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ABSTRACT

A recent examination of 1.9 s magnetic field data recorded by the Voyager 2 spacecraft in transit to Jupiter revealed
several instances of strongly aliased spectra suggestive of unresolved high-frequency magnetic fluctuations at
4.4 AU. A closer examination of these intervals using the highest resolution data available revealed one clear
instance of wave activity at spacecraft frame frequencies from 0.2 to 1 Hz. Using various analysis techniques, we
have characterized these fluctuations as Bernstein mode waves excited by newborn interstellar pickup ions. We
can find no other interpretation or source consistent with the observations, but this interpretation is not without
questions. In this paper, we report a detailed analysis of the waves, including their frequency and polarization, that
supports our interpretation.
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1. INTRODUCTION

In the following, we describe observations by the Voyager
2 magnetometer (Behannon et al. 1977) at 4.4 AU of waves
with linear polarization and spacecraft frame frequencies sig-
nificantly greater than the proton cyclotron frequency when the
mean interplanetary magnetic field (IMF) B0 is perpendicu-
lar to the solar wind flow velocity. There are several potential
sources and interpretations for these waves, and each source im-
plies specific wave characteristics that can be tested, but most
sources and interpretations can be reliably excluded. At these
frequencies, the two most likely plasma modes are whistler and
Bernstein modes. Direct and unambiguous identification of the
wave properties is difficult, but with the observed linear polar-
ization and a strongly oblique IMF we argue that propagation
at large angles to the IMF is likely. These facts, together with
the observed spacecraft frame frequencies, strongly point to the
Bernstein mode as the probable identity of the waves. With
no other recognized discrete source for energetic particles, we
conclude that the likeliest source is newborn interstellar pickup
particles, probably H+. We argue that these two conclusions
(source and mode identification) are consistent and expected
given the local plasma conditions. If we are correct, it is pos-
sible that Bernstein mode waves are a common and previously
unappreciated feature of the outer heliosphere.

Interplanetary magnetic waves arising from wave/particle
interactions most normally fall into several classes. Low-
frequency Alfvén or fast-mode waves frequently arise due to
field-aligned and gyrating beams of energetic ions and are
observed to be strongly polarized, parallel propagating in the
same direction as the ion beam, and with magnetic fluctuations
perpendicular to the mean IMF (Gary et al. 1984; Murphy et al.
1995; Lee & Ip 1987; Isenberg 2005; Joyce et al. 2010). Higher
frequency waves can arise from field-aligned electron beams
or gyrating ion distributions. For electron beams the dominant
instability is the parallel-propagating and highly polarized

whistler mode (Wong & Smith 1994). However, gyrating ion
beams can produce whistler waves at small to modest angles of
propagation relative to the mean IMF (Wong & Goldstein 1987,
1988). Velocity ring ion distributions due to ion pickup at solar
wind velocities perpendicular to B0 are more likely to produce
linearly polarized Bernstein waves propagating at large angles
to the mean IMF (Perraut et al. 1982; McClements & Dendy
1993; McClements et al. 1994; Gary et al. 2010, 2011; Liu et al.
2011).

Bernstein waves are not commonly discussed in the solar
wind literature. For this reason, our early working premise was
that the observed waves were the result of a high-frequency
instability described by Gray et al. (1996) whereby newly
ionized interstellar pickup ions (PUIs) excite whistler waves
with large growth rates. However, the whistler waves described
by Gray et al. are circularly polarized whereas the observations
we will describe are linearly polarized. Circular polarization is
consistent with wave propagation in a single direction and at
relatively small angle with respect to the mean magnetic field
B0. We observe these waves at times when B0 is perpendicular
to the flow, which means that there is no preferred direction for
a PUI source and wave propagation in both directions would
be expected. At the very least, the observed linear polarization
suggests either a significant balance between whistler waves
propagating in both directions or a large angle between the
wave vectors k and B0. Such a high degree of balance seems
unlikely without a local scattering mechanism. Whistler waves
propagating at large angles to B0 can be elliptical to nearly
linearly polarized, but they show magnetic fluctuations with
strong components along B0. Our observations show little to no
projection of the magnetic fluctuation along B0 in the early stage
of the observations, and then develop significant projection as
the event progresses.

