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Abstract: In this paper, a series of numerical simulations is performed to recreate small-scale two-
fluid jets using the JOANNA code, considering the magnetohydrodynamics of two fluids (ions plus
electrons and neutral particles). First, the jets are excited in a uniform magnetic field by using velocity
pulse perturbations located at y0 = 1.3, 1.5, and 1.8 Mm, considering the base of the photosphere
at y = 0. Then, the excitation of the jets is repeated in a magnetic field that mimics a flux tube. Mainly,
the jets excited at the upper chromosphere (y ∼ 1.8 Mm) reach lower heights than those excited
at the lower chromosphere (y ∼ 1.3 Mm); this is due to the higher initial vertical location because
of the lesser amount of plasma dragging. In both scenarios, the dynamics of the neutral particles
and ions show similar behavior, however, one can still identify some differences in the velocity drift,
which in the simulations here is of the order of 10−3 km/s at the tips of the jets once they reached
their maximum heights. In addition, the heat due to the friction between ions and neutrals (Qin

i,n)
is estimated to be of the order of 0.002–0.06 W/m3. However, it hardly contributes to the heating
of the surroundings of the solar corona. The jets in the two magnetic environments do not show
substantial differences other than a slight variation in the maximum heights reached, particularly
in the uniform magnetic field scenario. Finally, the maximum heights reached by the three different
jets are found in the range of some morphological parameters corresponding to macrospicules, Type
I spicules, and Type II spicules.

Keywords: solar chromosphere; solar atmosphere; solar jets; magnetic fields in the solar atmosphere;
numerical methods for two fluid equations; magnetohydrodynamics (MHD)

1. Introduction

Solar jet-type phenomena are ubiquitous in the solar atmosphere, which in turn is
the main topic of numerous investigations that study the origin and evolution of solar jets
(see, e.g., [1,2] and references therein). Although there are many open questions about the
nature of the solar jets, enormous progress has been made in understanding their dynamics,
particularly in 2D (2-dimensional), 2.5D, and 3D magnetohydrodynamics (MHD) numerical
simulations. These models have swept a broad spectrum of complexity from ideal MHD
to resistive MHD and two-fluid MHD (see, e.g., [3–9]).

Jet-type phenomena have been proposed as promising candidates to generate large
amounts of heat at the upper atmospheric layers of the Sun [10]. The frequency of occur-
rence of the jets is high compared to other solar phenomena, which gives the impression that
jets are ongoing events that could represent a continuous source of energy [11]. These colli-
mated plasma jets are called “spicules” and are cataloged according to their different char-
acteristics [12–14]. The spicules were first described by Secchi [15], but they owe their name
thanks to Roberts [16]. Later, Beckers [10] developed a theoretical and observational analy-
sis to show that the chromosphere is mostly populated by these elongated structures that
may supply plasma to the corona. The first spicules observed, also called Type I spicules,

Physics 2023, 5, 261–275. https://doi.org/10.3390/physics5010020 https://www.mdpi.com/journal/physics

https://doi.org/10.3390/physics5010020
https://doi.org/10.3390/physics5010020
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/physics
https://www.mdpi.com
https://orcid.org/0000-0002-7273-2628
https://orcid.org/0000-0001-7596-2480
https://orcid.org/0000-0003-0150-9418
https://doi.org/10.3390/physics5010020
https://www.mdpi.com/journal/physics
https://www.mdpi.com/article/10.3390/physics5010020?type=check_update&version=2


Physics 2023, 5 262

can reach heights in the range of 7000–13,000 km [12], diameters of 500–2000 km [17], verti-
cal speeds of 25 km/s, lifetimes of 1–10 min, temperatures of 5000–15,000 K, and densities
of 3 × 10−13 g/cm3 that remain quasi-constant with height [12,18]. Meantime, the Type II
spicules, which could be generated due to magnetic reconnection, reach heights from 1000
to 7000 km above the chromosphere, in a range of vertical speeds between 40 km/s
and 300 km/s, with the bulk between 50 and 150 km/s, lifetimes from 10 to 150 s, with
characteristic diameters less than 200 km, temperatures of approximately 104 K [5,13,19–22].
Moreover, the macrospicules can reach heights of 7–70 Mm and speeds of 10–150 km/s,
and they can have lifetimes of 3–45 min, according to observations and numerical simu-
lations [14,23,24]. Finally, there is also another complex chromospheric ejection, known
as surges, which are seen as darkenings in the blue/red wings of the line with line-of-sight
(LOS) apparent velocities of a few to several tens of km/s on areas with projected lengths
of 10–50 Mm [25]. Surges can also consist of small-scale thread-like structures that appear
to be related to shocks and Kelvin–Helmholtz instabilities [26–28].

