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Radial and solar cycle variations of the magnetic fields in the
heliosheath: Voyager 1 observations from 2005 to 2008
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[1] We discuss the magnetic field strength B(t) and polarity observed by Voyager 1 (V1)
in the heliosheath at the heliographic latitude ~34° as it moved away from the Sun from
2005 through 2008.82 (where 2008.0 is the beginning of 1 January 2008). The pattern
of the polarity of the magnetic field changed from alternating positive and negative
polarities to predominantly negative polarities (magnetic fields pointing along the
Archimedean spiral field angle toward the Sun) at ~2006.23). This transition indicates
that the latitudinal extent of the heliospheric current sheet (HCS) was decreasing in the
supersonic solar wind, as expected for the declining phase of the solar cycle, and as
predicted by extrapolation of the magnetic neutral line near the photosphere to the position
of V1. However, the polarity was not uniformly negative in during 2008, in contrast to the
predicted polarity. This difference suggests that the maximum latitudinal extent of the
HCS was tending to increase in the northern hemisphere in the heliosheath, while it was
decreasing in the supersonic solar wind. The large-scale magnetic field strength B(t)
was observed by V1 from 2005 through 2008.82. During this interval of decreasing
solar activity toward solar minimum, B(t) at 1 AU was decreasing, and the solar wind
speed V at the latitude of V1 was increasing. Adjusting the temporal profile of B(t)
observed by V1 for the solar cycle variations of B and V in the supersonic solar wind, we
find that the radial gradient of B(R) in heliosheath from the radial distance R = 94.2 AU
to 107.9 AU between 2005.0 and 2008.82 was 0.0017 nT/AU < grad B < 0.0055 nT/AU,

or grad B = (0.0036 = 0.0019) nT/AU.
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1. Introduction

[2] Voyager 1 (V1) crossed the termination shock (TS)
from the solar wind to the heliosheath on 16 = 1 December
2004, the uncertainty being due to a data gap [Stone et al.,
2005; Gurnett and Kurth, 2005; Decker et al., 2005;
Burlaga et al., 2005], and V1 has been moving through
the heliosheath since that time. Section 2 shows that the
magnetometer on V1 [Behannon et al., 1977] observed a
decrease in the magnetic field strength B(t) in the helio-
sheath from 2005.0 to 2008.82 (where 2008.0 is the
beginning of 1 January 2008), which was not expected.
Voyager 1 observed the transition from alternating positive
and negative magnetic polarities to an extended period of
negative magnetic polarity beginning at ~2006.23 and
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continuing for the next 70 days [Burlaga et al., 2007].
Burlaga et al. [2007] suggested that this change occurred
because V1 was entering the region of negative polarity of
the northern polar magnetic fields as solar activity was
decreasing toward solar minimum. We confirm this hypoth-
esis in section 3 by showing that V1 observed predomi-
nantly negative polarity from 2006.23 to 2008.2. Using
solar observations of the latitudinal extent of the helio-
spheric current sheet (HCS), we show that the change in the
polarity pattern at V1 was caused by the motion of the HCS
to below the latitude of V1 (33.6°N) at ~2006.23. However,
we find that the polarity was not uniformly negative after
2006.3. Voyager 1 observed extended intervals of positive
polarity during 2008, indicating that the maximum latitudi-
nal extent of the HCS was increasing in the heliosheath to
values greater than predicted by extrapolation of the neutral
line near the Sun.

[3] The decreasing B(t) observed in the heliosheath by
V1 from 2005.0 to 2008.82 as it moved away from the Sun
is surprising, since the available models predict an increase
in B with increasing distance in heliosheath, as the solar
wind slows down when it approaches the heliopause
[Axford, 1972; Nerney et al., 1991, 1993; Pauls and Zank,
1997]. Section 4 shows that there were large solar cycle
variations of the supersonic solar wind speed V at the
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Figure 1. Voyager 1 observations of daily averages of (a) B, (b) the azimuthal angle ), and (c) elevation
angle 0.

latitude of V1 and of magnetic field strength at 1 AU from
2003 through 2008. In section 5, by adjusting the V1
observations of B(t) to account for the solar cycle variations,
we calculate the radial gradient of B in the heliosheath from
2005.0 to 2008.82 when V1 moved from 94.2 AU to 107.9
AU and from 34.1°N to 34.3°N.

