96

18. MAGNETIC RECONNECTION has evolved around it. In this chapter I'll try to give an
overview of this culture, both the simple treatments of-

Magnetic reconnection is an innocent-sounding nameten found in the literature, and an impression of what
for an important, and initially unintuitive, process. It Mmight realy happen.

can be defined as the breaking, and topological rear- Space examples are often quoted — the interaction
rangement, ofB field lines. That means, it violates of the solar wind with the earth’s magnetosphere, or
what we've learned about magnetic flux conservation —the rapid energy release that creates a solar flare. But
which says that th8 lines are “frozen into” the plasma. reconnection is also important in laboratory plasmas,
Magnetic flux is conserved only when resistive dissipa-where it underlies the “Taylor relaxation” process we
tion can be ignored; reconnection is an effect of local- talked about in Chapter 15; and it is critical to the exis-
ized, intense dissipation regions. It results in magnetictence of the dynamos that are responsible for the earth’s
energy being converted to plasma energy (both heat andnd sun’s magnetic fields.

bulk motions).

Because reconnection allows field lines to be rear-
ranged, and to “move through” a plasma, it can "Con- 14 get the stage, think back to the induction equation,
nect” regions of plasma which had previously been
magnetically isolated. To be specific: think of space OB )
plasma, where the electrical conductivity is very high e Vx(vxB)+nV°B (18.1)

(all those free charges can move where they want to),

and therefore the flux freezing limit is a good one. This The first term on the right-hand side describes inductive
means that the plasma particles can freely move anaffects of the plasma flow on thB field; the second
mix along field lines, but cannot do so across the field.term describes resistive diffusion or dissipation. The
A particle always remains tied to the same field line asratio of the two terms is given by the magnetic Reynolds
it moves with the plasma flow. Think, then, about two number,

initially separate plasma regions which come into con-

tact with one anothér.lt follows that the two plasmas Rm — Lo (18.2)
will not mix; rather, a thinboundary layerwill form '
between them, which keeps them quite separate. (The

location of the boundary layer is, of course, determinedwhere the magnetic diffusivity = ¢?/4ro ando is the

by pressure balance and large-scale fluid dynamics.) Irelectrical conductivity. It's worth noting, here, that we
general, the magnetic fields on either side of the bound-can “uncurl” (18.1), to get

ary layer will have different strengths and orientations,

A. Advection vs. dissipation of magnetic field

so that acurrent sheemust exist within the boundary E=Y«B + QV <« B (18.3)
layer. ¢ ¢
Thus, flux freezing leads inevitably to the predic- _ and remember from Maxwell thaB /9t = —cV x

tion that in plasma systems space will be divided into E; so there is also alt field in the system when we

separate cells, which contain magnetized plasma fronhaye either advection/(x B) or gradient§ V x B).
different sources, separated from each other by thin cur- Now, envision a region of adjoining, magnetically

rent sheets. Based on what we've Seen up to now, th‘?solated regions, as in Figure 18.1, and think about how
plasmas from these separate domains should be able ﬁ?might evolve.

mix only very slowly, as resistivity dissipates the cur-
rent and magnetic flux. Looking ahed to (18.5), this
should happen on the (usually very slow) timescale, B
Taiss ~ L*/n. But: the answer is much more inter-
esting. A mixture of dynamics and resistivity allows X j

the topology of the magnetic field to change, and the

plasmas to mix, on a much shorter timescale. This pro- B
cess is callethagnetic reconnectigrand quite a culture

Figure 18.1. The setting for a reconnection event — the
oppositely directed field separates plasma in the regions

1 To be specific, think of the solar wind where it encounters the
P above and below the current shegtidcated atr ~ 0).

earth’s magnetosphere. Both of these are diffuse, maguktiz
flux-frozen plasmas.
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1. RESISTIVE LIMIT: FIELD DECAY ON AXIS a parameter of the problem .. and so people usually

. . ) o prefer to estimate aAlfven time:
First, consider the highly resistive case, wiran < 1.

