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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 chromospherg & 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. Althou
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 characteristics, including 2D adiabatic, non-adiabatic, and
two-fluid models [seee.g,][11-17]. In all these studies, the

Jets are dynamic plasma ejections in the solar atmospher€? formation mechanism is based on the classical rebound
widely observed in both quiet and active regions acros$hock model[18,19], which explains spicule formation as the
multiple wavelengths, including X-rays, Extreme Ultravio- result of shock waves generated by localized |mpuIS|ve dis-
let (EUV), and Hv. To explain these observations, severalturbances. These shocks propel chromospheric plasma up-
physical mechanisms have been proposed, both theoreticalfyard along magnetic field lines, producing short-lived, nar-
and numerically, with magnetic reconnection being one of théOW J€ts that closely resemble Type | spicules in both mor-
most widely accepted jet triggering processes [1-3]. Among1°h°|‘?gy and dynamics. In contrast, the formation of Type
the various types of jets, spicules are particularly notable!! SPicules is not attributed to impulsive driving. Instead,
They are thin spike-shaped plasma structures that are pr_gD and 3D MHD 5|mulat|ons. indicate that thglr geperatlon
dominantly observed in the chromosphere [4]. Depending offvoIves more complex physical processes, including mag-
their size and lifetime, spicules are commonly classified intd'€tic resistivity, thermal conduction, radiative transfer, partial
three types: (i) Type | spicules, with lengths of 7-11 Mm, life- ionization, .and amblp_)olar diffusion [2,3,20-22]. Moreover,
times of 5-15 minutes, and upward velocities around 25 knfh® numerical modeling of macrospicules convergence on
s1[5,6]; (i) Type Il spicules, with average heights of 5Mm, two primary formation mechamsms: pu]se- or shock-driven
propagation speeds of 50-100 km's and short lifetimes models [15,23,24] and re_conn_ectlon_-drlve_n models [25-27].
ranging from 10 to 150 seconds [7,8]; (iii) Macrospicules, COmplementary observational inversions in He Il 30gro-
typically observed in polar coronal holes, reach heights pevide cr!tlcal constraints, revgfalmg non-ballistic shock-driven
tween 7 and 70 Mm above the solar limb, with maximum dynamics with typical velocities of 70-140 kn sand pro-
velocities from 10 to 150 km's' and lifetimes ranging from nounced decelerations [10].

3 10 45 minutes [9,10]. Despite substantial progress in the modeling of impul-
In the context of numerical MHD simulations, a chromo- sively driven chromospheric jets, such jets have not yet been
spheric jet that exhibits spicule-like features, such as heighsimulated using (MHD) equations coupled with a system of
vertical velocity, and lifetime, can be modeled as an impul-frequency and angle averaged radiation transport equations
sively driven jet. This type of jet is a dynamic plasma outflow that independently evolve both the radiation energy density
initiated by a spatially localized perturbationg, a pressure and the three components of the radiation flux. In this work,
pulse, reconnection burst, or velocity pulse) in a magnetizeave present a numerical simulation of an impulsively driven
plasma. The resulting disturbance generates a high-spegdt in the solar atmosphere based on non-ideal MHD equa-
narrow jet of material that propagates along magnetic fieldions that incorporate highly anisotropic thermal conduction
lines in the solar atmosphere. Several MHD simulations ofand empirical coronal heating. These equations are coupled
impulsively driven chromospheric jets reproduce spicule-liketo 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 1 9F.
that includes the upper chromosphere and the solar corona, =
a medium characterized by low Planck-averaged absorption ¢ ot
opacity and low Rosseland-averaged scattering opacity. Iwherep, p, v, e, B, andE are the plasma density, pressure,
the low Planck mean opacity regime, radiative coupling viainternal energy, velocity field, magnetic and electric fields.
emission and absorption is weak, while in the low RosseWhile £, F,., andP,. are the radiation energy, radiation flux,
land mean opacity regime, photon diffusion is efficient andand radiation pressure tensor, respectively. ThEmepre-
radiative transport is enhanced. In addition, we investigatéents the identity matrix; is the speed of light, and is
whether the inclusion of radiation transport affects the morthe reduced speed of light, which is introduced to reduce
phology and dynamics of the chromospheric jet. This is mothe overhead of the explicit integration of radiation trans-
tivated by previous models [15,19,28] that incorporated opfort terms. In sources terms, the equations include the grav-
tically thin radiative cooling functions into the MHD equa- itational acceleration vectag = [0, —g] with magnitude
tions and found that such effects can influence the dynamy = 2.74 x 10* cm s2, the thermal conduction flu¥,
ics of chromospheric jets with properties similar to those ofthe coronal heating functioff, and the radiation interaction
spicules. terms defined byG°, G). In addition, E; denotes the to-
The paper is organized as follows. In Sec. 2, we describél energy densityi.e., the sum of the internal, kinetic, and
the system of radiation MHD equations, including the rele-magnetic energy densities,
vant source and radiation terms. We also outline the solar 2 g2
atmospheric model, magnetic field configuration, radiation Ey = pe+ v + —,
parameters, and the applied perturbation. In addition, we

+V P, =-G, (6)

5 T )

describe the details of the numerical methods used to solwehere a thermally ideal gas provides the clospte =
the radiation MHD equations. In Sec. 3, we present the repe(p, p), in terms of the following equation of state (EOS)
sults of the numerical simulations. Section 4 discusses the

impact of the radiation transport terms on jet dynamics, as = pkBT, (8)
well as the influence of source terms on the background solar Mupl

atmosphere. Finally, Sec. 5 summarizes the conclusions a%erekB is the Boltzmann constant,, is the atomic mass
provides the final remarks. unit andy is the mean molecular weight. This paper uses a
value ofu = 0.6, representing a fully ionized plasma, that is,
a gas assumed about 92% of H and 8% of He.

