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Despite the widely discussed role of whistler waves in mediating magnetic reconnection (MR), the
direct connection between such waves and the MR has not been demonstrated by comparing the
characteristic temporal and spatial features of the waves and the MR process. Using the whistler wave

dispersion relation, we theoretically predict the experimentally measured rise time (7;,) of a few
microseconds for the fast rising MR rate in the Versatile Toroidal Facility at MIT. The rise time is closely
given by the inverse of the frequency bandwidth of the whistler waves generated in the evolving current
sheet. The wave frequencies lie much above the ion cyclotron frequency, but they are limited to less than
0.1% of the electron cyclotron frequency in the argon plasma. The maximum normalized MR rate R =
0.35 measured experimentally is precisely predicted by the angular dispersion of the whistler waves.
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Introduction.—It has been suggested that the whistler
waves facilitate fast magnetic reconnection (MR) as seen
in a series of simulation studies [1-4]. However, direct
evidence of the whistler frequencies and associated time
scale has never been presented from these simulations.
Drake et al. [5] argued that the MR in the simulations
was facilitated by whistler waves, but the MR exhaust was
opened by the propagation of kinetic Alfvén waves. The
lack of clear signatures of the whistlers from the simula-
tions led to an opposing view that the whistler waves might
not facilitate fast MR [6]. However, there is evidence of the
whistler mode facilitating fast MR in laboratory experi-
ments as reported by Ji et al. [7] and Egedal et al. [8].

Ji et al. [7] measured whistler waves within the electron
diffusion region in the Princeton MRX plasma facility;
they emphasized that the anomalous resistivity associated
with the waves supported the fast MR. Egedal et al. [8]
reported detailed information on MR time history mea-
sured in the Versatile Toroidal Facility (VTF) at MIT. They
reported a MR time scale of a few microseconds over
which the spontaneous MR rate increased dramatically as
the current sheet (CS) thinned in response to an applied
magnetic stress. They found a maximum normalized MR
rate R = 0.35. We find that these experimental measure-
ments are of seminal importance as they enable us to
demonstrate for the first time that the whistler waves do
indeed facilitate fast MR in thin CSs. Using a whistler
mode dispersion relation, we demonstrate that the experi-
mentally measured time scale or the rise time (7s) of
the MR rate is quite well determined by the inverse of the
whistler wave frequencies (f) confined to the lower part
of the whistler band, f; < f < f.., where f; and f. are
the ion and electron cyclotron frequencies, respectively.
The wave frequencies are in turn determined by the transit
time of the reconnecting magnetic field into the diffusion
region [9]. We further find that the maximum MR rate is
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R = tan(0,,c), where 6,,,(=19.5°) is the maximum
group velocity cone angle of the whistler waves [9,10].

Results from MIT VTF experiments.—The results from
the MIT VTF experiments are highlighted here. The ex-
perimental plasma parameters are as follows: plasma
density n, = 1.5 X 10'® m~3, electron temperature T, ~
25 eV, and reconnecting magnetic field B, = 4 mT. Ions
are Ar" with temperature T; ~ 1 €V, and ion to electron
mass ratio M/m = 73 440, giving Alfvén velocity V,, =
10 km/s with B,,. The VTF device has a guide magnetic
field (B, ~ 36 mT). The corresponding electron and ion
cyclotron frequencies are f. = 1.1 GHz and f =
15 kHz, respectively. The typical plasma scale lengths
are the ion skin depth d; = 1 m, electron skin depth d, =
0.37 cm, and the ion-acoustic Larmor radius p, ~
10 cm ~ 28d,.

The sequence of events leading to explosive MR occurs
after applying magnetic stress by enhancing the reconnect-
ing antiparallel magnetic fields. The CS half-width is w ~
6.5 cm = 18d, at t = 45 us after the stress application
and itreducestow ~ 2 cm = 5d, att = 80 ws; the widths
are estimated from Fig. 3 in Ref [8].