The origin of the small-scale plasma jets found in the lower solar atmosphere is still
a matter of debate. Therefore, there is still room for new models, such as the two-fluid
approximation, which includes the dynamics of neutrals apart from the ions, and therefore
is more realistic for studying the generation, evolution, and morphology of small-scale
jets from the chromosphere to the solar corona. The fluid two-approximationis essential
in the modeling of partially ionized plasmas in astrophysical scenarios in general (see,
e.g., [29]). For example, the authors in Ref. [30] uses numerical simulations using the two-
fluid equations in 2D Cartesian geometry to study the formation and evolution of solar
spicules. It is found that the simulated spicule consists of a dense, cold core dominated
by neutrals. More recently, the authors in Ref. [31] studies the formation and evolution
of jets employing localized non-linear Gaussian pulses of ion and neutral pressures initially
launched from the magnetic null point of a potential arcade in a partially ionized solar
atmosphere. The study finds that the shock propagates upwards into the solar corona and lifts
the cold and dense chromospheric plasma in the form of a collimated jet with an inverted-Y
shape. These kinds of inverted-Y jets and their heating may explain the properties of some jets
observed in the solar atmosphere. Recent studies related to investigations emphasize the two-
fluid effects playing an essential role in the non-linear regime, particularly in the context of wave
damping and plasma heating of the solar chromosphere, see, e.g., [32–34].

In this paper, with the use of the JOANNA code [35], we solve the two-fluid MHD
equations numerically to simulate different chromospheric small-scale two-fluid jets excited
at three different vertical locations (y0 = 1.3, 1.5, 1.8 Mm) to analyze the effect two different
magnetic configurations have on the evolution and morphology of the jets. The paper
is organized as follows. First, Section 2 describes the two-fluid equations, the numerical
methods, the perturbations, and the magnetic field configurations. Then, Section 3 presents
the most significant results of the numerical simulations for the two different magnetic
field configurations. Next, Section 4 discusses the most relevant differences between
the two simulation cases. Finally, Section 5 draws the results obtained here and gives
the conclusions.

2. Model and Methods
2.1. The System of Two-Fluid Equations

Here, we consider a stratified solar atmosphere composed of two fluids, i.e., ions
plus electrons and neutral particles (neutrals). The system of the two-fluid equations is
expressed as follows [30,36,37]:
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∂ρi
∂t

+∇ · (ρiVi) = 0, (1)

∂ρn

∂t
+∇ · (ρnVn) = 0, (2)

∂ρiVi
∂t

+∇ · (ρiViVi + pieI)−
1
µ
(∇× B)× B + ρig = −Sin, (3)

∂ρnVn

∂t
+∇ · (ρnVnVn + pnI) + ρng = Sni, (4)

∂pi
∂t

+ Vi · ∇pi + γpi∇ ·Vi = (γ− 1)Qin
i , (5)

∂pn

∂t
+ Vn · ∇pn + γpn∇ ·Vn = (γ− 1)Qin

n , (6)

∂B
∂t

= ∇× (Vi × B), (7)

∇ · B = 0, (8)

where ρi,n, pi,n, µ, B, Vi,n, Sin, Qin
i,n represent the ion (i) and neutral (n) densities, gas

pressures, the magnetic permeability of the medium, magnetic field, the ion and neutral
velocities, the collisional momentum, and the heat generation due to collisions between
species, respectively. Note that the electrical resistivity is not included in the simulations.
Besides, t stands for the time and γ = 5/3 is the adiabatic index.

The collisional momentum, Sin, between particles (ions and neutrals), specifically
in Equation (3), is defined as Sin = νinρi(Vi −Vn), where the collision frequency between

species is νin = αin/ρn. with αin = 4
3

σin
mp+mn

√
8kB
π

(
Ti
mi

+ Tn
mn

)
ρiρn, where, σin is the colli-

sional cross-section between ions and neutrals and takes a value of 0.75× 10−18 m2 [37]. Ti,n
denotes the ion and neutral particle temperatures, respectively; mi = mHµi, mn = mHµn,
with mH being the hydrogen mass, which is the main ingredient of the gas, and therefore
mn ' mi = mH = mp (with mp being the proton mass), and kB is the Boltzmann constant.
The mean masses are µi ≈ 0.58 and µn ≈ 1.21.