The contribution from thermal conductidn. is defined
in terms of a flux-limited that smoothly varies between the
classical and saturated thermal conduction regifigssand

. N . Fsqy respectively, that is:
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

2. Model and numerical methods

2.1. The system of radiation MHD equations

F. sat

Fo= — 2
Feat+ ‘Fclass’,

Fclass (9)
In the above equation, the thermal conduction flux is highly

anisotropic along the direction of the magnetic field lines,

dp that is,
Dvm=0
B(B-VT)
A(pv) Felass= ] 7|B| , (20)
ot +V- [pv@v—B@B

T
+I (p—i— B;) ] =pg+ G, (2)

8Et pV2
at+V~{<2+pe+p v+cExB
=pv-g+cG°+V -F.+ H, 3)

0B
— E = 4
o +Vxe 0, 4)
10FE
s .F,=-G° (56
¢ ot v ¢ ©

wherek = 8 x 10-" erg s* cm~! K~!, which represents

a typical value in the solar corona [29]. In the saturated flux
limit, Fsar= 5d)pci?;o, wherecig, is the isothermal speed of the
sound and) = 0.3 is a free parameter that helps fix the value
of Fs4[30].

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

co* [(y — yo)/ho) =27
explhi/(y —y1)] =1~

H = max( O> , (11)
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wherecy = 0.01 erg cnm? s71, yg = 1 Mm, hg = 5 Mm, can be inaccurate in optically thin regions and poor in highly
11 = 2 Mm andh; = 3 Mm. This background empiri- anisotropic cases. ii) The flux-limited diffusion (FLD) clo-
cal heating function reaches its maximum value in about theure introduces a flux limiter to handle transitions between
transition region~ 2.1 Mm, where it compensates for the optically thick and thin regimes, so it ensures a smooth
cooling that radiation source terms could produce. transition from diffusion (optically thick) to free-streaming
The components of the radiation pressure teriBgrare  (optically thin) behavior and avoids unphysical superlumi-
defined as a function dfE,., F,.) through the closure of M1 nal fluxes. Nevertheless, it can be inaccurate in anisotropic

introduced by [31], as fields and might lead to excessive diffusion. iii) The ex-
act Eddington tensor solves the full radiative transfer equa-
P = F, (1 — 55?‘&‘ + 3¢ — 1ninﬂ'> , tion (non-angular-averaged) to obtain the Eddington tensor,
2 2 which makes it the most accurate of the three closures since
¢ 3+4f2 12) it accounts for angular anisotropy. Also, it captures both op-
Ty 2\/4_7?”@ tically thick and thin regimes without empirical flux limiters.

Still, it is computationally expensive because it requires solv-
wheren = F,/|F,|, f = |F.|/E,, the sub-indexes j de-  ing the full angular-dependent radiative transfer equation and
note the spatial components of the radiation pressure tensbecomes complex for multidimensional problems.

P%, andd¥ is the Kronecker delta. The radiation-matter in-
teraction term¢G°, G) are defined by boosting into the Eu- 2.1.1.  The model of the solar atmosphere

lerian frame their co-moving values, given by , ,
We assumed that the solar atmosphere was in hydrostatic

(G°, G)eomov = plR(E, — arT®), (k + 0)F Jcomov. (13)  €quilibrium at the initial simulation timet (= 0 s). In partic-
ular, we choose the semi-empirical C7 model to describe the
In this equation,x and o are the frequency-averaged temperature field that covers the chromosphere and transition
absorption and scattering coefficients, respectively, =  region [33], smoothly extended to the solar corona as, for ex-
4osp/c is the radiation constant, arfldis the fluid temper-  ample, [2]. In Fig. 1a), we show the equilibrium temperature,
ature. The interaction terms in the laboratory frame that argnass density, and gas pressure and profiles as functions of

the actual source terms in the equations are obtained by theeighty, where the steep gradient is discernible in the tran-
following Lorentz transformation laws to the first order in sjtion regiony ~ 2.1 Mm, as indicated by a vertical black

B=v/c dashed line.
0_ ~0 ~ e ~0
G'=G"+pG, G=G+GB (14) 212 The magnetic field
Similarly, the radigtion field§ are transformed into the Iab'The magnetic field at the initial time is a 2D configuration
oratory frame to the first order ifi, as that satisfies the force-fré& x (V x B)) = 0) and current-
E, = B, + 26, F, free(V xB = 0) conditions, with the following components:
i _ i Qi F Dij —2S(z —a)(xz—b)
Fl=F!+[('E. + ;P B, = 17
P — Pii 4 gifi ;JF (15) " S +
3 — 3 _|_ 1 + 'L.
" " S(z —a)? — (z —b)?
By(z,y) = ( il Gl (18)

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

[(x —a)® + (y = b)*]*’

where S corresponds to the pole’s magnetic field strength

G° = pk(E, — agT* — 26 - F,) given in units of G Mm, andae andb are parameters that
define the magnetic pole’s location. In the right of Fig. 1, we
+pxB- (Fr — E.f—-3-P.), show the magnetic field lines, where it is discernible that the
G = pr(E, — agT* — 26 -F,)8 field diverged at aroung, g_J) = (5,1.75) Mm. T.his incliped
geometry of the magnetic field affects the jet's trajectory,
+px(F, — E.0—0-P,.), (16) which mainly follows the field lines, as will be shown later in

