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Abstract

Voyager 1 (V1) observed g-Gaussian distributions of 1 hr increments of the components the magnetic field B
throughout the very local interstellar medium (VLISM) on scales on the order of 1 year, from 2013 through 2019,
excluding the disturbed regions near two shocks. The intermittency of the components of B is described by g from
the g-Gaussian distributions of 1 hr increments B as well as by the kurtosis K derived from the time series of the
increments of B. Farther than ~5au from the heliopause, Voyager 1 observed larger intermittency in the
fluctuations of the predominantly transverse component By and in the nearly longitudinal component By of B.
The average values of g for the By component and transverse Bt component for these data in the VLISM are
g =132 £0.03 and g = 1.22 £+ 0.03, respectively. The corresponding average values of the kurtosis are
K = 7.2 and K = 4.9. Voyager 2 (V2) crossed the heliopause on 2018 November 5. Near the heliopause, in 2019,
V2 observed large intermittency in 1 hr increments of the compressive component Bt and smaller intermittency in
Byn. The Voyager 2 observations give ¢ = 1.51 & 0.06 and ¢ = 1.17 £ 0.06 for the By and Bt components of B,
respectively, as well as K = 7.2 and K = 12.3, respectively. The intermittency in Bt and By, observed by V2 near
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the heliopause was significantly larger than that observed by V1 when it was near the heliopause.

Unified Astronomy Thesaurus concepts: Interstellar medium (847); Interstellar magnetic fields (845)

1. Introduction

This Letter shows that the g-Gaussian distributions of
increments of the magnetic field B and the corresponding
intermittency are general characteristic of the very local
interstellar medium (VLISM). Zank (2015) defined the VLISM
as “that region of the interstellar medium surrounding the Sun
that is modified or mediated by heliospheric processes or
material.” For general overviews of the interaction between the
heliosphere and the interstellar medium, see Holzer (1989),
Parker (1963), and Zank (1999, 2015). Significant disturbances
in the VLISM (Burlaga & Ness 2016; Burlaga et al.
2015, 2020), near each of the two shocks in the VLISM, are
excluded from this study. Thus, we discuss the g-Gaussian
distributions related to the intermittency in the relatively
undisturbed VLISM, which includes nearly all of the observa-
tions of the VLISM through 2019.

The g-Gaussian distribution function has been studied
extensively by Tsallis (1988, 2004, 2006) in the context of
nonextensive statistical mechanics, where it is derived from an
entropy function. This distribution function has applications to
many fields of science (Gell-Mann & Tsallis 2004). It plays a
key role in the theory of multifractals, which appear in
observations of turbulence (Frisch 1995), the heliosphere, the
heliosheath, and other nonlinear dynamical systems.

There are a number of papers related to the heliosphere and
heliosheath (e. g. Burlaga & Vidias 2004; Burlaga et al. 2007,
Burlaga & Ness 2009) that discuss increments of B, 6Bm, on a wide
range of scales that can be described by a constant A times the “g-
Gaussian distribution” R, = A[1 + (g — 1)3(6Bm)*]"'/@=1,
which is defined by three constants: A that describes the amplitude
of the single peaked function, [ that is inversely related to the
width of the distribution, and ¢ that has the value g =1 for a

Gaussian distribution. The g¢-Gaussian distribution, like the
Gaussian distribution, is symmetric with a Gaussian core, but it
has a large power-law tail. The parameter g decreases more slowly
with increasing scale than the kurtosis (Burlaga et al. 2006).

“Intermittency” is a general concept related to a signal that is
“bursty” or “spiky” on a variety of scales, containing significantly
more large values (outliers) that would be associated with a
Gaussian distribution (Staicu 2002 and Frisch 1995). Intermit-
tency was observed in the B and velocity fluctuations in the solar
wind near 1au by Burlaga (1991), Sorriso-Valvo et al. (1999).
Intermittency of a time series is frequently quantified by the
kurtosis K, which can be computed directly from the time series of
a scalar function. The kurtosis of a Gaussian distribution is K = 3.
In general, the kurtosis is a measure of deviations from a Gaussian
distribution, as is the parameter ¢ in the g-Gaussian distribution.
Intermittency in a time series is recognized by ‘“spikes” and
outliers of the observations, which give rise to a tail on the
distribution describing the increments. The variation of ¢ and K as
a function of scale is qualitatively the same but quantitatively
different (Burlaga et al. 2006). As discussed above, g-Gaussian
distributions are ubiquitous in the heliosphere and heliosheath,
and we shall show that ¢g-Gaussian distributions are observed
nearly everywhere in the VLISM as well.

