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Abstract. We present Active Magnetospheric Particle Tracer Explorers Ion Release
Module (AMPTE IRM) observations of a wave packet of compressional Pc5 ULF
oscillations between 0915 and 1030 UT on October 28, 1984. The waves are observed
in the local morning near the equatorial plane, have a dominant period of ~ 380 s,
and most probably have a fundamental field-aligned harmonic structure. The waves
have previously been interpreted as a magnetospheric waveguide mode propagating
downtail [Mann et al., 1998]. At the time of the maximum amplitude of the
waves, AMPTE IRM observes oscillations in the background density at a frequency
twice that of the coincident ULF pulsations. We develop a theory which explains
the generation of frequency-doubled density fluctuations through large-amplitude
radial displacements of curved flux tubes in a nonadiabatic background plasma
pressure distribution. The theory predicts a phase locking between the peaks and
troughs of the radial velocity field and the peaks in the frequency-doubled density
oscillations which is observed by AMPTE IRM. The observations strongly support
the hypothesis that the frequency doubling occurs as a result of finite amplitude

effects.

1. Introduction

Ultralow frequency (ULF) pulsations can be driven
by sources which are internal or external to the mag-
netosphere. Internal sources include drift-bounce res-
onance with energetic protons [e.g., Southwood et al.,
1069; Southwood, 1976], internal plasma instabilities
such as the drift-mirror instability [Hasegawa, 1969],
ballooning instabilities [Chan et al., 1994], or mecha~
nisms comprising combinations of these such as the drift
" Alfvén ballooning mode [Chen and Hasegawa, 1991].
These internally driven waves tend to have large az-
imuthal wavenumbers (m) and satisfy total pressure
balance in the E-W direction so that [e.g., Southwood,
1976

P+ 2l = (1)
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Frequency doubling in this class of internally driven
high-m pulsations was originally considered by Higuchs
et ol. [1986] in an attempt to explain observations of the
compressional magnetic component which oscillated at
a frequency twice that of the transverse components
le.g., Coleman [1970]] (see also Takahashi et al. [1990]).
The Higuchi et al. [1986] theory relies upon the merid-
ional displacement of field lines in a background nonadi-
abatic plasma pressure distribution, requires the waves
to be odd-mode field-aligned harmonics, and generates
a frequency-doubled pressure perturbation. The pres-
sure perturbation then drives a frequency-doubled com-
pressional magnetic component via (1). As pointed out
by Southwood and Kivelson [1997], high-m modes driven
by the drift-bounce resonance mechanism are usually
second-bharmonic waves, and hence the Higuchi et al.
[1986! theory cannot explain the high-m wave frequency
doubling. Southwood and Kivelson {1997, go on to de-
rive a new theory for this frequency doubling based on
the orbits of the mirroring protons responsibie for driv-
ing the waves.

ULF waves can also be driven by sources which are
external to the magnetosphere. The solar wind acts as
a direct source for these waves by impulsively driving
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global magnetospheric cavity/waveguide modes [e.g.,
Kivelson and Southwood, 1986; Wright, 1994] or by
driving Kelvin-Helmholtz vortices on the magnetopause
which inject fast mode energy deep into the magneto-
sphere le.g., Samson et al., 1971]. In contrast to the
internally driven waves, the externally driven waves typ-
ically have low azimuthal wavenumbers and hence are
not governed by (1).

In this paper we consider Active Magnetospheric Par-
ticle Tracer Explorers Ion Release Module (AMPTE
IRM) observations of low-m compressional waves which
have previously been interpreted as a tailwards propa-
gating magnetospheric waveguide mode in a study us-
ing multiple satellites and ground-based magnetome-
ter data [Mann et al., 1998]. When the waves have
maximum amplitude, AMPTE IRM observes simulta-
neous density perturbations at twice the frequency of
the ULF waves. Since our observations are of large am-
plitude waves, which because of their long periods are
most probably fundamental field-aligned harmonics, we
can modify the theory of Higuchi et al. [1986] and ap-
ply it to our low-m wave observations. We interpret
the frequency doubling as a consequence of the large-
amplitude meridional displacement of curved magneto-
spheric flux tubes in nonadiabatic radial background
- plasma pressure distributions.

