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The Compression of the Heliospheric
Magnetic Structure by Interplanetary
Shocks: Is the Structure at 1 AU a
Manifestation of Solar-Wind
Turbulence or Is It Fossil Structure
From the Sun?

Joseph E. Borovsky*

Center for Space Plasma Physics, Space Science Institute, Boulder, CO, United States

As a test of the action of MHD turbulence in the solar wind, the compression of the
heliospheric magnetic structure at 1AU by 109 interplanetary shocks is examined. In the
magnetic structure the orientations of solar-wind strong current sheets are statistically
examined vs. time in the downstream plasmas after shock compression. If the current
sheets of the solar wind are features of an active MHD turbulence, they should be
destroyed and remade with isotropic orientations on the timescale of an eddy-turnover
time. If the current-sheet orientations remain anisotropic after the shock compression, itis
an indication that the current sheets of the solar wind are not created by MHD turbulence.
This statistical analysis finds no evolution of the current-sheet orientations after the solar
wind is compressed by the shocks, implying a non-turbulent origin of the current sheets.
A possibility is that the heliospheric magnetic structure at 1 AU is fossil structure from the
solar corona.
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1. INTRODUCTION

The magnetic structure of the solar wind in the inner heliosphere is dominated by strong current
sheets (directional discontinuities) (e.g., Burlaga and Ness, 1969; Vasquez et al., 2007; Li, 2008;
D’Amicis et al., 2012). Statistical examinations of the spacings and orientations of the solar-wind
current sheets lead to a picture of a spaghetti-like network of flux tubes forming the magnetic
structure of the heliosphere (Mariani et al., 1973, 1983; Borovsky, 2008a, 2010; Greco et al.,
2009; Arnold et al., 2013; Ruffolo et al., 2013). Depictions of this structure appear in Figure 3 of
McCracken and Ness (1966), Figure 6 or Bartley et al. (1966), Figures 1 and 9 of Michel (1967),
Figure 5 of Bruno et al. (2001), Figure 1a of Borovsky (2008a), Figure 22 of Borovsky (2010), and
Figure 7 of Bruno (2019).

An outstanding question concerns the origin of the heliospheric magnetic structure
(Neugebauer and Giacalone, 2010, 2015; Li and Qin, 2011; Owens et al., 2011; Tu et al.,, 2016;
Borovsky, 2020a; Viall and Borovsky, 2020): Is the observed magnetic structure created in situ
in the heliosphere or is it fossil structure from the solar coronal? A strong argument for the in
situ creation of the heliospheric magnetic structure focuses on MHD turbulence: simulations of
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MHD turbulence exhibit strong current sheets that are created
and destroyed by the action of the turbulence (Zimbardo et al.,
2004; Greco et al, 2009; Zhdankin et al., 2012). Among the
arguments that there is an active MHD turbulence operating in
the inner heliosphere are: (1) a matching of the magnetic and
velocity Fourier spectra of the solar wind (with an inertial-range,
a high-frequency breakpoint, and a low-frequency breakpoint)
to the spectra expected for MHD turbulence (e.g., Goldstein
et al,, 1995; Tu and Marsch, 1995; Podesta, 2010; Carbone, 2012;
Bruno and Carbone, 2016); (2) third-order-moment analysis
of the solar-wind fluctuations indicating an energy cascade
operating in the solar wind (Sorriso-Valvo et al., 2007; MacBride
et al., 2008; Stawarz et al., 2010; Podesta, 2011); and (3) the
solar-wind plasma having an extremely high Reynolds number
for its flow structures (Borovsky and Gary, 2009). Some of
the arguments against an active MHD turbulence operating in
the inner heliosphere are: (1) the absence of turbulent mixing
in the slow solar wind (Borovsky, 2012); (2) the absence of
discernable time-evolution of the magnetic fluctuations of the
fast solar wind (Borovsky, 2020b); (3) the lack of discernable
isotropization of the magnetic structure in coroating-interaction-
region compressions and trailing-edge rarefactions (Borovsky
and Denton, 2016); (4) the strong current sheets of the solar wind
being co-located with ion-composition boundaries, which can
only be formed in the corona (Borovsky, 2020c); (5) the strong
current sheets of the solar wind being co-located with electron-
strahl-intensity boundaries, implying that the current sheets are
coherent all the way back to the corona (Borovsky, 2020c¢); (6) the
co-location of strong current sheets with intensity boundaries of
solar energetic particles, again implying a coherence of the flux
tubes back to near-Sun region (Trenchi et al., 2013a,b); (7) the
survival of some inertial-range-sized solar-wind structures from
the corona to the Earth (Viall and Vourlidas, 2015; Kepko and
Viall, 2019). The absence of turbulent mixing (Paul et al., 2003;
Borovsky, 2012) means (a) an absence of evidence for the action
of turbulent stretching and folding reducing (macromixing) the
sizes of plasma chunks as the solar wind advects from 0.3 to
1 AU and (b) an absence of homogenization of plasma properties
(micromixing) as the solar wind advects from 0.3 to 1 AU. The
absence of time evolution of the structure (Borovsky, 2020b)
come from the fact that in the Alfvenic fast solar wind a reference
frame can be found that moves outward from the Sun with the
magnetic structure; in this frame all flow velocities are parallel
to the local magnetic field and, to within measurement error, v
is everywhere zero. With v = 0 everywhere in the frame of the
magnetic structure, there is no time evolution to the propagating
structure [cf. Sect. 7.2 and Figure 7.1 of Parker (1979)]. The
strong current sheets of the solar wind also could be created in
situ by the steeping of Alfvén waves propagating outward from
the Sun (Malara et al., 1996; Tsurutani and Ho, 1999; Vasquez and
Hollweg, 1999; Kellogg and Horbury, 2005) or by mirror-mode
instabilities (Russell et al., 2008, 2009; Yao et al., 2013).