2. Magnetic Field Observations by Voyager 1

[4] Daily averages of the V1 observations of B, the
azimuthal angle )\, and elevation angle ¢ of the magnetic
field from 2005.0 to 2008.82 are shown Figure 1. Data for
37 days (4.1% of the data set) were missing during this
interval, mainly owing to gaps in the tracking of the
spacecraft. The V1 heliosheath observations from 2005.0
to 2006.9 were presented by Burlaga et al. [2007]; the
remaining observations in Figure 1 from 2006.9 to 2008.82
are presented here for the first time.

[5s] Although the fluctuations in the daily averages of B(t)
are very large during much of the time in the interval shown
in Figure 1, it is important to determine whether there is a
significant change in B as a function of time that might be
related to the predicted radial gradient of B(R) in the inner
heliosheath.

[6] A linear fit to the data from 2005.0 to 2008.82 gives
B =(11.7 £ 2.8) — (0.0058 + 0.0014) y, which is shown by
the solid line in Figure la. Thus, the V1 observations
indicate a decrease of B with increasing time during the
3.8-year interval in which V1 was moving through the
heliosheath toward the heliopause. A cubic fit to the data
gives the equation B = (0.7 + 1.3) x 10 + (10,700 =
19,400) y — (5.3 £ 9.7) y> — (0.0009 £ 0.0016) y° (where
y = year), which is shown by the dashed curve in Figure 1.

The cubic fit shows only a small deviation of B relative to
the linear fit.

[7] Since V1 was moving ~3.6 AU/year, it traversed a
distance ~13.7 AU in heliosheath after crossing the TS,
which is a sizable fraction of the width of the heliosheath
along the direction that V1 is moving (57 £ 2 AU [Opher et
al., 2006]; 30-60 AU [Pogorelov et al., 2004]; 79 AU
[Pogorelov et al., 2008]; 70—75 AU [Heerikhuisen et al.,
2007; Florinski et al., 2009]). The average B during 2005
was 0.11 nT. Estimates of B near the heliopause at the
latitude of V1 give B =~ 0.5 nT. Thus, the models of the
heliosheath predict an increase of B with increasing distance
from the Sun in the heliosheath. Assuming a linear variation
of B with increasing distance in the heliosheath (as a first
approximation) one expects a radial gradient of the order
of 0.4/79 to 0.4/30 (+0.005 nT/AU to + 0.013 nT/AU,
respectively). The predicted positive radial gradient in the
heliosheath might appear to be inconsistent with the
observed decrease of B(t) as V1 moved toward the helio-
pause from 2005 through 2008.82. However, the models are
based on the assumption that B and the solar wind param-
eters are constant just upstream of the TS. In sections 3 and
4 we show that this assumption is not valid, since the effects
of the solar cycle variation on the B upstream of the TS are
significant over the 4-year interval during which V1 was in
the heliosheath.

3. Solar Cycle Variation of the Magnetic Field
Direction

[8] The heliospheric magnetic field has regions of posi-
tive polarity (magnetic field vectors pointing away from the
Sun) and negative polarity (magnetic field vectors pointing
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Figure 2. The maximum and minimum of the latitudinal extents of the heliospheric current sheet
computed from the “radial model” with a source surface at 2.5 solar radii, with data from the Wilcox
Solar Observatory (WSO) and the Mount Wilson Observatory (MWO). The latitudes of V1 and V2 are

shown by the nearly straight lines.

toward the Sun) [Ness and Burlaga, 2001; Smith, 2001].
The idea that the observed sector polarity pattern was
related to the existence of a heliospheric current sheet
(HCS) was introduced by Schatten et al. [1969] and
developed by Schulz [1973]. During much of the solar
cycle, the polarity of the magnetic field is predominantly
positive (negative) above the HCS and negative (positive)
below the HCS.

[9] A change from alternating positive and negative
polarity to a uniform polarity as the HCS moves past a
spacecraft toward lower latitudes has been observed by
spacecraft <5 AU from the Sun [Smith et al., 1978;
Behannon et al., 1989; Smith et al., 1988; Burlaga and
Ness, 1993; Balogh and Smith, 2001]. Evidence for such a
transition at &~ 99 AU at ~ 2006.23 was presented by
Burlaga et al. [2007], who showed that this change in the
observed polarity pattern might be related to the decreasing
latitudinal extent of the HCS from latitudes greater than that
of V1 toward the solar equatorial plane in the supersonic
solar wind, as expected during the declining phase of the
solar activity cycle.

