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ABSTRACT

Context. Global multi-fluid coronal models are crucial to enhancing our comprehension and prediction of space weather. This study
offers new insights into the impact of source and sink terms in a two-fluid model of the partially ionised solar atmosphere and their
implications for the dynamics of the solar corona, in the context of space-weather forecasting.
Aims. This study aims to extend the two-fluid global coronal model by incorporating source and sink terms that represent empirical
formulations of coronal heating and radiative and thermal conduction losses. The paper presents a fresh perspective by comparing
model performance with and without these terms in a two-fluid (ion-neutral) plasma framework.
Methods. This work employed the newly developed multi-fluid global coronal model, COolfluid COronal uNstrUcTure Multi-Fluid
(COCONUT-MF), based on the Computational Object-Oriented Libraries for Fluid Dynamics (COOLFluiD) code. This code solves
the equations separately for charged particles (ions + electrons) and the neutral gas to describe the dynamics of a partially ionized
plasma. The model in this paper accounted for chemical (ionization and recombination) and non-ideal (collisional) dynamics due
to neutrals, as well as empirical heating terms, thermal conduction, and radiative losses, which were incorporated into the energy
equation.
Results. The paper discusses two steady-state solutions: one for a solar-minimum case (August 1, 2008) and one for a solar-maximum
case (March 9, 2016). We demonstrate the importance of accounting for source-sink terms in two-fluid models to accurately describe
the dynamics of the lower corona.
Conclusions. The obtained results underscore the necessity of incorporating source-sink terms in the accurate modelling of the
dynamics of the solar corona. Such terms lead to more structured temperature profiles and improved predictions for space weather.
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1. Introduction

Space weather refers to variations in the space environment
between the Sun and Earth. It is primarily concerned with the
Sun’s influence on our Solar System due to changes in its
magnetic activity and associated phenomena. Predicting space
weather is vital because of its significant socio-economic impact
on systems such as radio communications, satellite avionics,
Global Positioning System (GPS) navigation, and electrical
power grids on Earth. Space-weather variations also pose a
potential health risk to astronauts and aeroplane passengers trav-
eling on high-altitude aviation flights. Therefore, a deep under-
standing of the dynamics and structure of the solar atmosphere
is necessary to model space-weather phenomena. Global mag-
netohydrodynamic (MHD) and multi-fluid coronal models of
the solar atmosphere are critical for space-weather forecasting
as they are the first link in the Sun-to-Earth model chains used
for space-weather predictions (Poedts 2019; Poedts et al. 2020a;
Poedts et al. 2020b). Such model chains have become indispens-
able tools for advancing our understanding of space weather, par-
ticularly because they can simulate the entire solar heliosphere
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and the propagation of coronal mass ejections (CMEs) and other
associated solar phenomena (Feng 2019).

The solar atmosphere comprises four distinct layers, each
with distinct physical properties: the photosphere, the chro-
mosphere, the transition region, and the solar corona. The
key space-weather phenomena originating from these regions
include solar flares, CMEs, solar energetic particle (SEP) events,
and high-speed solar-wind streams (HSS). These phenomena
alter the ambient plasma, magnetic fields, radiation, and particle
flow in space, as well as their interactions with planets’ mag-
netospheres (Gopalswamy 2022). The single-fluid MHD model
provides valuable insights, facilitating advances in our under-
standing of the solar corona, the outermost layer of the solar
atmosphere, with temperatures ranging from 1−3 MK. At such
high temperatures, the plasma is anticipated to be nearly com-
pletely ionised, and therefore, the problem is usually approached
using traditional single-fluid MHD models (Mikić et al. 1999;
Usmanov & Goldstein 2003; Riley et al. 2001; Hu et al. 2008;
Jin et al. 2016; Gombosi et al. 2018; Goedbloed et al. 2019;
Downs et al. 2021; Iijima et al. 2023). Coronal MHD simula-
tions have become an increasingly prevalent tool for model-
ing, primarily due to recent developments and the availabil-
ity of high-performance computing. These enhancements have
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enabled two-dimensional (2-D) and three-dimensional (3-D)
MHD simulations, allowing for more sophisticated and realis-
tic modeling of coronal dynamics. The intricate complexity of
a solar corona and its dynamic nature have attracted significant
scientific attention over the past half a century (Schnack 1994;
Aschwanden 2019; Aslanyan et al. 2024). Quantitative model-
ing and understanding the underlying complexity are among the
significant challenges in heliophysics that remain to be over-
come. Reviews such as Kuperus et al. (1981), Cargill (2000),
Califano (2000), Einaudi & Velli (2005), Sakurai (2017), and
Lu et al. (2024) cover many details related to the heating of the
solar corona and its implications for space-weather forecasting.

The studies mentioned above have significantly advanced
our understanding of coronal dynamics. These advance-
ments are critical, particularly given the complexity of the
corona, where even high-temperature plasma can harbour rem-
nants of neutral particles, potentially leading to ionization,
recombination, and charge exchange. (Sime & McCabe 1990;
Fontenla et al. 1993; Dorotovic et al. 1997; Zaqarashvili et al.
2011; Vial & Chane-Yook 2016) Previous studies have shown
that, despite their low concentration, neutrals can have a small
but noticeable impact on the flow field (e.g., Andretta & Jones
1997, Braileanu et al. 2019, Khomenko et al. 2021). During
solar maximum, when CMEs, flares, and prominence eruptions
are most frequent, neutrals in the solar corona may amplify
such effects. For example, Pagano et al. (2020) found that the
CMEs’ leading edges can contain orders of magnitude more
neutral-rich hydrogen than equilibrium predicts. Such neu-
trals affect the energy transport and diagnostics in solar erup-
tions. The neutral fractions in the solar atmosphere may affect
both large-scale activity and small-scale dynamics, thus alter-
ing the wave propagation and shock formation (Judge 2020;
Melis et al. 2021). In similar lines, the studies by Tu & Marsch
(1997) and Martínez-Gómez et al. (2022) account for the two-
fluid effects in the solar corona. All these studies imply that
even a tiny percentage of neutrals can locally influence the
ion temperature and velocity via the momentum and energy
source terms (Brchnelova et al. 2023) and challenge the tradi-
tional assumption that neutrals do not significantly impact the
solar corona dynamics (Martínez-Sykora et al. 2015). Therefore,
a more comprehensive approach, beyond single-fluid models
involving multi-fluid MHD (MF-MHD hereafter), is necessary
to fully capture the complexity of the partially ionized plasma
in the solar corona. Considering MF-MHD effects, the plasma
model is expected to offer a more comprehensive understanding
of the solar atmosphere by accounting for momentum and energy
exchange between the constituent species. This may enhance
space-weather predictions and provide a more accurate descrip-
tion of the intricate physics of the partially ionized corona.