In the final analysis, using wave frequency and polarization,
we conclude that the observed magnetic fluctuations are not
whistler waves. Instead, we believe these waves are due to an
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ion Bernstein mode instability driven by an ion ring velocity
distribution which is characteristic of interstellar PUIs at solar
wind velocity perpendicular to B0. The enhanced magnetic
fluctuations resulting from such an instability are linearly
polarized and propagate at large angles to B0 (Gary et al. 2011;
Liu et al. 2011). They also show strong projections of δB onto
B0 when the plasma β is high. If we are correct in attributing the
source of these waves to be newborn interstellar PUIs interacting
with a perpendicular magnetic field, then these waves should be
a common feature of the outer heliosphere wherever hydrogen
atom ionization is prevalent.

2. DATA ANALYSIS

We have studied two years of Voyager 2 magnetic field data
(Behannon et al. 1977) spanning the range from 1 to 4.4 AU
in search of low-frequency waves excited by interstellar PUIs.
Although theoretical treatments would suggest that such low-
frequency PUI-excited waves are common (Lee & Ip 1987),
we found only one such event where waves were seen resulting
from both pickup H+ and He+ ions and published that analysis in
a companion paper (Joyce et al. 2010). Unlike the observations
reported here, the IMF was highly radial during this low-
frequency event. The relative scarcity of such events may be
due to the spacecraft location within the hydrogen cavity and
the lower density of He atoms. We generated power spectra
using an analysis technique described in the companion paper
and searched the spectra for wave enhancements at spacecraft
frame frequencies comparable to the proton cyclotron frequency
and indicative of PUI activity. It is important to note that
the data used in that study had insufficient time resolution to
resolve the waves reported here. However, during this process
we occasionally observed spectra that turn up strongly at high
frequencies. This turn up in many cases is stronger than what is
normally expected from data aliasing and may be indicative of
spectral features at unresolved higher frequencies. Using these
events as a guide, we obtained three days of the highest time
resolution magnetic field data available (0.3 s) and repeated
our analyses with various subsets of the days in question. It
should be noted that the 0.3 s MAG data from Voyager has
not been extensively surveyed for interplanetary physics while
in cruise mode. In those three days we found one protracted
interval of high-frequency wave activity that extended from
20:00 to 22:00 UT on day 350 of 1978. The waves were seen
at spacecraft frequencies 0.1 < νsc < 1.5 Hz and are analyzed
below. Without an exhaustive survey, the actual frequency of
occurrence of these waves is unknown. We speculate that the
waves may be a common feature of the outer heliosphere only
because the source is thought to be present and steady.

During the event considered in this manuscript, Voyager 2
was at 4.4 AU and 199 days before the inbound crossing of the
Jovian bow shock. Jupiter is at −5.◦43 relative longitude from
the spacecraft and 1.◦29 relative latitude at a relative distance
0.8 AU. Because of this, we must also consider the possibility
that any wave activity seen at this time may result from Jovian
ions or electrons. Figure 1 shows the magnetic field conditions
and solar wind parameters for day 350 of 1978. The magnetic
field is shown in (R, T, N) coordinates where R is the unit vector
pointing radially outward from the Sun to the observation point,
T is the unit vector coplanar with the rotational equator of the
Sun and directed in the sense of positive rotation, and N is
defined by N = R × T. We define the IMF latitude as the angle
δ = arctan (BN/(B2

R + B2
T )1/2) between the IMF vector and the

(R, T) plane with positive latitude in the sense of increasing BN .

