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Solutions of complete jump relations at discontinuities
in a two-and-half-dimensional reconnection model
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We present an analytic solution of the complete set of jump relations at the rotational discontinuity and the
slow-mode shock in a two-and-half-dimensiona%(.‘3 symmetric reconnection model. The solution is used
for analyzing the outflow jet characteristics in dependence on the speed and the incidence angle of the
inflowing plasma, for a given shear of the inflow magnetic field. It is found that the magnetosonic Mach
number of the outflow depends significantly on the incidence angle, the effect being more prominent at larger
reconnection rates. The compression increases weakly with increasing reconnection rate. Dynamical changes in
the flow/field geometry are found in the transition to the 2D regime: In the region between the rotational
discontinuity and the slow-mode shock the direction of flow and the magnetic field become extremely sensitive
to the degree of the magnetic field shear in the inflow. Implications for evolutionary systems such as solar flares
are discussed.
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[. INTRODUCTION proposed by Petschek to explain the powerful energy release
in solar flareq5].

When two highly conductive plasma systems with oppo- Subsequently, Petschek and Thorne extended the model
sitely directed magnetic fields merge, the electric currenby including two pairs of rotational discontinuiti€RDs) in
sheet is created in betwe¢h]. Such systems often become front of SMSs(see Fig. 1in order to overcome shortcom-
unstable, abruptly releasing the magnetic field energy in thengs inherent to the original 2D modébr details, see Ref.
form of intense heating, violent plasma flows, and particle[6]). The inclusion of the RDs enables the application of the
acceleration. Explosive energy release of this kind is obmodel to the situation which includes the transversal mag-
served in solar and stellar flares, in magnetospheres of plametic field componenB, perpendicular to the reconnection
ets and comets, as well as in laboratory phenontehd&efs.  plane(Fig. 1). All the quantities are taken to be independent
[1,2], and references thergin of the z coordinate(so-called 2D reconnection modgl The

The current sheet becomes unstable when its length-t
width ratio surpasses the tearing instability thresH&dH.
The instability results in fast reconnection of magnetic field
lines, which makes possible high-energy release rate. Th
field lines reconnect within a tiny diffusion region whose
dimensions are much smaller than the overall scale of th

system. The reconnected field lines are strongly bent, and t Ds [1]—the plasma is heated and compressed only at

magnetic field tension accelerates the plasma to form tWQ\1ss such as in the 2D case. In the limitRf—0, RDs

jets of outflowing plasma. Plasma convected out of the dif'merge with SMS$6].

fusion region is replaced by new plasma drawn from the The 2D reconnection problem was put on a firm math-

gxternal region, which also brings in a fresh magnenc ematical foundation by Soward and Prigs}. In the subse-
field to be reconnected. In the fast reconnection regime the

Mach Alfvén number of the inflow can be up M ,~0.1[1].  duent paper Soward extended the consideration to {2 2
The inflowing plasma moves almost perpendicularly toc@Se[8]. Yet, the jump conditions at the RD/SMS disconti-
the magnetic field, so the plasma flow is faster than the cof?uity system were greatly simplified by assuming that
responding slow-mode magnetoacoustic speed. Consglasma inflows into the current sheet perpendicularly to the
quently, two pairs of slow-mode standiti§MS) shocks ap- Symmetry aX|s.of the system and that the inflow is very slpvy.
pear in the flow “collision,” outlining the border between the This is often violated in astrophysical phenomena, and it is
inflow and the outflow region. In SMSs plasma is heated an@f interest for a wide range of problems to investigate the
compressed, whereas the flow is deflected and acceleratgdharacteristics of the reconnection system including a non-

Such a two-dimension&2D) model of fast reconnection was _perpendi(_:ular an_d a relatively fast inﬂc[\Q]. Furthermore, it
is approximated in Soward’s paper that in the region between