Modern plasma codes employ computational fluid-dynamics
methods to obtain accurate results for numerous coronal fea-
tures and to forecast space-weather events. A novel, data-driven
3-D global coronal model, COolfluid COronal uNstrUcTure
(COCONUT), has been developed in this context (Perri et al.
2022, 2023). This model, built on the Computational Object-
Oriented Libraries for Fluid Dynamics (COOLFluiD) numer-
ical code (Lani et al. 2005), aims to replace traditional semi-
empirical models, such as the Wang-Sheeley-Arge (WSA)
model (Wang & Sheeley 1990), which are often used in oper-
ational space-weather forecasting contexts. In light of the above
studies, to seek more sophisticated and realistic modeling of the
coronal dynamics and mark the importance of the multi-fluid
model, this paper aims to build upon the polytropic MF-MHD
framework established in Brchnelova et al. (2023) by introduc-

ing new source and sink terms in the energy equations and
upgrading it to a complete MF-MHD COCONUT model. This
extension investigates two-fluid models to enhance our under-
standing of the impacts of two-fluid effects on global coro-
nal modeling and space-weather forecasting. We refer to this
approach as the thermodynamic MF-MHD model (TMF-MHD).

The COCONUT model has shown good accuracy and sta-
bility in strenuous cases representative of a solar maximum
and minimum. Having passed a wide range of benchmark tests,
the code has demonstrated its precision in handling simple
cases of dipole and quadrupole configurations and diverse solar
minimum and solar maximum magnetograms. Recent publica-
tions provide a thorough description of the COCONUT model
(Perri et al. 2022, 2023). Modelling the solar atmosphere dur-
ing solar maximum poses significant challenges due to steep
gradients in various parameters, including intense magnetic
fields and the rapid evolution of small-scale structures. Notably,
Kuźma et al. (2023) reported a good correlation of simulation
results produced by the COCONUT model during both the solar
maximum and minimum for the first time. This includes accu-
rate representations of solar streamer positions, orientations, and
shapes, further validating the model in solar physics research.

The contents of this paper are organized as follows. Sect. 2
introduces the TMF-MHD model, which defines the dynamics of
the solar atmosphere. Sect. 3 summarizes the source-sink terms
used in the energy equations and describes the coronal-heating
function. Sect. 4 provides a brief overview of the adopted numer-
ical setup. Sect. 5 summarizes the key results of this paper.
Sect. 6 elaborates on the influence of the source-sink terms on
the magnetic topology. Sect. 7 discusses the performance of the
model, followed by a conclusion and discussion in Sect. 8.

2. Multi-fluid, ion-neutral formulation

The model comprises a set of equations that govern the multi-
fluid ion-neutral system and is solved by the COOLFluid code.
Brchnelova et al. (2023) gives in-depth coverage of the equa-
tions described below.

2.1. Mass-continuity equations

The mass-continuity equations are as follows:

∂ni

∂t
+ ∇ · (niVi) = Γion

i + Γrec
i , (1)

∂nn

∂t
+ ∇ · (nnVn) = Γrec

n + Γion
n . (2)

Here, Γs denote the ionization and recombination rates given as

Γion
n ≡ −nnv

ion, Γrec
i ≡ −niv

rec. (3)

Here, vion,rec is the ionization and recombination frequency
defined as

vion = ne

{
2.91 × 10−14

0.232 + φion/T ∗e

} (
φion

T ∗e

)0.39

e
−φion

T∗e m3 s−1, (4)

vrec = 2.6 × 10−19 ne
√

T ∗e
m3 s−1. (5)

In these equations, vion is adopted from the analytic fit of
Voronov (1997), while vrec, according to Nahar (2021), with φion,
is the ionization potential of the H-atom set equal to 13.6 eV
(Meier & Shumlak 2012). These ionization and recombination
rates are valid only for hydrogen.
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2.2. Momentum equations

The momentum equations are as follows:

∂

∂t
(miniVi) + ∇ · (miniViVi + Pi) = qini(E + Vi × B)

+ Rin
i + Sion

i + Sex
i + minig, (6)

∂

∂t
(mnnnVn) + ∇ · (mnnnVnVn + Pn) = −Rin

n + Sion
n

+ Sex
n + mnnng. (7)

The terms describing momentum due to ionization, Sion
i, n , and

charge exchange, Sex
i, n, are given as

Sion
i = −Sion

n = Γion
i mnVn − Γrec

n miVi, (8)
Sex

i = −Sex
n = Γexmi(Vn − Vi) + Rex

in − Rex
ni . (9)

Here, Γex is the charge-exchange collision rate. The momentum
collision terms, Rin

i ,R
ni
n , are defined as

Rin
i = −Rni

n = minnivin(Vn − Vi) , (10)

with the ion-neutral, νin, and neutral-ion, νni, collision frequen-
cies given by

vin = nnΣin

√
8kBTin

πmin
, vni = nnΣni

√
8kBTin

πmni
· (11)

Here, Σni and Σin represent the collisional cross sections taken
here equal to 1.41 × 10−19 m2 (Wargnier et al. 2022), while Tin,
Tni and min, mni are, respectively, the average temperature and
mass defined as

Tin = Tni =
Ti + Tn

2
and min = mni =

mimn

mi + mn
· (12)

The terms Rex
in and Rex

ni in Eq. (9) represent the momentum
transfer caused by charge exchange, and they read as

Rex
in = −

miσexninnVexVinv
2
T√(

16
π
v2

Ti
+ 4v2

in

)
+ 9π

4 v
2
Tn

, (13)

Rex
ni = −

miσexninnVexVinv
2
Ti√(

16
π
v2

Tn
+ 4v2

in

)
+ 9π

4 v
2
Ti

, (14)

with v2
in ≡ |Vi − Vn|

2, and Vex ≡

√
v2

in + 4
π
(v2

Ti
+ v2

Tn
).