2. AMPTE IRM Observations

In this section we present observations from the mag-
netometer experiment [Lihr et al., 1983] and plasma
experiment [Paschmann et al., 1985] on board AMPTE
IRM. Figure 1 shows time series of the magnetic field
components B,, By, and B, the proton velocities v,,
vg, and ¥, and the electron and proton number densi-
ties n. and n, observed between 0910 and 1030 UT on
October 28, 1984 (the subscripts r, ¢, and z represent
cylindrical polar GSM coordinates). The oscillations in
B, and B, appear to be in phase, especially where they
have maximum amplitude around 0945 UT. Using the
diagnostics of Elphinstone et al. [1995], this suggests
that the waves are radially standing as would be ex-
pected for a waveguide mode between its reflection and
turning points. The ULF waves are seen in the local
morning around 0800 LT at L ~ 8.5, very close to the
equatorial plane, and most probably represent the os-
cillations of a compressional magnetospheric waveguide
mode (this event has been previously discussed in de-
tail by Mann et ol. [1998]). The wave packet displays
very large amplitude oscillations in the velocity com-
ponents (v, ~ %50 km s™%; vy ~ £70 km s71), com-
bined with small magnetic signatures (maximum ampli-
tudes approximately a few nanoteslas). On the ground,
conjugate magnetometer observations show amplitudes
~ £10 nT [Mann et al., 1998]. This suggests that
waves represent an odd-mode field-aligned harmonic,
and since they have a long dominant period ~ 380 s,
they are most probably the fundamental mode. In this
paper we concentrate upon the perturbations in the
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Figure 1. Time series for B, v, n., and n, between
0910 and 1030 UT, 28 October, 1984.

background density observed during this wave packet;
the maximum amplitude density fluctuations occurring
at the time that the compressional ULF pulsation also
has maximum amplitude.

In Figure 2 we show the time series of v, vy, and
ne between 0943 and 1015 UT (the interval contained
within the dashed lines in Figure 1), when the waves
have a particularly regular oscillatory structure. Fig-
ure 2a shows raw data, while Figure 2b shows low-pass
filtered data where the high-frequency variations have
been removed. A striking feature of this figure is that
a frequency component exists in the density perturba-
tions which is twice that of the velocity fields. Moreover,
the peaks in the electron density perturbations n. are
phase locked to the peaks and troughs of v, and vs. The
phase locking is highlighted by the vertical lines drawn
in Figure 2 which show the times of the maximum en-
hancements in n.. Returning to Figure 1, we see that
the density only seems to be strongly perturbed when
the coexisting compressional ULF waves have a very
large amplitude. This feature, along with the phase
locking apparent in Figure 2, are important for our theo-
retical interpretation of this observation, and are points
to which we return in section 3.
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Figure 2. Variables v, vs, and n. between 0945 and 1015 UT, October 28, 1984: (a) raw data

and (b) low-pass filtered data.

In Figure 3 we show the power spectra for the interval
between 0945 and 1015 UT. As expected, the spectra
are dominated by the peak at ~ 3 mHz, correspond-
ing to the 380 s period waveguide mode {analyzing the
spectra from a longer time series improves the resolu-
tion of the spectral peak putting it closer to 380 s, ie.,
around 2.6 mHz). In the spectra of the densities n, and
np, however, there is an additional spectral peak at ~ 6
mHz. This is the frequency-doubled density perturba-
tion, driven by the fundamental mode ULF pulsation.
There are also small spectral peaks in v, and v, {and
possibly in B,) at ~ 6 mHz, similar to those seen in the
density, but at a much lower power compared to that at
the fundamental frequency. We consider a theoretical
explanation for the observed frequency doubling in the
following section.

3. Frequency Doubling Theory

In their analysis of high-m pulsations, Higuch: et al.
[1986] presented a simple theory to explain the observa-
tions of frequency doubling in the compressional mag-
netic component {at 2w) of waves with a transverse fre-

quency w. They argued that as a fux tube oscillates
in meridian planes, pressure changes in the flux tube
produce the frequency doubling as a nonlinear effect at
2w.

Pressure changes in the flux tube can occur through
several processes. First, the pressure can change via
the advection of a background pressure gradient. This
generates an advective pressure change which in linear
theory is given by

6P% = —¢.VP (2)

where ¢ represents the flux tube displacement. Second,
if the flux tube volume changes during a wave cycle,
this will introduce plasma compression/expansion when
the flux tube volume is decreased/increased. Changes
in flux tube volume can be excited by the compress-
ibility of the wave fields. Fast waves have V.v # 0
and will drive pressure changes which oscillate with the
wave frequency. Flux tube volume changes can also oc-
cur as a result of the geometry of the oscillating flux
tube. In a curved magnetic geometry, such as a dipole,
Alfvénic meridional displacements will produce velocity



