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ABSTRACT

Magnetic reconnection in the low atmosphere, e.g. chrotmrsy is investigated in various physical environmenssinhiplications
for the origination of explosive events (small-scale jet® discussed. A 2.5-dimensional resistive magnetohydeodic (MHD)
model in Cartesian coordinates is used. It is found that éneperature and velocity of the outflow jets as a result of raign
reconnection are strongly dependent on the physical emvients, e.g. the magnitude of the magnetic field strengthtenglasma
density. If the magnetic field strength is weak and the dgiisibigh, the temperature of the jets is very lowl(* K) as well as its
velocity (~40 km s?). However, if environments with stronger magnetic fielésgth (20 G) and smaller density (electron density
N = 2x 10 cm®) are considered, the outflow jets reach higher temperatdings to 6x 10° K and a line-of-sight velocity of up to
130 km st which is comparable with the observational values of jet-kvents.
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1. Introduction imaging characteristics as well as ifistient spectral and spatial

Jet-like events, first reported by Brueckner & Bartd®&3, resolution can be |!1complete. L
are characterised by non-Gaussian spectral line profilese D Several numerical models were developed to study jet-like
et al. (1997 suggested that they are produced by bi-direction@Y€nts- Sarro et al1999 used a 1D magnetic flux-tube model
jets as a result of magnetic reconnection. To date, these Jt.é>[3|mulate the temporal-evolutlon of UV emission line pro-
like events (often called explosive events) are mainly olese files, e.g. Civ 1548.2 A, in response to energy perturbations
in spectral lines formed at transition region temperat(bese located b_elow the transition-region. The maximum bludtshi
1994 Chae et al199§ Innes et al200% Madjarska & Doyle they, obtained reach values of the order of 1OQ kr'h fnnes
2003, although observations of explosive events in chromé& Toth (1999 presented a 2D MHD study on jet-like events
spheric lines are also reported. For example, Madjarska ®eDo Wlth d_|ﬁergnt initial condltlons, representative offtérent re-
(2002 presented the temporal evolution offdrent temperature 9ions in which the reconnection occurs, e.g. the coronaara ¢
plasma using high cadence (10 s) observations obtainediveith mosphere. Their conclusion was that high-velocity comptse
Solar Ultraviolet Measurement of Emitted Radiation (SUMERN the profiles of lines formed around 18 can be obtained in
spectrometer, and found a time delay in the response of #th cases, irrespective of the initial conditions. Howetheat
Svi933 A (2x 10° K) line with respect to Ly 6 (% 10* K), with conduction was not !r}cluded, and no brl'ghtenlng was found at
the Ly 6 line responding earlier. They concluded that the jef' Z&ro velocity position of the spectral line. In their rebdhe
like events may first appear at chromospheric temperattres!Nitial equilibrium state consists of two regions of oppesi di-
follow-up work, Doyle et al. 2005 reported on a joint SUMER, rected magnetic field Ilnes, with a narrow current sheet betw
Coronal Diagnostic Spectrometer (CDS) on board the Soff€ tWo regions. Magnetic reconnection at the current siseet
Heliospheric Observatory and TRACE imager study, confirflitiated by introducing localized anomalous resistivitpussev
ing the possibility that some jet-like events originatefia thro- €t al- €00 carried out 2D MHD simulations, where jet-like
mosphere. They further suggested that jet-like eventsicoel €vents are formed during the process of magnetic recormecti
divided into two types: one formed in the chromosphere aad ti their model, the initial magnetic field is parallel to treaxis
other formed in the transition region. Some of the obseread f (vertical), and there is a thin current concentration fadrang
tures are the result of spicules godmacrospicules (Madjarskathey'ax's- Magnetic reconnection is initiated by a localized in

& Doyle 2003 Madjarska et al2008, while others are the re- créase of the magneticfilisivity in the current concentration.
sult of high velocity flows in small loops (Teriaca et aD04. Blue-shifts of the order of 100 knt5were obtained. By using

In more recent work, Madjarska et 82009 presented observa- the same model, they further extended the work and performed
tional data relating explosive events to a surge and demraiast simulations under dierent physical conditions (Roussev et al.
that the division of small-scale transient events into a pem 2001a2001b.

of different subgroups, for instance explosive events, blinkers, Yokoyama & Shibatai995 1996 performed 2D magnetic
spicules, surges or just brightenings, is ambiguous, imglghat reconnection to study coronal X-ray jets using both obligné

the definition of a feature based only on either spectrosompi vertical initial coronal magnetic fields. The temperatufeéhs



hot X-ray jets they qbtained reach 3 t'imes the cororjal temper 9B, +V-VB,+B,VV-B-vW,-v-(yvB) =0, (5)
ature. Moreno-Insertis et al2Q08 considered magnetic recon- ot

nection triggered by flux emergence from below the photosphe 5T 20 =1n. . C C

using a 3D MHD model. Very strong X-ray jets with high tem- —t+V'VT+(Y—1)TV'V—uJ -2+ 2L, =0, (6)
perature (3< 10’ K at the reconnection site) and high velocity pho P P

