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Abstract

Examples of changes in the magnitude of the B-field after the heliosphere
termination shock (TS) with both Voyager spacecraft (SC) are presented. The
work focuses on similarities and differences in the observations at their
in-situ measurements along divergent paths. The presented results were col-
lected where the accuracy of the magnetometer is the highest. These locations
are those wherein, four to seven times during the year, the SC performs about
330 minutes of slow rotations identified in the SC language as MAGROLs.
They are next reviewed, with the understanding that after the TS, at MA-
GROLs, the solar wind (SW) flows appear to be mostly sub-magnetosonic
and compressional in this region, region named helio-sheath (HS). This is a
preliminary survey that uses 48 sec B-field averages. The time-intervals in this
work fill gaps in the currently available studies for longer time intervals. The
present study reinforces the view that in the HS after the TS the SW is most
likely strongly compressional. Further we discuss the fact that observed fluc-
tuation intensity-modes of the B-field in our time-ranges appear to be much
more pronounced at the Voyager 2 path than at the Voyager 1 path.

Keywords

Magnetic Field Measurement Techniques, Solar Heliosphere’s Heliosheath,
MHD

1. Introduction

In our study using 48 s magnetic field density B (for a discussion of the physical
meaning and the magnetic field density properties, and all the field of classical
electrodynamics see e.g. [1]) we survey similarities and differences in the he-
lio-sheath (HS) for intervals lasting from about 3 min to a few hours. In this way

our study extends the thorough documentation of conditions [2] [3], which take
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place after termination of the SW supersonic flow, when each one of the two SCs
of the VOYAGER mission transitioned to the sub-magnetosonic flow region, 7.e.
HS after the crossing of the “thin transition layer” known as the TS (For an
overview of shocks in the heliosphere see e.g., [4] [5] [6]).

NSSDC/NASA provides the public/interested-worker for the following Voya-
ger mission’s available B magnetic field density: 48 sec, 60 min, daily averages
(ave) as well as the highest readily available resolution of about 1.92 s. It is possi-
ble to obtain 0.5 s ave, when available, through special agreement with the
Voyager’s magnetometer instrument production team.

It is well known that shocks in the SW, where the SW is a medium that pos-
sesses hydromagnetic (also commonly known as MHD or magnetohydrody-
namics) properties, produce a transition from a dominated highly alfvenic
MHD-state to a compressional state, see e.g. [7], where the traveling shock dri-
ven by solar coronal mass ejections is presented in their manifestations in radio
signal emission, acceleration of energetic ions (with a moderately strong shock
acceleration of electrons). [7] shows these features in its Figure 1 including a
timeline for magnetic field and plasma SW in-situ measurements for about a
month long period, belonging to the maximum of the Solar Cycle 23, see e.g. [8].
General characteristics of shocks in the HS observed by the SC Wind are dis-
cussed in [5] and literature therein. The particular nature of the proton fore-
shock of the well-known Earth’s magnetosphere—SW shock is discussed in [4]
and also in the literature therein. As such it is not surprising that we find strong
compressional features in the HS after the TS. In this regard, we show and ex-
tend this understanding to shorter time scales from larger time scales, as shown
in the extended surveys for both SC paths of the VOYAGER mission, e.g. [2] [3].

Section 2 presents a few facts about the individual path of each SC through the
HS and the criteria for selection of intervals in this survey. Section 3 shows the
examples supporting the interpretation that, in all the scales we have surveyed,
there is an MHD behavior of the SW in the HS dominated by compressional
features. Conclusions and the discussion are given in Section 4.

Heliopae,,

el
» - VoyREr

Heliosphere.

Voysger 2

(V1 top/V2 bottom) at scale located relative circle center (Sun)

Figure 1. Artistic view of the sun in its interstellar neighborhood.
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2. Journey and Trajectory of the SC in the HS/the Intervals
Selection

Notice that Voyager 1 (V1) moved north in the standard definition we use for
the celestial sphere centered in the Sun, whose trajectory can be approximated as
inertial. In this way simplifying the analyses for properties of the magnetic fields.
See Figure 1.