RD and SMS the transversal magnetic field component is
*Email address: marina@rudijer.irb.hr much larger than the tangential of&. For this reason, the
"Email address: bvrsnak@geodet.geof.hr behavior of the system in the transition from thg®to the
*Email address: martinis@rudjer.irb.hr 2D regime cannot be followed, which could be essential for

cE%D model inevitably requires a rotation of the outflow tan-
gential component of the magnetic field, which cannot hap-
en at SMY1]. The tangential component of the magnetic
ield is rotated at RD, which implies that velocity upstream
of the SMS has the componenty, (Fig. 1). The density, gas
ressure, and magnetic field strength do not change across
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y quantities used in the following consideration are defined.
y' The inflow region is marked by “0,” the region between RD
0 ' '& and SMS by “1,” and the outflow region by “2.” The
£ v xyz-coordinate system, with thg axis aligned to SMS, is

inclined at the anglep to the symmetry axis of the system,

which is defined by the outflow directiaﬁz. The angle be-
tween RD and SMS ig), so thex'y’z’-coordinate system,
with they’ axis aligned to RD, is inclined at the angie

+ 9 to the symmetry axis. Theandz’ axes are pointing out
of the plane of the figure. The vector components parallel
and perpendicular to the symmetry axis of the systdash-

N\
2

< Br}.f’ 0 dotted line in Fig. 1 are denoted by indices" and * ",
4 respectively ¢, v, , By, B)).
....... @ In region 0, plasma of the densipy and the pressurg
@> [0} OB ' flows into RD with the velocityv,, carrying the magnetic
v, v, 4 field I§O. In the intermediate and the outflow region these
v RD quantities are denoted by subscripts 1 and 2, respectively.
SMS The magnetic field generally hasy, andz components in
symmetry axis all three regions, as does the velocity in region 1, while the

velocities in regions 0 and 2 have only tkg-plane compo-

nents. The magnetic fieI2 is perpendicular to the velocity

FIG. 1. The geometry of the system of discontinuities in thel;z_
Z%D symmetrical reconnection problem, depicted in one quadrant.
The slow-mode shocKSMS) is inclined to the symmetry axis
(dash-dotted lingat the angle. The angle between the rotational
discontinuity(RD) and the SMS is denoted & The quantities in The jump relations across RD, written out in terms of
the inflow, intermediate, and outflow regions are designated by sub/ector components in the'y’z’-coordinate systertFig. 1),
scripts “0,” *1,” and “2,” respectively. The xy-plane components  for the ratio of specific heatg=3, read[1]

of the magnetic field and the flow velocity are denoted by the

of the system

B. Jump relations at discontinuities

o ’
subscript 7.” The direction of thez component o andv is also Bxo=Bua. (1)
indicated. The incidence angle of the inflow is denoted ashey’ , ,
axis of the “primed” frame of reference is aligned with the RD, PoVxo= P1Uxa > 2
while they axis of the “nonprimed” coordinate system lies aligned
with the SMS, as shown upper right. yoUx0~ BxoVyo=By1v5x1 —Byivyg, 3
understanding some aspects of evolutionary systems, such as BV 20— Brovso=Biva— Bt (4)
solar flares[10,11]. It should be emphasized that although
the reconnecting magnetic field structures form three- B2 2 B2 R'2
dimensional configurations in realify,2,19, a wide range o+ 2_0 — 20 povli=pi+ 2_1_ N ()
of phenomena could be well described in the 2D gD2 ® koK
geometry{10,13. B/ B B'. B’
In this paper we develop an analytical solution of the full P XO0 oy XYL 6
. . . PoUxalyo P1Ux1Uy1 , (6)
set of magnetohydrodynami@®IHD) equations, analytically 2 M
describing the RD/SMS discontinuity system of the sym-
! !
metrical 25D reconnection problem. The solutions are used / _ BxoBzo _ / _ BxiBa v
PoVxol 20 =pP1UxiUz1 , (7)

for analyzing the conditions in the current sheet as a function o o
of the inflow speed and the inflow incidence angle, at a given

shear of the magnetic field and the plasma-to-magnetic pres s 2 o,
sure ratio in the inflow. The mathematical problem is de-|9Pot pOUO+;(ByO+BzO)
scribed in Sec. Il and the results are presented in Sec. lll.
The implications and possible applications to solar flares are
discussed in Sec. IV.

