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Abstract: A reference frame in the solar wind can often be found wherein the flow vector v is 8 

everywhere approximately parallel to the magnetic-field vector B. This is the frame of the 9 

heliospheric magnetic structure moving relative to the plasma. Since v⊥ is very small in this 10 

reference frame, the magnetic structure appears to have little temporal evolution. The structure 11 

moves outward away from the Sun faster than the plasma flow. Even for highly Alfvénic plasma, 12 

the structure does not move at the Alfvén speed relative to the proton plasma, rather it moves at 13 

~0.7vA. The degree of inhomogeneity of the plasma is hypothesized to control the motion of the 14 

magnetic structure through the plasma. If so, non-Alfvénicity may be owed to an inability of 15 

Alfvénic perturbations to coherently propagate from Alfvénic injections at the Sun. Schemes that 16 

mathematically advect magnetic and plasma structure from upstream-solar-wind monitors to the 17 

Earth may be improvable by calculating and including the motion of the structure relative to the 18 

solar-wind velocity vector. 19 

 20 

Key Points: 21 

1. A reference frame moving wrt the solar wind plasma can often be found wherein the flow 22 

vector is everywhere parallel to the field vector. 23 

 24 

2. This is the frame of the heliospheric magnetic structure moving outward through the solar 25 

wind plasma at ~0.7 times the Alfvén speed. 26 

 27 

3. The degree of plasma homogeneity is hypothesized to control the motion of the structure 28 

relative to the plasma. 29 

30 
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1. Introduction 31 

 Solar wind measurements are characterized by fluctuations at all timescales. For 32 

timescales longer than 1 s or so, it can be safely assumed that the temporal fluctuation at a 33 

spacecraft is owed to spatial fluctuations in the solar wind structure that is advected past the 34 

spacecraft. Often the fluctuations are Alfvénic, with strong temporal correlations between the 35 

flow vector v(t) and the magnetic-field vector B(t). On the timescales of seconds and minutes, 36 

examinations of the time series of measurements finds a dominance of current sheets in the 37 

magnetic-field measurements and of velocity shears in the flow measurements (Siscoe et al., 38 

1968; Veltri & Mangeney, 1999; Borovsky, 2012a; Bruno, 2019). Interpretation of these current 39 

sheets and velocity shears has focused on MHD turbulence, coronal flux tubes, mirror modes, 40 

pressure-balance structure, and reconnection outflows. There are outstanding questions about the 41 

nature and origin of the structure of the solar wind, a particularly interesting one is what parts of 42 

the structure are relics from the Sun and what parts of the structure are created and re-created in 43 

situ in the solar wind plasma (Neugebauer & Giacalone, 2010, 2015; Li & Qin, 2011; Owens et 44 

al., 2011; Tu et al., 2016). 45 

 The magnetic structure of the solar wind is of interest for a number of reasons. The 46 

magnetic structure acts to duct energetic particles (McCracken & Ness, 1966; Trenchi et al., 47 

2013; Tessein et al., 2016) and to scatter energetic particles (Qin & Li, 2008; Zimbardo et al., 48 

2008), understanding particle transport and interpreting particle measurements requires some 49 

understanding of the properties of the heliospheric magnetic structure. The propagation of 50 

interplanetary shocks (Heinemann & Siscoe, 1974; Chashei & Shishov, 1995; Zank et al., 2003) 51 

and the acceleration of particles by shocks is dependent on the nature of the magnetic structure 52 

(Niemiec & Ostrowski, 2004; Sandroos & Vainio, 2006; Guo & Giacalone, 2010; Kocharov et 53 

al., 2013); an understanding of the properties of the heliospheric magnetic structure is needed to 54 

understand these shock processes. The nature of the solar-wind plasma and magnetic structure 55 

also can be important for the propagation of coronal mass ejections through the heliosphere 56 

(Schwenn, 2000; van den Holst et al., 2005; Borovsky, 2006; Lavraud et al., 2014; Zhou & Feng, 57 

2017). The details of the magnetic structure of the solar wind at Earth are of great interest to 58 

magnetospheric physics and space-weather forecasting (Weimer & King, 2008; Borovsky, 2018a, 59 

Morley et al., 2018; Walsh et al., 2019): the rate of reconnection between the solar wind and the 60 

magnetosphere controls the strength of the driving of the magnetosphere, and that reconnection 61 
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rate depends critically on the orientation of the solar wind magnetic-field vector at Earth 62 

(Sonnerup, 1974; Komar et al., 2015; Liu et al., 2015). 63 

 The magnetic structure also delineates a plasma structure, with sudden changes in 64 

number density, plasma beta, proton specific entropy, electron heat flux, and helium abundance 65 

occurring across the current sheets of the solar wind (Riazantseva et al., 2005; Borovsky, 2008; 66 