[10] The sector pattern, which is related to the HCS, is
severely distorted with increasing distance from the Sun
between 1 AU and 10 AU, owing to dynamical interactions
[Behannon et al., 1981]. Nevertheless the maximum latitu-
dinal extent of the HCS changes little, < O(10°), with
increasing distance from the Sun out to 40 AU [Burlaga
and Ness, 1993], and even to ~98 AU as we show below.

[11] Figures 1b and 1c show the direction of B, given by
the elevation and azimuthal angles 6 and )\, respectively, in
heliographic coordinates [Burlaga, 1995, Figure 2] from
2005.0 to 2008.82. The elevation angle fluctuates about
6 = 0. The uncertainties of these angles are large, particu-
larly when B is weak and ¢ is near +90° and —90°.
However, A shows a change from a bipolar pattern with

both positive and negative sectors until 2006.23 to a nearly
unipolar pattern with predominantly negative magnetic
polarity from the extended interval 2006.23 to 2008.2.

[12] Insofar as the HCS can be approximated as a surface
within 1 AU, its intersection with a spherical surface near the
Sun is a curve (the “neutral line”). The sphere (the “source
surface”) was placed at 1.5—2.5 solar radii, and the neutral
line was computed from line-of-sight photospheric magnetic
field observations using a potential field model by Schatten
et al. [1969] and Altschuler and Newkirk [1969]. Another
model, “the radial model”, proposed by Wang and Sheeley
[1992], includes the polar magnetic fields self-consistently.
Burlaga et al. [1981] found that a correction for the polar
magnetic fields was needed in order to explain the polarities
observed by Helios.

[13] In this paper we use the maximum and minimum
latitudinal extrema of the HCS as a function of time
computed using the model of Wang and Sheeley [1992]
with a source surface at 2.5 solar radii. Figure 2 shows the
maximum latitudinal extent of the HCS in the northern and
southern hemispheres as a function of time computed with
this model using solar magnetic field data from both the
Wilcox Solar Observatory (WSO) and the Mount Wilson
Observatory (MWO). The data are plotted with a time delay
corresponding to the propagation of the solar wind and
frozen in magnetic fields at a speed of 400 km/s from the
Sun to the positions of VI and V2.

[14] Figure 2 shows that the radial model predicts that the
maximum latitude of the HCS should have dropped below
the latitude of V1 at ~2006.33. The sector pattern observed
by V1 prior to 2006 is consistent with the predictions of the
radial model. A change in the sector pattern was observed
by V1 at ~2006.23 (Figure 1b), which is also consistent
with the predicted motion of the HCS in the radial model.
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Figure 3. (a) The yearly averages of B measured by V1 as

a function of time are shown by the solid squares
(connected by straight lines). The vertical line labeled TS
is the time that V1 crossed the termination shock from the
supersonic solar wind to the heliosheath. (b) The yearly
average magnetic field strength at 1 AU as a function of
time, projected to the position of V1, is shown by the solid
squares (connected by straight lines). The solar cycle
variations of B, most evident in the observations near 1 AU,
are also observed at V1.

[15] However, V1 observed extensive periods of positive
polarity throughout much of 2008 (Figure 1), which is not
consistent with the prediction that V1 would observe only
negative polarity throughout 2008 (Figure 2). These V1
observations indicate that the maximum latitudinal extent of
the HCS was increasing in the heliosheath, in contrast to the
decreasing latitudinal extent of the HCS in supersonic solar
wind. The competition of these two motions of the HCS
could reintroduce positive magnetic polarity intervals
amidst the negative magnetic polarity intervals. An increase
in the latitudinal extent of the HCS in the northern helio-
sheath as a consequence of northward flow was discussed
by Pogorelov et al. [2007a, 2007b]. Further observations
and models are needed to test this hypothesis.

4. Solar Cycle Variations of the Magnetic Field
Strength and Solar Wind Speed

[16] Previous studies have shown that B varies signifi-
cantly with the solar cycle [King, 1979, 1981] but not with
latitude [Smith and Balogh, 1995; Forsyth et al., 1996]. 1t is
also well known that V varies significantly with latitude
during the declining phase of the solar cycle, when the HCS
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approaches the ecliptic [see Phillips et al., 1994, 1995;
Burlaga et al., 2007, and references therein]. In order to
determine the radial gradient of B in the heliosheath that can
be compared with predictions of stationary models, it is
necessary to adjust the V1 observations of B(t) for the
temporal variations of B and V associated with the declining
solar activity during the interval of interest (see section 5).
We discuss the relevant observations of the solar cycle
variations in section 3.