!

’ x0 oo
Uxo™ “ (BZOUZO+ByOUyO)

!
’ Bxl
Ux1™

2,2 L2 w2
5p1+P1U1+;(By1+le)

Il. MODEL X(Bava1+By1vy). ®)

A. Description of the system of discontinuities The jump relations at SMS, written out in terms of vector

The system of discontinuities separating the outflow fromcomponents in thexyzcoordinate system, form an analo-
the inflow region is schematically drawn in Fig. 1, where thegous set of equations: In Eq&)—(13) primes should be
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omitted from thex’ andy’ components, whereas the indices po=p;, |Bo|=|B1|, To=T;, and 8,=B;, respectively. Af-

1 should be replaced by 2, and 0 by 1. ter applying these additional conditions, it is straightforward
If smaller terms are neglected like in R€8], the system to show that two of the jump equations at RD are linearly

becomes decoupled, so the outflow speed, density, pressudgpendent on other equations. We eliminate Ef§) and

and magnetic field depend only on the inflow plasma-to{13) as linearly dependent on others and normalize the re-

magnetic pressure rati6, and the relative strength of the maining equations by introducing suitable dimensionless

transversal magnetic field,o/B,, but they do not depend variablesB; =B, /B, V| =v1/vo, Bo=2uPo/B3, and

on the inflow speed. This approximation will further on be the xy-plane Mach-Alfve number in the intermediate region

referred to as the Soward regime. M a1, = v 2 up1 /B?. Equationg6)—(9) yield, respectively,

C. Parametrizing the system . sing’ ©
The components of the velocity and the magnetic field in " sine’
the inflow and the intermediate region are related to the
angles defined in Fig. 1 as follows: sing’
!
=, (10)
Uyo=—0oSINE’, vyo=—0oCOSE’, " sing’
V1= 0SNG, vy =—01C08P’, vy =viSINQy, cotd’ +coté’ =cotw+cotg’, (11

Bxo=—Brosingd’, Byp=BoC0s8", Bju=—Bgsin{l, sine’tanQ o= —V/B/sinw tanQy+V/B/sin¢’'tan(); .

(12

Combination of Egs.(6), (8), and (11) reveals that

The angled)y, 2;, andQ, define the ratio of the transver- .+ /=" 5/ _ M —1  of which the consequence is
sal and thexy-plane component of the magnetic field, ANHPIR A= M aa™ 5 a

tan();=B,;/B,;, i=0,1,2, whereag},, defines the analo-

Byi=—B1Sinw, By;=B;c0sw, By =B;sin(;.

. o . . - Sinw
gous ratio for the flow velocity in the intermediate region. ALy =——. (13
At RD the density, gas pressure, the magnetic field sing’
strength, and consequently, the temperature and the plasma-
to-magnetic pressure ratio, are continu¢8k i.e., pg=p1, Equations(11) and (12) yield
|
_ ) . V/?cog0(B,?sinw cosw—sin 8’ cosd’)sin ¢’ tan(y,
sins’ —B/“cotQgsinw tanQ, = — _ o . (14
(sing’cost’ =V, “sing’cosg’)cosysinQ g
|
The components of the velocity and the magnetic field in siné
the frame of reference aligned with the SMS shock front can BFW, (19
be expressed using the angles defined in Fig. 1:
_ ; _ o sine
Ux1=—v1SiNe, vy =0,1C0Se, v, =v;SINDy, NV, =—-, (16)
sing
Uyo=—05SINd, vy»=—0,C0SeP,
v e V,B,=siny, (17
B,;=—B,isind, B,;=B,;c0s5, B,;=B;sin{},
- " i 2o ! tan();sine —tanQysin 5=V,B,tanQ,sin®, (18
Bxo=—B2C0s¢, By,=B,,C08¢, B ,=B,sin(},.