Voyager 1 (V1) entered the (VLISM) when it crossed the
heliopause on 2012 August 15 and began measuring the draped
interstellar magnetic field. The strength of the magnetic field B is
plotted in Figure 1, where disturbed regions following
two shocks (sh) and a pressure front (pf) are indicated. The
direction of B changed very slowly during this interval (Burlaga
et al. 2020). Kolmogorov turbulence (Kolmogorov 1941) was
observed in B of the VLISM (Burlaga et al. 2015, 2018), during
two relatively undisturbed “quiet” 468 day intervals. A spectral
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during 2018 in 2019 were also considered.

analysis of B in the heliosheath and in the VLISM through 2016
by Fraternale et al. (2019) confirmed the existence of
Kolmogorov turbulence over a limited frequency range and
found evidence of intermittency.

The observation of turbulence in the VLISM is intrinsically
difficult, because the fluctuations are small and close to the limits
of observation scales of 1 hr and 1 day (of the order 0.02 nT in
the V1 data). We shall show that that intermittency (excluding
that produced by shocks) and thus possibly turbulence might be
present throughout the VLISM from 2013 through 2019, which
is the first major objective of this Letter.

Burlaga et al. (2018, 2020) observed that the nature of the
fluctuations was converted from compressible (“magnetosonic
fluctuations”) in the VLISM between the heliopause and ~5 au
to transverse (“Alfvénic”’) beyond that distance, which Zank
et al. (2019) explained as a mode conversion process. Thus, we
might expect that the intermittency observed close to the
heliopause might be different than the intermittency observed
farther from it. Our second objective is to show that relatively
intense intermittency associated with compressive fluctuations
as well as smaller transverse fluctuations was observed by V2
in the VLISM close to the heliopause.

Our third objective is to demonstrate that g-Gaussian
distributions of the components of B and intermittency in the
components exists throughout the VLISM (except in the
regions of two shocks, which should be discussed separately)
observed by V1 from 2013 through 2019.

2. Measuring Intermittency in the VLISM

There is no unique definition of intermittency (Frisch 1995;
Staicu 2002), but for a one-dimensional signal in the solar

2016

2017 2018 2019 2020
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Figure 1. Daily averages of the magnetic field strength B(a) and its components Bgr(d), Bt (c), and By(e) in the VLISM beyond the heliopause (HP). This Letter
discusses intermittency in the observations made between 2013 and 2020, except the disturbed intervals behind the two shocks and just behind the heliopause.
Kolmogorov turbulence was observed during Interval 1 and Interval 2. The interval during 2017 behind the pressure front labeled “pf” as well as the observations

wind, heliosheath, and VLISM, it is customary to describe
intermittency by a function dX,,(t, 7,,) = X(t+ 7,,) — X(¥) on
scales 7,,, where 7 is the observation time, and X is a component
of B or the magnitude of B. This Letter analyzes hourly
averages of B and uses 7y, = 1 hr.

Our objective is to explicitly demonstrate the existence of
intermittency throughout the VLISM (excluding the regions
near two shocks) and quantify it. We use V1 observations made
during each of five intervals, from 2013 through 2019, ranging
from slightly less than 1 year to 468 days, as listed in Table 1,
as well as V2 observations during 2019. We work with ¢
corresponding to hourly averages of the magnetic field
components. One expects the intermittency to be relatively
small at these scales, but we will show that observations of
scales of 1 hr suffice to exhibit the existence of intermittency
throughout the VLISM observed from 2013 through 2019.

The measurements of B are made in a coordinate system that
is fixed in the spacecraft, the spacecraft centered RTN
coordinate system. In this system the dimensionless unit vector
R is directed radially away from the Sun, T is parallel to the
solar equatorial plane and aligned with the direction of the
Sun’s rotation, and the unit vector N completes the right-
handed coordinate system. Thus, B = BgR + ByT + BxN.
The T direction is ~30° from the average magnetic field, and
N is nearly orthogonal to the average magnetic field throughout
the interval considered in this Letter. The V1 spacecraft is not
rotating, except for calibrations and special circumstances, and
it is oriented such that antenna is directed toward the Earth.
Thus, one component of each of the two magnetometers
(outboard and inboard) is oriented close to in the R direction at
large distances from the Sun.
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Table 1
Parameters for g-Gaussian Fits to the Increments of the BN and BT Components of B and Kurtosis (K)