(peak velocity 400 km8) were produced. In their model, thewherep is the mass density, is the flow velocity,T is the tem-
flux emergence is very strong (maximum field strength 3.8 k@)graturep = pT is the gas pressurg,is the gravitational accel-
which plays a very important role in forming such strong jet€ration,y(= 5/3) is the adiabatic index; is the dimensionless
Isobe et al.2008 focused on the process of magnetic flux emefagnetic diftusivity which is inverse to the magnetic Reynolds
gence, and presented simulations of magnetic flux emergefg@berSo is the characteristic ratio of the gas pressure to the
driven by the upward convective motion. They found that $malmagnetic pressurg, = v x B is the electric current density,
scale horizontal magnetic fields could be produced even when= v - [T*2(B - vT)B/B? is the field-aligned heat conduc-
the initial magnetic field is uniform and vertical. The hanigal tion function, and.; is the radiative losses. Here we assume that
magnetic fields emerging from the convection zone into the ptthe plasmais fully ionized, therefore, the dimensionlessifof
tosphere undergoes magnetic reconnection with the bagkdro L+ is explicitly given by
vertical field, which is a source of high-frequency MHD waves L = 02A(T 7
that may contribute to coronal heating or solar wind acegien. r =P A(T), 7

Murray et al. 009 presented another simulation of magwhereA(T) is the radiative loss function, of which the expres-
netic flux emergence, where the long-term evolution of méignesjon used is that given by Rosner et 41979. Various physical
reCO_nnectIOI’l was |n|t|ateq by flux emergence. A series afrrec environments representing the solar atmosphere witlerdnt
nection reversals (or oscillatory reconnection) was regabiAll - characteristic values are examined. Thffedent cases can be
the flux emergence studies mentioned above did not incluale hgivided into two groups according to the characteristicigadf
conduction and radiativefiects. The latter will reduce both theg, The two groups are denoted by Exp. A and Exp. B, corre-
temperature and the velocity of the outflow jets. ~ sponding tq8, = 0.33 and 0033, respectively. For both groups,

Litvinenko & Chae 2009 discussed magnetic reconnectiofthe following characteristic values are kept invariant #ken
at different heights in the solar atmosphere, and found that ¢ basic unitsp, = 3.33 x 1071% kg m3 for the mass density,
temperature and speed of the outflow jets vary by several g = 10 K for the temperaturd,o = 500 km for the length, and
ders. Their study was based on an extended Sweet-Parkel mggle- RT, = 12.8 km s for the velocity, where R is the gas
(Parker1957 1963, assuming that the inflowing magnetic engonstant. In terms of the expressjén= 2upoRTo/B; whereu
ergy is completely converted in the current sheet into teertial s the vacuum magnetic permeability, we can derive the chara
and kinetic energies of the outflowing plasma. teristic values of the magnetic field strendgh= 6 G for Exp. A

In the present study, we use a 2.5-dimensional resistive MBAd 20 G for Exp. B. The dimensionless fiosent of the heat
model in Cartesian coordinates to investigate magnetierrec conduction and radiative losses are given by
nection in the low atmosphere, e.g. chromosphere. We discus
its implications for jet-like events. Here, we use variollyp  Cy = (y - 1koT,/%/(0oLovd) andCz = (v — 1)Lopo/ (VIMR),
ical environments representing the lower atmosphere wifth d
ferent magnetic field strengths and densities. In our mdbdel, respectively, where, = 10-1* W m~1 K-7/2 s the classical con-
magnetic reconnection is triggered by newly emerging mtagneductivity codficient, andmj is the proton mass. In the present
fluxes from below the photosphere which reconnect with tiee pistudy thex— andz—-axes are in the horizontal plane, apeaxis
existing background magnetic field lines in the chromospher represents the height of the solar atmosphere. Therefmreli

The physical model is described in Section 2, while the nimensionless form of the gravitational acceleration is exped
merical results are shown in Section 3. No background hgatin as

included in this model, the implications of which are dissecs g=-0y,

in Sect.4. whereg = 0.271 km s%Lo/V2.

