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1 Magnetic reconnection: phenomena and questions

Magnetic reconnection changes which plasma regions are connected by magnetic field lines. A departure
from ideal flux freezing in a small region allows a much larger magnetic structure to reorganize, converting
stored magnetic energy into bulk motion, heat, and energetic particles. The opening figures show how
this process appears in solar observations, Earth’s magnetosphere, and a magnetically confined laboratory
plasma.

1.1 Solar flares: slow storage, explosive release

Solar flares illustrate how reconnection can participate in an explosive release of stored magnetic
energy. Photospheric motions and emerging magnetic flux gradually stress the coronal field, building
magnetic free energy. During a flare, rapid reconnection allows the field to reorganize and releases that
energy into plasma motion, heating, and accelerated particles; the resulting radiation makes the event
visible [1]. The central question is: how can a system loaded slowly release its energy so quickly?

v
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Figure 1: The 2010 May 5 flare: rapid EUV brightening followed by an extended radiative response. Image
credit: NASA/SDO/EVE/ATA/HMI. The original NASA animation and panel guide identify and explain these
observations [2].

Reading the panels. Across the top, A94, A335, and A171 are ATA extreme-ultraviolet images at
94, 335, and 171 A: the hot component of 94 A highlights flare-heated plasma, while 335 and 171 A
emphasize progressively cooler coronal plasma. The colours are assigned to the channels; brightness
depends on emitting plasma and temperature response. The HMI magnetogram shows opposite line-of-
sight photospheric magnetic polarities in black and white. Below, EVE measures full-disk irradiance at
9.4 and 33.5nm (vertical axes) versus time in UT (horizontal axes). These are radiation measurements,
rather than measurements of stored magnetic energy [2, 3].

The explosive signature is the abrupt rise near 12 UT, especially at 9.4nm: the plasma brightens
rapidly, then evolves more slowly. The broader, later 33.5 nm peak is the EUV late phase, emitted by a
higher loop system [3]; it is not pre-flare buildup. These curves show the rapid radiative response, while
the preceding magnetic-energy storage must be inferred from magnetic observations [1].


https://svs.gsfc.nasa.gov/10817
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1.2 From a connectivity change to a solar eruption

The left panel of figure 2 isolates the local geometry. The red and blue curves approach a narrow layer with
oppositely directed magnetic-field components. Small arrows on the curves indicate the field direction;
the large yellow arrows show plasma flowing inward from above and below and outward to the left and
right. The circled crosses mark a current into the page, associated with the field reversal.
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Figure 2: Left: inflow, a field reversal and current layer, and two reconnection outflows. Right: the same
local process embedded in a solar magnetic structure, with an upward-moving structure and newly formed flare
loops below. The right panel is a schematic, not an observational image. Solar schematic credit: NASA/SDO.

To identify reconnection, follow the connections: after passing through the non-ideal region, a line joins
plasma regions that were previously on different lines. The newly connected field is sharply bent, and
magnetic tension accelerates plasma away from the layer. The cartoon represents this connectivity change;
it does not mean that magnetic field lines literally end or that V - B becomes nonzero.

The right panel places this geometry above the solar surface. Here the inflows are horizontal and the
outflows vertical. Reconnection produces a lower set of loops connecting opposite photospheric polarities
and an upper magnetic structure that can move outward. Energy transported into the lower loops and
their footpoints contributes to the flare emission. This connects a localized change of connectivity to a
large-scale eruption and heating. It also poses the scale-separation problem: how can a small non-ideal
region process the flux and energy of a much larger system?
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1.3 Earth’s magnetosphere: the Dungey cycle

Figure 3 illustrates the Dungey cycle: circulation of magnetic flux and plasma through Earth’s
magnetosphere, driven here by solar wind carrying a southward interplanetary magnetic field (IMF).
The wind flows from left to right. Red regions mark the two principal reconnection sites: the dayside
magnetopause and the nightside magnetotail current sheet.
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Figure 3: The Dungey cycle under southward IMF. Dayside reconnection opens terrestrial flux; nightside
reconnection closes it again. Red regions mark reconnection sites schematically. Arrows along the curves
indicate magnetic-field direction, not particle trajectories or convection velocities. The return of closed flux
around Earth’s flanks is not fully shown in this side view. Image credit: NASA.

Dayside reconnection opens magnetic flux. At the magnetopause, terrestrial field reconnects with the
IMF. Closed field lines, with both ends connected to Earth, become open lines with one end connected to
Earth and the other extending into the solar wind. This connection enables transfer of solar-wind energy,
momentum, and plasma into the magnetosphere.

Convection transports open flux into the tail. The solar wind pulls the open flux tailward, stretching
the field and storing magnetic energy in the tail lobes. The ionospheric footprints of the open field lines
move across the polar caps from day to night. This stage mainly transports and deforms flux through
approximately ideal motion.

Nightside reconnection closes flux and releases stored energy. Oppositely directed fields from the northern
and southern tail lobes reconnect in the central current sheet. Reconnection produces newly closed
terrestrial field lines on the earthward side and disconnected flux on the tailward side. Magnetic tension
drives earthward and tailward outflows, converting magnetic energy into bulk motion, heating, and particle
acceleration.

Closed flux returns to the dayside. Newly closed field lines contract earthward and then convect around
the dawn and dusk flanks toward the dayside, completing the circulation. This three-dimensional return
path corresponds to sunward flow at lower latitudes in the ionosphere, completing its two-cell convection
pattern [43, 45].

The cycle follows magnetic flux, rather than a common orbit for all electrons and ions. Particles can
also stream along field lines, remain trapped, or precipitate into the atmosphere. Auroral precipitation is
distinct from the earthward bulk outflow.
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1.4 Tokamak sawteeth: buildup, crash, and recovery

Figure 4 shows electron-temperature profiles reconstructed from electron cyclotron emission in a poloidal
cross-section of the TFTR tokamak. The horizontal coordinates R and Z are spatial positions; height
represents T, in keV, and the colours show the temperature excess above a reference profile. The “mountain”
is a temperature distribution, not the shape of the plasma [4].