We have simple diffusion, L
TA Y — (18.8)
vA
9B _v’B (18.4)
ot wherewv 4 is evaluated at large distances from the cur-

As we saw earlier, we expect the field close tothe 0 rent sheet.

line to decay, and the current sheet to broaden, with We might expect that, would be the best we could
time (the first is also described & lines “diffusing do to annihilate magnetic flux — simply drive the field
through the plasma”), This basic equation has well-into the dissipation region. We’'ll see below that things
known solutions; I'm storing one in the Appendix to aren't this easy — thaty underestimates the timescales
this chapter. But we don't need the full solution to (or overestimates the reconnection rate). The inflow
guesstimate the timescale for this process. Ifthe must be regulated by the dissipation rate ... so the final
extent of the system is initiallv L, then from (18.4) answer for the reconnection timesscale will be some-

we can directly estimate traiffusion time where betweem, and7gy .
L? B. Steady, 2D Reconnection
Tdif f = 7 (18.5)

Our next task, then, is to combine advection and diffu-
This limit destroys magnetic energy, and heats thesion. When we keep both terms in (18.1), we lose the
plasma — but it doesn't, by itself, change the magneticchance at simple analytic solutions. Instead, we’ll work

topology. with dimensional and scaling argumehts
2. ADVECTION LIMIT: FIELD GROWTH ON AXIS 1. WHY DO FIELD LINES “BREAK"?
Alternatively, consider a highly conductive case, when To understand how resistivity can “break” and “recon-
Rm > 1. Now, the first term in (18.1) dominates; nect” field lines, think about the geometry in Figure
18.2. We know resistivity is important in regions of
8_B =V x (vxB) (18.6) high current density - such as the central region (around
ot OP). If we set up this geometry and waited awhile, the

and we talk about magnetilux freezing In the context ~ c€ntral magnetic field would decay as the current layer
of Figure 18.1, envision the plasma flowing towards the SUPPOrting them is dissipated. This would deplete the
current sheet, with some velocity,. Because of flux ~Magnetic pressure in this region. The plasma above
freezing, theB lines will be carried with the plasma, 2&nd below this region would be pushed inwards by its
in towardsz = 0. Thus, B will grow, close to thez- own pressure, bringing a in a fresh supply of field (and

axis (the field lines must bunch up as they're carried in-Plasma).
wards). I've also put one analytic solution to this prob-
lem in the Appendix to this chapter. Once again, we
can also estimate alynami¢ timescale for this pro-
cess, without knowing the details:

L
Tdyn 7 (18.7)
Its also worth noting that this process can't continue
forever — at some point the magnetic energy will build
up enough to exert a back pressure and shut down the
flow ... unless this energy is dissipated as heat which A . _ ot

can escape the system. That means that we have to infFigure 18.2.  lllustrating a sinple reconnection geometry;
corporate both advection and dissipation ... which leads see text for discussion. Following Choudhuri figure 15.2.
us to reconnectoin.

But first, one more timescale. We'll find below that 2 Thjs is the true state of the field, folks .. it's either thesaling
the inflow velocityV, is something to be solved for, not  arguments, or numerical simulations.
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Now, look at this in more detail (I'm following annihilating magnetic field and energy (where does it
Choudhuri’'s discussion here). The field lines ABCD go?).
and AB’C’'D’ move inwards, with velocityv;,. Even- « Next, use the induction equation. In a steady state,
tually the BC and B'C’ parts of the field lines decay jtis v x (v x B) = V2B, which gives (by dimen-
away. The AB part of the field line is moved to EO, gjonal/scaling analysis)n
and the AB’ part of that field line is moved to E'O.
Thus, these “fragments” of two original field lines now vinB _nB
make up one new field line, EOE’. And similarly, the I 12
parts CD and C'D’ eventually make up a new field line, o ]
FPF’. Thus, “cutting and pasting” of field lines (other- This is saus that we can keep the diffusion region steady
wise known as reconnection) takes place in the centraif the rate at which flux is brought in is equal to the rate
region. And, of course, there must be plasma flow awayat which it is annihilated. We can also note that there

from the region — sideways in this cartoon — to conserveMust be ark field, as shown in the figure, to maintain
mass. the current sheet. From Maxwell, we get

Vin = ? (18.11)

d 4 B 4
2. SWEEFPARKER MODEL j=0E: VxB=Tje ~ = MeE  (18.12)
C C

We can be more quantitative about this geometry, and

find simple scaling laws to describe this situation. The Whereo is again the electrical conductivity.

model I'm describing here iSweet-Parker reconnec- ¢ Thirdly, consider force balances. In the vertical di-

tion, and is illustrated in Figure 18.2. rection, we note thaB — 0 at the center of the current
sheet, and that — p,,q. there (its maximum value).