Also, vTi =
√

2kBTi/mα and vTn =
√

2kBTn/mα are the thermal
velocities of the ions and neutrals, respectively. The symbol σex
stands for the cross-section for the charge exchange, taken here
equal to 1.09 × 10−18 − 7.15 × ln Vex m2, and Γex (Eq. (9)) is
expressed as (Meier & Shumlak 2012)

Γex = ninnσexV2
ex. (15)

2.3. The energy equations

The energy equations are as follows:

∂εi

∂t
+ ∇ · (εiVi + Vi · Pi + hi) = Vi · (qiniE + Rin

i

+ minig) + Qin
i + S ion

i + S ex
i + S , (16)

∂εn

∂t
+ ∇ · (εnVn + Vn · Pn + hn) = −Vn · (Rin

i

+ mnnng) + Qni
n + S ion

n + S ex
n , (17)

Here, εi, n represents the total energy for the ion and neutral flu-
ids. The term S collects non-ideal source contributions to the
ion energy equation, which will be introduced and explained in
greater detail in Sect. 3. The symbols S ion

i, n and S ex
i, n respectively

denote the ionization and charge-exchange source terms, which
can be defined as follows:

S ion
i =

mi

mn

[
1
2

Γion
i mnV2

n + Qion
n

]
−

1
2

ΓrecmiV2
i − Qrec

i , (18)

S ion
n =

1
2

Γrec
n miV2

i + Qrec
i −

1
2

Γion
i mnV2

n − Qion
n , (19)

S ex
i =

1
2

Γexmi(V2
n − V2

i ) + Vn · Rex
in − Vi · Rex

ni + Qex
in − Qex

ni ,

(20)

S ex
n =

1
2

Γexmi(V2
i − V2

n ) + Vi · Rex
ni − Vn · Rex

in + Qex
ni − Qex

in .

(21)

Here, Qion
n and Qrec

i are given as

Qion
n ≡

3
2

Γion
i kBTn, Qrec

i ≡
3
2

Γrec
n kBTi. (22)

The symbol kB denotes the Boltzmann constant. The terms
Qin

i ,Q
ni
n (Eqs. (16) & (17)) and the terms Qex

ni ,Q
ex
in (Eqs. (20) and

(21)), respectively, denote the collisional-energy transfer and
charge-exchange terms that are given as (Meier & Shumlak
2012; Soler & Ballester 2022)

Qin
i = −Qni

i = Rin
i · (Vn − Vi) + minniνin(Tn − Ti), (23)

Qex
in ≈

3
4
σexVexmininnv

2
Tn

√
4
π
v2

Ti
+

64
9π
v2

Tn
+ v2

in, (24)

Qex
ni ≈

3
4
σexVexmininnv

2
Ti

√
4
π
v2

Tn
+

64
9π
v2

Ti
+ v2

in. (25)

The above MF-MHD equations are coupled with the Maxwell
equations, employing the integrated hyperbolic-divergence-
cleaning (HDC) method into the solver (Dedner et al. 2002;
Yalim et al. 2011), which are outlined as follows:

∂φ

∂t
+ ∇ · E =

σt

ε0
, (26)

∂ψ

∂t
+ c2 ∇ · B = 0, (27)

∂E
∂t
− c2∇ × B + (χc)2∇φ = −

J
µ0
, (28)

∂B
∂t

+ ∇ × E + γ2 ∇ψ = 0. (29)

In the above system of equations, the subscripts i and n denote
the ion and neutral components, respectively. The quantities
ρi,n = ni,nmi,n represent the ion and neutral mass densities, where
ni,n are the number densities and mi,n the corresponding particle
masses. The vectors, Vi,n, denote the bulk velocities of ions and
neutrals, while Ti,n,e represent the ion, neutral, and electron tem-
peratures, expressed in electron volts (eV). The tensors, Pi,n, cor-
respond to the ion and neutral pressure tensors. The electric and
magnetic fields are denoted by E; B, while J denotes the electric-
current density; andσt is the total electric charge. The symbols ψ
and φ are Lagrange multipliers, and Σ represents the collisional
cross-section. The reduced adiabatic index of γ = 1.05 was
adopted, following Perri et al. (2022) to approximate isothermal
conditions in the solar corona. This value of γ, being close to
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unity, effectively captures the near-isothermal behavior of coro-
nal plasma, where temperature variations are typically modest
compared to lower atmospheric layers. Such a choice provides
a physically consistent simplification, ensuring that the model
remains computationally efficient while retaining fidelity with
regard to the observed thermodynamic state of the solar corona.
The speed of light, c, is defined as 1/

√
ε0µ0, where ε0 and µ0,

respectively, represent the electric permittivity and magnetic per-
meability of free space. Aside from this, the other symbols retain
their traditional meanings.

3. Empirical coronal-source and -sink terms

As discussed in the introduction, the insights of solar
corona dynamics have remained a long-standing issue and
active area of research (Browning 1991; Klimchuk 2006;
Van Doorsselaere et al. 2020). In this work, we adopted the
empirical formulation related to the energy source-sink terms,
S , following the approach of Mikić et al. (1999) in the context
of the MF-MHD model, which can be described here according
to the following formulation:

S = UTC + Urad + UH. (30)

Here, we take into account the thermal conduction, UTC, radia-
tive loss, Urad, and empirical coronal heating, UH. In a plasma,
heat conduction occurs from hotter to cooler regions; however, in
a strongly magnetized plasma, such as in the solar atmosphere,
thermal conduction becomes anisotropic, mainly along the mag-
netic field. Therefore, in this model, we incorporated the formu-
lation from Braginskii (1965) to consider anisotropic conduc-
tion,

UTC = −k∇T. (31)

Here, k is the conductivity tensor that encapsulates parallel and
perpendicular conductivity components, and T is the plasma-
species temperature. Note that we implemented UTC in the ion
energy equation. This term does not directly appear in the neu-
tral energy equation, since neutral gas conduction in the corona
is negligible compared to plasma conduction.

Next, the term, Urad, denotes the coronal radiative energy
loss due to thin plasma radiation. The formulation is adopted
from Rosner et al. (1978), which is defined as

Urad = −nenp Λ(T ). (32)

Here, ne and np, respectively, stand for the number density of
electrons and protons, and Λ(T ) represents the radiative-loss
function from an optically thin plasma in a convenient analytic
form (Gronenschild & Mewe 1978). We only include Urad in
the ion energy equation, S , assuming electrons and ions rapidly
equilibrate their temperatures, as neutrals at coronal tempera-
tures.