2. Physical Model and Numerical Methods 2.2. Initial State

2.1. Basic Equations The initial magnetic field is a linear force-free field takenbie

For 2.5-dimensional MHD studies in Cartesian coordinatc'a%the following form

(X.y.2), one may introduce a magnetic flux functig(t, x,y) to [ ((4w/7) cosfrx/2w) — 4w /n) \2upoRTo/Bo, if X < w
express the magnetic field by ~\ (=2IX - dw/7 + 20) \2poRT o/ Bo, if X > w,
5 5 8)
B=vx(y2+ Bz Q) . (
’ B, = { 2 cosfrx/2w) y2upoRTo/fo. X <w ()
The 2.5-D resistive MHD equations are in the following non- 0, it X > w,
dimensional form 5 wherew is the half width of the force-free region (current sheet)
% . v. (ov) =0, (2) andis setto 0.1. The unit of magnetic field strength is talen a
at Bo = /2upoRTo/Bo. The lowers, is, the stronger the magnetic
, field strength. In order to represent the solar atmosphera fr
AR P vVPp- EJ xB-g=0, (3)  the chromosphere to the upper transition region, the profile
the initial temperatur@ is given by
0
a—lf+V'Vl//—77A¢/=O, (4) T, %Yy) =Tin =1+ aT {1+ tanh[e(y — ys)]}



where 2o T = 100 defines the relative temperature jump across all the cases, the dimensionless form of the initial maigne
the transition regiong = 0.6 describes the steepness of the tenfield is the same, and the change of the magnetic field strémgth
perature profile angs = 5 is the position of the middle tran- only due to the change @f. Moreover, the dimensionless form
sition region. The temperature is equal to 1 at the bottom anfithe magnetic flux emergence is the same in all the cases, as
is 101 at the top. Then, the mass density is calculated fram tiell as the dimensionless form of the magnetitudivity, which
hydrostatic equilibrium equatiow,p = —pgy. In order to obtain will be discussed in the following section.
a unique solution for mass density, we specify the densityeva ~ We should note that most numerical studies consider an ar-
at the bottom as a boundary condition. It is easy to dedude thificial hearting source, however we do not consider it h&h=
both the temperature and the mass density of the initiad si@@ main reason is that we do not know where that artificial hgatin
dependent only on thg-coordinate, and are uniform along theerm comes from, thus, in our model, the initial solar backigd
x—coordinate. Therefore, the initial mass density at thedoott atmosphere is not in thermal equilibrium. In order to redihee
can be expressed by one parametgy, Fig. 1 shows one exam- influence of the flows that are driven by the re-distributidn o
ple for the initial distribution of the temperature and thendity the heat and radiative cooling from the initial backgroumd a
along they—coordinate wheppy = 3. mosphere, the calculations in our paper are carried out @ver
shorter interval (about 80 s), compared to the time scalbdat
conduction and cooling from the initial configuration.

2.3. New Magnetic Flux Emergence

"OOOVI T T ‘ T T T ‘ T T T ‘ T T T ‘ T T TA“OOO . . . .
: ] Here, we do not discuss the specific physical mechanism éor th

flux emergence which is beyond the scope of this paper, ajthou
recent observations with the Hinode Solar Optical Telescop
(SOT; Tsuneta et a200§ reveal that the emergence of granular-
scale magnetic flux is ubiquitous on the solar surface (@ente
et al. 2007 Ishikawa et al.2008 Isobe et al.200§ Okamoto
et al. 2008. Instead, what we are interested in is the physi-
cal response of the chromosphere after the magnetic flux has
emerged from below the photosphere and reached the upper at-
mosphere, the chromosphere and transition region. The-emer
gence of new magnetic flux is implemented numerically by
changing the boundary conditions of the magnetic field at the
bottom, which is described below in detail. First, we spetlie
flux emergence region that is taken to be Ix < 4. Then, we

OTF 10 change the magnetic flux functionyat 0 in the emergence re-

. ] gion to a new valuey,, according to a function ok and time,
] expressed by

o i R ?0.0W We = Yin(X) + &l (¥in(X) — ¥in(1)) X (¥in(X) — in(4))It/te,
L ] 1<x<4, 0<t<t,, (10)
OOOW 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 OOOW

0 5 4 & 8 10 whereyi, is the initial magnetic flux function at the badgjs
Y (Lo) the duration for the flux emergence, amatontrols the magni-
tude and orientation of the emerging flux. Whes greater than
te, the newly specified flux distribution at the base remains in-
variant in the emergence region. The flux distribution alési
Fig. 1. The distribution of the initial temperaturd (solid line) ~the emergence region is fixed to be the same as that of the ini-
and mass density( dashed line) with height ). The density tial field, see equation (8). In all numerical examples diseul

distribution corresponds to the case whegge= 3. below,te is taken to be 80 s andis —1.2. _
As new flux emerges, a current sheet will be formed at the

interface between the newly emerging and pre-existing reégn
fluxes. Then, anomalous resistivity is introduced to itéimag-
In this study, two initial states with ffierent values gy are  netic reconnection. The distribution of the resistivitjdsalised,
considered for each of Exp. A and B. In total, four cases whigthd taken to be of the following form
represent four physical environments are discussed hiéi, a