[17] The magnetic field strength observed by V1 from
1996 to 2008 is compared with B observed at 1 AU (with a
time delay corresponding to the propagation time to V1
with a speed of 400 km/s) in Figure 3a and Figure 3b,
respectively. Figure 3 includes earlier V1 observations over
more limited time intervals in figures published by Burlaga
et al. [1998, 2002]. The observations at 1 AU, obtained
from the Omni data set (http://omniweb.gsfc.nasa.gov/
index.html) and the ACE data set (http://www.srl.caltech.
edu/ACE/ASC/level2/IvI2DATA_MAG.html), show a dis-
tinct solar cycle variation of B. The minimum B at 1 AU
projected to the position of V1 is a minimum during 1997,
rises to a local maximum in 2001, rises further to the
global maximum in 2003/2004, and then declines mono-
tonically from 2004 to a local minimum in 2009. The
corresponding variation of B at V1 is similar. B has a local
minimum in 1997, rises to a local maximum in 2000, and
then rises to another local maximum in 2004. Voyager 1
crossed the termination shock in December 2004, entering
the heliosheath in which B is relatively strong owing to
compression by the TS shock.

[18] As we have shown in Figure 1, the large-scale
temporal change of B observed by V1 in the inner helio-
sheath from 2005 through 2008.82 decreased with increas-
ing time, in contrast to the increase of B with time predicted
by the stationary models of the heliosheath. Figure 3b
suggests a possible explanation for this apparent discrepancy.
The B observed at 1 AU shows a decrease from ~6.5 nT in
2005 to ~4.5 in 2009, a decrease of 31%. In the absence of
other effects, one would expect to observe a similar decrease
of B at the position of V1 in the absence of a TS and
heliosheath. To zeroth approximation, the decrease of B
upstream of the TS with declining solar activity tends to
offset the predicted increase of B in the heliosheath with
increasing time related to the radial gradient of B and the
radial motion of V1.

[19] A determination of the radial gradient of B in the
heliosheath from the temporal observations B(t) requires a
computation of B at the position of V1 that includes (1) the
solar cycle variation of B discussed above and (2) the
increase of the speed of the supersonic solar wind associated
with the movement of the HCS below the latitude of V1.

[20] The solar wind speed V(t; 0(t), R(t)) varies with time
over the course of a solar cycle and with heliospheric
latitude 0 [see Burlaga et al., 2002, and references therein].
Since V1 moved from the ecliptic at launch in 1977 to
~34.4°N in 2008, it is necessary to consider the effect of
latitudinal variations of the solar wind speed on B at the
position of V1, as discussed below. The solar wind speed
was not measured in situ at the latitude of V1 after 1980.4,
because the plasma instrument on V1 failed. However,
Wang and Sheeley [1990] and Sheeley et al. [1991] showed
that the solar wind speed at 1 AU is inversely correlated
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Figure 4. (a) The solar wind speed at V1 as a function of
time, computed using the method developed and described
in the text, projected to the radial distance of V1. (b) The
sunspot number as a function of time for the last three solar
cycles. (c) B measured at 1 AU in the ecliptic plane as a
function of time for the last three solar cycles.

with the flux tube divergence rate in the corona [Levine et
al., 1977]. Thus, it is possible to estimate the solar wind
speed at the latitude of VI from measurements of the
photospheric magnetic field, as described by Burlaga et
al. [2002, Appendix B].

[21] The solar wind speed V(t; 6, R) at the position of V1
computed in this way is shown in Figure 4a. The propaga-
tion time of the solar wind moving at constant speed from
the Sun to the position of V1 (=1 year during 2008) is
considered in Figure 4a. (The ~20% deceleration of the
solar wind produced by the interaction of the solar wind
with the neutral interstellar particles that propagate into the
heliosphere [Richardson et al., 1995], is small compared to
solar cycle variations of this speed, and it can be ignored to
first approximation in calculating the propagation time for
yearly averages of V.) There is a large solar cycle variation
of V(t; 6, R), which is associated with the solar cycle
variations of the latitudinal position of the HCS. The solar
wind speed is low near the HCS and high in the flows from
solar coronal holes at latitudes above the HCS. Figure 4a
shows that, in general, the solar wind speed is relatively low
(400—500 km/s) at V1 near solar maximum, and relatively
high (=700 km/s) approaching the minimum of the solar
cycle (which is shown in the plot of sunspot number versus
time in Figure 4b).