The following web site
https://ourplnt.com/space-probes-leaving-solar-system/#axzz6btZESSf2  shows

our Figure 1, an artistic representation of one of the few currently imagined vi-
sualizations of the Sun, at the center of a circle that represents the TS. Further, in
Figure 1 the solar system is placed into context with its surroundings, including
the very local inter-stellar medium (VLISM). Figure 1 represents the Sun sur-
rounded by its built up MHD environment, generated by the expansion of a
magnetized ionized matter continuously emitted by an overheated solar corona
[9], see also the literature in [9], which expands in all directions away from the
star supersonically until it encounters the TS, represented by a circle enclosing
the point in its center (Sun). Beyond the circle is the magnetized plasma (SW)
that continues moving further away at lesser speed (sub-magnetosonic). This is
the region of our interest in this work, the HS. Figure 1 further shows: 1** The
V1/V2 platform on top/bottom right, both SC platform locations relative to the
Sun at scale, while platform drawings out of scale; 2™ the external to the SW
magnetized matter. This surrounding region of the magnetized matter consti-
tutes the so-called molecular cloud, dominated by neutral matter [10] with a
certain percentage (15% to 35%) of plasma with a temperature of 15 to 30 x 10°
K, and constitutes our LISM.

Although it is tempting to take at face value some first-hand observations,
nature tends to play tricks on us regarding straight forward extrapolations. For
example, sometimes, when V2 crossed the SW TS at 83.7 AU in the Southern
hemisphere at 10 AU closer to the Sun than was found by V1 in the North, then
a TS clearly asymmetric [11] would be at first a reasonable assumption. But with
the passing of time ideas are reviewed. Consequently, as we continue exploring
more Voyager data in our analyses we find that maybe the asymmetric TS is not
so asymmetric after all. While we as yet we do not know for sure the asymmetry
or not of the regions crossed by the Voyager SC, several current studies suggest a
closer to spherical TS. Current day interpretations of the TS are, in general, more
in line with the artistic representation given in Figure 1.

In this work, with V2, we performed an analysis for the same length of time as
that for V1. This is not easy to justify now and today we know that our V2 sur-
vey in the HS needs to be extended for a more complete comparison between V1
and V2 in the HS.

The subject of a strong variability of the B-field in the HS along the trajectory
of V2 has been mentioned already [12]. There they reported that HS plasma and
magnetic field were highly variable on scales as small as ten minutes. But they

only mention that using one illustration.
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The top panel, in Figure 2(A), illustrates in blue the raw counts of the OU
sensor along X PL, and in green same for the IN sensor, the red line constitutes
the reference zero level for the OU, turquoise is the reference level for IN. The
middle panel same for the OU and IN sensors along Y PL direction. Bottom
panel similar to the other two plots but for the Z PL direction, which quite pre-
cisely is along the orientation radial from the Sun for OU and IN.

The key features shown in Figure 2(A) are: 1) raw data for both magnetome-
ters measured in counts, see e.g. [13], 2) off-sets from MAGROLs, 3) same
time-evolution for sensors oriented similarly, indicating that medium features
are well established, 4) lesser structures along radial from the Sun (Z PL direc-
tion), indicative of intensity mostly perpendicular to it, a constraint consistent
by the Maxwell vector property div(B) = 0. We use this hypothesis in our study.
For further constraints in the intensity of the B-field along the MAGROL rota-
tion direction [14].

Figure 2(B) shows, in the magnitude of the estimated magnetic field density
observations for V1, features in the HS that qualitatively give a clear suggestion
of its fundamental MHD compressible nature. This figure is taken from the in-
terval of time in 2011 which extends for 1/3 of the year prior to the arrival of V1
to the LISM (Its very local region to the HS).

After achieving the calibrated off-sets shown in Figure 2(A), Figure 2(B)
gives the B-field magnitude in [nT] from the OU instrument, for approximately
1/3 of 2011.

Figure 2(C) shows the overall view captured by V1 of the HS analyzing
day-ave(-rage) of B-field within a different Coordinate System (RTN) as a func-
tion of time. This gives us an overall learning along the path of V1 from before
to the TS (year 2004) to the HP in year 2012, near doy 220. See e.g. Stone an-
nouncement [15], Dec 2012. Marked in the left, with a vertical red-line is the
time of the crossing of the TS. Top panel (A) shows with a shading under a solid
black line the intensity of the magnetic field as a function of the time. The panel
includes a red-line giving the energetic particles experiment estimate of the SW
bulk speed as a function of time. Also comments on the regions along V1 path,
in Figure 2(C), are indicated (black lettering). Middle panel (B) shows the de-
pendence of the azimuth B-field angle (1) on time. The panel includes lettering
indicating interval corresponding to the Helio-sheet crossing for long lasting in-
tervals. Bottom panel (C) shows the dependence on time of the latitude B-field
angle ().