100k

T (10* K)

p (3.33%x107'° kg m™)

which are listed below: _ pamin(L, j/jc), ifIXI>1y<3, 11
=10, elsewhere (1)
— Exp. Al: By = 0.33,pp0 = 3 (weak magnetic field and high
mass density) wherenm, = 0.002, andj; = 10, is the critical value of the current
— Exp. A2:8p = 0.33,pm0 = 0.1 (weak magnetic field and low density (). No magnetic reconnection is considered at the cur-
mass density) rent sheet of the initial background magnetic field withinc w,
— Exp. B1:8y = 0.033,0n0 = 3 (strong magnetic field and highsee equation (11).
mass density) There are thus two current sheets in our model. One is at

Exp. B2:89 = 0.033,p00 = 0.1 (strong magnetic field and the interface between the newly emerging magnetic flux aad th
low mass density) pre-existing background magnetic flux and the other is ajaatg



aroundx = 0 which belongs to the background magnetic fielgherature region (see Figb), which is caused by heat conduc-
This is because we only want to study the magnetic reconnéion and radiative cooling. As the new flux emerges, an dtectr
tion occurring on the former one. Here, we introduce a laeali current sheet is formed at the right interface between théyne
resistivity (at|x > 1,y < 3). The current is almost 0 outside thissmerging and pre-existing magnetic fluxes. Then magnetic re
region (x| > 1,y < 3), except for that around = 0. connection occurs at the current sheet producing bi-dieat
The initial state used here contains a current sheet aroundflows: upward and downward. The outflow jet in each direc-
x = 0, which is not the same as the one used by Yohokyamati&n will be accelerated by magnetic tension forces and lshoc
Shibata {995 1996 (where the initial magnetic field is a uni-along the boundary of the jet (PetschE#64), and reaches its
form vertical one). The reason for using non-uniform magnetmaximum velocity {ie;) somewhere in front of the jet. For ex-
field is that it is easier for us to compare the results in tlsis pample, at = 32 s, the upward flow jet reaches its maximum ve-
per with those where reconnections at both current sheets kacity, viet = 40 km s%, atx = 3.2,y = 1.1, whereas the @usion
considered. The two current sheets represdferint magnetic region is located at a lower altitude, arouxe 4.0,y = 0.3. As
topology: one is formed between open vertical field lineslevhithe magnetic reconnection continues, the upward flow jgigro
the other is between open and closed ones. The reconneetiongating towards higher altitudes will interact with the daward
tween the newly emerging and pre-existing magnetic fluxdés wilow of the background field, forming a shock at the interface
have influence on the reconnection between the open vertibatween them. The shock will impede the downward flow, so
fluxes and vice versa. In this case, the polarity of the emgrgithat the downward flow first becomes weaker and then even re-
flux will be an important factor. However, in this paper, dseverses its direction, see Fig. During the process of magnetic
on the fact that no magneticftlision is considered at the initialreconnection, both the magnitude and orientatiogithange
current sheet arounkl = 0, the influence of the initial current dynamically. But, no matter how,; changes, it is far smaller
sheet on the results can be regarded as the influencf@efedit than that of the jet-like events observed by SUMER. In spite o
left-boundary conditions if compared with the uniform veat this, it is comparable with the characteristic local Alfvépeed
field case. As the reconnection occurs on the right-handafidearound the dfusion region, as predicted by the fast magnetic re-
the emerging flux arcade, far away from the initial currergeth connection model (Petsch&R64 Priest & Forbed4988. In the
aroundx = 0, there is no significant fierences in the results if following sections, the velocitye: we give is the maximum one
a uniforminitial field is used instead. during the time from G- 80 s. Also, the velocity in the line-of-
sight relative tovie; will be presented. In this case, the downward
) ) flow jet (as a result of magnetic reconnection) can not belylea
2.4. Computational Domain shown, because the X-point is very low in our model. Its heigh

The dimensionless size of the computational domaings< 1S 0-2 above the bottom at= 32 s, and is 0.8 at = 80 s.

x < 5and 0< y < 10. Because of symmetry, we only implemenf he height is so small that only a small part of the downward
calculation in the right half region (& x < 5,0 < y < 10). As flow jet is displayed in our computation domain. Moreover, as
for the boundary conditions, we fix all quantities at the hasel  Mentioned above, the outflow jet will reach its maximum ve-
treat the topy = 10) and the right-hand side = 5) as open locity somewhere in front of the fiusion region, which means

boundaries. Furthermore, we use symmetrical conditiontgo the maximum velocity of the downflow jet may be located below
left boundary k = 0). A multistep implicit scheme (Hu989 is  the bottom of our computational domain. The downward flow jet

used to solve equations (2)-(6). that can be displayed in our model reaches 12 khast = 80 s.

