overwhelms cooling by 5% at optical depths τ > 10.

Following Zaqarashvili et al. (2011), we assume coefficient
of collisions between ions and neutrals αin =αni =αc, and to
estimate its value we use the following formula provided by
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Fig. 1. Initial vertical profiles of ion, %i, (solid line) and neutral, %n,
(dashed line) mass densities.

Braginskii (1965):

αc =
4
3
σin

%i%n

mHµi + mHµn

√
8kB

πmH

(
Ti

µi
+

Tn

µn

)
· (11)

Here the collisional cross-section σin is taken from the quantum-
mechanical model of Vranjes & Krstic (2013) who showed that
the classical hard-sphere model may lead to underestimation
of the cross-section values. For typical chromospheric plasma
temperature in the range of 6 × 103−104 K this cross-section is
equal to 1.89 × 10−18 m2, that is about three orders of magni-
tude larger than in the hard-sphere model. We experienced for
acoustic waves that the released heating due to ion-neutral colli-
sions is higher for the classical cross-section than for its quantum
analog (Kuźma et al. 2019). We note that the ion–neutral colli-
sion frequency differs from the neutral–ion collision frequency
(Ballester et al. 2018), and they are given as νin = αc/%i and
νni = αc/%n, respectively.

2.2. Initial hydrostatic equilibrium of the solar atmosphere

Here, we consider the initial conditions of the solar atmosphere.
We assume that the atmosphere is initially in hydrostatic (Vi,n =
0) equilibrium. The equilibrium mass density profiles of ions and
neutrals (Fig. 1) are specified uniquely by the temperature pro-
file, which is taken to be the same for ions and neutrals (e.g.,
Oliver et al. 2016) from the quiet solar atmosphere model of
Avrett & Loeser (2008). We note that the ion mass density is
much lower than the neutral mass density in the photosphere and
the low chromosphere; they become comparable about 900 km
below the transition region which is located at y ≈ 2.1 Mm.
Higher up, the neutrals are less abundant than ions; in the corona
the mass density of neutrals experiences a sudden fall-off with
height. As a result of ion and neutral distributions, the ioniza-
tion degree depends on height in the solar atmosphere; in the
photosphere, where the temperature is only about 5800 K, the
plasma is very weakly ionized with only about one ion for every
thousand neutrals, while in the solar corona the plasma there is
essentially fully ionized.

Interaction between ion + electron and neutral fluids occurs
through the ion–neutral collisions that are determined by the
ion–neutral friction coefficient (Eq. (11)). Vertical profile of αc
is illustrated in Fig. 2 (left). Below the photosphere, αc retains
its high value of 20 km s−1, and therefore both fluids are strongly
coupled there, acting as a single fluid as a result. At the bottom
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Fig. 2. Vertical profiles of ion-neutral friction coefficient, αc, (left panel)
and sound speed, cs, (right panel) in units of g cm−3 s−1 and km s−1.

of the photosphere, that is at y = 0, the value of αc begins to
decrease with altitude. Higher up, both fluids decouple, enabling
ion-neutral drift, ∆V = Vi − Vn, to take place in the chromo-
spheric and transition region layers. This drift is essential for
collisional heating (Eqs. (8) and (9)). The sound speed cs can be
given as

cs(y) =

√
γ(ph ie(y) + ph n(y))
%h i(y) + %h n(y)

· (12)

In the photosphere, cs is close to 6 km s−1 (Fig. 2, right). Imme-
diately below the transition region, cs(y = 2 Mm)≈ 11 km s−1.
Higher up, cs grows, following the trend of

√
T (y); this growth is

abrupt immediately above the transition region, and at larger alti-
tudes cs rises slowly to a value of about 150 km s−1 at y ≈ 30 Mm
(not shown).

We adopt here the uniform magnetic field with its verti-
cal and transverse components given as B = [0, B0, B0] with
B0 = 15/

√
2 Gs. A nonzero transversal magnetic field per-

mits transversal Alfvén waves to be present in the system.
These waves are linearly coupled to magnetoacoustic waves
and are essential in the model; as in the nonlinear regime
they are capable of driving vertical flow (e.g., Hollweg 1986;
Murawski 1992; Shestov et al. 2017). The mode conversion
between slow-acoustic and Alfvén modes in regions of β ≈ 1
can take place in this system. A nonlinear coupling between
slow and Alfvén waves near these regions has been studied by
Zaqarashvili & Roberts (2006). A detailed discussion on two-
fluid Alfvén waves can be found in Kuźma et al. (in prep.). The
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Fig. 3. Profile of the initial Alfvén speed, cA, versus height y.