) this paper. This magnetic field configuration has already been
where some)(3*) terms are kept in order to recover the l0- ;seq in numerical simulations of impulsively driven jets [15].
cal thermal equilibrium (LTE) limit given by®, — arT?*
and¥,. — 0 whena, k — 0[32]. 2.1.3. The radiation parameters

We can summarize the pros and cons of the closures em-

ployed in the radiation subsystem: i) The Eddington approxin this paper, we consider a plasma described by the non-
imation assumes an isotropic radiation that works for optiideal MHD coupled with the radiation transport equations,
cally thick regimes and provides a smooth transition fromfor which we adopt a gray approximation following a two-
diffusion-like to free-streaming behavior. Nevertheless, itmoment 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 imRgdash dot line), and the
logarithm of gas pressure in Pa (dotted line) versus heigl, 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 aj abaut Mm. b)
Representation of the magnetic field lines in the 2D domain=ap s.

defines radiative transport in diffusion and free-streamingergy density does not follow the equatia7*, and the
limits and can describe highly anisotropic radiation trans+adiation flux is not equal to zero. If we consider a sys-
port [34]. tem in LTE, the radiation flux in the solar corona is high
For radiation parameters, we chose the scattering opacity>> 10'6 J m—3), which dominates the plasma total energy
o = 0.34 cm? g~ !, the absorption opacity; = 1 x 1076 density and produces instabilities in the numerical solution
cm? g~!. The value of the scattering opacity corresponds toof the radiation MHD equations. Besides, physically, the so-
the electron scattering opacity, which dominates the corona’®r corona does not necessarily radiate as an isotropic black
fully ionized, optically thin plasma. This opacity is given by: body, since anisotropic effects, such as thermal conduction
or and coronal heating, should be added. Furthermore, the so-
oc=—, (19)  lar corona is optically thin for most photospheric radiation,
mp .. . . N
and only negligible absorption or scattering of radiative en-
whereor = 6.65 x 10-2% cn? is the Thomson scattering ergy by the gas occurs [39]. Even so, radiation scattering is
cross-section for free electrons, amg = 1.67 x 1024 g is importgnt in t.h_e _solar chromosphere. So, non-local .thermo—
the proton mass. Assuming a fully ionized hydrogen plasm&ynamic equilibrium (NLTE) effects should be considered,
(where the electron number density is approximately equal t§1Nce the ionization balance of hydrogen and helium is out
the proton number density), the opacity per gram of plasmé’f equilibrium, and assuming LTE t_o compute opacities is
is o ~ 0.398 cn? g—'. However, helium is also present in generally no longer accurate. In pa_rtlcular, the proper model-
small fractions in the solar corona, which slightly reduces thé"9 Of energy exchange must take into account the effects of
free-electron fraction per unit mass. When typical coronalNLTE, &s implemented, for example, in Refs. [40-42].
abundances are included.§. He/H =~ 0.1), the effective We set the reduced value of the speed of light 0.1,
opacity is reduced to approximately 0.34%cgr! [35,36].  which has physical units of velocity and is part of the re-
For the value of the absorption opacity0¢® cn? g=1), in  duced speed of light approximation (RSLA). The need to use
the solar corona, it is much lower than the scattering opacthe RSLA is related to the ratio of the radiation propaga-
ity because the primary absorption mechanisms (bound-fretion speedg, to the maximum acoustic signal speed of the
and free-free absorption) are weak at coronal temperaturagms, which can be quite large in many astrophysical settings.
(T ~ 108 K). The dominant source of absorption is free-free Therefore, the ratio of the corresponding Courant-Friedrichs-
absorption (Bremsstrahlung), given by~ 10~ cn? g~! Lewy (CFL) time steps for explicit integration of the gas and
under typical coronal conditions [37,38]. radiation transport subsysteniStgas/ Atrag ~ ¢/Vmax, May
At the initial time ¢ = 0 s) of the simulation, we set the be many orders of magnitude greater than 1. So an explicit
radiation energyF, = 2.2 g cm! s=2 and the radial com- scheme for the radiation subsystem can be rendered imprac-
ponent of the radiation fluxf, = F,, = 2.1 gcm ! s72, tical by such a large ratio. Fortunately, in many situations we
which are typical values of the solar corona [39]. Also, atcan reduce the signal propagation speed of the radiation fluid
the initial simulation time, the solar corona is not in local to some valué << ¢, which in turn reduces the explicit time
thermodynamic equilibrium (LTE), since the radiation en-step ratio of gas to radiation to a computationally tractable
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level, while preserving the essential dynamical behavior ofcally, the velocity pulse is

the hydrodynamics (HD) or MHD system. This is the essence ) )

of RSLA, initially described by [43] and implemented by [44- vy (2, y) = Ay exp ( (. —0)" + (y — yo) ) . (20)
46]. So in the case of this paper, we chose a value-of).1 w?

that preserves the dynamic behavior of the MHD system angn the above expressiod, defines the amplitude of the
makes the evolution of the radiation subsystem computation-ulse (0, 90) is the initialvposition of the pulse, and is
ally tractable. We also tested the simulation with four otherﬁ Wi(’jthmlnothis aper, we set and halt, = 100 ’km )
different values of = 102, 104, 102 and 10*. Yet, the > ' paper, N ’

results do not vary significantly regarding the jet's formation? ~ 5 Mm, yo = 175 Mm, andw = 02 Mm.
. y signi yreg ghejets N These values are typical for exciting jets that resemble some
and evolution. The main effect of a specific choicecaé

