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[11 We identified all of the current sheets for which we have relatively complete and
accurate magnetic field (B) data from Voyager 1 (V1) from days of year (DOYs) 1 to 331,
2009, which were obtained deep in the heliosheath between 108.5 and 111.8 AU. Three
types of current sheets were found: (1) 15 proton boundary layers (PBLs), (2) 10 and 3
magnetic holes and magnetic humps, respectively, and (3) 3 sector boundaries. The magnetic
field strength changes across PBL, and the profile B(t) is linearly related to the hyperbolic
tangent function, but the direction of B does not change. For each of the three sector
boundaries, B rotated in a plane normal to the minimum variance direction, and the
component of B along the minimum variance direction was zero within the
uncertainties, indicating that the sector boundaries were tangential discontinuities. The
structure of the sector boundaries was not as simple as that for PBLs. The average
thickness of magnetic holes and humps (~30 Ry) was twice that of the PBLs (~15 Ry).
The average thickness of the current sheets associated with sector boundaries was close
to the thickness of the PBLs. Our observations are consistent with the hypothesis that

magnetic holes and humps are solitons, which are initiated by the mirror mode
instability, and evolve by nonlinear kinetic plasma processes to pressure balanced
structures maintained by magnetization currents and proton drift currents in the

gradients of B.

Citation: Burlaga, L. F., and N. F. Ness (2011), Current sheets in the heliosheath: Voyager 1, 2009, J. Geophys. Res., 116,

A05102, doi:10.1029/2010JA016309.

1. Introduction

[2] Voyager 1 (V1) and Voyager 2 (V2) crossed the ter-
mination shock and entered the heliosheath during December
2004 and August 2007, respectively [Stone et al., 2005, 2008;
Burlaga et al., 2005, 2008]. In the heliosheath behind the
termination shock, both V1 and V2 often observed a large
change in the magnitude of B on a scale of several hours or
less [see, e.g., Burlaga et al., 2006a, 2006b]. In plots of 48 s
averages of the magnetic field strength B, three types of
profiles were observed: (1) those associated with proton
boundary layers (PBLs), (2) magnetic holes and humps, and
(3) sector boundaries. These structures are discussed in
sections 2, 3, and 5, respectively. References to the earlier
work on these structures are presented in sections 2, 3, and
5. Owing to the difficulty in separating the heliosheath
signal from the noise and the systematic errors in the 48 s
averages of B, only a few examples of these kinds of
current sheets have been published. The aim of this paper
is to describe all of the three types of current sheets listed
above observed by V1 from day 1 through day 331, 2009
when V1 moved from 108.5 to 111.8 AU.
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[3] Tangential discontinuities are a fundamental feature of
the solar wind at 1 AU [see Burlaga, 1995, and references
therein]. Current sheets associated with tangential dis-
continuities observed at 1 AU were discussed by Burlaga
et al. [1977]. The magnetic field strength and/or direction
can change across such a current sheet. The current sheets
that we identified as PBLs in the V1 data for 2009 have no
significant change in the magnetic field direction across the
current sheets; thus, they are not rotational discontinuities.
The magnitude of B increases or decreases across these
PBLs, consistent with either tangential discontinuities or
shocks. Section 5 shows that the PBLs are too thick to be
shocks. Therefore, we infer that these current sheets are
associated with tangential discontinuities. A theory of
current sheets associated with tangential discontinuities,
based on solutions to the Vlasov equations, was presented
by the Lemaire and Burlaga [1976]. They identified two
types of planar current sheets, “proton boundary layers”
and “electron boundary layers,” respectively. The thickness
of the proton boundary layers and electron boundary layers
is of the order of a few proton Larmor radii (Rp) and
electron Larmor radii, respectively. No electron boundary
layers were observed in a survey of 287 discontinuities at
1 AU [Burlaga et al., 1977], and no electron boundary
layers were identified in the heliosheath observations that
we will discuss. The absence of electron boundary layers is
consistent with the prediction of Lemaire and Burlaga
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[1976] that these boundary layers would be unstable. The
proton boundary layers are stable.

[4] Magnetic holes and humps have a three-part structure:
an interval of uniform magnetic field strength B1, followed
by a current sheet associated with a depression or enhance-
ment of B, followed by another interval of uniform magnetic
field strength B2. Magnetic holes and humps, like PBLs,
need not be associated with a change in the magnetic field
direction. There are several theories of magnetic holes and
humps, which are referenced in section 3.

[5] Sector boundaries are a third kind of current sheet,
necessarily associated with a large change in the direction of
B which may or may not be associated with change in
magnitude of B. Many people assume that a sector boundary
is null sheet in which the magnetic field direction is con-
stant, but B decreases to zero in the middle of the current
sheet and then increases to its original value on the other
side of the sheet with a change in sign. This configuration is
rarely observed. Others assume that B rotates across sector
boundary such a way that B remains constant but the
direction of B changes by 180° [Smith, 2001]. In general the
structure of the current sheet sector boundary is more
complicated than this. The boundary between two sectors
can be a single thin current sheet, multiple sheets, or a broad
current sheet with a complex and even multifractal structure
[Klein and Burlaga, 1980]. This paper considers three sector
boundaries in the heliosheath which all appear to be a part of
the transition from one sector to another sector of the
opposite polarity.

2. Current Sheets Associated With Proton
Boundary Layers

2.1.

[6] In the kinetic theory of proton boundary layers intro-
duced by Lemaire and Burlaga [1976] the electron distri-
bution function is the sum of two electron Maxwellians
whose relative concentrations change smoothly across the
current sheet Maxwellian, and the proton distribution func-
tion is the sum of two truncated anisotropic Maxwellians.
The density N, proton temperature T and magnetic field B,
change across the boundary layer from one state to another,
but the electron temperature is constant. A changing density
and the gyration of protons in the inhomogeneous magnetic
field produce a charge separation that supports a small
polarization electric field, which is larger for a larger density
change, giving a thinner PBL when the density changes
across the PBL is larger. The total pressure (the sum of the
thermal, magnetic, and electric pressures) is constant across a
PBL. The tail of a non-Maxwellian proton distribution
within the PBL provides diamagnetic currents parallel to the
PBL which is associated with the changes in B.

2.2. The Magnetic Field Strength Profile in a PBL

[7] Most of the tangential discontinuities observed in the
solar wind near 1 AU are associated with a change in the
direction of B, and little or no change in the magnitude of B.
The heliosheath observations that we discuss below show
primarily changes in B, with little or no change in the
direction of B. There is an interval with nearly constant B =
B1 and a smooth transition to another interval with constant
B = B2 # B1. We shall show that the magnetic field profile
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in the intermediate region has the form of the hyperbolic
tangent function. The overall magnetic field strength pro-
files of the PBLs that convected past V1 during 2009 can be
fit with the function

B(t) = (Bl + B2)/2 + [(B2 — B1)/2] tanh[(t — to) /7] (1)

For early times, t < to, the hyperbolic tangent is —1 and
B(t) = Bl > 0; for large times, t > t,, the hyperbolic
tangent is +1 and B(t) = B2 > 0.

[8] In practice, it is more efficient to use the sigmoid
function to fit the magnetic field strength profile, which is
equivalent to (1), but it involves the exponential function
rather than the hyperbolic tangent. The sigmoid function is
more suitable for a nonlinear curve fitting scheme based on
the Levenberg-Marquardt algorithm [Levenberg, 1944;
Marquardt, 1963]. The sigmoid function is defined as

y(x) = A2 + {A1 — A2} /{1 + exp[(x — x0)/dx]} 2)

where Al and A2 are asymptotic values of y, x0 is the
inflection point, and dx measures the width of the change in
y along the x direction.

[v] Changing the notation so that this formula applies to
the specific problem at hand, we write (2) as

B(t) = B2+ {B1 — B2} /{1 +exp[(t—t,)/7]} 3)

where t will be plotted in units of days, 7 is related to the
width of the structure, and t, is the time that the middle of
the current sheet (the inflection point of B(t), where B(t,) =
(B1 + B2)/2) moves past V1. The equivalence between (1)
and (3) can be demonstrated after some algebra using the
relationship tanh(z) = (¢* — 1)/(e* + 1), where ¢ is the
exponential function exp(z).