[22] The heliospheric magnetic field strength at 1 AU, By,
varies with the solar cycle (Figure 4c). The magnetic field

BURLAGA ET AL.: MAGNETIC FIELD IN HELIOSHEATH

A06106

strength has a minimum at the minimum of solar activity
and it has a maximum around the time of the maximum
sunspot number. At the current solar minimum, B; is
exceptionally low, ~4.3 nT, given by data from ACE,
WIND, and STEREO available from the NSSDC. This
low B is evident in Figure 4c, which shows the variation
of B at 1 AU for three solar cycles beginning in mid-1977
with the launch of V1. The maximum magnetic field
strength during solar cycle 23 is also low compared to that
of two previous cycles. The maximum sunspot number
during cycle 23 is also relatively low compared to that
during the two previous solar cycles (Figure 4b). The linear
fit to B,(t) in Figure 4c shows an overall decline of B(t)
during the last three solar cycles. The computed speed at V11
(Figure 4a) at the minimum of solar cycle 23 is also
significantly lower than that at the minimum of each of
the two previous solar cycles.

5. Radial Variations of the Magnetic Field
Strength

5.1. Parker’s Model of Radial Variations
of the Magnetic Field Strength

[23] Given the information about the solar cycle varia-
tions of B and V during the Voyager mission presented
above, we can calculate B expected at the position of V1 as
a function of time along its trajectory. Following Burlaga et
al. [1998, 2002] we calculate B at the position of V1 using
Parker’s spiral magnetic field model [Parker, 1958, 1963].

[24] A magnetic field line at a heliographic latitude 0 has
the form of a spiral wrapped on a cone whose axis is the
solar rotation axis and whose angular half-width is 90° — 6.
According to Parker’s model, the strength of the magnetic
field in the supersonic solar wind varies as

B,(R,t,0) = By (t, 0)R {1 + [419.5R cos()/V(t,0)]*}'/* (1)

where the rotation period of the Sun is chosen as 2 =26 days,
independent of latitude. The units of 6, V, and R are degrees,
km/s, and AU, respectively. Here B(t, 0) is the radial
component of the magnetic field at 1 AU and V(t, ) is the
solar wind speed. The time is measured in years; B (t, 6)
and V(t, 0) are yearly averages. Thus, (1) describes a series
of states of the solar wind, rather than a continuous variation
of By. The functions B, and V refer to values at the position
of the spacecraft. Some care is required when using V
determined from solar observations, as discussed below.
The first term in the brackets on the RHS of (1) is from the
radial component of the magnetic field, which decreases as
R the second term is from the tangential component of B,
which varies as R

[25] The radial component of the magnetic field B, was
shown to be independent of latitude from the heliographic
equator to 80° during the first latitude scan of Ulysses as
discussed above. A similar result was found in the Ulysses
data at solar maximum [Balogh and Smith, 2001]. These
results suggest that the source magnetic field strength in
Parker’s model is effectively independent of latitude. There-
fore, we assume that there is no latitude dependence in the
source term at all phases of the solar cycle, i.e., we take
B.(t, 0)=B,,(t). From (1) withR=1 AU and # = 0° we obtain
B, = B, (t) a(t), where a(t) = [1 + (419.5/V(1))*] V2. V(1)
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Figure 5. The solid squares show yearly averages of B measured by V1 from 1977 to 2008.82. The
solid curve shows B predicted by Parker’s spiral magnetic field, with consideration of the solar cycle
variations of the solar wind speed and magnetic field strength at 1 AU. The vertical line shows the time
that V1 crossed the termination shock from the supersonic solar wind into the heliosheath (HSH).

and B(t) are the speed and magnetic field strength, respec-
tively, measured near Earth at | AU over the course of a
solar cycle. Thus, in the absence of latitude dependence of
B,|, Parker’s model predicts that along the spacecraft
trajectory [R(t), O(t), ¢(t)] equation (1) becomes

)1-1/2
B, (R,1,0) = {B(t) {1 + (419.5/\/1(0) ] IR(1) 2

x {1+ [419.5R(t) cos(0(t))/V(t, 0(0)]2}1/2 2)

Note that (2) has no free parameters, since B,(t), V(t) and
V(t, 0(t)) can be determined from measurements, as
discussed below. Beyond 10 AU, (2) is approximately
By(6) ~ (B (1)/V(t, 0(1))] x R~ cos(6) (3)
Equation (3) shows that, in the distant heliosphere, B, is
proportional to By at 1 AU (which varies with the solar
cycle) and it is inversely proportional to the solar wind

speed (which varies with the solar cycle and the
heliographic latitude).