Figure 4: Four stages of a sawtooth crash, separated by approximately 120 us. The hot core is initially peaked
(Time 1), becomes displaced and distorted (Time 2), and rapidly flattens (Times 3-4). The slower buildup and
subsequent recovery are not shown [4, 45].

During the slow buildup, continued heating raises the core temperature while the current and pressure
profiles evolve. The magnetic field initially has nested flux surfaces that limit radial heat transport. In
the standard sawtooth picture, a central region with safety factor ¢ < 1 is surrounded by a ¢ = 1 surface.
Here g measures field-line winding: ¢ = 1 means one toroidal turn per poloidal turn [45].

As the equilibrium evolves, a helical internal kink instability can grow, displacing the hot, current-carrying
core. Its m = n = 1 structure has one variation around each of the poloidal and toroidal directions. The
displacement concentrates current near the ¢ = 1 surface and drives reconnection there: the instability
supplies the deformation, and the non-ideal layer permits magnetic connections to change. The trigger
depends on the current and pressure profiles and kinetic effects; ¢ < 1 alone does not specify the crash
time [45, 47].

The main temperature collapse in the figure occurs between Times 2 and 3. Rapid reconnection and heat
redistribution belong to this crash stage, with the core largely flattened by Time 4. Newly connected
field lines allow fast parallel electron heat transport between the hot core and cooler surrounding plasma,
reducing the central temperature and warming the surrounding region. These temperature maps show
when heat moves, but do not pinpoint the first instant of reconnection or imply complete reconnection:
accompanying magnetic measurements in this experiment found only a partial relaxation of the field [4].

After the crash, the relaxed profiles reduce the instability drive. Continued heating and current-profile
evolution rebuild the core until another crash occurs. The central temperature therefore shows a slow rise
followed by a fast fall, repeatedly: this is the sawtooth cycle [47].

Ordinary sawteeth are common in tokamak fusion plasmas and are usually localized core relaxations, not
catastrophic disruptions that terminate the discharge. Small, frequent sawteeth can even help prevent
impurity accumulation in the core. Large crashes can, however, trigger other instabilities that degrade
confinement, which is why sawtooth control matters [47].
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1.5 The questions these examples pose

The examples lead to four connected questions:

1. Rate: how fast does reconnection occur? How rapidly does magnetic flux change its connections
compared with an Alfvén crossing time?

2. Onset: what triggers rapid reconnection? Why can a stressed magnetic configuration persist
and then begin reconnecting rapidly?

3. Energy partition: where does the released energy go? How much becomes bulk flow, ion
heating, electron heating, or nonthermal particles?

4. Modelling: how do we represent unresolved reconnection? How can a simulation capture
its effects when it cannot resolve the non-ideal layer?

We begin with induction and flux freezing to establish what ideal motion permits. Current-sheet formation
then explains how small spatial scales arise; tearing describes an instability of those sheets; and the
Sweet—Parker model provides a first estimate of a steady reconnection rate. The later applications return
to the observational questions introduced here.
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2 Induction, diffusion, and frozen magnetic flux

2.1 The induction equation and its time scales

The starting point is the resistive induction equation,

0B
5 = Vx(uxB)+ 7nV2B. (2.1)
Given a plasma flow u and magnetic diffusivity 77, how does B evolve? We retain the distinction between

electrical resistivity and magnetic diffusivity:

u x B
C

2
. . c _ne
=7, g:EVxB, n=-— (2.2)

FE .
+ 47

Thus 7 is the coefficient in Ohm’s law and 7 is the coeflicient in the induction equation. The latter has
dimensions of length squared divided by time. We take it to be spatially uniform in the estimates below.

If the field changes only by diffusion across a length L, then

B B L2
~ T]ﬁ, 7’77 ~ —. (23)

1

Tn

Here 7, is the characteristic time for resistivity to diffuse away a magnetic structure of amplitude B and
length scale L, reducing its amplitude by an order-unity fraction.

For the solar corona, take L ~ 10*km and a classical magnetic diffusivity 7 ~ 1m?s~!. Then T, is of
order 10° years [46], whereas a typical flare lasts only 10 minutes to an hour. Diffusion alone is far too
slow to explain a solar flare. We must therefore consider the nonlinear term V x (u x B), which couples
plasma motion to magnetic-field evolution. Advection and stretching can form thin current sheets, where
diffusion acts on a much shorter length scale.

For incompressible flow, V - u = 0, equation (2.1) becomes

0B
E+(u-V)B:(B-V)u+ﬁVZB, V-B=0. (2.4)
Comparing advection with diffusion on the same characteristic scale gives
[(u-V)B| LU
B )

If the relevant velocity is the Alfvén speed, the corresponding dimensionless number is

B Lvy L
S = E— 2.6
va NZYTX n [ TAL vA (2:6)

Both Rm and S can be very large. Representative estimates place solar-coronal S around 10%-10'4,
with values of order 10® also illustrating the magnetotail and tokamak cases. These are scale- and
parameter-dependent estimates, using a macroscopic L.

2.2 Flux through a moving surface

Let a surface S(t), bounded by C(t), move with the plasma. Its magnetic flux is

\p:/ B-dS. 2.7)
s()

6
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Figure 5: Magnetic flux through a surface bounded by a contour that moves with the plasma. The change
includes both the local change in the field and the flux swept out by the moving boundary.

There are two contributions to its change: the field changes at a fixed point, and the surface moves.

Keeping both,
d‘l’:/ aB.dSJrj[ B (uxdl)
S(t) C(t)

dt ot
:fc/ (VXE)-dS— | Vx(uxB)-dS
S(t) S(t)
— ¢ VX(E%—UXB)'dS
S(1) c
_l—c[ WV x@j)-ds. (2.8)
S(1)

For ideal Ohm’s law, the right-hand side vanishes: magnetic flux is frozen into the flow. At finite resistivity,
a sufficiently concentrated current can make the non-ideal term important locally even when macroscopic
S is large. This motivates the next question: how does the plasma form a thin current sheet?

3 Formation of current sheets

3.1 A stagnation flow and a magnetic-field reversal

The Chapman—Kendall example uses a two-dimensional magnetic field and a flow that compresses in x
while stretching in y. Writing an explicit constant field scale B, in the field,

B =B, (LZ) % 0) . u=(=T(t)z, T(t)y, 0). (3.1)

The component By, reverses across ¢ = 0, and both fields are solenoidal. The simplest case takes I'(t) = T',
a constant.

