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Radiation magnetohydrodynamics modeling of an impulsively
driven chromospheric jet in the solar atmosphere
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In this paper, we present a numerical simulation of an impulsively driven chromospheric jet in the solar atmosphere using the non-ideal mag-
netohydrodynamic (MHD) equations coupled with frequency- and angle-averaged radiation transport equations. These include the dynamics
of the radiation energy density and radiation flux. The jet is initiated by a localized Gaussian pulse applied to the vertical velocity component
in the upper chromosphere (y = 1.75 Mm), producing a collimated plasma structure that exhibits characteristics similar to macrospicules.
We focus on the formation and evolution of the chromospheric jet as it propagates through an optically thin region encompassing the upper
chromosphere and solar corona, where both the Planck-averaged absorption and Rosseland-averaged scattering opacities are low. Although
radiation transport terms only slightly affect the jet’s morphology, they play a significant role in governing radiative processes in the corona.
In particular, radiation transport contributes to the dissipation of the chromospheric jet, which effectively acts as a radiative cooling mecha-
nism as the jet evolves through the optically thin solar corona.
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1. Introduction

Jets are dynamic plasma ejections in the solar atmosphere,
widely observed in both quiet and active regions across
multiple wavelengths, including X-rays, Extreme Ultravio-
let (EUV), and Hα. To explain these observations, several
physical mechanisms have been proposed, both theoretically
and numerically, with magnetic reconnection being one of the
most widely accepted jet triggering processes [1-3]. Among
the various types of jets, spicules are particularly notable.
They are thin spike-shaped plasma structures that are pre-
dominantly observed in the chromosphere [4]. Depending on
their size and lifetime, spicules are commonly classified into
three types: (i) Type I spicules, with lengths of 7-11 Mm, life-
times of 5-15 minutes, and upward velocities around 25 km
s−1 [5,6]; (ii) Type II spicules, with average heights of 5 Mm,
propagation speeds of 50-100 km s−1, and short lifetimes
ranging from 10 to 150 seconds [7,8]; (iii) Macrospicules,
typically observed in polar coronal holes, reach heights be-
tween 7 and 70 Mm above the solar limb, with maximum
velocities from 10 to 150 km s−1 and lifetimes ranging from
3 to 45 minutes [9,10].

In the context of numerical MHD simulations, a chromo-
spheric jet that exhibits spicule-like features, such as height,
vertical velocity, and lifetime, can be modeled as an impul-
sively driven jet. This type of jet is a dynamic plasma outflow
initiated by a spatially localized perturbation (e.g., a pressure
pulse, reconnection burst, or velocity pulse) in a magnetized
plasma. The resulting disturbance generates a high-speed,
narrow jet of material that propagates along magnetic field
lines in the solar atmosphere. Several MHD simulations of
impulsively driven chromospheric jets reproduce spicule-like

characteristics, including 2D adiabatic, non-adiabatic, and
two-fluid models [see,e.g.,][11-17]. In all these studies, the
jet formation mechanism is based on the classical rebound
shock model [18,19], which explains spicule formation as the
result of shock waves generated by localized impulsive dis-
turbances. These shocks propel chromospheric plasma up-
ward along magnetic field lines, producing short-lived, nar-
row jets that closely resemble Type I spicules in both mor-
phology and dynamics. In contrast, the formation of Type
II spicules is not attributed to impulsive driving. Instead,
2D and 3D MHD simulations indicate that their generation
involves more complex physical processes, including mag-
netic resistivity, thermal conduction, radiative transfer, partial
ionization, and ambipolar diffusion [2,3,20-22]. Moreover,
the numerical modeling of macrospicules convergence on
two primary formation mechanisms: pulse- or shock-driven
models [15,23,24] and reconnection-driven models [25-27].
Complementary observational inversions in He II 304Å pro-
vide critical constraints, revealing non-ballistic shock-driven
dynamics with typical velocities of 70-140 km s−1 and pro-
nounced decelerations [10].

Despite substantial progress in the modeling of impul-
sively driven chromospheric jets, such jets have not yet been
simulated using (MHD) equations coupled with a system of
frequency and angle averaged radiation transport equations
that independently evolve both the radiation energy density
and the three components of the radiation flux. In this work,
we present a numerical simulation of an impulsively driven
jet in the solar atmosphere based on non-ideal MHD equa-
tions that incorporate highly anisotropic thermal conduction
and empirical coronal heating. These equations are coupled
to a radiation transport system that evolves both the radiation
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energy density and the flux. The simulation focuses on the
formation and evolution of a jet propagating through a region
that includes the upper chromosphere and the solar corona,
a medium characterized by low Planck-averaged absorption
opacity and low Rosseland-averaged scattering opacity. In
the low Planck mean opacity regime, radiative coupling via
emission and absorption is weak, while in the low Rosse-
land mean opacity regime, photon diffusion is efficient and
radiative transport is enhanced. In addition, we investigate
whether the inclusion of radiation transport affects the mor-
phology and dynamics of the chromospheric jet. This is mo-
tivated by previous models [15,19,28] that incorporated op-
tically thin radiative cooling functions into the MHD equa-
tions and found that such effects can influence the dynam-
ics of chromospheric jets with properties similar to those of
spicules.

The paper is organized as follows. In Sec. 2, we describe
the system of radiation MHD equations, including the rele-
vant source and radiation terms. We also outline the solar
atmospheric model, magnetic field configuration, radiation
parameters, and the applied perturbation. In addition, we
describe the details of the numerical methods used to solve
the radiation MHD equations. In Sec. 3, we present the re-
sults of the numerical simulations. Section 4 discusses the
impact of the radiation transport terms on jet dynamics, as
well as the influence of source terms on the background solar
atmosphere. Finally, Sec. 5 summarizes the conclusions and
provides the final remarks.