5.2. Comparison of Parker’s Model With the
Observations of Magnetic Field Strength

[26] This section presents an analysis of new observations
of the yearly averages of the V1 data for B(t) from 2001.34
to 2008.82, as well as published results from 1978 to
2001.34. We compare these observations with Parker’s
model as given by (2).

[27] The observations of B(t) made by V1 from 1978 to
2008.82 are shown as the solid squares in Figure 5. As
expected, there is a general tendency for B to decrease with
increasing distance from the Sun, which corresponds to
increasing time as V1 moves away from the Sun. In
addition, however, there are three relative maxima in B
near 1980, 1990, and 2000, two relative minima in B during
1987 and 1997, and relatively strong fields from 2005
through 2008. The relatively strong magnetic fields
observed after 2004 are heliosheath magnetic fields. Mag-
netic fields of the solar wind are compressed by the
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Figure 6. The solid squares show yearly averages of B
measured by V1 from 2005.0 to 2008.82. The open squares
show B in the heliosheath determined by multiplying B
predicted by Parker’s model for a speed of 350 km/s (Bpss0)
by 2.2 (the strength of the termination shock in this
interval). The open circles show the difference between the
observed magnetic field strength in the heliosheath and that
predicted by Parker’s model. The magnetic field strength in
the heliosheath, with the effects of the declining solar
activity removed using Parker’s model, is shown by the
solid triangles.

termination shock as the shock decelerates, compresses, and
heats the supersonic solar wind [Burlaga et al., 2005].

[28] The predicted temporal variation of B at V1, based
on equation (2) and the curves for By(t) and V(t, 0(t)), is
shown by the solid curve in Figure 5. The theoretical curve
provides a good fit to the observations from 1978 through
2002. As discussed by Burlaga et al. [1998, 2002], the
relative maxima and minima in B(t) during this interval are
related to solar cycle variations in the source field strength
(measured by B/(t)) and the solar wind speed at V1, V(t, 6(t)),
shown in Figures 4a and 4c, respectively.

[29] The extension of the theoretical curve in Figure 5 to
the interval from 2001 through 2008 and the corresponding
observations of B in that interval are new results. The
predicted magnetic field strengths during 2001 and 2002
are in good agreement with the observed magnetic field
strengths.

[30] Equation (2) predicts a decrease of B with increasing
distance from the Sun from 2003 through 2008, the declin-
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ing phase of solar cycle 23, when B; was decreasing and
V(t, 0(t)) was increasing overall. During 2003 and 2004, the
magnetic field strengths observed by V1 in the supersonic
solar wind are higher than predicted by Parker’s model
using V(t, 6(t)) shown in Figure 4a. This anomalously large
B could be partly the result of the lower solar wind speeds at
larger distances from the Sun, which are produced by the
interaction of the solar wind with neutral interstellar par-
ticles that penetrate into the heliosphere [Richardson et al.,
1995]. Since V1 was approaching the TS [Decker et al.,
2008] in 2004, particles propagating upstream from the TS
and heliosheath might also tend to reduce the solar wind
speed at the position of V1 during 2004, as observed by V2
[Richardson et al., 2008; Burlaga et al., 2008] prior to its
crossing of the TS. Parker’s model, assuming a low solar
wind speed of 400 km/s (shown by the dashed curve labeled
400 in Figure 5) predicts values of B consistent with the
observations of V1 in the supersonic solar wind upstream of
the termination shock during 2003. Similarly, Parker’s
model, assuming a solar wind speed of 350 km/s (shown
by the dashed curve labeled 350 in Figure 5) predicts values
of B consistent with the observations of V1 in the super-
sonic solar wind upstream of the termination shock from
DOY 1 through 350, during 2004.

[31] From DOY 352, 2004 through DOY 215, 2008, V1
was in the heliosheath, where B is relatively strong, as
indicated by the observations in Figure 5. The average
magnetic field prior to crossing the TS in 2004 was 0.056 nT
and the standard deviation was 0.025 nT. The magnetic field
strength observed by V1 in the heliosheath behind TS during
the year 2005 was ~0.11nT. The ratio of B observed in the
heliosheath during 2005 to that observed in the solar wind
ahead of the TS during 2004 was ~2.0. The ratio of
B observed in the heliosheath during 2005 to that predicted
by Parker’s model with (V) = 350 km/s is equal to 2.2.