Substitution into ideal induction gives the evolution of the two coefficients. For example,
a
0By +u-VB,=——By, —T'oB,, B -Vu, =TB,.
a

Therefore

' L
&~ _op, 7 =2T0,  |a(t) =ape ™", L(t) = Loe™™". (3.2)
a
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Figure 6: The field and flow geometry used to illustrate current-sheet formation. Here a and L parameterize
the magnetic gradients in equation (3.1).

These factors of two follow from the field and flow in equation (3.1). The coefficient a sets the field
gradient in this local linear-field model; it is not, by itself, the width of an entire advected magnetic profile.

b= 5 o~ 7w 33

200t

The current is

Once a < L, the first term dominates and j, oc e“' 9*. Thus an initially smooth ideal flow can build a

strong magnetic gradient.

3.2 When does a non-ideal layer matter?

Equation (2.8) shows why current concentration matters: resistivity is small, but 75 need not remain
negligible in a thin layer. The exact field in equation (3.1) is linear in position and has V2B = 0; it
illustrates gradient growth. Resistive diffusion becomes important when the actual current-sheet profile
develops the small-scale structure absent from that local ansatz.

Earth’s magnetosphere provides two examples (figure 7). On the dayside, solar-wind pressure presses
the solar-wind magnetic field against Earth’s dipole field, forming a sharp field transition across the
magnetopause current sheet. On the nightside, tailward stretching brings oppositely directed lobe fields
together across the magnetotail current sheet [45]. Current concentration can develop through ideal
deformation before non-ideal effects become important in the thin layers [5].

Dayside compression Tailward stretching
-

Solar-wind flow

-
'

-
'

Gm) 4 HHC KT ———=

Solar-wind field

(southward IMF)

Dayside current sheet Earth’s Tail current sheet
(magnetopause) dipole field

Figure 7: Solar-wind pressure compresses the purple solar-wind field against Earth’s teal dipole field. Southward
interplanetary magnetic field (IMF) is shown, opposite to the northward dayside field; near the boundary, the
IMF is in the magnetosheath. Thick orange segments mark the dayside and tail current sheets. Orange arrows
show flow or forcing; purple/teal arrows show field direction. Schematic, not to scale; the bow shock is omitted.
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4 Reduced MHD and tearing instability

Tearing couples two processes: a magnetic perturbation drives a flow, and that flow changes the magnetic
perturbation. Reduced MHD (RMHD) describes this coupling with a flux function and a stream function.
We first specify the approximation and interpret its equations, check that they support Alfvén waves, and
then use the same equations to calculate tearing growth.

4.1 Ordering: which motions are retained?

Take a straight, uniform guide field along £ and constant density pg. Throughout this section only,
magnetic fields are expressed in velocity units:

Bphysical Bg,physical (4 1)
VArpo VA po
We write the velocity as U. The subscript L refers to the (x,y) plane, perpendicular to the guide field. A
standard Alfvénic RMHD ordering is
|w]

B U k
2 o2t A exr, e (4.2)
VAg  Vag kL kivag

B = BZ’UAhqﬁ—i-BJ_, VA, g =

Here k) measures variation along the guide field, k; measures variation across it, and w is a characteristic
fluctuation frequency. The ordering means small field-line tilts, transverse speeds small compared with
the guide-field Alfvén speed, structures elongated along the guide field, and dynamics slow compared
with a perpendicular Alfvén crossing. Small amplitudes do not remove the nonlinear terms: Uk, can be
comparable to v4 gk| because the perpendicular gradients are larger.

This ordering constructs the model; particular solutions can have still slower evolution or vanishing kj.
It does not require the velocity and magnetic perturbations of a growing tearing mode to have equal
amplitudes. We retain the transverse, incompressible Alfvénic dynamics. Density fluctuations, parallel
flows, and compressive magnetosonic waves are not evolved in the two-field model used here. For classical
resistive tearing we take uniform magnetic diffusivity 7 and neglect viscosity. As before, 77 is magnetic
diffusivity, not the electrical resistivity n in Ohm’s law.

4.2 Stream function, flux function, vorticity, and current

Define the stream function ¢ and flux function v by
U, =%2xVip, B =2xV,1] (4.3)

In components, (U, Uy) = (—0y¢,0-¢) and (B, By) = (—0y4,0,%). Both fields are automatically
divergence-free in the perpendicular plane. The contours of ¢ are instantaneous streamlines. The contours
of v trace the transverse magnetic field at fixed z; when 0, = 0, a full magnetic field line stays on a surface
of constant 1. Differences in v give transverse magnetic flux per unit length in z, in the velocity-unit
normalization. Both ¢ and v have dimensions of length squared divided by time.

Taking one curl gives

(V X U)z = V2L¢7 (V X B)z = VQL@Z} (4'4)

Thus V3 ¢ is the guide-direction vorticity: it measures local rotation of the transverse flow. The quantity
Viw measures the guide-direction current, with the conversion to physical current density

. c\/4Ampo

Jz,physical = Tviw (4'5)
A sharply curved flux function therefore means a strong current. The flux function itself is not the current,
just as the stream function itself is not the vorticity.
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4.3 The equations and the meaning of every term

Use the Poisson bracket convention

[f,9)=2-(VLf xVig)=0,f0yg— 0yf 09 (4.6)
The definitions immediately give two useful identities for any scalar f:
(¢, f]=UL -V.f, [, f]=B1-V_f. (4.7)

A Dbracket is therefore a directional derivative. Its physical role depends on whether the direction is set by
the flow or by the magnetic field.

The resistive RMHD equations are

O + [6,9] = va40.0 + 1V, (4.8)

V2 ¢+ [0, V2 6] = 04,40, V2% + [¢, VIl (4.9)

The first is the induction equation expressed in terms of magnetic flux. The second is the guide-direction
curl of the momentum equation: taking a curl eliminates the pressure gradient. We use these equations
without carrying out the full asymptotic reduction of MHD.

