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ABSTRACT

Aims. We aim at investigating the formation of jet-like featunestie lower solar atmosphere, e.g. chromosphere and foansagion,

as a result of magnetic reconnection.

Methods. Magnetic reconnection as occurring at chromospheric amsition regions densities and triggered by magnetic flugrem
gence is studied using a 2.5D MHD code. The initial atmosphestatic and isothermal, with a temperature of 20* K. The
initial magnetic field is uniform and vertical. Two physiaivironments with dferent magnetic field strength (25 G and 50 G) are
presented. In each case, two sub-cases are discussed théereironments haveftrent initial mass density.

Results. In the case where we have a weaker magnetic field (25 G) andthigsma densityNe = 2x 10 cm?), valid for the typ-
ical quiet Sun chromosphere, a plasma jet would be obseritechwemperature of 2—8 10* K and a velocity as high as 40 km's
The opposite case of a medium with a lower electron denbity=(2 x 10*° cm3), i.e. more typical for the transition region, and a
stronger magnetic field of 50 G, up-flows with line-of-sigktacities as high as90 km s and temperatures of:6 10° K, i.e. upper
transition region — low coronal temperatures, are produGetdy in the latter case, the low corona &el71 A shows a response in
the jet which is comparable to thexdncrease.

Conclusions. The results show that magnetic reconnection can befariemt mechanism to drive plasma outflows in the chromo-
sphere and transition region. The model can reproduce dieaistics, such as temperature and velocity for a rangetééatures like

a fibril, a spicule, an hot X-ray jet or a transition regionljgtchanging either the magnetic field strength or the elaalensity, i.e.
where in the atmosphere the reconnection occurs.
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1. Introduction C v 1550 A showed that these structures show tilted features
) o ] o which was interpreted as rotational velocities of appratisty

A variety of jet-like features such as spicules, fibrils,ges, 50 km s. In a more recent papeMadjarska et al(201])

Ellerman bombs, EUXX-ray jets etc., as seen in various atmoshowed that this may be better interpreted as a multi-strand

spheric regions, are observed in the solar atmosphereulBgic sy cture with up-flows and down-flows.

are relatively thin, elongated jet-like structures bestweéd at the Several authors have looked at magnetic reconnec-

solar limb in Hx or Ca Il images as bright features against a dagly, a5 a driving mechanism for hot jetdifetal. 1996

background. The close correlation between observed greper | nes & Toth 1999 Galsgaard etal. 2005Nishizuka et al.

of limb spicules and other on-disk features such as mofikes, 2008 Patsourakosetal. 2008 Murrayetal. 2009

rils and straws has prompted many authors to suggest tre# thgosdan| & Galsgaard 2010Pariatetal. 2010 and refer-

may be counterparts of each othérsifopoula & Schmieder gnces  therein). Roussev et al. (2001ab,c) performed 2D

1997. As vu_ewed in the optical, the classical spicule is ObSérqulagneto-hydrodynamic (MHD) simulations of transition iy

to reach heights of 6 50015000 krBe(ckers 1968Withbroe a5 geriving blue-shifts of the order of 100 knts Several

1983 with an average lifetime of 5 minutes and average plasijdia| physical environments were studied. However, thesma

velocities of 25 km st. Recently, using high-resolution observa on the current sheet was the same in all the cases with the

tions in Can H (3968 A) from the Solar Optical Telescope (SOTﬁaximum velocity of the blue-shifted jets eventually reiagh

on Hinode De Pontieu et a(2007) suggested at least two typesaimost the same value in all cases, although they weferelnt

of spicules, the classical spicule and a more dynamic one. 3t the beginning of the experiments.

Tavabi et al.(201) suggested four types of spicules based Various authors have suggested that spicules can be
on their diameter, ranging from 0°3220 km), 0.8 (360 km), driven by waves (magnetoacoustic or Alfvemjahsteen et al.
0.75’ (550 km) to 1.18 (850 km). Typically, they show a suc-2006 De Pontieu etal. 2007 Heggland etal. 2097 while
cession of upward and downward motions. The more dynanBgerling et al.(1993, Karpen et al (1995, andHeggland et al.
spicule develop and disappear on timescales of 10-60 s, Wi009 have considered magnetic reconnection as a plausible
velocities sometimes exceeding 100 km.s candidate for driving chromospheric jets. In all the moaieé-

Spicules are also seen in UV and EUV lind3efte et al. tioned above, spicules are produced but their velocitiesianall
1989 and thus reach at least to transition region temper@- 25 km st). Martinez-Sykora et a(2010 explored 3D simu-
tures. Cook et al. (1989 using HRTS observations taken inlations of flux emergence, and reported on more dynamic fea-
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Fig. 1. Magnetic configuration of the initial potential fielteft), and distribution of the initial mass density versus he{gitght) for
case Al.