Finally, the heat generation due to collisions between species is defined, respectively, as

Qin
i = αin

(
1
2
|Vi −Vn|2 +

3
2

kB
mi

(Tn − Ti)

)
, (9)

Qin
n = αin

(
1
2
|Vi −Vn|2 +

3
2

kB
mi

(Ti − Tn)

)
, (10)

where I is a unity matrix. A gravitational acceleration acting only on the y-axis is taken
(g ∈ [0,−g]) to be g = 274 m/s2. The gas pressures are defined here by using the ideal
gas laws:

pi =
kB
mi

ρiTi, (11)

pn =
kB
mn

ρnTn. (12)

2.2. Model of the Solar Atmosphere

At the initial time of simulations, it was assumed that the solar atmosphere is in hy-
drostatic equilibrium, i.e., the ion and neutral particle velocities were set equal to zero:
Vi = Vn = 0. Then, considering the ideal gas laws for ions (11) and neutrals (12), and
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taking into account the y-components of the hydrostatic equation, −∇pi,n + ρi,ng = 0, one
arrives at the following expressions for the equilibrium gas pressures:

pn(y) = p0n exp
(
−
∫ y

y0

dy′

Λn(y′)

)
, (13)

pi(y) = p0i exp
(
−
∫ y

y0

dy′

Λi(y′)

)
. (14)

Here,

Λi(y) =
kBTi(y)
mHµig

and Λn(y) =
kBTn(y)
mHµng

(15)

are the pressure scale heights, and p0i,n denote the gas pressures at the reference level
y0 = 10 Mm. Specifically, in this study, the semi-empirical model of Table 26 from Ref. [38]
is adopted for the temperature field. We consider that temperatures of ions and neutrals are
initially equal (at t = 0), i.e., they are in thermal equilibrium, and Ti = Tn = T are set here.
Figure 1 displays equilibrium profiles, including the mass densities for ions and neutrals
and the ionization fraction, ρi/ρn.

Figure 1. Left to right: The log ρi, log ρn, ion-to-neutral densities ratio, ρi/ρn, for the solar atmo-
sphere model at the initial time, t = 0, and log Ti = log Tn.

2.3. Magnetic Field Configurations

In this study, the simulations for two magnetic fields was performed: (i) constant
vertical field and (ii) flux tube. For the constant magnetic field,

B ∈ [0, B0], (16)

is used where B0 = 30 G, displayed in of Figure 2, upper left. For the flux tube, the following
normalized expressions in Cartesian coordinates,

Bx = 0.075x̄B0 sech2(ȳ− 3), (17)

By = B0(0.3− 0.075 tanh(ȳ− 3)). (18)

are used which recreate a flux tube in a particular simplified geometric way. Here, x̄ = x/L,
ȳ = y/L, and L = 106 m. B0 = 100 G represents the magnitude of the field in the lower part
of the flux tube, i.e., in the photosphere. This magnetic field satisfies the divergence-free
condition, ∇ · B = 0, and it is analogous to an inverted magnetic bottle that can accelerate
to the charged particles at the footpoints of the flux tubes where the jets are emerging.
Despite that ∇× B 6= 0 and (∇× B)× B/µ0 6= 0, there should be no significant effects
on the evolution of the jet, since if one calculates the curl of B for a two-dimensional
Cartesian system, one gets ∇× B = −(∂Bx/∂y) ẑ, thus

∇× B = −1.5× 10−13 x̄B0 tanh(ȳ− 3)sech2(ȳ− 3)ẑ. (19)
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For 1
µ0
(∇× B)× B = 1

µ0

(
By

∂Bx
∂y − By

∂By
∂x

)
x̂ + 1

µ0

(
−Bx

∂Bx
∂y + Bx

∂By
∂x

)
ŷ, then

1
µ0

(∇× B)× B = (3.5× 10−8B2
0 x̄ sech2(ȳ− 3) tanh(ȳ− 3)

+8.95×−9 B2
0 x̄ sech2(ȳ− 3) tanh2(ȳ− 3))x̂ +

(−8.95×−15 B2
0 x̄2 sech4(ȳ− 3) tanh(ȳ− 3))ŷ. (20)

Figure 2. Upper: magnetic field lines for the vertical straight magnetic field configuration (left) and
for the flux tube configuration (right) at the initial time, t = 0. The color bar represents the magnitude
of the magnetic field |B|. Lower: The plasma-β corresponding to the vertical straight magnetic field
(left) and the flux tube (right) at the initial time, t = 0.

