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Text S1 Material:
Electron plasma oscillations.
If a slab of electrons is displaced from its equilibrium position, the resulting polarization
charge produces an electric field that acts to pull the electrons back to their original position. It
is easily shown that the restoring force is directly proportional to the displacement (16), i.e.,
Hooke's law, which means that when released the electrons oscillate at a constant frequency
around their equilibrium position. If the electric field has a sufficiently long wavelength, the
oscillation is at a characteristic frequency called the electron plasma frequency, ωp =
[ne2e2/ε0me]1/2, where ne is the electron number density, e is the electronic charge, ε0 is the
permittivity of free space, and me is the electron mass. It is also easily shown that the electric
field is purely electrostatic, i.e., derivable from a potential, and although there is an oscillating
current, no magnetic field is produced by the electron motion (the displacement current cancels
the conduction current). As the wavelength decreases the electron pressure gradient force begins
to be important and the oscillation frequency, ω, shifts above ωp, by an amount that depends on
the wavelength. In this regime, where electron pressure is important, it is customary to call the
resulting oscillations Langmuir waves, after Tonks and Langmuir (34) who first studied these
oscillations. The oscillation frequency is then given by the Bohm and Gross (35) dispersion
relation, ω2 = ωp2[1 + 3(kλD)2], where k = 2π/λ is the wave number, λ is the wavelength, λD =
[ε0κTe/nee2]1/2 is the Debye length, Te is the electron temperature, and κ is Boltzmann's constant.
The minimum wavelength is determined by a collisionless damping process called Landau
damping (16) that becomes very strong near kλD = 1. Because of this damping Langmuir waves
can only occur for wavelengths such that kλD << 1. Therefore, Langmuir waves are usually
confined to frequencies not more than a few percent above the electron plasma frequency.
Excitation.
Langmuir waves are excited by three processes: thermal fluctuations, beam-driven
instabilities, and parametric decay. Thermally excited Langmuir wave fluctuations are always
present in a plasma and occur in a very narrow band of frequencies around ωp. These waves are
extremely weak, less than a μV/m for densities of ~0.1 cm-3 and temperatures of 104 to 105 K,
and require excellent sensitivity to detect. For the very short electric antenna used by the PWS
(fig. S2), which has an effective length of only 7m, thermally excited Langmuir waves usually
cannot be detected. However, when a sufficiently intense electron beam is present the Langmuir
mode can become unstable. The thermally excited plasma oscillations then grow exponentially
to very large amplitudes. The basic condition for instability (16) is that the electron distribution
function must have a region of positive slope, ∂f/∂v, at or near the beam velocity, Vb. Ion beams
can in principle drive an instability, but this is extremely rare. In the region of positive slope the
wave grows at a phase velocity that matches the beam velocity, i.e., ω/k ≈ Vb. For beam-induced
growth to exceed the Landau damping, the beam velocity must be well above the electron
thermal speed, Ve = [κTe/me]1/2. Langmuir waves often have very irregular, spiky intensity
variations. These spiky intensity variations arise because of the very rapid exponential growth
that occurs as soon as the beam exceeds the instability threshold. The exponential growth makes
the electric field intensity extremely sensitive to small fluctuations in the various parameters that
control the onset of the instability, such as the beam velocity and plasma density.