The whole interval of V1 in the HS is presented in Figure 2(C), further indi-
cated in Figure 2(C) are the dependence of the B-field vector on time through
its magnitude, top panel and in the middle and bottom panels its angular orien-
tation. We keep present Figure 2(C) when discussing the difference in time in-
terval of our study between V1 and V2, field variability, mean intensity, etc. No-
tice Figure 2(C)’s indicated evolution of plasma along the path of V1. The plas-

ma velocity, indicated in red, is in the top panel of Figure 2(C). It is inferred
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Figure 2. (A) Observations by V1 of the year 2011, 48 s ave B-field components; (B)
Magnetic field magnitude observed by V1 in the 1* third of year 2011; (C) Time interval
spent by V1 in the sheath after solar wind (SW) termination shock (TS).
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indirectly from low energy accelerated particles. This is because of an early fail-
ure of the plasma instrument when V1 was in the heliosphere.

As already mentioned before the MAGROL, now with Figure 3 we proceed to
show the manifestations in the data of a MAGROL when the SC performs ten
turns (rolls) around an axis which passes through the center of the high-gain
antenna of V1, which has telemetry with the deep-space antennas of the north
hemisphere at Earth. The interval in Figure 3 presents one example of the
MAGROL tools to generate the calibrated magnetic field provided to the science
community at large. In this particular case, the interval shown extends in year
2006 from doy 17, 12:00 to 17:20 hh: mm (hours: minutes) universal time (UT).
The key implications of this calibration tool are given in the Appendix. For more
detailed analyses see e.g. [16].

The sinusoidal curve in each panel of Figure 3 represents the view of the
B-field vector of the medium captured from each orthogonal X PL and Y PL
axis, where we track the B-field orientation perpendicular to the radial direction
from the Sun during an early MAGROL from year 2006. The components along
each one of both axes show a relative phase of 90°, see Appendix. The B-field
along ZPL is/remains undetermined using this technique.

If the amplitude of the sinusoidal view in both panels of Figure 3 does not
change over the interval of the ten rotations, 5 hr 20 min, the determined inten-
sity of the |Byey| (field F to radial from Sun) is unchanged. For more details on
an estimate of the intensity of the B-field along ZPL see e.g. [14].

Shown in Figure 3 are in the PL coordinate system components of the V1
B-field perpendicular to the radial from the Earth direction along X and Y PL
(top and bottom panels respectively) as a function of the time but counted in the
number of 48 s B-field average (ave) chronologically recorded vectors from the
start of the year 2006, and corresponding to near 12:00 to 17:30 UT on the 17"
day of year (doy). The vertical axes indicate the values of the B-field in counts as
a function of time. The center of the sinusoidal in top and bottom panel indi-

cates the location of the zero-intensity of the field, see Appendix.

Voyager 1 - 2006 rolls
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Figure 3. Example of the B-field during the rolling of the SC V1 around the Z PL direc-
tion.
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The better, more precise measurement/knowledge of the B-field density oc-
curs precisely at the times when we Roll (MAGROL) the SC in the above
described way. These are our intervals selected for their comparison of the beha-
vior of the B-field density along the path of V1 and V2.

Using the MAGCAL tool permits us to reduce the uncertainties in the deter-
mination of the B-field along Z PL, the axis of rotation when performing the
MAGROLs. The currently used technique is described in [14], and is the subject
of further investigation. On the OU magnetometer in Voyager 2, its orthogonal
orientation, due to their displacement in orientation, still constitutes a right
handed orthogonal coordinate system, but displaced with respect to the Yand Z
sensors along Yand ZPL, see e.g. [16].

Notice that during the MAGROL, and while the SC rotates with a period of
about 32 minutes Figure 3 indicates the small and slow change as a function of
time in the amplitude of the sinusoidal drawn by the measured intensity of the
direction of the medium B-field density. This intensity evaluated in the form of
amplitude in the plot shown in Figure 3 constitutes its component perpendicu-
lar to Z PL. Figure 3’s shown changes in amplitude indicate a possible manife-
station of a compressional feature of the HS observed in-situ, the focus of the
survey of the work.

While in most cases the feeblest of all components in the measured B-field
density is the one radial from the Sun, ZPL, sometimes that may not be the case.

