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ABSTRACT

Observations with the space-based solar observatory Hinode show that small-scale magnetic structures in the
photosphere are found to be associated with a particular class of jets of plasma in the chromosphere called anemone
jets. The goal of our study is to conduct a numerical experiment of such chromospheric anemone jets related to
the moving magnetic features (MMFs). We construct a 2.5 dimensional numerical MHD model to describe the
process of magnetic reconnection between the MMFs and the pre-existing ambient magnetic field, which is driven
by the horizontal motion of the magnetic structure in the photosphere. We include thermal conduction parallel to
the magnetic field and optically thin radiative losses in the corona to account for a self-consistent description of the
evaporation process during the heating of the plasma due to the reconnection process. The motion of the MMFs
leads to the expected jet and our numerical results can reproduce many observed characteristics of chromospheric
anemone jets, topologically and quantitatively. As a result of the tearing instability, plasmoids are generated in the
reconnection process that are consistent with the observed bright moving blobs in the anemone jets. An increase in
the thermal pressure at the base of the jet is also driven by the reconnection, which induces a train of slow-mode
shocks propagating upward. These shocks are a secondary effect, and only modulate the outflow of the anemone
jet. The jet itself is driven by the energy input due to the reconnection of the MMFs and the ambient magnetic field.
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1. INTRODUCTION

Recent solar space missions such as the Solar Dynamics Ob-
servatory, Hinode, Yohkoh, the Solar and Heliospheric Obser-
vatory, and the Transition Region and Coronal Explorer have
showed that the lower solar atmosphere is much more dynamic
than what had been expected. The lower solar atmosphere is
filled with numerous fine structures such as spicules, surges,
Ellerman bombs, chromospheric anemone jets, mottles, fibrils,
etc., as observed at various wavelengths and in various regions
(Shibata et al. 2007; Katsukawa et al. 2007; Cirtain et al. 2007).
Discovered by the Solar Optical Telescope onboard Hinode,
chromospheric anemone jets are observed to be much smaller
and much more frequent than surges (Shibata et al. 2007). The
footpoints of these jets usually display bright cusp or inverted
Y-shaped structures and do not look like simple bright points.
These jets are often accordingly referred to morphologically as
“chromospheric anemone jets.” A statistical study performed
by Nishizuka et al. (2011) showed that the chromospheric
anemone jets have typical lengths of 1.0–4.0 Mm, widths of
100–400 km, and cusp sizes of 700–2000 km. Their lifetime
is about 100–500 s and their velocity is about 5–20 km s−1.
Simultaneous magnetic field observations show that such jet
events are favorably located in mixed-polarity regions or near
the boundary between opposite polarities, which are associated
with either small emerging flux regions or moving magnetic
features (MMFs; Morita et al. 2010, 2012).

Running difference images of chromospheric anemone jets
exhibit multiple bright plasma blobs in their footpoint, which
also appear as multiple brightnesses in the light curve of the
footpoint of the jets (Singh et al. 2011, 2012). These bright blobs

are formed in one leg of the cusp at the bottom of the inverted
Y-shaped jet and appear recurrently at the same location. After
their formation, these blobs are ejected bi-directionally along
the leg, with ejections toward the jet being more common. The
typical velocity of the upward plasma blobs is about 30 km s−1.
The upwardly moving blobs collide with the jets soon after
their formation, lose their blob-like shapes, and launch jet-like
impulses.

On the basis of the observations, chromospheric anemone
jets are suspected to be the result of magnetic reconnection
(Shibata et al. 2007; Katsukawa et al. 2007; Nishizuka et al.
2008; Morita et al. 2010; Singh et al. 2011, 2012; Nishizuka et al.
2011; Morita et al. 2012). Once an emerging bipole or a moving
bipole collides with ambient fields, reconnection is expected to
occur. When a bipole connects to polar opposite ambient field,
bright cusp or inverted Y-shaped structures will be generated and
the heated plasma will be expelled, forming the jets. Most of the
footpoints of chromospheric anemone jets lie in mixed-polarity
regions, providing indirect evidence of magnetic reconnection.
Also, the apparent velocity of the jet is close to the local
Alfvén speed, which is consistent with the reconnection model.
Furthermore, the multiple plasma ejections from the footpoints
of the jets indicate that the formation process of chromospheric
anemone jets occurs quite rapidly and intermittently, which is
consistent with features of plasmoids induced by reconnections
due to the resistive tearing mode instability.