2. Model and numerical methods

2.1. The system of radiation MHD equations

We consider a gravitationally stratified solar atmosphere de-
scribed by a plasma coupled with the radiation field, for
which a two-moment approach is adopted under the gray ap-
proximation. The resulting radiation (MHD) equations can
be written in quasi-conservative form as

∂ρ

∂t
+∇ · (ρv) = 0, (1)

∂(ρv)
∂t

+∇ ·
[
ρv ⊗ v −B⊗B

+I
(
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)]T
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)
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]

= ρv · g + cG0 +∇ · Fc + H, (3)

∂B
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1
ĉ

∂Er

∂t
+∇ · Fr = −G0, (5)

1
ĉ

∂Fr

∂t
+∇ · Pr = −G, (6)

whereρ, p, v, e, B, andE are the plasma density, pressure,
internal energy, velocity field, magnetic and electric fields.
While Er, Fr, andPr are the radiation energy, radiation flux,
and radiation pressure tensor, respectively. There,I repre-
sents the identity matrix,c is the speed of light, and̂c is
the reduced speed of light, which is introduced to reduce
the overhead of the explicit integration of radiation trans-
port terms. In sources terms, the equations include the grav-
itational acceleration vectorg = [0,−g] with magnitude
g = 2.74 × 104 cm s−2, the thermal conduction fluxFc,
the coronal heating functionH, and the radiation interaction
terms defined by(G0,G). In addition,Et denotes the to-
tal energy density,i.e., the sum of the internal, kinetic, and
magnetic energy densities,

Et = ρe +
ρv2

2
+

B2

2
, (7)

where a thermally ideal gas provides the closureρe =
ρe(p, ρ), in terms of the following equation of state (EOS)

p =
ρkBT

muµ
, (8)

wherekB is the Boltzmann constant,mu is the atomic mass
unit andµ is the mean molecular weight. This paper uses a
value ofµ = 0.6, representing a fully ionized plasma, that is,
a gas assumed about 92% of H and 8% of He.

The contribution from thermal conductionFc is defined
in terms of a flux-limited that smoothly varies between the
classical and saturated thermal conduction regimesFclassand
Fsat, respectively, that is:

Fc =
Fsat

Fsat+ |Fclass|
Fclass. (9)

In the above equation, the thermal conduction flux is highly
anisotropic along the direction of the magnetic field lines,
that is,

Fclass= κ‖
B(B · ∇T )

|B| , (10)

whereκ‖ = 8 × 10−7 erg s−1 cm−1 K−1, which represents
a typical value in the solar corona [29]. In the saturated flux
limit, Fsat = 5φρc3

iso, whereciso is the isothermal speed of the
sound andφ = 0.3 is a free parameter that helps fix the value
of Fsat [30].

The coronal heating functionH that contributes as a
source term to the total energy Eq. (3) helps to maintain a
background solar corona against thermal conduction and ra-
diative losses, as given in Ref. [29]

H = max

(
c0 ∗ [(y − y0)/h0]−2/7

exp[h1/(y − y1)]− 1
, 0

)
, (11)
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wherec0 = 0.01 erg cm−3 s−1, y0 = 1 Mm, h0 = 5 Mm,
y1 = 2 Mm and h1 = 3 Mm. This background empiri-
cal heating function reaches its maximum value in about the
transition region∼ 2.1 Mm, where it compensates for the
cooling that radiation source terms could produce.

The components of the radiation pressure tensor,Pr, are
defined as a function of(Er,Fr) through the closure of M1
introduced by [31], as

P ij = Er

(
1− ξ

2
δij +

3ξ − 1
2

ninj

)
,

ξ =
3 + 4f2

5 + 2
√

4− 3f2
, (12)

wheren = Fr/|Fr|, f = |Fr|/Er, the sub-indexesi, j de-
note the spatial components of the radiation pressure tensor
P ij , andδij is the Kronecker delta. The radiation-matter in-
teraction terms(G0,G) are defined by boosting into the Eu-
lerian frame their co-moving values, given by

(G̃0, G̃)comov = ρ[κ(Ẽr − aRT 4), (κ + σ)F̃r]comov. (13)

In this equation,κ and σ are the frequency-averaged
absorption and scattering coefficients, respectively,aR =
4σSB/c is the radiation constant, andT is the fluid temper-
ature. The interaction terms in the laboratory frame that are
the actual source terms in the equations are obtained by the
following Lorentz transformation laws to the first order in
β = v/c:

G0 = G̃0 + βG̃, G = G̃ + G̃0β. (14)

Similarly, the radiation fields are transformed into the lab-
oratory frame to the first order inβ, as

Er = Ẽr + 2βiF̃i

F i
r = F̃ i

r + βiẼr + βjP̃
ij
r

P ij
r = P̃ ij

r + βiF̃ j + βjF̃ i. (15)

This implies the following expressions for the source
terms implemented in the code:

G0 = ρκ(Er − aRT 4 − 2β · Fr)

+ ρχβ · (Fr − Erβ − β · Pr),

G = ρκ(Er − aRT 4 − 2β · Fr)β

+ ρχ(Fr − Erβ − β · Pr), (16)

where someO(β2) terms are kept in order to recover the lo-
cal thermal equilibrium (LTE) limit given bỹEr → aRT 4

andF̃r → 0 whenσ, κ → 0 [32].
We can summarize the pros and cons of the closures em-

ployed in the radiation subsystem: i) The Eddington approx-
imation assumes an isotropic radiation that works for opti-
cally thick regimes and provides a smooth transition from
diffusion-like to free-streaming behavior. Nevertheless, it

can be inaccurate in optically thin regions and poor in highly
anisotropic cases. ii) The flux-limited diffusion (FLD) clo-
sure introduces a flux limiter to handle transitions between
optically thick and thin regimes, so it ensures a smooth
transition from diffusion (optically thick) to free-streaming
(optically thin) behavior and avoids unphysical superlumi-
nal fluxes. Nevertheless, it can be inaccurate in anisotropic
fields and might lead to excessive diffusion. iii) The ex-
act Eddington tensor solves the full radiative transfer equa-
tion (non-angular-averaged) to obtain the Eddington tensor,
which makes it the most accurate of the three closures since
it accounts for angular anisotropy. Also, it captures both op-
tically thick and thin regimes without empirical flux limiters.
Still, it is computationally expensive because it requires solv-
ing the full angular-dependent radiative transfer equation and
becomes complex for multidimensional problems.

