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Conditions for substorm onset by the fast reconnection mechanism
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Abstract. The fast reconnection mechanism, involving slow alized as an eventual solution of MHD equations in high-
shocks and Alfenic fast plasma jets, is most responsible temperature plasmas of extremely large magnetic Reynolds
for the explosive conversion of magnetic energy associatesiumber. A possible fast reconnection configuration was first
with geomagnetic substorms and solar flares. In this paproposed by Petschek (1964) on the basis of two-dimensional
per, the spontaneous fast reconnection model is applied t@-D) steady MHD equations, and it was supposed that the
well-known phenomena of substorms. When the east-westliffusion region size would be controlled by external bound-
width of the tail current sheet becomes 3-4 times larger tharary conditions. Hence, most of the theoretical studies have
its north-south thickness, the fast reconnection mechanisnbeen directed to looking for such a fast reconnection solution
can fully be established, which may lead to substorm onsetthat can be realized without significant influence of plasma
The resulting Alfienic jet can exactly explain, both quali- resistivity (Vasyliunas, 1975; Priest and Forbes, 1986).
tatively and quantitatively, the in-situ satellite observations On the other hand, it was demonstrated for the first time
of the traveling compression regions (TCRs) associated withthat the fast reconnection mechanism can be realized when
large-scale plasmoids propagating down the tail. Also, thea localized resistivity is applied (Ugai and Tsuda, 1977).
earthward fast reconnection jet causes drastic magnetic fieltlence, we have proposed the spontaneous fast reconnec-
dipolarization, so that the sheet current ahead of the magtion model and demonstrated by 2-D and three-dimensional
netic loop of closed field lines suddenly turns its direction (3-D) simulations that the fast reconnection mechanism can
toward the loop footpoint and a large-scale current wedge ide realized as an eventual solution of MHD equations by
formed according to the growth of field-aligned currents. It the nonlinear instability due to positive feedback between
is demonstrated that an MHD generator arises ahead of theurrent-driven anomalous resistivities and global reconnec-
magnetic loop and drives the current wedge to distinctly en-tion flows (Ugai, 1984, 1999; Ugai and Zheng, 2005). In
hance the current density in a pair of thin layers of the loopfact, if there is no effective resistivity, extreme current sheet
footpoint, giving rise to drastic heating in the form of two thinning occurs because of nonlinear pinch effects (Ugai,
ribbons. 1986, 2008b), which may cause anomalous resistivities due
to current-driven microturbulences (Lui, 2001). Since the

Keywords. Magnetospheric physics (Storms and sub-f i i lution i ful h led
storms) — Solar physics, astrophysics, and astronomy (Flare%‘_S reconne(i lon evolution 1S so powe u we have calle
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connection)J lons) P P physics (Magnet e called “undriven reconnection” (Daughton et al., 2006).

Many MHD models have assumed explicit resistivity mod-
els, such as current-driven anomalous resistivities, in 3-D
(Raeder, 2003; Isobe et al., 2005) and 2-D (Uzdensky, 2003;
1 Introduction Klimas et al., 2004; Yokoyama and Shibata, 1994) situations.

In general, these studies have shown that if the resistivity is
The fast reconnection mechanism, involving AfIC  ennanced locally around an X point, magnetic reconnection
plasma jets, must be most responsible for flare phenomengccyrs effectively, which is consistent with our results. In
in space plasmas (Shibata, 1999; Sharma et al., 2008). Thetjs paper, we show how the spontaneous fast reconnection

question is how the fast reconnection mechanism can be renodel can be applied to well-known substorm and flare sig-
natures.
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Fig. 1. Magnetic field and plasma flow configuration for the uni-
form resistivity model withy=0.001.