Figure 1. Second half of day 350 showing (top to bottom) IMF intensity B
(nT), IMF latitude angle δ (deg), IMF longitude angle λ (deg), rms fluctuation
level for 0.3 s measurements relative to a 48 s mean Brms (nT), solar wind speed
VSW (km s−1), proton density Np (cm−3), proton thermal speed vth (km s−1),
and βp . Values are averages over four consecutive data points at 48 s resolution
each producing averages at 192 s resolution. The dashed lines in panels 2
and 3 denote the perpendicular IMF geometry, nearest to the expected Parker
spiral orientation, that favors the Bernstein instability. Both decimal day and
UT are shown at the bottom.

The longitude is the angle λ = arctan (BT /BR) in the (R, T)
plane between the IMF vector and the R direction with the
angle increasing in the sense of increasing BT . At this distance
the nominal Parker spiral direction would be λ = 280◦ (−80◦)
for an away sector and 100◦ for a toward sector with δ = 0◦ for
both. The magnitude of the IMF is descending from ∼0.5 nT to
∼0.2 nT from 350.55 to 350.75 UT. The IMF is nearly azimuthal
and southward pointing until 350.65 UT, and then turns 40◦ from
the azimuthal direction (50◦ from the nominal spiral direction)
while at the same time losing its southward component, until
∼350.8 UT when it resumes a more normal spiral orientation
perpendicular to the radial direction and at the same time regains
its southward component. Magnetic connection to Jupiter is
improbable except possibly from 350.7 to 350.8 UT. It never
gains a radial orientation, but it does reach ∼50◦ from radial at
∼350.72 UT. For the remainder of the time plotted the IMF is
more nearly 90◦ from the Jovian direction. Magnetic connection
to Jupiter or its bow shock is never likely and we will discuss
in Section 3 additional reasons why the observed waves are
probably not whistlers originating from Jovian electrons.

The solar wind speed, density, and temperature demonstrate
only small changes during the half-day plotted, but we note
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Figure 2. Top: computed power spectrum trace (marked “Tr”) for IMF
fluctuations using 0.3 s data for day 350 14:00 to 17:30 UT. The proton cyclotron
frequency νpc is marked for reference. Bottom: computed normalized magnetic
helicity spectrum for the same period. This is a good example of an undisturbed
IMF spectrum before and after a wave event.

that the interval when the waves in question are observed runs
from 350.83 to 350.92 UT. During this time the IMF intensity
is constant, the IMF direction is relatively constant, the wind
speed VSW is constant at 422 km s−1, but the proton density NP
and temperature TP are elevated. This elevation of density and
temperature seems highly correlated with the observation of the
waves. Throughout the half-day plotted βp = 8πNP kBTP /|B|2
is rising and peaks over the same period as the observed wave
activity.

The observation comes eight days into a 13 day rarefaction
interval spanning days 342 through 355 where the wind speed
decreases from a maximum of ∼700 km s−1 to a minimum
of ∼350 km s−1 with VSW ∼ 420 km s−1 at the time of the
wave activity. This is the traditional type of rarefaction that does
not produce strongly radial magnetic fields. The proton density
decreases more rapidly during the first two days (not shown) and
thereafter is constant at ∼0.08–0.1 cm−3 for 12 days including
the time of observation. The proton temperature decreases
similarly and remains constant at ∼104 K from the start of
day 350 through day 355 while βp varies from ∼0.3 to ∼0.5
during the time of the waves having risen from a minimum of
∼0.05 at the start of Figure 1. The behavior of βp together with
the orientation of the IMF plays a key role in when the waves
are observed and we will return to this point below.

The IMF direction during the eight days prior to the wave
event shows good agreement with the Parker prediction for
an away sector at this distance with occasional north/south
deflections. Following the wave event and starting midday
on DOY 351 there is three-day period of apparent current
sheet crossings when the polarity of the hourly averages is
variable. The entire rarefaction interval ends with a possible
shock crossing on day 355. We do not believe these are
waves originating with a shock-accelerated population, either,
as magnetic connection to the shock seems unlikely.

Figure 3. Top: computed power spectrum trace for IMF fluctuations using 0.3 s
data for day 350 19:00 to 22:00 UT. Bottom: computed normalized magnetic
helicity spectrum for the same period. Note the enhanced power level at high
frequencies between 0.1 and 1.5 Hz.