tures that reached coronal temperatures. In their modgje latemperatures. They showed that faster and hotter outflould co
tangential discontinuities of magnetic field is necessargre- be obtained if a physical environment with lower mass dgnsit
ate the conditions for accelerating the jets. These larggetic  was considered, however, the highest temperature of tisenpla
field gradients lead to strong Lorentz forces, causing botel heated by magnetic reconnection is only B K in their study.
flows which reach a “wall” of strong vertical magnetic fielchd Here, we expand the work @ing et al.(2010 varying the
wall squeezes the plasma and forces a large increase indfe pelectron density and field strength as applied to a largeyeaf
sure, deflecting the horizontal flows and pushing them to mojet features, including fibrils, spicules, chromospheeis jand
vertically. transition region jets. This work uses a larger grid modek(s
later) than the previous study. Here, we also look at jet for-
mations as viewed in tferent parts of the lower solar atmo-
Table 1. Parameters of the four initial states, namely A1, A2, Bgphere. We derive the response of three spectral lines with f
and B2, including the characteristic values of the Alfveioeity mation temperatures from the lower transition region tolte

(va) and plasmg in each state. corona, as obtained in the foot-points and in the jet itSeie
2.5-D resistive MHD model is briefly described in Section 2.
Yoo 2 1 Section 3 gives the numerical results and the derived lime pr
Pro NI 5T files. Conclusions and discussion are drawn in Section 4.
1 Va =244 km st  vy=122kms?
p=11x10% p=44x10" 2. Physical Model and Numerical Methods
y
A2 B2
0.1 Va=772kms? v, =386 km s! 2.1. Basic Equations
— 3 _ 3
p=11x10 B =44x10 A 2.5-dimensional resistive MHD model in Cartesian coordi-

nates is used here. The MHD equations are the same as pre-
sented irDing et al.(2010, wherep, v, ¢, B, T, p,j, B, 0,1, v,

0, Q, L are the mass density, flow velocity, magnetic flux func-
tion, z-component of magnetic field, temperature, gas pressure,
electric current density, magnetic field, gravitationatelera-
tion, dimensionless magneticfilisivity, adiabatic index, char-
acteristic ratio of the gas pressure to the magnetic presiey
gpced from the basic units, heat conduction, and radiaisssls,
respectively. Andp, j, B, Q, L, are explicitly expressed by

Pariat et al(2009 proposed a 3D model for solar polar jets
where the magnetic twist was taken as the jet driver. Thasele
of magnetic twist onto open field lines by magnetic recornionact
resulted in high-speed jets. Their work reproduced heéitralc-
tures observed in some polar-hole je@atsourakos et al. 2008
Jiang et al(2011) examined the influence offiierent initial re-
connection angles by using a 3D MHD model where therm
conduction and gravity were neglected. Fan-shaped jetsngov
along the magnetic guide field were obtained. p=pT, | =vxB, andB =V x (y2) + B,z (1)

Recently,Ding et al. (2010 used a 2.5-dimensional resis- 5/2 2 2
tive MHD model in Cartesian coordinates to investigate mag- Q=v-[TY*B - vT)B/BY, andL, = p*A(T), @)
netic reconnection in the low atmosphere, e.g. chromosgpharhere A(T) is the radiative loss function. Here, optical depth
discussing the implications for jet features at transiiegion effects are considered: At < 2 x 10* K, A(T) is reduced
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(a) Case Al: 50 G, 2x10" cm™ (b) Case A2: 50 G, 2x10" cm™

V=50 km s
—»

[

o
u
)

o
)
Temperature (Ty)

w

- »
o wu o
oo~
o ® o
Temperature (T,)

v =50kms™" V=150kms

N W
« o

N S

o o
(To)

o
o

N
o

o
Temperature (T,)
Temperature

8
0 0
0o 1 2 3 4 5 6 0 1 2 3 4 5 6
z (Lo) z (L)

Fig. 2. Evolution of the magnetic fields¢lid lines), temperaturedplour), and velocity &rrows) at four times for case Al (a), A2 (b),
B1 (c), and B2 (d). The characteristic parameters of magffietd strength and electron number density are given abacie ease

plot. Note that the colour-coding isfiirent for each run.

to zero; At 2x 100 < T < 10° K, A(T) suggested by quantities are calculated in terms of equivalent extrajmiaA
McClymont & Canfield(1983 is used; AT > 10°K, A(T) cal- multi-step implicit schemeHu 1989 is used to solve the MHD
culated byCook et al.(1989 is adopted. The characteristic val-equations.