2.1.1. The model of the solar atmosphere

We assumed that the solar atmosphere was in hydrostatic
equilibrium at the initial simulation time (t = 0 s). In partic-
ular, we choose the semi-empirical C7 model to describe the
temperature field that covers the chromosphere and transition
region [33], smoothly extended to the solar corona as, for ex-
ample, [2]. In Fig. 1a), we show the equilibrium temperature,
mass density, and gas pressure and profiles as functions of
heighty, where the steep gradient is discernible in the tran-
sition regiony ∼ 2.1 Mm, as indicated by a vertical black
dashed line.

2.1.2. The magnetic field

The magnetic fieldB at the initial time is a 2D configuration
that satisfies the force-free(∇× (∇×B)) = 0) and current-
free(∇×B = 0) conditions, with the following components:

Bx(x, y) =
−2S(x− a)(x− b)

[(x− a)2 + (y − b)2]2
, (17)

By(x, y) =
S(x− a)2 − (x− b)2

[(x− a)2 + (y − b)2]2
, (18)

whereS corresponds to the pole’s magnetic field strength
given in units of G Mm2, anda and b are parameters that
define the magnetic pole’s location. In the right of Fig. 1, we
show the magnetic field lines, where it is discernible that the
field diverged at around(x, y) = (5, 1.75) Mm. This inclined
geometry of the magnetic field affects the jet’s trajectory,
which mainly follows the field lines, as will be shown later in
this paper. This magnetic field configuration has already been
used in numerical simulations of impulsively driven jets [15].

2.1.3. The radiation parameters

In this paper, we consider a plasma described by the non-
ideal MHD coupled with the radiation transport equations,
for which we adopt a gray approximation following a two-
moment approach by imposing the M1 closure. This closure
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FIGURE 1. a) The logarithm of temperature in Kelvin (dashed line), the logarithm of mass density in kg m−3 (dash dot line), and the
logarithm of gas pressure in Pa (dotted line) versus height,y in Mm, for the C7 equilibrium solar atmosphere model at the initial time
(t = 0 s) of the simulation. The vertical dashed line (black) represents the location of the transition region at abouty ∼ 2.1 Mm. b)
Representation of the magnetic field lines in the 2D domain att = 0 s.

defines radiative transport in diffusion and free-streaming
limits and can describe highly anisotropic radiation trans-
port [34].

For radiation parameters, we chose the scattering opacity,
σ = 0.34 cm2 g−1, the absorption opacity,κ = 1 × 10−6

cm2 g−1. The value of the scattering opacity corresponds to
the electron scattering opacity, which dominates the corona’s
fully ionized, optically thin plasma. This opacity is given by:

σ =
σT

mp
, (19)

whereσT = 6.65 × 10−25 cm2 is the Thomson scattering
cross-section for free electrons, andmp = 1.67× 10−24 g is
the proton mass. Assuming a fully ionized hydrogen plasma
(where the electron number density is approximately equal to
the proton number density), the opacity per gram of plasma
is σ ≈ 0.398 cm2 g−1. However, helium is also present in
small fractions in the solar corona, which slightly reduces the
free-electron fraction per unit mass. When typical coronal
abundances are included (e.g. He/H ≈ 0.1), the effective
opacity is reduced to approximately 0.34 cm2 g−1 [35,36].
For the value of the absorption opacity (10−6 cm2 g−1), in
the solar corona, it is much lower than the scattering opac-
ity because the primary absorption mechanisms (bound-free
and free-free absorption) are weak at coronal temperatures
(T ∼ 106 K). The dominant source of absorption is free-free
absorption (Bremsstrahlung), given byκ ≈ 10−6 cm2 g−1

under typical coronal conditions [37,38].
At the initial time (t = 0 s) of the simulation, we set the

radiation energy,Er = 2.2 g cm−1 s−2 and the radial com-
ponent of the radiation flux,Fr = Frr = 2.1 g cm−1 s−2,
which are typical values of the solar corona [39]. Also, at
the initial simulation time, the solar corona is not in local
thermodynamic equilibrium (LTE), since the radiation en-

ergy density does not follow the equationaRT 4, and the
radiation flux is not equal to zero. If we consider a sys-
tem in LTE, the radiation flux in the solar corona is high
(∼ 1016 J m−3), which dominates the plasma total energy
density and produces instabilities in the numerical solution
of the radiation MHD equations. Besides, physically, the so-
lar corona does not necessarily radiate as an isotropic black
body, since anisotropic effects, such as thermal conduction
and coronal heating, should be added. Furthermore, the so-
lar corona is optically thin for most photospheric radiation,
and only negligible absorption or scattering of radiative en-
ergy by the gas occurs [39]. Even so, radiation scattering is
important in the solar chromosphere. So, non-local thermo-
dynamic equilibrium (NLTE) effects should be considered,
since the ionization balance of hydrogen and helium is out
of equilibrium, and assuming LTE to compute opacities is
generally no longer accurate. In particular, the proper model-
ing of energy exchange must take into account the effects of
NLTE, as implemented, for example, in Refs. [40-42].