\_&"m/} Pressure balance in this direction therefore requires

- = Bg
Vv o = Pmaz — Po (1813)
out 8
e l —]I= - .
L Vout Along and within the current sheet (call that thedi-
. —/— rection), there is n& x B force, so only the pressure
gradient accelerates the flow. We have then,
V.
. ' . vy Op V20
Figure 18.3. Geometry of Sweet-Parker reconnection. pUy—2 ~ ——; WY~ Paz — Do (18.14)
The current sheet (grey shaded area) has transverseiwidth dy dy 2

and lateral extent The input velocity isv;,, and the output
velocity iSvey:. The inductiorE « v x Bisnormaltothe  Thus, the outflow speed must be
system (into/out of the paper), as is the current in the carre

sheet. Quantities far away from the current sheet are 9

B2
labelled with subscript. Following Cowley figure 5.5. Vout = %24 =

18.15
Tnp (18.15)

Our analysis is strictly two-dimensional and steady k- we can combine these three parts to get our

state. Il assume the flow is incompressible — that it yain results, namely, the inflow velocity ahd thickness
stays at constant density (which turns out to be a goodys ihe dissipation layer:

approximation ifv;, andw,,; are both subsonic. There

are three important steps here. 9 VAN 9 nL
. , . Vi, 2 ——; [#~— (18.16)
e First, mass conservation requires L vA
Vinl = Vol (18.9)  To connect with the literature, we can also rewrite our

results in terms of Rm:

From this, directly, conservation of magnetic flux gives
v, B2 L?
2 =AL. B2 o — —o . 2" (18.17)
Bovin = BoutVout (1810) tmn Rm '’ out Rm’ Rm .

Thus: the outflow speed must be significantly faster Thus, wherRm < 1 — which we expect for the highly
than the inflow speed (because we're assumigg L). conductive plasmas in our examples — reconnection is
The outflow field is much smaller than the inflow; we're indeed slow.
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3. ENERGETICS numberes, any “rate* 1/(Rm)'/? is called “slow re-

Short notes here: wh q h > Wh connection”.)
ort notes here. where coes the energy go: en Thus, Sweet-Parker reconnection is faster than just

you work through the energetics, you'l find that the ohmic decay; but observed reconnection events proceed
incoming kinetic energy is small (because the inflow Yi L ; P
much faster than this simple model predicts. People

speed is slow); most of the incoming energy is electro—have therefore, spent a lot of time trying to invent faster
magnetic (Poynting flux). But also, magnetic energy is versié)ns of this,ch))deI Some are argfoﬁows
dissipated in the current sheet; this drives a plasma out- ' "

flow. One can show that the outgoing kinetic energy (in . Speed up the reconnection?

the plasma flow) is equal to half of the incoming EM

energy (question: where does the other half go?) I'm just putting brief comments here; this section
would be far too long if | attempted a full review of
the arguments.

!
+
T

1. PETSCHEK RECONNECTION

This model has gotten a lot of attention in the liter-

ature, but does not seem to be supported by recent
work. Several people approached the slowness prob-
lem in the Sweet-Parker model by changing assump-
tions about the geometry; the Petschek model (Figure
18.35) is the most generally discussed of these models.
The point of the Petschek model, and its relatives, is to
keep the lateral extend of the diffusion region small; if

Figure 18.4. Numerical solution for Sweet-Parker-type € reconnection region occupies only a small fraction
reconnection. This simulation (presumably) started with a Of the system size, then the scaling arguments above
field geometry like that in Figure 18.1, and continued umtili give an inflow rate faster than what the Sweet-Parker

reached a steady state, as shown. The upper figure showsmodel predicts.

magnetic field lines; the lower one shows velocity vectors.