Typically, the normals of the strong current sheets of the
solar wind are oriented quasi-isotropically perpendicular to the
Parker-spiral direction (Borovsky, 2008a; Borovsky and Denton,
2016). If the current sheets were created by MHD turbulence, one
would expect the current-sheet orientations to be approximately

isotropic about a mean-field direction. Interplanetary shocks
compress the plasma and magnetic-field structure of the solar
wind in a non-isotropic fashion. A test of in situ creation
by turbulence is to examine the compression of the magnetic
structure by interplanetary shocks and then see if the current
sheets re-isotropize downstream of the shocks as they are newly
re-created in situ. If the current-sheet orientations isotropize
with time (distance) downstream from the shock, they are likely
created in situ: if they do no isotropize they are likely fossil from
the Sun.

The existence of “planar magnetic structures” downstream
from coronal-mass-ejection-driven interplanetary shocks is well
known (Neugebauer et al., 1993; Jones et al., 1999; Kataoka et al.,
2005; Savani et al., 2011; Palmiero et al., 2016; Shaikh et al,,
2018, 2019). These planar magnetic structures are characterized
by multiple sudden changes in the direction of the solar-
wind magnetic field wherein the changing field vector remains
parallel to a single plane (Nakagawa et al., 1989). The planar
magnetic structures are characterized by slabs of magnetized
plasma separated by co-planar tangential discontinuities (strong
current sheets) (Nakagawa et al., 1989, 2000; Jones et al., 1999),
as envisioned in Figure 8 of Nakagawa et al. (1989). Planar
magnetic structures are associated with compressions of the
solar-wind plasma (Neugebauer et al., 1993; Crooker et al.,
1996; Intriligator et al., 2008). To get sufficient compression for
planar magnetic structures to be observable in the downstream
plasma, an interplanetary shock needs to have a Mach number of
about 2 or greater (cf. Kataoka et al., 2005; Savani et al., 2011).
Quasi-parallel shocks do not efficiently create planar magnetic
structures in the downstream plasma (Jones et al., 2002; Savani
et al,, 2011), although a complication is that the shock-normal
angle 0p, between the solar-wind magnetic field and the plane
of the shock is to a degree local owing to the upstream magnetic
structure of the solar wind. This is depicted in Figure 1, where the
shocking of a single magnetic flux tube in the spaghetti structure
of the solar wind is sketched; the spatial meandering of the flux
tube in the upstream plasma leads to different portions of the flux
tube having different shock-normal angles 6g,, and the differing
Opn values result in different amounts of magnetic compression
for the different portions of the flux tubes (Tidman and Krall,
1971; Kennell, 1994). Portions of the flux tube that were quasi-
perpendicular are compressed and flattened in the downstream
plasma and portions of the flux tube that were quasi-parallel
are not magnetically compressed. Hence, the downstream plasma
will have a mixture of compression strengths.