Flux equation. The term 0;¢ is the change of flux function at a fixed location. The bracket [¢, ] =
U, - V1 describes its advection by the transverse flow. In a two-dimensional ideal system their sum
vanishes: the flux function is carried with the plasma. The term vy4 40.¢ describes bending the guide field
when neighbouring positions along it move differently. The term 7V ¢ is resistive diffusion; it permits
magnetic flux to slip relative to the flow and allows magnetic connectivity to change.

Vorticity equation. The term (‘)tViqS is the local change of vorticity. The bracket [¢, Vigf)] is advection
of vorticity by the fluid. The term v4 ,0,V?2 9 is the linear magnetic-tension contribution to the vorticity
evolution. The bracket [¢, Vilﬁ] is the nonlinear magnetic-tension contribution: it measures variation
of the current-related quantity along the transverse magnetic field and can drive or modify the flow’s
vorticity. It is not advection of vorticity by the fluid.

The two magnetic terms can be read together as
vag:ViY + [, ViY] = (B - V)Vi. (4.10)

This is the guide-direction curl of magnetic tension in the retained dynamics. Magnetic pressure is part of
the pressure gradient removed by the curl. Thus the two equations describe a feedback: the flow bends or
advects magnetic flux, and magnetic tension changes the flow.

4.4 Check: the same equations support Alfvén waves

Linearize about the uniform guide field with no transverse equilibrium field or flow. Products of
perturbations, including the Poisson brackets, vanish at linear order. Set 77 = 0 to isolate wave propagation:

O = v 0.0, HVA ¢ = v4,40,V3iP. (4.11)

For a Fourier mode with k; # 0, the factor —k% cancels from the second equation, giving 9;¢ = v 4,90:1.
Taking another time derivative yields

Oy =03 402 (4.12)
For propagating modes proportional to exp[i(kL - x| + kjz — wt)], with k| # 0,
2 2,2 w
w? = kifvg = — 4.13
| YA,g ¢ k”UA,g ( )

10
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For the propagating modes, ¢ = F¢ on the w = +kjv, 4 branches, so U} = FB,. A transverse motion
bends field lines; magnetic tension provides the restoring response, producing a shear-Alfvén wave travelling
in either direction along the guide field.

For tearing we now add a reversing transverse equilibrium field and choose perturbations independent of
z. The explicit guide-field derivatives vanish, but the magnetic brackets remain. Setting 9, = 0 does not
remove magnetic tension: the reversing field still couples flux and flow through those brackets.

4.5 A reversing sheet: equilibrium and linearization

Take the equilibrium, in the velocity units of equation (4.1), to be
By =va 42 + By(2)y, By(x) = vatanh(z/a), Uy = 0. (4.14)

Here v4 is the Alfvén speed based on the reconnecting field far from the reversal, whereas v4 4 is based on
the guide field. The strong-guide-field realization has v4 < v4 4. The pressure balances the transverse
magnetic pressure. Treat the sheet as quasi-static on the instability time: its slow resistive diffusion can
be neglected while the perturbation grows.

The equilibrium flux function obeys 1, = By, so one choice is 19 = ava Incosh(z/a). Let
Y = ho(z) + 1 (z)ePv ¢ = ¢1(x)erv 1, 0, =0. (4.15)

The amplitudes 11 and ¢, describe the magnetic and velocity perturbations; primes below mean d/dz. In
particular By, = —ikty; and Uy, = —ik¢;. We seek the linear growth rate v(k), not a steady reconnection
rate or the final magnetic-island size. Keep three lengths distinct: the equilibrium sheet thickness a, the
along-sheet scale k!, and the much smaller non-ideal layer width 6;,.

Equilibrium Tearing perturbation

A A .
Y — Magnetic island
Y Y

L]

=0 Variation along the sheet: ¥

Figure 8: A reversing field and the island structure associated with tearing. The equilibrium varies across the
sheet; the perturbation varies along it.

Only the equilibrium—perturbation brackets survive linearization. In the induction equation,
(1™ 4ho] = —ikBygre™. (4.16)

In the vorticity equation, the flow-advection bracket is quadratic and drops out, while the magnetic
bracket gives two terms:

[Yo, V3 (1€*)] = ik By (] — k1 )e'™, (4.17)
[1e™, 4] = —ikBy ey, (4.18)

11
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Suppressing the common exponential therefore gives
b1 = ikByg1 + (¢ — k1), (4.19)

V(@ — K1) = ik [ By (v — K1) — By (4.20)

The first equation describes flux growth, motion across the equilibrium flux gradient, and resistive diffusion.
The second balances the change of flow vorticity against magnetic driving: the equilibrium field acts on
the perturbed current, and the perturbed field samples the equilibrium current gradient. These are the
two magnetic brackets just evaluated.

At the neutral line, B, (0) = 0, so
791(0) = 7Y (0) — k*¢1(0)]. (4.21)

A regular growing reconnecting perturbation with 11 (0) # 0 therefore needs a non-ideal term. Its free
energy comes from the equilibrium magnetic field; resistivity enables the connectivity change.

4.6 The ideal outer region and the matching parameter

Define the sheet-scale times and Lundquist number using the reconnecting field:

a a? ava

TAa = Tna = —» Sa = — > 1. (422)
VA n n

The classical tearing calculation assumes 7, ° L <« 4 < kva. The background diffuses slowly, while the outer
magnetic field adjusts rapidly compared with the growth. Away from x = 0, neglect resistivity and then
the small inertial term in equation (4.20). This gives

BI/ w
n_ (k24 2y -0 _ v ) 4.23
1 ( + By> wl ) ¢1 ZkBy ( )

Solve separately on either side, with perturbations decaying far from the sheet. The outer solution fixes
the slope change that the inner solution must accommodate:

I wi,out(0+) - sz)ll,out(o_)
A - wl,out(o)

(4.24)

Here 0% denote extrapolation of the outer solutions towards the centre. The apparent derivative jump is
smoothed within the resistive layer; it is not a discontinuity of the actual finite-resistivity solution. In this
classical model, A’ > 0 gives the unstable tearing branch.

For the Harris profile, a decaying solution on > 0 is

tanlrllc(;c/a)} 7

Use its even continuation on z < 0. Evaluating the value and slope at the centre,

P1ou = Ce ™ {1 + k> 0. (4.25)

wl,out(o) = C’ wi,out(0+) =C <_k + 1) ) wi,out(o_) = _wi,out(0+)’

ka?