We adopt 399400 grid points, which is based on the considn thg follpwing dis_,cussions, we will focus on the upflow jet.
eration of the balance between resolution and computdtient  Fig. 2is drawnin such a large scale that the temperature evo-
We can also adopt more grid points so as to get better resojutilution around the magnetic reconnection region has a vesy po
but the computation time will become very long then, esgigcia Fesolution. In order to better illustrate the temperatwi@ieion
for the case in which strong magnetic field strength and losemdn this region, we plot only a small part @ x < 5,0 <y < 1.6)

density are presented. Uniform meshes are adopted in beth @ the computation domain in Fig (and in successive plots),
x— andy- directions. where the relative changes in the temperatdre, Tin)/ Tin, With

respect to the initial temperatur€;,, are shown. The relative
changes in mass density, € pin)/0in, With respect to the initial
3. Numerical Results densitypin, are shown in Figd at the same times and in the same
region as in Fig3.
We present here magnetic reconnection which occursin the lo  peak structures are clearly seen on each rim of the flux emer-
atmosphere and is triggered by newly emerging magnetic fligence region for both the relative changes in densities emel t
Four cases representingfrent physical environments are disperatures. As the magnetic reconnection occurs, the plasma
cussed. According to the strength of the magnetic field, ¢he kne difusion region is heated, and the hot plasma is pulled out by
sults are divided into two groups: Exp. A and B. For each groughe magnetic tension force in either direction along therentr
two initial states with dierent mass density at the bottomge, concentration, resulting in the peak structure on the fightd

are considered. side of the flux emergence region in both F@nd4, compared
with those in the inflow region. Along the peak structure, the
3.1. Exp. A (o = 0.33) temperature reaches its maximum in théwkion region, while

the density is minimum in the ffusion region. After the mag-
First, let us discuss the case whggg = 3 (i.e. electron density netic reconnection, part of the reconnected magnetic fieét|
Ne = 6 x 10 cm~3), which means the mass density at the boextend outward towards= 0 (see Fig2), resulting in a negative
tom is large, corresponding to Exp. Al. The results are shownrizontal velocity component of the upflow jet. Accordipgin
in Fig. 2, where the evolution of the magnetic field, temperahe left-hand side of the flux emergence region, plasma aceum
ture and velocity are displayed. At the beginning of the expdates and a strong shock is created which causes the formatio
iment, downward flows are seen, especially in the middle terof the another peak structure in the relative changes inityens
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Fig. 2. The evolution of the magnetic fielddlid line), temperaturedplour) and velocity &rrows), corresponding to Exp. Al, where
,30 =0.33 andpbo =3.
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Fig. 3. Relative changes in the temperatur€,« Ti)/Tin for Fig. 4.Relative changesin mass densips 6in)/pin for Exp. AL,
Exp. Al, with respect to the initial temperatui@,(, are shown with respect to the initial densitypg), are shown at the same
at four times in the region £ x<5,0<y<16. times and in the same region as shown in Big.

From equations (6) and (7), we get

| | | | 2= cypnm, (12)
plot; the peak structure in the relative changes in tempezat ot ©oBo
fhlc’tt's due t? the hte?tln?ﬂiectt. of the shocl|<. Indt.he fo'.logl'ggd.where the contribution of the Joule dissipation and rackati

1€ lemperatures at two focations are analysed: one In 'losses are considered. For simplicity, the first term on ifet+

sion region and the othgr at the locatiorvgf. They are denoted hand side of Eq. (12) is denoted By, and the second term by
by TmaxandTje;, respectively. E,. Because both the temperature and its gradient are very smal

Even though the plasma temperature along the current caf{ow temperature regions, the heat conduction termi>)
centration is heated through magnetic reconnection, taéve is neglected here. Note that the Joule dissipation andtheglia
changes in temperature are negative all over the regionrshiow [osses play opposite roles in the evolution of temperaiome,
Fig. 3. Both the temperaturénax andTie; are very low, around heats the plasma and the other cools it. From equation (£2), w
10* K. In the following, we make quantitative analysis of howfind thatE; is inversely proportional to the density, wherdgs
this happens. is proportional to the density. In theftlision region where the



density is smallE; is ~ 80, andg; is ~ 50. The net #ect is that

the plasma in the dlusion region is heated. However, the heated __ , _ 57 ce . t=320s
plasma is pulled out of the fiilusion region and the cold plasma
outside the dtusion regionis pushed in, so that the plasmain the .- is|

diffusion region cools. Outside thefidision region, the plasma _
density along the current sheet increases by several tiritas W= - =
respect to the initial density (see Fig), so thatE; increases =