. . . macrospicule characteristics in adiabatic and non-adiabatic
reflected in the computational time. For example, for values

¢ = 10% oré = 10*, the computational time increases Consid_numerlcal MHD simulations [15,23].
erably, making the calculations impractical for the scenario2 2
presented in this paper. Therefofe= 10~! is reasonable ~

and appropriate in terms of computational cost. The choicye numerically solve Eq<1)-(6) using version 4.4-patch3 of
of reduced speed of light, was neither entirely arbitrary nor the PLUTO code [48], which incorporates a radiation module
made SOIely for Computational convenience. The rational%ased on the two-moment radiation hydrodynamic scheme
behind the (RSLA) is straightforward: since most astrophysdescribed in Ref. [34]. The simulations employ a Courant-
ical dynamics are modeled in the Newtonian limit (that is, thefriedrichs-Lewy (CFL) number of 0.4 and use a second-
leading term in a Taylor expansion in powers @t), itis suf-  order total variation-diminishing (TVD) Runge-Kutta time
ficient that the higher-order terms remain small compared tehtegrator. For the integration of the MHD equations, we
the leading one. For a system with characteristic velogity adopt the approximate Harten-Lax-van Leer discontinuities
these terms scale agc. As long asv/c < 1, the Newtonian  (HLLD) Riemann solver [49], while the radiation transport
approximation holds. Therefore, the exact value:® not  equations are solved using the Harten-Lax-van Leer contact
critical, provided thatr < ¢, wherec¢ is the reduced speed solver (HLLC) [50]. In both cases, a linear reconstruction of
of light, typically chosen as a fraction of the true speed ofthe primitive variables is applied, combined with the minmod
light (e.g, ¢ = 0.1¢, 0.5¢, or0.7¢). In this study, the problem  sjope limiter.
lies well within the Newtonian regime, as the characteristic T control the numerical violation of the divergence-free
velocity of the jet is on the order of tens of km's whichis  ¢ondition ¥ - B = 0), we adopt the constrained trans-
much lower than the adopted value®f= 0.1c. This justi-  port method (CT), which computes the electric fildising
fies the use of a reduced speed of light, which does not affe¢f simple arithmetic averaging scheme [51]. This approach
the physical dynamics but significantly reduces the compuensures that the solenoidal constraint on the magnetic field
tational cost. Thus; = 0.1c is an appropriate and efficient js preserved to machine precision throughout the numerical
choice for the simulations presented in this work. evolution. The integration of the radiation transport step fol-
Therefore, in this paper, the time-dependent formulatiorlows the methods implemented in [52]. Specifically, E&}. (
of radiative transfer has the following advantages: i) considand ) are advanced in time using Implicit-Explicit Runge-
ering the evolution of the plasma variables coupled with theKutta (IMEX-RK) schemes [53]. In these schemes, flux
radiation energy density and radiation flux, and ii) adoptingterms are treated explicitly, while radiation-matter interaction
a gray approximation following a two-moment approach byterms are implicitly integrated. PLUTO provides two IMEX
imposing the M1 closure, which covers radiative transport inschemes for this purpose: the IMEX-SSP2(2,2,2) method
diffusion and free-streaming limits and can describe highly{54] and the IMEX1 scheme introduced by [52]. The IMEX-
anisotropic radiation transport. However, the main disadvanSSP2(2,2,2) method is a two-stage second-order scheme with
tages are: i) neglecting the effects of radiation scattering irstrong stability preserving properties (SSP), widely used for
the solar chromosphere and the NLTE effects, and ii) simplistiff hyperbolic-parabolic systems. In contrast, the IMEX1
fication of the treatment of the radiation field by consideringscheme is a first-order formulation tailored for MHD with
the frequency-integrated zeroth- and first-order angular moparabolic terms, designed to efficiently handle stiff dissi-
ments of the radiative transfer equation. pative terms while maintaining simplicity and robustness.
Thermal conduction is evolved separately from the advection
terms via operator splitting, using the super-time-stepping
2.1.4. Perturbation (STS) method [55]. This approach is particularly well-suited
for efficiently handling the highly parabolic nature of the
To excite jet formation, we perturb the initial background thermal conduction term in the MHD equations. Lastly, the
state of the solar atmosphere by a simple localized Gausmpirical coronal heating term in the energy EB). i€ ex-
sian pulse set in the vertical component of velocity, whichplicitly integrated in time, without imposing additional con-
is a standard procedure for triggering jets [15,23,47]. Specifstraints on the time step.

Numerical methods
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FIGURE 2. Top row: spatial profiles of temperature (in Kelvin) atta}> 100 s, b)¢ = 400 s, and c)t = 800 s. Bottom row: Vertical
component of velocity, in km s~* with velocity vector field at the exact three times as temperature.