ues taken as basic units for the mass density, temperanghl

and magnetic field strength age; = 3.34x 1071° kg m3, cor- i,

responding to the electron number dendity= 2 x 1011 cm3, 2-2. Initial State

To = 10° K, Lo = 500 km, andBo = 25 G, respectively. The The initial magnetic field is a potential one taken to be in the
dimensionless cdicients of the heat conduction and radiativgy|iowing form

losses are in the same forms as giverbiyg et al.(2010. { U = — X

The dimensionless size of the computational domain4s 0 B,=0,
X < 6 and 0< y < 6, divided into 500x 500 grid points (in the
Ding et al.(2010 work a smaller grid of 400400 was adopted). whereyy is a free parameter used to control the magnetic field
Uniform meshes are adopted in both andy- directions. In strength of the initial background. The initial magnetiddies
the present study is the horizontal axis, angis vertical, rep- different from that used iDing et al. (2010 where a linear
resenting the height of the solar atmosphere. At the botédim, force-free field with a vertical current sheet is adopteck Tri-
quantities are fixed. Other boundaries are treated as opémjla tial state is assumed to be static and isothermal, with ag¢emp

®3)
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atureT = T; = 2 x 10* K representing the atmosphere in the Case Al at t = 80 s (see Fig. 2(a))
chromosphere. The initial mass density is calculated by L N v =100 km 57

P = pro €XPEy/2). (4)

wherepy is a free parameter used to control the mass density at
the bottom.

By choosing diferent values of,o andppy, we can obtain 4
four initial states represented by A1, A2, B1 and B2. The para
eters of the four initial states are listed in Takhle.The initial 3
states are divided into two groups, caseyi(= 2) and case B 3
(Ywo = 1), corresponding to the initial backgrounds with strong
(50 G) and weak (25 G) magnetic field strength, respectively.
Then, each group is divided into two subgroups accordingeo t
value of pyy. The case opp = 1 (Ne = 2 x 10 cm3) rep-
resents the initial state with high mass density, ppd= 0.1
(Ne = 2 x 10 cm3) with low mass density. The characteristic
values of Alfvén velocity¥») and the ratio of the gas pressure to
magnetic pressurg) corresponding to each state are also listed 0 = ! =N
in Table 1. As the initial temperature of the background is the 0 ] > 3 4 5 6
same for each state, the characteristic sound speed fdreall t z (Ly)
cases are the same as well, namely 23 ki s

Fig. 1 (left panel) shows the configuration of the initial mag
netic field for the case of Al as an example. The initial maigne
field is uniform and vertical. Figl (right panel) shows the dis-
tribution of the initial mass density versus height for cadde
The initial mass density is also uniform alorgAs the radiative
loss is reduced to zero &t = 2 x 10° K, the initial state is not 7 >
only in hydrostatic equilibrium but also in thermal equilim. g

The magnetic configuration of case A2 is the same as case
Al. The distribution of the initial mass density for case Afda E sof
A2 are similar, but its value is only one tenth of that for A2 as2 ’

10

o @
Temperature (T,)

w

_Fig. 3. Re-plot of the state dt= 80 s in Fig.2(a). The tempera-
fure is shown in a smaller color scale than in Fi¢n). The two
solid lines (black) denote theposition of the slit, and P1 and
P2 denote the twg—position of the slit.
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regards the mass density at the same height. For cases ip gréu 58 2

B, the magnetic configurations are the same. The magnetic fiel

strength in A is twice of that in B. The distribution of thetiai 2 3r 1

mass density of case B1 is the same as case A1, and that of cage2s 1 M

B2 is the same as case A2. = 2t 1
0 1
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2.3. New Magnetic Flux Emergence Time (5) Time (s)

The emergence of new magnetic flux is implemented numeg: ool i f the phvsical it . iat
cally in the same way as presentedling et al. (2010 (see Ig.4. Evorution of the physical quantiies, €.g. maximum je

Eqg. 10 therein). Here, the flux emergence time is take to be 8 glocity (solid line, top row), its line-of-sight componentiptted
as well. Thew parameter which controls the magnitude and or Ine, top row), and plasma temperaturiaoftomrow) at the loca-

entation of the emerging flux is taken to bd.2 for cases in lon o.fth_e peak jet velocity, for case ALgft column) measured
group A, and-2.4 for cases in group B. The reason winyal- at P1; Right column) measured at P2.

ues are dterent is to keep the ratio of the newly emerging mag-

netic flux to the total flux of the initial background the saroe f wherey represents the line-of-sigl(T) is the emission contri-
case A and B, so that reconnection between the new flux amgtion function, and
pre-existing flux occurs at a similar height in the two ca3é®

X L o . ; _[(=A=29)72
localized resistivity introduced to initiate magneticoaoection ) exp—[*1] )
is in the same form as expressediimg et al.(2010. er Ao T ’

is the static line profile. In the equation abovg, is the rest
2.4. Line profiles wavelength of the resonance ling, = igvp is the Doppler shift
corresponding to the line-of-sight velocity,, and Adg is the

In order to compare the numerical simulations with obsérnat Doppler width of the line given by

line profiles are calculated in terms of

Ao [2kgT
Ao = — . 9
x=4Y=Y> s C m ( )
[(4,t) = f fsz(T)eT(/l)dXdy, (7) wherecis the speed-of-lighkg is the Boltzmann constant, and

e1ysy, m is the ion mass. The contribution functid®(T), is obtained
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Fig.5. Line profiles for the Gm 977 A line (eft column), the Ov 629 A line (middle column), and the Fax 171 A line (ight
column) at four times for case Al. Calculations are perfomed at tagitjpns: P1 {op row) and over the whole regioly & 0 — 6,
bottom row).