Planar magnetic structures are also seen in the compression
regions of corotating interaction regions (Crooker et al., 1996;
Clack et al., 2000; Jones and Balogh, 2000; Shaikh et al., 2020),
where they have been described as flattened magnetic noodles (cf.
Figure 6 of Crooker et al., 1996). Corotating interaction region
compressions are particularly efficient at flattening the magnetic
structure of the solar wind because the compressions are oriented
transverse to the Parker-spiral direction, and so the compression
is quasi-perpendicular to the magnetic-field vector. Borovsky and
Denton (2016) have used the observed statistical orientations
of the noodle (flux-tube) walls as a measure of the amount of
solar-wind compression in corotating interaction regions and as
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FIGURE 1| The shocking of one flux tube in the spaghetti structure of the
heliosphere is sketched, with the variable shock normal angle resulting in
different amounts of magnetic compression.

a measure of the amount of solar-wind rarefaction in the trailing
edges of high-speed streams.

2. THE INTERPLANETARY SHOCKS AND
THE PLASMA ANALYSIS

In this study the evolution of compressed magnetic structure
is studied downstream of 109 strong-compression forward
interplanetary shocks observed with the WIND spacecraft at
1 AU. These 109 shocks are cataloged in Table 1 of Borovsky
(2020d). The shocks were chosen to have density compression
rations of ~2 of more. For each of the 109 forward shocks, the
driver for each shock was assessed by examining the temporal
profile of the solar-wind speed vy, the magnetic-field strength
Bmag, the proton temperature T}, in comparison with the solar-
wind speed, the orientation of the magnetic field, the fluctuation
level of the magnetic field, the presence or absence of a bi-
directional electron strahl, and the presence of magnetic sector
reversals. Only 7 of the 107 shocks were consistent with the
shock being driven by the interaction of a high-speed stream with
slower plasma [shock numbers 7, 11, 26, 35, 38, 42, and 105 in
Table 1 of Borovsky (2020d)]; 100 shocks were not consistent
with this. Of the 100 shocks, 42 had drivers that were identifiable
as coronal mass ejections and 58 had drivers that were not
seen or that could not be clearly identified as a coronal mass
ejection. In many of the cases, the driver gas may have missed
the WIND spacecraft.

The evolution of the compressed magnetic structure
downstream of the 109 strong forward shocks is studied using
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FIGURE 2 | A superposed epoch average of the plasma and magnetic-field
properties of the 109 forward interplanetary shocks measured with 3-s time
resolution by the WIND spacecraft. In panel (A) vy (GSE) of the solar wind is
plotted. In panel (B) the magnetic-field strength (green), number density (red),
Alfvén speed (orange), proton temperature (blue), and proton specific entropy
Sp = Tp/n/? (purple) are plotted.

the 3-s time-resolution MFI magnetic-field measurements
(Lepping et al., 1995) onboard the WIND spacecraft at 1 AU.
The positions of the WIND spacecraft relative to the Earth for
the 109 shock crossings can be seen in Figure 1 of Borovsky
(2020d). In Figure2 the superposed epoch averages of the
plasma and magnetic-field properties for the 109 shocks are
plotted showing 6h upstream and 6h downstream with the
zero epoch (t = 0) being the crossing time of each shock. The
plasma properties are measured with the 3-s time-resoluton 3DP
instrument (Lin et al., 1995) onboard WIND. Figure 2a plots the
GSE X component of the solar-wind velocity -vy and Figure 2b
plots the magnetic-field strength Bp,g, the number density n,
the proton Alfvén speed va, the proton temperature T}, and the
proton specific entropy S, = Tp/nz/ 3 [A change in the specific
entropy is an indication of non-adiabatic heating or cooling: a
requirement of a “shock” is that the specific entropy is higher
downstream than it is upstream (Kennell, 1994)]. All of these
quantities increase going from upstream of the shocks (left)
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but not much additional compression of the plasma between the
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FIGURE 3 | For 11,465 current sheets from the 109 interplanetary shocks, (a)
the angle Aa between one current-sheet normal and the next current-sheet
normal is plotted as a function of the time at which the sheet is seen by WIND
relative to the shock-crossing time. (b) A 300-point running average of the
11,465 A« values is plotted (black), + one standard deviation (blue). (c) A
300-point running median (red) of the 11,465 A« values, the 75th percentile
(red) and the 25th percentile (blue).