We set the reduced value of the speed of lightĉ = 0.1,
which has physical units of velocity and is part of the re-
duced speed of light approximation (RSLA). The need to use
the RSLA is related to the ratio of the radiation propaga-
tion speed,c, to the maximum acoustic signal speed of the
gas, which can be quite large in many astrophysical settings.
Therefore, the ratio of the corresponding Courant-Friedrichs-
Lewy (CFL) time steps for explicit integration of the gas and
radiation transport subsystems,∆tgas/∆trad ∼ c/vmax, may
be many orders of magnitude greater than 1. So an explicit
scheme for the radiation subsystem can be rendered imprac-
tical by such a large ratio. Fortunately, in many situations we
can reduce the signal propagation speed of the radiation fluid
to some valuêc << c, which in turn reduces the explicit time
step ratio of gas to radiation to a computationally tractable
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level, while preserving the essential dynamical behavior of
the hydrodynamics (HD) or MHD system. This is the essence
of RSLA, initially described by [43] and implemented by [44-
46]. So in the case of this paper, we chose a value ofĉ = 0.1
that preserves the dynamic behavior of the MHD system and
makes the evolution of the radiation subsystem computation-
ally tractable. We also tested the simulation with four other
different values of̂c = 10−2, 10−4, 102 and104. Yet, the
results do not vary significantly regarding the jet’s formation
and evolution. The main effect of a specific choice ofĉ is
reflected in the computational time. For example, for values
ĉ = 102 or ĉ = 104, the computational time increases consid-
erably, making the calculations impractical for the scenario
presented in this paper. Therefore,ĉ = 10−1 is reasonable
and appropriate in terms of computational cost. The choice
of reduced speed of light,̂c, was neither entirely arbitrary nor
made solely for computational convenience. The rationale
behind the (RSLA) is straightforward: since most astrophys-
ical dynamics are modeled in the Newtonian limit (that is, the
leading term in a Taylor expansion in powers of1/c), it is suf-
ficient that the higher-order terms remain small compared to
the leading one. For a system with characteristic velocityv,
these terms scale asv/c. As long asv/c ¿ 1, the Newtonian
approximation holds. Therefore, the exact value ofc is not
critical, provided thatv ¿ ĉ, whereĉ is the reduced speed
of light, typically chosen as a fraction of the true speed of
light (e.g., ĉ = 0.1c, 0.5c, or 0.7c). In this study, the problem
lies well within the Newtonian regime, as the characteristic
velocity of the jet is on the order of tens of km s−1, which is
much lower than the adopted value ofĉ = 0.1c. This justi-
fies the use of a reduced speed of light, which does not affect
the physical dynamics but significantly reduces the compu-
tational cost. Thus,̂c = 0.1c is an appropriate and efficient
choice for the simulations presented in this work.

Therefore, in this paper, the time-dependent formulation
of radiative transfer has the following advantages: i) consid-
ering the evolution of the plasma variables coupled with the
radiation energy density and radiation flux, and ii) adopting
a gray approximation following a two-moment approach by
imposing the M1 closure, which covers radiative transport in
diffusion and free-streaming limits and can describe highly
anisotropic radiation transport. However, the main disadvan-
tages are: i) neglecting the effects of radiation scattering in
the solar chromosphere and the NLTE effects, and ii) simpli-
fication of the treatment of the radiation field by considering
the frequency-integrated zeroth- and first-order angular mo-
ments of the radiative transfer equation.

2.1.4. Perturbation

To excite jet formation, we perturb the initial background
state of the solar atmosphere by a simple localized Gaus-
sian pulse set in the vertical component of velocity, which
is a standard procedure for triggering jets [15,23,47]. Specif-

ically, the velocity pulse is

vy(x, y) = Av exp
(
− (x− x0)2 + (y − y0)2

w2

)
. (20)

In the above expression,Av defines the amplitude of the
pulse,(x0, y0) is the initial position of the pulse, andw is
its width. In this paper, we set and holdAv = 100 km s−1,
x0 = 5 Mm, y0 = 1.75 Mm, and w = 0.2 Mm.
These values are typical for exciting jets that resemble some
macrospicule characteristics in adiabatic and non-adiabatic
numerical MHD simulations [15,23].

2.2. Numerical methods

We numerically solve Eqs. (1)-(6) using version 4.4-patch3 of
the PLUTO code [48], which incorporates a radiation module
based on the two-moment radiation hydrodynamic scheme
described in Ref. [34]. The simulations employ a Courant-
Friedrichs-Lewy (CFL) number of 0.4 and use a second-
order total variation-diminishing (TVD) Runge-Kutta time
integrator. For the integration of the MHD equations, we
adopt the approximate Harten-Lax-van Leer discontinuities
(HLLD) Riemann solver [49], while the radiation transport
equations are solved using the Harten-Lax-van Leer contact
solver (HLLC) [50]. In both cases, a linear reconstruction of
the primitive variables is applied, combined with the minmod
slope limiter.

To control the numerical violation of the divergence-free
condition (∇ · B = 0), we adopt the constrained trans-
port method (CT), which computes the electric fieldE using
a simple arithmetic averaging scheme [51]. This approach
ensures that the solenoidal constraint on the magnetic field
is preserved to machine precision throughout the numerical
evolution. The integration of the radiation transport step fol-
lows the methods implemented in [52]. Specifically, Eqs. (5)
and (6) are advanced in time using Implicit-Explicit Runge-
Kutta (IMEX-RK) schemes [53]. In these schemes, flux
terms are treated explicitly, while radiation-matter interaction
terms are implicitly integrated. PLUTO provides two IMEX
schemes for this purpose: the IMEX-SSP2(2,2,2) method
[54] and the IMEX1 scheme introduced by [52]. The IMEX-
SSP2(2,2,2) method is a two-stage second-order scheme with
strong stability preserving properties (SSP), widely used for
stiff hyperbolic-parabolic systems. In contrast, the IMEX1
scheme is a first-order formulation tailored for MHD with
parabolic terms, designed to efficiently handle stiff dissi-
pative terms while maintaining simplicity and robustness.
Thermal conduction is evolved separately from the advection
terms via operator splitting, using the super-time-stepping
(STS) method [55]. This approach is particularly well-suited
for efficiently handling the highly parabolic nature of the
thermal conduction term in the MHD equations. Lastly, the
empirical coronal heating term in the energy Eq. (3) is ex-
plicitly integrated in time, without imposing additional con-
straints on the time step.