SO

1
ANao=2— -k . 4.26
o (k ) (4.26)

Thus ka < 1 is unstable, and A’a ~ (ka)~! at long wavelengths. The outer problem supplies the magnetic
geometry and matching condition. It does not yet determine how quickly the central layer can reconnect.
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4.7 The inner layer and the constant-flux approximation

Inside 0y, < a, approximate By ~ vax/a. Since kdi, < 1, transverse derivatives dominate over k. The
leading inner equations are

., VAT _ ., VAT
Y1 = Zk?7¢1 + 797, VP =~ ZkT - (4.27)
In the FKR or constant-i regime, the perturbation flux is nearly uniform across the layer, with typical
value .. It still grows in time. Matching to the outer solution requires the derivative to change by
approximately A’1). over a distance dy,, giving

, Al change of 11 across the layer
1~ )
6in ¢c
A small fractional change of flux does not mean a small curvature or current: the change occurs over a

very short distance. Using 9] ~ t./62 here would incorrectly assume an order-unity change across the
layer.

~ Ay < 1. (4.28)

Ignoring phase factors and order-unity coefficients, three amplitude balances suffice:

A/
Ve ~ 1) (5¢C’ growth and diffusion at the centre, (4.29)
in
VA0in .
Ve ~ k Oin, flux growth and plasma motion, (4.30)
a
- Oin A/
7% ~ f ZAGN (;’bc, flow inertia and magnetic driving. (4.31)
i a in

Here ¢y, is the typical stream-function amplitude at |z| ~ di,. These are compatible balances across the
layer, rather than an assertion that every term is equal at every point.

The first relation gives v ~ A’ /d;,. Eliminating ¢, between the other two gives
kv \2
7~ (a) Aléi?)n‘

Substituting d;, ~ A’/ then yields

In sheet-scale units the FKR results are [7]

~ 872 (ka) 25 (A )P, (4.32)

YTAq ~ 51;3/5(ka)2/5(A/a)4/5’ 61711
a

The growth rate combines the outer matching condition, magnetic driving, and inner diffusion. At fixed
equilibrium and wavenumber, lowering resistivity slows this classical instability. Check A’d;, < 1 before
applying the result.

4.8 Large matching parameter and the fastest mode

For the Harris sheet at ka < 1, the FKR growth rate becomes y74 4 ~ Sa_3/5(k:a)_2/5: longer wavelengths
grow faster along this branch. But A’ increases as k decreases, eventually violating A’d;, < 1.
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When the flux changes by order unity across the inner layer, use 1} ~ 11 /62, instead. The same inner
equations now give
7_7 5in
~ =, ~ kva—. 4.33

Combining them gives the large-A’ or Coppi scalings [6]:

~ 813 (ka)~1/3, (4.34)

VTaa ~ Sy /3 (ka)?/3, %n

This branch grows faster towards larger k, unlike the long-wavelength FKR branch. The fastest mode
lies near their transition, where A’dy, ~ 1. Using the Harris relation A’a ~ (ka)™! gives 0 /a ~ ka.
Substitute the Coppi width to obtain

Fmaxa ~ S /4, Sinmax /@ ~ Sy /4, (4.35)

a

The corresponding growth rate is

YmaxTA,a ™~ Sa_l/Qa Ymax "~ U114/2ﬁ1/2a_3/2' (436)

These wavenumber scalings use the Harris-sheet form of A’(k). The mode must also fit into a finite sheet:
roughly kmaxL 2 1. The calculation requires a collisional fluid description of the inner layer and negligible
viscous effects; it is not a collisionless-tearing result.

YTA,a Rate

A//m ax
A A ©

N

Fastest mode

\/
I
IS

\4

Figure 9: Two comparisons that organize the tearing problem. Left: the tearing spectrum has a fastest-
growing mode between the indicated branches. Right: as the sheet thins, tearing can overtake the imposed
sheet-formation rate. Curves are qualitative.

4.9 Onset in a forming sheet

Initially the configuration evolves mainly through the ideal flow: the current layer narrows while the
tearing perturbation remains weak. At fixed v4 and 7, equation (4.36) gives Ymax X a=3/2, so thinning
makes tearing faster. Comparing vmax with the sheet-formation rate I'y identifies when tearing can
compete with the changing background, as in figure 9. Actual disruption also depends on the initial
perturbation amplitude and the growth accumulated during sheet formation [5].

The result is a linear instability growth rate. It is not yet a prediction of the nonlinear reconnection
rate. The subsequent nonlinear tearing stage, saturation, and X-point collapse are left for further
reading [8, 9, 10, 11]. We next develop the steady Sweet—Parker model, whose thickness will let us apply
the tearing result to the plasmoid instability.
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5 The Sweet—Parker model

From this section onward, B and the flux function 1 again denote physical magnetic fields and fluxes.
The conversion is Ypnysical = V47 po YrvuD; Vvelocities and magnetic diffusivity 7 are unchanged.

5.1 Geometry and assumptions

The Sweet—Parker model is a two-dimensional, steady, resistive-MHD model of a long, thin reconnection
layer [12, 13]. Let ¢ be the thickness scale of the current sheet and L its length scale, with L/d > 1. The
upstream magnetic field is Bj,, the inflow speed is u;j,, and the outflow speed is ugyt. The field changes
across the sheet over §. Factors of two from using full widths or half-widths do not affect the scaling.

Uin
in
Bout

Uout
| : £ ]

«

m

< >
- >

Figure 10: The Sweet—Parker geometry. Plasma and magnetic flux enter across the long sides; accelerated
plasma leaves through the short ends.

5.2 Match the electric field outside and inside the sheet

Far from the sheet, the current is small enough that the resistive term in Ohm’s law is negligible. In
magnitude,

. B:
anay ~ umc = (51)
Near the X-point, the reconnecting field is small and the non-ideal term supplies the electric field:
. . ¢ Biy
Eag ~ ~ 0 5.2
Ccs ™~ M)z Jz dr o ( )

For a steady magnetic field, Faraday’s law gives V x E = 0. In two dimensions, 0, = 0, its in-plane

components imply
0. E, =0yE, =0.

