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ABSTRACT

We studied solar coronal X-ray jets by MHD numencal simulations with thermal conduetion effects based on
the magnetic reconnection model. Key physical processes are included, such as the emergence of magnetic fluxes
from the convection zone, magnetic reconnection with the coronal magnetic fields, heat conduction 1o the chro-
mosphere, and chromospheric evaporation. High-density evaporation jets were successfully reproduced in the
simulations. The mass of the evaporation jeis M is described as M = 6.8 x 10" g(8/10 G)"*7(T,/10* K)'* =

(% e/ 5000 km )27 (/400 5), where B is the magnetic field strength, 7.,

loop height, and 1 is the duration of the ejection.
Subject headings: MHD — Sun: corona

. INTROBUCTION

With the help of Yohkoh, the dynamic behavior of the solar
corona has been revealed. Solar coromal X-ray jets are one of
the most interesting phenomena (Shibata et al, 1992; Strong et
al. 1992) and are observed as transitory X-ray enhancements
with an apparent collimated motion (see Shimojo ¢t al. 1996
for Yohkeh observation). Shibata et al, (1994) proposed a phe-
nomenological model of the X-ray jets. Based on the frequent
observation of X-ray jels from emerging flux regions, they
considered that the plasma in the jets is accelerated and heated
by the magnetic reconnection between the emerging Mux and
the preexisting coronal magnetic field. Yokovama & Shibata
(1995, 1996) performed two-dimensional MHD simulations
based on this scenano and succeeded in reproducing a plasma-
collimated Aow along magnetic fields. However, their simu-
lations could not explain the observed density. This is probably
because their simulation did not include the effect of conduction
and thus evaporation. Shimojo et al, (2001) performed one-
dimensional hydrodynamic simulations with the conduction ef-
fect and succeeded in reproducing the dense flow in X-ray jets
under the assumption that the energy inpul is a given function
of time. However, the encrgy-release process (1e., the magnetic
reconnection) is nol trealed in the simulation by Shimojo ¢t al.
12001). We need 1o combine the simulations by Yokoyama &
Shibata and by Shimojo et al. 1o study the observed propertics
sell-consisiently. In this Letter, we include the heat conduction
effect and the chromosphenc evaporation process, which were
neglected in Yokoyama & Shibata (1995, 1996). The energy-
release process by means of the magnetic reconnection between
the emerging flux and the coronal fields is solved seli-consis-
tenily: this was neglected in Shimojo et al. (2001 ) because their
work was one-dimensional and because the energy was given
arificially. Key processes of the reconoection model are all in-
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cluded, such as the emerging flux from the convection zone, the
magnehic reconnection (o coronal fields, the heat conduction 1o
the chromosphere, and the plasma evaporation process. Based
on the simulation resulis, we denved the formula deseribing the
jel mass as a function of the quiet coronal parameters.

1. MODEL OF NUMERICAL SIMULATIONS

We solve the nonlinear. ime-dependent, resistive, compress-
ible MHD equations. A rectangular computation box with two-
dimensional Cartesian coordinates in the (x, z)-plane is as-
sumed. The surface of the Sun is al = = 0. The y-componen!
of the partial denivative /iy is neglected, although the velocity
¥ and magnetic field 8, are included. The medium is assumed
o be an inviscid perfect pas with a specific heat ratio of
¥ = 5/3, Gravitational acceleration is assumed 1o be uniform
in the negative z-direction. An anomalous resistivity model is
assumed, as described later. Ohmic heating and the heat con-
duction eflect are taken into account. The conduction coefTi-
cient is a Spitzer-type one that 1s proportional 1o 77, where
T"is temperature. We also assume that it 1s anisotropic, working
only in the direction along the magnetic field line so that
x=mk, = x, 7" (where o, = 107" erps 5" em ' K 77%) and
£, = 0 in the simulations, where &, and & are the conductivily
along and across the magnetic field, respectively. The unils of
length, velocity, time. density, and temperature in the simu-
lations are M, C,. v = HIC,, p,. and T, respectively, where
H, C,. p, and T, arc the pressure scale height, sound speed,
density. and temperature of the photosphere in the initial state,
respectively.

