PHYSICS OF PLASMAS 18, 102902 (2011)

Wave associated anomalous drag during magnetic field reconnection
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The anomalous drag, D, due to large amplitude plasma waves is used for the first time, in place of
n*j, to estimate dissipation at the sub-solar magnetopause and to determine the extent to which this
drag accounts for the reconnection electric field. This anomalous drag is determined by measuring
correlations of the fluctuations in the electric field and plasma density. Large amplitude electric fields
occurred more than 60% of the time in the more than 100 sub-solar, low latitude magnetopause
crossings of the THEMIS satellite. They occurred mainly near the magnetospheric separatrix in the
form of electrostatic lower hybrid and whistler waves. The anomalous drag at the separatrix was
generally <10% of the average reconnection electric field, and it was <1% of the field in the
current sheet. Thus, anomalous drag due to waves is not a significant driver of reconnection or of the
required dissipation at the sub-solar magnetopause. © 2011 American Institute of Physics.

[doi:10.1063/1.3647508]

I. INTRODUCTION

Large amplitude plasma waves are observed in many
regions of space, including the terrestrial magnetosphere, the
magnetopause, magnetosheath, bow shock, and solar wind.
Dissipation due to these waves has been estimated by adding
the ad-hoc term, 17*j, to the electron fluid equation of motion
or to the Generalized Ohm’s Law,' where n* is the anoma-
lous resistivity and j is the plasma current density. The ra-
tionale for this term comes from electric circuits where the
electric field in a resistor is proportional to the current
through it. This proportionality does not arise from a funda-
mental principle. Rather it results from observations in mate-
rials that are called ohmic because they obey Ohm’s Law.
Many materials, including plasmas,” are not ohmic materials.
Thus, anomalous resistivity in plasmas must be replaced by
terms resulting from a rigorous derivation.” A brief descrip-
tion of these terms follows.

Newton’s Second Law for an element of electron fluid
in a collisionless plasma is

neE = —nm(9U,. /0t + U, - VU,) — neU.xB — V - P, (1)

where n=plasma density, U,=electron bulk velocity,
P, =electron pressure tensor, and m = electron mass.

Defining the fluctuating Y-component of the electric
field as 0Ey = [Ey — (Ey)] and the fluctuating plasma density
as on=[n — (n)], the left side of Eq. (1) becomes
[e(n)(Ey) +eondEy + e(Ey)on +e(n)dEy]. After averaging
this expression and Eq. (1) over many oscillations of the
fluctuating components, one obtains’

(Ey) = — (nm(9U, /0t + U, - VU,)y) /e(n)
— (nUexB)y)/(n) — (V- Pe)y/e(n) + Dy,  (2)

where

Dy = Anomalous drag due towaves = —(ondEy)/(n). (3)
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The averaging of Eq. (2) is spatial while the only averaging
of single satellite data has to be temporal. Because the space-
craft moves relative to the magnetopause, it is assumed that
these two averages are the same. A viscous transport term
due to waves is also derived in a similar way.” It is not dis-
cussed here because all of its terms have not been measured
in any space experiment.

Dy of Eq. (2) provides dissipation required for convert-
ing electromagnetic energy to plasma energy and it also con-
tributes to the reconnection electric field, Ey that is required
for reconnection to occur. Thus, the measurement of Dy,
described below for the first time, is fundamental to the
understanding of magnetic field reconnection.

Il. DATA

Figure 1 is a plot of wave amplitudes observed at a typi-
cal sub-solar magnetopause crossing. This and the data in
later figures is plotted in minimum variance coordinates with
X normal to the current sheet and pointing generally sun-
ward, Z in the direction of the reconnecting magnetic field
and pointing generally perpendicular to the ecliptic plane,
and Y, the third component, points generally eastward. Dur-
ing the seven second interval of the plot, the spacecraft
passed from the magnetosphere, through the current sheet,
and into the magnetosheath. Associated with this crossing,
the plasma density of panel b increased by an order-of-
magnitude and the reconnection magnetic field of panel f
changed from the magnetospheric value of +60 nT to the
magnetosheath value of —20 nT. This case exhibits a strong
asymmetry, with the ratio of |Bz|/n differing by a factor of
30 across the current layer. The Hall term in the Generalized
Ohm’s law is proportional to |Bz|/n, so it varies greatly
across the magnetopause. All other events in the present
study exhibit similar asymmetries which result in wave and
other properties that differ significantly from those of the
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FIG. 1. Typical example of wave amplitudes at a sub-solar magnetopause
crossing.

more-often studied but less-often observed (except in the
magnetotail) symmetric reconnection.