Since the observation of Ca ii H brightening near the disk
center shows that chromospheric anemone jets are often asso-
ciated with small-scale flux emergence events (Shibata et al.
2007; Nishizuka et al. 2008; Guglielmino et al. 2008; Morita
et al. 2010, 2012), it is suggested that the jets are formed as
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a result of the interaction between the emerging magnetic flux
and the pre-existing ambient fields in a manner similar to that
of an anemone jet observed in soft X-rays. The differences
between them mainly lie in the amount of the emerging flux.
While coronal X-ray jets are related to the large-scale emerging
flux and its reconnection with ambient fields at coronal heights
(Shibata et al. 1992; Yokoyama & Shibata 1995, 1996; Shimojo
et al. 1998), the chromospheric anemone jets are associated
with the small-scale emerging flux and its reconnection in the
chromospheric layer (Isobe et al. 2008; Guglielmino et al.
2008; Martı́nez-Sykora et al. 2009). Two-dimensional (2D)
magnetohydrodynamics (MHD) simulations of the reconnec-
tion between emerging flux and uniform coronal fields have
been conducted and they successfully reproduce both observed
X-ray jets and Hα surges (Yokoyama & Shibata 1995, 1996).
Nishizuka et al. (2008) and also the giant chromospheric
anemone jets on the basis of the reconnection between emerg-
ing the flux and the pre-existing ambient field occurring in the
transition region or upper chromosphere, producing high-speed
jets of both hot and cool materials.

However, chromospheric anemone jets related to MMFs have
not been studied intensively so far. MMFs are observed as small-
scale magnetic features, initially appearing near the outer edge
of sunspots and subsequently moving approximately radially
outward from sunspots at about 1–2 km s−1 (Sheeley 1969;
Harvey & Harvey 1973; Zhang et al. 1992). After having
traveled about 10 Mm, MMFs coalesce with the surrounding
photospheric network or disappear due to collisions with the
ambient field with an opposite polarity (Hagenaar & Shine
2005). MMFs tend to appear in opposite polarity pairs and their
typical diameters are about 1 Mm (Sheeley 1969; Hagenaar
& Shine 2005). MMFs produce a very faint Hα signal and
the direction of their motion is aligned with the direction of
the Hα fibrils, which suggests that MMFs are low-lying loops
(Ravindra 2006). By studying the properties and motions of
Ellerman bombs around a sunspot in a mature active region
(AR), Ravindra (2006) found that 36% of Ellerman bombs that
they observed were associated with MMFs and that Ellerman
bombs tracked MMFs well. Brooks et al. (2007) conducted a
detailed study of Hα surges from cotemporal, high-resolution
multiwavelength images of NOAA AR 8227 and found that
the collisions between MMFs and emerging fields produce the
observed surges.

In this paper, we conduct a numerical simulation of chromo-
spheric anemone jets as driven by reconnection between MMFs
and pre-existing ambient fields. For this purpose, a 2.5 dimen-
sional (2.5D) MHD model with a domain extending from the
lower chromosphere to the lower corona is used and a real-
istic energy equation is considered, which, in particular, in-
cludes thermal conduction, radiation losses, and heating. Here,
we present the numerical results in which many observed fea-
tures of chromospheric anemone jets are reproduced. The paper
is organized as follows. In Section 2, a general description of
the numerical MHD model, including basic equations, the nu-
merical method, as well as the initial and boundary conditions,
is presented. Section 3 presents the results of the numerical sim-
ulations and the analysis of them. Section 4 is reserved for a
summary and discussion.

2. NUMERICAL MHD MODEL

The details of the numerical MHD model used here have been
described in Yang et al. (2013). In this section, only the model’s
features and modifications specific to this study are given. The

basic equations are 2.5D resistive MHD equations in Cartesian
coordinates (x, y, z) with y directed vertically, which can be
written as the following nondimensional form:
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corresponding to the total energy density and current density,
respectively. Here, ρ is the mass density, u = (vx, vy, vz) are
the velocities in the x, y, and z directions, p is the thermal
pressure, B denotes the magnetic field, t is time, g (= −gey ,
g = const) is the solar gravitational acceleration, γ (= 5/3) is
the adiabatic index, and η is the magnetic resistivity. Since the
solar chromosphere is fully collisional, anomalous resistivity as
a result of various collisionless processes could not arise (Singh
et al. 2011). Here, η is set to be uniform, with the magnetic
Reynolds number (Rm) being about 2 × 106.