For B0 = 100, G = 0.01 T, and µ0 = 1.256× 10−6 N/A2, in the case of Equation (19),
the maximum value is around 10−15 T/m, while for Equation (20), the maximum value
of the Lorentz force in the x direction is of the order of 10−12 N/m3, while in the y direction,
it is of the order of 10−17 N/m3. Thus, the current density and the Lorentz force are
negligible compared to the gravity force, balanced by the pressure of the plasma. Let
us explicitly demonstrate this by calculating ρig. Supposing the value of the ion density,
ρi ≈ 6× 10−10 kg/m3) and the gravitational acceleration, g = −274 m/s2 ŷ, at 1.3 Mm,
where the velocity pulse that generates one of the jets under study is used, one gets
ρig = −1.6× 10−7 N/m3 ŷ, i.e., is about ten orders of magnitude greater than the Lorentz
force acting in the y direction. Therefore, due to a much larger order of magnitude
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of the force of gravity (ρig� (∇×B)×B/µ), one can consider that the magnetic flux tube
model is close enough to equilibrium, i.e., actually force-free, at t = 0. Then, the nature
of the spicule is subject primarily to the velocity pulse but not to the currents and forces
provided by the flux tube.

The magnetic field is intense at (x, y) = (0, 0) Mm, where the field lines open upwards,
reaching a quasi-constant value for y ≥ 3 Mm. The magnetic field lines of the flux tube are
shown in Figure 2, upper right. In addition, the plasma-β,

β(x, y) =
pi(y) + pn(y)

B2/2
. (21)

helps estimating the ratio between ion and neutral pressures to magnetic pressure. Here,
the pressures pi,n(y) are defined by Equations (13) and (14), and B2 = (B2

x + B2
y).

Figure 2, lower, displays the spatial profiles of plasma-β for both magnetic field
configurations, where one observes β > 1 in the lower atmosphere (the photosphere and
the chromosphere) for both cases. Otherwise, β < 1 in the solar corona (y > 2.1 Mm). Such
behavior of plasma β is consistent with a vertical dominant magnetic field, as shown in
Ref. [30].

2.4. Perturbations

In the simulations here, the hydrostatic equilibrium atmosphere is perturbed, initially
(at t = 0), by localized Gaussian pulses in ion and neutral vertical velocities, given as

vyn,i (x, y, t = 0) = Av exp
(
− (x− x0)

2 + (y− y0)
2

w2

)
. (22)

Here, Av denote the amplitudes of the pulses, (x0, y0) are their positions, and w denote
their widths. The pulses are located at x0 = 0 and y0 = 1.3, 1.5, and 1.8 Mm for the three
cases, and w = 0.3 Mm and Av = 100 km/s are hold fixed; this velocity value falls
in the range of velocities of Type II spicules [19].

2.5. Numerical Methods

To solve the two-fluid Equations (1)–(8) numerically, the JOANNA code [35] was
employed. In all simulations, the Courant–Friedrichs–Levy (CFL) number was set equal
to 0.9 and choose the third-order strong stability preserving Runge–Kutta (SSP-RK3) time
integrator [39]. Additionally, the Harten–Lax–van Leer discontinuities (HLLD) approxi-
mate Riemann solver [40] was adopted in combination with a linear reconstruction and
the minmod limiter. To control numerically the growth of the solenoidal constraint condi-
tion given by Equation (8), the extended generalized Lagrange multiplier method [41] is
used. This method is robust in low plasma-β (∼10−3–10−2) regions, as implied in the solar
corona; see, for example, Figure 2, lower.

The simulations was carried out in the domain x ∈ [−5, 5] Mm, y ∈ [0, 30] Mm,
in a uniform grid, which is covered by 200 × 600 cells. Here, y = 0 represents the bottom
of the photosphere. Next, the outflow boundary conditions was imposed at the side edges
specified by x = −5 Mm and x = 5 Mm. Finally, all the plasma quantities were set to their
equilibrium values at the bottom and top boundaries delimited by y = 0 and y = 30 Mm.

3. Results of the Numerical Simulations

A series of simulations was performed for the case when the collisions between
ions and neutrals are considered [30,42]. In particular, the following two scenarios were
defined: (i) uniform magnetic field and (ii) flux tube-type configuration. For each of the two
scenarios, three different simulations were perfomed corresponding to three different
vertical locations (y0 = 1.3, 1.5, and 1.8 Mm) of the velocity pulses at the initial time,
t = 0, within the range 0.6 ≤ y ≤ 2.5 Mm that covers the chromosphere. These velocity
perturbations give a rise to the jets that are of interest for this analysis (hereafter called Jet1,
Jet2, and Jet3 each corresponding to values of y0 listed above). The following Subsections
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describe the results of the numerical simulations under the two magnetic scenarios (i) and
(ii) above.