-1l

You can see that a slow flow in from the top and bottom has v \
changed the field topology and driven “jets” of plasma out /
the sides. From James Drake, Maryland. V @®E <] B

4. TIMESCALES AND RATES A <|;) €|> Va

This analysis gives us, finally, tregpontaneous recon-

nection rate the rate of slow inflow that allows thinge m\
B

to go steadily. /

Many au"[’hors describe the, solution as a "recon-  gigyre 18,5, Sketch of the field and flow configuration
nection rate”, despite the imprecision of this term. Or,  “in the Petschek reconnection model. A small central

they use its Alfven Mach number (defined in terms of diffusion region, of scald.*, bifurcates into two,
the asymptotidB,) as a rate: standing-wave current sheets (standing slow-mode shocks)
in the downstream flow; again shown shaded. Following
; 1 Cowley Figure 5.6.
Mg = 0~ (18.18) yHg

V4o (Rm)l/2
In Petschek’s original modélhe argued that two
We might better talk about a “reconnection time”, as slow-mode standing shocks exist in the outflow region,
a geometric mean of the (slow) diffusion time and the and they determine the lateral siz&;. Similar, more

(much faster) dynamic time,,, = L/va;: general, solutions to this were also given by Sonnerup
I (1970). This class of solutions is often quoted in the
Trog ™ — (Tdifdeyn)1/2 (18.19) literature as the answer to the slowness problem. These

mn

Clearly this type of reconUeCtion is “medium fast™ 3 Note that this is not A. Petschek who used to teach at Tech: |
Tayn < Tree < Taiss- (OF, in terms of Alfven mach believe it is a relative.
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solutions assume that the diffusion region will adjust electric fields (again on microscopic scales; they won’t
itself to respond to the external boundary (driving) con- affect the macroscopic dynamics that we're studying in
ditions, in doing so makind.* ~ [ and thus making the this course).

reconnection rate nearly independent)of

Do Petschek-type mechanisms work? It looks at
present as if the Petschek mechanism is not obtained
in real situations. Several numerical simulatioasy(
Biskamp 1986, Ugai 1995) have looked for steady
reconnection solutions, and found that simple, two-
dimensional systems will reach the Sweet-Parker so-
lution for low inflow rates. At higher rates, however,
the simulations find a transition to unsteady behavior,
rather than a transition to the Petschek mode. In addi-
tion, recent lab work which was configured explicitly
to measure reconnection physicéreview by Kulsrud,
1998) seems to support the Sweet-Parker model.

Plasma physics details: the most common origin
of microturbulence istreamingof charges rela-
tive to the background plasma. If the streaming
speed is high enough — typically greater than the
plasma thermal speedy, x /kT/m — the sys-
tem is unstable, and some of the streaming kinetic
energy is turned into microturbulence. The most
common way to set up relative streaming is with
a high current density. As abovg,= nevp; a
higher j leads to a higher drift velocity, and
whenvp > vy, streaming instabilities occur. But
the current density is controlled by external con-
ditions — for instance by the scale over whiBh

2 COMPRESSIBLE FLOW changes significantly, in the simple reconnection

models. Thus, thin current sheets high current

Another suggestion is that the plasma in the dissipa- density=- microturbulence.
tion region (DR) is compressed. If this is the case, thenOnce microturtubulence is created, stochastic electric
(18.9) is replaced by, poL =~ voutpprUout- Thiswill  fields will scatter the plasma particles; if the plasma tur-
increasev;,, relative tov,,; — its a plausible idea, but pulence is strong enough (and very weak levels will do)
I'm not aware of any lab tests yet. This will be investi- this turbulent scatteringwill be much more important
gated in the homework. than single-particle interactions. Because this is a non-
linear process (at what amplitude does the turbulence
saturate?), we can't write down collision times from

This is my personal favorite, and is a good example of 'St Principles.  One common approach (way to get
how plasma microphysics can be important in macro-&round this) argues that we can get an upper limit to the
scopic situations. That is: the electrical resistivity ~ 'eSIStVty (Iowgr limit t0 7.1y iS t0 Setreou = 27/wy,
which sets the size of the term, is traditionally cal- I @, = 4mne”/m is the square of thelasma fre-
culated assuming Coulomb collisions are the mecha dUeNCYin cgs units). This is used in (18.20) to estimate
nism for energy transfer and dissipation. (Check the@nomalous conductivitgr anomalous resistivity
appendix of Chapter 1 for Coulomb scattering, and the
back of Chapter 13 for conductivity discussions). The

critical point is that electrical conductivity is reguldte  Reconnection is a very active field these days. I'm just
by the collision rate of the Current-Carrylng electrons: putt|ng a few short comments here; once again’ these