[32] Assuming that the average strength of the TS was 2.2
from 2005 through 2008.82, we calculate B in the helio-
sheath from the magnetic field strength Bpssq in the solar
wind, predicted by Parker’s model with an average solar
wind speed of 350 km/s. The magnetic field strength in
the heliosheath from 2005 through 2008.82 estimated in
this way is shown by the open squares in Figure 6, labeled
2.2 Bpsso. This curve shows that the predicted B in the
heliosheath would decrease with increasing time and there-
fore with increasing distance in heliosheath, if there were no
change in the strength and position of the TS and the
gradient of B in the heliosheath. This decrease of Bpssq is
a consequence of the decreasing B of the solar wind and the
increasing solar wind speed that are associated with the
decreasing solar activity. If V1 had crossed the TS during
solar maximum, stronger magnetic fields would have been
observed in the heliosheath.

[33] The magnetic field strength observed by V1 in the
heliosheath from 2006 through 2008.82, shown by the solid
squares in Figure 6, is larger than that estimated from
Parker’s model of the solar wind magnetic field, 2.2 Bpssq
after 2005 by the open squares. The difference between the
estimated B = 2.2 Bpsso and observed B(t) in the heliosheath
is shown by the open circles at the bottom of Figure 6,
labeled (By; — 2.2 Bpsso). If the solar activity had remained
constant at the level observed in 2005, then we can estimate
that V1 would have observed the magnetic field strengths
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shown by the solid triangles in Figure 6, labeled B5 + (By; —
2.2 Bp3sp)- A linear least squares fit to these data gives a line
with a slope of (0.013 + 0.007) nT/year. Given the speed of
V1 relative to the Sun (17.1 km/s = 3.6 AU/year), the slope
corresponds to aradial gradient of grad B=(0.0036+0.0019)
nT/AU. Thus, by removing the effects of the solar cycle
variation on B(t) observed by V1, we can determine the radial
gradient of B in the inner heliosheath from 2005 and 2008.82
between 94.2 and 107.9 AU. The result is 0.0017 nT/AU <
grad B < 0.0055 nT/AU.

6. Summary and Conclusions

[34] We analyzed the temporal and radial variation of the
magnetic field strength B(t) and polarity observed in helio-
sheath by V1 from 2005 to 2008.82 as the spacecraft moved
from 94.2 AU to 107.9 AU. A linear fit to the observed
magnetic field strength B(t) observed by V1 gives a slope
—(0.0058 + 0.0014) nT/year. This negative slope indicates
that V1 observed a decrease of B with increasing time
during the 3.8 year interval in which it moved a distance of
13.8 AU away from the Sun in the heliosheath.

[35] During the interval under consideration solar activity
was decreasing toward solar minimum. The magnetic field
strength at 1 AU decreased to the lowest level ever
measured by spacecraft. The latitudinal extent of the helio-
spheric current sheet (HCS) decreased, and there was a
corresponding increase in the solar wind speed V. Voyager 1
observed a transition from a pattern of mixed polarity
(positive and negative magnetic sectors) to a nearly unipolar
pattern at ~2006.23. The polarity of B after ~2006.23 was
predominantly negative during 2007, corresponding to the
polarity of B in the northern hemisphere of the Sun at that
time. The transition to the negative polarities observed by
V1 in heliosheath was caused by a decrease in the latitudinal
extent of the HCS. We arrived at this conclusion by
projecting the foot points of the HCS (the neutral line on
a source surface of the Sun) radially outward to the position
of V1 at the solar wind speed and showing that the HCS
moved southward past V1 at the nearly same time that V1
observed a transition to negative magnetic polarity.

[36] During 2008, V1 observed long intervals of positive
polarity that were not predicted by projecting the neutral
line from the Sun. This observation indicates that the
maximum latitudinal extent of the HCS increased in the
heliosheath to values greater than predicted by extrapolation
of the neutral line on the Sun, while the maximum latitu-
dinal extent of the HCS in the supersonic solar wind was
decreasing.

[37] Whereas stationary models of the heliosheath predict
that B should increase with increasing distance from the
Sun, V1 observed a significant temporal decrease in B
during this interval as it moved outward through the helio-
sheath, in apparent contradiction with the heliosheath mod-
els. However, these models assume constant solar wind
conditions upstream of the TS, whereas Parker’s model,
with the appropriate input data that include the effects of
declining solar activity, predicts that B(t) observed by V1 in
the heliosheath should have decreased with increasing time,
which was not observed.