[10] Since (1) and (3) approach B1 and B2 only asymp-
totically, it is necessary to define a reasonable “width” of the
current sheet, “w” = t, — t; which is related to 7. This width
w is a measure of the time for the current sheet to move past
V1. Let us write B(t,) = B2 — &(t,). We choose t, such that
e(tp) is 10% of {B2 — B1}, i.e,, e(t) =—{B1 — B2}/{1 + exp
(t —t,)/7]} =0.1{B2 — B1}, which gives 10 = {1 + exp[(t, —
t,)/T]} or 9 =exp(t, — t,)/7]}. Taking the natural logarithm of
both sides gives 2.197 = (t, — to)/7, or T = (t, — t()/2.197.
Taking w =2 x (t, — to) (since (tp — t;) = (t; — tp)), we obtain
w (day) =2 x 2.197 x 7 (day), or w = 4.4 7 (day).

2.3. Identification of PBLs in the V1 2009 Observations

[11] We searched the plots of 48 s averages V1 observa-
tions of B(t) from day of year (DOY) 1 to 331.0, 2009 for
profiles resembling those expected for current sheets asso-
ciated with tangential discontinuities, PBLs. Fifteen events
were identified unambiguously. Since the 1 ¢ uncertainty in
B is typically #0.03 nT for observations discussed in this
paper, we cannot unambiguously identify PBLs with IB2 —
B 11 < 0.05 nT. The smallest value of IB2 — B1l among
the PBLs that we selected is 10.03 — 0.101 = 0.07 nT.
Owing to the data gaps, primarily because of the limited
tracking of the telemetry but also owing to various sources
of noise, we have measurements for ~4230 h from DOY 1
to 331.0, i.e., 53% of the time. Fifteen PBLs were identified
in this interval. The rate of observations of PBLs is 0.086/d,
or 1 every 11.8 days.
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Table 1. Proton Boundary Layers®

Event t, (DOY)  dt, (days) R? Bl (nT) dB1 nT) B2 @T) dB2@®T) 7 (days) dr(days) w(h) dw(h) B2/BI
1 2.8349 0.0005 0.938 0.0147 0.0009 0.0704 0.0005 0.0045 0.0004 0.48 0.04 4.8
2 4.074 0.0010 0.821 0.0818 0.0003 0.1116 0.0005 0.0059 0.0008 0.62 0.08 1.36
3 11.815 0.0013 0.903 0.0514 0.0004 0.095 0.0003 0.0167 0.0012 1.76 0.13 1.85
4 46.5488 0.0006 0.951 0.1206 0.0005 0.0568 0.0007 0.0081 0.0054 0.86 0.57 0.47
5 47.5816 0.0008 0.901 0.0772 0.0005 0.1203 0.0006 0.0071 0.0007 0.75 0.07 1.56
6 72.7789 0.0013 0.909 0.1126 0.0005 0.1654 0.0007 0.0183 0.0012 1.93 0.13 1.47
7 102.4128 0.0017 0.750 0.0696 0.0006 0.0474 0.0006 0.0089 0.0015 0.94 0.16 0.68
8 126.6563 0.0036 0.884 0.1255 0.0037 0.0685 0.0006 0.0210 0.0023 222 0.24 0.55
9 128.4157 0.0021 0.927 0.115 0.0008 0.0456 0.0021 0.0443 0.0019 4.68 0.20 0.40
10 132.5215 0.0007 0.976 0.0482 0.0005 0.1582 0.0005 0.021 0.0006 222 0.06 3.28
11 140.5656 0.0006 0.977 0.1586 0.0004 0.0507 0.0004 0.0121 0.0005 1.28 0.05 0.32
12 157.8103 0.0017 0.871 0.1112 0.0006 0.0687 0.0005 0.0201 0.0015 2.12 0.16 0.62
13 167.5955 0.0017 0.865 0.0819 0.0004 0.0407 0.0005 0.0211 0.0015 223 0.16 0.50
14 211.659 0.0013 0.943 0.0997 0.0003 0.0281 0.0005 0.0334 0.0011 3.53 0.12 0.28
15 255.2059 0.0007 0.980 0.1058 0.0012 0.2851 0.0014 0.0150 0.0006 1.58 0.06 2.69

See the auxiliary material for figures of events not shown in the main text. DOY, day of year.

[12] Among the 15 candidate PBLs that were identified,
the data were incomplete for 5 of these events, which were
observed on DOY 11, 102, 126, 128, and 211, 2009. Nev-
ertheless, we were able to obtain good fits of the data with
the function (2). Therefore, we include all of the events in
the discussion of the statistics of the properties of the PBLs
in section 4. We shall show plots of the data only for 4 of
these 15 events. Plots of the remaining events are available
in the auxiliary material." The parameters for all of the PBLs
are collected in Table 1.

2.4. Observations of the PBLs

[13] In this section we discuss the detailed profiles of four
events that illustrate the fundamental characteristics of the
observations of PBLs. When interpreting plots of Voyager
magnetic field observations in the heliosheath and distant
heliosphere it is essential to consider the effects of the
uncertainties in the measurements of B. Typically the uncer-
tainty in each component of B is 0.02 nT and the uncertainty
in B is 0.03 nT. We begin with an example of an exceptional
event that shows both the basic features of the magnetic field
profile B(t) in the PBLs and the effect of the uncertainties in
the measurements of the direction of B when B is very small
(Figure 1).

[14] The basic features of the PBL in Figure 1 are (1) a
region of nearly uniform magnetic field strength B1, (2) a
current sheet with an inflection in B(t) at the center of the
sheet, followed by (3) a region with a different uniform
magnetic field strength B2. The sigmoid function provides
an excellent fit to the observations, R> = 0.94, where is R? is
the coefficient of determination. The inflection point of B(t)
moved past V1 at to = DOY 2.8349 + 0.0005, 2009. The
initial and final magnetic field strengths derived from this fit
are B1 =0.0147 £ 0.0009 nT and B2 = 0.0704 + 0.0005 nT,
respectively, giving a relatively large jump B2/B1 = 4.8.
The width of the current sheet as defined above is w =
0.48 + 0.04 h. All of these numbers describing this event
(“event 1) are given in Table 1. The uncertainties derived
from the fit to the data should not be confused with the
uncertainties in the measurements. In the following, we

'Auxiliary materials are available in the HTML. doi:10.1029/
2010JA016309.

shall give the magnetic field strength to two or three sig-
nificant figures, since the uncertainty in measurements of
B is #£0.03 nT. The direction of B, given by the azimuthal
and elevation angles A and 8, respectively, is nearly constant

Voyager 1, 2009

R?=0.938
0.3 A1 =0.0147 + 0.0009
L A2=0.0704 + 0.0005 i
X0 = 2.8349 + 0.0005
dx = 0.0045 + 0.0004 B

i s \
2.8 29
DOY

Figure 1. Voyager 1 observations of (a) the magnetic
field strength B, (b) the azimuthal angle A, and (c) the ele-
vation angle 6 for a tangential discontinuity (PBL) in
which the current sheet between the two asymptotic values
of B is resolved. The magnetic field strength at early times
is BX = 0.015 nT, which is comparable to the uncertainty
of B (+0.03 nT). Owing to these weak magnetic fields, the
direction of B cannot be determined accurately. Apparent
variations of A and ¢ are consequences of the systematic
and random errors. The solid curve in Figure la is a least
squares fit of the sigmoid function (2) to the data; the
parameters of this fit are also shown in Figure 1la.
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Figure 2. Observations of two PBLs with relatively large changes in B, plotted in the format of Figure 1.
(left) The observations show an increase in B; (right) the observations show a decrease in B. The direction
of the magnetic field across both PBLs is constant and in the direction of the Parker spiral (A = 90°/270°
and 6 = 0°) within the uncertainties of the measurements.

across most of the PBL in Figure 1, but the scatter is very
large, and the angles are essentially meaningless in the region
ahead of the current sheet (where the average B derived
from the fit is only 0.015 nT) because the uncertainties in
the measurements of each component of B are of the order
of £0.02 nT. For such weak magnetic fields, the measured
signal is dominated by the systematic and random errors in
the measurements.