3.1. Uniform Magnetic Field

Here, a uniform magnetic field implementation is considetred to observe the behavior
of jets in an environment where the magnetic field lines are straight and constant. Actually,
the magnetic conditions of the chromosphere are complex. However, in some simulations,
such as in studies [24,43], there are a few bounded regions where some jets evolve within
field lines that vary smoothly. Therefore, the point of the current simulations paper was
to explore these conditions in a more general context to have as a control test in a mag-
netically uniform environment. The latter is useful to make the comparison with a more
complex magnetic field that mimics a flux tube, as this is described in Section 3.2 below.

Three simulations were performed for the vertical magnetic field by launching the
simulations with a velocity pulse for ions and neutrals with an amplitude Av = 100 km/s
at different vertical positions, namely at y0 = 1.3, 1.5, and 1.8 Mm. A uniform magnetic
field B ∈ [0, B0] was set to B0 = 30 G, and the pulses were launched in a region where
the condition β < 1 is satisfied; see Figure 2, lower left. The simulations were ran up
to a physical time of t f = 600 s. Figure 3, left, shows the logarithm of the mass density
for ions, ρi (Figure 2, upper left), and neutrals, ρn (Figure 2, lower left), of Jet1, Jet2, and Jet3,
as indicated. Each snapshot shows the maximum heights of the jets, (hmax) for both types of
fluids. The times, at which Jet1, Jet2, and Jet3 reached their maximum heights, are t = 300 s,
t = 270 s, and t = 210 s, respectively. For this simulation, Sni 6= 0 allows the collision
between the fluids and the exchange of momentum between the ions and neutrals. Both
types of fluids that make up the jets reach equal heights, evidencing the coupling of particles
and collimating equally to the neutral part even after the times when the maximum heights
are reached. As discussed in Ref. [37], when the charged particles act over neutrals,
the species show a joint dynamicity. The temperatures in the cores of the jets remain constant
throughout the evolution, see Figure 3. However, on the tips, one observes the temperatures
up to (3.6–6.5) × 105 K; being coupled, ions and neutrals exhibit collective behavior.

Figure 3. Uniform magnetic field case. Left: maximum heights reached by the jets generated at
y0 = 1.3 (Jet1), 1.5 (Jet2), and 1.8 Mm (Jet3), at t = 300 s, t = 270 s, and t = 210 s, respectively (left to
right). Temporal evolution of log ρi,n(x, y) is shown for ion (upper) and neutral (lower) densities.
Right: temperatures reached by the jets Jet1, Jet2, and Jet3 generated at t = 300 s, t = 270 s, and
t = 210 s, respectively (left to right). Temporal evolution is shown for log Ti,n(x, y) for ions (upper)
and neutrals (lower).
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3.2. Flux Tube-Type Configuration

As found in some studies [43,44], the magnetic configuration over spicule-type jets
evolves as it diverges from bottom to top. For example, Refs. [30,45] use a general 2D
expression for an open magnetic field, while Ref. [46] employes a general 3D expression
of a flux tube. In the current analysis and for this simulation stage, a simplified analytic
expression is used that recreates a 2D flux tube, as described below.

The jets propagate in an embedded environment in a magnetic field configuration
described by Equations (17) and (18). Here, B0 = 100 G. This magnitude decreases with
a height reaching a constant value of 0.6B0 after exceeding y = 3 Mm. Under this flux tube,
a component of the Lorentz force pulls in the −y-direction for the ions emerging from areas
where the magnetic field is intense. Since the field becomes weaker at higher values of y,
the component of the acceleration in the y-direction, given by [47],

ay =
dv‖
dt

= −1
2

v2
⊥

B(y)
∆By

∆y
, (23)

is positive (here, ∆By/∆y is a negative term). Therefore, particles leaving the lower parts
of the footpoints at 100 km/s, where the magnetic field is three times stronger than
in the zones y > 3 Mm, would undergo higher accelerations and therefore reach higher
speeds (≈197 km/s), and thus, jets would reach greater heights. It is worth mentioning
that the conditions, under which the particles are found in this plasma do not ideally reflect
the ideal behavior of a single particle as described by the theory, particularly alluding to the
previous comment. This feature can be seen in Section 4.1 below. In Figure 4, Jet1 can
exceed 16.5 Mm, Jet2 can reach 13.5 Mm, and Jet3 reaches a maximum height of 9.75 Mm.
The jets reached their maximum heights at t = 300 s, t = 250 s, and t = 190 s, respectively,
following the coupling between species throughout evolution. Also, in Figure 4, right, one
can see that the temperatures of the cores do not change in the ascent phase. However, only
at the tip and peripheries of the jets is there is a visible increase in temperature of around
1–3.6 × 105 K. One can note an increase of temperature over the tips; in the two-fluid
scenario, this increase can be produced by the velocity pulse that develops into a shock
(see, e.g., [31]).