Figure 1 (Fig. 5 in Ref [8]) shows the time history of the
measured MR rate; for t <70 us the MR electric field is
small (~2 V/m) and after r ~ 76 us it dramatically in-
creases to ~13 V/m with a rise time 74, <5 ws. We find
that the explosive MR waits until the CS thins to w ~ 5d,
(K py ~28d,) at t ~ 76 us. Since T, <S5 ws is nearly
15 times smaller than the ion cyclotron period, 7, ~
74 ws, the MR cannot be attributed to the kinetic Alfvén
waves, which have time scales larger than 7;. We demon-
strate here that the fast rise time (<5 us) and the large
normalized MR rate R = 0.35 [8] are quite accurately
determined by the whistler waves.

Whistler waves and MR.—The MR produces time-
dependent electromagnetic perturbations (EMP) confined
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FIG. 1. Temporal evolution of MR rate (E..) (solid line),
density (dot-dashed line), and current (dashed line) near the X
line measured in the MIT VTF device [8].

within the CS in the diffusion region. The measured elec-
tric field shown in Fig. 1 is an excellent example of such
EMP. According to Maxwell theory such locally generated
EMP must propagate away from the X line with the group
velocity vector (V). It turns out that V, for the whistler
mode is confined within a wedge [9,10]. Thus the propa-
gation of the MR produced EMP is confined within the V,,
wedge, which emanates from the X-line neighborhood and
flares transverse to the plane containing the reconnecting
and the guide fields. Using the conservation of magnetic
flux from the inflow to the outflow region of the MR, we
relate the inflow to the outflow velocity via the group
velocity cone angle.

The dispersive property of the whistler mode for wave
frequencies between the ion (£);) and electron (£2,) cyclo-
tron frequencies is given by [1,11]

w = [k*/(k; + k*)]Q, cos(y), (D

where k, = d, ! = w,e/C, C is the velocity of light, and k
is the magnitude of the wave vector k, which makes an
angle ¢y from the ambient magnetic field B, the vector sum
of the guide field By, and the reconnecting components;
Q, (Q;) and w. (wy;) are the electron (ion) cyclotron and
plasma frequencies, respectively. The cyclotron frequen-
cies are based on B.

The directional behavior of V, is readily determined by
its components parallel and perpendicular to B, V, =
(dw/dky) and V, = (dw/0k,), giving tan(f;) =
Voi/Ve = —0ky/dk,, where 6, is the angle between
V, and B for the wave vector k [9] and “‘parallel” refers
to B. The perpendicular direction is normal to the plane
containing B, and B, vectors. Thus 6, is the opening angle
for a given k; and kj, along which the corresponding
Fourier component of the EMP propagates out of the
diffusion region. Using (1), we have

tan(6)) = &k ky(k2 — K3)/[2K2K5 + K2 (k2 + K2)]. ()

Thus far, the meaning of frequency w in connection with
MR is not discussed. We take the approach that the fre-
quencies and time scales in a physical process are inversely
related. We relate the frequency (f) to the transit time (7,)
of the inflow across the half-width (w) of the diffusion
region, namely, f = 1/7, and

o =27f =2a/1, =27Vyy/w =27RV,,/w, (3)

where V;, is the inflow velocity into the diffusion region
and the Alfvén velocity V,, is determined by B, the
reconnecting magnetic field. R is defined by R = V;,/Va,.

We further assume that when MR occurs the inflowing
magnetic flux into the diffusion region is converted into the
outflowing magnetic flux; that is, VB, = VB, where
B, is the reconnecting field and B, connects the antiparallel
components after the MR. Thus we have V;, =
(B./B,)Vyy. If the MR exhaust half-wedge angle in the
outflow region is 6, we have tan(d) = B,/B, = V;,/Vu.
We assume that V,, = V4, as found in the experiment [8].
In the Fourier domain, # and V;, depend on k and we
denote them by ¢, and Vj, ;. Thus, the continuity of the
magnetic flux yields

Vink/Vao = tan(6y). 4

This also gives the normalized MR rate R(k ) =
Vink/Vao = tan(6;) as a function of the wave number.
Combining (2)-(4), we find w, and equating it to the
frequency given by the dispersion relation (1), we find
the MR relation:

2m(m/M)"*[B, /(B + BY)'21(d,/w) (kL /k)
X (K + k2)(k2 — KA)[2k2k: + k(K2 + k)] =1. (5)

The foregoing equation determines the spectrum of k| and
k,, for a CS half-width w once the MR initiates. The k
spectrum determines the whistler wave frequencies and the
time scale. The superposition of such waves yields spatial
and temporal features of the MR structure. Note that the CS
half-width w, the reconnecting field B, and the guide field
B, appear in (5) as the main parameters which control the
kjj and k; spectrum and hence the frequencies and the time
scale of the MR process.