Rev. Mex. Fis.72021501



6 J. J. GONŹALEZ-AVIL ÉS

FIGURE 2. Top row: spatial profiles of temperature (in Kelvin) at a)t = 100 s, b) t = 400 s, and c)t = 800 s. Bottom row: Vertical
component of velocityVy in km s−1 with velocity vector field at the exact three times as temperature.

The simulation is carried out in a two-dimensional Carte-
sian domain with spatial coordinatesx ∈ [0, 30] Mm and
y ∈ [0, 30] Mm, discretized on a uniform grid of1200×1200
cells. This corresponds to an effective spatial resolution of
25 km in both directions. In this setup, the lower boundary
at y = 0 Mm corresponds to the base of the photosphere.
For (MHD) variables, we impose fixed-time boundary con-
ditions, maintaining all quantities at their equilibrium values
along the edges of the domain atx = 0, x = 30 Mm, y = 0,
andy = 30 Mm. In contrast, for radiation variables, namely
the radiation energy densityEr and the radiation flux vector
Fr, we apply the outflow boundary conditions at the four do-
main boundaries. These conditions allow radiation to freely
exit the computational domain, ensuring a physically consis-
tent treatment of radiative transport across the boundaries.

3. Results of numerical simulations

In Fig. 2, we show snapshots of the spatial profiles of plasma
temperature in Kelvin in the top panels and the vertical com-

ponent of the velocity in km s−1 with the vector velocity field
overplotted in the bottom panels. Specifically, on the tem-
perature map att = 100 s, we observe the formation of a
collimated plasma structure that resembles a jet that reaches
a height of about 8 Mm. This jet reaches a maximum tem-
perature of approximately8 × 104 K and also shows at its
head the development of a collimated hot plasma structure
(∼ 2 × 105 K) that propagates upward. Att = 400 s, the
jet becomes smaller (∼ 1.5 Mm in length) compared to its
precedent att = 100 s; it also exhibits a double-thread struc-
ture at the top of it, which is a typical feature of solar spicules
[56,57]. At t = 800 s, the temperature map shows that the
jet practically diffuses and that only its tiny double thread
remains over the transition region (∼ 2.1 Mm) and the up-
per chromosphere (∼ 3 Mm). In the bottom row of Fig. 2,
we display vertical velocity mapsvy with the vector velocity
field showing consistency with the temperature behavior de-
scribed above. In particular, att = 100 s, the jet reaches a
vertical velocity of about 30 km s−1, while the plasma at the
top of it reaches a maximum high vertical velocity of around
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FIGURE 3. Time signatures of the vertical velocity,vy, in km s−1 a)-b), the temperature, in Kelvin c)-d), the radiation energy density,Er, in
J m−3 e)-f), and the radial component of the radiation flux,Fr, in J m−2 s−1 g)-h), collected at the pointx = 5.6, y = 4 Mm (left panels)
andx = 8.5, y = 14 Mm (right panels).

60 km s−1). This high-velocity is associated with a shock
front generated by the perturbation that moves from a cooler
(denser) medium to a hotter (less dense) medium into the so-
lar corona. This is a typical behavior obtained in numeri-
cal simulations of impulsively driven jets [47]. However, at

t = 400 s, the plasma associated with the shock reaches the
top boundary aty = 30 Mm. At t = 800 s, the vertical
velocity is predominantly negative, indicating the jet diffu-
sion. Interestingly, radiative terms in the momentum and total
energy density equations and their coupling with the plasma
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could generate this negative plasma-flow motion. This result,
in turn, is consistent with the effect of the optically thin ra-
diative losses, as shown in Ref. [15].

In Fig. 3, we show the time signatures of the vertical ve-
locity vy (km s−1), temperature (K), radiation energy density
Enr (J m−3) and the radial component of the radiation flux
Fr (J m−2 s−1) at the detection points(x = 5.6, y = 4) Mm
(left panels) and(x = 8.5, y = 14) Mm (right panels). In
this paper, a time signature refers to the temporal evolution
of a physical quantity at a fixed spatial location, used to iden-
tify the characteristic temporal behavior or periodicity in the
time series of the plasma and radiation variables described
above. In these time signatures, the point(x = 5.6, y = 4)
Mm lies within the jet and(x = 8.5, y = 14) Mm is where
the shock passes. In Fig. 3a), we show the time signatures
of vy at (x = 5.6, y = 4) Mm, where the vertical velocity
inside the jet reaches a maximum value of about 90 km s−1

around 20 s after the simulation starts. After this stage, the
vertical velocity becomes negative up to around -40 km s−1

at t = 250 s. Following this behavior, the velocity increases
again, with values of 20 km s−1. From aroundt = 350 s
onward, the vertical velocity within the jet remains negative,
indicating diffusion. In Fig. 3b), the time signatures of the
vertical velocity collected at the point(x = 8.5, y = 14) Mm
indicate that the shock moves fast and reaches a maximum
velocity of around 80 km s−1 at approximatelyt = 180 s.
After that time, the vertical velocity of the shock decreases to
a value near 18 km s−1 at aboutt = 360 s. Later, the verti-
cal velocity increases again to a value of around 45 km s−1.
Nonetheless, after 400 s, the vertical velocity of the shock de-
creases and reaches negative values. This behavior indicates
that plasma inside the shock moves downwards from the solar
corona to the transition region and chromosphere. In Fig. 3c),
the time signatures of temperature measured at the detection
point (x = 5.6, y = 4) Mm show that the temperature in-
side the jet rapidly decreases at the start of the simulation
(t ≈ 50 s). Later, the temperature increased to an order of
magnitude of105 K close to 300 s. From 300 to 800 s, the
temperature varies slightly and remains close to2 × 105 K.
In Fig. 3d), the time signatures of the temperature collected
at(x = 8.5, y = 14) Mm indicate that the temperature inside

the shock is in the range of7 × 105 − 9 × 105 K in the first
100 s of simulation. After that time, the temperature of the
shock decreases to a value close to3 × 105 K, at t = 200 s.
After 200 s, the temperature slightly varies around5× 105 K
to reach the final simulation timet = 800 s.