The gas 15 in magnetohydrostatic equilibrium in the mitial
stale. The gas consists of three layers: From top (o bottom. a
hot layer (= = 8, the corona), a cool layer (0 =z £ &, the pho-
tosphere/chromosphere ), and a convection layer (z £ 0, the con-
vection zone ). The ratio of the coronal temperature to the pho-
tospheric temperature (T, /T,) 15 100 for a typical case. In the
convection layer. we took Tiz) = 7, — (aldTd=|,,)=. where
|d¥7ez],, = (¥ = 1)/ is the adiabatic temperature gradient and
@ is the dimensionless constant of order unity. Here we took
¢ = 2.0 (note that when a = |, the convection zone becomes
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Fii. | —Simulation results for a typical case. The color map shows the
density (rop ponel and aniddle paned) and the lempemtune (horom paned]; the
white lines show the magnetic lines of foree: snd the white amws show the
velocity field

unstable in the convective Parker instability). The mitial mag-
netic field consists of two parts: a ux sheet in the convection
layer and o nearly uniform field i the hot layer. We took the
plasma beta of the flux sheet in the convection zone as
B, =4 and the coronal magnetic field as 8, = 0.1 for a
typical case. (The schematic picture of the mitial conliguration
and the distribution of each physical value as a function of =
arc given in Fig. 2 of Yokoyama & Shibata 1996). In order to
excite the conveelive Parker instability (Parker 1966; Nozawa
et al, 1992}, a small velocity periurbation in the =-direction
with an amplitude of 3% of the local sound speed was imposed
on the magnetic flux sheet within a finite domain. We took the
wavelength of the perturbation to be 20, which is ncarly the
most unstable wavelength of the linear Parker instability. The
resistivity is determined self-consistently from the local value
of the current density for every time step. It 15 described as
n =0 for#,<p and as g = el /v, = 1) for v, Z r,. where
e = 0,01 is the resistivilty parameter. v, = Jfp is the (relative
ion-clectron) drift velocity, v, = 1000 is the threshold above
which anomalous resistivity sets in, and J = 7+ .7 + .07 is
the toial current density. [In dimensional form. o, = Jien),
where ¢ is the clementary electric charge and » 1s the particle
number density.] We also assumed that there is an upper limit,
n<n.,. = L0

In the numencal procedures, the modified Lax-Wendroll
method is used for the MHD part of the caleulations. and the
red and black overrelaxation method is adopted for the heat
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Fis. 2 —5Same as Fig. |, but withowt the heat condoction effect. A density
mp {tap punel) inad & iemperatune map (bostoe pemsel) are shown, In this case,
the magnetic reconnection occurs, buf the dense jet flow is nof formed

conduction par (e.g.. Hirsch 1989, p. 476: Yokoyama & Shibata
2001). The number of grid points is 350 > 500. We adopt non-
uniform gnd sizes. The minimum grid sizes arc Ay = 0.25 and
Az = 0.15. For the boundaries, we assumed a peniodic condition
for x = x_, and x = x_, . asymmetric (rigid conducting wall)
condition for = = = . and a free condition for = = = . Here
Coin = 0.7, =390, =z, = =5, and =, = 265.

3. RESULTS

Figure | shows the simulation results. The top and middle
panels show the density (color map), magnetic lines of force
(whire lines), and veloeity fields (white arrows). Initially, the
magnetic flux in the convection layer rises because of the Parker
instability, and it evolves o form a magnetic loop in the atmo-
sphere (Fig. 1. tap panel). A gravitational downflow occurs
along the rising loop (c.g., Shibata ¢1 al. 1989). When the top
of the rsimg loops reaches the level of the coronal ficlds, a
current sheet is created between the loop top and the coronal
ficld. A= the emerging molion continues, the curreni sheet be-
comes thinner, and the current density increases. Then magnetic
reconnection stants when the crinical condition for the anom-
alous resistivity is satisfied. This is the Petschek-type recon-
nection (e.g.. Petschek 1964; Yokoyama & Shibata 1994) be-
cause the diffusion region is spatially localized and because
the high-temperature plasma is produced by slow shocks, Mag-
nelic encrgy is converted into thermal energy through shocks,
Then the thermal energy is transported 1o the chromosphere
along the magnetic fields by heat conduction. Tt causes the
“chromospheric evaporation” (e.g., Hirnyama 1974). The dense
gas of the chromosphere rises up along the reconnected mag-
netic fluxes by evaporation, and a pair of jets are ejected in
the left and nght directions (Fig. |, middie panel), The density
of the jets is ~10 times as large as that of the surrounding gas.
This is almost consistent with the Yohkoh observations (Shi-
mojo & Shibata 2000). Figure 2 shows the numencal simulation
resulls without the heat conduction effects. From a comparison
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of Figure 2 with Figure 1, i1 is found that the heat conduction
effect is essential for reproducing the high-density jets.