B1(1—P)+2M3,, (sirfe — NV?sirP )

Here the dimensionless variables aB=B,,/B,;, V,

1 B2

:gZ/Urli ZN:P22/P1' P:PZIpl- B1=2up1/Bf,, and _ + - =0, (19
Mai,=mvrp1/Bry. In region 1, the plasma-to-magnetic cosQ; cosQ,

pressure ratio is related t8;, as ;= 81,050, and the

Mach-Alfven number isM ;=M a1,C0S(); /cos()y,. The set sind coss— B2sin¢ cosé

of jump relations at SMS discontinuity analogous to Egs. Milrz (20

(6)—(13) yields, respectively,
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tanQ);sin 5=M3, tanQsine + B’tanQ,cos¢, (21) 1
o' =arctan . (31
cotw+cotep’' —coté’

5

4’8”(Slng PVising)+F=0, 22 The quantitiesB; andV, can now be evaluated from Eqgs.
o _ _ (14) and (15), respectively. We calculat®,, Qg, Q4, and
where the quantityr is to be found in the Appendix. Q, combining Eqgs(14), (15), (17), (19), (23), and(26):

The anglesy, o, 9, &, §, and ¢’ are mutually related

(Fig. 1) providing three additional equations: H2-1
Qy=arctam\/ ————, (32)

y=g—3, (23) D"-G"H
w=m—d' —7, (24) Qy=arctarfG tan(ly,), (33
Q,=arctartD tan{ly), 34
=5-w. (25) ' " V) (39

. - N . tan(};sine —tanQ,;siné

So the system of discontinuities sketched in Fig. 1 is de- QO,=arctan (35

scribed by the set of 17 equations fraf) to (30), involv- ViBsing '
ing 21 quantitiest’, &, N, 8, ¢, y, o, 9, ¢, 8", 0o, L1, \yhere the quantitiesl, D, andG are written out in the Ap-
Qy, Oz, Vi, Br, Vi, By, Mayr, Byr, andP. We are free  pendix. Finally, Eqs(24) and (27) give

to choose four quantities to serve as input parameters. There

are several choices which provide solutions in an explicit 4F

form. Unfortunately, the system cannot be solved explicitly 5g TSine

by taking the inflow quantities as input parameters. The sys- P= — (36)

tem also turned out to be extremely sensitive to some quan- V,sing+ —

tities, entangling numerical evaluations. We have found the SE

most suitable choice of input parameters toéhee, N, and

8, and for this choice we present an explicit solution of the _ E 3

s Blr - 1-P 1 ( 7)
ystem.

D. The explicit solution

With the choice of¢’, e, N, and § as input parameters,

the angley is evaluated straightforwardly from E¢28),
while ¢, V,, andB, are derived from Eq920)—(22):

1 _2singsiné 26
b= Earcsmw, ( )
cos¢ siny
_sino o8
r— COS¢1 ( )
providing the evaluation oM 5;, from Eq. (25),
sin 8 cosé— B?sin ¢ cos¢
MAlr:\/. o . (29
sine cose + NV;sin¢ cos¢

Once My, is known, ¢’ is found utilizing Egs.(18) and
(29):

siny

b = arctam . (30

From Egs.(29) and (30) we derive w and 9 straightfor-
wardly, and Eq(16) gives us

where E and F are to be found in the Appendix. For the
chosen input paramete&, ¢, N, and 8, Egs. (28)—(42)
together with Egs(14) and (15) are the explicit solution of
the 25D reconnection problem.

The inflow Mach-Alfven numberM yp=vo/vag9, Where

vao=Bo/Vupg is the Alfven speed of the inflowing plasma,
becomes

" \/Bgzsinw cosw—sin &’ cosé’

— - Y ,cosQo. (38
sing’cost’ —V, “sin¢’cos¢
The quantity of particular interest is the ratio of the inflow
velocity component perpendicular to the symmetry axis of
the system and the Alfvespeed based on the component of
the magnetic field parallel to the symmetry axid g
=vg, /vag|=VoL Vpo/Bg|, representing the dimensionless
reconnection rat¢l]. Inspecting Fig. 1 and utilizingv 5,
=1 one finds