Thus the reconnecting component F, is spatially uniform. Matching its magnitude between the upstream
region and the current sheet,

Uin Bin - iBin
c n47r )

This relation uses electrical resistivity in Ohm’s law and magnetic diffusivity in the final expression.

oon
Uin 5 (53)

5.3 Incompressibility and the outflow speed

For incompressible flow, V - u = 0, conservation of mass gives

Ui Uu
inL N 5 in ~ out ) 4
u Uoutd, 5~ (5.4)
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The momentum equation has not yet been used. For an energetic estimate, compare the upstream
magnetic energy density with the outflow kinetic energy density:

B 1 B;
8:: ~ qugut = | Uout ~ \/leip = 4. (5.5)

This is a scaling estimate for an Alfvénic outflow, not a statement that all magnetic energy becomes bulk
kinetic energy.

Combine equations (5.3)—(5.5):

sty s A _ Ui
vA Uip m L S
Therefore
in (5 _
Un 90 g-12 g ZUA (5.6)
va L n

5.4 Flux-transfer rate and reconnection time

For a two-dimensional system, write ¢ for the magnetic flux per unit length in the ignorable direction.
The field contained across the sheet has a flux scale Bj,d, and the associated inflow time is §/ui,. Thus

‘ dy Biyo
dt

~ 5/uin ~

Binuin. (57)

The flux-transfer rate is directly related to the reconnection electric field:

d
‘dlf = C’EZ| ~ BiHan. (58)

The normalized reconnection rate is consequently

Bl | Butin Ui | g1 (5.9)
VABin  vaBin  wva

€rec

The normalization also has a macroscopic interpretation. A system of characteristic extent L contains
flux per unit length of order ¢, ~ LBj,. Its reconnection time is

Yy LBu L
free |d¢/dﬂ Binuin Uin

L
~ =82 =7y SV2, (5.10)

VA

Equivalently,

TAL 6712 e (5.11)

Trec

The normalized rate measures how much slower the flux is processed than on a macroscopic Alfvén time.
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5.5 Is the Sweet—Parker rate fast enough?

At very large S, equation (5.6) gives a small inflow and a long reconnection time. For example, take
Ta,, ~ 1s and SY2 108, giving Tree ~ 10%s, or about twelve days. This is far longer than the rapid
solar-flare evolution motivating the discussion.

The Petschek model offers another possibility: a short diffusion region and attached slow shocks can
produce a much faster rate [14]. Establishing that geometry requires additional physics or conditions
beyond the Sweet—Parker assumptions. We do not develop the shock solution here. Instead, we first
examine evidence for Sweet—Parker reconnection and then ask whether its long, thin current sheet remains
stable.

6 Sweet—Parker reconnection in simulations and experiments

The Sweet—Parker model provides a concrete resistive-MHD benchmark. Its prediction is

c|E,| Uin _1/2 Loy
€rec = ~—n~F ) S =—. 6.1
“ T waBwn  va ] (6.1)

The square-root dependence on resistivity is seen in resistive-MHD calculations of the reconnection stage
following current-sheet formation [11]. The Magnetic Reconnection Experiment (MRX) also provides a
laboratory test: measured inflow speeds agree with Sweet—Parker scaling when the appropriate effective
Lundquist number is used [15]. These examples establish the model’s relevance within its regime of validity.
The next question is whether a long, thin Sweet—Parker sheet can remain stable as S becomes large.

TTTT
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i - : 3]
| = | . 1 o m
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0.01p =& ] :
:-"...1 M | i s .: i
0.01 0.10 1E-5 T Es T T Es
1/\/Seff "

Figure 11: Tests of Sweet—Parker scaling. Left: MRX inflow speed versus 1/1/Seg [15]. Right: the square-root
resistivity dependence in a resistive-MHD calculation [11].
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Figure 12: The MRX apparatus at the Princeton Plasma Physics Laboratory, where reconnection can be
studied under controlled laboratory conditions. Image: PPPL/MRX.

7 Is the Sweet—Parker current sheet stable?

A current sheet can form as an X-point collapses during nonlinear island evolution [11]. The resulting
elongated sheet provides the setting for the secondary instability discussed next.

0.25 50 0. . i i 50 -0. . ) 025 050

Figure 13: Magnetic configurations during nonlinear island evolution: an elongated current sheet can itself
develop a secondary island [11].

7.1 The plasmoid instability

At sufficiently large S, the Sweet—Parker current sheet is unstable to a tearing-like instability that produces
many magnetic islands, or plasmoids [16, 17, 18]. Thus a single elongated reconnection layer need not
remain a single sheet.

Applying tearing theory to a Sweet—Parker-type configuration gives the fastest-growing mode scalings
[18, 19]

VmaxTa.cs ~ SY4, kmax Los ~ S/8, (7.1)
L L
Tacs = =2 § = 250 (7.2)
VA n

The striking feature is that the growth rate becomes faster relative to the global Alfvén crossing rate
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as S increases. The number of plasmoids also increases. A commonly encountered onset threshold in
resistive-MHD simulations is S > 10%; its precise value depends on the current-sheet configuration and
other parameters.

e —————— | ——— — ——— —
e — - -3 — - 4 —
= e e —e = e — _ — S — S —
= — —————— — B G s e e — e
e T I " — — e
100 T T T T
F T T T il j 100 pr———rrm— ......&
[ S s
[ o . a ]
< | - 1 3 - .
E ook L . - = 10k . i —
) | = | B
2 o | 2 LI
1 1 1 1 1 L T R ST T SRR
10* 10° 10° 107 108 10* 10° 10° 107 10°
Lundquist number, S Lundquist number, S

Figure 14: Tearing of a Sweet—Parker current sheet. Right: current-sheet geometry. Upper left: increasing
S from 10* to 107 produces progressively more plasmoids. Lower left: numerical growth rates and plasmoid
numbers follow the S'/4 and $3/% scalings [18, 20].

7.2 The nonlinear regime: hierarchical plasmoid chains

The nonlinear layer contains plasmoids separated by shorter current sheets. Those sheets can themselves
become unstable, producing a hierarchy of islands and reconnecting layers [17, 21]. The resulting
configuration is dynamic: plasmoids form, interact, grow, and leave the layer.