Figure 4. Flux tube case. Left: maximum heights reached by the jets generated at at y0 = 1.3 (Jet1),
1.5 (Jet2), and 1.8 Mm (Jet3), at t = 300 s, t = 250 s, and t = 190 s, respectively (left to right). Temporal
evolution of log ρi,n(x, y) is shown for ion (upper) and neutral (lower) densities. Right: temperatures
reached by the jets Jet1, Jet2, and Jet3 generated at t = 300 s, t = 250 s, and t = 190 s, respectively (left
to right). Temporal evolution is shown for log Ti,n(x, y) for ions (upper) and neutrals (lower).



Physics 2023, 5 269

4. Discussion
4.1. Maximum Height of the Jets

We conducted a series of simulations to recreate the evolution of small-scale solar jets
generated at different heights above the photosphere and under two different magnetic
field conditions. uniform magnetic field and a flux tube-type field were used. Initially,
the atmosphere was hydrostatically stratified, and it was perturbed with velocity pulses [48]
to generate the jets. Figures 3 and 4 show the simulations carried out only with Si,n 6= 0,
however, and to identify the influence of the neutrals on the ions coupling, the simulations
with Si,n = 0 in Equations (3) and (4) were performed.

The maximum heights reached by the ion and neutral particle jets with interacting
fluids were y(i,n)max = 17.5, 14.7, and 10.9 Mm in the uniform field for Jet1, Jet2, and Jet3,
respectively. The latter heights match those reached by macrospicules, Type I spicules, and
Type II spicules for the respective jets. In the case of the flux tube y(i,n)max = 16.75, 13.5,
and 9.75 Mm (see Figure 5), which differed by ∆y(i,n)max = 0.75, 1.2, and 1.15 Mm. The jets
that evolved within the uniform field reached larger heights. One can also see that Jet1,
despite having been generated in a zone (y0 = 1.3 Mm) closer to the photosphere, reaches
the highest maximum height compared to that of Jet1,2. The same is true for the flux tube
configuration. The heights of these jets fall within the established heights for what are
known as Type-I spicules (Jet2), Type-II spicules (Jet3), and macrospicules (Jet1). The latter
happens because Jet1 has had more mass on it than it has been able to drag, as commented
in Ref. [30], where a velocity pulse of Av = 40 km/s is used in the case of adiabatic MHD
equations. Meantime, when the collisions between ions and neutrals turn off, the parti-
cles are no longer coupled, and the jets of different fluids present independent dynamics.
The charged and neutral particle jets in the two magnetic field conditions have differ-
ences between their respective maximum heights up to ∆y(i,n)max = 1.25 Mm for Jets1,2,3
in the uniform magnetic field and up to ∆y(i,n)max = 2 Mm for Jets1,2,3 in the flux tube
(see Figure 5). The latter is to outline the contribution of the neutrals on the ions through
momentum transfer.

Figure 5. Maximum heights, ymax, of Jet1, Jet2, and Jet3 versus the corresponding vertical position
of the initial velocity pulse in y0 for Av = 100 km/s for the cases of the uniform (left) and flux tube
(right) magnetic filelds. Here, the open circle represents ion jets with Sin 6= 0; the asterisks represents
neutral jets with Sin 6= 0; the red plus symbol represents ion jets with Sin = 0; and the green plus
symbol represents neutral jets with Sin = 0. See text for details.