However, it may be interesting to observe and, even more so to understand
when occasionally that is the opposite, and that is precisely what occurred on
day of year (DOY) 256, year 2008. At that time, as illustrated in Figure 4 for V2,
the intensity of the B-field mostly in the ZPL orientation. (For this case showing
Bz PL >> B, we are indebted to a private communication by Alan Cummings,

2020, of the Cosmic Particles Instrument in the Voyager mission.)

i ] i 1 i
2008.699 2008.6991 2008.6992 2008.6993 2008.6994 2008.6995 2008.6996 2008.69972008.6998

Figure 4. Unusual variation of the X; Yand ZPL components of the B-field during a V2
MAGROL.
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Figure 4 shows with its horizontal line the time dependence, while with its
vertical axes intensity of the B-field in counts. B-field measured along the V2
path at the time of the MAGROL of doy 256-7, year 2008 are presented in the
Top panel. The Bottom panel shows a stronger B-field in the radial direction
from the Sun together with the intensity in its perpendicular direction. Further

the bottom panel presents measurements and error of [1 + 2] o uncertainty.

3. Examples

Like in Figure 3 the following surveyed intervals are for maximum quality
at/near the occasions when we do the in-situ MAGROL calibration of the mag-
netic field of the medium, see more in the Appendix. In this way we are able to
provide analyses during intervals of time when there are the best and most pre-

cise magnetic field directions and intensities available.

3.1. At 2 Years of the TS Crossing

In Section 2, top panel of Figure 3 the conditions at V1 are shown; only plotted
is the outboard component of X PL when the SC is rotating. and Figure 5 shows
in its top panel the X PL sensors of both IN and OU magnetometers in V2 at
MAGROLs. The dramatic change in intensity of the B-field is self-evident in
Figure 5. Here, the bottom panel shows the residual difference, indicative of the
accuracy of the measurement. Notice that the uncertainty at each B-field vector
measurement in the X PL direction is between 2 and 3 Cts, which gives an un-
certainty of £0.01 nT for this component of the medium’s B-field.

For the doy 78 - 79, year 2009, Figure 5 shows in its top panel for V2, the
B-field 48 s ave as a function of time collected by both SC magnetometers along

the X PL direction measured in Cts for an interval containing a MAGROL.

Voyager 2; DOY 078 - 079, 2009, B-field in Cts

40 | ] 1 ] | 1 1 1
2009.2142 2009.2144 2009.2146 2009.2148 2009.215 2009.2152 2009.2154 2009.2156 2009.2158

30 T T T T T T T T
201 . A

230 I I I I I I I I
2009.2142  2009.2144 2009.2146 2009.2148 2009.215 2009.2152 2009.2154 2009.2156 2009.2158
Time [in decimal of year] 2009

Figure 5. MAGROL on doy 78 - 79, V2 SC.
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Bottom panel gives the dependence with time of the difference between the cali-
brated observations as a function of time, same vertical scale than top panel, all
in Cts.

3.2. At 4 Years of the TS Crossing

For V1, for the time interval indicated in Figure 6(A), shown is the B-field ob-
served by both magnetometers measured by the X PL sensors, like in top panel
of Figure 5.

Figure 6(A) and Figure 6(B) show first V1 and second V2 respectively at
MAGROLs . Figure 6 presents the agreement in the measurements of both
magnetometers for MAGROLs on DOY 253 - 258, year 2008 for V1 and on DOY
258 - 261, year 2011 for V2. These plots show again the measurements from the
sensors along X PL, and the MAGROL determined zero intensity is the reference
in counts units. Once more but less dramatically Figure 6(B) shows more mag-
nitude fluctuation along the V2 path than the V1 path.

Voyager 1; B, in Cts DOY 253 to 256, 2008, B field (Cts)
T T T

30 T

10} : : ﬁ

X-0X

S

2008.693  2008.694  2008.695  2008.696  2008.697  2008.698
Time [in decimal of year] 2008

(A)

Voyager 2; Xou vs Xin B-field in cts, year 2011
T T T T T

-40 i | i i | i |
2011.706 2011.707 2011.708 2011.709 2011.71 2011.711 2011.712 2011.713
(B)

Figure 6. (A): VI MAGROL for the time interval doy 256 - 257, year 2008; (B): For V2,
ibid (A), for the time interval doy 259, year 2011.
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3.3. At 5 Years of the TS Crossing

Figure 7(A) and Figure 7(B) present observations at MAGROLSs after 5 years of
crossing the TS.

Figure 7(B) is similar to Figure 6. Figure 7(A) shows in its top panel the
signal by both magnetometers along X PL while in its bottom panel it shows the
difference between the X PL sensor measurements, which give an estimate of
counts uncertainty. In this case this appears to be about +4 cts and corresponds
to an uncertainty of 0.02 nT (at 0.005 nT/cts), which is similar but larger than

the uncertainty shown by the bottom panel in Figure 5.