The simulation is carried out in a two-dimensional Carte-ponent of the velocity in kms' with the vector velocity field
sian domain with spatial coordinates € [0,30] Mm and  overplotted in the bottom panels. Specifically, on the tem-
y € [0,30] Mm, discretized on a uniform grid d200 x 1200 perature map at = 100 s, we observe the formation of a
cells. This corresponds to an effective spatial resolution otollimated plasma structure that resembles a jet that reaches
25 km in both directions. In this setup, the lower boundarya height of about 8 Mm. This jet reaches a maximum tem-
aty = 0 Mm corresponds to the base of the photosphereperature of approximately x 10* K and also shows at its
For (MHD) variables, we impose fixed-time boundary con-head the development of a collimated hot plasma structure
ditions, maintaining all quantities at their equilibrium values (~ 2 x 10° K) that propagates upward. At= 400 s, the
along the edges of the domainaat= 0, z = 30 Mm, y = 0,  jet becomes smalle~( 1.5 Mm in length) compared to its
andy = 30 Mm. In contrast, for radiation variables, namely precedent at = 100 s; it also exhibits a double-thread struc-
the radiation energy densiy,. and the radiation flux vector ture at the top of it, which is a typical feature of solar spicules
F.., we apply the outflow boundary conditions at the four do-[56,57]. Att = 800 s, the temperature map shows that the
main boundaries. These conditions allow radiation to freelyjet practically diffuses and that only its tiny double thread
exit the computational domain, ensuring a physically consisremains over the transition regior (2.1 Mm) and the up-
tent treatment of radiative transport across the boundaries. per chromosphere~( 3 Mm). In the bottom row of Fig. 2,

we display vertical velocity maps, with the vector velocity
3. Results of numerical simulations field showing consistency with the temperature behavior de-
scribed above. In particular, at= 100 s, the jet reaches a
In Fig. 2, we show snapshots of the spatial profiles of plasmertical velocity of about 30 km's', while the plasma at the
temperature in Kelvin in the top panels and the vertical comtop of it reaches a maximum high vertical velocity of around
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FIGURE 3. Time signatures of the vertical velocity,, in km s™! a)-b), the temperature, in Kelvin c)-d), the radiation energy dernityin
J m3 e)-f), and the radial component of the radiation fl#ix, in J m~2 s=! g)-h), collected at the point = 5.6,y = 4 Mm (left panels)
andz = 8.5,y = 14 Mm (right panels).

60 km s!). This high-velocity is associated with a shock ¢t = 400 s, the plasma associated with the shock reaches the
front generated by the perturbation that moves from a cooletop boundary ay = 30 Mm. At ¢ = 800 s, the vertical
(denser) medium to a hotter (less dense) medium into the saelocity is predominantly negative, indicating the jet diffu-
lar corona. This is a typical behavior obtained in numeri-sion. Interestingly, radiative terms in the momentum and total
cal simulations of impulsively driven jets [47]. However, at energy density equations and their coupling with the plasma
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could generate this negative plasma-flow motion. This resultthe shock is in the range Gfx 10° — 9 x 10° K in the first
in turn, is consistent with the effect of the optically thin ra- 100 s of simulation. After that time, the temperature of the
diative losses, as shown in Ref. [15]. shock decreases to a value clos&te 10° K, at¢ = 200 s.

In Fig. 3, we show the time signatures of the vertical ve-After 200 s, the temperature slightly varies aroéned 105 K
locity v, (km s~'), temperature (K), radiation energy density to reach the final simulation time= 800 s.
E,; (3 m?) and the radial component of the radiation flux | Figs. 3e) and 3f), we show the time signatures of the
F, (Jm~2 s7%) at the detection points& = 5.6,y = 4) MM ragiation energy density collected at two detection points de-
(left panels) andz = 8.5,y = 14) Mm (right panels). In  g¢ribed above. In these time histories, we identify a lin-

this paper, a time signature refers to the temporal evolutioR,y growth of the radiation energy density inside the jet and
of a physical quantity at a fixed spatial location, used to idenyyithin the shock wave during the total simulation time. In

tify the characteristic temporal behavior or periodicity in the 4 ticular, the radiation energy density reaches a maximum
time series of the plasma and radiation variables describeghye of around 1.75 J 1i# at both detection points. Finally,
above. In these time signatures, the pdint= 5.6,y = 4) i Figs. 3g) and 3h), that is, at the bottom, the time signatures
Mm lies within the jet andz = 8.5,y = 14) Mmis where  f the radial component of the radiation flux show the op-
the shock passes. In Fig. 3a), we show the time signaturgsysite behavior to the radiation energy density. Remarkably,
of v, at(z = 5.6,y = 4) Mm, where the vertical velocity  the radiation flux decreases; this behavior could be associated
inside the jet reaches a maximum value of about 90 K s ith the radiation energy loss processes at the solar corona,

around 20's after the simulation starts. After this stage, th@hich, in turn, might be related to an optically thin radiative
vertical velocity becomes negative up to around -40 krh s cooling process.

att = 250 s. Following this behavior, the velocity increases
again, with values of 20 kms. 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 poi(it = 8.5,y = 14) Mm

To identify the dynamics of the plasma associated with
the jet and shock, in Fig. 4, we show distance-time diagrams
of the vertical velocityv, in km s! and the logarithm of
the mass density in kg m—2 measured in a line of about
indicate that the shock moves fast and reaches a maximu 15 Mm n length that_goes along with the jet, similar to

the analysis performed in Ref. [15]. For example, on the left

velocity of around 80 km ! at approximatelyt = 180s. . ; . i
After that time, the vertical velocity of the shock decreases toOf Fig. 4, the temporal and spatial evolution of the vertical

a value near 18 km-< at aboutt — 360s. Later. the verti- velocity along the jet schematizes the generation of a shock
cal velocity increases again to a value of arour'1d 45 kins vave combined with a contact wave at the beginning of the

Nonetheless, after 400 s, the vertical velocity of the shock degt\fi% rrn;?ttlf?g .mlgstshgglngsri]ttyp:}gﬁlgc;;eFljge.t 4\/’vr\:\ilghd:hp<;(\j\t/;rtfa?$r-1e
creases and reaches negative values. This behavior indica ?% reaches a height of about 8 Mmiate 100 s. It is also

that plasma inside the shock moves downwards from the sol& ident that there i iodic behavior in the iet d . d
corona to the transition region and chromosphere. In Fig. SC)eVI entinat there 1S periodic benhavior In the jet dynamic, an
follows a typical parabolic path with a period of around

the time signatures of temperature measured at the detecti ) .
point (z — 5.6,y — 4) Mm show that the temperature in- é) _Os, which could be related to a chromospheric jet such as
ﬁpmules [58].