MANN ET AL

4562

B¢

8,

C 2 4 8 8 10

-
=
i

requency (mHz)

Figure 3. Power spectra for B, v, n., and n, between
0945 and 1015 UT, October 28, 1984.

flelds with V.v # 0 due to the background curvature
of the field lines [e.g., Southwood and Saunders, 1985].
If the plasma behaves adiabatically, then the compres-
sional pressure changes which result from changes in
flux tube volume are governed by

‘;/—},DéV (3)
where we have used the ideal gas law PV7 = const, ~
is the polytropic index, and V is the flux tube volume
le.g., Southwood and Kivelson, 1997]. The total pressure
variation is given by

P = —

P = 6P® + §P°, (4)

with both the terms on the right-hand side of the above
equation linearly oscillating at the wave frequency w.
In a magnetospheric plasma with an earthwards di-
rected background plasma pressure gradient, the term
6P% and the part of §P¢ which results from the dipole
field line curvature oscillate in antiphase and tend to
cancel each other out. If the background pressure profile
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resuits from adiabatic injection, then these two terms
cancel exactly for Alfvénic (incompressible) waves in
a dipole geometry [Southwood, 1977; Southwood and
Kivelson, 1997]. If the plasma is locally adiabatic, the
pressure changes will drive changes in plasma density
given by

SP =c6p (5)

where ¢? = vPy/po and ¢, represents the local acoustic
sound speed. These density perturbations will oscillate
at the same frequency as the wave.

The important point in the Higuchi et al. [1986] the-
ory is that if the background plasma density is nonadi-
abatic, perhaps occurring as a result of enhanced losses
from adiabatically injected plasma as one moves closer
to the Earth, then large-amplitude waves can excite a
pressure response at a frequency of 2w. In this case,
we need to include additional terms in (2) to account
for the nonlinear background pressure profile. If we
consider a Taylor expansion of the background plasma
pressure profile about an L shell L = Lg, then

dP|

__»_ \ o A U |
P(Lo+ AL) = P(Lg) + AL T,

(AL? £P| ,
. T (6)

P(L) =

Considering waves which displace plasma in meridian
planes, the advective pressure change seen at position
Ly in response to a wave displacement & = £y coswt is
given by 6P* = P(L — &) — P(L) (since the advection is
moving plasma from the position Lo — £ to Lg). Then
replacing AL = —£ in {6) to describe P{Lo — £) and
including terms up to the quadratic in £ we have §P% =
P{Lg — &) — P(Lyg), therefore

2|
aLli,.r,

& 2P|

§P% = —¢ )
2 d? ,_,;

= 6PF + 6P, (7)

The component 6P can be clearly seen to have a
frequency-doubled component since

. P! .
0P} = + == § cosut
L2 L=Lg 2

P! &
| == (1 + cos2wt). 8)
; !

d‘LQ ;L:Lo 4 ’ '

|

This nonlinear frequency doubling effect will be max-
imized for waves with large meridional displacements
(ie., large &) and will occur at locations with back-
ground pressure profiles which are strongly nonlinear
(i-e., where d?P/dL?| is large).

When Higuchi et al. (1986 applied this theory to their
high-m wave observations, they argued that the pres-
sure perturbations would drive parallel magnetic field
components b; through (1). They suggested that this
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Figure 4. (a) Schematic diagram of adiabatic and nonadiabatic background plasma pressure
distributions as a function of L (adapted from Southwood and Kivelson [1997]). (b) Schematic
diagram of the pulsations radial displacement ¢, velocity v, and the resulting frequency-doubled

density perturbation ép, as a function of time.

could explain the observation of a frequency-doubled
component in the parallel magnetic component {at 2w}
compared to the transverse oscillation frequency at w.
As pointed out by Southwood and Kivelson [1997), for
this theory to work the wave's displacement must be
symmetric about the equatorial plane, and hence it re-
les on an odd-mode fleld-aligned harmonic. This is not
generally applicable to high-m waves driven by drifi-
bounce resonance because they are usually second har-
monics. However, the theory can be applied to our ob-
servations since they are likely to have a fundamental
mode structure in the fleld-aligned direction.
Consequently, we suggest that the frequency-doubled
density perturbations dps = 6P, /c? (via (5)) observed
by AMPTE IRM result from the large-amplitude merid-
ional oscillations of waves at freguency w in the presence
of a strongly nonlinear background plasma pressure dis-
tribution. We cannot directly measure |@® P/dL?; how-
ever, knowing that the waves have a maximum radial
velocity of ~ 50 km s™*, and assuming a wave period
of 380 s, we obtain a displacement amplitude & = 0.47
Rg. Hence the overall meridional flux tube displace-
ment over one cycle is very large, ~ 1 Rg, and could
allow the nonlinear advective pressure change § P§ to be
important. The density perturbations observed with a
frequency ~ w in Figure 3 almost certainly result from