Fig. 3. Magnetic field and plasma flow configurations for the
anomalous resistivity model (Eq. 4) wit}-=12 in an open sys-
tem; in the upper panel, the plasmoid is shown by the isosurface of
plasma pressure.
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y>4.6; also, By(y)=—B.(—y) for y<0. Fluid velocity
u=(0, 0, 0), and plasma pressury) satisfies the pressure-
balance condition,
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P+ B% =1+ po, 2

wherepy is the ratio of the plasma pressure to the magnetic
Fig. 2. Magnetic field and plasma flow configuration for the anoma- pressure in the ambient magnetic field regietyk4, so that
lous resistivity model (Eq. 4) witlyc =12, where the velocity scale  P(y=0)=1+fp initially (80=0.15 is taken throughout the

is the same as in Fig. 1. present studies). Also, plasma dengitinitially satisfies
p=P/1+ Bo. (3)
2 Simulation modeling o - o
The normalization of quantities, based on the initial quan-
The compressible MHD equations are tities, is self-evident: Distances are normalized by the cur-
rent sheet half-thicknes, B by Byo, P by Po=B2,/(210);
Dp/Dt = =pV-u,  pDU/Dt ==VP+JxB, also, p by pi=p(y=0), U by Va:o(=Bxo/\/Fop), time

t by dp/Varo. The Alfvén velocity in the ambient mag-

netic field region (ky<4) is given byV4.=Vaxo/\/pe~2.7

[pe=PBo/(1+Bo)], and the normalized temperature is given

by T=P/p=1+80. Here, the conventional symmetry

J=VxB/up, V-B=0, boundary conditions are assumed onzk®, x=0 andy=0
planes. Hence, the computational region can be restricted

whereD/Dt=0/dt+u-V, the gas lawP=(y—1)pe, is as-  to the first quadrant only and taken to be a rectangular box,

sumed ¢ is the internal energy per unit mass, ands the  O0<x<L,, O<y<L,, and 0<z<L..

specific heat ratio withy=5/3 assumed here (an adiabatic  The effective resistivity for the Ohm’s law (normalized by

case)], as is Ohm’s laviE+uxB=nJ (n may be an effective  0dgVa.0) should be provided by current-driven anomalous

resistivity). resistivities in space plasmas and may be assumed as,

An antiparallel magnetic fielBB=[B,(y), 0, 0] is ini-
tially assumed as:B, (y)=sin(ry/2) for O<y<1; B,=1  1o(r.1) =kalVa(r.t) — Vel  for Vg > Ve,
for 1<y<4; By=coq(y—4)n/1.2] for 4<y<4.6; B,=0 for =0 forV; < Vg, 4)

0B/t — V x (Ux B) = -V x (nd), (1)

pDe/Dt = —PV -u+ nd?,
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Fig. 5. ISEE 3 magnetic field observations taken in the north lobe
of the tail atx=—73Rg in GSM coordinates (after Slavin et al.,
1993).

the current density (Ugai, 1986, 2008b). If there is an ef-
fective resistivity, the current density increase around the X
point may be suppressed, and magnetic reconnection builds
up. We have demonstrated that the reconnection process is
strongly influenced by the resistivity model (Ugai, 1992).
Fig. 4. Magnetic field and plasma flow configuration for the anoma- For the Spitzer re§|st|VIty model, the resistivity bef:omes re-
lous resistivity model (Eq. 4) witlvo—=4 for the case,—2 and 3  duced at the X point because of the temperature increase by
in Eq. (5). the reconnection, so that the associated reconnection is less
effective than that for the uniform resistivity model (Ugai,
1992; Ugai and Zheng, 2005).
WhereVd(r, D= 1J(r.n/p(r.1) |istherelative elgctron-ion First, let us take the uniform resistivity model with=5
drift velocity an_ch the th_rgs_:hold (h_er¢d=_0.003 is ta_ken). and d,=L,=10 in Eq. (5) (:z=0.1), and the symmetry

In order to disturb the initial configuration, a localized re- boundary condition is imposed on the=10 plane. In this
sistivity is assumed at=d_, case, no explicit numerical dissipation term is needed, and
n(N=noexd—[(x—d)/k?—( y | /k)3=( z | /k)3],(5) ~ Magnetic reconngction starts immediatelytfsm. Figure 1 .