Fig. 4. Spatial profile of logarithm of ion temperature, Ti, expressed in
units of Kelvins (colormap) overlayed by magnetic field lines at t =
5000 s.

vertical profile of the corresponding Alfvén speed, cA(x, y) =

B/
√
µ(%i + %n), is illustrated in Fig. 3. In the upper photosphere

and lower chromosphere, cA attains values lower than 10 km s−1

up to y ≈ 1 Mm. Higher-up, as a result of low ion mass den-
sity %i, cA rises until the transition region, where it experiences a
sudden growth to values close to 800 km s−1.

3. Numerical simulations of two-fluid wave heating

We use JOANNA code (Wójcik et al. 2018) to solve the
two-fluid equations numerically. We set in our numerical
experiments the Courant-Friedrichs-Lewy (Courant et al. 1928)
number equal to 0.3 and choose a second-order accuracy
in space and a second-order accurate Runge-Kutta method
(Durran 2010) for integration in time, supplemented by adopting
the Harten-Lax-van Leer discontinuities (HLLD) approximate
Riemann solver (Miyoshi & Kusano 2005) and the divergence
of magnetic field cleaning method of Dedner et al. (2002).

The simulation box is specified along horizontal (x-) and
vertical (y-) directions as (−5.12 < x < 5.12) Mm× (−5.12 <
y < 30) Mm. This allows us to simulate a convectively unsta-
ble region just below the photosphere which occupies the layer
0 ≤ y ≤ 0.5 Mm. Below the height y = 5.12 Mm, we set a uni-
form grid with cell size 20 km× 20 km, while higher up at the
base of the corona, which is located at y = 2.1 Mm, we stretch
the grid along the y-direction dividing it into cells whose size
grows with height. Two different types of boundary conditions
are implemented at four edges of the simulation box. All plasma

quantities at the top and bottom boundaries are set to their hydro-
static values. At the right and left boundary we use periodic
boundary conditions. With the use of the stretched grid above
y = 5.12 Mm we damp any incoming signal in layers close to
the upper boundary. We find that such a stretched grid, supple-
mented by fixing all plasma quantities to their hydrostatic condi-
tions at the top boundary, significantly reduces spurious reflec-
tions of the incoming signal. Additionally, we implemented a
plasma inflow at the bottom boundary with its vertical velocity
equal to 0.3 km s−1. This allows us to compensate the outflowing
plasma mass losses. The value of inflow velocity is calculated
by assuming that the incoming flux compensates the radiative
losses (Chatterjee 2020).

In our numerical simulations we consider plasma that is ini-
tially (at t = 0 s) set to its hydrostatic state with the vertical
and transverse components of magnetic field equal to 10/

√
2 Gs.

Later on, horizontal motions of plasma due to spontaneously
generated granulation reshuffle magnetic field lines in the pho-
tosphere in the form of small flux tubes (Fig. 4, solid lines).
These horizontal plasma motions reveal mean velocity close to
2.5 km s−1 at y = 0 Mm (not shown) with a maximum value of
up to 5 km s−1, and thus they remain subsonic. This figure also
reveals the presence of a well-defined cool and dynamic chromo-
sphere above the photosphere. This chromosphere layer is filled
with both hot and cold jets visible at x ≈ 2.5 Mm.

Hot plasma associated with granulation (Fig. 4, colormap)
drifts towards the chromosphere and forms plasma upflows
(Fig. 5, top). At the bottom of the chromosphere this plasma
radiates its energy and gets cooled. Between sibling granules
the downdrafts with cold plasma flowing down settle in the
convection zone (Fig. 5, top). Both these upflows and down-
drafts are accompanied by two-fluid waves (Fig. 5, bottom),
which in our model atmosphere are neutral acoustic-gravity,
ion magnetoacoustic-gravity (Vigeesh et al. 2017), and Alfvén
waves.

The periods of the excited waves, which we obtained from
the Fourier spectra for ion vertical velocity, are plotted in Fig. 5
(bottom). We note that at the height within the range of 0 Mm <
y < 0.5 Mm, the dominant wave period P is about 340 s. How-
ever, higher up, for y > 0.5 Mm, the signal associated with large
values of P decays fast with y, and the main wave period is
associated with P ≈ 180 s. It was demonstrated that acoustic
waves of P ≈ 300 s are evanescent in the photosphere (e.g.,
Wójcik et al. 2018) but they are filtered out in higher layers.
Thus, the package of waves consists of the main wave-period
of about 180 s (Fig. 5, bottom). The described filtering process
dominates in the chromosphere and it lowers periods and allows
the waves to reach the transition region located at y = 2.1 Mm,
where the waves become partially reflected back to the chromo-
sphere. As a result of ion–neutral collisions, the energy of these
excited waves is dissipated. This dissipation is most effective for
largest dispatches between ion and neutral velocities, and these
waves may convert their energy into heat mostly in the chromo-
sphere (Fig. 6), compensating radiative and thermal losses.