Hr Av S/C q-BN K-BN q-BT K-BT 3 BN 6 BT Note Year
Compressive \P 1.51 + 0.07 72 1.82 + 0.04 12.3 14,600 =+ 900 27,600 £ 600 Near HP 2019
Compressive V1 1.04 £ 0.12 3.6 1.12 = 0.05 5.0 39,400 = 4000 21,900 £ 1000 Near HP 2012
Transitional V1 0.99 £ 0.07 3.1 1.14 £ 0.05 2.8 25,200 £ 1400 25,900 £ 1000 Interval 1 2013-2014
Transverse Vi 1.30 £ 0.02 8.4 1.20 £ 0.04 49 35,300 + 700 25,000 £ 800 Interval 2 2015-2016
Transverse V1 1.18 £+ 0.01 9.2 1.13 £ 0.02 5.7 29,300 + 400 27,600 £ 500 Front 2017
Transverse A\ 1.38 £ 0.04 52 1.26 £+ 0.04 4.0 27,100 £ 900 21,100 £ 1000 Quiet 2018
Transverse V1 1.40 + 0.05 53 1.30 + 0.02 49 23,100 £ 1200 18,100 + 400 Quiet 2019
Ave. trans. 1.32 £ .03 7.0 1.22 £ 0.03 4.9 28,700 + 800 22,900 £ 800

There is inherent noise in the three sensors on each of the
two magnetometers on each of the two spacecraft, which was
determined to be 0.006 nT in the laboratory, as described by
Behannon et al. (1977). He also discussed “drifts” in the signals
from each of the sensors in the magnetometers that are
nonlinear, sometimes nearly discontinuous, and can be 0.2
nTyr~'. In the VLISM the magnetometers were, until recently,
calibrated by rolling the spacecraft through 360° from 1 to 10
times every few months or longer. The spacecraft rotates only
about one direction, which is very close to the R direction, so
that only the Bt and By components can be calibrated
accurately by rotating the spacecraft. It has become necessary
to reduce the number of rolls from 10 to 1 or 2, and to do so
less frequently because of the decline in power. Nevertheless, it
is still possible to calibrate the Bt and By components with an
uncertainty of approximately £ 0.02 nT for V1 and £ 0.03 nT
for V2 using the methods developed by Berdichevsky (2009).
For the present study, we consider only the Bt and By
components of B, since there is essentially no direct calibration
of the relatively small Br component. For the purpose of
exhibiting the intermittency throughout the quiet VLISM, it is
sufficient to consider only increments of 1 hr.

3. Overview of the Magnetic Field Observations in the
VLISM

In this section, we briefly discuss an overview of daily
averages of the magnetic field strength B and its components
(Br, Br, By) in the VLISM in the interval from shortly after V1
crossed the heliopause (on 2012 August 25 at a distance of
121.58 au from the Sun and entered the VLISM) to the end of
2019, which is the extent of the available calibrated observa-
tions at the time of this writing.

Figure 1 shows that the temporal variations of the daily
averages of B are very small, compared to the variations of B
observed in the solar wind and heliosheath. We ignore
observations in the VLISM close to the heliopause, and we
do not consider the first and second shocks (labeled “sh” and
denoted by a dashed vertical lines) and the corresponding post-
shock flows, in order to avoid the intermittency associated with
shocks and the heliopause, which include features different
from the intermittency characteristic of the quiet VLISM.

We will consider the observations of B, Bg, B, and By from
2013.3593 to the end of 2019, which we divided into five
intervals that are shown in Figure 1. Two 468 day intervals in
Figure 1, Interval 1 and Interval 2, were studied by Burlaga
et al. (2015, 2018), who demonstrated the existence of
Kolmogorov turbulence in these intervals, which might be

might be associated with intermittency. At the beginning of the
third interval, an abrupt increase of the B can be seen just
before 2017, as indicated by a vertical dashed line. Since the
jump is too thick to be a shock, it has been identified as a
pressure front (labeled “pf” in Figure 1) by Burlaga et al.
(2019). We exclude this jump, but examine B following the
jump continuing to the end of 2017, which happens to include
some noteworthy small-scale structures that might also
contribute to intermittency. The remaining observations of B
that we consider were made during each of the years 2017,
2018, and 2019.

4. Voyager 1 Measurements of Intermittency in the VLISM

As will become apparent below, we are working very close
to the limits of the instrument. The uncertainties in the
individual components of B are smaller than the uncertainty in
the magnetic field strength B, which is derived from all of the
components. We do not consider the Br component, because
this component cannot be equally accurately -calibrated.
Thus, we shall examine intermittency in only the By and By
components as a function of time.

The fluctuations of B close to the heliopause are primarily
longitudinal (compressible) fluctuations that might be produced
by disturbances originating in the heliosheath (Burlaga et al.
2014). However, Burlaga et al. (2015, 2020) have shown that
the fluctuations are primarily transverse more than ~5 au
beyond the heliopause and extending at least as far as 146 au at
V1. One might expect that the intermittent fluctuations in the
transverse component By are larger than those in the
longitudinal component By beyond ~5 au.