side the jet rapidly decreases at the start of the simulatio
(t ~ 50 s). Later, the temperature increased to an order of In summary, the numerical results described in the pre-
magnitude ofl0° K close to 300 s. From 300 to 800 s, the Vious paragraphs reveal that the impulsively driven chromo-
temperature varies slightly and remains close to 10> K.~ spheric jet rapidly develops into a collimated plasma struc-
In Fig. 3d), the time signatures of the temperature collectedure reaching a height of abo&itMm, with temperatures up
at(z = 8.5,y = 14) Mm indicate that the temperature inside t0 8 x 10* Kand a hotter leading edge ef2 x 10° K. At
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late simulation times, the jet exhibits a characteristic doublesaid, the internal energy density is what gets the shape and
thread morphology and eventually dissipates back into thenorphology of the jet, since it is directly associated with the
lower atmosphere. In addition, vertical velocity attains val-plasma variables, such as mass density and velocity. In all
ues of~ 30 km s~! within the jet and up tov 60 km s™! of the panels, the velocity vector field shows consistency in
at the associated shock front, with time signatures at fixed lothe jet's dynamics. Evidently, a strong negative flow at the
cations indicating peak velocities closedkm s~! before  solar corona ultimately diffuses the jet. Although the radia-
declining and becoming negative as the structure decays. Th®n transport variables do not get the shape and morphology
temperature inside the jet stabilizes aro@ne 10° K, while of the jet, both affect their evolution, since they permeate the
in the shock region it decreases frém« 10° K to around  medium where the jet forms and propagates. In Appendix A,
3 x 10° K during simulation. Likewise, the radiation energy we show representative results of a basic test that show the
density increases linearly to 1.75 J n3, whereas the ra- behavior of the radiative version of the MHD blast wave con-
diation flux decreases, consistent with optically thin radiativesidering the limits of an optically thick medium and an op-
cooling. The distance-time diagrams confirm a parabolic tratically thin medium. This test illustrates how plasma fluid
jectory with a period ok~ 300 s, reproducing the classical depends on the evolution of radiation transport equations in a
spicule-like dynamics prior to the final dissipation of the jet. more basic scenario than the study here.

Overall, the results of this section demonstrate that al- The simulation results indicate that radiation transport
though the simulated jet reproduces some characteristics sirgontributes to the evolution of chromospheric jets, which is
ilar to classical spicules, its rapid fading is strongly influ- consistent with previous studies that have shown the key role
enced by radiative processes. In particular, the explicit evoof radiative cooling in shaping their properties [15,19,28].
lution of the radiation energy density and flux through theRadiative losses influence the temperature, density, and ve-
two-moment transport equations reveals that radiation acts dgcity of the chromospheric jet by extracting thermal energy
an efficient optically thin cooling mechanism in the corona.from the plasma, modifying pressure gradients, and the over-
This mechanism induces downward flows and thermal energgll energy budget. This process, in turn, governs the height,
loss, thereby limiting the height, duration, and energy contenlifetime, and morphology of the jets.
of the jet. Consequently, the present findings not only agree Furthermore, the results presented in this work exhibit
with previous studies [15,19] employing empirical radiative notable similarities with those reported by [15,19], while also
loss functions, but also emphasize that a self-consistent treatitroducing a novel approach to modeling chromospheric
ment of radiation transport is crucial to capture the dissipajets. In Ref. [19], one-dimensional simulations assuming a
tion and evolution of macrospicule-like events. 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

4. Discussion rather than heating. This redistribution leads to spicules that
o _ are shorter and weaker in their model. However, it is im-
4.1. Effects of the radiation transport terms on the jet portant to note that those simulations were performed in a

o hydrogen-only plasma, whereas in our study we adopt a more
To show whether the radiation transport terms affect the foryggjistic composition of hydrogen and helium, corresponding

mation, morphology, and evolution of the jet, in Fig. 5, we 15 3 mean molecular weight of = 0.6. The inclusion of
display maps of the radiation energy dendityand the mag-  helijum modifies the thermodynamic response of the plasma
nitude of th_e radiation f_Iu>|<FT| with the vector velocity field by changing the specific heat, sound speed, and energy par-
and a density contour (in red) ®~'* kg m™ at three repre- ition, which, in turn, can affect the jet's evolution and en-
sentative times;, = 100, _400, 800 s. _In addition, to schema_— ergy transfer. Therefore, our comparison with hydrogen-only
tize the dominant density energy in the evolution of the jet.sydies should be interpreted qualitatively: while the specific
at the bottom of Fig. 5, we depict spatial profiles of the ra-thermodynamic response may differ, the general conclusion
tio E,/ein, at the same times &, and|F,|. For example,  that radiative processes redistribute energy away from heat-
in the upper panels of Fig. 5 at the three times, the radiatiofhg and into ionization remains valid. In this context, the
energy density maps’, show a constant value in the region present work extends earlier findings by explicitly solving the
that covers the jet structure, which is delimited by the mas$,,o-moment radiation transport equations, thereby capturing

density contour in red. In the middle panels of Fig. 5, we dis+he optically thin radiative cooling in a self-consistent way
tinguish that the magnitude of the radiation fli.| is lowin {5 2 more realistic solar composition.