Finally, to keep the model simple, we adopted the empirical
heating term, UH, which signifies the coronal heating function.
Mathematically,

UH = B U0 exp
(
−

r − RS

λ

)
. (33)

Here, U0 and λ (scale-height) are constant taken here equal to
4 × 10−5 erg cm−3 s−1 G−1 and 0.5 Rs, respectively (Downs et al.
2010). The notion B is the magnitude of the local magnetic
field, r is the distance from the solar center, and Rs is the solar
radius. The chosen heating function above does not specify a

unique physical mechanism in the solar atmosphere. However,
it is mainly motivated by the broad principle that solar corona
heating is widely believed to originate from the Sun’s mag-
netic field through processes such as wave dissipation, magnetic
reconnection, or magnetic turbulence in the lower regions of
the solar atmosphere, including the convection zone and photo-
sphere (Browning 1991; Klimchuk 2006; Parnell & De Moortel
2012; De Moortel & Browning 2015; Schmelz & Winebarger
2015; Bose et al. 2024). In large-scale modeling of two-fluid
plasmas, such empirical heating functions are widely used to
capture plasma dynamics in the solar atmosphere or the inner
heliosphere, rather than conducting in-depth simulations on
small scales (e.g., wave-turbulence or nano-flare-based recon-
nection), which would otherwise be computationally expensive
on global scales. The empirical heating in Eq. (33) captures
the essential correlation between heating and the local mag-
netic field and effectively replicates the coronal characteristics
such as temperatures, densities, and so on, in a global MHD
simulation (Mikić et al. 1999; Pevtsov et al. 2003; Lionello et al.
2008). It is also worth noting that, due to the dominating charac-
ter of the terms described in Eq. (30), the present model ignores
the contribution of heating from resistivity and viscosity, which
are believed to have a minimal impact, unlike in the case of
Mikić et al. (1999).

4. Numerical set-up

The adopted COOLFluiD code runs faster than other cutting-
edge coronal-modeling codes because it relies on an implicit
scheme and an unstructured grid. This contrasts with lead-
ing global coronal models, which rely solely on structured
grids (Perri et al. 2022). Our code solves the 3-D MF-MHD
equations using a second-order, accurate finite-volume method
(FVM). It incorporates an unstructured, sixth-level subdivided
geodesic polyhedron mesh (Brchnelova et al. 2022) extended
radially outward in layers between r = 1.01 Rs (lower corona)
and r = 25.0 Rs (0.1 AU), respectively, marking the inner and
outer boundaries of the numerical domain with a total of 373 760
cells. This resolution was sufficient to resolve the essential fea-
tures of the MF-MHD flow field, without accounting for the rota-
tion of the Sun. The position of the outer boundary condition
is justified by the Parker solar-wind model, which predicts that
beyond 0.1 AU the solar wind will be both supersonic and super-
Alfvénic. This allows for one-way coupling with heliospheric
software, as characteristics cannot be propagated back into the
coronal domain. The Harten-Lax-van Leer Method (Yalim et al.
2011) was used to reconstruct fluxes at cell interfaces. The
reconstructed fluxes are constrained using the Venkatakrish-
nan limiter (Venkatakrishnan 1993). Typical parameters are pre-
scribed at the inner boundary for ions ρi = 1.67 × 10−13 kg m−3

and neutrals ρn = 1.67 × 10−19 kg m−3. The solar surface tem-
perature for ions and neutrals is initially set to be equal, i.e.
Ti = Tn = 1.8×106 K. The outflow velocity for ions and neutrals
parallel to B is fixed to 1935.7 m s−1. To ensure that the diver-
gence of the magnetic field is zero in the domain, we used the
so-called hyperbolic divergence-cleaning method (Yalim et al.
2011).

5. Numerical results

We performed the MF-MHD numerical simulations on real data-
driven cases to investigate the effect of the source-sink term
on the dynamics of the solar coronal plasma corresponding to
solar minimum (August 1, 2008) and solar maximum (March
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(a) Solar Minimum (b) Solar Maximum

Fig. 1. Snapshots of adopted initial magnetic-field map at the inner boundary. The sphere on the left represents the magnetic map for August
1, 2008 (the case of the solar minimum, where the dipole component is dominant), whereas the sphere on the right shows the magnetic map for
March 9, 2016 (the case of the solar maximum).

9, 2016). These dates were chosen because Kuźma et al. (2023)
had already validated the COCONUT coronal model with these
exact cases. We anticipate that our findings will be representa-
tive of most observations around the solar minimum and maxi-
mum. Of course, future research might test additional dates, but,
following the literature precedent and validation studies, we are
confident that these examples accurately represent the average
behavior in those phases. Figure 1 illustrates the default orienta-
tion, i.e. zero-degree latitude, of the photospheric magnetogram
used as input for the magnetic-field map at the inner boundary
for the simulated cases. For more details, see Brchnelova et al.
(2023). The maximum magnitude of the magnetic field vis-
ible in the case of the solar minimum (panel a) is approxi-
mately 2 Gauss. In contrast, the field strength is approximately
6 Gauss (panel b) during solar maximum, consistent with the
much stronger active-region flux during high magnetic activ-
ity. These magnetograms establish the magnetic skeleton for
the coronal simulations; however, our focus here remains on
the dynamical effects of the thermodynamic source-sink terms.
All simulations were integrated until a quasi-steady solution
was reached (within 5 Rs). The other effects of energy from the
ionization (S ion

i , Eq. (18)), recombination (Qrec
i , Eq. (18)), and

charge exchange terms (S ex
i , Eq. (20)) have been thoroughly

studied in Brchnelova et al. (2023). Therefore, we did not con-
sider them to isolate the effects of the external source-sink terms.
The subsection below compares the numerical results obtained
with the source-sink term (S , 0), hereafter referred to as
Case 1, and without the source-sink term (S = 0), hereafter
referred to as Case 2 and specified in Eq. (30) for the solar min-
imum (Sect. 5.1) and solar maximum cases (Sect. 5.2).