We contend that the waves presented here result from instabil-
ities related to newborn interstellar pickup H+. At r = 4.4 AU
the Voyager spacecraft is inside the ionization cavity for in-
terstellar hydrogen, the radial scale of which we take to be
L = 5.6 AU. Assuming the density of hydrogen in inter-
stellar space to be NH0 = 0.1 cm−3 (Gloeckler et al. 1997;
Bzowski et al. 2009), we can compute the local density of
neutral H to be NH = NH0e

−L/r = 0.028 cm−3. Interstellar
neutral H is ionized via charge exchange with solar wind ions
as well as photoionzation. The charge exchange ionization rate
is given by βce = σHNP VSW where σH is the cross section
of hydrogen (2 × 10−15 cm2). Using NP = 0.07 cm−3 and
VSW = 423 km s−1, we compute βce = 5.92 × 10−9 s−1. The
photoionization rate is given by βph = β0

phr
−2 = 5.17×10−9 s−1

where β0
ph = 10−7 s−1 is the measured rate at 1 AU (Ruciński

et al. 1996). The resulting rate of newborn pickup H+ production
is given by NH(βce + βph) = 3.1 × 10−10 p+ cm−3 s−1. We offer
these numbers for perspective, but we will not be computing
growth rates here.

Figure 2 shows the power and helicity spectra computed
for 14:00 to 17:30 UT on day 350. It is entirely indicative
of periods before and after the wave period in question. The
power spectrum (top) is smooth and featureless with a long tail
extending to the Nyquist frequency. Figure 7 of Behannon et al.
(1977) suggests that the measurement has reached the noise
level of the instrument by ∼80 mHz and the flattened region
of the measured spectrum above this frequency is not a clean
measurement of the IMF. The helicity spectrum (bottom) shows
no uniformly biased frequency interval, but this is expected for
the noise spectrum above ∼80 mHz and says nothing significant
of the IMF fluctuations at these frequencies.

Figure 3 (top) shows the spectral analysis of the interval 19:00
to 22:00 UT. We observe two broad, high-frequency spectral
enhancements, at approximately 0.2 and 0.8 Hz that are rising
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Figure 4. Plot of IMF during day 350 for one-minute interval 20:20 to 20:21 UT
using highest resolution 0.3 s MAG data. With ∼(5(1/2)) oscillations in the latter
30 s, the wave period in the spacecraft frame is ∼5.5 s, so the spacecraft frame
frequency is ∼0.18 Hz. To the extent that the observed power spectrum appears
to exhibit two broad peaks of enhanced wave activity, the waves in this time
interval are consistent with the lower frequency peak at ∼0.2 Hz.

above the measured noise level. We will demonstrate below that
Figure 3 does indeed represent several distinct wave forms with
changing spacecraft frequencies and argue that changing plasma
conditions can probably account for the observed frequency
shifts. We also note a slight enhancement at the proton cyclotron
frequency which could be due to pickup H+ ions, but we find
no strong evidence of low-frequency waves originating with
newborn interstellar PUIs.

Figure 3 (bottom) shows the spectrum of normalized magnetic
helicity which is the spectral form of the correlation:

σM ≡ |k|〈A · B〉/EB, (1)

where B is the magnetic field, A is the vector potential, EB
is the magnetic energy, and |σM | � 1. Note that σM ∼ 0
over the frequency range 0.2–1 Hz. This event shows no
helicity enhancement and as a result it shows no polarization
in the spacecraft frame (Smith et al. 1984). Because the power
rises above the background noise level, it is expected that a
polarization signature would be evident if it were present, even
if it were somewhat diluted by the background. Electron beams
originating with either Jupiter or the downstream shock would
produce whistler waves with a definite circular polarization
as the resonance condition would require that the waves be
Sunward propagating. Bernstein waves are linearly polarized
and consistent with the σM � 0 measurement.