[15] In general, the measured magnetic field strength is
the sum of two signals: the physical signal produced by the
heliosheath magnetic field, and the “error” signal produced
by the systematic and random uncertainties. When B is weak,
the error signal is dominant; when B is strong, the heliosheath
magnetic field is dominant. Between these extremes both
signals must be considered in the interpretation of the data.

[16] Two more typical PBLs, with B1 and B2 closer to the
average magnetic field strength in the data ((B)) = 0.01 nT),
are shown in Figure 2. Figure 2a shows a PBL in which B
increases as it moves past V1 (a “positive jump”), and
Figure 2b shows a PBL in which B decreases as it moves
past V1 (a “negative jump”). The curves in Figure 2a and 2b
are best fits to the sigmoid function (2), which are equivalent
to fits of the hyperbolic tangent function (1). The sigmoid
function provides an excellent fit to the data in both cases.
The parameters describing the observations and fits for these
events (events 10 and 11, respectively) are given in Table 1.
Note that for both events where B is relatively low,
~0.05 nT, (1) the scatter of the measurements of the angles
A and ¢ increases and (2) there is a small change in the trend
of the angles in the regions. These two effects are a con-
sequence of both systematic and statistical uncertainties in

the measurements of B, respectively. Within the uncertainties
of the measurements, there is no change in direction across
either of these PBLs.

[17] Finally, we discuss a remarkable PBL (event 15 in
Table 1), shown in Figures 3a—3c. The sigmoid function
provides an excellent fit to B (t). The current sheet moved
past at V1 at ty = DOY 255.2059, 2009. The magnetic field
strength increased across the current sheet from 0.11 nT to
the large value 0.29 nT (B2/B1 = 2.69). The magnetic field
direction is nearly constant. Both large-scale and small-
scale variations in the direction of B occur where the field
is relatively weak, but still close to the mean heliosheath
magnetic field strength, ~0.1 nT. This current sheet is a
very distinct boundary of a large region with very strong
heliosheath magnetic fields (reaching 0.35 nT) shown in
Figure 3d. This unusual region [Burlaga and Ness, 2010]
continued to move past V1 for at least 20 days. The nature
and origin of this region are unknown.

3. Magnetic Holes and Humps

3.1.

[18] The magnetic field is a vector field, and points where
B = 0 in a vector field are of special interest because the
magnetic topology can change at these points. For example,
Burlaga [1968] and Burlaga and Ness [1969] identified
microscale structures in the solar wind at 1 AU where B was
close to zero and the magnetic field direction changed sig-
nificantly. They suggested that these “D sheets” might be
sites of magnetic reconnection. No D sheets were observed
in the V1 data from DOY 1 to 331, 2009. There is no

Introduction
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Figure 3. (a—c) Observations of a PBL with a large change in B. The direction of the magnetic field was
nearly constant across this current sheet, in the direction of the Parker spiral direction (A = 270° and 6 =
0°). (d) This current sheet formed the front boundary of an unusual region with very intense magnetic

fields that persisted for at least 20 days.

evidence of magnetic reconnection in the V1 data set dis-
cussed in this paper.

[19] A search for small regions in the solar wind with
B < 1 nT in plots of 15 s magnetic field averages of B
from Explorer 43 at 1 AU revealed the existence of
another type of magnetic structure with weak magnetic
fields, called “magnetic holes” [Turner et al., 1977]. Twenty-
eight magnetic holes were observed during in the 19 day
interval corresponding to the rate of 1.5 magnetic holes
per day. None of these magnetic holes had B = 0. Some
(but not all) of these magnetic holes were not associated with
a change in the magnetic field direction (“linear magnetic
holes”), and are therefore not related to magnetic recon-
nection. Similar structures, with an enhancement of B rather
than depression (now called “magnetic humps”) and no
change in the magnetic field direction were also discovered
by Turner et al. [1977].

[20] Magnetic holes are observed throughout the solar
wind. Further studies of magnetic holes in the solar wind at
1 AU were published by [Fitzenreiter and Burlaga, 1978;
King et al., 1979; Stevens and Kasper, 2007]. Magnetic
holes were also observed in the region out of the ecliptic in
data from Ulysses [Neugebauer et al., 2001; Tsurutani et al.,
2002; Winterhalter et al., 1994a, 1994b, 2000] and in the
supersonic solar wind out to 17 AU [Sperveslage et al., 2000].

[21] Magnetic holes have also been observed in the mag-
netosheath of Earth [Constantinescu et al., 2003; Horbury
et al., 2004; Soucek et al., 2008; Stasiewicz et al., 2003;
Tatrallyay and Erdos, 2002, 2005], Jupiter [Erdds and

Balogh, 1996; Joy et al., 2006], and Saturn [Bavassano
Cattaneo et al., 1998].

[22] A kinetic theory of magnetic holes and magnetic
humps was published by Burlaga and Lemaire [1978] based
on the following assumptions: (1) They are stationary
(nonpropagating) structures convected with the solar wind.
(2) They are locally planar structures whose curvature is
large compared to the thickness (which is supported by
observations discussed by Fitzenreiter and Burlaga [1978]);
the magnetic field direction is parallel to the plane of the
structures and its magnitude varies along the direction
orthogonal to the plane. (3) The plasma is collisionless. (4)
The current is the sum of the gradient drift current and the
magnetization current of the protons moving in the gradients
of the magnetic field and plasma. It was concluded, based
on a solution of the Vlasov equation, that magnetic holes
and humps are pressure balanced structures.

[23] Another hypothesis concerning the nature of mag-
netic holes and humps was offered by Tsurutani et al.
[1992], who suggested that they are mirror mode waves
produced by the linear mirror mode instability, driven by
temperature anisotropy of the plasma. The “mirror mode”
is a long-wavelength, nonpropagating mode, which is
different than the three basic MHD modes. Southwood and
Kivelson [1993], expanding on the early work of Tajiri
[1967] and Hasegawa [1969], showed that even in the
linear limit, the mirror mode instability should be treated
with kinetic theory and include finite Larmor radius cor-
rections. It is difficult to test the hypothesis of Tsurutani,
because even today there is no agreement on the nature of

5o0f 17



A05102

the structures that result from the nonlinear development
of the mirror mode instability. There is a large literature
on the theory of the mirror mode instability, which we will
not review here. The nonlinear theory, with finite Larmor
radius effects and non-Maxwellian distributions, is particularly
important [e.g., Kivelson and Southwood, 1996; Pantellini,
1998; Génot et al., 2001; Pokhotelov et al., 2004, 2008;
Istomin et al., 2009]. It is generally found that the quasi-
stationary nonlinear structure that eventually develops from
the mirror instability is a pressure balanced structure.

[24] A fundamental difference between the two theories
of magnetic holes and humps just described is in the
geometry. Burlaga and Lemaire [1978] assumed a planar
structure, with variations perpendicular to the magnetic
field direction and the plane of the current sheet, but no
variation along the magnetic field direction. In contrast, the
mirror mode requires variations along the magnetic field
direction, which is presumed to have a sausage-like shape.

[25] A third theory [Baumgdrtel, 1999; Baumgdrtel et al.,
2005] is that magnetic holes and humps are solitons. (The
magnetic holes and humps that we consider are different
than the isolated very small scale features, 30 ion skin
lengths, identified by Rees et al. [2006] and modeled as
“banana-polarized solitons” by Sauer et al. [2007] and
Baumgdrtel et al. [2007].) It is commonly assumed that
solitons are necessarily fluid structures, such as the solitons
introduced by Korteweg and de Vries [1895] and Lamb
[1980]. Baumgdrtel et al. [1997] and others argued that
Hall MHD can provide the dispersive effects necessary for a
soliton. On the other hand, it seems clear that the finite
Larmor radius effect must be considered [e.g., Hall, 1979;
Pokhotelov et al., 2004], and this too can produce the dis-
persive effects required for solitons. Kinetic theories [e.g.,
Istomin et al., 2009] show it is possible that solitons can
form from the nonlinear evolution of the mirror mode
instability in plasmas.