5.1. The case of the solar minimum

This subsection presents the numerical results obtained for the
solar-minimum case, the period of relatively lower solar activ-
ity in the solar cycle, during which transient phenomena such as
sunspots and solar eruptions are at their lowest. In the numeri-
cal results, we emphasize physical quantities, such as velocity,
temperature, and density contours for ions and neutrals, by mak-
ing direct comparisons of the contour plots for “with-or-without”

scenarios, along with the most apparent physical explanations,
particularly when highlighting the effect of source-sink terms
(S , Eq. (30)). Figure 2 shows the plot for ions’ radial velocity,
Vri , in Cases 1, (a) and 2 (b). In Case 1 (a), Vri follows a pro-
nounced acceleration near the polar regions where it rises steeply
to a peak value of approximately ≈140 km s−1 at around 4–5 Rs.
This peak value is consistent with slow-wind observations near
these radial distances. Surrounding the central core region are
smaller scale azimuthal lobes of elevated velocity superimposed
on a broader background of moderately enhanced outflow. In
Case 2 (b), the contour is nearly hydrostatic, where the contours
are concentric and smoother than those visible in panel (a). Phys-
ically, in Case 1 (a), due to additional source-sink terms, the local
ion temperature and pressure balance are modified. The presence
of the empirical heating term of Eq. (33) injects energy mainly
where the field lines are typically strong, i.e., near the coronal
foot points. Additionally, thermal conduction (Braginskii 1965)
transports energy along the field lines, where the heat remains
trapped within closed loops, building up pressure and forming
a dark petal-like shape around the white disk. Along the open
flux, the heat escaped radially, lifting the ion’s Vri outward with
inflated surrounding layers (Fig. 2a). Additionally, near the Sun’s
surface, gravitational forces dominate over the pressure gradi-
ent driven by heating. In the rest of the region, pressure gradi-
ent compensates over gravitational potential, leading to positive
radial speeds (∼140 km s−1).

In Case 2 (Fig. 2b), marked by suppressed thermal-energy
accumulation, plasma species remain relatively quiescent. Here,
the absence of heating implies that electromagnetic and gravita-
tional forces nearly balance, and the plasma remains in a low-
energy, nearly isothermal state. This results in the corona being
characterized by relatively smoother, almost concentric contours
with a symmetrical bubble-like structure as compared to Case 1.
We also observe that the magnitude of the velocity in both
cases is of the same order, comparable to magnitudes obtained
in earlier work by Brchnelova et al. (2023) (see left panels in
Fig. 7). This indicates that the ion outflow speed, initially super-
Alfvénic, is primarily driven by large-scale expansion rather
than local heating, radiative cooling, or conduction. The pres-
ence of such a local source term appears to affect the velocity
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Solar Minimum
With source-sink term (Case 1).

(a)

Without source-sink term (Case 2).

(b)

(c) (d)

Fig. 2. Contour plots of radial velocity of the ions Vri (a, b) and Vri − Vrn (c, d), with (a, c) and without (b, d) the source-sink term. All velocities
are expressed in meters per second (m s−1). These plots correspond to the solar-minimum case.

distribution rather than its magnitude, suggesting that our heat-
ing term is relatively small. The critical conclusion drawn from
the two cases is that the inclusion or omission of the source-sink
term in the ion energy may provide the balance between plasma
inflows and outflows. Gravitational force may drive plasma
inflow, while thermal pressure and magnetic forces may drive
plasma outflows. The empirical heating term (Eq. (33)) acts as
a leading radial accelerator of coronal plasma and redistributes
momentum laterally due to thermal conduction; such effects dis-
appear once S = 0.

Figure 2 shows the contour plot for the ion-neutral radial-
velocity drift, Vri − Vrn , for Case 1 (c) and Case 2 (d). In Case
1, the values of Vri − Vrn are relatively low, reaching a maximum
of approximately 7× 102 m s−1, in contrast to the scenario where
source-sink terms are turned off, where Vri−Vrn is about ten times
greater. Interpreting physically, the presence of explicit heating

and cooling regulates the ions’ temperature and, therefore, mod-
erates the ion pressure gradients. This reduces the differential
acceleration between ions and neutrals, allowing the momentum-
exchange terms to maintain strong coupling and suppress signif-
icant drift, thus yielding a relatively smoother spatial contour.

On the other hand, for Case 2 (d), the absence of the source-
sink term leads to relatively weaker pressure support, while ions
continue to accelerate under electromagnetic and gravitational
forces. Neutrals, which do not experience magnetic stresses
and evolve primarily through adiabatic expansion, cannot fol-
low this enhanced ion acceleration. Even though the collisional
momentum-exchange terms are unchanged, they do not compen-
sate for the larger force imbalance, and the drift grows large. As
a result, ions strongly decouple from neutrals and develop sig-
nificant radial spikes emanating from the central cavity. Finally,
the analysis of the obtained results highlights that thermody-
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Solar Minimum
With source-sink term (Case 1).

(a)

Without source-sink term (Case 2).

(b)

(c) (d)

Fig. 3. Contour plots of flow field of log %i (a, b) and log %n (c, d) with (a, c) and without a source term (b, d). The densities are expressed in
kilograms per cubic meter (kg m−3). These plots correspond to the solar-minimum case.

namic source-sink terms may regulate the magnitude of the force
imbalance between species. This imbalance may determine how
effectively momentum exchange can maintain ion-neutral cou-
pling over large coronal length scales.

The implemented source-sink terms can have a profound
impact on the plasma’s overall thermodynamics, altering the
mass-density structures of ions and neutrals. Figure 3 shows the
contour plot of log %i (a, b) and neutrals log %n (c, d) for Case 1
(a, c) and Case 2 (b, d). For Case 1, both mass-density profiles
(ions and neutrals) exhibit a bulging shape contour. Note that
the contour in panel (a) demonstrates a relatively weaker radial
stratification of %i, where the inner corona is more inflated. In
contrast, Case 2 maintains an almost spherical shape for both
ions and neutrals, where %i falls off more steeply with radius,
producing a correspondingly steeper radial stratification. Inter-
estingly, %n contours (c, d) also follow a pattern similar to the

contour profile of %i in terms of the radial stratification. Phys-
ically, in Case 1, the injected heating raises the ion pressure,
supporting the ion fluid against gravity and thereby maintain-
ing a denser, more extended inner corona. In Case 2, by con-
trast, the plasma cools through adiabatic expansion, so the pres-
sure support is weaker, and the ion mass density (%i) falls off
more steeply with radius. As a result, the system approaches
a state close to hydrostatic balance, where the dominant com-
peting forces are the radial-pressure gradient and gravity. The
implementation of the source-sink terms in our study yields an
almost elliptical shape (a, c), in contrast with the nearly spher-
ical symmetry observed in the neutral density plots across all
cases in Brchnelova et al. (2023) (right panels in Fig. 7). Over-
all, the visible features in all the plots demonstrate the influence
of including channelling proper local source-sink terms within
the MF-MHD model regime. The inclusion of realistic heating,
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Solar minimum.
With source-sink term (Case 1).