Figure 4 shows the time series for a one minute subset of the
wave period. The plot runs from 20:20 to 20:21 UT (350.8472
to 350.8479) and the mean field is clearly in the (T, N) plane.
A nearly monochromatic wave can be observed in the T and

Figure 5. Hodogram of the T and N components of the IMF fluctuation for the
same time interval and data resolution shown in Figure 4. The arrow indicates
the direction of the mean magnetic field.

N components at a spacecraft frame period ∼5 s with little
fluctuation in the field magnitude.

Figure 5 shows the hodogram of the same time interval in
the (T, N) plane with the mean magnetic field direction marked
by the arrow. Clearly, the fluctuations are perpendicular to the
mean field direction and linearly polarized. Although Bernstein
waves generally display a fluctuation component along the mean
field, they do not at low β. In contrast, the whistler wave is
an extension of the fast mode wave and develops linear polar-
ization for high angles of propagation relative to the mean mag-
netic field and at the same time displays significant projection of
the fluctuation onto the mean field. Their fluctuation direction
remains perpendicular to the wave vector k, but have significant
projections onto the mean field according to the angle between
B0 and k. In other words, linearly polarized whistler fluctuations
are not expected to be transverse to the mean magnetic field as
these wave fluctuations are seen to be.

Figure 6 shows a second one minute subset of the wave
interval from 21:39 to 21:40 UT (350.9021 to 350.9028). The
mean magnetic field is again in the (T, N) plane. The wave
begins with spacecraft frame periods comparable to the previous
example, but the wave period continually shortens until the wave
shows half its original period by the end of the interval. This
is a spacecraft-frame measurement, so we must caution that the
observed change in wave period could result from changing
Doppler shift conditions and may not be the result of changing
plasma frame wave parameters. In this instance we observe a
greater degree of fluctuation in the field intensity.

Figure 7 shows the (T, N) hodogram for this second one-
minute interval. However, while the wave remains linearly po-
larized the observed fluctuation direction is no longer perpendic-
ular to the mean field direction, but appears to have a significant
projection onto the mean field. The projection of the fluctuation
along the mean field accounts for the enhanced fluctuations in
the magnitude of the field shown in Figure 6.

The waves observed during this two-hour period are seen
to manifest both a changing spacecraft frame frequency and a
changing angle of projection of the magnetic fluctuation onto
the mean IMF. The one constant during the analysis is that
significant magnetic fluctuations along the radial direction are
never seen. Figure 8 (top) shows the measured wave frequency
as a function of time throughout the wave interval. Vertical
bars denote the range of frequencies observed within any
given one-minute period. Note the changing wave period in the
spacecraft frame. Figure 8 (bottom) shows ΘdB,B0 , the computed

4



The Astrophysical Journal, 745:112 (8pp), 2012 February 1 Joyce et al.

Figure 6. Plot of IMF during day 350 for one-minute interval 21:39 to 21:40 UT.
Again, 0.3 s MAG data are plotted. While the minute begins with waves showing
spacecraft frame periods ∼5 s, the waves evolve through ∼3 s periods until in
the last 15 s of the minute they exhibit periods ∼1.5 s. This means a spacecraft
frame frequency of 0.67 Hz which is well within the second broad wave peak
at ∼0.8 Hz in the above spectrum.

angle between the magnetic fluctuations and the mean field
for that same one-minute period. While the waves are seen to
be transverse to the mean IMF at the beginning of the two-
hour interval, they evolve beginning 350.87 UT to develop a
significant projection onto the mean IMF.

3. THEORY

Consider a homogeneous, magnetized, collisionless solar
wind plasma which flows with velocity VSW perpendicular to a
uniform magnetic field B0. If there is a background stationary
neutral gas and an ionization mechanism (e.g., ionizing radiation
or weak-charged–neutral collisions) present, the newborn ions
will be picked up by the plasma flow and form an initially cold
velocity-ring distribution. The resulting overall distribution,
consisting of the tenuous velocity-ring component and the more
dense, thermal solar wind component, is unstable to two distinct
categories of instabilities.