A strong damping of low-frequency (with period >80 s)
Alfvén waves does not follow the conclusions drawn from
the analytical studies of Zaqarashvili et al. (2013) who showed
that waves with short wave-periods are rapidly damped by
ion–neutral collisions. However, our two-fluid model describes
highly dynamic solar atmosphere (that nevertheless remains in
quasi-equilibrium) and differs significantly from those devel-
oped so far. A signal present in Viz is partially converted
through ion-neutral collisions into a signal in Vnz. It follows
from the dispersion relation that Vnz is associated with a purely
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Fig. 5. Spatial profile of the vertical component of ion velocity, Vi,
expressed in units of 1 km s−1 (top) and its spatially averaged Fourier
power periods vs. height (bottom) at t = 5000 s.

Fig. 6. Spatial profile of the absolute difference between ion and neutral
velocities (|Vi − Vn|) expressed in units of 1 km s−1 at t = 5000 s.

imaginary frequency which corresponds to a strongly damped
wave (Zaqarashvili et al. 2013). This effect along with the energy
transfer from Viy into Vnz causes Alfvén waves, which corre-
spond to Viz, to be strongly damped. We found that longer wave
periods are not the main cause of the heating of the solar atmo-
sphere, which agrees with the numerical results of Kuźma et al.
(2019) who found that for acoustic waves, with wave periods
longer than 80 s, the plasma heating decreases.

Figure 7 shows the vertical profile of horizontally averaged
ionization, %i/%n, at three moments of time, namely t = 0 s (solid
line), that is, initial ionization, t = 2000 s (dashed line), and t =
4000 s (dotted line), which corresponds to fully developed and
ongoing granulation. From this plot we can see, that %i/%n drops
by about one order of magnitude in the upper chromosphere.
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(dotted line) and minus cooling term (solid line) vs. height y, drawn
at t = 5000 s.

The ionization levels in the photosphere, lower chromosphere,
and corona remain close to their initial values.

The numerically obtained quasi-stationary solar atmosphere
is the result of the subtle balance between radiative cooling, ther-
mal conduction, and collisional energy dissipation mechanism.
This equilibrium is illustrated in Fig. 8 in the form of horizon-
tally averaged collisional heating and negative cooling rates ver-
sus height. We note that by definition, the heating rate attains
positive values, while cooling negative values. Deep below the
photosphere, heating from the deeper layers overcomes cool-
ing, and leads to hot plasma upflows in the convectively unsta-
ble layer. At the photosphere, that is for 0 < y < 0.5 Mm, the
optical opacity abruptly falls off and hot plasma rapidly radiates
its energy. Thereafter, the heating term overwhelms the cooling
term in this layer. Higher up, that is, in the chromosphere and low
corona, these two terms reach a similar value, with the cooling
term being slightly dominant in the corona. It is demonstrated
that the wave energy dissipation, which is supplemented by vis-
cous and ohmic heatings, is sufficient to balance radiative and
thermal energy losses above the photosphere and to sustain a
quasi-stationary solar atmosphere.

Figure 9 shows the temporal evolution of horizontally aver-
aged Ti. We see that, as a result of cooling–heating balance in the
chromosphere, the system arrives at a quasi-equilibrium state of
the solar atmosphere. The chromosphere in our simulations is a

A28, page 5 of 7

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936938&pdf_id=5
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936938&pdf_id=6
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936938&pdf_id=7
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936938&pdf_id=8


A&A 635, A28 (2020)

2000 2500 3000 3500 4000 4500 5000
t [s]

−2.5

0.0

2.5

5.0

7.5

10.0

y
[M

m
]

103 104 105

Ti

Fig. 9. Time distance plot of the horizontally averaged Ti.

Fig. 10. Numerically obtained minimum Ti(y) (blue dashed line) and
maximum Ti(y) (red dashed line) at x = 0, and semi-empirical data of
T (y) of Avrett & Loeser (2008; dotted line).

highly dynamic medium filled with jets and spicules that trans-
port mass to balance losses due to plasma outflows (Wójcik et al.
2019b). The well-defined transition region oscillates close to its
initial position at y = 2.1 Mm.