In the nonlinear statistical steady state, the reconnection rate becomes approximately independent of
resistivity over the plasmoid-dominated regime, with a characteristic value

€rec ~ 0.01 (7.3)

for the resistive-MHD conditions illustrated here [22, 23]. This is a substantial change from the S~1/2
Sweet—Parker prediction.
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Figure 15: Nonlinear plasmoid reconnection. Left: hierarchical fragmentation of current sheets [17]. Middle:
the evolution of a plasmoid chain [21]. Right: the reconnection rate becomes nearly independent of S, rather
than following the dashed Sweet—Parker scaling [22].

8 Plasmoids in the laboratory, the Sun, and astrophysical systems

8.1 Laboratory and solar examples

Plasmoid formation is not confined to numerical calculations. Laboratory experiments produce reconnecting
plasma flows and resolve structures within the current layer [24]. Solar observations also show small
structures associated with reconnecting layers [25]. These examples connect the current-sheet instability
to systems with very different sizes and plasma parameters. The FLARE experiment at PPPL is another
laboratory platform intended to explore reconnection in large, multiscale current sheets.

8.2 Consequences of plasmoid formation

Plasmoids change the magnetic geometry and the ways in which particles gain energy. Particles can become
trapped in islands and be accelerated as the islands evolve [26]. In three dimensions, instabilities and
the interaction of magnetic structures produce complex, turbulent reconnection dynamics [27]. Plasmoid
formation can also affect the global dynamics of an accretion flow [28].
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Figure 16: A laboratory reconnection experiment. The setup drives two magnetized plasma flows into a
reconnecting layer; the image sequence shows the layer and an evolving plasmoid, indicated by the arrows [24].

Figure 17: A solar reconnection example observed in Ho and the 171 A channel. The different views resolve
the reconnecting structure and its surroundings [25].
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Figure 18: Consequences of plasmoid dynamics. Upper left: a trapped particle and its energization in
an evolving island [26]. Upper right: three-dimensional reconnection with complex magnetic structures [27].
Bottom: an accretion-flow example (image: B. Ripperda); see [28, 29] for related simulations.
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9 C(ollisionless reconnection

When a current sheet approaches ion and electron kinetic scales, resistive MHD is no longer sufficient to
describe its internal structure. The generalized Ohm’s law identifies the additional terms:
vixB . jxB 1 Me Deve D, 0

E _ _Llyg.p e De _ 9
+ c mt nec nev N e Dt’ Dt 0Ot

+ve- V. (9.1)

Here v; and v, are the ion and electron bulk velocities, n is their common number density, e is the positive
elementary charge, and P, is the electron pressure tensor. The current j is the physical electric current
density, and n is the electrical resistivity.

The Hall term, j x B/(nec), distinguishes ion motion from electron motion, with the ion inertial scale
d; = c¢/wy; entering the dynamics. The electron pressure tensor and electron inertia become important
at smaller scales; the electron inertial scale is d. = ¢/wpe. The ion-sound gyroradius p, is another
characteristic scale. Relevant dispersive wave responses include whistler and kinetic Alfvén waves.

The Hall term alone does not break magnetic flux freezing into the electron flow: it changes which fluid
carries the field. Electron pressure-tensor effects and electron inertia can support the electric field that
breaks electron flux freezing. These effects should therefore not all be represented as a scalar “effective
resistivity.”

Figure 19: The MHD description of the layer must be reconsidered when its thickness is comparable to a
particle orbit scale. The sketch compares an ion gyroradius p; with the Sweet—Parker thickness dgp.

A normalized reconnection rate of order

€rec ~ 0.1 (9.2)

is common in collisionless reconnection. Understanding why this value appears across many configurations,
and how it depends on the plasma conditions and geometry, is an important part of reconnection research
[30, 31].

10 Challenges and astrophysical applications

10.1 Why the problem remains difficult

Reconnection is intrinsically multiscale: microscopic physics changes field connectivity within a thin
layer, while the inflow, outflow, and energy release involve much larger regions. The dynamics are often
time dependent, even when time-averaged rates can be defined. The wide range of plasma conditions
and magnetic geometries makes it difficult for a single simplified model to capture every reconnection
environment.

10.2 Particle acceleration, radiation, and black-hole environments

Reconnection can efficiently produce nonthermal particles. Kinetic simulations demonstrate the develop-
ment of broad particle-energy distributions as magnetic energy is released [32]. Radiative cooling adds
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another channel to the energy budget and can modify the reconnecting plasma; both two-dimensional
kinetic studies and three-dimensional radiative calculations explore this coupling [33, 34].

10°

1072

7 dN/dy

Figure 20: Kinetic and radiative reconnection. Upper left: the development of nonthermal particle-energy
distributions [32]. Upper right: three-dimensional reconnection with radiative cooling [34]. Bottom: structure

in a radiative kinetic reconnection calculation [33].
Black-hole environments provide a setting where reconnection, particle acceleration, and radiation are
closely connected. Reconnecting structures arise in simulations of black-hole magnetospheres [35], and

reconnection-powered particle acceleration is a proposed source of TeV flares [36].
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Figure 21: Reconnection near black holes. Left: magnetic structures in a black-hole magnetosphere calculation
[35]. Right: an example of how reconnection-powered particle acceleration can contribute to TeV emission [36].

11 The interaction between reconnection and turbulence

11.1 Reconnection in a turbulent background

Turbulence changes the geometry of a reconnecting layer. In the field-line-wandering picture, the width
through which plasma leaves the layer is controlled by the wandering of magnetic field lines, rather than
solely by the resistive Sweet—Parker thickness [37]. A broader outflow region permits a faster reconnection
rate.

Numerical calculations with a turbulent background show rates of order 0.1 for the parameters illustrated
here, with much weaker resistivity dependence than the corresponding laminar Sweet—Parker case [38].
This numerical value is an example, rather than a universal rate independent of the turbulence strength
and geometry.

11.2 Reconnection-mediated turbulence

The influence also runs in the opposite direction. Turbulence generates thin current sheets. If tearing
disrupts those sheets before the turbulent cascade transfers their energy onward, reconnection becomes
part of the cascade dynamics and can change the turbulent spectrum [39, 40].