For given CS half-widths w, and the values of B, and B,
reported in the VTF, we solve for k) as a function of k; in
argon plasma. We find that (5) permits solutions only for
k| < 1/w. Using the solutions of (5) in (1), we determine
the normalized wave frequency w/();, where (), is based
onB = (B + B3)'/2. Figure 2(a) shows the plots of w/;
versus k | for some selected values of w/d, (labeled on the
curves) over the entire k; spectrum allowed by (5); the
widths are approximately the half-widths of the evolving
CS for t>45 us in the VTF. We see in Fig. 2(a) that
the thinner the CS, the higher the wave frequency. For
w > 18d, the whistler mode almost ceases to exist as
w/Q; — 1. This simply implies that the CS has to be
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(a) Whistler wave frequency w, (b) MR time scale 7,.. = 27/ w, and (c) normalized MR rate R, as functions

of k| for (w/d,) as labeled on the curves. In (a) the horizontal axis is k| d, while in (b) and (¢) it is k| d;. The horizontal broken lines
in (a) show the whistler frequency bandwidth when CS thins from w ~ 5 to w ~ 3d,. The red broken lines in (b) show the widening
range of wave numbers with nearly the minimum time scale as the CS thins. Note the maximum value of R, = 0.35 as shown by the

red horizontal line in (c).

sufficiently thin for the transit time in (3) to be sufficiently
small for the wave frequency w > ();, as required for the
whistler waves. We also note that the maximum frequency
for w/d, = 2 reaches the largest value w/{); ~ 37, which
is only a tiny fraction (w/Q, ~ 0.05%) of the electron
cyclotron frequency. Thus the wave frequencies relevant to
the MR are confined to the lower end of the whistler
frequency range.

Using the basic idea that the frequency and time are
inversely related, we discuss here the time scale of the
whistler-facilitated magnetic MR. Figure 2(b) shows esti-
mates of the MR time scale calculated by 7., = 27/ w, as
a function of k| for w/d, = 2,3, 4, 5, and 8. Note that 7.,
is simply the transit time introduced in (3). The widths
considered in Fig. 2(b) are approximately those for ¢ >
75 ps in the VTF experiment. The time scale curves in
Fig. 2(b) show broad minima, and the minimum MR time
scale ranges from ~7 us for w = 8d, to 2.5 us for w =
2d,. Thus our calculations suggest that as the CS thins, the
time scale decreases and the rate of increase in the MR rate
escalates.

From Fig. 3 in Ref. [8] we estimate that at # ~ 75 us the
CS half-width is w ~ 3 cm = 8d,. For t > 75 us the CS
further thins and we estimate that at # ~ 80 ws the width is
w ~ 5d,. The MR rate begins to increase at r ~ 72 us
(Fig. 1), but the increase is seen to escalate after 7~
76 us; the fastest increase occurs from about ¢ = 76 to
81 us as evidenced by the increasing slope of the MR rate
curve in Fig. 1. This time scale of about 5 us, over which
the MR rate increases dramatically in the VTF, is compa-
rable with the minimum time scales of the whistler waves
shown for 3 < w/d, <5 in Fig. 2(b).

Figures 2(a) and 2(b) show the range of wave number
(kperp = k1) spectrum, which could contribute to the whis-
tler waves. However, the slower Fourier components (k)
with smaller frequencies and larger time scales may not
have the time to affect the MR process as the CS thins.
Thus, only the Fourier components with the minimum time
scale (7,.) could dominantly contribute to the MR in a
thinning CS. Egedal ef al. [8] noted that the fastest time
scale during the rise of the MR rate is about ~3 us.