In the energy equation (Equation (3)), Lr describes radiative
losses, which are treated in the optically thin limit using the
cooling function described in Cook et al. (1989). ∇ · q is
the anisotropic thermal conduction, which plays an important
role in the energy balance of the corona. The heat flux vector q
is

q = K‖(b̂ · ∇T )b̂, (6)

where T is the temperature, b̂ is the unit vector of the magnetic
field, and conduction across the magnetic field is inhibited
as K⊥ � K‖ in the solar atmosphere. Also, K‖ is set to be
temperature dependent (Abbett 2007; Yang et al. 2013) and has
the following form. When T > Tc (Tc ≡ 3 × 105 K), K‖ =
k0T

5/2; elsewhere, K‖ = k0T
5/2
c (1 + tanh(4(T − Tch)/Tch))/2 +

k0T
5/2(1 − tanh(4(T − Tch)/Tch))/2 (Tch ≡ 1 × 104 K), where

k0 = 1 × 106 in cgs units. This setup avoids a temperature
gradient that becomes exceedingly steep, resulting in a transition
region only a few km thick, similar to the treatment of Abbett
(2007). To represent the effects of optically thick radiative
cooling in the photosphere and low chromosphere, a Newton
cooling term CN is applied to the lower-most part of the model.
It has the form given by Yang et al. (2013) and has little influence
on the temperature distribution at heights above 0.2 Mm, where
the radiative cooling is mainly due to optically thin emission.

In Equation (3), H is the heating term, which maintains the
background corona against conductive, radiative, and solar wind
losses. Since the physical mechanism of the heating origin is
presently not known, H is designed to vary with the height y as

Hexp =
{

F
λ
, y � ychr

F
λ

exp(−(y − ychr)/λ), y > ychr,
(7)
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Figure 1. Initial distributions of temperature T, magnetic field strength Btotal, and the plasma β. Magnetic field lines are shown in black.

(A color version of this figure is available in the online journal.)

where the energy flux F is 400 W m−2, the damping length
scale λ is 2 Mm, and ychr is set to be 3 Mm. This form of the
heating function has been employed frequently in 1D and 2D
simulations (e.g., Hansteen & Leer 1995; Aiouaz et al. 2005).

In the simulation, three independent parameters, a reference
density ρ0 (5 × 10−4 kg m−3), a reference temperature T0
(5 × 103 K), and a typical length scale L0 (1 Mm), are
chosen to normalize the MHD equations. Other variables are
normalized by their combinations. Accordingly, velocity, time
scale, magnetic field, plasma pressure, current density, and
resistivity are normalized by V0 = √

RT0, τ0 = L0/V0,
B0 =√

μρ0V
2

0 , P0 = B2
0/μ, J0 = B0/(μL0), and η0 = μL0V0,

respectively. Here, R is a gas constant and μ is the magnetic
permeability of free space.

The simulation region is defined by −4 Mm � x � 0 Mm
in the horizontal dimension and 0 Mm � y � 6 Mm in
the vertical dimension. Initially, the domain is covered by
uniform grid points both in the x and y dimensions with
δx = δy = 20 km. During the computation, the smallest
grid cells are set in the region with the strongest current,
with δx = δy = 1.25 km as a result of the adaptive mesh
refinement (AMR) used in the numerical model (Feng et al.
2011; Zhang et al. 2011). Our numerical scheme is a splitting-
based, finite-volume scheme. The fluid part is solved by the
second-order Godunov-type central scheme and the magnetic
part by the constrained transport approach (Ziegler 2004). The
explicit second-order total variation diminishing Runge–Kutta
time stepping is applied in the time integration. We have tested
the results with a larger grid size (1.5 times the present one),
but the results, especially for the temperature and outflow in
the reconnecting region, differ only in unessential aspects—the
differences (e.g., (Tcoarse −Tfine)/Tfine) are less than 10%, which
suggests that the presented results converge.