Mo sina siné’ 39
RO Sin(r—¢')cod 8 + 9+ )

The plasma-to-magnetic pressure ratio in the inflow region
Bo is related toB,, as

Bo= B1=B1,COSQ;. (40)

The magnetosonic Mach numbir, of the outflow is evalu-
ated from
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4 ; ; T T T : : 2 .
N - Bo=0.001 M, | === B0=O 001
35 | A AN 1 ~ Be=0.01 ~
p 15 f
.| =001 ] By=0. 1\ \\

\ “\
25 g BO_O] \\ ] 1} ,, \ \

Bo=1 \ 05 s RN \ 1
1.5 ¢ SN \\ FIG. 2. Characteristics of the
1 \ oL o N outflow in the Soward regimea)
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90 plasma compressiorN=n,/ng;
(a) Qg (deg) (b) Qg (deg) (b) the magnetosonic Mach num-
ber M,; (c) temperature jumpr
1000 =T,/Ty, shown as a function of
T | Q, for several values of the in-
T ~_ Po=0.001 flow plasma-to-magnetic pressure
Joo | \\ | ratio 3,.
By=0.01
10 Bo=0.1 \\\ \ ]
\\ \ - \\
Bo=1 T T

1 .
0 10 20 30 40 50 60 70 80 90

(c) Q (deg)
U2 VM ar VN In Fig. 2(b) we show that the outflow Mach numble; is
M,= = . (41  generally higher for smalleB,, and strongly dependent on
B§ 5p, |3r2 5 Qg. The interplay ofQ)q and B, determines whetheM,
—t 3. PB1, >1, i.e., whether the outflowing jet is supermagnetosonic. It
Kp2 P2 COSZQz is possible to show that &,=0 the outflow becomes sub-

magnetosonic g8,=0.8[14-16.
The anglea between the inflow and the outflow velocity is  Figure Zc) shows that the plasma heating is stronger, i.e.,
related to other angles as the temperature jum@ at SMS is higher for smallep,
(roughly governed byToc,Bgl). The value of T decreases
a=¢ —¢—9. (42)  monotonously with increasinf,: it drops to a half of the
maximum value af),~30° [note the logarithmic scale on
The chosen input parameters are iteratively led in the nuthey axis of Fig. 2c)].
merical calculations to provide output results as functions of In the following subsection we explore deviations from

the inflow quantitiesBy, g, Magg, anda. the Soward regime, considering different speeds and direc-
tions of the inflow. Note that the reconnection rate in the fast
Il RESULTS reconnection regime can be upNbgo~0.1[1], so we con-
sider only the Mg,=0-0.1 range. Furthermore, &
A. Basic dependences: The Soward regime =45° the merging magnetic fields become perpendicular and

In Fig. 2 we first show the basic dependences of the den the efficiency of the energy conversion drops significantly

sity jump N=n,/n,=n,/n,, the outflow magnetosonic ([8] see also Figs.(B,0). For this reason, in the following

Mach numberM,, and the temperature jump=T,/T, W€ focus on coomparatlvely small angl€k,, in particular,

=T,/To, on the angl), to show the influence of the trans- {fo=0 and 20°.

versal magnetic field§zo. The results are obtained in the .

Soward regime applying several different values of the in- B. Departure from the Soward regime

flow plasma-to-magnetic pressure rafig. Let us first investigate how the characteristics of the out-
Figure 2a) shows the generally stronger compresshon flowing jet depend on the reconnection rdeq, [Eq. (44)].

for smaller B,. Furthermore, at smalle3, the angle The results are presented for three different angles of inci-