Figure 2(b) shows that this time scale corresponds to the
minimum value of 7, for w ~ 3d,. However, it is intuitive
to think that the MR time scale over which the MR rate
increases abruptly in Fig. 1 is not associated with a single
CS width w but with an evolving width, generating a range
of whistler frequencies. When fast MR starts at  ~ 76 us
in the CS thinned to w = 5d, and the thinning continues to
w = 3d, as the MR proceeds, Fig. 2(a) shows that the
whistler frequency range is Aw ~ 20();, the difference in
the frequencies shown by the horizontal broken lines.
The corresponding whistler bandwidth is A f = 300 kHz
for f,; = 15 kHz in the VTF. Thus, a good estimate for
the MR rise time is 7,4. = 1/Af = 3.3 wus. Our discussion
here shows that, whether we estimate the MR time
scale from the minimum time scales seen in Fig. 2(b) for
w < 5d, or from the bandwidth consideration, the whistler
time scales are surprisingly close to the measured MR time
scale [8].

Egedal er al. [8] report that the maximum MR rate is
E,.. = 13 V/m (Fig. 1). Since we have V,, 10 km/s with
By = 4 mT and density n = 1.5 X 10'"® m~3, the normal-
ized MR rate is R = 13/V,B, = 0.35. It is exactly the
maximum MR rate, which could be realized by the MR
mediated by whistler waves as shown in Ref. [9].
Figure 2(c) shows the MR rate R(ky) = Vi, ;/Vao =
tan(6;) as a function of k,. We find that irrespective of
the CS width, maximum R is 0.35, corresponding to the
maximum value of 6, = 19.5°, which was first discovered
by Storey [10] in connection with atmospheric whistlers.
The range of k| over which R is near its maximum value
(~0.35) in Fig. 2(c) corresponds to the range of the
minimum time scale in Fig. 2(b). These observations in
Figs. 2(a) and 2(c) are true only when the CS is sufficiently
thin so that MR is triggered. In wide CSs above a threshold
width, whistler may not contribute to the MR. In the VTF,
the threshold width is about w ~ 5d,.

We suggest the following scenario for the time history of
the MR rate in Fig. 1. For <70 us the main feature of the
CS evolution is its thinning as the magnetic flux is trans-
ported inward; for such times there is low MR rate, perhaps
due to residual collisional resistivity. Most of the inward

245003-3



PRL 107, 245003 (2011)

PHYSICAL REVIEW LETTERS

week ending
9 DECEMBER 2011

transported magnetic flux is used in increasing the mag-
netic field in close vicinity of the neutral line resulting in
the thinning of the CS. For r > 76 us, when the CS has
thinned sufficiently and current density is sufficiently large
to drive instabilities, anomalous resistivity sets in and leads
to electron tearing instability involving the whistler waves
resulting in MR. A similar scenario is mentioned in
Ref. [8] and was seen in fully three-dimensional particle-
in-cell simulations of thin CSs, which evolved from
applied magnetic stress [12]; shear-assisted Buneman
instability generated the anomalous resistivity leading to
the explosive evolution of the tearing of the CS. In the VTF
ions are cold and could give rise to the ion-acoustic turbu-
lence. When MR is triggered, reconnected flux is trans-
ported outward in the outflow region bounded by the
group-velocity half-wedge angle of 19.5°. Electrons accel-
erated and heated by the MR process tend to flow out of the
diffusion region, but they are tied to the ions by electro-
static coupling. Thus, both ions and electrons flow out
together with the Alfvén velocity [8] and carry the recon-
nected magnetic flux. Once the MR is triggered in a thin
CS (w < 5d,), both the MR rate and the time scale are
determined by the whistler wave dynamics.

Conclusion and discussion.—The main aim of this
Letter is to demonstrate that time-dependent fast impulsive
MR events can be explained in terms of whistler wave
mode. This mode predicts the escalating decrease in the
time scale of the increasing MR rate as well as its maxi-
mum value as measured in the explosive MR events in VTF
[8]. The whistler waves with relatively short time scales, or
equivalently with relatively high frequencies much above
the ion cyclotron frequency, appear when the reconnecting
CS thins to a half-width (w) of a few electron skin depth.
In the VTF experiment this happens when w < 5d, after
t ~75 wus (Fig. 1). In such a thin CS tearing mode might
initiate the MR. Once the MR begins in the thin CS, the
MR time scale and the rate are accurately predicted by the
whistler wave dynamics. The continued thinning of the CS
causes the escalating decrease in the time scale of the MR.
The agreements on the rise time and maximum MR rate
found in our theory and the VTF are quantitatively close.