. . . . shows the resulting magnetic field and plasma flow config-
which provides a seed of magnetic reconnection. Here, W&, ation and indicates that no effective reconnection occurs.
take 7o=0.02 andk,=k,=0.8. This reconnection distur- |, \hat follows, some numerical dissipations must be intro-
bance is imposed only in the initial time range0<4, and  q,ced for the fast reconnection mechanism, and the associ-
the resitivity model will be assumed for-4. ated numerical resistivityy can be estimated by examin-

_ The numerical procedure for solving the full MHD equa- jnq the numerical reconnection with zero physical resistivity.
tions is simple and the same as in our earliest papers (Ugaknen, we find that it works like a uniform resistivity with

1988, 2|008b)' ThrouEhouLour reconfn(ﬁctior? studies, tﬂe nL;]hN~O.0005 for the present parameter values (Ugai, 2008b).
merical parameters have been carefully chosen, so that the ' resistivity model (Eq. 4) with—=12,

qu_merlcal resistivity is much smaller tha_n the physical reSIS"5nce the threshold is exceeded, both the reconnection flow

tivity (Ugai, 2008b). Here, the mesh sizes are taken to be e :
Ax—=0.04, Ay=0.015, andAz=0.1 or Az—=0.05. and the anomalous re5|st|y|ty drastically grow to _enhance

’ ' each other, eventually leading to the fast reconnection mech-

anism. Figure 2 shows the resulting fast reconnection config-

3 Spontaneous fast reconnection model uration, where the outflow velocity has been accelerated to
the Alfvén velocity because of standing slow shocks. In this

If there is no dissipation mechanism (effective resistivity), case, the reconnection jet is blocked by the wall boundary (at
initiated by the reconnection disturbance (Eq. 5), drastic curx=0), leading to magnetic field dipolarization and formation

rent sheet thinning occurs, leading to extreme increase irmf a large-scale magnetic loop of closed field lines.

www.ann-geophys.net/26/3875/2008/ Ann. Geophys., 26, 3B5&3-2008
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Fig. 6. Temporal variations of magnetic fields observed by virtual
satellites located in the magnetic field (Ig&y+egion, whereBy, By
and B; in the simulation coordinates correspond+®,, —B; and

— By, respectively, in GSM coordinates.

On the other hand, if the outflow jet can freely flow in
an open system, a large-scale plasmoid is formed ahead ¢
the jet and propagates along the magnetic field (Ugai, 1989
1995). Hence, when the=L,=20 plane is assumed to be
the free boundary witd,=0 in Eq. (5), Fig. 3 shows the re- -
sulting 3-D plasmoid structure, inside which the plasma pres- .
sure is notably enhanced (Ugai and Zheng, 2005). Note tha. .-
unlike the conventional plasmoid magnetic field lines are not
necessarily closed inside the plasmoid, since this plasmoid i§ig. 7. Current flow lines starting from the segmentl@<x <2.72
driven and sustained by the Affmic fast reconnection jet.  aty=0.27 andz=13 for the case ot;=7 in Eq. (5).

The fast reconnection mechanism can fully be realized
when thez directional current sheet width is 3—4 times larger
than itsy directional thickness (Ugai, 2007a). Hence, it may 4 Applications to substorms and flares
be instructive to see the reconnection processeg o8B in

Eq. (5) with the other conditions being the same as in Fig. 2ty,¢ gnontaneous fast reconnection model may be applied to
except thgﬂ/c=4 in Eq._ (4) andAz=0.05. F|gure 4 shows well-known phenomena observed in geomagnetic substorms
the resulting gonflguratlons; f@g:Z, no effective reconnec- and solar flares. Since many distinct phenomena character-
tion occurs, since the outflow jet can hardly be acceleratedy, ;5 hstorms and flares are associated with macroscopoic

For k,=3, the reconnecti_on jet_ is considerably ‘_ﬂ"cceleratedquantities, they should be explained by MHD equations.
but soon redued before it attains the Adfvvelocity. For

these cases, the ambient magnetized plasma cannot effec- ] ) )
tively collapse into the X region, so that the fast reconnection®1 ~ Traveling compression regions
mechanism cannot be realized (Ugai, 2008b).