VOYAGER 1, By in Cts, doy 309 - 312, 2009

ou

X - 0X,, (X - 0X,)

-50 i i i [ I j
03069.847 2009.848 2009.849 2009.85 2009.851 2009.852 2009.853 2009.854
T T T T T

T

30 I i i i I I
2009.847  2009.848  2009.849 2009.85 2009.851 2009.852  2009.853  2009.854

Time [in decimal of year] 2009
(A)

VOY 2 Xmag in Cts, DOY 114 TO 117, year 2012

50 i i i i I i
2012314 2012315  2012.316 2012317 2012318 2012319 2012.32
Time [in dec of year] 2012

(B)

Figure 7. (A): ibid Figure 5 for observations with V1 for doy 309 - 312, year 2009, in-
cluding MAGROL; (B): ibid Figure 6(B) for observations with V2 for doy 258 - 261, year
2011, includes MAGROL.
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3.4. At 6 Years

Figure 8(A) is like the previous Figure 7(A), but describes observations made a
year later. It covers the time interval extending from DOY 126 to DOY 128,
2011. In much the same way, Figure 8(B) describes observations made a year
later from those made for Figure 7(B), DOY 345 to DOY 348, 2013. Both figures

show the agreement in the observations between IN and OU magnetometers.

3.5. At 7 Years

Figure 9(A) (top) and Figure 9(B) (bottom) show the first V1 on DOY 264,
2011 and the second V2 on DOY 309, year 2014 respectively at MAGROLs.

Voyagerl; DOY 126 - 128, 2010, B, - in Cts, 110216

20 o
230 | | | I | | I |
126.4 126.5 126.6 126.7 126.8 126.9 127 127.1 127.2
DOY [year 2010]
(A)
46 VOY 2 Xmag in Cts, DOY 1 to 365, year 2013
! ' ! ! j ! :
x|
_1()5_..
_205.. i
_4(}: j i i i 1 i
2013.947 2013.948 2013.949 2013.95 2013.951 2013.952 2013.953
Time [in dec of year] 2013
(B)

Figure 8. (A) and (B) show top V1 and bottom V2 respectively in different intervals at
MAGROLs.
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VOY 1, doy 264, y 2011, in Cts
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Figure 9. (A): ibid Figure 6(A) forV1 observations on doy 264, y. 2011; (B): ibid Figure
6(B) for doy 306 - 309, y. 2014, containing MAGROL interval.

Again Figure 9(A) presents on its top panel B measurements of the medium
along X PL from both magnetometers. Interestingly its bottom panel indicates
that in this case the uncertainty is closer to +0.01 nT (about 2 cts at this moment
in time). Figure 9(B) is similar to Figure 3 in the sense that it gives the
MAGROL directly in observations scale as performed. However, as identified by
this MAGROL, the horizontal full black line indicates the reference zero value of
B, PL.

3.6. V1 and V2 at HS, before/at Their Crossings Mid-2012 and
near End 2018 Respectively

After 8 years V1 arrived at the HP, moving at greater speed away from the Sun
than V2. It took much longer to V2 to arrive at the HP. However, as we will
check the arrival took place closer to the Sun.
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Considering the good approximate calibration “0.005 nT/Ct” for each sensor
of the magnetometer. Figure 10(A) and Figure 10(B) show that since before
DOY 212 to after DOY 264, and already into the LISM the intensity of the
B-field is mostly along X PL. And this B-field orientation along the V1 path ex-
tends until our latest adjustment of the V1 zeroes, DOY 180, 2020 (present day).

Shown, in Figure 10(A), is one year of the X PL component of the B-field 48 s
ave in counts, from the start of year 2012 as function of time in decimal of year.
Data of IN and OU sensors are color coded in inset.

In Figure 10(B) is shown approximately 1/3 of one year of the magnitude of
48 s ave of the B-field in nT units containing the estimated location of the pas-
sage of V1 from the HS into the VLISM. Arrows indicate the connection of this
interval with the one shown in Figure 10(A). Figure 10(B) expands the region
from Figure 10(A) which identifies the transition from the HS into the LISM
about DOY 234, year 2012. Notice the complex details of the passage by V1 rec-
orded by the in-situ measurements of both V1 magnetometers Here, V1 B-field
time series shows a complex passage illustrated also in Cts in Figure 10(A)
through the component X PL.