We point out that for the MR to take off, the time scale of
the triggering instability (TI) must match with the rate of
supply of magnetic flux into the diffusion region; other-
wise, the MR will not be sustainable. The time scale of the
flux supply depends on the inflow velocity V;, and the CS
half-width w. The synchronism between the TI and supply
rates remains to be demonstrated by lab experiments

and/or three-dimensional simulations. In the VTF [8] for
w < 5d, ~ 1.8 cm, the time scale defined by (3) is 7, <
5 us corresponding to V;, = 0.35 V, ~ 3.5 km/s, but the
instability rate was not measured. In the MRX [7], the
measured frequency shows a bandwidth of about
~1 MHz, approximately revealing a time scale 7, ~
1 ws. From Fig. 2(a) in [7] we infer that w ~ 1 cm at the
time of MR onset, giving V;, ~ w/7, ~ 10 km/s. Thus for
the reconnecting magnetic field B ~ 10 mT, we estimate
reconnection electric field E ~ 100 V/m as reported in [7].
This suggests that the time scale 7, defined in (3) is a proxy
for the instability rate.

Whistler waves are highly dispersive and involve a range
of parallel and perpendicular wave numbers and, therefore,
a range of group velocity cone angles 6, from 0° to 19.5°.
In the VTF [8] the fast rising MR has the smallest time
scale corresponding to €., ~ 19.5° and the associated
wave numbers. In quasisteady state reconnection occurring
over a prolonged time, even the slower time scales corre-
sponding to a broader range of wave numbers contribute to
the reconnection. Thus, the MR rate averaged over the
broad wave number spectrum is expected to be smaller
than the maximum rate R ~ 0.35. The perpendicular wave
number spectrum is determined by the localized structure
of the EMP in the electron diffusion region.

This work was supported by the NSF Grant No. ATM
0647157 and by the Research Enhancement Program of the
Department of Electrical and Computer Engineering at the
University of Alabama, Huntsville.

[1] D. Bishkamp et al., Phys. Plasmas 4, 1002 (1997).
[2] B.N. Rogers et al., Phys. Rev. Lett. 87, 195004 (2001).
[3] J. Birn and M. Hesse, J. Geophys. Res. 106, 3715 (2001).
[4] M.A. Shay et al., J. Geophys. Res. 106, 3759 (2001).
[5] J.F Drake, M. A. Shay, and M. Swisdak, Phys. Plasmas
15, 042306 (2008).
[6] K. Fujimoto and R.D. Sydora, Geophys. Res. Lett. 35,
L19112 (2008).
[71 H.Ji et al., Phys. Rev. Lett. 92, 115001 (2004).
[8] J. Egedal et al., Phys. Rev. Lett. 98, 015003 (2007).
[9] N. Singh, J. Geophys. Res. 112, A07209 (2007); N. Singh,
Europhys. Lett. 85, 49003 (2009).
[10] L.R.O. Storey, Phil. Trans. R. Soc. A 246, 113 (1953).
[11] P.K. Shukla et al., Plasma Phys. Controlled Fusion 46,
B349 (2004).
[12] N. Singh et al., Nonlinear Proc. Geophys. 13, 509 (2006);
N. Singh et al., J. Geophys. Res. 115, A04203 (2010).

245003-4


http://dx.doi.org/10.1063/1.872211
http://dx.doi.org/10.1103/PhysRevLett.87.195004
http://dx.doi.org/10.1029/1999JA900449
http://dx.doi.org/10.1029/1999JA001007
http://dx.doi.org/10.1063/1.2901194
http://dx.doi.org/10.1063/1.2901194
http://dx.doi.org/10.1029/2008GL035201
http://dx.doi.org/10.1029/2008GL035201
http://dx.doi.org/10.1103/PhysRevLett.92.115001
http://dx.doi.org/10.1103/PhysRevLett.98.015003
http://dx.doi.org/10.1029/2006JA012219
http://dx.doi.org/10.1209/0295-5075/85/49003
http://dx.doi.org/10.1098/rsta.1953.0011
http://dx.doi.org/10.1088/0741-3335/46/12B/030
http://dx.doi.org/10.1088/0741-3335/46/12B/030
http://dx.doi.org/10.5194/npg-13-509-2006
http://dx.doi.org/10.1029/2009JA014601