In Figs. 3e) and 3f), we show the time signatures of the
radiation energy density collected at two detection points de-
scribed above. In these time histories, we identify a lin-
ear growth of the radiation energy density inside the jet and
within the shock wave during the total simulation time. In
particular, the radiation energy density reaches a maximum
value of around 1.75 J m−3 at both detection points. Finally,
in Figs. 3g) and 3h), that is, at the bottom, the time signatures
of the radial component of the radiation flux show the op-
posite behavior to the radiation energy density. Remarkably,
the radiation flux decreases; this behavior could be associated
with the radiation energy loss processes at the solar corona,
which, in turn, might be related to an optically thin radiative
cooling process.

To identify the dynamics of the plasma associated with
the jet and shock, in Fig. 4, we show distance-time diagrams
of the vertical velocityvy in km s−1 and the logarithm of
the mass densityρ in kg m−3 measured in a line of about
8.15 Mm in length that goes along with the jet, similar to
the analysis performed in Ref. [15]. For example, on the left
of Fig. 4, the temporal and spatial evolution of the vertical
velocity along the jet schematizes the generation of a shock
wave combined with a contact wave at the beginning of the
jet formation. In the right panel of Fig. 4, we depict the be-
havior of the mass density along the jet, which shows that the
jet reaches a height of about 8 Mm att ≈ 100 s. It is also
evident that there is periodic behavior in the jet dynamic, and
it follows a typical parabolic path with a period of around
300 s, which could be related to a chromospheric jet such as
spicules [58].

In summary, the numerical results described in the pre-
vious paragraphs reveal that the impulsively driven chromo-
spheric jet rapidly develops into a collimated plasma struc-
ture reaching a height of about8 Mm, with temperatures up
to 8× 104 K and a hotter leading edge of∼ 2× 105 K. At

FIGURE 4. a) Distance-time diagrams of the vertical velocityvy, in km s−1, and b) the logarithm of mass density,ρ, in kg m−3.
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late simulation times, the jet exhibits a characteristic double-
thread morphology and eventually dissipates back into the
lower atmosphere. In addition, vertical velocity attains val-
ues of∼ 30 km s−1 within the jet and up to∼ 60 km s−1

at the associated shock front, with time signatures at fixed lo-
cations indicating peak velocities close to90 km s−1 before
declining and becoming negative as the structure decays. The
temperature inside the jet stabilizes around2× 105 K, while
in the shock region it decreases from9 × 105 K to around
3× 105 K during simulation. Likewise, the radiation energy
density increases linearly to∼ 1.75 J m−3, whereas the ra-
diation flux decreases, consistent with optically thin radiative
cooling. The distance-time diagrams confirm a parabolic tra-
jectory with a period of∼ 300 s, reproducing the classical
spicule-like dynamics prior to the final dissipation of the jet.

Overall, the results of this section demonstrate that al-
though the simulated jet reproduces some characteristics sim-
ilar to classical spicules, its rapid fading is strongly influ-
enced by radiative processes. In particular, the explicit evo-
lution of the radiation energy density and flux through the
two-moment transport equations reveals that radiation acts as
an efficient optically thin cooling mechanism in the corona.
This mechanism induces downward flows and thermal energy
loss, thereby limiting the height, duration, and energy content
of the jet. Consequently, the present findings not only agree
with previous studies [15,19] employing empirical radiative
loss functions, but also emphasize that a self-consistent treat-
ment of radiation transport is crucial to capture the dissipa-
tion and evolution of macrospicule-like events.

4. Discussion

4.1. Effects of the radiation transport terms on the jet

To show whether the radiation transport terms affect the for-
mation, morphology, and evolution of the jet, in Fig. 5, we
display maps of the radiation energy densityEr and the mag-
nitude of the radiation flux|Fr| with the vector velocity field
and a density contour (in red) of10−14 kg m−3 at three repre-
sentative times,t = 100, 400, 800 s. In addition, to schema-
tize the dominant density energy in the evolution of the jet,
at the bottom of Fig. 5, we depict spatial profiles of the ra-
tio Er/eint at the same times asEr and|Fr|. For example,
in the upper panels of Fig. 5 at the three times, the radiation
energy density mapsEr show a constant value in the region
that covers the jet structure, which is delimited by the mass
density contour in red. In the middle panels of Fig. 5, we dis-
tinguish that the magnitude of the radiation flux|Fr| is low in
the chromosphere, but increases at the corona. Despite this,
the radiation flux remains constant in the region where the jet
develops and does not shape the jet morphology either. In the
bottom panels of Fig. 5, the maps of the ratioEr/eint show
that eint dominates the radiation energy densityEr in the
corona, but in the chromosphere and transition region the ra-
diation energy densityEr is more significant thaneint. That

said, the internal energy density is what gets the shape and
morphology of the jet, since it is directly associated with the
plasma variables, such as mass density and velocity. In all
of the panels, the velocity vector field shows consistency in
the jet’s dynamics. Evidently, a strong negative flow at the
solar corona ultimately diffuses the jet. Although the radia-
tion transport variables do not get the shape and morphology
of the jet, both affect their evolution, since they permeate the
medium where the jet forms and propagates. In Appendix A,
we show representative results of a basic test that show the
behavior of the radiative version of the MHD blast wave con-
sidering the limits of an optically thick medium and an op-
tically thin medium. This test illustrates how plasma fluid
depends on the evolution of radiation transport equations in a
more basic scenario than the study here.