Qo(Nmay . at which the compression attains its maximum, isdence, «=30°, 90°, and 150°, considerin@,=0 (2D

larger: it can be shown that fg8,—0 the maximum ofN  case¢ and,=20°, with 8,=0.01 which is appropriate for

asymptotically approachds—4 at,—90°. describing the conditions in, e.g., solar flaf&s].
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T T 2 T T T T T T T
06 ¢ 0=150deg
AN, A
05t
04 F
0.3 F
0.2 ¢
Q,=0
01 F
O -------------- L L ‘_ L L L L 1 Il Il 1 1 1 1 1
0 001 0.02 003 0.04 0.05 0.06 007 0.08 0.09 0.1 A 5 e e e e 100 116 120 30 140
(a) Moo o (deg)
51 : : : FIG. 4. Dependence dg) relative differenceA Ny, of the com-
pressionN and the Soward regime resilt; (b) the outflow Mach
o | 3 numberM,, on the incidence angle: presented for the inflow
M, a:lSOdeg/,///// Mach numbersM 5,=0.01 and 0.1 combined witk),=0,20° at
19 b Q=20deg =TT E Bo=0.01.
18 F — oo ] anglea, even more than on the anglk,, however, only at
B i 0=90deg ] comparatively large inclinations of the inflow. Around
T~ E =90° the outflow Mach number depends only weakly on
16 F T~ E M a0, Which indicates that the decrease/increas#lgffor
£ T~ incidence angles smaller/larger thars-90° is primarily as-
15 0=30deg \\\\\ 3 sociated with the inflow velocity component parallel to the
T~ symmetry axis of the system. A slight decreas&/gi{ M 5q0)
14 ¢ e at «=90° is consistent with the increase of the compression
13 N(M aq0) depicted in Fig. 8), since denser plasma can be

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
(b) Myoo

convected out by a slower outflonass conservation

Figure 4 illustrates the dependence of the outflow magne-
tosonic Mach number on the incidence andle(a). We
present the results favl ,oo=0.01 and 0.1, again taking,
=0.01 atQ);=0 and 20°. The graph reveals a considerable
change ofM,, but only for a comparatively large reconnec-
tion rate, while for low reconnection rates the Mach-Afive

In Fig. 3(@ we show the departure of the compressionnumberM, remains close to the Soward regime results. The
N=n,/n;=n,/ny from the valueNg in the Soward regime, value of M, increases when the inflow has a component in
utilizing ANg,=100 (N—Ng)/Ng, sinceN is only weakly the direction of the outflow, while it decreases for the inflow
dependent oM oop. The value ofN increases with increas- having a component in the direction opposite to the outflow.
ing reconnection rate, which is more pronounced for smaller We have examined this behavior quantitatively, and it has
anglesQ,. WhenM o;— 0, one finds thaN,,—0, i.e., the turned out that the net outflow speed is primarily a sum of
values ofN converge toNg becoming independent d, two contributions: the “basic” outflow speed,(a=90°)
which is consistent with the Soward regime. A similarly and the tangential inflow componesy . There is, however,
weak dependence is found for the temperature jufnp a slight deviation(smaller than 0.1%associated with the
=T,I/T,, where the value ofl decreases with increasing dependence of the compressiNion the incidence angle
[Fig. 3@].

Finally, let us comment on a somewhat unexpected asym-
metry present in Fig. 4—the curved 5o0=0.1 andM aqq

FIG. 3. Dependence df) relative differenceAN,, of the com-
pressionN and the Soward regime valids; (b) the outflow Mach
numberM,, on the reconnection ratél 5og. The results are pre-
sented forQ)4=0, 20°, andae=30°,90°,150° ajB,=0.01.

M ago-

Figure 3a) reveals that the compressioN depends
slightly also on the incidence angte For a given(),, the
value ofN is larger at largew. Yet, the effect is an order of =0.01 intersect aiv#90°, where the curveslgo=0.01
magnitude smaller than the influence Mfyq. closely resemble the values in the Soward reginh, (