For the initial conditions, the gas is in hydrostatic equilibrium
with a temperature prescribed by a hyperbolic tangent function.
The initial distributions of the pressure and the density are
derived by analytically solving the 1D static equation and ideal
gas equation. The temperature and density in the photosphere are
5000 K and 5 × 10−4 kg m−3, respectively. The initial velocity
is set to zero. The initial magnetic field is a potential field,
consisting of two parts, with one part given by Hackenberg
et al. (2000) and the other generated by an infinite straight-line
current flowing along the line at x = −3.5 Mm, y = −0.7 Mm.
Figure 1 illustrates the initial distributions of temperature T, the

magnetic field strength Btotal, the plasma β (β ≡ 2p/Btotal), and
the constructed magnetic configuration.

Boundary conditions are as follows. Along the side bound-
aries at x = 0 Mm and x = −4 Mm, we use open conditions,
i.e., there we set the normal gradients of ρ, u, and T to zero
and extrapolate B linearly. To ensure that upward propagat-
ing waves leave the computational domain without generating
spurious reflections at the upper boundary at y = 5 Mm, free
boundary conditions are implemented with virtual mesh points
introduced as in Yokoyama & Shibata (1996). At the lower
boundary of y = 0, the density ρ and temperature T are fixed.
The tangential component vx of the velocity is prescribed as
vx = 1.5(1.0 − exp(− |0.5x|)) km s−1 to describe the motion of
MMFs. The normal velocity component vy is obtained by linear
extrapolation. The values of the tangential components of the
magnetic field (Bx, Bz) are given by setting the second normal
derivative to zero, and ∇ ·B = 0 is used to determine the normal
component of the magnetic field (By).

3. NUMERICAL RESULTS

3.1. Dynamics in the Reconnection Region

After the initial system, as shown in Figure 1, is relaxed
into a quasi-steady state, the horizontal flow is introduced to
describe the movement of MMFs due to the presence of radiative
losses, thermal conduction, and heating. Figure 2 shows the
calculated distributions of number density N and temperature T
at t = 1.0 minute, t = 2.8 minutes, and t = 4.3 minutes. In this
figure, streamlines in the top row denote magnetic field lines and
black arrows and white lines in the bottom row indicate velocity
and the values of β, respectively.

From Figure 2, we can see that the MMFs, transported by the
horizontal flow, migrate toward the pre-existing ambient field
region. As a result, their interface deforms to generate a current
sheet around the magnetic null point. When the current density
strengthens significantly, reconnection between MMFs and pre-
existing ambient fields takes place, producing both upward and
downward heated outflows. At t = 1.0 minute, the collision
between the MMFs and the ambient fields creates a thin current
sheet at the interface, initiating the reconnection. Meanwhile,
the plasma on both sides of the current sheet is pushed into the
diffusion region. The plasma in the diffusion region is heated
by Joule heating rather than the parameterized heating H, which
is mostly balanced by conductive, radiative, and mass losses.
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(a) (b) (c)

Figure 2. Calculated distributions of number density N and temperature T at t = 1.0 minute, t = 2.8 minutes, and t = 4.3 minutes, where streamlines in the top row
denote magnetic field lines and black arrows and white lines in the bottom row indicate velocity and the values of β, respectively.

(A color version of this figure is available in the online journal.)

The heated plasma is expelled along the current concentration
into the outflow region. In contract with the case in the inflow
regions, the plasma at high temperature appears both in the
diffusion and outflow regions. As the magnetic reconnection
proceeds, the part of the heated plasma traveling toward high
altitudes along the new flux tube develops into a jet. As the
heated plasma flows upward, its temperature decreases a little
due to large radiative cooling and the lack of any extra heating.
At the same time, the heated regions grow both in the horizontal
and the vertical directions. As a result, a cusp or inverted
Y-shaped structure develops, as seen in the distributions of
number density and temperature at t = 2.8 minutes. At that
time, the cusp size is about 1.5 Mm and the jets reach about
3.4 Mm. Apart from these hot features, cool plasma is revealed
to travel upward on the left side of jet as well, which is associated
with the sling-shot effect, as discussed by Yokoyama & Shibata
(1995). At t = 4.3 minutes, the jet head reaches about 4.5 Mm.
Compared with that at t = 2.8 minutes, the cusp structure
shrinks at the moment. We can also see that the width of the
simulated jet is about 350 km and that its average velocity is
about 10 km s−1, which is comparable with the characteristic
local Alfvén speed around the diffusion region. It should be
noted that these simulated jet parameters are in good agreement
with typical observations of chromospheric anemone jets.