After 11 years V2, moving at less speed in the HS than V1, crossed the HP
nearer to the Sun than V1 did (about 16 AU nearer to the Sun, on doy 309,

2018). V1 passage seen in Figure 11, is also complex.
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Figure 10. (A): The evolution of X PL along V1 path in the year it arrives to the HP; (B):
From the HS, through the HP, and into the VLISM.
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Figure 11. Ibid to Figure 10(B) but showing the 48 s ave magnitude of B along path of
V2 crossing from the HS into the LISM.

Locations of evaluation of values of Bperp in Table 1, the HS crossing by V1 and V2 SC

SC location
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Figure 12. (A) Vertical axis gives in AU the SC V1 and V2 locations at observation time
relative to assumed center of HS as described in the body of the text; (B) Highs (H) and
Lows (L) at V1 and V2 as a function of distance from center of HS.
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Table 1. Quantitative values for the total of 12 selected intervals at MAGROL.

Bperp (V1) Bperp Bperp (V2) Bperp

r(Vl) r(V2)
From TS (2006-2011) at V1 (2009-2014) at V2
Largest ~Smallest % change au Largest Smallest % change Au
2" year 29 13 120 112 15 4 275 89
3" year 20 17 18 119 12 8 50 92
4™ year 40 30 40 125 20 12 65 95
5% year 18 11 64 132 18 12 50 98
6" year 20 14 43 138 26 12 117 101
7" year 38 26 46 145 16 8 100 104
Mean 27+4 19+3 42+ 16 182 9+1 110 + 36

4. Discussion and Conclusions

Here we notice that half the crossing of the HS by V1 takes place at ~122 au,
while for V2 about half of the crossing of the HS takes place at ~110 au. Then we
notice from our quantitative evaluation of Table 1, that avoiding compression
effects possible by the TS and the VLISM on the HS, requires a comparison of
years 3 to 5, after the crossing of the TS (V1), with all cases after the 3™ year of
the crossing of the TS (V2) included. For this subset of our study we identify
comparable average B-field in both corresponding HS regions in the South and
North hemisphere.

The more compressional nature of the behavior of the HS along the trajectory
of V2 than V1 is proven from the examples presented (see Table). However,
more research is needed to achieve a more precise understanding of the degree
of difference between the two paths along which the V1 and V2 platforms
moved through the HS. It would be straightforward to achieve this purpose by
expanding our case analysis to include all MAGROLs in the HS.

Nevertheless, we proceed with our available and precise measurements by
analyzing and focusing on what we understand is the HS region less affected by
boundary conditions, Ze. the impact of the TS and the HP of the very (V-) LISM,
Le. the boundaries of the HS. See the following discussion of Figures 12. In
addition we consider that the transition into the VLISM may provide informa-
tion on the nature of features of the HS of a possibly global character, which we
so far have not noticed.

In Figure 12, the ordering of the selected set of cases expressed as a function
of their distance to the middle of the HS provides a better picture of the overall
characteristics of the conditions observed. Here, we realize that our results
show an overall consistency with the daily averages, already documented [2] for
V1, see also Figure 2(C), as well as the recently accepted work [3] on V2.
Dot-point-rectangle in Figure 12(B) encloses the cases of interest. In this way,
with Figure 12(B) it is presented a quantification of the pressure variations

during MAGROLs as a function of distance from the center of the HS as inter-
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preted in the body of the work, discussion and conclusions.

By the time this report is written, we know more about the time when V2 fi-
nished its path through the HS. It was in this way that V2 found itself, by end of
year 2018, beyond the boundaries of the HS (see Figure 11). We have also
learned that the HS, in mean value at the time of each SC passage, is observed to
be no more than 0.02 nT stronger along the V1 path north than along the V2
path south in an inertial coordinate system centered on the Sun. We further
know that for the weaker B-field along the V2 path magnetic compression de-
mands less magnetic work, see e.g. discussion on the MHD state [1]. This higher
compressional feature along the V2 path is consistent with a weaker field inten-
sity encountered in the HS by V2 than by V1.

This invited paper is based on a presentation at the 2017 American Geophysi-
cal Union Fall Meeting. The exploratory approach there, for simplicity to com-
pare equal intervals of time in the HS for both SC, was adopted ahead of the ar-
rival of V2 to the HP. In hindsight, by now after the arrival of V2 to the local
inter-stellar medium (LISM) it is clear that a better understanding will be
achieved in the comparison of both SC by studying in equal footing the amount
of time of both SC in the HS. Stay tuned for future completion of a work on this

project.
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Appendix

Since the launch of the Voyager missions V1 and V2, the routine is to use as a
calibration tool the rolling of the SC (in a MAGROL) at approximately a rotation
every 38 min producing for a fixed direction of the magnetic field the identifica-
tion of the B-field displayed below in Figure A, in the direction orthogonal to
the axis of rotation, direction ZPL.