[26] There is a widespread belief that the linear mirror
mode instability is the cause of magnetic holes and magnetic
humps, and that this theory is not consistent with theories of
solitons and pressure balanced structures. However, we offer
the hypothesis that all three of the theories discussed above
are relevant to understanding magnetic holes and humps.
For example, the linear mirror mode instability driven by
temperature anisotropy might be the initial cause of the
initial development of these structures. The fully nonlinear
development the mirror mode instability in non-Maxwellian
plasmas with finite Larmor radius effects might produce
solitons (and other structures). And the fully developed
nonlinear structures are likely to be pressure balanced
structures.

[27] Ideally, one should have observations from two
points suitably placed along the magnetic field direction in
order to distinguish between magnetic holes and magnetic
humps, as well as high-resolution observations of the dis-
tribution functions of particles and fields. In the V1 observa-
tions, this is not possible. Consequently, the emphasis in this
paper is on the description of the observations of the magnetic
field profiles associated with magnetic holes and magnetic
humps observed by V1 in the heliosheath.

[28] The existence of magnetic holes in heliosheath was
demonstrated by Burlaga et al. [2006a]. The existence of
trains of magnetic holes and magnetic humps in the he-
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liosheath was demonstrated by Burlaga et al. [2006b], who
showed that the profiles B(t) are approximately Gaussian
distributions. These authors could not determine whether
magnetic holes and humps are mirror mode structures, soli-
tons or pressure balanced structures in the Voyager data.
Nine isolated magnetic holes in the V1 data were studied by
Burlaga et al. [2007], who showed that the average width
(passage time) of the magnetic holes was 2.3 h with the
standard deviation of 0.7 h.

[20] Further observations of magnetic holes in the V1 data
obtained in the heliosheath were published by Tsurutani
et al. [2011], who interpreted them in terms of the mirror
mode instability, although conclusive evidence in support
this interpretation was not given. Liu et al. [2006] and Génot
[2008] suggested that the heliosheath plasma behind the
termination shock should be unstable to the mirror instability
and proposed that magnetic holes and magnetic humps are
different stages of the mirror instability. However, these
papers do not consider the pickup protons, which would
provide the dominant contribution to the temperature anisot-
ropy that drives the mirror mode instability in the heliosheath.

[30] In the distant heliosphere and heliosheath, pickup
protons provide the dominant contribution to the thermal
pressure [Burlaga et al., 1996], and they will likely deter-
mine the thickness and structure of the magnetic holes and
humps. A theory of solitons, including the effects of pickup
protons, was presented by Avinash and Zank [2007] and
Avinash et al. [2009]. This theory explains the magnetic
field strength profiles of the magnetic holes observed in the
heliosheath.

3.2. Identification and Fitting Function of Magnetic
Holes in the Heliosheath by V1 During 2009

[31] We searched the V1 observations of B from DOY 1
to 331.0, 2009 for profiles B(t) resembling those expected
for magnetic holes and magnetic humps. Ten candidate
magnetic holes and three candidate magnetic humps were
identified (events 1-15 in Table 2). In all cases only a part of
the magnetic hole or magnetic hump was observed, owing to
gaps in the data. These gaps are the result of various sour-
ces: limited tracking of the spacecraft (~6—12 h/d); poor
quality of the ground station reception when the viewing
angle is near the horizon; noise from the instrument, the
spacecraft and the telemetry system; operations such as rolls
and calibrations, etc. The data used in this study were
carefully edited by hand using all the information available.

[32] Following Burlaga et al. [2006b] for the sake of
comparison, we fit each event empirically to a Gaussian
distribution y = y0 + A/[w x V(7/2)] x exp{-2 x [(x — xc)/
w]?)}. With the symbols that were used in the definition of
the sigmoid function (3), the relevant form of the Gaussian
distribution is

B=B0+A/[ry/(r/2)] x exp{ -2 x [t~ )/} (4)

where 7 = 20, o is the standard deviation, and A is the
parameter in the Gaussian distribution for y(x). The
parameter 7 is the distance between the two inflection points
of the Gaussian distribution, which accounts for 68.2% of
the area under the Gaussian distribution. Intuitively, the
“width” of the distribution appears to be broader than the
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Table 2. Magnetic Holes (Events 1-10) and Magnetic Humps (Events 11-13)*

Event t, (DOY) dt, (days) R? BO dBO A dAO 7 (days) dr (days) w(h) dw(h) Bm Bm/BO BM BM/BO

1 52.936 0.0009 0932 0.1027 0.0004 —0.0093 0.0002 0.1177  0.0021 282 0.05 0.04 039

2 77.8596 0.0008 0.781 0.1300 - —0.0131 0.0002 0.1394 0.0024 3.35 0.06 0.06 0.42

3 78.6417 0.0010  0.737 0.0389 0.0005 —0.0021 0.0001 0.0761 0.0010 1.83 002 0.02 043

4 124.3981  0.0009  0.948 0.1333 0.0009 -0.0259 0.0005 0.2357  0.0032 566 0.08 0.05 0.34

5 137.6699 0.0007 0.905 0.1244 0.0029 —0.0171 0.0011 0.1566 0.0052 3.76 0.12  0.04 0.30

6 162.7729  0.0013 0.812  0.0910 0.0004 —0.0119 0.0002 0.1553  0.0030 3.73 0.07 0.03 033

7 196.401 0.0008 0.896  0.1300 - —0.0222 0.0002 0.1804  0.0018 433 0.04 0.03 024

8 201.5027  0.0006  0.904 0.1430 0.0004 -0.0020 0.0001 0.0374  0.0006 090 0.01 0.10 0.70

9 201.8208  0.0004  0.936 0.1359 0.0005 —0.0048 0.0001 0.0562  0.0010 1.35 002 0.07 0.50

10 236.6669  0.0006 0949 0.1163 0.0006 —0.0099 0.0002 0.0951 0.0016 228 0.04 0.03 029

11 151.8781  0.0007 0.937 0.0281 0.0007 0.0185 0.0004 0.1840  0.0025 442  0.06 0.11 385
12 308.1067 0.0017 0.559 0.1163 0.0006 0.0071 0.0003 0.1061 0.0038 2.55 0.09 0.17 1.46
13 103.6154  0.0008  0.9233 - 0.0000 0.0794 0.0003 0.4166  0.0022  10.00 0.05 - 0.15 -

See the auxiliary material for figures of events not shown in the main text.

distance between inflection points. We define the “width”
(passage time) of the magnetic hole or hump as w': = 2 7.
This definition is consistent with our definition of the width
of a PBL in section 2. The minimum or maximum magnetic
field strength (Bm or BM, in the magnetic holes and mag-
netic humps, respectively) occur at t = ty, when

B =B0+A/[r x/(7/2)] (5)
where A > 0 for a magnetic hump and A < 0 for a magnetic
hole. The Gaussian distribution does not have a physical
basis in theory of magnetic holes and magnetic humps.
However, the model of Avinash and Zank [2007] provides a
profile that is close to the Gaussian distribution. In some

Voyager 1, 2009
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cases, one observes a sharper edge of the magnetic hole or
hump than is described by the Gaussian distribution; such a
sharp edge does appear some solutions in the model of
Burlaga and Lemaire [1978]. In any case, the accuracy of
the fit of the Gaussian function to the observations can be
specified, and the parameters derived from a Gaussian fit are
characteristic of the magnetic holes and humps. Deviations
of the shapes of magnetic holes and magnetic humps from
the Gaussian distribution provide insight into their detailed
structure. We would obtain the best fits to the data with the
Gaussian distribution if the data set were continuous,
beginning with an interval of constant magnetic field (BO),
followed by a magnetic hole or hump, and ending with
another interval of constant magnetic field (B0). However,

Voyager 1, 2009
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Figure 4. Observations of two magnetic holes. The azimuthal angle and elevation angle of B magnetic
field direction are constant (A =270° and 6 = 0°, respectively, along the Parker spiral direction) across the
both magnetic holes. The solid curves in Figure 4a are fits to the Gaussian distribution in equation (3).
The parameters of the respective fits are also plotted.
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Figure 5. Observations of two magnetic holes in the same format described in the caption of Figure 4.
(left) Owing to the weak magnetic fields, the effects of systematic and random uncertainties in the angles
are relatively large, but the data are consistent with a constant magnetic field direction across the magnetic
hole. (right) The angles of B differ appreciably from the Parker direction, but the direction is constant

across the magnetic hole within the uncertainties.

we have not observed all three parts of the profile in any of
the events in the data set under consideration, primarily
owing to limited tracking of the telemetry signal from V1.