from the ADAS database&summers 2004 and ionization equi- no difference in the simulated profiles at thé&elient depth4o-
librium is considered. During the calculation of line prefil a cations, see Al case later. Furthermore, if the jet was ltraye
1500 km wide slit, located betweend x < 4 (see Fig3), is directly towards the observer with no line-of-sight ingiion,
used. When observed with spectrometers like SUMER or ElBen deriving of the line profiles from flilerent jet depthtoca-
line profiles from dfferent regions of the jet can be obtainedjons would not be possible. However, jets are seen propagat
e.g. see Figs. 7 & 8 iMadjarska(2011), where the small box in any directions on the solar disk, including the example ou
outlined in Fig. 7 may be moved around to produce line profiléised above, where such a comparison is possible and threrefo
in a different part of the jet aridr reconnection site as seen imeeds to be investigated both observationally and theaikti
Fig. 8. Therefore, it is important that the simulation dechob-

servables from various parts of a jet are studied and cordpare

with observed line profiles from the same type of regions. We,

therefore, divided the simulated regions into two partsMAich In the present study, we will focus on the jets resulting from
covers the region betwegmn = 0 andy, = 2, i.e. over the recon- magnetic reconnection as seen iffefient parts of the solar at-
nection site and its close surroundings, and P2 between2 mosphere. Line profiles formed in the lower transition regio
andy, = 5, i.e. over the entire jet. The positions of P1 and P(QFR) are calculated for @1 977 A (8x 10* K), the upper tran-

are also denoted in Fi§. Note however, thatin some cases, desjiion region as seen in ©629 A (25 x 10° K) and the lower
pending on the jet temperature and density, there may leeditt corona as viewed in Fie 171 A (8x 10° K)



6 J. Y. Ding et al.: Magnetic reconnection implications fetrformation

3. Numerical Results Vp = Cds/Ag. In our line profile calculations the jets propagates
. . . . ) towards the observer, i.e. the observer is at the top of theiy-

In this section, the results of magnetic reconnection &1§d by - Therefore, blue-shifted emission corresponds to plasmango

newly emerging magnetic flux are presented. Two cases are B the bottom to the top of the y-axis”), while red-shifted

sidered, case A and B, where the initial background magnediission is associated with plasma moving in the opposite di

field strength is dierent. In each case, two sub-cases with difaction (=), i.e away from the observer. Whereas in the defi-

ferent initial mass density are investigated. nition of Doppler velocities, blue-shifts are regarded egative
values and red-shifts as positive. Therefore, the velo@tyes
3.1. Case A1: cool chromosphere-TR jet obtained in our simulations need to be reversed in the aalcul

tions of line profiles, so as to get the same expression of [Ropp
In case Al we explore an environment with plasma charaetenglocities as in the observations. It is shown that the marim
ticsypo = 2 andppo = 1, i.e. B=50 G andNe = 2x 10 cm™,  blue-shifts reach 60 km$att = 80 s for the G 977 A line,
which corresponds to high field strength typical of an activand~90 km s for both Ov 629 A and Fex 171 A. All the line
region and high density environment. F(a) shows the evo- profiles show at least a two-Gaussian structure.
lution of the magnetic field, temperature, and velocity tost For Cm 977 A, the radiance of the red-shifted component
case. As the new magnetic flux with negative polarity{ 0) increases during the intervie= 20 s to 40 s, and then decreases.
emerges, the background magnetic field lines will be pushiéd qrhe red-shifted component centers around velocity 0, which
towardsx = 0, resulting in horizontal flows. A current sheet isnainly contributed by the plasma in godclose to the diusion
then formed at the right-hand side of the newly emerging magsgion. Fromt = 20 s to 40 s, more plasma is heated, but to a
netic arcade. If magneticiusion is introduced into the currenttemperature less tharn10° K (which is the upper threshold of
sheet, magnetic reconnection will occur. Part of the magnefne contribution function for @i 977 A). As the plasma is heated
field lines expand outward (towards the upper-leftin B)gand {5 apove this temperature, its contribution tanQine becomes
the plasma at the right-hand side of the flux emergence regigsly weak and negligible. The blue-shifted component comes
is pushed into the diusion region. As reconnection goes ofom the plasma outside theftiision region. It is closer to the
the expansion of magnetic field lines propagates to higher &gusion region at = 20 s, and has a strong emission. Later, the
gions, where plasma is dragged by the magnetic field and moygg region expands, but the high velocity region expandsiglo
towards the left as seen in the figure. At the same time, Maghq its mass density becomes low, leading to a decrease in the
netic field lines together with plasma from the right-handi@  ,e-shifted component at= 40 s. As more plasma is heated
ary are driven leftwards due to pressure imbalance. Thise=®iUgng accelerated, blue-shifted emission starts to incrizase
strong horizontal flows at higher altitude, as seen=a60s and { — 40 st0 60 s. For @ 629 A, the radiance of the highly blue-
80 s in Fig.2(a). These horizontal floyvs will collidg with the up-ghifted components increases from 20 s to 40 s. This is be-
yvard outflows asa result of magnetic reconnection, and &kshg,;se more plasma is heated to higher transition-regiopeem
is formed at the interface. In order to show the shock, the sta 41 ,res. As the temperature increases to ab@e TP K (i.e. the
t = 80 sin Fig.2(a) is re-plotted in Fig3 where the temperat”retemperature of maximum ionizatiofie) for O v 629 A) after