to downstream of the shocks (right). Note in the downstream
region in Figure 2b that the values of the number density n (red
curve) and the magnetic-field strength By, (green curve) do not
change appreciably with time in the downstream plasma: this
indicates that there is compression of the plasma at the shock,

shock and the magnetosphere (cf. Figure 4 of Borovsky (2008b)
for a variety of shock Mach numbers)].

The analysis of current sheets in the downstream plasma will
be restricted to the time interval 0-6 h after the shock encounter
to avoid driver gas, which tends to reach the spacecraft a fraction
of a day after the shock (Russell and Mulligan, 2002; Oh et al,,
2007; Kilpua et al., 2017); analyzing 41 forward shocks, Kilpua
etal. (2013) found the time from the shock to the driver to range
from 3.1 to 28.1 h with a mean value of 9.8 h. The time intervals
upstream and downstream within 0.5h of the shocks will be
avoided in most of the statistical analyses to avoid foreshock and
shock effects.

For locating strong current sheets in the WIND MFI data
set, the criterion is used that the change in the magnetic-field
direction across the current sheet must be >30° in 18s. The
statistical results do not qualitatively change if a weaker (<30°)
or a stronger (more than 30°) criterion is chosen. If a stronger
criterion is chosen, fewer current sheets are collected and the
statistics are poorer. For the 109 interplanetary shocks, 11,465
strong current sheets are collected in the intervals between 6h
prior to the shock until 6 h after the shock.

In single-spacecraft measurements of the magnetic-field
vector of the solar wind, the orientation of strong current
sheets is obtained using “cross-product method” where the
field vector temporally changes from B; to B, in crossing the
current sheet and the normal to the sheet is in the direction B;
x B (Burlaga and Ness, 1969; Knetter et al., 2004; Borovsky,
2008a). Plasma compression has been measured for corotating
interaction regions by examining the change in the statistics
of the current-sheet orientations (e.g., Borovsky and Denton,
2016); because corotating-interaction-region compressions
are perpendicular to the Parker-spiral direction, there are
straightforward expectations for the statistical change in the
orientations of the current sheets vs. the amount of compression.
Interplanetary shocks, however, propagate through the solar
wind at a variety of directions and the expected changes in
the orientations of the current sheets depend on the shock
direction relative to the mean-field direction. A superior method
to measure compression from interplanetary shocks is to
statistically examine the angular change Aa in the current-sheet
orientations from one current sheet to the next. Flattening of
the magnetic structure by compression will statistically reduce
the angular-change values between the normal of one current
sheet and the next current sheet, regardless of the direction of
the compression.

This study assumes that the strong current sheets downstream
of the shocks forming part of the downstream magnetic structure
are strong current sheets that were upstream of the shock forming
part of the upstream magnetic structure. That assumption
worked well when examining the asymmetry of current-sheet
orientations when the solar wind was slowly compressed or
rarefied in corotating interaction regions or high-speed-stream
trailing-edge rarefactions (cf. Borovsky and Denton, 2016) and
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where the current-sheet did not appear to isotropize with time.
For the 109 shocks, the frequency of passage of strong current
sheets is higher in the downstream plasma than it is in the
upstream plasma: this increase is caused by a combination of
(1) the current sheets being closer together in the compressed
downstream plasma, (2) the solar wind speed being faster in the
downstream plasma, hence advecting structure past a spacecraft
faster, and (3) a reduction of the magnetic-shear angles across
current sheets in the compressed plasma. (1) and (2) act to
increase the rate of passage of current sheets past a spacecraft, but
(3) reduces the number of current sheets identified with the use
of a fixed shear-angle criterion. If it were the case that the strong
current sheets downstream of the shock were not current sheets
upstream of the shock, the conclusion of the study would be the
same, that the current sheets in the downstream plasma are not
part of an active turbulence.