By pairs, the successive panels in Fig. 1 present high fre-
quency and 0-10 Hz components of the plasma density, Ey,
and By. The largest amplitude waves occur near a time of
3.5 s at the magnetospheric separatrix, which is the magneto-
spheric boundary of the out-of-plane current sheet deter-
mined from the changing field in panel f. The plasma density
in panel b at this time was about 10 cm >, while the ampli-
tude of the density fluctuations in panel a was about 1 cm >,
Thus, (|on|)/(n) was about 0.1. From panels ¢ and d, one

may estimate that (|0Ev|)/(Ey) was about 5. Thus,
[(|on])([0Ey[}/(n)] ~ 0.5(Ey) ©)

at the magnetospheric separatrix, which suggests that the
anomalous drag of Eq. (3) would be important at this loca-
tion if the correlation between on and JEy (which is not
included in Eq. (4)) is large. It is one purpose of the present
paper to compute such correlations in the estimate of the
anomalous drag not only at the separatrix but also through
the current sheet where the fluctuations are orders-of-magni-
tude smaller.

In a similar manner, from panels e and f of Fig. 1, an
estimate of (|0Bz|)/(By) is ~0.02 at the separatrix and much
less in the current sheet. This suggests that, for the fluctuat-
ing component of neU.xB) in Eq. (2) to be important, the
fluctuations of U, must be larger than 50 times the average
value of U.. These fluctuations have never been measured.
However, such a large value of the fluctuating electron flow
is highly unlikely, which means that it is highly unlikely that
electromagnetic waves contribute significantly to the anoma-
lous drag anywhere at the magnetopause.

During the fall of 2010, more than 100 crossings of
the sub-solar magnetopause near the equatorial plane by the
THEMIS D spacecraft were examined to find that more than
60% of the crossings had large amplitude electric field waves,
where a large amplitude wave is one whose amplitude is
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FIG. 2. (Color) The plasma density, electric field and magnetic field during
a satellite crossing of the sub-solar magnetopause. The red line in panel (g)
gives the lower hybrid frequency while the cone of influence (the black line)
delineates the frequency below which the data are uncertain because the
transform method necessarily includes significant edge effects. The color
scale gives power in arbitrary units.

greater than that of the three-second-spin-period averaged
field. The typical duration of the wave field in these events
was about 10% of the magnetopause crossing time with the
longest events lasting up to 50% of the crossing. Ninety per-
cent of the large amplitude wave events occurred near the
magnetospheric separatrix, 10% were in the current layer and
6% were in the magnetosheath (the sum is greater than 100
because of events that occurred in both the current layer and
the magnetospheric separatrix). The wave amplitude was
greatest at the magnetospheric separatrix. The two predomi-
nant frequency bands observed were below the lower hybrid
frequency and between the lower hybrid frequency and half of
the electron gyrofrequency, with roughly comparable occur-
rence frequencies. The spacecraft potential served as a proxy
for the plasma density* that was needed to compute D. To per-
form this analysis, the experimental data have been averaged
over time (0.25 s) as the spacecraft crossed the current sheet.