is p_Iotted using a smaller colour scale. At the interfacehef tt = 40's, the contribution of the hot plasma to the 629 A line
horizontal flows and upward outflows, a bundle of plasma hotte

than its surrounding is clearly seen. During the magnetiome
nection, the plasma in the flision region is heated by Joule
dissipation. The outflows, as a result of magnetic reconmect C III
is bi-directional, upward and downward, along the curremt-c
centration. In our model, only part of the down-flow is vigibl
because of the low X-point.

Fig. 4 (top left) shows the maximum jet velocitydlid line)
and its line-of-sight componenddtted line) measured at P1, as
a function of time. The corresponding plasma temperatultesat
location of the maximum jet velocity is also shown in Fgbot-
tom left), as a function of time. During the process of magnetic
reconnection, the jet is accelerated by magnetic tensime$p
reaching a velocity of 150 km~$ att = 80 s in the P1 re-
gion, with a line-of-sight velocity of 100 km~&. The temper-
ature of the jets with peak velocity is aboutx410° K (20T;)
at maximum. These measurements would correspond to a re-
gion at the foot-points of a chromospheric jet. The same phys
ical quantities are also measured at P2, where the jet wloci
only reaches 45 km=$ at maximum and the jet temperature is
~ 2-3x 10* K (1-1.5T;). These plasma parameters describe a
short jet reaching only typical chromospheric temperatprep- —-150 0 150
agating at a speed which is comparable with observed vafues o . —1
fibrils. Doppler Velocity (km s™)

Fig. 5 (top row) shows the Cm 977 A line top left),
O v 629 A line top middle), and Ferx 171 A line profilesfop ) ] .
nght) measured at P1 at four timeS,= 20, 40, 60, 80 s. Flg 6. Line prOflleS CalCUlatEd at P2 for@ 977 A line at two
The line profiles are plotted as a function of the Doppler véimes for case Al. The radiance is shown as a function of the
locity (vp), instead of wavelengthl], in terms of the expression Doppler shift.

o

o o o
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D400yt T diffusion is more strongly heated. Moreover, the hot plasma is
; . ejected outward, which will also heat the plasma outsidelife

] fusion region. As the background atmosphere is at lowerityens

5 29 1 °9 ] the energy losses of the heated hot plasma outside flusion

g region by radiation becomes small, so that the plasma over a
3 of 0 larger area remains hot.

150

f 100 2~ 100 60
o ‘w
Z sol
. s0f g
T eor
0 =
10 30 50 70 40 50 60 70 80 8 40rs
Time (s) Time (s) 2 ool 0
10 4

Fig. 7. Evolution of the physical quantities, e.g. maximum jet _ sf

velocity (solid line, top row), its line-of-sight componendpt- X o6l 3 j
ted line, top row), and the plasma temperatut@sitom row) at 2 40 1 w
the location of the peak jet velocity for case AReft column) Y 17 |
measured at P1, andght column) measured at P2 . o ’
10 30 50 70 50 60 70 80
Time (s) Time (s)