A careful analysis, present in our tool-box identifies for us that the intensity
zero for the X PL direction is located at Xou = 2036 + 1 counts (Cts) and for the
YPL direction at You = 2158 + 1 Cts.

The following Appendix, Appendix Bis A, surveys the limitations of the
present ability to evaluate the intensity of both orthogonal X and Y PL compo-
nents in Bper,. See also [16]).

Appendix Bis A.

Here we simplify the discussion to the treatment of the IN (-board) coordinate
system which is simply oriented along the PL coordinate system, We can afford
to do that because the agreement at MAGROL between PL and OU (-board)
coordinate system is well proved at the level of the evaluation of zeroes of the
B-field at the present stage of analysis and we illustrated that in Figure A1l. (7his
is so despite a mild distortion of a few counts by a spurious wave of arbitrary
amplitude present in the OU sensor X at the MAGROL.)

Classical Mechanics, Herbert Goldstein, 1951 text book [17]) permits us to use
the transformation.

X (t) = Xy cos(wt+¢)+Yey sin(at +¢)

Y (t) =—Xpy cOS( ot +@)+Yey sin(wt+¢)

See Figure 3, Figure A, and Figure Al.

VOYAGER 1; DOY 214, Year 2008, B-Field in Cts
2190 : : : : : :

2180

2170 +

2140

2130

2120 ; ; : i ; ;
2000 2010 2020 2030X 2040 2050 2060 2070

ou

Figure A. Shown is for a V1 MAGROL, Y(X) in PL coordinate, data from OU magneto-
meter.
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Voyager 2; Magnetic field component in [cts], year 2008
T T T T

sl i i ] i i i
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Time [in decimal of year]

Figure Al. Plot of the intensity evaluated at MAGROL along the line of observation of
the XPL for the OU (blue line) and IN (red line) instruments, along the V2 path on DOY
256, year 2008.

Figure A2 illustrates the use of the fast fourier transform (FFT) to the interval
of the MAGROL shown in Figure Al from time interval ~2008.6991-2008.6996,
which is evaluated in decimal of year, that corresponds to about 28 min. period.
(The user of this FFT must be aware among other facts that the method provides
significant/meaningful values only up to half of the plotted interval, and in a
simple case like this with a resonating frequency “# like in this case one of the
values is spurious, as it is shown here). The valid obtained value is the frequency
=1 x 107 year™'. The representation is with the phase ¢ = 9n/16. Hence, we
proceed to plot generically the X(#) value together with ¥(#) with the phase ¢
(listed in the sentence above).

And we apply this value to a simple test of constant fields for the period of the
MAGROL interval of ten rotations, see Figure A3. There, X(#), X(?), Xy Yax
are plotted and tabulated orderly from “I to 4”, ie. line 1 illustrates X(#), 2 is
(9, line 3 illustrates Xpx, 4 is Yex [Figure A3]. Where we did apply the coor-
dinate change, where the index [FIX] corresponds to the non rotating inertial
system in which VOYAGER SC operate. And we know that using the transpose
to the transformation written in the Equations above, we get the values of the
field in the inertial system, Ze., FIX coordinate system (see e.g. Goldstein, 1951).
And we proceed first to obtain the value of the constant f= w/(2m) to evaluate
the transformation needed, see Figure A2.

Figure A4(A) shows the measurement at MAGROL, blue line are 48 s ave
values along X PL, IN magnetometer, in counts relative to identified value of
off-set of the (B) field. Red-line is synthetic data for a fix-amplitude and identi-
fied periodas illustrated in Figure A2.

Plots in Figures A4 clearly show that it was naive then to assume that the ro-
tation takes place at constant frequency. At least this is strictly the case in the
specific MAGROL we attempted trivially using the transform from the above
Equations to evaluate the (B) field strength along the inertial frames of XPL, and
YPL.
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Figure A2. Intensity as a determination of frequency of rotation for the MAGROL inter-
val shown in Figure Al.
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Figure A3. Synthetic data generated both in fix and rotating coordinate system, see body
of the text for a complete description.