(a)

Without source-sink term (Case 2).

(b)

(c) (d)

Fig. 4. Contour plot of log Ti (a, b) and log Tn (c, d), with (a, c) and without (b, d) source-sink term. All temperatures are expressed in kelvin (K).
These plots correspond to the solar-minimum case.

conduction, and radiative loss terms can transform the low
corona from a nearly hydrostatic, partially ionized atmosphere
into a more thermally driven, highly ionized outflow. Empirical
source-sink terms lead to weak radial stratification, whereas their
exclusion results in a steeper radial stratification.

Including the local source is expected to alter the plasma
temperature. Figure 4 represents a contour plot corresponding
to (log Ti, a, b) and temperature of neutrals (log Tn, c, d) in
Case 1 (a, c) and Case 2 (b, d). The plots illustrate the thermal
structure shape and the spatial features, which vary significantly
between the two cases. Clearly, the panels (a) and (c) show simi-
lar, partially broad, reddish shells (∼1.3−1.6 MK) that fill the low
corona, which is primarily located near the source and fades only
gradually with radius. This is primarily due to the ions acquiring
energy through the empirical heating term UH , which remains
deposited mainly below 2 Rs. However, parallel thermal conduc-

tion redistributes internal energy outward along the field lines, so
the ions remain at a high temperature over a large volume. Opti-
cally thin radiative losses also play a key role, removing energy
efficiently in the dense, low-corona region (Fig. 3), preventing
runaway heating and helping establish a quasi-steady balance
among heating, conduction, and radiation.

On the other hand, the contour plot corresponding to
log Tn(c, d) retains a thin, hot rim right above the surface
(red/orange regions), turning blue by r ∼ 3 Rs. Note that the
log Tn contours in both cases are similar to the respective log Ti
counterpart (a, b). This is primarily because ions and neutrals
are initialized with comparable temperatures, and the neutral-
energy equation contains no source-sink terms or collisional-
energy exchange; therefore, neutrals evolve essentially
adiabatically in both cases. The presence of an additional
source-sink term in the ion-energy equation perturbs the
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Solar Maximum
With source-sink term (Case 1).

(a)

Without source-sink term (Case 2).

(b)

(c) (d)

Fig. 5. Contour plots of radial velocity of ions Vri (a, b) and Vri − Vrn (c, d), with (a, c) and without (b, d) the source-sink term. All velocities are
expressed in the meter per second (m s−1). These plots here correspond to the case of the solar maximum.

adiabatic background, modifying Ti (a, b) without drastically
altering its morphology.

Insummary, for thesolar-minimumcase, thepresenceofradia-
tive cooling and empirical heating alters the corona’s structure.
Case 1 shows a dynamic, higher-temperature corona with signifi-
cant plasma outflow (≈100 km s−1) and tight ion-neutral coupling,
whereas Case 2 remains nearly static, cooler, and decoupled.

5.2. The case of the solar maximum

The solar maximum is the period characterized by a relatively
high number of sunspots, indicating frequent solar activity.
Figure 5 shows the contour plot of ion radial velocity Vri for
Cases 1 (a) and 2 (b). A good contrast is visible in both sce-
narios, where the contour plot in panel (a) exhibits fan-shaped
channels of outflow reaching ≈2× 105 m s−1 (yellow region) and

narrow wedges of spatial inflow lobes (dark/purple regions)
down to ≈−5.5 × 104 m s−1 at high latitude. These intense,
anisotropic flows arise where the strong, multipolar magnetic
field concentrates the empirical heating and the associated pres-
sure gradients into magnetic funnels above active regions. The
steep pressure gradients along these funnels, together with the
guiding effect of the magnetic field in the heated funnels, pro-
pel faster radial plasma outflows (∼2 × 105 m s−1) in the corre-
sponding channels. However, the trend in Case 2 (b) reveals a
gentler, ring-like flow, with weaker driving pressure gradients
in the absence of source-sink terms, so the radial acceleration
is reduced, and the flow pattern becomes more ring-like and
symmetric, allowing the plasma to expand more adiabatically,
slowly, and evenly than in the highly structured jets of Case 1.

The contour plots in Fig. 5 compare the ion-neutral velocity
drift Vri − Vrn , respectively, in Cases 1 (c) and 2 (d). The radial
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Solar Maximum
With source-sink term (Case 1).

(a)

Without source-sink term (Case 2).

(b)

(c) (d)

Fig. 6. Contour plots of flow-field of log %i (a, b) and log %n (c, d), with (a, c) and without a source term (b, d). The densities are expressed in
kilograms per cubic meter (kg m−3). These plots here correspond to the case of the solar maximum.

component of ion-neutral velocity drift (Vri−Vrn ) (c) with source-
sink term shows substantial drift up to 105 m s−1 (yellow region)
aligning with the outflow channels accompanied by negative drifts
reaching ≈7 × 104 m s−1. The drift patterns during the solar max-
imum are driven by a strong, complex magnetic field, such as
that found in active regions, which produces large electromagnetic
forces that dominate the ion momentum balance. Consequently,
the ions are rapidly driven outward, whereas neutrals, unaffected
by the magnetic field, lag under the influence of gravity and colli-
sional drag. As a result, a substantial velocity separation develops
between the two species. We also observed a similarly large drift
pattern in panel (d). This consistency suggests that during solar
maximum, the overall magnetic activity is so intense compared to
the source-sink term that whether these terms are included or not,
ion and neutral flows decouple comparably in both cases, unlike
in the case of the solar minimum (Fig. 2c, d).

Physically, regions of large drift correspond to where
enhanced wave damping or frictional heating could occur.

(Judge 2020; Wójcik et al. 2020; Martínez-Gómez et al. 2022).
The unique patterns observed in Cases 1 and 2 illustrate how
heating and cooling mechanisms within the plasma system affect
the degree of coupling, decoupling, and spatial characteristics.
Notably, heating during periods of intense solar activity does not
lead to strong decoupling; instead, ions are accelerated consid-
erably more than neutrals in both cases. Furthermore, the radial
component of drift velocity is a critically important parameter
for determining collisional coupling, i.e., where Vri −Vrn is large,
it is expected that there will be more exchange of momentum and
energy (see Eqs. (9), (21), and (22)).