We begin by studying the intermittency in the time series of
hourly averages of B. The procedures for identifying and
quantifying relatively weak intermittency in the VLISM will be
illustrated for the observations in Interval 2 of Figure 1, which
has been shown to be associated with Kolmogorov turbulence
(Burlaga et al. 2018). First, we compute 1 hr increments of the
fluctuations 6Bn1(¢t, 7;,) = Bn1(t+71,) — By1(®) and 6Bl
(t, 71,) = Brl(t+71,) — Bt 1(f), where 7y, is an hour interval
for each hour of the data in Interval 2. Plots computed from the
histograms of the increments 6By1(t, 71;,) and 6Br1(¢, 7y;) for
each hour during the Interval 2 are shown in the left and right
panels of Figure 2, respectively, where they are designated
0Bn1 and 6Brl. The heights of the bars of the histograms of
these quantities are plotted as points in Figures 2(a) and (c).

The distributions of hourly increments of éBy1 and 6Btl
observed during Interval 2are shown by the distribution
functions in Figures 2(a) and (c), respectively, which were
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Figure 2. Observations of intermittency using hourly average data by Voyager 1 from 2013.3593 to 2014.6373. Panel (b) shows the time series of 1 hr increments in
the By component of the magnetic field, labeled 6By, as a function of time. (a) The points derived from a histogram of the success of 1 hr increments in the
component By of the magnetic field B (6By1). The solid curve is a fit of a g-Gaussian distribution to the observations. The value of ¢, a measure of the intermittency of
the fluctuations, is shown in the upper right corner of the panel together with the amplitude A and the parameter [ that is inversely related to the width of the
distribution. R? is the coefficient of determination of the fit. The panels on the right, (c) and (d), correspond to the panels on the left except that they refer to the 1 hr

increments in the Bt component of the magnetic field, 6Brl.

fitted with the g-Gaussian distributions that are shown by the
smooth curves passing through each of the points derived
from the observations. The coefficients of determination
R* = 0.9996 and 0.9992 for 6Bx1 and 6Brl(t, ), respec-
tively, indicate excellent fits to the distributions of the
observations of the points in Figures 2(a) and (c), respec-
tively. The values of g are 1.30 &+ 0.02 and 1.20 % 0.04 for
the hourly increments of 6Byl and 6Brtl, respectively. The
small uncertainties indicate the observed g values are well
outside the value g = 1 for a Gaussian distribution, and they
show that intermittency was observed in the fluctuations of
(SBNI(I, Tlh) and (SBT](I, Tlh)'

The intermittency ¢ derived from the g-distributions for all
of the data in the five intervals discussed in Section 3 are
presented in Table 1. Note that value of g for the hourly
averages in Interval 1, for which Kolmogorov turbulence was
observed by Burlaga et al., was only g = 0.99 + 0.07 for
the transverse (“Alfvénic”) component of fluctuations éByl,
which is consistent with a Gaussian distribution, with no

intermittency. For the corresponding compressible fluctuations
in 6Brl, g = 1.14 £+ 0.05, which is small but statistically
significant. Since Interval 1 is within ~5 au of the heliopause,
the fluctuations are compressible, possibly because they
originated in the heliosheath, as suggested by Burlaga et al.
(2014) and calculated by Zank et al. (2017).

The average values of g for the remaining four intervals in
Figure 1 are 1.32 + 0.03 for 6Bn1 and 1.22 + 0.03 for 6B,
which indicates significant departures from a Gaussian
distribution, demonstrates the presence of intermittency of
these fluctuations, and shows the dominance of transverse
fluctuations beyond ~5au. At these larger distances, the
intermittency was primarily in the transverse component, but
there was a significant contribution in the longitudinal
component as well. A summary of these results and related
parameters 3 and A is given in Table 1.

We conclude that significant intermittency in 1 hr increments
of averages of the transverse (‘“Alfvénic”’) component By and to
a lesser extent in the longitudinal component Bt was observed
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Figure 3. Observations of intermittency for hourly average data from V2 in the VLISM just beyond the heliopause, in 2019. This figure has the same format as

Figure 2.

by the V1 magnetic field instrument in the VLISM, except near
the heliopause where the compressible component By was
dominant. For the observations during Interval 1, the inter-
mittency in the transverse component was almost negligible, and
it was small but significant in the longitudinal (compressional)
component, which might have been associated with compres-
sible fluctuations that originated in the heliosheath.