If a thin current sheet of sufficiently large scale is formed, It is well known by satellite observations that according to
initiated by a reconnection disturbacne, current sheet thinsubstorm onset a large-scale plasmoid is formed and prop-
ning drastically occurs to distinctly enhance the current den-agates down the geomagnetic tail, and as a clear evidence
sity. For simulation studies, the enhanced currents may b@f substorm, the so-called traveling compression regions
suppressed by effective physical and/or numerical resistiv{TCRs) are observed. Slavin and his colleague have system-
ities. Hence, in performing reconnection simulations, it is atically studied TCR events for many years, and Fig. 5 shows
essential to relevantly choose the parameter values so th#fe typical observed magnetic field variations, which indicate
the numerical resistivity is much smaller than the physi- the pulse-like compression of the earthwasj field com-
cal resistivity. Throughout our MHD simulations, the nu- ponentas well as the northward to the southward tilting of the
merical resistivity, estimated to be0.0005, is found to B field component (Slavin etal., 1993). This TCR signature,
be much smaller than the physical (anomalous) resistivityobserved in the distant tail lobe region, has been expected
(Ugai, 2008b). to be associated with a plasmoid bulge passing through the

plasma sheet down the tail. The TCR signature is very sim-
ple and clear, but the previous theoretical studies could not
succeed in explaining it quantitatively.

Ann. Geophys., 26, 38753883 2008 www.ann-geophys.net/26/3875/2008/
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Fig. 8. Plasma flow vectors and distributions of the joule heatjig

The spontaneous fast reocnnection model in an open syses to clarify the physical mechanism of current wedge evo-
tem (Fig. 3) can readily be applied to the TCR signatureslution.
(Ugai and Zheng, 20064, b), so that Fig. 6 shows the tempo- For this long-standing question, we take=L,=10 in
ral behaviors of the magnetic field components observed byeq. (5), and the symmetry boundary condition is imposed
a virtual satellite located in the ambient magnetic field (lobe)on thex=L, boundary for the resistivity model (Eg. 4) with
region in the simulation box (Fig. 3). We readily see that the V=12 (Ugai and Kondoh, 2006; Ugai, 2007a). We then find
temporal field variations observed by the virtual satellite arethat when the fast reconnection jet collides with the magnetic
both qualitatively and quantitatively, in good agreement with loop of closed field lines, field-aligned currents suddenly ap-
the TCR signatures. We hence conclude that the TCR obsegpear because of drastic increase in the shearedHieiluside
vations provide a definite evidence that the fast reconectionhe loop, leading to drastic evolution of the current wedge.
mechanism is in fact realized in the tail current sheet duringFigure 7 typically shows the current flow lines for the case of

substorms. k=7 in Eq. (5) and indicates that the current, initially flow-
ing into the current sheet, suddenly turns its direction toward
4.2 Substorm current wedge the loop footpoint, where currents are locally concentrated

and intensified.

If the fast reconnection builds up somewhere in the magneto- The key to the current wedge evolution is the 3-D Alfic

tail, it should extend in both the earthward and tailward direc-fast reconnection jet limited in the finite extent in the z-
tions. In fact, in association with substorms, distinct plasmadirection, and the underlying physical mechanism is consis-
processes are observed in the near-Earth magnetotail, sud¢ént with the physical picture of the substorm current wedge.
as strong earthward jet and magnetic field dipolarization. InAccording to the current wedge evolution, the concentrated
particular, it has long been believed that the near-Earth taicurrents may give rise to joule heating in the layer of the loop
sheet current is suddenly disrupted so that a large-scale cufeotpoint. However, the current wedge evolution (Fig. 7)
rent wedge evolves and links the tail sheet current to the audoes not exactly model the substorm current wedge, since
roral electrojet through field-aligned currents (McPherron etthe x=0 boundary does not model the realistic ionopheric
al., 1973). Since there have been many observational eviboundary; in fact, the plasma situations in the ionosphere
dences supporting this idea, it is essential for substorm studare much more complicated. Hence, it may be instructive

www.ann-geophys.net/26/3875/2008/ Ann. Geophys., 26, 3B5&3-2008
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Fig. 9. Current density vectors at different times in the chromosphe®). In the left bottom, the current wedge formation is shown.