The simulation results indicate that radiation transport
contributes to the evolution of chromospheric jets, which is
consistent with previous studies that have shown the key role
of radiative cooling in shaping their properties [15,19,28].
Radiative losses influence the temperature, density, and ve-
locity of the chromospheric jet by extracting thermal energy
from the plasma, modifying pressure gradients, and the over-
all energy budget. This process, in turn, governs the height,
lifetime, and morphology of the jets.

Furthermore, the results presented in this work exhibit
notable similarities with those reported by [15,19], while also
introducing a novel approach to modeling chromospheric
jets. In Ref. [19], one-dimensional simulations assuming a
pure hydrogen plasma with optically thin radiative losses and
NLTE hydrogen ionization demonstrated that a substantial
fraction of the injected energy is redistributed to ionization
rather than heating. This redistribution leads to spicules that
are shorter and weaker in their model. However, it is im-
portant to note that those simulations were performed in a
hydrogen-only plasma, whereas in our study we adopt a more
realistic composition of hydrogen and helium, corresponding
to a mean molecular weight ofµ = 0.6. The inclusion of
helium modifies the thermodynamic response of the plasma
by changing the specific heat, sound speed, and energy par-
tition, which, in turn, can affect the jet’s evolution and en-
ergy transfer. Therefore, our comparison with hydrogen-only
studies should be interpreted qualitatively: while the specific
thermodynamic response may differ, the general conclusion
that radiative processes redistribute energy away from heat-
ing and into ionization remains valid. In this context, the
present work extends earlier findings by explicitly solving the
two-moment radiation transport equations, thereby capturing
the optically thin radiative cooling in a self-consistent way
for a more realistic solar composition.

4.2. Effects of the source terms on the background solar
atmosphere model

To qualitatively and quantitatively measure whether the tem-
perature of the background atmosphere varies without the
vertical velocity perturbation, but considering the non-ideal
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FIGURE 5. (Top) Spatial profiles of radiation energy densityEr (in J m−3), magnitude of the radiation flux|Fr| in J m−2 s−1 (middle), and
the ratioEr/eint (bottom), at the times a)t = 100 s, b)t = 400 s, and c)t = 800 s. The vectors (in black) represent the velocity vector
field, and the contour (in black) represents a constant mass density of10−14 kg m−3.

effects such as thermal conduction, coronal heating, and ra-
diation, in Fig. 6, we display 1D cuts of the temperature
as a function of the heighty at five different times (t =
0, 100, 200, 400, 800 s). We also calculate the relative error
from point to point between the temperature values at the ini-
tial time (t = 0 s) compared to the temperature values at
t = 400 s andt = 800 s and the relative error between the
temperatures values att = 400 s andt = 800 s. For ex-
ample, on the left of Fig. 6, we depict the 1D temperature
profiles on a vertical line traced fromy = 0 Mm to y = 30
Mm, which is located in the middle of the numerical 2D do-
main, that is, atx = 15 Mm. We can see that the tempera-
ture decreases slightly from timet = 100 s to the final time

t = 800 s. Despite the decrease in the background temper-
ature profile, the variations are not substantial, and the solar
corona temperature remains globally stable against the effect
of the source terms. Furthermore, to quantitatively show the
errors between the 1D temperature cuts, on the right of Fig. 6,
we show the results of the estimation of the relative error cal-
culated according to the following expression,

Relative error=
∣∣∣∣
Ti − T0

T0

∣∣∣∣ , (21)

where T0 is the temperature profile att = 0 s, andTi

with i = 1, 2 are the temperature profiles att = 400 s and
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FIGURE 6. a) 1D cuts corresponding to five times (t = 0, 100, 200, 400 and 800 s) of the solar background model’s plasma temperature in
Kelvin as a function of heighty in Mm. b) The relative error between temperature values for three timest = 0, 400, and 800 s.

t = 800 s, respectively. Therefore, in that plot, we observe
a high relative error betweenT0 andT1 for some data points.
This high value is also reached by the relative error between
T0 and T2, andT1 and T2. Although this is a high value
of the relative error, in the three curves, the relative error
decreases and tends to a low value. The lowest relative er-
ror is betweenT1 andT2, while the highest relative error is
achieved betweenT0 andT1, but it is of the same order asT0

andT2. The high value of the relative error in the three com-
parisons is due to the values at the transition region, since a
sharp gradient could make a point-to-point comparison vary
significantly.

5. Conclusions and final comments

The main objective of this paper was to study the forma-
tion and evolution of an impulsively driven chromospheric
jet that resembles some spicule features using a 2D non-ideal
radiation MHD numerical simulation. Specifically, we model
the solar atmosphere and the jet as a plasma that follows the
MHD equations coupled to a system of frequency- and angle-
averaged radiation transport equations that include the evolu-
tion of the radiation energy flux and the radiation flux compo-
nents. To trigger the formation of the jet, we perturb the solar
atmosphere with a localized Gaussian pulse in the vertical ve-
locity, set at the solar chromosphere (y = 1.75 Mm). In addi-
tion, we initially considered a solar atmosphere in (NLTE) by
setting characteristic low values of the Planck-averaged ab-
sorption opacity (κ = 1×10−6 cm2 g−1) and the Rosseland-
averaged scattering opacity (σ = 0.34 cm2 g−1) correspond-
ing to an optically thin medium such as the solar corona.