In Figure 3, zoom-ins around the area by the reconnection
region are shown, where the calculated distributions of current
density J, temperature T, and number density N at t = 3.85 min-
utes, t = 4.00 minutes, and t = 4.01 minutes are displayed. In

this figure, streamlines stand for magnetic field lines and black
arrows denote velocity. It can be seen that as the horizontal ad-
vection proceeds, the current sheet becomes thinner and longer.
Eventually, the system reaches a configuration where the ratio
between the length and width of the current sheet makes it un-
stable to tearing. As a result, the current sheet breaks up into sev-
eral parts with plasmoids of different sizes formed in between.
Pushed by the reconnection outflow, these plasmoids move both
upward and downward with a velocity of about 30 km s−1. Dur-
ing their move, some plasmoids expand, and some interact and
merge with other plasmoids. Soon after the plasmoids reach
the outflow regions, they collide with the magnetic fields there
and are quickly destroyed and disappear (within 0.6 s) due to
secondary magnetic reconnection. It is evident that the plas-
moids share many commonalities with bright blobs observed
in the jets. Both of them are formed in one of the legs of the
inverse Y-shaped footpoints and appear manifoldly as well as
recurrently in the same location. Along the legs of the inverse
Y-shaped footpoints, both of them are ejected bi-directionally.
Soon after their formation, both of them lose their shapes, with
the upward moving ones merging into jet and the downward ones
sinking into the lower atmosphere. Also, both of them exhibit
high-temperature and high-density features. These common fea-
tures indicate that bright blobs observed in the chromospheric
anemone jets may be the counterparts of plasmoids produced
during magnetic reconnection due to the tearing instability.

Figure 4 shows the calculated distributions of the thermal
pressure P and vertical velocity Vy at the same time point
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(a) (b) (c)

Figure 3. Calculated distributions of current density J, temperature T, and number density N at t = 3.85 minutes, t = 4.00 minutes, and t = 4.01 minutes, which are
zoomed in around the area of the reconnection region. In this figure, streamlines stand for magnetic field lines and black arrows denote velocity.

(A color version of this figure is available in the online journal.)

and in the same region as in Figure 3. From this figure, we
can see that at t = 3.85 minutes, the big plasmoid, whose
thermal pressure is several times larger than the typical value
of its surroundings, is ejected quickly upward along the current
sheet. At t = 4.00 minutes, it enters the outflow region and
starts to reconnect with the magnetic fields there. Also, the
thermal pressure P increases greatly there. It is surprising, only
after about 0.6 s, i.e., at t = 4.01 minutes, the plasmoid
almost disappears as shown in the current density plot in
Figure 3. Naturally, the quick disappearance of the plasmoid
leads to the quick release of its high-pressure plasma. As a
result, a sudden increase in the thermal pressure occurs in
the outflow region, which produces the high-velocity impulse
observed around x = −1.7 Mm and y = 1.3 Mm. The
high-velocity impulse moves at a fast speed traveling out of
the region after 6 s. Meantime, another plasmoid comes to
the outflow region and the process discussed above repeats
itself.

3.2. Outwardly Propagating Velocity Pulses

Figure 5 shows the calculated distribution of vertical velocity
Vy at t = 4.3 minutes in the full domain, where streamlines de-
note magnetic field lines. In this figure, AMR blocks of different
refinement levels are overlaid as white squares. Each block has
12 × 12 cells. During the computation, five levels of grid re-
finement are used to identify the current sheet region. From this
figure, we can see that the blocks of higher refinement levels au-
tomatically cluster near the dynamically evolved current sheet
region, across which there are about 20 grid points with a grid
spacing of about 1.25 km. On the other hand, a grid cell size of
about 20 km is arranged in other regions, as shown in Figure 5.

Combining the velocity distribution with the number density
and temperature as shown in Figure 2, we can see a chain of
high-velocity impulses propagate upward along the jet, which is
launched from the outflow region. Eventually, the pulses reach
the solar corona and continually propagate upward until they
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(a) (b) (c)

Figure 4. Calculated distributions of thermal pressure P and vertical velocity Vy at the same time and in the same region as in Figure 3.

(A color version of this figure is available in the online journal.)
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Figure 5. Calculated distributions of vertical velocity Vy at t = 4.3 minutes,
where streamlines denote magnetic field lines and white squares are AMR
blocks of different refinements. In every block, there are 12 × 12 cells.

(A color version of this figure is available in the online journal.)

leave the computational domain. We can also see that even
though the high-velocity impulses go through the transition
region and into the solar corona, their amplitudes are not so
large as to put them into the upper chromosphere.