to ~ 200 at maximum, resulting in a fast temperature decrease. =
If the plasma temperature is below“1R, radiative losses are
reduced to zero, so that the relative changes in the plasma te -~
perature is flat along the outflow region (located along thghth ="
temperature ridge on the right-hand side of the flux ememenc
region seen in the bottom right panel of FRB). Furthermore,
outside the dtusion region, the outflow plasma will expand, =<
which will cool the plasma. The contribution of the plasma ex
pansion to plasma cooling ig ¢ 1)T v -v ~ 40. In the dffusion
region, the plasma expansion will also cool the plasma therez  _| MN’
however its contribution is very small, only about 4. A larger ,‘i‘““ ,
plasma cooling region is found aroumd= 2 — 4 almost reach- = a\\\\“\i‘é il
ingy = 2 (see Fig3), located in the inflow region. This is be- ‘\'\\“\“\\“‘t“ ”
cause of the plasma expansion in the inflow region, of whiehth = dl ’ }
contribution to plasma cooling reaches 40. Even thoughdhec ="
tributions of plasma expansion to plasma cooling are of atmo
the same order in the inflow region and the outflow region, the
plasma temperature decreases more strongly in the forrmaer thrig. 5. Relative changes in the temperatur€, « Ti,)/Ti, for
in the latter. This is caused by the fact that there is no lastiph - Exp. A2, with respect to the initial temperatui®,, are shown
flowing into the inflow region, whereas hot plasma heatedén tfat four times in the region £ x < 5,0 <y < 1.6.

diffusion region is expelled out into the outflow region.

It seems that small-scale jets can not originate in a phlysica
environment like Exp. A1 where high mass density and weak
magnetic strength are presented, as both the velocity and th f =160 s
temperature of the outflow jets are very low. What will be the r -
sult if the physical environment with the same magnetiagitie = er
but a lower mass density is considered? The analysis shays th
if the density is lower, more plasma can be heated (becauke bgZ
the radiative losses and the ratio of the radiative lossdstite =
dissipation is proportional t0?).

Fig. 5 shows the evolution of the temperature for the case
of Exp. A2 whereBy = 0.33 andpy = 0.1 (this corresponds
to magnetic field strengtlB = 6 G, electron densitNe =
2 x 10'° cm3). Significant relative changes in temperature are
clearly seen in this case and the plasma in tifiision region is
heated to the temperature Bf,ax = 2.8 x 10° K. The maximum
velocity of the outflow jet caused by magnetic reconnectiwh a
its temperature are also analysed for Exp. A2. We find Waat
reaches up to 85 kntsandTje is about 2x 10° K. Both are
larger than that obtained in Exp. Al. The directiorvgfis 32
with respect to the line of sight.

15 L

=, t =320s

3.2. Exp. B (8o = 0.033)

In this section, the magnetic reconnection takes place mya-p

ical environment with a strong magnetic field. Figshows the Fig. 6. Relative changes in the temperatur€, { Ti,)/Tin for
evolution of the temperatures for the case of Exp. B1 whekxp. B1, with respect to the initial temperatufig,{, are shown

Bo = 0.033 andppy = 3 which corresponds t8 = 20 G and at four times in the region ¥ x < 5,0<y < 1.6.

Ne = 6x 10' cm™3. This represents a physical environment with

a strong magnetic field and a high mass density. Fahows the

relative changes in density. Peak structures are preseahein

relative changes in both the temperature and density onréach same mass density at the bottom but with a weaker magnetic
of the flux emergence region. In thefldision region,Tmax is  field strength, we find that the plasma is heated to higher tem-
1.5 x 10° K. For the upflow jetyie; reaches 60 km'3, directed perature for the case of Exp. B1 compared to Exp. Al. This is
at 2T with respect to the line of sight, affgk: is about 8«10 K. because Joule dissipation becomes stronger as the mafigidtic
Comparing the results with those in Exp. A1 where we use tB&ength increases. In the case of Exp. B~ 800, in the dif-
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Fig. 7.Relative changes in mass denspby; pin)/pin for Exp. B1, Fig. 8. Relative changes in the temperatur&, Ti,)/Ti, for
with respect to the initial densityg), are shown at the sameExp. B2, with respect to the initial temperatuiig,|, are shown
times and in the same region as shown in Big. at four times in the region ¥ x<5,0<y < 16.