the chromosphere, but increases at the corona. Despite this,

the radiation flux remains constant in the region where the je 2 Effects of the source terms on the background solar
develops and does not shape the jet morphology either. Inthe  grmosphere model

bottom panels of Fig. 5, the maps of the rafip/ein: show

that e;,,; dominates the radiation energy densiy in the  To qualitatively and quantitatively measure whether the tem-
corona, but in the chromosphere and transition region the rgperature of the background atmosphere varies without the
diation energy densit§,. is more significant than;,. That  vertical velocity perturbation, but considering the non-ideal
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FIGURE 5. (Top) Spatial profiles of radiation energy densify (in J m~2), magnitude of the radiation flyF,| in J m~2 s~* (middle), and
the ratioE; /e;n: (bottom), at the times &) = 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 &f kg m3.

effects such as thermal conduction, coronal heating, and ra-= 800 s. Despite the decrease in the background temper-
diation, in Fig. 6, we display 1D cuts of the temperatureature profile, the variations are not substantial, and the solar
as a function of the heighy at five different times# = corona temperature remains globally stable against the effect
0,100, 200,400, 800 s). We also calculate the relative error of the source terms. Furthermore, to quantitatively show the
from point to point between the temperature values at the inierrors between the 1D temperature cuts, on the right of Fig. 6,
tial time (¢ = 0 s) compared to the temperature values atwe show the results of the estimation of the relative error cal-
t = 400 s andt = 800 s and the relative error between the culated according to the following expression,

temperatures values at= 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 from= 0 Mmtoy = 30
Mm, which is located in the middle of the numerical 2D do- ) )
main, that is, at: = 15 Mm. We can see that the tempera- Where To is the temperature profile at = 0 s, and7;
ture decreases slightly from time= 100 s to the final ime ~ With @ = 1,2 are the temperature profilestat- 400 s and

T, — Ty
0

Relative error= ‘

; (21)

Rev. Mex. Fis72021501



RADIATION MAGNETOHYDRODYNAMICS MODELING OF AN IMPULSIVELY DRIVEN CHROMOSPHERIC JET... 11

Relative errors between temperature vs height at three times
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FIGURE 6. a) 1D cuts corresponding to five times= 0, 100, 200, 400 and 800 s) of the solar background model's plasma temperature in
Kelvin as a function of heighy in Mm. b) The relative error between temperature values for three tirae8, 400, and 800 s.

t = 800 s, respectively. Therefore, in that plot, we observecites a non-linear wake in the chromosphere, which leads to
a high relative error betweér}, andT; for some data points. quasi-periodic secondary shocks, which in turn lift the chro-
This high value is also reached by the relative error betweemospheric plasma upward and create quasi-periodic jets in
Ty, and Ty, andT; andT5. Although this is a high value the solar corona. In summary, the chromospheric jet modeled
of the relative error, in the three curves, the relative errorin this study exhibits some characteristics that resemble ob-
decreases and tends to a low value. The lowest relative eserved macrospicules, while also presenting differences. In
ror is betweerl} andTs, while the highest relative error is terms of height, the simulated jet reaches a maximum verti-
achieved betweel, andT}, but it is of the same order &% cal extent of approximately 8 Mm above the transition region,
andT;. The high value of the relative error in the three com-placing it at the lower limit of the observed macrospicule
parisons is due to the values at the transition region, since laeight range, which spans from 7 to 70 Mm above the solar
sharp gradient could make a point-to-point comparison varyimb [59]. The width of the simulated jet, approximately 1
significantly. Mm, is also consistent with the typical macrospicule widths,
which are generally around 3 Mm. However, the maximum
) i vertical velocity reached in the simulation, about 40 km,s
5. Conclusions and final comments falls below the lower bound of the observed velocity range

Th in obieci f thi to studv the f for macrospicules, which lies between 70 and 140 krh s
'ne main objective of this paper was to study the orm_a-[lo]_ This suggests that the simulated jet corresponds to a
tion and evolution of an impulsively driven chromospheric

. . . . ._relatively low-energy event. Similarly, the maximum temper-
jet that resembles some spicule features using a 2D non-ide y 9y y P

diation MHD ical simulation. Specificall del ure attained in the simulation, approximatgly 10* K, is
radiation humerical simutation. Spectiicaily, we model |, e than the typical macrospicule temperature rangé-of
the solar atmosphere and the jet as a plasma that follows t

MHD i led t i £t d 1e2) 10° K [60]. Despite these differences, the simulation suc-
equations coupied to a system otirequency-and ang e(:essfully reproduces several dynamical features commonly

averaged radiation transport equations that include the evoly-

i fthe radiati f d the radiation f ssociated with macrospicules, including shock formation,
lon ofthe radiation energy fiux:and the radiation fiux Compo- y, 1y e thread structures, and jet dissipation. The inclusion

nents. To trigger the formation of the jet, we perturb the solarof radiation transport equations that evolve both the radiation

atmosphere with a localized Gaussian pulse in the vertical ve- : -
. . energy density and flux demonstrates that radiation acts as
locity, set at the solar chromosphege=£ 1.75 Mm). In addi- gy y

) o . ; an efficient cooling mechanism in the optically thin corona.
tion, we initially considered a solar atmosphere in (NLTE) byThis cooling facilitates downward flows and contributes to

setting characteristic low values of the Planck-averaged ahy; i : L .
. . . he eventual dissipation of the jet. The radiative behavior ob-
sorption opacity£ = 1 x 10~% cn? g~1) and the Rosseland- ventua dissipat ] ativ V!