3. RESULTS

For the 11,465 strong current sheets, the angle between one
current-sheet normal and the next current-sheet normal (the
“change in orientation”) Aa is plotted as the black points in
Figure 3a as a function of the time from the shock crossing that
the current sheet is crossed. In Figure 3b a 300-point running
average of the black points in Figure 3a is plotted (black) and
in Figure 3c a 300-point running median of the black points

is plotted (black). As can be seen in Figures 3b,c the average
of Aa and the median value of Aa both drop strongly going
from the uncompressed upstream plasma (left) to the compressed
downstream plasma (right). Also shown in Figure 3b are the
mean values & standard deviations for equally spaced half-hour
bins (blue) and in Figure 3¢ the 25th (blue) and 75th (red)
percentiles for half-hour bins: these values also drop going from
upstream to downstream. In the 30-300 min range upstream
the mean value of Aa is 35.5° and the median value of Aa
is 29.9°. Note that in the uncompressed upstream plasma the
current sheets are not randomly oriented, which would result
in an average Ao value of 57.3° (1 radian). The current sheets
are the walls of flux tubes and the flux tubes are aligned,
generally, along the Parker-spiral direction with a spread in
flux-tube orientations of ~35° about the Parker-spiral direction
[cf. Figure 18 of Borovsky (2010)]. In the uncompressed solar
wind the current-sheet normals are statistically quasi-isotropic
perpendicuar to the Parker-spiral direction [cf. Figure 7d of
Borovsky (2008a)], indicating that the tubes may be “cylindrical-
like” in cross section, but with flattened walls owing to the tubes
pressing against each other. If the flux tubes were all of the
same size, one might expect a hexagonal packing. With different
diameters of the flux tubes, this pressing will result in a Voronoi-
like pattern of current sheets, as depicted in Figure 2 of Borovsky
(2018). Note also that in crossing a flux tube, the orientations
of the two walls are not independent. In the 30-300 min range
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downstream the mean value of Aa is 29.6° and the median value
is 22.5°: this is a reduction of the mean value of Aa of 5.9°
from upstream to downstream and a reduction of the median
value of Ao of 7.4° from upstream to downstream. Note in the
downstream plasma in Figures 3b,c that the mean and median
values of Aa do not appear to be evolving with time back to
the values they had in the upstream plasma: this is an indication
that the current sheets are not re-isotropizing in the downstream
plasma after the magnetic structure is compressed by the shock.
After the interplanetary shock passes the WIND spacecraft,
with increasing time the spacecraft samples downstream plasma
that has been in a compressed state for a longer time. Each
element of the downstream plasma had been shock-compressed
for a time considerably greater than the time between the
observation and the shock crossing. Using the methodology of
Pitna et al. (2016), Borovsky (2020d) provided an estimate for
the strong-compression shocks of the duration of time 7 g, since
the plasma was shocked: T,ge ~ 5.5(t-tshock)> Where ¢ is the time
that the spacecraft samples the element of downstream plasma
and tg,c is the time that the spacecraft crossed the shock. Hence
an element of plasma that is seen 1h after the shock crossing
had been shocked ~5.5h earlier than the spacecraft measured
it. In Figure 4, the running average and running median of the
Aa values of Figure 3b are replotted using the t,5 ~ 5.5(¢-
tshock) conversion into the time 7.ge since the observed plasma
was shock-compressed (With this modified time axis the values
of Aa are plotted in the upstream plasma merely for reference).

Figure 4 estimates that the Ao are not statistically evolving in the
downstream plasma even 30 h or so after the solar-wind plasma
is compressed by the shock.

In Figure5 the individual Aa values from Figure 3a are
binned to form distribution functions. Plotted in rainbow colors
are the 1 h-wide distributions of points downstream of the
shocks, starting 30 min downstream to avoid effects near the
shock. Plotted as the black dashed curve in Figure5 is a 4 h-
wide distribution of the Aa values upstream of the shock, starting
30 min upstream to avoid foreshock effects. As can be seen, the
distribution of A« values does not show any systematic evolution
with time in the downstream plasma, from near the shock (red
distribution) to elements of plasma that are observed ~30 h after
compression by the shock (purple distribution). Like Figures 3b,
4, 5 shows no evidence that the current sheets of the solar-wind
magnetic structure are becoming isotropic with time after they
are made anisotropic by shock compression.