Large simulations show plasmoids within turbulent current sheets and a change in spectral behavior
associated with reconnection [41, 42]. The key connection is that reconnection and turbulence need not be
treated as separate processes: turbulence creates the structures that reconnect, and reconnection changes
the subsequent transfer of energy.
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Figure 22: Reconnection in a turbulent background. Left: the comparison between a Sweet—Parker layer
and a layer broadened by field-line wandering [37]. Right: numerical reconnection rates with and without
background turbulence [38].
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Figure 23: Reconnection within turbulence. Top: current sheets and plasmoid-containing structures revealed
by successive enlargements [41]. Bottom: an example of a spectral change associated with a reconnection-
mediated range in a high-resolution calculation [42].
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Recommended Reading

Where to start. Item 1 is the main recommended tutorial. Item 2 gives a short overview, and item 3
follows the Sweet—Parker-to-plasmoid sequence in these notes. Use item 4 as a detailed reference; choose
items 5-8 according to your interests. Each entry identifies a reading focus and its connection to the
lectures.

1. First priority: a tutorial on collisionless reconnection

Y.-H. Liu, M. Hesse, K. Genestreti, et al. (2025), Ohm’s Law, the Reconnection Rate, and Energy
Conversion in Collisionless Magnetic Reconnection, Space Science Reviews 221, 16 [48]. Read the
open-access article.

Reading focus: begin with the introduction, then Sections 2, 3.1, and 4: breaking flux freezing, the rate
of symmetric reconnection, and energy conversion. Read Section 3.2 for asymmetric dayside reconnection.
This is the closest tutorial companion to our discussion of generalized Ohm’s law, ion/electron diffusion
regions, fast reconnection, and energy budgets (Sections 1 and 9 of these notes). Its main topics can be
read separately.

For a shorter companion on the rate question: P. A. Cassak, Y.-H. Liu, and M. A. Shay (2017), A review
of the 0.1 reconnection rate problem, Journal of Plasma Physics 83, 715830501 [31]. Article.

2. Broad physical context: why reconnection matters

E. G. Zweibel and M. Yamada (2016), Perspectives on magnetic reconnection, Proceedings of the Royal
Society A 472, 20160479 [44]. Open article.

Reading focus: the connection between magnetic topology, energy release, and the coupling of microscopic
layers to large-scale systems. Use this perspective to connect the solar, magnetospheric, and laboratory
examples in Section 1 to the central questions of the course. For a longer companion, see the same authors’
Magnetic Reconnection in Astrophysical and Laboratory Plasmas (2009), Annual Review of Astronomy
and Astrophysics 47, 291-332 [43]. Open article.

3. From Sweet—Parker layers to plasmoid-dominated reconnection

N. F. Loureiro and D. A. Uzdensky (2016), Magnetic reconnection: from the Sweet—Parker model to
stochastic plasmoid chains, Plasma Physics and Controlled Fusion 58, 014021 [49]. Open manuscript.

Reading focus: Sections 1-2, especially why a long, thin layer becomes unstable and how nonlinear
plasmoid chains change the reconnection picture. This directly supports Sections 5-7 of these notes. On a
first pass, focus on the physical arguments and scaling results; the detailed tearing calculation can be
deferred.

4. A comprehensive reference for theory, experiments, and observations

M. Yamada, R. Kulsrud, and H. Ji (2010), Magnetic reconnection, Reviews of Modern Physics 82,
603-664 [45]. Open article.

Reading focus: Section II for observed examples, Section III for classical theory, and Section VI for
two-fluid physics and diffusion-region structure. Consult the relevant part when revisiting a lecture, rather
than reading this long review straight through. Pair its foundational treatment with item 1 for more
recent collisionless results.
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Recommended Reading: topical extensions
5. Relativistic reconnection and high-energy emission

L. Sironi, D. A. Uzdensky, and D. Giannios (2025), Relativistic Magnetic Reconnection in Astrophysical
Plasmas: A Powerful Mechanism of Nonthermal Emission, Annual Review of Astronomy and Astrophysics
63, 127-178 [50]. Published review; open manuscript.

Reading focus: start with the relativistic regime and kinetic-simulation picture, then follow particle
acceleration, plasma heating, and radiation into the astrophysical applications. This is the main rec-
ommended high-energy review for Section 10 of these notes. Ask how the upstream magnetic energy is
divided among bulk motion, thermal particles, nonthermal particles, and emitted radiation.

6. When radiation changes the reconnection dynamics

D. A. Uzdensky (2016), Radiative Magnetic Reconnection in Astrophysics, in Magnetic Reconnection:
Concepts and Applications, edited by W. Gonzalez and E. Parker, Springer, pp. 473-519 [51]. Book
chapter; open manuscript.

Reading focus: radiative cooling, radiation-reaction limits on acceleration, and their feedback on
reconnection. Compare cooling and dynamical times, and identify which terms alter the energy budget.
This more specialized chapter complements item 5 and the radiative examples in Section 10; select an
astrophysical application after reading the basic physical discussion.

7. How turbulence changes reconnection

A. Lazarian, G. L. Eyink, A. Jafari, et al. (2020), 3D turbulent reconnection: Theory, tests, and
astrophysical implications, Physics of Plasmas 27, 012305 [52]. Published review; open manuscript.

Reading focus: magnetic-field-line wandering, stochastic flux transport, and the role of a broadened
outflow region. This develops the turbulent-background picture in Section 11 of these notes. Read it
alongside item 8: the two reviews emphasize different mechanisms and contain differing assessments of
when each controls the dynamics. Compare their assumptions about geometry, scales, and times.

8. How reconnection changes a turbulent cascade

A. A. Schekochihin (2022), MHD turbulence: a biased review, Journal of Plasma Physics 88, 155880501 [53].

Published review; open manuscript.

Reading focus: Section 7, on the interaction of MHD turbulence with reconnection. Follow the
comparison between a tearing growth time and an eddy lifetime, and how disruption can alter the cascade.
This is the most direct bridge from our turbulence lectures to the final part of Section 11. Section 12 of
the review is an optional extension on decaying turbulence; detailed asymptotic derivations can be left for
a second reading.
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