[33] We present a summary of the parameters of all of the
events identified in the V1 2009 data set in Table 2. We
found significantly more magnetic holes than magnetic
humps, the ratio being at least 10/3 =~ 3. This ratio could be a
result of different production rates and/or different decay
rates of the structures. In any case, this ratio provides a
constraint on the mechanism that forms magnetic holes and
humps, such as the mirror mode instability. Section 3.3
illustrates the properties of magnetic holes for a represen-
tative sample of the events in the data set.

3.3. Observations of the Magnetic Holes and Humps

[34] Figure 4 shows two magnetic holes that happened to
move past V1 on the same day: event 8 at t, = DOY
201.5027 (Figure 4, left), and event 9 at t, = DOY
201.8208 (Figure 4, right), respectively. As in the plots of
PBLs in section 2, the length of the abscissa is the same in
both Figures 4 (left) and 4 (right), and the timescale in
Figures 4, 5 and 6 is the same, with major ticks at 0.1 day
intervals. Since the time intervals in each plot are chosen
to show the largest set of nearly continuous data, the
length of a 0.1 day interval will not be the same in every
plot. All of the plots have the same ordinate, for the sake
of comparing the magnitudes of B.

[35] Event 8 has the most complete coverage of the
events that we observed, although there is still a small
data gap. One can see all three parts of the magnetic hole:

the entire depression of B(t) (which can be modeled as
two adjacent PBLs); an extended region of nearly con-
stant B before the depression; and an extended region
with the same magnetic field strength B = B0 after the
depression. The minimum B in the depression is Bm =
0.10 nT and BO = 0.14 nT, giving Bm/B0 = 0.70. The
Gaussian distribution, shown by the solid curve in Figure 4,
provides a good fit to the data R? = 0.904. The width of the
magnetic hole, w = 27, is dw = 0.90 = 0.01 h. These para-
meters for this event (event 8) are summarized in Table 2.
The direction of B is constant throughout the interval.

[36] The data for the event 9, shown in Figure 4 (right) are
incomplete; the data for most of the second part of the
magnetic depression and the constant magnetic field region
following the magnetic depression are missing. Neverthe-
less, one can fit the data with a Gaussian distribution,
assuming that B before the magnetic depression is equal to
that after the magnetic depression. An excellent fit, with
R? = 0.936, is shown by the solid curve in Figure 4. The
width of the magnetic hole is w = 1.35 + 0.02 h. The
minimum B in the depression is Bm = 0.07 nT and BO =
0.14 nT, giving Bm/B0 = 0.50. A slight deviation in the
direction of B is observed as B decreases in the magnetic
hole, but this deviation is due to the systematic errors,
which manifest themselves when B is weak. The direction
of B is nearly constant across the entire interval within the
uncertainties.

[37] Another pair of magnetic holes is shown in Figure 5
whose midpoints moved past V1 at t, = DOY 78.6417
(Figure 5, left, event 3) and DOY 236.6669 (Figure 5, right,
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Figure 6. Observations of two magnetic humps in the same format as the data in Figure 4. The magnetic

field direction is constant within the uncertainties (A
across the both magnetic humps. The solid curves
(equation (4)).

event 10), respectively. In event 3, the depression in the
magnetic hole is well defined, but the asymptotic value of B
following the magnetic hole is not clear. In event 10 (Figure 5,
right), data for the last part of the depression and the
asymptotic value following it are not available. The Gaussian
distribution provides a fit with R*=0.737 for event 3 and R* =
0.949 for event 10. The widths of the magnetic holes are
1.83 £ 0.02 h and 2.28 + 0.04 h, respectively. In event 3,
B0 = 0.04 nT and B is very weak throughout, reaching the
minimum value Bm = 0.02 nT, which is the uncertainty in
each component of B. Consequently, near the minimum of
the magnetic hole, the direction of B is not defined
accurately, and there is a very large scatter of the 48 s
averages of the angles. Within the uncertainties in the
angles, the observations of the direction of B are consistent
with a constant magnetic field direction. In event 10, the
asymptotic magnetic fields are stronger, BO = 0.12 nT and
the minimum magnetic field is Bm = 0.05 nT, which is
close to the 1 o uncertainty in B, £0.03 nT. For this event,
there is increased variability in the 48 s averages where the
magnetic fields are weak, and there is a small deviation in
the magnetic field direction on a larger scale when the
magnetic field is weak, owing to systematic errors mani-
festing themselves. Nevertheless, the data are consistent
with the magnetic field direction being constant throughout
the entire interval.

[38] There were two well-defined magnetic humps in the
data set, which are shown in Figure 6. (The properties of
these magnetic humps and a third magnetic hump are shown
in Table 2. The center of the first magnetic hump (event 11,
shown in Figure 6, left) moved past V1 at t, = DOY
151.8781, and the center of the event 12 (shown in Figure 6,

=90° and 6 = 0°, along the Parker spiral direction)

in Figure 6a are fits to the Gaussian distribution

right) moved past V1 at t, = DOY 308.1067. The first
magnetic hump is well described by the Gaussian distribu-
tion. From this fit, we derive BO = 0.03 nT, BM = 0.11 nT,
and BO/BM = 0.26 nT, and the width w = 4.42 + 0.06 h.
Event 12, in Figure 6 (right), is less well defined. The
Gaussian fit gives only R* = 0.56, with BO =0.12 nT, BM =
0.17 nT, BO/BM = 0.71 nT, and width w = 4.42 + 0.06 h.
[39] The magnetic field direction for event 12 in Figure 6
(right) is remarkably constant, consistent with the relatively
large fields throughout the interval (>0.12 nT) compared to
the uncertainty in each component (£0.02 nT). In contrast,
for event 11 in Figure 6 (left) the magnetic field direction is
constant where B is close to 0.10 nT, but the direction of
B changes and the fluctuations increase in magnitude
approaching the weaker magnetic fields on either side of
the magnetic hump, where the asymptotic values are 0.03 nT.
These deviations can be attributed to the systematic and
random errors in the measurements of the components.

4. Statistical Properties of the PBLs and the
Magnetic Holes and Humps

[40] The basic parameters describing the magnetic field
strength profile in the PBLs are the width of the current
sheet w, and the magnetic field strengths before and after the
current sheet (Bl and B2, respectively) that appear in
equation (3). The basic parameters describing the magnetic
field strength profile in a magnetic hole are the width w, the
minimum magnetic field strength the magnetic hole Bm,
and the magnetic field strength BO before and after the
magnetic depression. Finally, the basic parameters describ-
ing B(t) in a magnetic hump are the width w, the maximum
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Figure 7. A comparison of the properties of (left) PBLs and (right) magnetic humps and holes. (a and b)
The widths of the respective structures as a function of DOY. (c and d) The distribution of the widths
(passage times) of the PBLs and the magnetic holes and humps, respectively. (e and f) T distributions
of the extreme values of B in the PBLs and the magnetic holes and humps, respectively (see text).
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Figure 8. The observations of the current sheet associated
with a sector boundary, plotted in the same format as the
data and Figure 1.

magnetic field strength BM, and the field strength BO before
and after the magnetic hump. Of course, the time at which
the structure moved past V1, t,, must also be considered
when fitting the data.

[41] The purpose of this section is to describe the statis-
tical properties of the parameters for the PBLs as well as the
magnetic holes and humps, and compare the parameters for
these two types of structures. The statistical properties of the
PBLs and the magnetic holes and humps were derived from
the parameters in Tables 1 and 2, respectively. Data for the
events in Tables 1 and 2 that are not in this paper can be
found in the auxiliary material.

[42] The times at which the PBLs and the magnetic holes
and humps were observed are shown in Figures 7a and 7b,
respectively. One can see that both types of structures are
distributed similarly in time throughout the 330 day interval.
The widths of the PBLs as a function of the time t, that they
move past V1 are plotted in Figure 7a. The widths of the
magnetic holes and magnetic humps as a function of t, are
plotted in Figure 7b. Comparing Figures 7a and 7b, one can
see that there is large variability in the widths of both types
of structures. But the widths of the magnetic holes and
humps tend to be larger than the widths of the PBLs.