to model the solar surface and examine the basic effects ovheren=2, Jc=3 andk;=0.0001 are assumed. Hence, we
the current wedge evolution. may generally take the resistivity model,

n=ns+np+ny, (8)
wherens=nc (T /To)~ 1 is the Spitzer resistivity{=P/p
The solar surface may be modeled as follows (Ugai, 2007biS the temperature arih=1+po the initial coronal tempera-
2008a): Plasma densigyinitially satisfies ture; alsoy¢=0.0000001 is assumed). The other conditions
are taken to be quite the same as in Sect. 4.2.
Figure 8 shows the plasma flow vectors and the distribu-
tions of the joule heatingJ? at different times, and Fig. 9
, shows the temporal changes of the current density vectors in
where Ro=100 is taken, and the=0 plane corresponds t0 o chromospherer0). According to the current wedge
the chromosphere, and the corona is f0p0.4. Also, in o\ 5ytion, the current density is suddenly enhanced in the
addition to the resistivity model (4), we may take another ..o mosphere, leading to distinct increase of the joule heat-
anomalous resistivity model ing in the chromospheric thin layer around the separatrix
(Karlicky, 1995). In the coronax(1), the joule heating
ny(r.0) = kil 3,0 | =Jel"  for[J|> Jc. along the magnetic loop boundary (Fig. 8) corresponds to
=0 for|J|< Je, (7 the standing slow shock layer. The strong joule heating in the

4.3 Two-ribbon flares

p(x,y) = {Roexp—(x/0.H* + LIP()/L1 + Bo),  (6)

Ann. Geophys., 26, 38753883 2008 www.ann-geophys.net/26/3875/2008/
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Fig. 10. Temperature distributions in the corona and in the chromosphe@)(by contour lines at different times.

chromosphere may enhance the temperature. Hence, Fig. 1~ y I
shows the temperature distributions and indicates that ths () B mmozwok\
chromospheric temperature becomes more than 20 times it ¢ -7 ——
initial value. 1

We see from Fig. 10 that the chromospheric temperature
is suddenly enhanced in the shape of two ribbons (due tc
symmetry boundaries), and the chromospheric region of en
hanced temperature becomes wider and shifts upward witl
time. Also, the flare loop of high temperature expands out- \
ward in the corona, and the significant chromospheric evap
oration occurs (Fig. 8) because of the pressure enhanceme _S/Ak
in the chromosphere. These features are consistent with th__2
well-known morphological features of two-ribbon flares.

Then, an important question is how the current wedge car
build up. In this respect, we find that there is an MHD gen-
erator ahead of the magnetic loop, whé&rd~u-(JxB)<0.
Figure 11 shows the current flow lines that pass through the
generator region and indicates that a generator current cit
cuit is formed. We hence conclude that the MHD genertor
ahead of the magnetic loop drives the current wedge. Also
global MHD simulations have suggested that the magnetic
field dipolarization and the generation of sheared fields in-
side the loop are fundamental for the current wedge evolu:
tion (Raeder and McPherron, 1998; Janhunen and Palmrott
2001). Hence, Fig. 12 shows the magnetic field lines thai
pass through the spatial points on thalirectional line at
x=0 andz=1.5. We in fact see that when the fast reconnec-
tion jet collides with the loop at time~42, the field lines
inside the loop are distinctly sheared, giving rise to field-
aligned currents to form the current wedge (Fig. 11). s

LT

Fig. 11. (a)Current flow lines, denoted k¥4, that pass through the
5 Summary and discussion generator region ahead of the loop top, antbirthe current wedge
(CW) that is formed simultaneously is also shown.
Any theoretical model responsible for geomagnetic sub-
storms must relevantly explain the well-known basic fea-
tures that have been clarified by observations. Hence, theervations of TCR signatures can exactly be explained both
spontaneous fast reconnection model is applied to substorngualitatively and quantitatively (Ugai and Zheng, 2006a, b);
and flares. It is demonstrated that the in-situ satellite ob-also, the 3-D fast reconnection jet collides with the magnetic

www.ann-geophys.net/26/3875/2008/ Ann. Geophys., 26, 3B5&3-2008
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\

Fig. 13. Schematic drawing of the current circuiy, connected
to the MHD generator ahead of the loop top; hdEge,(~—uxB)

is the reconnection electric fieldZ2 is the extent where the fast
reconnection proceedgy is the initial coronal sheet current, and
some part oy becomes the current wedgeWw .

there are many similarities in the basic physics between solar
flares and geomagentic substorms, so that we may conclude
that both flares and substorms result from the same physical
mechanism, i. e., the fast reconnection mechanism.
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