4.2. Temperature of the Jets

At t = 0 (Figure 1), the temperatures of ions and neutrals are, for 0 ≤ y ≤ 2 Mm,
Ti ' Tn ' 104 K. The evolution of the jets was within the range of physical time of 0 ≤ t f ≤
600 s. In this period, the Jets1,2,3 reached the corresponding ymax values, but the orders
of the magnitude in temperatures remained quite similar. For example, in Figures 3 and 4,
one can see that the temperature of the cores (along x = 0) throughout their evolution
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did not vary significantly, the latter being in agreement with the observations in [10,49,50].
However, on the tips of the jets, the temperatures (T ≈ 6× 105 K) are reached above that
of the bodies of the jets (T ≈ 104 K). This result is due to the previous sweep of the shock
wave produced by the pulse. At the footpoints of the jets in Figures 3 and 4, one can see
the changes in temperature above 160s. In Figure 6, bottom, one can see that the Qi’s are
slightly above 0 (0.002–0.6 W/m3), specifically in these zones (1.0 ≤ y ≤ 3.5 for the case
considered Section 3.1, and 1.0 ≤ y ≤ 1.5 for the case of Section 3.2). These minimum
heat generation values in the lower part of the jets are associated with the proportionality
that exists with (Vn − Vi)

2, which in turn are related to the points where the original
disturbance was generated. Hence, this heat is not being produced by any event inherent
to the natural evolution of the jets. In the lateral peripheries of the jets, one can find
an increase in temperature which keeps increasing from the emergence of the corona,
at y = 2.25 Mm for t > 0, up to the corresponding ymax values. The conversion of kinetic
energy could produce this increase in temperature into heat [51–53], but this is not related
to the interaction between the charged and neutral particles directly, but rather to the
moving particles entering a relatively static environment (in ideal terms for the simulation
purposes) and with temperatures exceeding 106 K.

In this paper, a two-fluid model of straightforward interaction is employed when
radiation losses and ambipolar effects of the plasma are not counted for. However, the
model is able to mimic the temperature behavior in the regions mentioned above of the jets.
Nevertheless, more realistic simulations exist, see, e.g., Refs. [44,54] analyzing the genera-
tion of spicule-jets using Cowling’s conductivity employing the generalized Ohm’s law,
ambipolar diffusion, and multiple species of different ionization levels.

4.3. Collisions between Ions and Neutrals

Throughout the simulation (t ∈ [0, 600] s), for both cases considered in Sections 3.1
and 3.2, the temperature of a relatively substantial fraction of ions and neutrals inside
the jets remains constant as soon as the jets reach the ymax values.

The characteristic collision time,

τ =
1

νni + νin
, (24)

between fluids [37] with Ti ' Tn ' 104 K, ρi = 6.3× 10−11 kg/m3, and ρn = 1.08× 10−4

kg/m3, with νni the collision frequency between ions and neutrals,

νni =
αin
ρn

, (25)

i.e., νni ' 384 Hz here, and since νni = νin, results to τ = 1.3 ms. As noticed just above,
the characteristic time of the system involving the jet itself is around 6× 102 s, and this
ensures that the collisions between the particles and the exchange of momentum can keep
the ions and neutrals coupled almost full lifetime of the jet. The peripheries and tip of the jet,
being in direct kinetic interaction with the coronal medium, reach higher temperatures of up
to Ti ' Tn ' 3.62× 105 K, with ρi = 4× 10−12 kg/m3 and ρn = 5.4× 10−5 kg/m3. The
collision frequency and characteristic collision time for these temperatures and densities
are νni ' 147 Hz and τ = 3.4 ms, respectively. Even though the temperature is an order
of magnitude higher in the outer layers of the jet, mass densities are an order of magnitude
lower in the center of the same jet, so the characteristic collision time turns out to be higher
in the core. However, in the two simulations, this collision time turns out to be of an order
of 10−3 s.

As one can find from Figure 6, the coupling of the particles is less effective at the
tips of the jets than it is inside the jets, where the dragging of particles from the corona
in relative rest (Vi ≈ 0) generates small instabilities. The order of magnitude of the velocity
drifts, Vn −Vi, is in the range 0 to 4.7× 10−3 km/s for the uniform magnetic field, and 0
to 4.72× 10−3 km/s for the flux tube magnetic field. Also, one can recognize a peak of



Physics 2023, 5 271

0.14× 10−3 km/s in the velocity drift at y = 1.6 Mm, near the footpoints of Jet3, in the uni-
form magnetic field, at t = 210 s, as well as another peak of 0.12× 10−3 km/s at y = 1.5 Mm
for Jet3, in the flux tube magnetic field at t = 190 s. For both magnetic field types, the high-
est velocity drift is found at the tip of Jet1. The peaks at y = 15.5, 14.1, and 11.1 Mm
for Jet1, Jet2, and Jet3, in the uniform magnetic field, are of (0.35, 2.2, and 4.7) × 10−3 km/s,
respectively, and the peaks at y = 15.4, 13.6, and 9.75 Mm for Jet1, Jet2 and Jet3 in the flux
tube magnetic field, are (0.38, 1.2, and 4.72) × 10−3 km/s, been not sufficient to affect the
temperature.