[43] The average width (passage time) of PBLs is 1.81 h,
and the average width of the magnetic holes and magnetic
humps is 3.61 h. Thus, the width of the magnetic holes and
magnetic humps is 2.0 times the width of the PBLs. The
average width of linear magnetic holes observed by V1 in a
unipolar region during 2006 [Burlaga et al., 2007] was 2.3 +
0.7 h, and the range of widths was from 1.2 to 3.4 h. The
smaller passage time observed by V1 between DOYs 146
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and 304, 2006 compared to 2009 could be related to the
faster convection speed during 2006. The speed was V =
80 km/s during 2006 and ~50 + 20 km/s during 2009
[Richardson, 2011; R. B. Decker, private communication,
2010]. If we assume a constant thickness in kilometers,
then we would infer that the average speed at V1 during
2009 is ~80 (km/s) x 2.3/3.6 = 50 km/s, consistent with
the results derived by the LECP team (see the review by
Richardson [2011]).

[44] The widths of the PBLs range from 0.47 h to 4.69 h,
and the widths of the magnetic holes and humps range from
0.90 h to 10.00 h. This would be expected if the magnetic
holes and humps were planar structures with profiles
resembling those of two PBLs side by side. (The Gaussian
distribution that describes the magnetic holes and magnetic
humps has two inflection points, while the sigmoid distri-
bution that describes each of the PBLs has a single inflection
point.) However, if magnetic holes are mirror mode struc-
tures with a sausage-like or a magnetic bottle shape, then
one might expect the width to be relatively narrow near the
neck of the bottle, and relatively broad near the center of the
bottle. The distribution of the widths of the magnetic holes
and humps should be broader than that for PBLs, which we
did not observe. On the other hand, if the magnetic holes
and humps have unidirectional magnetic fields and a nearly
constant width along the magnetic field direction, then our
results would be consistent with the passage of solitons.

[45] The distributions of the widths of the PBLs and of the
magnetic holes and humps are shown in Figures 7c and 7d,
respectively. The standard deviations of the widths of the
PBLs and the magnetic holes and humps are 1.14 h and
2.33 h, respectively, differing by a factor 2. The distribu-
tion of the widths of the PBLs peaks between 0 and 1 h,
and the distribution extends only from O to 5 h. In contrast,
the distribution of the widths of the magnetic holes and
humps peaks at ~3 h and the distribution extends from 0 to
11 h. The distributions show graphically and in more detail
the sense in which the width, standard deviation, range of
the widths for the magnetic holes and humps are twice that
of the corresponding values for PBLs.

[46] As a measure of the size of the jumps of B across the
PBLs, we use the ratios B2/B1 > 1 for “positive” jumps and
B1/B2 < 1 for “negative” jumps. The distributions of these
ratios are plotted in Figure 7e, where we plot —(B1/B2) for
the negative jumps in order to separate the two distributions.
It is apparent from Figure 7e that the number and magnitude
of positive jumps is comparable to the number and magni-
tude of negative jumps, respectively.

[47] For the magnetic holes, the appropriate measure of
the “amplitude” of the magnetic hole is Bm/B0, where Bm
is the minimum value of the magnetic field strength of the
magnetic hole and B0 is the magnetic field strength on either
side. For the magnetic humps, the “amplitude” is BM/BO,
where BM is the maximum magnetic field strength of the
magnetic hump. Since there are only three magnetic humps
in the data set, we include them in the distribution of am-
plitudes by substituting 1/(BM/B0) for BM/BO0. The result-
ing distribution of Bm/BO0 is shown in Figure 7f. There is a
broad range of amplitudes, from 0.2 to 0.8, but the peak of
the distribution of Bm/BO0 is between 0.3 and 0.4, nearly a
factor of 3 different from the ambient value. Nine of the
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Figure 9. Hodograms produced by means of a minimum variance analysis for the current sheets asso-

ciated with the sector boundaries in Figures 8 and 10.

(b, d, and f) The value of the component of B along

the minimum variance direction (Bm) as a function of time, N. (a, ¢, and ¢) The components of B along
the intermediate variance direction (Bi) and maximum variance direction (BM).

13 events have Bm/B0 between 0.2 and 0.5, indicating sig-
nificant (nonlinear) changes in B(t).

5. Current Sheets Associated With Sector
Boundaries

[48] Several sector boundary crossings were observed by
V1 from ~DOY 200, 2009 to DOY 255, 2009 (when V1
observed the extraordinary PBL which was the boundary of
a large unipolar region with strong magnetic fields [Burlaga
and Ness, 2010]. Unfortunately, we do not have data for
most of these crossings, owing to data gaps and un-
certainties in the measurements. Nevertheless, we have data
for three sector boundaries, which are the subject of this
section.

[49] A current sheet associated with a sector boundary
moved past V1 from DOY 208.3421 to DOY 208.4403 is
shown in Figure 8. It is obvious that the current sheet is
neither a null sheet (“D sheet”) nor a layer in which B with
constant magnitude rotates through 180°. The magnetic field
magnitude decreases across the current sheet from ~0.06 to
0.02 nT. There appears to be a small magnetic hole just

before the arrival of the current sheet. Since B in the sector
following the current sheet is near the limit of measure-
ments, the angles in that sector cannot be determined
accurately, which explains why the fluctuations in the an-
gles are large and the change in the average angles before
and after the sector boundary is not equal to 180°.

[50] The width of the current sheet associated with sector
boundary on DOY 208 is ~2.34 h, which is close to the
average width of the PBLs (1.81 h) discussed in section 2.
Figure 8 shows that the angles change “smoothly” across the
current sheet (apart from the large scatter 48 s averages
which is associated with uncertainties in the measurements
related to the weak magnetic fields). In general, the profile
of B across a current sheet associated with a sector boundary
is more complicated than those associated with the PBLs,
but it is not a Harris current sheet [Harris, 1962].

[51] A minimum variance analysis of the data within
the current sheet in Figure 8 gives the results shown in
Figures 9a and 9b. The minimum variance direction in
HG (RTN) coordinates is (1, 0, 0) with an uncertainty of
at least £0.03 in each of the components. Thus, the
minimum variance direction is the radial direction. The
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Figure 10. Observations of two current sheets, each associated with a sector boundary. The format is the

same as that in Figure 1.

average component of B in the minimum variance direction
is Bnin = 0.01 nT (Figure 9b), which is consistent with 0 nT
within the uncertainties. Thus, this sector boundary is a
tangential discontinuity, and the plane of the discontinuity is
approximately normal to the radial direction. The plot of the
magnetic field components in the intermediate variance
direction and the maximum variance direction, By, and
Bwmax, respectively (Figure 9a), shows a very shallow arc,
because B was decreasing while B was rotating across the
current sheet.

[52] Two additional current sheets were associated with
the passage of sector boundaries past V1, on DOY 251 and
DOY 253, shown in Figures 10 (left) and 10 (right),
respectively. In both cases, the observations suggest that the
direction of B does not change by 180° across the sector
boundaries. However, the systematic uncertainty in the an-
gles can be +45° even for magnetic fields of average
strength, and larger for weaker magnetic fields. The current
sheet associated with one of the sector boundaries moved
past V1 from DOY 251.7201 to DOY 251.7872. The width
of this current sheet was thus 1.62 h, which again is close to
the average width for the PBLs (1.81 h). There was a small
change in B across the current sheet, and there was small
enhancement in B within the current sheet. Thus, the mag-
netic field strength profile is more complicated than that for
the PBLs. The magnetic field direction changes nearly
monotonically, primarily in the azimuthal direction, as
shown in Figure 10 (left). The results of the minimum var-
iance analysis for this current sheet are shown in Figure 9c. A
plot of the components of B in the intermediate variance
direction (Bp,) and maximum variance direction (Byjax),
which define the “minimum variance plane”) for the sector
boundary on DOY 253 (Figure 9c), shows that the compo-

nent of B in the minimum variance plane varies nearly along
a circular arc across the current sheet. The minimum variance
direction is (0.29, 0.07, 0.96), which is close to the N
direction in HG coordinates, indicating a rotation primarily
in the azimuthal direction. The component of B in the min-
imum variance direction fluctuates about zero throughout the
event (Figure 9d), indicating that this current sheet is asso-
ciated with the tangential discontinuity.