, ) notes would be very long if | tried to review the entire
o= % = ”Zﬁ’D ~ B (18.20) field.
m

3. ANOMALOUS DIFFUSION

D. Other approaches

_ o 1. SPONTANEOUS RECONNECTION
wherer,,; is the electron collision time.

Now, Coulomb collisions are the “hands-off’ The simple models assumed a steady state, with some
particle-particle collisions that result from the long- Mass inflow to balance the flux annihilation. Thus they

range nature of the electrical force. They must happer@re “driven” in a general sense. But the plasma will find
in any ionized plasma — but they are slow (at least initS Own way; oppositely directed magnetic fields across
|ow_density p|asma87 SUCh as Space or the |ab), and thu@ th|n current Sheet W|” .Spontaneous.ly reconnect. .Th|S
not very effective at dissipating a current. Are Coulomb iS called atearing instability; and typically results in
collisions the only dissipation mechanism? The an-formation ofmagnetic islandin the current sheet. Fig-
swer is, almost certainly not. If the plasma is turbu- ure 18.6 illustrates this behavior.

lent on microscopic scales (which is very likely to be This instability can be studied analytically; the math
the case), and if the turbulence involves charge separais long and horrendous, and I'll put it in a later chapter.
tion (ditto), we expect the plasma to contain fluctuating It can also be studied with numerical simulations; an
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example of that will also be in that later chapter. field, in a reconnection event. Flares have motivated
much of the work on steady-state models; however as
an outsider | suspect time-dependent, patchy, localized
reconnection must be taking place.

e Reconnection at the magnetopause, where the so-
lar wind hits the earth’s magnetic field. Spacecraft ob-
servations suggest this is very patchy, localized and
time-dependent. Picture, for instance, magnetic flux
tubes being carried along in the solar wind; and let one
of them impact the magnetopause, which also has its
field bunched into ropes. This process can allow solar
wind plasma, and field, to penetrate into the magneto-

sphere.
There are many numerical simulations of dynamic
~ Figure 18.6.  Effect of a perpendicular plasma ~ reconnection in the literature; I'll bring some to class.
displacement in a neutral sheet, leading to field comprassio
for the ideal caser(= 0; top figure) and to field disruption 4. THREE-DIMENSIONAL RECONNECTION
and island formation for the resistive cage#£ 0; lower
figure). Following Biskamp Figure 4.4. Another observation: only rarely can a reconnection

event be well described by a two-dimensional analy-
sis. My last example in fact assumed this — because
the intersection of two magnetic flux ropes is clearly a

This is a different approach. It's worth remembering three-dimensional process. Going to 3D is challenging,
that the 2D models above are all “passive”: put two mis- and work is only starting here (helped significantly by
alignedB fields together and wait to see how quickly recent advances in resistive MHD codes). If I can I'll
they reconnect. But nature does not always work thisPring some recent images to class.

way. One can envision a situation in which the two
anti-parallel magnetic structures ahéven togetherby
large-scale flows in the system (one example of this is
MHD turbulence, in which different parts of the plasma  References
move in random directions, at a speed set by the ener-
getics of the turbulence). In this case one (this one aﬁ
least) expects that the inflow speed,] in our nota-
tion above) will be set by the large-scale flow (say the
turbulent speed). How can the reconnection site adjus
to this? Some authoreg. Parker) suggest that the
internal structure of the reconnection layer — its thick-
ness, density or resistivity (set by microscale turbulence
therein) — will adjust as necessary. | personally tend to
agree with them.

2. DRIVEN RECONNECTION

Some of this is “just from me”, from my reading
n the field. I've taken the basic Sweet-Parker and
Petschek material from Priest; and the two formal so-
{utions in the Appendix from Priest & Forbes.