Based on the results of the numerical simulation, we ob-
serve classical features on the mechanism of jet formation
reported in various numerical MHD simulations of impul-
sively driven jets [15,17,23,47], where the mechanism can
be explained in terms of the following physics. The local-
ized pulse rapidly transforms into shocks that propagate up-
ward and generate the collimated plasma structure with some
features of a solar spicule. In addition, the pulse also ex-

cites a non-linear wake in the chromosphere, which leads to
quasi-periodic secondary shocks, which in turn lift the chro-
mospheric plasma upward and create quasi-periodic jets in
the solar corona. In summary, the chromospheric jet modeled
in this study exhibits some characteristics that resemble ob-
served macrospicules, while also presenting differences. In
terms of height, the simulated jet reaches a maximum verti-
cal extent of approximately 8 Mm above the transition region,
placing it at the lower limit of the observed macrospicule
height range, which spans from 7 to 70 Mm above the solar
limb [59]. The width of the simulated jet, approximately 1
Mm, is also consistent with the typical macrospicule widths,
which are generally around 3 Mm. However, the maximum
vertical velocity reached in the simulation, about 40 km s−1,
falls below the lower bound of the observed velocity range
for macrospicules, which lies between 70 and 140 km s−1

[10]. This suggests that the simulated jet corresponds to a
relatively low-energy event. Similarly, the maximum temper-
ature attained in the simulation, approximately8× 104 K, is
lower than the typical macrospicule temperature range of(1-
2)×105 K [60]. Despite these differences, the simulation suc-
cessfully reproduces several dynamical features commonly
associated with macrospicules, including shock formation,
double-thread structures, and jet dissipation. The inclusion
of radiation transport equations that evolve both the radiation
energy density and flux demonstrates that radiation acts as
an efficient cooling mechanism in the optically thin corona.
This cooling facilitates downward flows and contributes to
the eventual dissipation of the jet. The radiative behavior ob-
served in this study is consistent with the results of earlier
models employing empirical radiative loss functions [15], re-
inforcing the conclusion that radiative losses, whether empir-
ically prescribed or self-consistently computed by radiation
transport, play a central role in limiting the height and energy
content of macrospicules.

Concerning the effects of the radiation transport term on
the chromospheric jet, we identify that either the radiation
energy density or radiation flux determines the morphology
of the jet, but both variables permeate the solar atmospheric
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environment where the jet propagates. In particular, the ra-
diation energy density distributes more homogeneously than
radiation energy flux over the solar atmosphere domain with-
out significantly affecting the background solar model. In-
terestingly, the radiation energy density and radiation flux at
the solar corona lead to a negative flow that diffuses the jet
and makes it tiny. This result is consistent with the result
obtained in Ref. [15], where the authors explored the effects
of radiative cooling on the formation and evolution of solar
jets with some macrospicule features. In that paper, the au-
thors found that radiative cooling produced a negative flow
that dissipated the jet, making it short and cold. Such a study
considers radiative cooling represented by an optically thin
radiative loss function computed according to the CHIANTI
code, which is an atomic database and software package used
to model emission lines and continua from hot and optically
thin astrophysical plasmas [61]. The current study did not
consider the optically thin radiative loss function as a source
term in the total energy density equation. Instead, we con-

sidered the coupling system of the MHD equations with the
radiation transport equations that had never been attempted
before. We found that in an optically thin region such as the
solar corona, where the scattering and absorption opacities
are low, the radiation terms act as an optically thin radiative
loss mechanism. This result is interesting since it tells us that
the more appropriate treatment of the coupling between mat-
ter and radiation in the context of spicule simulations could
be the solution of the MHD equations with radiative transfer,
which includes the optically thick radiation and the numeri-
cal recipes for the radiative transfer similar to what has been
done in, for example, [20,21,42]. Finally, in this paper, it
is the first time so far that the evolution of the radiative en-
ergy density and radiative flux in the formation and evolution
of an impulsively driven chromospheric jet has been shown
and deserves attention to explore potential applications in fu-
ture studies in optically thick regions such as solar convection
phenomena.

FIGURE 7. Spatial profiles of the mass density (top), radiation energy density (middle), and radiation energy flux (bottom) correspond to the
2D radiative MHD blast wave test for the optically thick case (left) and optically thin case (right). All the plots are att = 0.01 in code units.
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A Dynamics of the plasma and the radiation
field in a basic MHD test

To illustrate how the plasma behaves while coupling with
the radiation field, in this Appendix A, we show represen-
tative results of the radiation version of the MHD blast wave
test for optically thick and optically thin cases. In the ideal
MHD equations, the blast wave measures the ability of the
numerical algorithms implemented in the PLUTO code to
handle strong waves propagating in highly magnetized en-
vironments. It is also helpful to test the code to control non-
physical densities or pressures by adequately controlling the
divergence-free condition. The 2D radiative version of the
MHD blast wave consists of the same setup for the plasma
variables as for the ideal MHD test. However, it includes ini-
tial conditions for the radiation energy density and the radia-
tion flux (1-6), but without dissipative terms in a 2D Cartesian
domain.

In Fig. 7, we show maps of the mass density (top), radi-
ation energy density (middle), and thex−component of the
radiation flux (bottom) for the optically thick (left) and opti-
cally thin (right) scenarios. For the optically thick case, that
is, for a high absorption opacity (κ = 104), we see the typ-
ical behavior of the mass density, similar to the blast wave
in the ideal MHD approximation. However, interestingly, the
radiation energy density shows a morphology similar to that
of the mass density, and it also contributes to the acceleration
of the MHD shock wave. Furthermore, thex− component
of the radiation flux also couples with the evolution of the
plasma mass density. This behavior implies that the plasma
is predominantly coupled with the radiation field in the opti-
cally thick scenario. On the other hand, in the right panels of

Fig. 7, we depict the maps for the optically thin scenario, that
is, for a low absorption opacity (κ = 1). In these panels, it
is clear that the morphology of the mass density is different
from that in the optically thick case. Precisely, the plasma
density moves slowly at the front shock, and the radiation en-
ergy density is low, which does not significantly affect the
plasma motion. In addition, the map of thex− component of
the radiation flux schematizes the propagation opposite to the
intense shock front.
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