Figure 6. Upper: the difference between the neutral and ion speeds evaluated along x = 0, for Jet1
(red), Jet2 (green), and Jet3 (blue) at the corresponding ymax values for the uniform (left) and flux tube
(right) magnetic fields. Lower: the heat Qi,n

i , generated by the interaction between fluids evaluated
along x = 0 for Jet1 (red), Jet2 (green), and Jet3 (blue) at the corresponding tymax values for the uniform
(left) and flux tube (right) magnetic fields.

5. Conclusions

In this paper, the dynamics of small-scale jets in two different magnetic field con-
figurations has been studied using the JOANNA code in order to solve the two-fluid
MHD equations numerically, i.e., the equations for the continuity of mass, momentum,
and energy for ions and neutral particles were considered separately. Then, the jets
were excited by launching velocity pulses at three different vertical locations, namely
at y = 1.3, 1.5, and 1.8 Mm, within the chromosphere range of 0.6 ≤ y ≤ 2.5 Mm, starting
from an atmosphere model in hydrostatic equilibrium. A simplified model that does not
consider radiation losses, ambipolar diffusion, or recombination between particles has been
employed. Instead, the ions and neutrals were considered interacting merely anchored
to friction due to collisions. For completeness, the hypothetical scenario has been studied
where the collisions between the ions and neutrals are not present. The general result
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for this scenario indicates that momentum transfer in the jets is responsible for a relatively
small increase in their maximum heights.

To summarize the results of this study, the following findings to be pointed out:

• The Jets1,2,3 generated within the uniform magnetic field (Section 3.1) with
Av = 100 km/s showed a relationship in their maximum heights as follows,
ymax(Jet3) < ymax(Jet2)(Jet1), and the same was seen for the case with the flux tube
(Section 3.2). This behavior had already been reported in Ref. [30], a velocity pulse
with Av = 40 km/s was used. One observes such a behaviour because the jets that
arise from zones closer to the photosphere have a more significant amount of plasma
that can be dragged by the pulse that perturbs the hydrostatic equilibrium. In this
collective behaviour of the plasma and under the solar conditions that were taken into
account here, it was not possible to observe any hint of what was predicted by the the-
ory in Section 3.2. It is important to emphasize that the jets generated in the uniform
magnetic field, reached a higher height, with a ∆y(i,n)max = 0.75, 1.2, and 1.15 Mm,
concerning their counterparts in the flux tube. This result reveals a kind of braking
due to the constriction of the magnetic lines in 0 ≤ y ≤ 5 Mm. Jet1 reached heights
that have been reported for macrospicules [14], while Jet2 and Jet3 reached heights
typical of Type I and Type II spicules [13], respectively. The three jets do not show
similarities with surges since they are greater, less frequent, and more explosive than
spicules. However, this requires a broader study to be able to determine if the y0,
at which these jets are generated can be a crucial factor in categorizing the spicules
reported in Refs. [13,55,56], or if the nature of these jets creation, such as magnetic
reconnection or another phenomenon, is the one that best categorizes the jets within
the family of spicules already described with current observations.

• The characteristic times of collision between particles were τ = [1.3, 3.4] ms, for the core
and peripheries of the jet, respectively, which guaranteed from t > 0 the coupling
between ions and neutrals during the entire lifetime of the jets (t f = 600 s), such that
a joint dynamic between the fluids is observed.

• From Figures 3 and 4, one can see that the jets created in the constant magnetic field are
somewhat thinner than those found in the flux tube field configuration. The densities
inside the jets remained within a value of ρi ≈ 4× 10−12 kg/m3 and ρn ≈ 5.4× 10−5

kg/m3 during the evolution time.
• The velocity drifts between particles were measured at the tips of the jets when they

reached their maximum heights, being negligible (0–4.72 ×10−3 km/s for any heat
contribution that the friction between fluids could add to the coronal region. The
filamentary regions above the jets with temperatures Ti,n > 6.5× 105 K were generated
by the shock wave that propagated towards the corona with velocities V > 100 km/s.
The temperature of the peripheries of the jets exceeded 3.62× 105 K, arising entirely
from friction due to the collisional interaction between the coronal plasma and the
jet particles.

Finally, the analysis presented in this paper complements, for example, the studies
in Refs. [30,37]. In particular, this paper clearly states why the ions and neutrals behave
as if they are coupled. In further studies, we plan to analyze the evolution of multiple jets
considering the three-fluid resistive equations, which makes it possible to create a more
realistic scenario that describes the generation of jets in the solar chromosphere.
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