Figure 3b) shows the dependence of the outflow magne=1.71 and 1.77 forQ,=0 and 20°, respectively The
tosonic Mach number on the reconnection dtg(M »q0). It ~ @asymmetry is due to increasing compresdibwith increas-
is evident thatM, depends significantly on the incidence ing Mg, Which in turn reduces the value M, i.e., shifts
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10° e re— e i '
B1/Bn ; € 180 -
10° b - (deg)
: E 160 -
101 ;7 MA()():0.0I N
; 140
10°
o L 7 120 -
Mpgp=0.1 3
102 L ] 100 -
] S R R FIG. 5. Geometrical properties
100 10° 10° 10° 10° 10" 10° 10 10° 10° 10'  10° 1 of the system in transition to 2D
@ {2 (deg) ®) Qo (deg) are explored(a) Q4, (b) ¢, (c) &,
shown as a function df), for the
8100 ™ T value of the inflow plasma-to-
(deg) [ magnetic pressure ratif,=0.01
80 - A and a=90°.
60 - MA()O:O.OI 1
40 - .
20 - .
0 L Tl T wl 1l
10° 10° 10° 10' 10° 10" 10°
(c) Qg (deg)

down the curveM,(«) displacing the intersection with the magnetic field geometrysee Fig. 1 in the transition from
Soward regime values towards larger valuesof the 23D to the 2D structure. The parameters used @ge
=0.01, «=90°, andM pgu=0.01 and 0.1. Figure(b) and
C. Geometrical properties of the system in the transition 5(c) reveal an extremely rapid change at small andks
to 2D (note the logarithmic scale on tlkeaxis). The transition from

The explicit solution of the complete set of equations pre-e~180° to e~90° happens in a very narrow range below
sented in Sec. Il provides an insight into the behavior of the), at which tar();=B,;,/B,;~1 [Fig. 5a)], i.e., when the

geometry of the system in the transition from thg2to the ~ Soward regime breaks. Change of the direction of the
2D regime ,—0, i.e.,B,0—0). As mentioned in Sec. I, XY-plane magnetic field component happens in a somewhat
it is assumedB,;<B,; in the Soward regime. As a conse- wider range of(},.
guence, the angle remains close to 180° angiclose to 90°
(ie., v;~v, and B;~B,, respectively. However, when
0y—0, i.e, in the transition to the 2-D geometry, this con- ) ) )
dition is obviously violated sinc®,,—0 implies B,;—0. The prgsented analytlgal solutlgn of t.héQ symmetrical
Such a situation happens, e.g., in the so-called two-ribboffconnection model provides an investigation of the depen-
flares, where the initially sheared arcade of the magnetic fieldence of the outflow characteristics on the inflow speed and
becomes stretched by eruption, naturally leading to the dethe incidence angle. Furthermore, it enables tracing the geo-
crease of(),, eventually coming to th€),~0 regime[10]. metrical changes in the intermediate region in Big—0
Let us examine some basic geometrical relationships imegime, which cannot be properly described within the
the intermediate region at the transitip—0. In Fig. 5a) Soward mode[8].
we show the behavior of the ratio of the transversal and the The results can be summarized as follovi®. The out-
xy-plane components of the magnetic field in the intermediflow density (N=n,/n,) increases, and the temperatufe (
ate region B, /B,;=tan(};). The log-log presentation is =T,/T,) decreases weakly with increasing inflow speed and
used to show the relationship more clearly. At small anglesincidence angle. The departure from the Soward regime does
the slope of the lo§,(log ;) dependence is very close to 1, not exceed 1%.
i.e., the ratioB,, /B,; linearly decreases with decreasing (b) The outflow Mach number, i.e., the outflow velocity,
B,o/B;o. At some point the Soward regime approximation depends significantly on the incidence angle and the effect
B,;>B,4 is no longer satisfiefhorizontal line drawn in Fig. increases with increasing reconnection rate.
5(a) marksB,;=B,4]. (c) The flow/field geometry in the region between the ro-
In Fig. 5b) and Jc) the angles and § are presented as tational discontinuity and the slow-mode shock changes dra-
functions of(), illustrating the behavior of the flow and the matically in the transition to 2D, e.g., at the reconnection rate

IV. SUMMARY AND DISCUSSION
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M ago=0.01 the change ~180°—&e~90° and§~90°—45  imply that at smalk)y a very small perturbation of the trans-
~0 happens withif)g=<1°. versal magnetic field component in the inflow region