4. Discussions

fusion region, wherea; ~ 500. Even thouglk; increases as a | the present paper, we investigate magnetic reconnettion
result of the increase af(T), the net @ect is that more energy the solar chromosphere, looking for an answer to whether jet
is available to heat the plasma in thefdsion region. The rel- |ike events can originate at lower temperatures. We conside
ative changes in the temperature are manifested as a maximyggynetic reconnection triggered by newly emerging magneti
in the difusion region and decrease monotonously in either djyx. Several physical environments representing the chrom
rection along the current concentration. The maximum WBloc gphere with dferent magnetic field strengths and densities are
of the outflow jets is larger in Exp. B1 than in Exp. Al. This igjiscussed. Our results quantitatively show that the teatpess
because as the ratio of the magnetic pressure to gas préssurgng velocities of the bi-directional jets caused by magnei
creases, it I_eads to higher f_:\cceleration of the outflow pa@™ gnnection are strongly dependent on the physical comitid
the magnetic field strength increases. the atmosphere, such as magnetic field strength and mass den-
Fig. 8 shows the results for the case of Exp. B2, whersity. In the case of where the magnetic field strength is high
Bo = 0.033 andpyo = 0.1 (i.e.B = 20 G andNe = 2x10%cm™3).  (Exp. B2) and the density is low, we obtain the highest temper
In this case, the plasma in thefiision region is heated to atures and the largest velocities among all our simulatidhe
Tmax = 6.4 x 10° K. The maximum velocity of the outflow jets, plasma in the dfusion region is heated up to46x 10° K, and
Viet, reaches up to 150 kn1’s and is 130 km " in the line-of-  the maximum velocity of the outflow jets reaches 150 krh s
sight. The temperature at the locationvpf is 6 x 10° K. Note However, in the case of a low magnetic field strength (Exp. A1)
that, for the case with low mass density, the heat condutgion and high density, the temperature and the velocities oftisesye
will become more and more important as an energy loss in tthe lowest of all the cases. The temperature is abotiKiand
diffusion region compared to the radiative loss term, when ttiee maximum velocity of the jets is only 40 km'sEither an in-
temperature of the plasma increases to a higher value. All ttrease in the magnetic field strength or a decrease of théylens
results for both Exp. A and B are summarized in Table will raise the ratio of the Joule dissipation to the radiativsses.
That will heighten the heatingfiect compared to cooling and
will lead to a high increase in the temperature of the plasma i
Table 1. Summary of the results for both Exp. A and B.de- the difusion region. That will also raige the ratio of the ma}gnetic
notes the line-of-sight component ;. pressure to the gas pressure, resulting in enhanced aatamher
of the plasma ejected outward from théfdsion region (which

Quantity | Exp. Al Exp.A2 Exp.B1I  Exp.B2 will lead to the appearance of high velocity jets).
Tmax (K) ~1x100 28x10° 15x10° 64x10° For the two cases, Exp. A and B, the amounts of the emerg-
Tiet (K) ~1x100  2x10° 8x 10 6x 10° ing flux are not the same, which implies that the stronger the
Viet (km s71) 40 85 60 150 magnetic field strength the larger the amount of newly emeyrgi
vy (km s™) 32 72 56 130 magnetic flux. We can also obtain outflows with high velocity

and high temperature even if a smaller amount of new flux, e.g.
the same as that in case A, is emerged in case B. Moreover, in