becomes weaker. Then, the radiance of the highly blueeshift
components decreases, which corresponds to the incretise ofig. 9. Evolution of the physical quantities, e.g. maximum up-
radiance of the blue-shifted components fonE@71 Aline.  flow jet velocity (solidline, toprow), its line-of-sight component
Fig. 6 shows the line profiles of G 977 A line measured (dottedline, top row), and the plasma temperatutm{tom row)
at P2, where the blue-shift is 20 km!satt = 60 s and reaches at the location of .the peak jet velocity for case Bleff column)
~30 km s att = 80 s. There is no G emission at = 20 and Measured at P1right column) measured at P2.
40 s, because the up-flow jets reach P2 region after40 s.
In addition, when measured at P2, thev0629 A line and Fig. 7 shows the maximum jet velocitgdlid line, top row),
Ferx 171 A have no detectable emission. its line-of-sight componentptted line, top row), and the plasma
The results in case A1 are summarized in TaBlevhere the temperature at the peak jet velocityoftom row) as a function
maximum velocity of the jet\(ier), its line-of-sight component of time, for the A2 case. At P1ldft column), the up-flow jets
(Vy), the plasma temperatur&) at the position of the maxi- reach 320 km & at maximum, line-of-sight component being
mum jet velocity, and blue shifts for @ 977 A (Vc), Ov 629 A 240 km s?. The temperatures of the up-flow jets with maximum
(Vo), and Ferx 171 A line (Ve) are calculated at two positions,velocity reach about.8x 1P K (65 T;). It seems that the outflow
P1 and P2, respectively. All the values shown in the table gets with high velocity and high temperature are comparéable
the maximum ones obtained in 80 s. The results for other cagest X-ray jets. When observed at P2ght column), however,
namely A2, B1 and B2, which are discussed in detail in the fdboth the velocities and temperatures are smaller: the jetve
lowing sections, are also listed similarly in TabZe. ity and its line-of-sight component reach about 90 knt at
For the Al case, line profiles are also calculated over theaximum, its temperature being abowt 60° K (30 T;) at max-
whole height, e.gy = 0-6, as shown in the bottom row in Fig. imum. This means that a jet at transition region temperatisre
There is very small dierence of line profiles at P1 and that of thgoroduced. The dierences between the jet velocity and its line-
whole height. In fact, the line profiles at twofléirent depths are of-sight component are very small, showing that the outflows
the same for & 629 A line and Fex 171 A lines, respectively, with maximum velocity are almost vertical. Moreover, these
this is because there is a zero contribution in the &d Fexx @ sharp drop in the temperature of the up-flow jets with peak
emission above the P1 region.

Table 2. Summary of the results for all the cases, namely case

3.2. Case A2: hot transition region jet Al, A2, B1 and B2, where “—" means no signal. See text for
In the A2 case, the magnetic field background is of the sanqgtalls'

strength as in case Al, i.e. 50 G, but the environment has a Quantity Al A2 B1 B2
lower electron densityNe = 2 x 10'° cm3), i.e. typical of a re- Viet(kmsT) [ 150 320 97 180
gion formed higher in the atmosphere than the Al case 2fJ. Vy (km s™) 100 240 60 130
shows the evolution of the magnetic field, temperature, hed t AtP1 Tiet (Ti) 20 65 35 35
velocity. The plasma in the fiusion region is heated to higher Ve (km s?) 60 70 70 50
temperatures, about3x 1° K (75T;) at maximum, compared Vo (km s1) 90 70 — 50
with the case of Al. Because an environment with lower den- Vre (km s) 920 70 — 50
sity is considered, hotter plasma (i.e. transition-regémpera- Vet (kms™) [ 45 90 38 64
ture and above) spreads over a larger region (this correlsgon Vy (km s 40 90 32 63
about 700 km wide and 3000 km high)tat 80 s, whereas the atpz | Tee(™) | ~1-15 30 ~1-15 11
hotter plasma region is onty 100 km wide and- 1000 km high Ve (km st 30 80 35 50
in the Al fibril case. The decrease in density will increaser#h Vo (km s?) — 90 — 50
tio of Joule heating to radiative losses, so that the plasntiag Vee(kms?) | — 90 — —
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Fig. 8. Line profiles of Cm 977 A line (eft column), O v 629 A line (middle column), and Ferx 171 A line (ight column) at four
times for case A2, where the line radiance is shown as a fumofiDoppler shift. Each row shows the observations betweetain
heights.Top row: y; = 0 andy, = 2 (P1);Bottomrow: y; = 2 andy, = 5 (P2).

velocity betweert = 75 and 80 s. This is because the outflowsf-sight, the observer may see a mixture of P1 and P2, and in
reach maximum velocity at higher altitudes, where the ptasrmstances where the jet is moving directly towards the okeser
temperature is low. we will see the sum of P1 and P2 line profile.

Fig. 8 shows the line profiles of the @ 977 A line (eft
column), the Ov 629 A line (middle column), and the Fex 171 A
line (right column) at four times,t = 20, 40, 60, 80 s, as a From an observational point of view, we should expect a
function of Doppler velocity. Line profiles are calculatedweo  small-scale brightening to occur at coronal temperaturgsab
positions: P1top row) and P2 pottomrow). Observed at P1, the jet will only be detected at transition region temperatufigss
maximum blue-shifts are of the order of 70 ki $or all three type of phenomena are already seen in multi-instrumentrebse
lines. The intensity of Gu 977 A and Ov 629 A is a factor of vations and described by Subramanian et al. (2011, sulathitte
2-3 lower than in the A1 fibril case, while e171 A is larger. The line profiles composed of multi-component blue-shitt an
The blue-shifted components of all three lines are strompen  redshift in transition region lines are similar to obsetedine
observed at P2 than at P1tat 80 s, whereas the red-shiftedprofiles which describe the so-called ‘explosive eventEgE
components is absent at P2. In this case of TR temperatutes Bote, however, that EE spectral line profiles were also aataut
relatively strong magnetic field, the produced jet is capattl with a surge in the plage area of active regidafljarska et al.
reaching high TR temperatures which can peak for a shorger2009 as well as were linked to EUV jets (Madjarska et al. 2011,
of time at low coronal temperatures. Depending on the linex preparation).
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3.3. Case B1: cool chromospheric jet Fig. 10shows the line profiles for @ 977 A at four times. At