An asymmetric magnetopause crossing having large am-
plitude waves only near the magnetospheric separatrix is illus-
trated in Fig. 2, at a time when the THEMIS spacecraft was at
9.9 Earth radii from the center of the earth, at a magnetic local
time of 13:48, and a magnetic latitude of less than 3°. Descrip-
tions of THEMIS instruments, measurements and some earlier
electric field analyses are given elsewhere.”® Panel (c) of
Fig. 2 shows that the reconnecting component of the magnetic
field varied from about 65 nT in the magnetosphere near the
beginning of the plot, to about —35 nT in the magnetosheath
near the end of the plot. Associated with this change across
the current layer, the plasma density of panel (d) increased
from about 0.7 to 35 cm . The guide field for this crossing
(given by the ratio of the average By in the asymptotic regions
to the average |By| in the two regions) was about 0.25, and the
electron beta for this entire event was less than one.
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Panels (e), (f), and (h) of Fig. 2 give the three compo-
nents of the electric field in a minimum variance of B coordi-
nate system. The wave electric field was as great as 200
mV /m. During the large amplitude wave, the average angle
between the fluctuating electric field and the background
magnetic field was 89.5° = 1.7°. The event occurred mainly
on the magnetospheric side of the current layer near the mag-
netospheric separatrix and its duration was about a third of
the total crossing time. There was little electric field power
in the main current layer or in the magnetosheath. The elec-
tric field and plasma density data between the two vertical
dashed lines in Fig. 2 were obtained at 8192 samples/second
while the remaining data were obtained at 128 samples/s.
Thus, the lower hybrid frequency range (25-50 Hz) was well
covered while higher frequency modes were only examined
in the central region of the plot and found to be negligible.

Panel (g) of Fig. 2 is a wavelet spectrogram’ of Ey
obtained from the data at 128 samples/second. The red curve
in this panel is the lower hybrid frequency, and it is noted
that the main wave was both below the lower hybrid fre-
quency and confined to the region around the magneto-
spheric separatrix. (The line at ~0.3 Hz is noise at the spin
frequency.) Although the measurement capability extended
to 4 kHz in the turbulent region, the power in the fluctuating
signals fell rapidly above the lower hybrid frequency.

Figure 3 presents the 0.25 s averages of the reconnecting
magnetic field, By, the out-of-plane electric field, Ey, and the
drag, Dy, of Eq. (3), computed over the lower hybrid fre-
quency range of 4-50 Hz. Also shown, as the dashed line, is
0.1v5Bz, the out-of-plane electric field expected from earlier
simulations and data, where v, is the average Alfven speed in
the asymptotic regions. While there is a correlation between
the electric field and Dy near the magnetospheric separatrix
(where the wave amplitude was largest), Dy accounts for no
more than about 10% of the observed electric field in this
region. More importantly, through the current layer, the mag-
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FIG. 3. (Color) Quarter second averages of the magnetic field, the out-of-
plane electric field, and the anomalous drag, Dy. Note that the anomalous
drag was absent in the current layer and elsewhere other than near the mag-
netospheric separatrix, where it accounted for ~10% of the observed electric
field.
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nitude of Dy was not greater than 1% of the average Ey. Fre-
quencies outside of the band of 4-50 Hz made an even
smaller contribution to Dy. Thus, for this event, lower hybrid
drag is present but unimportant for dissipation and for sup-
porting the out-of-plane electric field at the magnetospheric
separatrix and it is irrelevant in the current layer.

Six magnetopause crossings with lower hybrid turbu-
lence have been analyzed in detail. For many of these cross-
ings, Dx, Dz, and D) were also measured with results similar
to those described above. Although one must be careful
about drawing general conclusions from this amount of data,
the following points may be made:

1. Wave power was not observed inside the current layer or
in the magnetosheath during these six crossings.

2. The turbulence and anomalous drag were associated with
the lower hybrid drift instability because:

» The spectra were peaked at and below the lower hybrid
frequency.

* The wave electric field was nearly perpendicular to the
background magnetic field.

» The largest waves were located at density gradients.

3. The observed lower hybrid waves were electrostatic
because:

e The correlations of 0Ey with 0B, or 0Bx were weak.
The correlation coefficients fluctuated randomly over
the range of —0.3 to 4-0.3.

* In regions of large electric fields and anomalous drag,
the measured 6Ey/0B, and 0Ey/0Bx were >0.lc,
which is at least an order-of-magnitude larger than w/k
obtained from the dispersion relation for electromag-
netic lower hybrid waves in a warm, magnetized
plasma,'® for waves whose wavelengths were less than
30 ion skin depths (3500 km).