[s3] Finally, we discuss a sector boundary observed by V1
DOY 253, 2009, shown in Figure 10 (right). In this case, the
magnetic field direction is not close to the nominal Parker
spiral field direction (270°/90°) on either side of the sector
boundary, which may be a manifestation of the systematic
uncertainties in the measurements. Nevertheless, there is a
large change in the direction of B and it is reasonable to
identify this change with a sector boundary. The magnitude
of B is variable on both sides of the current sheet, and there
is a slight depression within the current sheet. The current
sheet moved past V1 from DOY 253.6561 to 253.79, giving
a width of 3.19 h, which is larger than the average value for
a PBLs but still within the range of the distribution of widths
of PBLs (Figure 7c¢).

[s4] The direction of B in this current sheet changes pri-
marily in the azimuthal direction, as shown in Figure 10
(right). The minimum variance direction is given by the
vector (0.40, 0.33, 0.83). The component of the B along the
minimum variance direction (Byg,) fluctuates ~0.01 nT
(Figure 9f), which is consistent with zero within the un-
certainties. Once again, we find that the current sheet in the
sector boundary is associated with a tangential discontinuity.
The component of B in the plane of the tangential discon-
tinuity (the minimum variance plane, normal to the mini-
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mum variance direction) rotates about an elliptical arc
(Figure 9e).

6. Thickness of the Current Sheets

[s5s] We have obtained the “widths” of current sheets
associated with PBLs, magnetic holes and humps and cur-
rent sheet associated with sector boundaries. These widths
are actually passage times of the structures moving past V1.
The quantity of physical interest is the geometrical thickness
or the scale length of each of these structures.

[s6] In order to derive a length from the time, one must
know both the basic geometry of each class of structures and
the velocity of the flow in the heliosheath relative to the
velocity of V1. Since these parameters are not well known,
we can only give order of magnitude estimates of the
thickness of the current sheets, which illustrate the factors
that must be considered.

[57] It is likely that the geometry of the PBLs and the
current sheets associated with sector boundaries is locally a
slab geometry, with a very large radius of curvature in the
two principal directions at each point. In this case, the length
of interest is the thickness of the slab. The geometry of
isolated magnetic holes and humps in the heliosheath is not
known. Since we found that the characteristic passage time
of a magnetic hole or hump is twice that of a PBL or sector
boundary, one needs to consider the possibility that the
geometry of the observed magnetic holes and humps is
locally that of a slab. On the other hand, the geometry of
magnetic holes and humps might be tubular and sausage-
like, with a different radius of curvature in each of the two
principal directions at each point, varying along the axial
direction. If the relevant geometry is that of a slab, then one
must also know the orientation of the normal to the slab in
order to derive its thickness. If the relevant geometry is
tubular, then the measured thickness will depend on the
orientation of the axis of the tube and the impact parameter
with respect to the axis. Unfortunately, these parameters
cannot be determined from measurements made by a single
spacecraft such as V1.

[58] When the geometry is locally like that a slab, B is
parallel to the surface of the slab and thus perpendicular to
its normal. For the PBLs and magnetic holes and humps, the
magnetic field direction (where it could be measured accu-
rately) was nearly along the Parker magnetic field direction,
with 6 = 0° and A = 90° or 270°, and it did not vary sig-
nificantly across the current sheet. Thus, the normal to a slab
was in the meridional plane and inclined at an angle o
relative to the R — T plane, which was not determined. We
shall assume that o = 0°, giving an upper limit on the
thickness. Thus, we assume that the unit normal vector to a
planar structure is n = R + N in the HG coordinates system.
If the magnetic holes and humps are localized tubular
structures, then the axis of the tube is close to the observed
magnetic field direction, which is along the Parker spiral
field direction.

[59] The determination of the velocity of the structures is
also difficult. It is reasonable to assume that the PBLs and
sector boundaries are convected with the heliosheath flow,
so that their velocity relative to the flow is zero. Likewise,
most theories suggest that the propagation speed of the slow
mode waves associated with mirror structures or with soli-
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tons is negligible. Thus we shall assume that all of the
structures move with the local velocity of the heliosheath.
Unfortunately, the plasma instrument on V1 is not operating,
but estimates of two components of the velocity (the radial
and azimuthal components, WR and WT, respectively) were
obtained by the LECP instrument team [Richardson, 2011;
R. B. Decker, private communication, 2010]. For V1 during
2009, VR =20 km/s and VT = —40 km/s, giving a speed in the
RT plane of 45 km/s, with an uncertainty of +15-20 km/s. In
the absence of measurements of VN, we shall assume that
VN = 40 km/s. The speed of V1 is ~17 km/s in the radial
direction. From the above numbers, we obtain an order of
magnitude estimate for the velocity of plasma in the he-
liosheath relative to VI, V, (km/s) =3 R —40 T + 40 N.
Note that the bulk velocity of flow in the heliosheath at the
distance of V1 is not radial.

[60] If the thickness of a planar structure is L(km), its
normal is n, and its velocity relative to V1 is V, then the
time for it to move past V1 is 7(s) < L/[(R+0T +N)- 3R —
40 T + 40 N) = L/[3 + 40] = L(km)/43(km/s). Note that the
thickness estimate depends primarily on the flow speed in the
N direction and the inclination of the normal to the plane to
the RT plane (assumed to be 0°) (since B is observed to be
perpendicular to N and R for PBLs). We conclude that the
maximum thickness of a planar structure is of the order of
L (km) = 43(km/s) x 7 (s).

[61] Since the gyration of protons about the magnetic field
direction is a key factor in determining the currents in the
current sheets, the thickness of the current sheets may be
expressed in terms of the proton gyroradius, Ry, = mcV,/gB,
where m is the proton mass, q is the proton charge, B is the
magnetic field strength, and V,, is the component normal to
B of the velocity of the particle gyrating about B. From the
distribution of pressure p as a function of energy in the
heliosheath (including solar wind particles and pickup
protons), G. Gloeckler (private communication, 2010) es-
timates the average temperature is T = p/nk ~ 4.6 x 10° K.
Then a gyrating particle (with 2 degrees of freedom) has
V, = 195 km/s and, in a magnetic field with B = 0.1 nT,
the Larmor radius of the particle is R = 18,500 km.

[62] For the PBLs, (7) = 1.8 h = 6500 s; hence, the order
of magnitude of the thickness of the PBL is Lpg; = L =
43(km/s) x 7(s) = 300,000 km. If the characteristic Lar-
mor radius is 18,500 km, then the order of magnitude of
Lpgr is 15 Ry. Burlaga et al. [1977] found that the
average thickness of tangential discontinuities at 1 AU
was 1300 km = 12 Ry. Thus, the thickness of the PBLs
in heliosheath at ~110 AU (where the thermal energy is
dominated by energetic pickup protons) is comparable to
the thickness of TDs at 1 AU (where the thermal energy is
dominated by solar wind protons). The thicknesses of the
PBLs derived from the theory of Lemaire and Burlaga
[1976] range from 2 to 10 Ry. Thus, our observations of
current sheets in the heliosheath which we identified as PBLs
are consistent with this theory.

[63] If the magnetic holes and humps are tubular, with
diameter (thickness) L.y, (km), and if the axis is in the
Parker field direction a = T, then the maximum time for a
magnetic hole or hump to move past V1 is 7y, (s) = L/
[R+0T+0N)G3R—-40T + 40 N) = L,/3. For the
magnetic holes and humps, (7;) = 3.6 h = 13,000 s.
Hence, the order of magnitude of L, for tubular structures
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is Liyn(km) < 3 km/s) x 7(s) = 36,000 km, and L, <2 Ry,
depending on the impact parameter. On the other hand, if
magnetic holes and humps in heliosheath are 1-D solitons,
as in the models of Baumgdrtel [1999] and Avinash and
Zank [2007], rather than sausage-like mirror mode struc-
tures, then one might model them as approximately two
adjacent PBLs. In this case the thickness is of the order of
L.n = 2Lpgr, consistent with our observation that the
average width of the magnetic holes and humps is twice
that of the PBLs. In this case the thickness of the solitons
is of the order of L, = 2Lppr = 2 % 43(km/s) X 7,5 (S) =
600,000 km = 30 R;.