. . . P1 (eft) the blue-shifts reach about 60—70 kit at maximum,
Here, the physical environment has a weaker magnetic f"%‘fiile at P2 (ight), the blue-shifts are only about 25-35 knt.s
strength of 25 G, and a high plasma densitNe ( = As the hotter plasma region is small in scale, the emission at
2 x 10" cm ). Fig. 2(c) shows the evolution of the magnetidyigher altitude is weak or absent. The temperatures is mt hi

field, temperature, and velocity. The physical processiséme - ;
as explained in Sectiod. ], i.e. horizontal flows and a shock in_enough to produce Sicient Ov 629 A and Fex 171 A line

terface between the inflows and outflows. The plasma in the O@mission. A small-scale brightening associated with tfRudi
fusion region is heated t0:310° K (15T;). The scale of the hot on region should be detected in transition region lindslara

L2 . . . small-scale jet could only be seen at low transition regen-t
plasma region (i.e. transition-region temperature) iy snall, peratures at maximum
50 km in width and 800 km in height, i.e. a sub-arcsec region. '
In Fig. 9 at P1, the velocity of the up-flowsdlid line, top
left) reaches-100 km s at maximum, with a line-of-sight com- _
ponent @otted line, top left) of ~60 km s. The temperature of 3-4- Case B2: cool chromosphere-TR jet
the up-flows with maximum velocity is6 x 10* K (3 T;). At P2
(right column in Fig. 9), the maximum jet velocitysplid line, The results of case B2 are also analyzed similarly, see2f,
top right) is only ~40 km s at maximum, and the jet tempera+ig. 11, Fig. 12, and Fig.13. In this case, we have a lower
ture (pottomright) is 2-3x 10* K (1-1.5T;). Therefore, a cold electron densityNe = 2 x 10'° cm™3, and a field strength as
jet that propagate with relatively low speed is producedams-c in B1, i.e. 25 G. It shows that the plasma in théfwsion re-
pared to cases Al and A2. gion is heated up-to 1 MK (50;) at maximum. Observed at P1
(left column in Fig. 11), the maximum velocity of the up-flows
reaches 180 km~$ at maximum, with 130 km 3 in the line-
1 of-sight component. The temperature of the up-flow jets with
3T 3T maximum velocity reaches ¥ 10° K (35T;). At P2 (right col-

29 29 umn in Fig. 11), both the maximum jet velocity and its line-of-
80 80 sight component are60 km s at maximum. Moreover, after
0 t = 60 s, the temperature of the up-flow jets with maximum
5 velocity increases. This is because the outflows get maximum
2 z gl velocity at low altitude, where the plasma is heated to highe
5 temperature. In this environment, the line profiles of afeth
= lines show a Doppler shift of 50 knT when calculated at P1
o (Fig. 12). At P2 (Fig.13), both Cm 977 A line and Ov 629 A
St 1 1 line show blue-shifts of 50 km™$ as well. The emission in the
E Feix 171 A line is absent, however, when observed at P2. We
should be able to register observationally an event whiatisst
with a brightening at coronal temperatures, but jets willydre
ol N 0 Ll ‘ seen at transition region temperatures.
-100 -50 0 50 100 -100 =50 0 50 100
Doppler Velocity (km s™) Doppler Velocity (km s™*)
Fig. 10. Line profiles of Cm 977 A line observed at P1eft) C 11 oV
and P2 (ight) at four times for the case of B1, where the line O[T T O AT
radiance is shown as a function of Doppler shift. i R
--- 80 s ----80 s
200 70 é 37 1 %9
v I
;woof 1 50f %o_z— i ool
° o
£ 0 30 £
100 30 g oql i 1 ol
= : o
T sof I 1st ] i |
ot 0.0 L 0.0 R
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Fig. 13. Line profiles of Gt 977 A line (eft) and Ov 629 A line

Fig. 11. Evolution of the physical quantities, e.g. maximum upgight) at four times for case B2 at P2, where the line radiance is
flow jet velocity (solid line, top row), its line-of-sight component shown as a function of Doppler shift.