To investigate the nature of the high-velocity impulses,
Figure 6 shows the profiles of number density N, thermal
pressure P, vertical velocity Vy, and temperature T along the

reconnected flux tube at t = 4.3 minutes. Figure 7 also shows
the time variation of these profiles between 4.40 minutes and
4.53 minutes, zoomed into 1–3 Mm with a time step of 0.77 s.

Both Figures 6 and 7 show that across the front of a high-
velocity structure, there is a sharp jump for number density,
thermal pressure, temperature, and velocity. From Figure 7, we
can see that when the jump of the high-velocity structure is
at a height of about 2.6 Mm, its propagation speed is about
40 km s−1. Compared with the local sound speed of about
10 km s−1, the high-velocity structures propagate upward at
supersonic speeds. The propagation velocity of the high-velocity
structures and the velocity amplitude at their front basically
satisfy the local Rankine–Hugoniot relation (Suematsu et al.
1982; Shibata & Suematsu 1982), which indicates that the high-
velocity impulse is essentially a slow-mode shock propagating
in the jet. We could roughly estimate the energy flux of the slow-
mode shock as Eshock = 0.5ρv3 − 0.5ρflowv3

flow, where ρ

and v denote the total density and the velocity of the plasma,
respectively; ρflow and vflow are the density and velocity of
the background flow, respectively. Taking the shock displayed
in Figure 7 as an example, when the shock arrives at the height
of about 2.6 Mm, the total density and velocity there are about
4.46 × 10−9 kg m−3 and 20 km s−1, respectively. On the other
hand, before the shock arrives at this height, we could obtain that
the density and velocity of the flow are about 3.55×10−9 kg m−3

and 10 km s−1, respectively. So, the energy flux of the slow-mode
shock is about 26.8 W m−2, which is higher than that of the flow
(about 17.8 W m−2).

Figure 8 shows the long-duration (from t = 2 minutes to t =
6 minutes) profiles of vertical velocity Vy and number density N
along the same reconnected flux tube as in Figure 6 with a time
increment of 1.54 s. We can see that there is a chain of slow-mode
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Figure 6. Calculated profiles of number density N, thermal pressure P, vertical velocity Vy, and temperature T along the reconnected flux tube in the jet at
t = 4.3 minutes.

Figure 7. Calculated profiles of number density N, thermal pressure P, vertical velocity Vy, and temperature T along the same reconnected flux tube as in Figure 6 but
from 1 Mm to 3 Mm and from t = 4.40 minutes to t = 4.53 minutes, where each curve shows the profile every 0.77 s.

shocks propagating upward from the footpoint of the jet. As
they pass the chromosphere, the slow-mode shocks get stronger
and faster. However, when going through the transition region
into the corona, they are partially dissipated as a result of the
high thermal conduction there. As is known, collisions between

the shock and the transition region will lift up the transition
region, therefore ejecting material of the chromosphere that
forms spicules or surges (Suematsu et al. 1982; Shibata &
Suematsu 1982; Kudoh & Shibata 1999; Hansteen et al. 2006;
Matsumoto & Shibata 2010). However, from the profiles of
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Figure 8. Calculated profiles of vertical velocity and number density N along the same reconnected flux tube as in Figure 6 but from t = 2 minutes to t = 6 minutes,
where profiles at various times are stacked with a uniform increment of 1.54 s.

number density N, we do not see evidence for the lifting-up and
associated falling-down of the transition region with the passage
of the shocks. The reasons may be as follows. First, the shocks
generated here are not very strong, with average Mach numbers
of only about 3. Second, the shocks dissipate due to thermal
conduction as they arrive at the transition region and run into
the corona. So, the jet produced here may be mainly driven by
the magnetic reconnection, while being only slightly influenced
by the passage of the shock waves.

4. SUMMARY AND DISCUSSION

In this article, a 2.5D MHD model is used to simulate chromo-
spheric anemone jets associated with MMFs. A realistic energy
equation, which includes radiation losses, thermal conduction,
and coronal heating, is considered. A horizontal component
of velocity is prescribed at the bottom of the computational
domain to describe the motion of MMFs. With this MHD
model, we simulate the reconnection between MMFs and pre-
existing ambient fields as a result of the collision between
them.