In Table 1 of Borovsky (2020d) 104 of the 109 interplanetary
shocks were categorized [using the Xu and Borovsky (2015)
plasma-categorization scheme] according to the type of solar-
wind plasma that is being shocked. The scheme categorizes the
solar wind into four plasma types: coronal-hole-origin plasma,
streamer-belt-origin plasma, sector-reversal-region plasma, and
ejecta. Coronal-hole-origin plasma and streamer-belt-origin
plasma both tend to be homogeneous plasmas with Parker-
spiral-oriented magnetic fields and with prominent Alfvénic
fluctuations. Sector-reversal-region plasma and ejecta both tend
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to be inhomogeneous plasmas with non-Parker-spiral magnetic-
field orientations and with prominent non-Alfvénic fluctuations.
The statistical results are independent of the type of solar-wind
plasma being shocked. This is shown in Figure 6, where the
mean and median values of Aa upstream and downstream of
the shocks are plotted separately for Alfvénic upstream plasma
(coronal-hole-origin plasma and streamer-belt-origin plasma,
red curves) and for non-Alfvénic upstream plasma (sector-
reversal-region plasma and ejecta, green curves).

4. CONCLUSIONS

The analyses of Figures 3, 4, 5, 6 find no obvious indication
that the current sheets of the compressed plasma downstream
of interplanetary shocks are isotropizing with time. The analysis
looks at a timescale of about 30 h after compression by shocks.
Neglecting cross-helicity effects associated with imbalanced
Alfvénic fluctuations (e.g., Dobrowolny et al, 1980; Podesta,
2011), one expects the current sheets in turbulence to be
destroyed and remade on a non-linear (eddy turnover) timescale
Tnl X Leddy/8V, where Leqqy is a large-eddy spatial scale and dv
is the amplitude of the turbulence at the large-eddy scale. The
large-eddy scale can be estimated from a correlation time or from
the low-frequency breakpoint in the magnetic power spectral
density. Taking the timescale of the low-frequency breakpoint in
the upstream plasma to be 10>-10* s (e.g., Horbury et al., 1996;

Bruno et al., 2019) and a solar-wind speed of 400 km/s (cf. the
upstream region of Figure 2a) yields Legay ~ 4 x-10°-4 x-10°
km. Taking év ~ va/2 ~ 25 km/s yields t,,; ~ 4-44h in the
upstream solar-wind plasma. Shock compressing the upstream
plasma decreases Lqq, and increases v, and so 7, < 4-44h
in the downstream plasma. Further, the downstream plasma is
systematically less Alfvénic than the upstream plasma (Borovsky,
2020d) so the lengthening of 7 by cross-helicity effects is not as
applicable downstream. In an MHD-turbulence simulation based
on solar-wind parameters at 1 AU, Yang et al. (2017) examined
the birth-to-death lifetimes of 228 current sheets; analyzing the
distribution of lifetimes in Figure 9 of Yang et al. (2017) finds the
median lifetime to be ~1.5 h and the average lifetime to be ~1.9 h.

The analyses finds no indication that the current sheets of
the compressed downstream plasma are isotropizing with time,
up to a time of about 30 h after compression by shocks, which
is estimated to be about 1-11 non-linear times and which is
about 15 times longer than the ~1.9-h median lifetime of the
current sheets estimated by Yang et al. (2017). If the strong
current sheets of the solar wind are features of an active MHD
turbulence, one would expect the current sheets to be destroyed
and remade in an isotropic fashion: no evidence is found for this
process in the present study. This finding agrees with an earlier
analysis (Borovsky and Denton, 2016) wherein the anisotropy
of solar wind current sheets in the compression regions of
corotating interaction regions and in the rarefaction regions of
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the trailing edges of high-speed streams: that analysis found no
indication of current sheets isotropizing in the 10’s of hours after
the solar-wind plasma is compressed or rarefacted. This may
support the idea that the heliospheric magnetic structure at 1 AU
and its current sheets are largely fossil structure from the solar
corona (e.g., Michel, 1967; Borovsky, 2008a; Huang et al., 2014;
Burkholder et al., 2019; Eselevich, 2019) or remnants of a near-
Sun turbulence that ceased to be active (e.g., Dobrowolny et al.,
1980; Telloni et al., 2016).
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