E. Appendix

3. NON-STEADY RECONNECTION 1. DIFFUSION-ONLY SOLUTION

Here’s another personal impression: who says steadyRefer back to Figure 18.1, so that we have a 1D prob-
state reconnection is relevant to any natural situation3em. B = (0, B(z,1),0); and take the figure as an ini-
That is: the arguments above show that steady refial condition

connection models must be forced, sometimes rather

severely, to connect with what we think is occuring B=B,,x>0;B=—B,,x <0 (18.21)
in nature. But examples of non-steady reconnection
events are easy to find: The time evolution of the system is governed by
e Reconnection in solar flares. Flares are seriously
transient events; the large amount of energy released is OB o’B

believed to be due to very fast annihilation of magnetic o Torz (18.22)
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There are scads of different ways to solve this equation. 2. ADVECTION-ONLY SOLUTION

One uses a Green function: ) ) o )
Refer again to Figure 18.1, but this time specify a ve-

Bz, t) = /G(x — 2/, t)B(a’,0)dx’ (18.23)  locity field which describes inflow towards = 0, but
also allows flow out the sides (to conserve mass):

and for this initial condition, the Green function is vy = _VOE L, = Voy (18.28)
a
1 / . e . .
Gz —a',t) = me‘(x‘x /4t (18.24)  This satisfiesV - v = 0 (incompressible); and has
(4mt) streamlinesry = constant. As an initial condition,
From this we get the desired solution, in terms of anpick aB field which increases going away fram= 0,
error function: and changes sign at= 0:
2B —0) = z
B(z,t) = \/_O erf <—z t> B(z,t =0) = B, cos - (18.29)
T RVa
m/mn (18.25) Figure 18.8 shows this geometry. If we ignore diffu-
_ 2B, o du, sion, our governing equation is
ﬁ 0 OB
z0B 'V,
— —V,——=—B 18.30
ot °a Oz a ( )
B(x,t)
B o - y
) i
8 - 7 "NBE\\ el . '
T "y N
Figure 18.7. Solution for the magnetic field as a function g v
of time, “diffusing” away from a current layer at= 0. The
arrow shows the direction of increasing time; solution ‘
details are in the text. Following Priest & Forbes figure 3.1. .

; ; ; i Eiqy_Figure 18.8.  Solution for the magnetic field as a function
This has the expected behavior, as illustrated in Fig of time, being advected into a current layenat. 0. The

ure 18.7: the .B f|_eld decays W'th tlme, near the cur- dotted lines are velocity streamilines; the magnetic field
rent sheet, which itself spreads with time. One can also pilds up close ta: = 0 as time goes on. Solution details

show that the total current stays constant: are in the text. Following Priest & Forbes figure 3.3.
j= 9B L] = /jdx _ b (18.26) Priest and Forbes present a cute solution to this.
41 Ox 2m Consider the characteristic lines (in the t) plane)
and that the magnetic energy decays with time: z(t) = z.e” Vot/a (18.31)
dup B 0B B 9°B (clearly z, is the initial value ofx, on a given velocity
| am o™ | o2 dz line, att = 0). Along these linesB obeys
9B\ 2 dB 0B dx0B
=L (2] da (18.27) z_Z_ oz
ir ) \ oz e ot dt oz (18.32)
Ar \ 2 2 - O_B -V £8_B — EB
=L <—]> dw:—/‘]—dw ot a0x  a
4 c o

(where we've integrated by parts in the second line, and 4 check back to Chapter 1 for the definition of streamlines, and
used basic Maxwell in the third). how to find them from the velocity field.



(the first line is just chain rule, and the second line no-

tices connects back to eqgn 18.30). But now it's easy:

along the characteristic lines, (18.31), the solution is
B(z,t) = Boe"*!/ cos (%) (18.33)

All we have left to do is write this in terms dfz, ¢)
everywhere:

B(x,t) = B,e"!/? cos (gev‘)t/a) (18.34)

This shows that the field accumulates — grows in
strength — near the = 0 axis; in fact it concentrates
there (closer and closer o= 0 as time goes on.

However, this clearly isn't a physical solution, be-
cause ifB grows exponentially, magnetic pressure will
react back on the flow.
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