Figure 6 displays the log %i (a, b) and neutrals log %n (c, d)
for Cases 1 (a, c) and 2 (b, d). Overall, the mass density pro-
files in all panels maintain roughly spherical contours, indicat-
ing that the large-scale stratification is primarily governed by
gravity, pressure force, and the magnetic-field expansion rather
than by additional source-sink terms. A modest contrast in terms
of density scale height appears between panels (a) and (b). In
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Solar maximum.
With source-sink term (Case 1).

(a)

Without source-sink term (Case 2).

(b)

(c) (d)

Fig. 7. Contour plot of log Ti (a, b) and log Tn (c, d) with (a, c) and without (b, d) source-sink term. All temperatures are expressed in kelvin (K).
These plots here correspond to the case of the solar maximum.

Case 1, the additional source-sink terms increase the out-of-
pressure and therefore the density scale height, producing a
slightly weaker radial stratification and a mildly inflated inner-
coronal region. Panel (a) shows a weak radial stratification with
the mildly inflated inner-coronal region compared to panel (b).
In Case 2, where the plasma cools primarily through the adi-
abatic expansion, %i decreases more rapidly with radius, caus-
ing relatively steeper stratification. In contrast, the contour plot
corresponding to neutral mass density (c, d) shows virtually no
difference between the two cases. It is primarily because elec-
tromagnetic forcing during solar maximum strongly dominates
the modest thermal effects included in Case 1. Since neutrals are
not subject to electromagnetic forces and are not thermally cou-
pled to ions in our model, their distribution is mainly governed
by gravity and collisional drag. As a result, their density profiles
remain nearly identical in both cases, implying that the source-

sink term does not considerably affect the neutral density distri-
bution in the event of solar maximum, as opposed to solar min-
ima (Fig. 3). Essentially, these contour plots illustrate how the
source-sink term in the energy equation determines the degree of
plasma compression due to gravitational effects, thereby recon-
structing the ion and neutral density fields within a multi-fluid
MHD framework.

Figure 7 displays the log Ti (a, b), and log Tn (c, d), for
Case 1 (a, c) and Case 2 (b, d). In Case 1, panel (a) reveals
a narrow, irregular, highly localized funnel-shaped channel of
very hot plasma (∼2.0 × 106 K) guided along the magnetic-field
lines. By contrast, panel (b) in Case 2 shows a more organized
structure, where only a moderately hot layer develops close
to the surface. The neutral temperatures in panels (c) and (d)
exhibit smooth, concentric contours in both cases. It is primar-
ily because the implemented source-sink terms do not directly
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With source-sink term (Case 1).
(a)

Without source-sink term (Case 2).
(b)

(c) (d)

Fig. 8. Snapshots of full two-fluid MHD COCONUT solution with source term (a, c) and without the source-sink term (b, d) for the solar minimum
(a, b) and solar maximum (c, d). The simulated radial magnetic field, Br, is plotted on the solar surface.

influence the neutral component, and ion-neutral thermal cou-
pling is absent in our model; therefore, their temperature evo-
lution is primarily governed by gravity, adiabatic expansion,
and weak collisional momentum coupling. As a result, the neu-
tral temperature is primarily insensitive to whether the source-
sink terms are included. Taken together, the results indicate that
Case 1 produces a strongly heated ion corona with localized hot
patches and steep temperature gradients, whereas Case 2 leads
to a smoother and comparatively cooler atmosphere with gentler
gradients. Overall, demonstrating that the thermodynamic modi-
fications introduced by the source-sink terms primarily influence
the ionized fluid during solar maximum.

6. Source-sink terms and magnetic topology

Figure 8 displays four snapshots of the photosphere, highlight-
ing the interplay between source-sink terms and solar activity in
reshaping the radial magnetic field, Br. The red and blue surface
regions denote outward and inward magnetic flux, respectively,

with the associated coronal field lines superimposed. Panels (a)
and (b) correspond to a solar minimum for Case 1 and Case 2,
while panels (c) and (d) depict the solar-maximum case. Dur-
ing solar minimum (a, b), the photospheric field is relatively
unipolar, with large polar coronal holes and typically strong
field near the coronal foot points, which aid thermal conduction
(Braginskii 1965) in transporting energy along the field lines.
In both cases, the field appears relatively smooth and dipolar
on large scales. The source terms in Case 1 cause only minor
local changes; for example, heating inflates a low-latitude flux
tube, slightly distorting the northern polar hole. These effects do
not strengthen the photospheric B in Case 1; instead, they redis-
tribute the existing field by expanding magnetic cavities. During
solar maximum (panels c and d), the field is highly complex,
with many active regions (intermixed red and blue) and tangled
open field lines. Here, the influence of the source terms is much
less visible: the overall skeleton of field lines is dominated by
the strong magnetic map, so the heated-cooled (Case 1) and adi-
abatic (Case 2) solutions differ only subtly. In short, Fig. 8 shows
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Fig. 9. Variation of Ti residual with iteration count in the numerical simulation for the solar minimum (a) and solar maximum (b). The blue curve
belongs to Case 1 (with source-sink term), whereas the red curve corresponds to Case 2 (without source-sink term).

Table 1. Summary of obtained residual (nondimensional) in the ini-
tial one-hour (clock-wall time) run of the numerical simulation for the
multi-fluid simulation for the variables (Ti, %i), in the cases of the solar
minimum (a) and the solar maximum (b).

(a) Solar minimum.

Case 1 Case 2
Variable Residual Variable Residual
Ti −6.56 Ti −7.86
%i −20.4 %i −20.5

(b) Solar maximum.
Case 1 Case 2

Variable Residual Variable Residual
Ti −8.36 Ti −8.76
%i −21.5 %i −22.00

that heating can locally modify the coronal-field configuration
(especially at solar minimum). Still, the global field topology is
primarily set by the photospheric magnetogram.