the compression of the plasma by the fast mode during
a wave cycle (i.e., 0P? and §Pf do not cancel exactly).
Ground-based European Incoherent Scatter magne-
tometer cross observations of waves with the same pe-
riod and dominant amplitude between 0925 and 1000
UT suggest the waves have m| < 3 [see Mann et al.,
1998.. Since the waves have low m, consistent with
the interpretation of Mann et al. [1998] that the waves
represent a compressional magnetospheric waveguide
mode, they are not governed by (1). This explains why
the frequency doubling is observed in the density per-
turbations but not in the compressional magnetic com-
ponent B, in Figure 3. An important test for this the-
ry is the phase locking between the radial velocity v,
and the density perturbations dps. In Figure 2 we see
that the peaks in the density perturbation occur at the
peaks and troughs in v.. The phase locking between
these two wave trains is remarkable and very striking.
If we again assume that the wave’s normal displace-
ment is given by & = & coswt, then the radial velocity
vy = d€/dt = ~Eowsinwt. Equation (8) shows that §P¢
has an amplitude proportional to d2P/dL?. Assuming
that the background plasma pressure profile is as il-
lustrated in Figure 4a, where enhanced particle losses
closer to the Earth might be responsible for the depar-
ture from an adiabatic distribution, then d?P/dL? < 0.
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In this case the peaks in the density profile should be
mode locked to the peaks and troughs in v, 2as is ob-
served in the AMPTE IRM data. This is schematically
illustrated in Figure 4b and provides strong evidence
that this nonlinear mechanism is responsible for driv-
ing the frequency doubled density perturbations.

As we discussed earlier, Figure 3 suggests that it
may be possible for a frequency-doubled component to
be driven in the velocity and magnetic fields, in addi-
tion to the densities m. and m,. It is possible that the
frequency-doubled density perturbation could couple to
these fields and drive a frequency-doubled component.
Certainly, a nonlinear pressure gradient may couple to
both the velocity and magnetic fields through the equa-
tion of motion

Dv

°Dt

Figure 3 suggests that this might be the case, with the

coupling to the velocity field apparently stronger than
to the magnetic field.

Our theory requires the waves to have an odd-mode
field-aligned harmonic structure (in this case the funda-
mental) and to have large radial displacements, both of
which are observed. Combining this with the fact that
the frequency-doubled density perturbation is phase
locked to the radial velocity field, the observations pro-
vide excellent evidence for the applicability of the the-
ory.

= —VP +j:B. 9)

4. Conclusions

We have presented AMPTE IRM observations of
frequency-doubled plasma density perturbations which
are driven by large-amplitude coincident ULF pulsa-
tions. The ULF waves are observed in the local morn-
ing, near the equatorial plane, and are believed to be
low-m compressional magnetospheric waveguide modes
which were probably driven by an impulsive stimulus
from the solar wind [Mann et al., 1998]. We have mod-
ified the high-m wave theory of Higuchi et al. [1986]
and applied it to our low-m wave observations in order
to explain the frequency doubling. The large-amplitude
fundamental mode waves cause a radial displacement of
flux tubes, which in the presence of 2 nonadiabatic back-
ground plasma pressure distribution can produce non-
linear pressure and hence density perturbations with a
frequency twice that of the driving ULF wave. The the-
ory we have developed predicts a phase locking between
the radial velocity v, and the frequency-doubled density

perturbations dp». This phase locking is observed and:

provides very convincing evidence that the advection of
a nonlinear background plasma pressure profile as de-
scribed above is the mechanism responsible for creating
the frequency doubling.

Moreover, neither the magnetic nor the velocity fields
showed any significant frequency-doubled power. Hence
it is unlikely that the frequency-doubling occurred as a
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result of the solar wind driving additional higher fleld
aligned harmonics, or through the fundamental field-
aligned mode coupling to other higher harmonics. Our
explanation in terms of finite amplitude effects may
explain why only the density, and not the magnetic
and velocity fields, show a significant frequency-doubled
component. To our knowledge, this is the first observa-
tion of this kind of frequency doubling phenomena and
we believe that the observations can be explained by the
fnite displacement of magnetic flux tubes by compres-
sional waves in regions of nonlinear local background
plasma pressure.
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