case B where a larger amount of new flux emerges, the teare larger in their model than those in ours at the same higight
perature and velocity of the outflow jets reach their maximuthe same parameter.
at aboutt = 40 s, not at the end of the flux emergence pro- By using our model we would like to give a possible expla-
cess. Therefore, theftierence in the amount of emerging fluxnation as to why no brightening is obtained at zero velocity o
between case A and B is not very important in determining difhe emission spectral lines in the study by Innes & Ta999.
ferent results in the two cases presented. Instead, theetiagnin their study, the magnetic field strength and mass density i
field strength of the initial background magnetic field and ththe chromosphere was about 6 G ar@b21071° kg m 3, respec-
initial density structure plays a more significant role. Edo all  tively, which corresponds {6y = 1.3 andopo = 0.8 in our model.
the experiments with constant flux emergence, the amouheof Our calculations show that in this case the maximum tempera-
newly emerging flux will be very small in case B, compared witture in the dffusion region is less thanX610* K and therefore,
that of the background field. So that the height of the emegrgino brightening could appear at the zero velocity positiothef
arcade is lower in case B than in case A at any given time, wigpectral line.
the result that reconnection occurs dfelient heights inthe two ~ The radiative loss model that we use at the base is the optical
cases. thin approximation. McClymont & Canfieldl@83 considered
The flow velocities derived here can be compared withptical-depth &ects and proposed an optical-thick model for the
Roussev et al2001a2001h who found blue-shifts of the order radiative loss function. By comparing the two models, we find
of 100 km s'under the physical environment of electron derthat the optical-depthfiects become important primarily for the
sity 3 x 10'° cm3 and magnetic field 8 G. These authors alsplasma at temperatures belowd0* K, where the contribution
found that the choice of initial state and the consideratibn of hydgronis dominant. This means, in our model, that th&rad
non-equilibrium ionization was crucial to their modellirigven tive cooling dfect is over-evaluated for the cool plasma at tem-
though various initial physical environments were expibie peratures below & 10* K. The temperature of the cool plasma
their work, the plasm@ on the current sheet was the same ishould be raised if we take into account the optical-defitces
all the cases. Both the plasngaand the thermal energy werein our model. However, even if we consider optical-deptbas,
assumed to be uniform in the-direction with the reconnection the corrected temperature of the cool plasma will not exceed
happening in the transition region. The maximum jet velesit 3 x 10* K. Otherwise, radiative loss will become too strong and
they obtained under fierent physical environments didfi@r at the plasma will start to cool again. Considering that thdiket
the begining of the experiments, however, they approaahaldt events discussed here correspond to hot jets at transégion
most the same value as time went on (see top-left panel iFigemperatures, optical deptfiects will have less influnce.
in Roussev et al20013). In our model, the maximum jetveloc-  As mentioned in Section 2, background heating is not con-
ities are diferent for all the cases. The highest velocity jets asddered in our model, therefore the initial state is not irthal-
obtained under the environment with almost the same densityuilibrium. We take the case of Exp A1, shown in Figas an
as in Roussev et al20013, but stronger magnetic field (20 G).example to examine the change of the background. If no emer-
When the reconnection occurs in the chromosphere, higltvelgence takes place, the plasma temperature at the top bgqundar
ity jets-like features are possible if a larger field strérigtused. will decrease by 27% by the end of 80 s. Because of back-
Besides, we do not consider transient ionization. ground cooling, downward flow will occur, which reaches abou
In the flux emergence studies of Yokoyama & Shibat40 km stat maximum during 0-80 s. The high velocity region
(1995 1996 and Moreno-Insertis et al2008, reconnection is mainly located at high altitude (transition region or abp
occurs at coronal hights where the plasma temperature s highereas the downward flow around th&dion region is slower
and the electron density is low (10cm™2), even though new (less than 10 km3).
flux emerges from beneath the photosphere. Therefore,asis e Priest & Forbes1986 studied mechanisms of magnetic re-
ier to obtain jets with high velocities and high temperasuta connection analytically. They introduced a new paraméagr (
the Isobe et al.2009 model, magnetic reconnection betweeand produced a series of analytical solutions. They fouatl th
newly formed horizontial fields and background verticaldg! the type of reconnection regime and the rate of reconnedten
took place at chromospheric heights. The chromospheri el@ends sensitively on the parameberhich characterises the in-
tron density is much highers(10*2 cm~3) than that in our model, flow conditions. The Petschek & 0) solution is just one par-
so that the reconnection jets velocity they obtained is g, ticular member, corresponding to a weak fast-model plasma e
about 30 km st. In the Murray et al. 2009 model, oscillatory pansion. However, in our model, there is a fast plasma expan-
reconnection is driven by the global imbalance of the foli®s sion across the inflow region, and thefdsion region lengthens
tween the neighbouring flux systems. At each subsequentrecas reconnection occurs. Therefore, the reconnection derat
nection reversal, the system is closer to equilibrium. Oace resembles more the fast-mode expansion solutionshwiti® in
equilibrium state is reached, all reconnection ceasesgfitie, Priest & Forbes1989.
the maximum temperature and maximum velocity (50 ki) s In this study, reconnection occurs on the right-hand side of
achieved in the outflow jets decreases in each subsequentrethe emerging flux arcade. If reconnection occurs on the left-
nection phase. All the flux emergence studies mentionedeabdand side of the emerging flux arcade, e.g. the polarity of the
did not include heat conduction and radiatiEeets. The latter emerging flux changes, the magnetic field strength on the left
will reduce both the temperature and the velocity of the outfl hand side will decrease faster as reconnection goes on.isThis
jets. because symmetric boundary conditions are used on the left,
In comparison to Litvinenko & Chae2009 model where whereas open boundary is used on the right. As magnetic field
radiative losses were assumed to be of less importance, tsgngth decreases, magnetic reconnection will becomkenea
become significantly important in our model when the demespite of this, there will not be significantfirences in the
sity and temperature are large. Their study was based on thsults if reconnection occurs on the left-hand side of therg-
assumption that the inflowing magnetic energy is completelyg flux arcade (because the jets reach their maximum vglocit
converted into thermal and kinetic energies of the outflgwirfaster than the decrease of the magnetic field strength)mBlge
plasma. Therefore, the temperature and speed of the ou#tew jetic field strength of the initial field on the left-hand siofehe



flux emergence region is still very strong, when the jets sigfo
reach their maximum (for instance, at around 40 s in case B).
If investigating long-term evolution, a larger computatddo-
main, compared with the flux emergence region, is necessary t
weaken the influence of boundary conditions.

In the present paper, we mainly concentrate on the hot com-
ponent of the outflow jets caused by magnetic reconnectiah, a
obtain jets with a high temperature and a high velocity ucder
tain circumstances. We also produce cool jets in the tenyrera
range of (2t 0.2) x 10* K. Taking the case of Exp. B2 as an ex-
ample. The line-of-sight velocity of the cool upflow jets chas
25 km s. This shows one possibility that some cool jets, e.g.
spicules, and hot jets may originate from the same phenomeno
chromospheric magnetic reconnection, and they may justtdep
different parts anar different stages of the same event. In the
case of weak magnetic field strength but high mass densay, th
cool jets disappear, which shows that the origination ofgpis
may also have some correlations with the physical enviraime
We relegate further study of the relationship between $picu
jet-like events, and magnetic reconnection to future work.
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