Another technical detail to consider is that we first were able to identify only
eight rotations but a more careful analysis discovered that due to an intensity at
the range of the apparent noise in the data we first failed to notice that we ac-
tually had ten rotations. In the final adjustment that fact was taken into consid-
eration, Ze., we had in this MAGROL a total of ten rotations.

So the transformation we used fails to provide the values for the inertial direc-
tions labeled here as X PL and Y'PL. This is illustrated in Figures A5.

In Figure A5 we identify the following: Line 1, solid blue, is X PL during
MAGROL, line 2, solid green, is ¥ PL during MAGROL, line 3, solid purple,
transformation to X fix, solid 4, transformation to Y fix, solid 5 to 7 attempts
changing amplitude and frequency to achieve the fix coordinate value of Xand Y
PL, through frequency small variation, and phase representing a subset of all at-

tempts made.
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Voyager 2; Magncietic field component in [cts], doy 255, year 2008
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Voyager 2; Magncietic field component in [cts], doy 255, year 2008
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Figure A4. (A) Data in blue, and in red the phase shift identified and used also in Figure
3; (B): Ibid (A), but this is for the IN sensor along Y PL direction.
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Figure A5. Illustrated is an attempt to correct phase shift and rotational period to reach
the stationary frame from the MAGROL rotating Xand Y PL sensors.
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Figure A5 illustrates our inability to obtain the inertial value in the case of the
Y PL direction. Blue and green curves correspond to X(#) and Y¥(#). The other
color coded lines are attempts to achieve the transformation and the optimal so-
lution which is the one obtained with the black curve (line 7).

With Figure A6 we illustrate using a synthetic imitation of rotating frame like
it happens for the period of 38 min for X PL and n/2 phase shift as it would cor-
respond for Y PL (solid green) and a slightly shifted frequency for the transfor-
mation represented by the solid purple line.

With the help of the analysis illustrated in Figure A6 we find that part of our
failure is that to reach the the inertial frame we cannot use the well known sim-
ple transformation [17]. Figure A6 we tells that when we proceed to modify the
frequency in the modeled transformation by 1/8th of the correct “t” value it is
found a transformation that fail to work simply because in that case we are
transforming from rotation with w to one that still is not inertial but at a much
lower speed of rotation. This reminds us of our curve number 7 solution illu-
strated in Figure A5.

We concluded that the situation is even more complicated and suspect that in
this case we may be confronted with a slow time dependence of the rotation
during the duration of the MAGROL. Hence, we proceeded to consider the evo-
lution at each location at completion of a period of rotation consistent with the
time before and after termination of MAGROL, We also took additional consid-
eration of the placement of the mean smoothed value of the observed rotation
for both axes. This laborious process allowed us to identify at a specific location
the likely value of the field for the inboard at XPL and at Y'PL.

The following figures show the painstaking process of determining the value

of B-field along Xp; and Y7, using the aforementioned technique.

Transformacion; Systema Ortogonal rotativo “wt” a sin rotar, doy 255, year 2008

SN .

0.6 - E

02F 4

1 1 1
2008.699 2008.6992 2008.6994 2008.6996 2008.6998 2008.7

Figure A6. A model simplified representation of the conditions encountered in our ana-
lyses.
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Figure A7(A) illustrates with solid blue line is X PL, synthetic data
represented at constant amplitude by solid green line. Red-star are the identified
zero at mean value for each one of the ten rolls. Solid turquoise thick line inten-
sity of the recovered Figure A7 B-field component along X PL stationary orien-
tation of the SC.

In Figure A7 line 1 gives the data at MAGROL, line 2 gives the frequency
identified through the FFT with the same arbitrary amplitude of previous fig-
ures. Symbol * gives the center of each roll value, the canonical location of the
zero of the micro interval. Line 4 gives therefore the value at that location of the

magnetic field.

Test de transformacion de sistema rotando a fijo
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Figure A7. (A): Our scheme to extract stationary X PL intensity of the B-field at
MAGROL; (B): ibid (A) but for the Y'PL stationary orientation of the SC.
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Final result of trannsformation manually performed, ALL VALUES IN COUNTS
T ] T
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Figure A8. Illustration of the recovered B-field components at MAGROL along statio-
nary Xand Y PL.

Figure 8 constitutes a presentation of the derived B-field in inertial frame. Ze.
XFIX~ YFIX-

In Figure A8 we show the following: In top panel the recovered X and ¥ PL
orientation as a function of the time. Bottom panel shows the derived perpendi-
cular B-field to radial from the Sun component at MAGROL.
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