One category is that of low-frequency electromagnetic
cyclotron instabilities where the wave frequency in the plasma
frame, ωr , satisfies ωr � Ωp, maximum growth rate at
k × B0 = 0, δE‖ = δB‖ = 0, and circularly polarized δE⊥
and δB⊥. If the velocity ring is cold, ωr � Ωp (Wu & Davidson
1972), whereas if the ring is broadened in velocity, the insta-
bility has Alfvén-cyclotron dispersion (Gary & Madland 1988).
In any case, simulations show that the primary consequence
of the wave–particle interactions from enhanced field fluctua-
tions driven by such instabilities is pitch-angle scattering of the
velocity-ring ion component (Gary et al. 1986, 1988; Florinski
et al. 2010).

Figure 7. Hodogram of the T and N components of the IMF fluctuation for the
same time interval and data resolution shown in Figure 6. The arrow indicates
the direction of the mean magnetic field.

Figure 8. Top: angle between the radial direction and the mean IMF 0 �
ΘR,B0 � 90◦. Middle: spacecraft frame frequency of observed wave forms for
each 1 m interval. Vertical uncertainty denotes the range of frequencies observed
within that minute of data. Bottom: angle between the magnetic fluctuation and
the mean magnetic field ΘdB,B0 defined to be between 0◦ and 90◦. Vertical lines
denote estimated uncertainty in ΘdB,B0 .

The second category of instabilities driven by ion velocity-
ring distributions is Bernstein mode instabilities. Linear
theory predicts that such unstable modes generally follow
magnetosonic/whistler dispersion, but are excited only near
harmonics of the proton cyclotron frequency Ωp with maxi-
mum growth rates at wavevector k almost perpendicular to B0
(Perraut et al. 1982; McClements & Dendy 1993; McClements
et al. 1994). These Bernstein mode instabilities typically have
an appreciable compressive magnetic component (δB‖ �= 0) and
are linearly polarized in the plane perpendicular to B0. Further-
more, their fluctuating electric fields are predominantly electro-
static, that is, δE is approximately parallel to the wavevector k
(Gary et al. 2010, 2011). Another important property of proton
Bernstein instabilities driven by ring velocity distributions is
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Table 1
Solar Wind Parameters

Parameter Value

|B| 0.2 nT
VSW 423 km s−1

NP 0.07 cm−3

vp,th 10.5 km s−1

TP 0.57 eV
βp 7
Ωcp 0.02 s−1

Ωce 35.2 s−1

ωpi 349. s−1

ΩLH 0.84 s−1

that they are favored by relatively low proton beta values; e.g.,
in Gary et al. (2011), maximum growth rate is at βp � 0.10.

There are only a few simulations of instabilities driven by
PUI velocity ring distributions. Gray et al. (1996) inserted ions
at high perpendicular velocities in a hybrid simulation to drive
both an Alfvén-cyclotron instability at ωr < Ωp and a high-
frequency, circularly polarized mode at ωr � 32Ωp which they
concluded were whistlers. They argued that their simulated high-
frequency mode was related to the oblique whistler instability
described by the linear theory of Wong & Goldstein (1988).
Liu et al. (2011) used an ion velocity-ring distribution to
excite Bernstein mode growth in a particle-in-cell simulation;
the primary consequence of wave-particle scattering by the
enhanced fluctuations is to broaden the width of the initially
thin perpendicular velocity distribution. These simulations also
confirm that these modes have a strong compressive magnetic
fluctuation component and that the fluctuations are more nearly
linearly than circularly polarized in the plane perpendicular to
the background magnetic field.