Electrostatic lower hybrid waves interact resonantly
with both electrons and ions. This allows them to mediate
the transfer of energy and momentum between the two spe-
cies and to cause energy conversion and plasma heating via
Eq. (3). That these processes were generally observed near
the magnetospheric separatrix but not in the current layer is
consistent with simulations that showed the instability at the
edge of the current sheet.'''? Other work has suggested that
electromagnetic lower hybrid waves exist in the current layer
itself.'> A laboratory experiment measured such waves and
suggested that they enhance the reconnection rate.'* Such
waves have not yet been observed in the space data, which
were in a different plasma parameter regime.

Figure 4 provides an example of magnetopause waves at
frequencies above the lower hybrid frequency. It was obtained
at 9.3 Earth radii, a local time of 09:30 and a latitude of 4°.
Panel (c) of this figure shows that the reconnecting magnetic
field varied from —25 nT in the magnetosheath, at the begin-
ning of the six second crossing, to 55 nT in the magnetosphere
at the end of the plot. The plasma density of panel (d) did not
vary greatly during this crossing although it did decrease at a
later time. The 80 mV/m waves in the electric field panels
(e), (f), and (h) occurred near the magnetospheric separatrix
(as seen from the slope of By in panel (c)) and they lasted for
about 0.3 s or 5% of the crossing time.
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FIG. 4. (Color) The plasma density, electric field, and magnetic field during
a satellite crossing of the dayside magnetopause. The red line in panel (g)
gives the electron gyrofrequency while the cone of influence (the black line)
delineates the frequency below which the data are uncertain because the
transform method necessarily includes significant edge effects. The color
scale gives power in arbitrary units.

The wavelet spectrogram in panel (g) of Fig. 4 shows that
the turbulent power was above the lower hybrid frequency
and below about half of the electron gyrofrequency (given by
the red curve). That there was little power observed in the cur-
rent layer or magnetosheath is consistent with a previous con-
clusion that the vicinity of the X-line is not the most
interesting location for field measurements,®® The magnetic
field decreased to less than 1 nT in the current sheet and this
caused the electron gyrofrequency to dip to about 18 Hz. The
guide magnetic field for this event was less than 0.1 and the
electron beta was less than one everywhere except during the
1 s interval surrounding the minimum in the electron gyrofre-
quency. It is also noted that the wave power at frequencies
above half of the electron gyrofrequency was small.

Dy correlated with (Ey) in the large field region but its
magnitude was less than 1% of (Ey) (not shown). During the
2 s crossing through the main current layer, the magnitude of
Dy was less than 10~ *(Ey). Thus, for this crossing also,
anomalous drag was unimportant for dissipating electromag-
netic energy or for supporting the reconnection electric field
in the current layer.

The observed waves were electrostatic whistler mode
waves because:

* They were in the frequency range above the lower hybrid
frequency and below half of the electron gyrofrequency.

* The ratio, E/B, was greater than 3c.

* The observed gradient in the electron temperature may
have provided the free energy for the instability.

* The wave spectrum is similar to that reported in a labora-
tory experiment on electrostatic whistler mode waves.'

It is noted that lower hybrid waves were not observed
during the crossing of Fig. 4, perhaps because there was no
density gradient to support the lower hybrid instability.
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lll. DISCUSSION

Electrostatic whistler and lower hybrid waves have been
observed in sub-solar, equatorial magnetopause crossings.
They occur mainly at the magnetospheric separatrix and they
are largely absent in the current layer or in the magneto-
sheath. The anomalous drag, Dy, computed from correla-
tions of the fluctuations in Ey and the plasma density, is less
than 10% of the average Ey at the magnetospheric separatrix
and Dy is even smaller through the reconnection current
layer. Thus, anomalous drag cannot account for the dissipa-
tion associated with reconnection nor is it sufficient to
explain a major portion of the electric field required for mag-
netic field reconnection to occur.

Possible explanations for the absence of significant
wave activity in the current layers studied in this investiga-
tion are that wave processes are not important there® or that
the space observations were made far from the X-line where
such processes may not be important even though simula-
tions show that significant dissipation occurs far from the
X-line.® While it is not generally known at what distance
from the X-line most crossings occurred, one or more cross-
ings through the X-line to within a few electron skin depths
have been found by detailed examination of the particle dis-
tributions. These crossings show that the fields and waves at
this location are also insufficient for providing the required
drag. These crossings are the subject of a further publication.
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