(dotted line, top row), and the plasma temperatutm{tom row)

at the location of the peak jet velocity for case B2ef column)

measured at P1right column) measured at P2.
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Fig.12. Line profiles of C 977 A line (eft), O v 629 A line (middle), and Fax 171 A line (ight) at four times for case B2 at P1,
where the line radiance is shown as a function of Dopplet.shif

4. Conclusions and Discussions (Ne = 2x 10" cm™3), typical for the chromosphere and
_ ) . . weaker magnetic field of 25 G, results in a jet with a velocity

Numerical studies on magnetic reconnection caused by Ngw._40 km s? and a temperature2—3x10* K (1-1.5T;), re-
magnetic flux emergence, occurring at densities typicahef tgpectively. Therefore, a weak magnetic field in a high-dgnsi
chromosphere and transition region, starting in an enwmt ,35ma results in a jet not higher than the typical chromesiph
with a temperature of  10* K (T;) are presented. The mag-ajues.
netic field strength is set at 25 G and 50 G, which are the typica k arpen et al(1995 studied chromospheric eruptions caused
observed values for chomospheric jets like spicules (GEUeY) ,,, shear-induced magnetic reconnection. This work usedcamu
and fibrils (active region). Itis shown that the results arergjly  |arger hox with the shear reaching the X-point after 300 s and
depende_nt on the phyS|ce_1I environment: a d‘?Cfease of ope ogyncluded that the dynamics of chromospheric eruptiong wer
of magnitude of the density leads to a one time increase of ffignengent on the geometry, shear strength, and localivesist
maximum jet velocity; an increase of two times the magnitfle jt “The present study is an important attempt to test theagor
the magnetic field strength leads to the same velocity emhang,, of jets originating in the lower solar atmosphere agipred
. L i 48hly by magnetic reconnection triggered by new flux emergenc
netic flux to_that of the initial backgrpund is kept the samalin Here, we do not look into the emergence rate, the emergence
cases considered. If less new flux is emerged, or the flux emghe or the amount of the newly emerging magnetic flux which
gence time is longer, the maximum velocity and temperatiire 4o jmnortant factors that couldfect the results of the jets.
the outflow jets will be weaker. Furthermore, both the in@iin |hqead, we study theffect of changing the field strength and
tion and non-uniformity of the initial background magnét@d  g|eciron density. The parameters have a significant inflienc
will have an éfect on the velocity and temperature of the OUlne temperature and velocity of the outflow jets. The results
flow. Line profiles of two transition region lines (€977 A and demonstrate that magnetic reconnection could be fAcient
O v 629 A), plus the lower coronal line (Fie 171 A) are cal- mechanism to drive plasma outflows in the chromosphere and
culated at two positions: a region which covers the recolimiec transition region. It is shown that if the magnetic field iddve
site and its close surroundings, and a region which coversith 50 G, the jets can be accelerated to relatively high veks;itiut
tire jet for all four cases. The simulated response in thpsetsal their temperatures remain in the typical chromospherensira
line is an important observable which can directly be corepartion region range. This work suggests that intensive studie
with observed line profiles in various types of jets. small-scale jets and the magnetic fields associated with the

In the case where we have a lower electron dendity£ gether with a detailed spectroscopic evaluation of thelgtpa
2% 109 cm3), i.e. more typical for the transition region, and @arameters are needed in order to confirm or reject the drivin
stronger magnetic field of 50 G, up-flows with line-of-siglet v mechanism tested here and permit an evaluation of theirieont
locities as high as 200 kntsand temperatures around 1 MKbution to the mass and energy balance in the solar atmosphere
(50T;) can be produced around the reconnection site. The jet Yokoyama & Shibata(1995 1996 performed simulations
at P2, however, reaches90 km s?, but its temperatures is of magnetic reconnection based on a 2D magnetic flux emer-
only 6 x 10° K (30T;) at maximum, i.e. upper transition re-gence model. A huge amount of new magnetic flux is emerged
gion temperatures. As a result, Be 171 A has weak or no and evolves to the coronal heights where the reconnectitin wi
detectable emission. The opposite case of high densitynalasthe pre-existing background magnetic flux actually occlire
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magnetic field strength and mass density around tfiesion re- the hot up-flow region, the temperature gradient is much flat-
gion are similar to what we use in case B1 where jets with loter and in order to calculate the line emission more pregigel
temperature and low velocity are obtained in our study. B thmay be necessary to take into account the time-dependent ion
Yokoyama & Shibata study, with the reconnection occurrimg ization in further studies, e.g. see work Byrro et al(1999;

the corona (note that both heat conduction and radiafieets Roussev et a[20011).

were neglected in their study), hot X-ray jets were produced

Furthermore, the emergence of new flux also carried cold affgfnowledgements. Research at Armagh Observatory is grant-aided by the
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dense plasma upward, which will then be accelerated by m%h a grant (STF0018431) from the UK Science and Technology Facilities

netic tension, generating cool jets. Council. MM and JGD thank the International Space Sciensttine, Bern for
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simulations, strong jets are obtained in some environmergs Yokoyama, T. & Shibata, K. 1996, PASJ, 48, 353

case A2. Despite this, the scale of such strong jets withcvelo

ities greater than 100 knrsis very small, mainly around the

diffusion region. Over a much larger scale, the velocities of the

outflow jet is small, see top left panel (measured at P2) in£ig

Furthermore, there is a sharp density increase betweenothe h

up-flow jet and the cold background plasma, which is helpful

for the reduction of ionization and recombination timesidie
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