4. APPLICATION OF THEORY

We combine the measured solar wind conditions during the
observed wave activity as taken from Figure 1 with a series
of plasma parameters relevant to whistler and Bernstein mode
identification and list them in Table 1. We define ΩLH =
[(ΩciΩce)−1 + ω−2

pi ]−1/2 to be the lower hybrid frequency,
Ωce = e|B|/mec to be the electron cyclotron frequency with
e and me the charge and mass of the electron and c the speed of
light, Ωcp = e|B|/mpc the proton cyclotron frequency with mp

the proton mass, ωpi = (4πNP e2/mp)1/2 is the proton plasma
frequency, ve,th and vp,th the electron and proton thermal speeds,
k‖ and k⊥ the components of the wave vector k parallel and
perpendicular to the mean magnetic field, and δB‖ and δB⊥ the
magnetic fluctuation amplitude parallel and perpendicular to the
mean magnetic field. Using these definitions, one can distinguish

Bernstein from whistler modes according to the properties
listed in Table 2. For instance, it is questionable whether the
observations ever achieve the whistler mode equality (δB‖)2 �
(δB⊥)2, but it is clear that the Bernstein mode inequality
(δB‖)2 < (δB⊥)2 is maintained throughout the observations.

We compute the thermal proton gyroradius from the proton
thermal speed ρp = vp,th/Ωcp � 330 km. If the wave signal
is dominated by convection rather than propagation, we can
estimate k⊥ = 2πfsc/VSW. Figure 8 shows that the observed
wave frequencies in the spacecraft frame vary from 0.2 Hz to
almost 1 Hz, but the spectrum in Figure 3 shows two peaks
at 0.2 Hz and 0.8 Hz. If we adopt these values as the natural
range of the observations, we can compute k⊥ = 3 × 10−3

and 1.2 × 10−2 km−1, respectively, using VSW = 425 km s−1.
From these values, the product of k⊥ with the thermal proton
gyroradius ρp is computed and we obtain the two values
kvp/Ωcp = 0.99 and 3.96, which for all practical purposes are
1 and 4, for fsc = 0.2 and 0.8, respectively. These would seem
to satisfy the Bernstein mode condition 1 < kvp/Ωcp � 3.
If these are Bernstein waves, then the wave frequency in the
plasma frame is a multiple of the proton cyclotron frequency,
kvph = ω = nΩcp. Since kvp = mΩcp where m = 1–4,
we can assert vph = (nΩcp)/(mΩcp/vp) = (n/m)vp. Since
vp ∼ 10 km s−1, this places the phase speed of the wave in
the right range for slowly propagating Bernstein waves.

Further evidence supporting our proton Bernstein mode inter-
pretation for this wave event is the fact that these observations
correspond to a relatively small proton beta (0.05 � βp � 0.4
as discussed in Section 2). Linear theory of the proton Bernstein
instability driven by a suprathermal proton ring predicts that
the maximum growth rate should arise near βp � 0.10 (e.g.,
Figure 3 of Gary et al. 2011), and that the maximum growth rate
is significantly reduced as βp increases above 0.25.

This brings us to the question “Why are the waves seen only
late in the day”? And the answer to that question seems to lie
in the balance between two competing dynamics. First, βp is
smaller during the early hours of Figure 1 which favors the
growth of Bernstein waves. Therefore, we would expect to see
them at this time. However, and second, the IMF at this time
is less perpendicular to the flow than it is by hour 20:00 UT,
resulting in PUIs with a stronger streaming speed along the
mean field. This geometry is contrary to the desired ring beam
needed to drive Bernstein waves. Last, we note that waves at
these frequencies may come and go on very short timescales and
we do not claim to have found every instance during the two
days of data we studied. In the end, we lack sufficient insight into
the problem to fully account for the existence of these waves
and will appeal to numerical solutions of the instability once
they have been developed. For now we can only observe that the
ability to excite Bernstein waves rests on more than one solar
wind parameter while all are changing during the time studied.