7. Model performance

Implementing the new source-sink term is expected to impact
the model’s performance and the solver’s speed, depending on
the problem’s complexity and the stiffness of the implemented
terms. This paper evaluates the model’s performance in terms of
residual and wall-clock time. The residual of any physical quan-
tity, f, in the numerical modelling, is defined as

res(f) = log

√
Σi

(
f t
i − f t+1

i

)2
. (34)

Here, i and t denote the spatial and temporal indices, respec-
tively. Since the multi-fluid equations are solved in dimensional
form, the obtained residuals are in dimensional units, which can
be converted to nondimensional form using the reference tem-
perature Tref = 2.3 × 1011 K. Using Eq. (34),

res(f∗) = res(f) − log(2.3 × 1011), (35)
res(f∗) ≈ res(f) − 11.36. (36)

Here, res(f∗) is the residual of the physical quantity in the
nondimensional form. If one reads that at the current iteration

the residual in the nondimensional simulation quantity is −5,
which means that the total sum of the changes in the flow-field
quantity between two consecutive iterations is 10−5. This range
of the residual value typically indicates a well-converged solu-
tion. Figure 9 compares the residual corresponding to Ti versus
the number of iterations in the case of solar minimum (a) and
in the case of solar maximum (b). In both panels, the blue curve
represents the residual in Case 1, while the red curve represents
Case 2. For the solar minimum (a), we find the residual at the end
of the approximately 20 000th iteration is roughly 4.8 (∼−6.56 in
nondimensional form) in Case 1, while 3.5 (∼−7.86 in nondi-
mensional form) in Case 2. Similarly, for solar maximum, we
observe the obtained residuals of ∼3 (∼−8.36) in Case 1 and
∼2.6 (∼−8.76) in Case 2. These small quantities indicate the
good convergence of the obtained steady-state solution. More-
over, we note that the simulations were performed using the
COCONUT code’s implicit steady-state solver, with the interac-
tive CFL number (Courant et al. 1928) controlling the time step.
Because the time stepping is implicit and the CFL was adjusted
during the run, while monitoring the status of the residual, as
defined in Eq. (34), it may not decrease monotonically with each
iteration, and this does not necessarily mean that the solution is
diverging. When CFL is increased to accelerate convergence, the
time step increases, so the change between consecutive iterations
can temporarily grow, producing the bumps and mild increases,
as clearly visible in Fig. 9. We also emphasize that implementing
the additional source-sink terms is expected to stiffen the system;
therefore, we must be more conservative when increasing the
CFLs. Nevertheless, the final nondimensional residual (shown in
Table 1) confirms that the flow field and solution are converged,
even though the residual curves may not be strictly monoton-
ically decreasing. Additionally, the plateau in the residual for
the case of the solar minimum (with source-sink terms) indeed
shows similar residual values as the simulation progresses in
later phases, which shows that residuals can be similar per time
step, but the time step becomes larger in later phases of the sim-
ulation.

Table 1 summarizes the computed residual values after sim-
ulating the solar minimum and solar maximum for the first hour
(wall-clock time) corresponding to both cases. All numerical
simulations were performed on a single node with two Xeon E5-
2670 v3 CPUs @ 2.3 GHz (Haswell), 48 cores and 24 threads
each, on the LUNAR cluster at UMCS Lublin, Poland. The first
rows of both tables represent the residual for Ti, while the second
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rows represent the residual for ρi. We note that the residual for
Ti varies in the range of −6 ∼ −8, while the residual for %i varies
in the range of −20 ∼ −22 in both cases. Upon comparing the
obtained residual values in the table for both cases and residual
trend in the plots in Fig. 9, it is evident that the residuals in both
cases do not fluctuate considerably from each other and also lie
in the typical range to support the converged solution. Based on
the above result and the required time, we conclude that one can
achieve the steady-state solution in a practical matter of time.
Moreover, activating the new source-sink term requires only a
little additional time and computational investment compared to
the base model, making the model feasible for space-weather
forecasting.

8. Summary and discussion

In this work, we extended the global two-fluid COCONUT coro-
nal model by adding realistic source and sink terms to the ion
energy equation. The source-sink terms include thermal con-
ductivity, a radiative loss model for thin-plasma radiation, and
empirical heating functions that represent the heating of the
solar corona and scale with the magnetic-field strength. Phys-
ically, these terms describe the dominant thermodynamic pro-
cesses thought to heat and cool the solar corona. Numerical sim-
ulations are conducted on real data-driven cases to investigate the
impact of such terms on the dynamics of the solar coronal plasma
during solar minimum (August 1, 2008) and maximum (March
9, 2016). The findings of our work underscore the need to incor-
porate such additional heating components into two-fluid MHD
formulations to accurately define the ion and neutral dynam-
ics of the lower corona in both solar maximum and minimum
cases. The presented results reveal that it is essential to incor-
porate source-sink terms in calculations involving ion energy to
equilibrate forces such as thermal pressure and gravity. This bal-
ance is crucial for the dynamics of plasma outflow and inflow in
the solar atmosphere. The model is validated in terms of resid-
ual with and without the source-sink terms. The obtained results
also indicate that the model can achieve steady-state solutions,
making it a suitable option for space-weather forecasting.

This study introduced a mathematical framework to eluci-
date coronal dynamics in alignment with solar dynamical pro-
cesses. However, the thermodynamic model of the corona may
neglect the underlying physics of coronal heating and solar wind
acceleration. Additionally, this research highlights its global
scope. It may overlook small-scale phenomena, such as wave
turbulence, nano-flares, and ion-neutral waves, which could be
important for understanding solar dynamics. In addition, we
modeled a global steady state and thus have not addressed time-
dependent phenomena such as flares or coronal-mass ejections.
A more extensive line of research involves linking the current
model to another model, such as Icarus (Baratashvili et al. 2024),
and validating the model’s predictions against observable data
from solar missions. This would aid in assessing the model’s
correctness, provide a quantitative description of the solar atmo-
sphere, and improve the reliability of predicting space-weather
phenomena. Such work is devoted to future projects. Moreover,
future work should adopt a more realistic γ = 5/3 to accurately
model the solar corona.

Finally, our refined two-fluid model suggests that accu-
rately simulating the thermodynamics of the corona requires
accounting for radiative losses, heat conduction, and heating
that depends on magnetic fields. They result in a hot, organized
corona and initiate realistic solar wind outflows under both quiet
and active conditions. Omitting them may result in a purely

hydrostatic corona. Therefore, for any comprehensive coronal
model, particularly in the context of space-weather prediction, it
is crucial to incorporate such elements to ensure physical rele-
vance.
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