d scatteri : 0.34 cir? o1 q served in this study is consistent with the results of earlier
averaged sca ermg_opacmy(: .34 e ™) correspond- models employing empirical radiative loss functions [15], re-
ing to an optically thin medium such as the solar corona.

inforcing the conclusion that radiative losses, whether empir-

Based on the results of the numerical simulation, we Ob'|caIIy prescribed or self-consistently computed by radiation

Serve clas'ss,lcal'features on the mechgmsm'of Jet fo,rmat'oﬂansport, play a central role in limiting the height and energy
reported in various numerical MHD simulations of impul- content of macrospicules

sively driven jets [15,17,23,47], where the mechanism can

be explained in terms of the following physics. The local-  Concerning the effects of the radiation transport term on

ized pulse rapidly transforms into shocks that propagate upthe chromospheric jet, we identify that either the radiation

ward and generate the collimated plasma structure with somenergy density or radiation flux determines the morphology
features of a solar spicule. In addition, the pulse also exef the jet, but both variables permeate the solar atmospheric
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environment where the jet propagates. In particular, the rasidered the coupling system of the MHD equations with the
diation energy density distributes more homogeneously tharadiation transport equations that had never been attempted
radiation energy flux over the solar atmosphere domain withbefore. We found that in an optically thin region such as the
out significantly affecting the background solar model. In-solar corona, where the scattering and absorption opacities
terestingly, the radiation energy density and radiation flux atire low, the radiation terms act as an optically thin radiative
the solar corona lead to a negative flow that diffuses the jetoss mechanism. This result is interesting since it tells us that
and makes it tiny. This result is consistent with the resultthe more appropriate treatment of the coupling between mat-
obtained in Ref. [15], where the authors explored the effectser and radiation in the context of spicule simulations could
of radiative cooling on the formation and evolution of solar be the solution of the MHD equations with radiative transfer,
jets with some macrospicule features. In that paper, the awhich includes the optically thick radiation and the numeri-
thors found that radiative cooling produced a negative flowcal recipes for the radiative transfer similar to what has been
that dissipated the jet, making it short and cold. Such a studgone in, for example, [20,21,42]. Finally, in this paper, it
considers radiative cooling represented by an optically thiris the first time so far that the evolution of the radiative en-
radiative loss function computed according to the CHIANTI ergy density and radiative flux in the formation and evolution
code, which is an atomic database and software package useflan impulsively driven chromospheric jet has been shown
to model emission lines and continua from hot and opticallyand deserves attention to explore potential applications in fu-
thin astrophysical plasmas [61]. The current study did noture studies in optically thick regions such as solar convection
consider the optically thin radiative loss function as a sourcgghenomena.

term in the total energy density equation. Instead, we con-
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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 plotstare@01 in code units.

Rev. Mex. Fis72021501



RADIATION MAGNETOHYDRODYNAMICS MODELING OF AN IMPULSIVELY DRIVEN CHROMOSPHERIC JET... 13

A Dynamics of the plasma and the radiation Fig. 7, we depict the maps for the optically thin scenario, that

field in a basic MHD test is, for a low absorption opacity:(= 1). In these panels, it

is clear that the morphology of the mass density is different

To illustrate how the plasma behaves while coupling withfrom that in the optically thick case. Precisely, the plasma
the radiation field, in this Appendix A, we show represen-density moves slowly at the front shock, and the radiation en-
tative results of the radiation version of the MHD blast waveergy density is low, which does not significantly affect the
test for optically thick and optically thin cases. In the ideal plasma motion. In addition, the map of the- component of
MHD equations, the blast wave measures the ability of thehe radiation flux schematizes the propagation opposite to the
numerical algorithms implemented in the PLUTO code tointense shock front.
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 thAcknowledgments
divergence-free condition. The 2D radiative version of the
MHD blast wave consists of the same setup for the plasmdhe author acknowledges the “Secrétade Ciencia, Hu-
variables as for the ideal MHD test. However, it includes ini-manidades, Tecnoldg e Innovadn (SECIHTI)” 319216
tial conditions for the radiation energy density and the radiaProject “Modalidad: Paradigmas y Controversias de la Cien-
tion flux (146), but without dissipative terms in a 2D Cartesian ¢ia 2022”, and the "Programa de Apoyo a Proyectos de
domain. Investigacbn e Innovadn Tecnobgica (PAPIIT)” project

In Fig. 7, we show maps of the mass density (top), radilA100725 for supporting the investigation of this work. The
ation energy density (middle), and the-component of the —author thanks the developers of the PLUTO software, which
radiation flux (bottom) for the optically thick (left) and opti- Provides a general and sophisticated interface for the numer-
cally thin (right) scenarios. For the optically thick case, thatical solution of mixed hyperbolic/parabolic systems of par-
is, for a high absorption opacity:(= 10%), we see the typ- tial differential equations (conservation laws) targeting high
ical behavior of the mass density, similar to the blast wavévlach number flows in astrophysical fluid dynamics [48]. In
in the ideal MHD approximation. However, interestingly, the addition, the author expresses sincere gratitude to the referee
radiation energy density shows a morphology similar to thafor the careful and thorough review of the manuscript. The
of the mass density, and it also contributes to the acceleratiosggestions, corrections, and comments provided are highly
of the MHD shock wave. Furthermore, the- component —appreciated and have contributed significantly to improving
of the radiation flux also couples with the evolution of the the overall quality and clarity of the article. Finally, the au-
plasma mass density. This behavior implies that the plasm#or acknowledges the use of the NumPy package [62] for
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cally thick scenario. On the other hand, in the right panels ofzation.
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