[64] The thickness of the current sheets associated with
sector boundaries is well defined in principle, since the
observations show that the three sector boundaries analyzed
in this paper are tangential discontinuities. The normal to
these discontinuities is the minimum variance direction. For
the three sector boundaries shown in Figure 9 (on DOY 208,
251, and 253, 2009), the minimum variance directions are
(1, 0, 0), (0.29, 0.03, 0.96), and (0.40, 0.33, 0.85) in HG
coordinates, respectively. The normal of the sector boundary
observed on DOY 208 was along the radial direction, but
the normals of the sector boundaries on DOY 251 and 253
are highly inclined with respect to the radial direction, 74°
and 58°, respectively. However, the uncertainties in these
numbers are large, because the systematic errors are large
owing to the relatively weak magnetic field strengths and
because several operations on the components of B are
involved in the computation of the minimum variance
direction. It is likely that the uncertainty in the angles of the
normals of the discontinuities is at least £45°. The passage
times of the three sector boundaries on DOY 208, 251, and
253 are 2.3, >3.2, and 1.6 h, respectively. Thus, without
going to the details, it is clear that the thickness of the
current sheets associated with sector boundaries is of the
same order as the thickness of the PBLs.

7. Summary

[65s] This paper examines the properties of current sheets
associated with proton boundary layers (“PBLs”), magnetic
holes and humps, and sector boundaries observed deep in
the heliosheath by Voyager 1 DOY 1-331, 2009 between
108.5 and 111.8 AU. We identified 15 PBLs, (correspond-
ing to a rate of 0.096/d), 10 magnetic holes, 3 magnetic
holes, and 3 sector boundaries in ~175 days of data during
the 331 day interval.

[66] The PBLs were associated with increases and de-
creases in the magnetic field strength B(t) across the current
sheet, in approximately equal numbers. The shape of B(t)
can be described by a sigmoid function or equivalently a
function involving the hyperbolic tangent. The magnetic
field strength increases or decreases monotonically across
the current sheet, with a single inflection point in the middle
of the current sheet.

[67] The average “width” w (passage time) of the current
sheets associated with PBLs is 1.81 h, and the standard
deviation is 1.14 h. The widths of the PBLs range from
0.47 h to 4.69 h, and the distribution of widths is peaked
between 0 and 1 h, with only two events with w between 3
and 5 h. Estimates of the velocity at which the PBLs were
carried past V1 were obtained from estimates of the
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velocity in the heliosheath derived from the measurements
of the LECP instrument. The average thickness L of the
PBLs is of the order of 300,000 km. If the gyroradius is of
the order 18,500 km, corresponding to an isotropic tem-
perature of 4.6 x 10° K, then the order of magnitude of L
is 15 Ry. This thickness in units of the Larmor radius is of
the same order of magnitude as the thickness of the current
sheets associated with tangential discontinuities observed at
1 AU [Turner et al., 1977] and the thickness of PBLs
predicted by the kinetic theory of Lemaire and Burlaga
[1976]. The direction of the magnetic field did not
change significantly in the PBLs. In most cases, the
magnetic field direction was close to that of the Parker
spiral magnetic field directions, 6 = 0° and A = 90° or
270°.

[68] Ten magnetic holes and three magnetic humps were
identified in the V1 data from DOY 1-331, 2009. The
predominance of magnetic holes may be related to the
preferential production of magnetic holes and more rapid
decay of magnetic humps. The observed ratio of magnetic
holes to magnetic humps, 10/3, places a constraint on the-
ories of the nature and evolution of magnetic holes and
humps. As found in earlier observations of magnetic holes
and humps in the heliosheath, their shapes can be described
by fits to a Gaussian function. Although this function is not
unique, it gives the correct qualitative profile of the current
sheet (a smooth variation with single extremum and two
inflection points), and it gives good estimates of the para-
meters describing the magnetic holes and humps.

[69] The average width of the magnetic holes and humps
was 3.6 h, twice the average width of the current sheets
associated with PBLs. On the one hand, this is not sur-
prising, since the profile of a magnetic hole or hump re-
sembles that of two PBLs, side by side. On the other hand, if
the magnetic holes and humps are mirror mode structures,
one might expect a broader distribution of widths; relatively
thin structures would be observed by V1 when it passed
through the neck of the magnetic bottle and relatively broad
structures would be observed when V1 passed through the
center of the bottle. The widths of the magnetic holes and
humps range from 0.90 h to 10.00 h, approximately twice
the range of widths for PBLs. The standard deviation of the
widths of magnetic holes and humps is 2.33, approximately
twice the value 1.14 observed for PBLs. The thickness of
magnetic holes and humps is of the order of 600,000 km =
30 Ry ., twice the thickness of PBLs. These numbers support
the hypothesis that the magnetic holes and humps observed
by V1 are planar structures, such as solitons.

[70] We identified three sector boundaries for which ob-
servations of the current sheets could be analyzed. In con-
trast to the PBLs discussed above (where there was no
variation in the magnetic field direction), there was obvi-
ously a large change in the direction of the magnetic field
across the sector boundaries. For each of the three sector
boundaries, the magnetic field vector rotated in a plane
normal to the minimum variance direction, and the com-
ponent of the magnetic field along the minimum variance
direction was zero within the uncertainties. This indicates
that the sector boundaries were tangential discontinuities.
The thickness of two of the current sheets associated with
sector boundaries was very close to the average thickness of
the current sheets associated with the PBLs that we ana-
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lyzed, and the width of the current sheet associated with the
third sector boundary was within the range of widths of the
current sheets associated with PBLs that we discuss in
section 2. However, the variations of B across the current
sheets associated with the sector boundaries are more
complicated than the corresponding profiles for the PBLs.
We found no evidence for magnetic reconnection in the V1
data for 2009.

[71] In summary, all three types of current sheets resemble
pressure balanced structures, but there are important dif-
ferences. The current sheets associated with the sector
boundaries discussed in section 5 and those associated with
the isolated PBLs discussed in section 3 are probably planar
structures. The magnetic field strength in the current sheet
varies along the normal to the plane of the structure, and the
direction of the magnetic field is parallel to the plane. These
two types of structures have similar widths. However, the
direction of B changes in sector boundaries but not in the
isolated PBLs, and the magnetic field strength profiles
across the sector boundaries are more complicated than
those for PBLs.

[72] The direction of the magnetic fields associated with
magnetic holes and humps did not change significantly as
these structures moved past V1. The magnetic field strength
in magnetic holes and humps might vary along the magnetic
field direction, but we cannot determine this directly from
the V1 observations. Instead, V1 sampled along a line
across the magnetic holes and humps. We find no evidence
for a magnetic bottle geometry associated with magnetic
holes and humps. The direction of B is constant (within the
uncertainties of the measurements), and there is no statistical
evidence that V1 passed through unusually thin regions
associated with the neck of a magnetic bottle or unusually
thick regions associated with the center of magnetic bottle.
Since even structures that evolved from the mirror mode
instability would have a nearly constant pressure through
this cross section, one might expect to observe smooth
magnetic field strength profiles resembling those of two
adjacent PBLs, having twice the width of a PBL, in agree-
ment with our observations.

[73] Rather than debate whether the magnetic holes and
humps are current sheets associated with PBLs described
by Vlasov equation, mirror mode waves related to the
mirror mode instability, or solitons, one should explore the
hypothesis that all three of these characteristics are prop-
erties of magnetic holes and humps. In particular, moti-
vated by recent theoretical studies, it would be interesting
to test the hypothesis that magnetic holes and humps can
be initiated by the mirror mode instability, evolve by
nonlinear kinetic processes to solitons, that may or may
not interact, and form isolated very slowly propagating
pressure balanced structures maintained by the magneti-
zation and gradient drift currents of protons in the inho-
mogeneous magnetic fields of the soliton. This test will
require additional theoretical work, detailed relatively
complete observations from more than one spacecraft.
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