By including the heat conduction effect. the iemperaiure of
the reconnection region becomes lower than that of the quiet
corona, Therefore, this simulation succeeded in reproducing
the enhancement of the density but failed 1o reproduce the
enhancement of the temperature in the observed jets (Shimojo
& Shibata 2000}, The reason for the low temperature is thal
the cooling by conduction is more efficient than the heating
by magnetic reconnection. But if the magnetic field is as strong
as that of the real corona. the released thermal energy via
magnelic reconnection may nerease; in consequence, the heat-
ing rate becomes larger than the cooling rate, and the temper-
ature should be higher,

Figure 3 shows the total mass of the evaporated plasma as
a function of the coronal parameters. The studied paramelers
are the coronal magnetie field strength B (fap panel), the con-
duction coeflicient &, (middfe panel), and the imtial coronal
temperature T, (hortom panel). From these resulis, it 1s found
that the evaporaled mass is described as

M o< kTN, (i

Note that although «, itsell is a universal constant, its value
changes in the simulations as the normalization unit changes.
The analytical expression of the mass of the evaporation jets
is derived by Shimojo ¢t al. (2001}, Their equation (19) is as
follows:
. Tt
M"'T lm::u }-.‘ S‘ 2)
¥ 2k frare

where ky, is the Boltzmann constant, m, is the proton mass,
F, 15 the heating rale in the energy release region. s, is the
loop height, § is the cross section of the loop, and 1 is the time
from the stan of the energy deposition, (Note that here we
assume that the height of the reconnection region and the loop
height are almosi equal because reconnection occurs al the loop
top.) Here we extend the model of Shimojo et al. (2001) by
including the effect of magnetic reconnection. The heating rate
F, can be regarded as the energy release rate inlo the recon-
nection region and can be approximated as

B gk T
My K~ Mo ==

bl B 3
Ef \'I‘I-'mr \'I."Jr,.l I }

where 1, is the Alfvén speed of the reconnection inflow region,
M, 15 the Alfven Mach number of the reconnection inflow, and
P is the coronal gas pressure. Using equations (2) and (3),
the mass becomes

-1 ﬁrl.".‘ W L .
¥ el 1 m”” WETRIET IR A, (4)

L

To compare this analytical model with the simulation resulis,
this formula 15 normalized and becomes

L arnns P
M~ B TINGITAAST.8)

where the primed values are nondimensional. The dashed lines
in Figure 3 indicate this relationship, There 15 a good agreement
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Fin, 3,—Evaporathon jel muass (verticel avivh as o function of the magnetic
fields strength (mpl the conduction coefficient (ariddle), and the coronal lem-
perature (bopanrh, The dinmomds show the simulation resulis, and the dashed
line shows the thearetical relation Af o 8" 'T1Y

between the simulations and the analytical model. We should
note that the coverage of the dynamical range for the magnetic
field strength 15 less than | order ol magnitude. This s net enough
to compare with the theoretical explanations. Bul the strongest
magnetic strength shown in Figure 3 is almost al the upper limit
for which our simulation code will work properly (i.c.. withoul
numerical overflows) by the present resources of our compuler.
We need higher resolution simulations 1o extend this range in
order 1o strongly confirm our theoretical explanations.

4. DISCUSSIONS

In this Letter. we performed MHD simulations of coronal
jets and included all the key processes (emerging flux, recon-
nection. conduction, and evaporation) based on the reconnec-
tion model by Shibata et al. (1994). We derived the dependence
of the mass of the evaporation jets on the coronal vanables,
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as shown in equation (4). With the typical values of the corona,
this is described as

H (L% ] T LN T
Mimadaie” l='(m G} (m:‘mﬁ)

T I
S000 km 400 st

Here we assume that the cross section of a jet 1s approximaled
as § = 57, . From obscrvations. the number density of jets is
(0.7-4.0) » 10" em ', and the number density of the footpoint
flares is (24-100) x 10" em ' (Shimojo & Shibata 2000,
From equation (6}, the value of the density of the jet o can
be derived as n,, = Mim, V), where I is the volume of the
jet. I the aspect ratio (length over width) of the jet is « ~7
(see Shimajo et al. 1996, 2000), the volume is V'~ oep, ~
8.8 x 10° em”. Then we obtain i, =4.5 x 10" cm . This
is consistent with the observed values,

From the simulation results, we found that the pas pressure
in the jet flow balances with the total {gas and magnetic) pres-
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sure of the surrounding gas. Therefore, we consider that the
jet temperature is determined by this balance. This balance is
deseribed as p, = p... + BY/8=. where p, 15 the gas pressure
of the jet, p,., is the gas pressure of the outside region, and B
is the magnetic ficld strength of the outside region. This is
because the magnetic pressure along the jeis is very weak. Lel
us suppose that m,, = 10°em . T,, = 10°K. B = 10G, and
n, =45 % 10" em ', where n_, is the number density of the
outside coronal gas and T, is the temperature of the oulside
one. Using these values and the total pressure balance equation,
weget T, = 6.7 x 10" K, where T, 15 the temperature of the
jel. This is almost consistent with the observations (3-8 MK,
with an average of 5.6 MK: sec Shimojo & Shibata 2000),

We are grateful to Professor K. Shibata and M. Shimojo for
their helpful discussions. The numerical computations were
carried out on VPP3000 a1 the Astronomical Data Analysis
Center of the National Astronomical Observatory. Japan, which
is an interuniversity research mstituie of astronomy operaled
by the Ministry of Education. Culture, Sports, Science, and
Technology.
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