Figure 10 reveals that the radiative cooling and thermal
energy losses are in equilibrium with collisional heating, sus-
taining a quasi-stationary atmosphere with the transition region
located around y = 2.1 Mm. As a result of this balance, the
numerically obtained vertical profile of ion temperature is close
to the semi-empirical data of Avrett & Loeser (2008). A better
fit would require tuning the inflow or the extra heating which we
impose below the photosphere. However, such parametric stud-
ies are very costly as they require a number of jobs to be run.
It must be pointed out that this agreement was obtained with-
out invoking shocks, which were previously considered as the
main source of local heating in the solar chromosphere (e.g.,
Ulmschneider et al. 1978; Carlsson & Stein 1995; Fawzy et al.
2002). Such shocks are occasionally generated in the upper chro-
mosphere. However, our results show that the efficient wave
heating by ion-neutral collisions prevents shock formation in
the lower and middle chromosphere. Thus, a new insight into
the wave heating problem is our demonstration that the waves
dissipate their energy without forming shocks; another impor-
tant aspect of this result is that short-period waves, which were
the main source of heating of the lower chromosphere in the
latter mentioned study, can now reach much higher layers of
the chromosphere, including the transition region and corona.
Our results allow us to obtain an average temperature distribu-
tion that is very similar to that in the semi-empirical model of
Avrett & Loeser (2008), which is good confirmation of the valid-
ity of our approach and the code used to perform the simula-
tions. Moreover, we also demonstrate that the ion temperature

varies locally in the chromosphere, and the predicted range is
consistent with the results of the numerical simulations reported
by Carlsson & Stein (1995). The latter study shows that tem-
perature variation grows with height, attaining the greatest val-
ues in the low corona. Figure 10 presents a similar trend,
although the temperature variations are smaller than those of
Carlsson & Stein (1995), which may result from the presence of
ions and neutrals in the model we developed.

Recent observations of Grant et al. (2018) showed that
Alfvén waves are steepening into shocks at lower heights of
the solar atmosphere. With observed local temperature enhance-
ments of 5% it is the first observational evidence of Alfvén waves
heating chromospheric plasma in a sunspot umbra through the
formation of shock fronts. In our simulations, thermal energy
is released during collisions between ions and neutrals which
may lead to ion–neutral velocity drift, and this is a pure two-
fluid effect. In the case of a shock, kinetic energy at the front
of this shock is converted to thermal energy as a result of the
friction between ion + electron fluid and neutral species. This
phenomenon takes place not only at a shock but also at all
other waves in general. However, it is more efficient for steeper
wave profiles and its impact on overlaying plasma temperature
depends on ion–neutral drift. In conclusion, it is therefore largest
in the case of shocks.

Finally, it must also be emphasized that similar code was
used by Wójcik et al. (2019a,b) to propose that the solar wind
origin is associated with granulation, and to theoretically pre-
dict the variations of acoustic cutoff frequency in the solar atmo-
sphere, which are in good agreement with the observational
results obtained by Wiśniewska et al. (2016) and Kayshap et al.
(2018). This is another independent verification of the validity
of our approach and the code, and it shows that the effects of
partial ionization become very important in lower and middle
chromospheric layers.

4. Conclusions

We performed numerical simulations of two-fluid waves in a
partially ionized solar atmosphere with radiation and thermal
conduction taken self-consistently into account. The considered
neutral acoustic-gravity, Alfvén, and ion magnetoacoustic grav-
ity waves were generated by spontaneously evolving and self-
organizing convection with granulation cells. We found that the
granulation excites a wide spectrum of wave periods (Fig. 5,
bottom) and that only sufficiently short-period acoustic and long-
period gravity waves propagate through the atmosphere and
reach the corona (Vigeesh et al. 2017).

Part of the energy carried by these waves is dissipated in
the photosphere and chromosphere because of ion–neutral col-
lisions. As a result, these two-fluid waves generated by the gran-
ulation effectively heat the plasma, compensating radiative and
thermal energy losses there. The atmosphere also gets extra heat
from viscosity and magnetic diffusivity, which are most effec-
tive at the places of sheared flow and oppositely orientated mag-
netic field lines. This heating takes place at the downdrafts below
the photosphere, contributing to plasma temperatures there and
leading to a quasi-stationary solar atmosphere with its temper-
ature distribution being close to the semi-empirical model of
Avrett & Loeser (2008).

This is the first time that agreement with the observationally
based semi-empirical model has been obtained without involv-
ing heating by shocks. We conclude that our results unravel the
main mechanism of the wave heating quiet regions of the chro-
mosphere, and that the basic physical process of this mechanism

A28, page 6 of 7

https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936938&pdf_id=9
https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201936938&pdf_id=10


D. Wójcik et al.: Wave heating of the solar atmosphere

is collisions between neutrals and ions. Our results have impor-
tant implications for the construction of theoretical solar atmo-
spheric models in the near future as they show that the effects of
partially ionized plasma must be included in these models and
that they may prevent shock formation, which was a dominant
physical process for waves in a fully ionized solar atmosphere.
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