5. Voyager 2 Measurements of Intermittency in the VLISM

Voyager 2 (V2) crossed the heliopause in the southern
hemisphere on 2018 November 5 when it began measuring
magnetic fields of the VLISM. Currently, we have data only
through 2019, day 240, so we consider only the observations of
hourly averages of B during 2019, excluding the observations
during November and December of 2018 in order to avoid
transient perturbations that might be present near the heliopause.

Proceeding as above, we consider only the By (transverse)
and By (compressible/longitudinal) components of B. (One
can think of the transverse component as related to Alfvén
waves and the compressible component as related to

magnetosonic waves.) Plots of the 1 hr increments of the
transverse component 6Byl and longitudinal component
OBrl are shown in Figures 3(b) and (d), respectively.
Intermittency can be seen in both components, but the
intermittency in the compressible component 6Bt1 is particu-
larly large and notable. From the g-Gaussian fits we obtain
g = 1.51 £ 0.07 (K = 7.2) for the transverse component 6Byl
and ¢ = 1.82 + 0.04 (K = 12.3) for the compressible comp-
onent 6Brl. Clearly, the intermittency in the compressible
component was dominant near the heliopause, consistent with
the hypothesis of Burlaga et al. (2014), the V1 observations of
Burlaga et al. (2018, 2020), and the theory of Zank et al.
(2017, 2019).

For the V1 observations made near the heliopause we found
that ¢ = 1.04 4+ 0.12 (K = 3.6) for the transverse component
0Byl and ¢ = 1.12 + 0.05 (K = 2.8) for the compressible
component 6Brl.

Why were the V2 observations of the intermittency near the
heliopause so large and the corresponding V1 observations so
small? One possibility is that the heliopause was moving
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outward when V2 crossed it, creating a disturbance analogous
to that produced by a shock. In fact, B decayed exponentially
with increasing time beyond the heliopause (Burlaga et al.
2020), as observed behind the two shocks that moved past V1
shown in Figure 1.

6. Summary

We have identified intermittency in the longitudinal and the
transverse components of B observed by V1 throughout the
quiet VLISM from 2013 through 2019, i.e., everywhere except
behind shocks and near the heliopause, where intermittency
might be greater. Specifically, we identified intermittency in the
1 hr increment 6Bn1A(t, 71;,) of the magnetic field component
By, which is primarily transverse to the average magnetic field
direction, except near the heliopause. We also identified
intermittency in the 1 hr increments 6Brtlh(t, 7,) of the
magnetic field component Bt near the heliopause that was
compressible, since it was primarily along the average
magnetic field direction in the quiet VLISM. We conclude
that intermittency in B does exist throughout the quiet VLISM.

The intermittency in the VLISM was greater for the
predominantly transverse By component of B than that of the
predominantly longitudinal Bt component, except < ~5 au
from the heliopause where the intermittency was dominant in
the compressive By component. Thus, the intermittency in the
transverse component is dominant in the VLISM beyond
several au of the heliopause.

The intermittency was measured by the parameter ¢ in the g-
Gaussian fits to the distribution of increments of B components
and by the kurtosis. The average values of the intermittency
associated with the 1 hr averages of the By and Bt components
of B during the four intervals beyond ~5 au of the heliopause
are (q) = 1.32 £ 0.03 for the transverse component By and
(q) = 1.22 4+ 0.03 for the longitudinal component By of the
hourly increments of B. The corresponding average values of
the kurtosis are 7.0 and 4.9, respectively.

Voyager 2 recently crossed the heliopause and entered a
region where compressible fluctuations were dominant and the
intermittency was greater in the compressible component than
that the transverse component, as might be expected near the
heliopause in the VLISM. However, the intermittency in the
compressible Bt component was large (¢ = 1.8240.04,
K =123). Even the intermittency in the By component
(g =15%0.07, K = 7.2) observed by V2 was large compared
to the corresponding average values observed by V1 between
2013 and 2019. The intermittency in the V1 observations of By
and Br near the heliopause was much smaller than that observed
by V2 near the heliopause. Specifically, the intermittency
observed by V1 in the compressible Br component was only
(g =1.12+£0.05, K = 5.0), and the intermittency in the By
component was (¢ = 1.04 £0.12, K = 3.6). The reason for the
relatively strong intermittency observed by V2 near
the heliopause is not known, although it might be related to
the outward motion of the heliopause. The magnetic field
strength observed by V2 decayed exponentially with time

Burlaga et al.

from a maximum at the heliopause (Burlaga et al. 2020). Such a
decay has been observed at each of two shocks that moved
past V1, as shown in Figure 1.
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