Table 2
Whistler versus Bernstein Wave Parameters

Whistler Bernstein Observation

ω ΩLH < ω < Ωce Ωcp < ω < ΩLH 1–4 Ωcp

k kve/Ωce < 1 1 < kvp/Ωcp < few (3–12)×10−3 km−1

ΘkB0 All angles k‖ � k⊥ 90◦
δB(k⊥ = 0) (δB‖)2/(δBtotal)2 = 0
δB(k‖ � k⊥) (δB‖)2 � (δB⊥)2 0 < (δB‖)2 < (δB⊥)2 < 1 60◦ � ΘdB,B0 � 90◦
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5. DISCUSSION

It would be desirable to observe the more customary low-
frequency waves normally associated with PUIs during the event
reported here. We do not observe them, but there are potential
reasons for this. For example, their growth rates are generally
slower and they favor quasi-radial IMF directions. It is not well
understood why these low-frequency waves are not seen more
often and we suspect that dynamics such as the turbulent cascade
(Joyce et al. 2010) and related processes (Gamayunov et al.
2010) limit the observability of low-frequency waves. We do
not consider the absence of low-frequency waves during this
event to be a significant criticism of our interpretation.

It is the nature of single-spacecraft measurements that they
are fundamentally frequency-based in the spacecraft frame.
When a plasma frame wave period or inherent timescale for
a fluctuation can be assumed to be longer than the convection
timescale, we can relate spacecraft frame frequencies to reduced
spatial scales along the line of convection (sunward). Anything
more is speculation using known or suggested physics. We have
interpreted the observations using the two modes most likely to
arise in this situation: whistlers and Bernstein modes. We have
concluded that the Bernstein mode better fits the observations
and is more consistent with the hypothesized and expected
source of PUIs. This interpretation is based largely on their
observed frequency in the spacecraft frame as well as their
linear polarization. Parallel propagating whistler modes of the
type that would arise from an electron beam are ruled out on
the basis of the waves not being circularly polarized. Whistler
waves propagating at large angles to the IMF are ruled out, in
large part, by the fact that half of the magnetic fluctuations show
no projection onto the mean IMF. A likelihood and consistency
argument is the best that we can do at this time. Numerical
instability studies are underway and will be presented at a later
date. These will shed some additional light on the interpretation.

We would be neglectful if we did not mention two other
possible interpretations. The first is generation of ion cyclotron
waves via the ion ring beam as mentioned at the top of
Section 3. Podesta & Gary (2011) believe they have found
examples of these waves in the Ulysses data. Our initial
scaling of this instability suggests a lower spacecraft frame
frequency, but within the range of credibility and requiring
additional consideration. The second would be spacecraft noise.
The Voyager magnetometer data have not received a great
deal of attention at these frequencies and the possibility of
spacecraft noise has not been conclusively ruled out. The above
hodograms do indicate a common line of polarization for the
waves. Since the spacecraft is not spinning, the identification
of additional events would hopefully resolve this ambiguity.
Such identification has proven difficult and is problematic. It is
expected that the PUI source will grow stronger as we examine
data further from the Sun, but telemetry rates are reduced.
This, the difficulty in processing the data, and competition for
low-β events without contamination by the Jovian tail greatly
complicate the search for additional events.

6. SUMMARY AND CONCLUSIONS

We report a period of solar wind magnetic field observations
revealing oscillations at spacecraft frame frequencies from 0.2
to 1 Hz. We find the most plausible explanation to be that these
are Bernstein waves excited by newly ionized interstellar PUIs
gyrating in the perpendicular magnetic field. Whistler waves
originating from PUIs, Jupiter, or a distant shock are ruled out

by the wave properties and the mean field orientation. Bernstein
waves are a rare observation in the solar wind and seldom
discussed within that context, but we suggest they may be a fairly
common observation in the outer heliosphere. An exhaustive
search of high-resolution magnetic field data, although beyond
the limits of this effort, may validate our claim. It is also possible
that the instability and associated waves discussed here could
provide a significant contribution to the heating of the solar
wind in the outer heliosphere by PUIs (Zhou & Matthaeus 1990;
Zank et al. 1996; Matthaeus et al. 1999; Smith et al. 2001, 2006;
Isenberg et al. 2003; Isenberg 2005; Breech et al. 2005, 2008;
Ng et al. 2010) as well as the scattering of PUIs.
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