Text S2 Material
Comparison of electric and magnetic field directions.
Two roll maneuvers, one in support of the MAG instrument and the other in support of the LECP
instrument, were performed during the April-May 2013 period that allowed us to compare the
direction of the electric field oscillations to the magnetic field direction. Both were performed
by rolling the spacecraft around the spacecraft Z axis, see Fig. S2. Since the -Z axis is directed
toward the Sun, which is within 0.5˚ of the direction to Earth, for purposes of analyzing the
electric field direction we assume that the effective electric antenna axis, which is along the
spacecraft X axis, is rotating in the T-N plane of the (R,T,N) coordinate system.
MAG roll
The first roll maneuver that we analyzed was on day 122, 2013. This maneuver consisted of ten
rotations to calibrate the MAG instrument. The maneuver started at 14:12:49 UT and ended at
19:47:38 UT on the same day. Although the electric field strength in the 3.11 kHz channel was
relatively low during this time, see Fig. 1, a very clear roll modulation pattern was observed,
with sharp nulls at roll angles of φ = 64.8˚ and 244.8˚, see the top panel of Fig. 4. Since the
electric antenna detects the projection of the electric field onto the antenna axis, these sharp nulls
indicate that the electric field is perpendicular to the electric antenna axis at these times, exactly
as one would expect for a linearly polarized electrostatic oscillation. No information can be
obtained about the Z component of the electric field. A fit of │cos (φ - φE)│ to the measured
electric fields shows that the direction of the electric field oscillation is at an angle of φE = 154.8˚
(or 334.8˚) measured counterclockwise with respect to the +T axis, as viewed from the +R
direction, see the top panel of Fig. 4. The statistical uncertainty in the fit is ∆φE = ± 1.9˚. There
is an additional systematic source of error in determining the actual roll start/stop times that we
estimate is about 3 degrees, or less. The magnetic field in (R,T,N) coordinates averaged over the
duration of the maneuver was (0.1459, -0.4526, 0.2037) nT, and the corresponding direction of
the magnetic field projected onto the T-N plane was φB = 155.8˚, with an uncertainty of about
∆φB = ±3˚. The difference between the electric and magnetic field directions is then φE - φB =
-1.0˚, which is remarkably small, significantly smaller than the uncertainty in both the electric
and magnetic field directions.
LECP roll
The second roll maneuver that we analyzed was on day 120, 2013. This maneuver consisted of a
single rotation that was designed to provide special viewing directions for the LECP instrument.
The maneuver started at 05:14:54 UT and was performed in three segments ending at 10:04:27
UT on the same day. Although the roll was performed in three segments, with the second
segment being a long, 4h 16m hesitation at a roll angle of 70˚, a very clear modulation pattern
was observed, with sharp nulls at a roll angles of φ = 68.2˚ and 248.2˚, see the bottom panel of
Fig. 4. A fit of │cos (φ - φE)│ to the measured electric fields shows that the direction of the
electric field oscillation is at an angle of φE = 158.2˚ (or 338.2˚). The statistical uncertainty in
the fit is ±0.5˚. Since the magnetic field could not be accurately measured during the roll
maneuver, we averaged the magnetic field components immediately before and after the
maneuver, which were very nearly the same. The average magnetic field in (R,T,N) coordinates
was (0.177, -0.422, 0.197) nT, and the corresponding direction of the magnetic field projected
onto the T-N plane was φB = 155.0˚, with an uncertainty of about ∆φB = ±3˚. The difference

between the electric and magnetic field directions is then φE - φB = 3.2˚, which is a little larger
than during the MAG roll, but still comparable to the uncertainty in the measurement.

Fig. S1:

The heliosphere and Voyagers 1 and 2.

This sketch shows the definitions used in this paper for the three main plasma regions around the
Sun. These consist of (a) the solar wind, which extends from the Sun to the termination shock;
(b) the heliosheath, which is shock-heated solar plasma that extends from the termination shock
to the heliopause; and (c) the interstellar plasma, which is approaching the Sun at a speed of 23
km/s (36). The view in this sketch is from along the ecliptic plane perpendicular to the
interstellar plasma flow. Sometimes a bow shock is shown in the interstellar plasma flow (1,2),
in which case the region between the termination shock and the heliopause is called the inner
heliosheath, and the region between the heliopause and the bow shock is called the outer
heliosheath. However, recent IBEX measurements (36) show that the interstellar plasma flow is
too slow to produce a shock in the interstellar plasma flow, so no bow shock is shown. As
shown the Voyager spacecraft are moving outward more or less toward the nose of the
heliopause. Voyager 1 is currently at a heliocentric radial distance of 125 AU (1 AU = 1.49 x
108 km) and a heliographic latitude and longitude of 34.6º and 174.2º, and Voyager 2 is currently
at a radial distance of 102 AU and a heliographic latitude and longitude of -30º and 217º.

Fig. S2:

The Voyager spacecraft and the PWS antenna.

A drawing of the Voyager spacecraft that shows the PWS electric field antennas. The PWS uses
the two monopole antenna elements as a dipole (i.e., responds to the voltage difference, V1 - V2),
which means that the effective axis of the antenna is between the center of the two elements,
parallel to the X-axis of the spacecraft. Roll maneuvers are performed around the Z axis of the
spacecraft. The Z axis is always along the Earth-spacecraft line to keep the high gain antenna
pointed toward Earth. Because of the great distance from the Sun, the Earth-spacecraft line is
very close to the Sun-spacecraft line. This means that the Z axis of the spacecraft is very nearly
parallel to the R vector in the (R,T,N) coordinates system shown in Fig. 4. In this coordinate
system R is a radial vector from the Sun to the spacecraft, T is an azimuthal vector perpendicular
to the rotational axis of the Sun, and N completes the right-hand system.
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