The jet produced in the simulation is consistent with typ-
ical observations of chromospheric anemone jets. Carried by
the horizontal flow, the MMFs migrate toward the pre-existing
ambient field region. Then, the interface separating them de-
forms to generate a current sheet. When the current density is
sufficiently enhanced, reconnection between the MMFs and the
pre-existing ambient fields becomes prominent. As a result, the
plasma in the diffusion region is heated up by the released mag-
netic energy and the heated plasma is ejected both upward and
downward along the current concentration into the outflow re-
gion. As the magnetic reconnection proceeds, the upward heated
plasma gradually develops into a jet. At the same time, the heat-
ing region enlarges both in the horizontal and vertical directions
to form a cusp or inverted Y-shaped structure, where the cusp
size is about 1.5 Mm. From the simulation results, we recover
a jet width of about 350 km and an average velocity of about

10 km s−1. It should be noted that the simulation also produced
cool plasma going upward as a result of the sling-shot effect.

The plasmoids that are generated during magnetic reconnec-
tion as a result of the tearing instability share many features
with the bright blobs observed in the chromospheric anemone
jets. As reconnection occurs, the ratio between the length and
width of the current sheet makes it unstable to tearing. Then, the
current sheet breaks up into several parts and many plasmoids
of different sizes form. Like bright blobs observed in the jets,
plasmoids move both upward and downward with some becom-
ing larger and some merging with others. Once the plasmoids
reach the outflow regions, they collide with the magnetic fields
there and are quickly destroyed, disappearing through recon-
nection. It is evident that both plasmoids and bright blobs are
formed in one of the legs of the inverse Y-shaped footpoints
and appear manifoldly as well as recurrently at the same loca-
tion. Along the legs of the inverse Y-shaped footpoints, both of
them are ejected and quickly lose their shapes, with the upward
moving ones merging into the jet and the downward moving
ones sinking into the lower atmosphere. Most importantly, both
of them exhibit high-temperature and high-density features and
have similar velocities of about 30 km s−1.

The simulated results further show that a sudden increase
in the thermal pressure at the footpoint of the jet, due to
the collisions of impacting plasmoids, produces slow-mode
shocks propagating in the jet. When a plasmoid is ejected
upward, it quickly enters the outflow region. This results in
fast reconnection with the pre-existing magnetic fields, which
causes a fast release of the high-pressure plasma originally
stored in the plasmoid. As a result, the thermal pressure increases
substantially, which induces a slow-mode shock. Launched
from the footpoint of the jet, the chain of slow-mode shocks
propagates upward along the jet at an average velocity of about
30 km s−1. When the shocks pass through the transition region
and reach the corona, they experience some dissipation as a
result of high thermal conduction. Also, they do not show
evidence for lifting-up of the transition region, as was seen
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in previous works, which indicates that the jet generated in
our simulation mainly consists of matter ejected by magnetic
reconnection.

Compared with previous studies (e.g., Nishizuka et al. 2008;
Matsumoto & Shibata 2010), the treatment of the energetics is
improved. The present model has a high Rm number and im-
proved the spatial resolution. This allowed us to self-consistently
simulate the chromospheric anemone jets associated MMFs,
which we have found to be comparable with the ones observed.
Also, a chain of slow-mode shocks propagates in the jet and the
jet itself is driven by reconnection, not by the shocks. Since the
solar chromosphere is a partially ionized plasma, collisions be-
tween electrons, ions, and neutrals could play an important role
in reconnection (Singh et al. 2011). We plan on evaluating the
influence of ambipolar diffusion and ionization on the dynamic
process presented here. Another issue may arise since this work
is restricted to a 2.5D model, which is in part based on con-
siderations of computational time and resources, as well as the
added complexity of the reconnection process in 3D. Certainly,
a loss of one degree of freedom may affect the flows and ener-
getics of the system (Martı́nez-Sykora et al. 2009; Pariat et al.
2009; Moreno-Insertis & Galsgaard 2013), such as the loss of
flow along the guide field as noted by Jiang et al. (2011) or the
overestimating of the coalescence instability, as indicated by
Dahlburg & Einaudi (2002). However, restricting this study to
2D provides much better control of the processes at work and al-
lows us to concentrate on the process we want to study, namely,
the formation of the jet in response to the coalescent motion
of the footpoint of the magnetic field lines. In future, we also
plan to extend this work to a fully 3D simulation and check the
impact of the third dimension on the dynamics presented here.
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the China Postdoctoral Science Foundation under contract No.
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