[38] The absence of an increase in B with time at V1
(predicted by the heliosheath models) and the absence of a
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large decrease in B with time at V1 (predicted by Parker’s
solar wind model during the declining phase of the solar
cycle) can be explained if both effects are significant and
tend to balance one another. By adjusting the observed B(t)
for the solar cycle effects using Parker’s model, we calculate
that the radial gradient of the magnetic field in the inner
heliosheath was 0.0017 nT/AU < grad B < 0.0055 nT/AU,
or grad B = (0.0036 = 0.0019) nT/AU, from 2005.0 to
2008.82 between 94.2 AU and 107.9 AU.

[39] The role of the solar cycle variations of the speed and
density (and therefore the momentum flux) within a solar
cycle must also be considered when modeling the radial
gradient of the solar wind speed and density configuration.
In particular changes in the momentum flux will change the
position of the heliopause and therefore the position of the
TS after some time [Zank, 1999]. In addition, changes in
the solar wind speed and temperature upstream of the TS
will modify the position of the TS by changing its rate of
convection and its strength [Whang et al., 2003].

Appendix A

[40] In this appendix we use the data set discussed above,
which extends to the limit of the supersonic solar wind, in
order to confirm two previous results based on smaller data
sets: (1) the absence of the “flux deficit” in the supersonic
solar wind and (2) a Gaussian distribution of B observed by
V1 in the heliosheath.

[41] A quantitative measure of the relative difference
between the V1 magnetic field strength observations By,
and the predictions of Parker’s model B,, is given by X(t) =
(Bp — Bv1)/By,. Winterhalter and Smith [1989] and Winter-
halter et al. [1988, 1990] suggested that there is a “flux
deficit” of 1 — 2.5%/AU in the solar wind beyond 1 AU.
Burlaga et al. [2002] found no evidence of the “flux
deficit” between 1 and 80.5 AU. In particular, they found
that the slope of X versus R (the radial distance from the
Sun) was s = 0.002 £ 0.005, consistent with 0, with values
of X obtained using averages of B measured by V1 from
1978 to 2001.34. Thus, the flux deficit was <0.009%/AU
out to 80.5 AU. An extension of the observations of X
versus R from 2001.34 to 2004.0, when V1 was at 90.6 AU,
is shown by the points in Figure 7. The straight line Figure 7,
a linear least squares fit to the observations, has the slope
s = 0.0037 £ 0.0041, consistent with 0. The mean value of
X is (X) = —0.02 £ 0.04, consistent with zero. Thus,
observations of B from 1 AU to the TS show no evidence
of a “flux deficit”. Parker’s model describes the variations
of B throughout the supersonic solar wind during the last
three solar cycles.

[42] Observations of B in the heliosheath by V1 showed
that the distributions of daily averages of B are Gaussian, in
contrast to the lognormal distributions observed in the solar
wind. On the other hand, recent observations of the distri-
bution of B in the heliosheath by V2 [Burlaga et al., 2009]
are not consistent with a Gaussian distribution of B. Since
the observations of the heliosheath by V2 are very limited,
the difference between the distributions observed by V1 and
V2 might be a statistical artifact. We must wait for addi-
tional observations from V2 in order to obtain a data set of
the size comparable to the V1 data set discussed in this
paper. But it is of interest to examine the distribution of
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Figure 7. The values of X = (By; — Bp)/Bp as a function of time. V1 did not observe a “flux deficit”
in the supersonic solar wind from 1977 to 2004.0. Parker’s model describes B observed by V1 throughout

the supersonic solar wind.

daily averages of B measured by V1 for the largest data set
available today, from 2005.0 to 2008.82. This distribution,
for the 95.9% of the days in the interval for which we have
observations, is shown by the points in Figure 8. The solid

curve in Figure 8§ is a Gaussian fit to the observed distribu-
tion, and the dashed curves in Figure 8 are the 95% confi-
dence intervals. In particular, the solid curve is the function
y(days)=yo+ {A/[w x /(m/2)]} x exp [-2 x (B — Bo)’/w’],

Voyager 1, 2005.0 - 2008.82
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Figure 8. The distribution of daily averages of B observed by V1 in the heliosheath from 2005.0 to
2008.82 (solid curve) and the 95% confidence intervals (dashed curves). The large-scale fluctuations of B
in the inner heliosheath have a Gaussian distribution.
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where yo = 10 + 13, A=24 £ 3, B, = —0.103 + 0.003 nT,
and w = 20 = 0.098 = 0.011 nT. The coefficient of
determination is R* = 0.94 and all of the points in
Figure 8 lie within the 95% confidence interval within their
error bars. We conclude that the distribution of daily
averages of B in the heliosheath from 2005.0 to 2008.82
is consistent with a Gaussian distribution.
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