Whereas the first item is of no practical interest really, thestrongly influences the flow/field geometry in the intermedi-
latter two might be of importance for the understanding of aate region. Obviously, such a behavior might have conse-
range of phenomena. Most generally, the second item detequences to the overall stability of the system. Consider a
mines whether the outflow is submagnetosonic or supermamall perturbation of)g in the inflow region at some seg-
gnetosonic. In the case of supermagnetosonic outflow, thment of RD: At this segment the flow/field directions will
guasiperpendicular fast-mode standing shock forms if the jedepart radically from those in the adjacent segments, which
encounters an obstacle. Such a “termination shock” is dewould presumably cause flow/field turbulence. Considering
tected in the so-called dynamical solar flafd$,17,18.  the supersonic outflow regime this could straightforwardly
Since the outflow Mach number determines the terminatiorexplain the stochastic and intermittent electron acceleration
shock amplitude it also governs the efficiency of the high-such as observed in solar flafg9,13.
energy electron production in solar flafd®,2(Q.

The situation where the incidence angle of the reconnec- ACKNOWLEDGMENTS
tion inflow significantly differs froma=90° is met in the ) L
so-called “solar coronal inflows”: Typically, a day after the _ YWe would like to thank Domagoj Ruak for helpful as-
coronal mass ejection, white-light coronagraph observationgiStance in computational matters and in checking the results,
reveal numerous faint features moving towards the Sun &S Well as Sas Ceci for useful technical advice.
heights of 1-3 solar radii above the solar surface, with ve-
locities of the order of 100 km's [21,27. These flows are APPENDIX
interpreted as signatures of the gradual closing down of the
magnetic flux dragged outwards by coronal mass ejection
[22], i.e., as the downwards directed reconnection outflow.
Very similar downwards directed flows are observed in soft x
rays in the late stages of the long-duration dynamical flares, = ,
again being interpreted as the reconnection outfl28;24. sing’

Since the reconnection is located high in the corona in these .

events, it has to be considered that the process takes place in . 2 sirfe

the outward streaming, solar wind environment. The solar sine Brcos¢| sin 54\“”%)
. > - " — M2

wind rov!s at these heights exhibit velocities of the order of D=May, sing + B,sinecos¢—V,singsins ’ (A2)

100 kms ! [25], whereas the observed perpendicular com-

ponent of the reconnection inflows are of the order of 10

kms~! [26]. This implies the incidence angle significantly G=D

smaller than 90°, and according to Fig. 4 one should expect siné’

considerably reduced velocity of the downwards reconnec- R . )

tion outflow. Indeed, the described observed flows are much _ Vi"sing’(B, “sinw cosw —sin §"cosd’)

slower than the coronal Alfvespeed, which typically ranges siné&’(siné' cost’ —V/2sin ¢’ cose’)

between 500 and 1000 kms[27].

The dependence of the reconnection outflow speed on the (A3)
inflow incidence angle might be found also in the observa- B2
tions of the large dynamical flafd1]. Two flare-associated ong2 . > . r
radio sources were spotted by the NaydMultifrequency E=2Miy (sire —NV/sin'¢) + co2Q; co2Q,’
Radioheliograph at the sites where the standing fast-mode (A4)
shocks in the reconnection outflows are expected. However,
the upper one, located below the erupting filament was much 1
stronger and more active. This indicates that the upper fast-
mode shock is of larger amplitude than the lower one, im-

In the following the expressions abbreviated in Sec. Il as
,D,G,E, andF are written out:

Sinw

(A1)

B, %sinw

P Sine

F=—-M2, | ——— —NV3sin¢ | —tarfQ,sine
2 Alr(COgQV r ¢) 1

plying also that the upwards directed reconnection outflow + B2V tarfQ-sin é— co2s sine -+ B2V. sir?
has larger Mach number than the downwards directed one, rer 2Sing s+BiVisime
which is again consistent with the influence of the solar wind +sindtan{)tan(}y+ sin § cosé cose
flow.
The characteristics of the system described in the last item +B7V,sing cos . (AS5)
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