Khabarova & Zastenker, 2011; Tu et al., 2016; Borovsky, 2019). There is also a velocity 67 

structure associated with the magnetic structure (Denskat & Burlaga, 1977; Neugebauer, 1985; 68 

De Keyser et al., 1998), which will be explored in the present study. The Earth’s magnetotail can 69 

be disrupted by the strong velocity shears in the solar wind associated with magnetic current 70 

sheets (Borovsky, 2012a, 2018b). 71 

 Advancing our understanding of the properties of the heliospheric magnetic structure can 72 

provide help for the abovementioned problems of space research. Advancing our understanding 73 

of the properties of the structure might also lead to clues about the origin of the structure, to 74 

clues about the evolution (or not) of the structure, and perhaps to clues about the origin of the 75 

solar wind. 76 

 In this report we point out that there often is a frame of reference in which the proton 77 

flows of the solar wind plasma are everywhere parallel to the local magnetic magnetic field. It 78 

will be argued that this reference frame moves with the tangled magnetic structure, which moves 79 

through the solar wind proton plasma. The relevant solar wind vectors describing this are 80 

sketched in Figure 1. In this reference frame, the changing velocity of the solar wind appears as a 81 

field-aligned flow through the magnetic structure, with the flow changing direction spatial as the 82 

field changes direction spatially. Using 3-s measurements of the magnetic field and plasma at the 83 

WIND spacecraft this frame will be explored. When this frame can be found, it appears that there 84 

is little ongoing evolution of the magnetic structure. 85 

 This manuscript is organized as follows. In Section 2 the data sets and methodologies 86 

used are explored. In Section 3 examples in three types of wind are examined: in Section 3.1 87 

unperturbed coronal-hole-origin plasma, in Section 3.2 Alfvénic slow wind, and in section 3.3 88 

non-Alfvénic slow wind. Section 4 contains discussion about the nature of the solar wind 89 

structure (Section 4.1), the Alfvénicity, inhomogeneity, and compressibility of the solar wind 90 

(Section 4.2), the speed of the structure relative to the plasma (Section 4.3), turbulence scaling 91 

estimates (Section 4.4), and solar wind propagation schemes for Earth (Section 4.5). 92 

93 
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2. Data and Methods 94 

 3-s resolution magnetic-field measurements B(t) from WIND MFI (Lepping et al., 1995) 95 

and 3-s resolution plasma and flow measurements vplasma(t) from WIND 3DP (Lin et al., 1995) 96 

are used to study the motion of the mesoscale magnetic-field structure of the heliosphere moving 97 

through the proton plasma of the solar wind. If a reference frame with velocity vstructure can be 98 

found wherein (vplasma - vstructure)×B = 0 everywhere, then this frame is consistent with the 99 

reference frame of the magnetic structure wherein all flows seen in that frame are locally parallel 100 

to the local magnetic field. 101 

 Data subintervals that are either 30-min, 60-min, 120-min, or 180-min long are analyzed. 102 

Times when there is bad plasma or bad magnetic-field measurements are removed from the 103 

analysis. (This removal includes plasma measurements in the 3DP data set wherein vx ≡ 0.00, vy 104 

≡ 0.00, or vz ≡ 0.00.) The magnetic-field measurement closest to the time of each plasma 105 

measurement is used in conjunction with the flow velocity: data values wherein the time between 106 

plasma and field measurements is greater than 6 s are removed. 107 

 For each data subinterval a single reference frame vstructure = (vxstructure,vystructure,vzstructure) is 108 

guessed. Then, using an evolutionary algorithm vxstructure, vystructure, or vzstructure is changed at each 109 

timestep by adding a random scalar -1 km/s < Δv < +1 km/s. Denoting the WIND 3DP measured 110 

proton flow vector as vplasma, the angles arccos(vflow•B) between vflow = (vplasma - vstructure) and B 111 

are calculated for each 3-s data point in the subinterval and the average value of that angle is 112 

calculated for the subinterval. If the average value of the angle is reduced by the change, then the 113 

change to vstructure is kept; if the average value of the angle is not reduced by the change, the 114 

change is rejected. In this manner, vstructure evolves to a vector value that minimizes the average 115 

angle between (vplasma - vstructure) and B for the subinterval. Typically a minimum value of the 116 

angle (and a value for vstructure) is reached in about 2000 timesteps. 117 

 Note that it will be more intuitive to study the motion of the magnetic structure relative to 118 

the solar wind plasma in (R,T,N) solar coordinates rather than the GSE (X,Y,Z) Earth 119 

coordinates. Hence, in this paper it will be taken (and approximately true) that vr = -vx, vt = -vy, 120 

vn = -vz, Br = -Bx, Bt = -By, and Bn = -Bz using the GSE (X,Y,Z) measurements of WIND. 121 

122 
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3. The Movement of the Magnetic Structure 123 

 The movement of the heliospheric magnetic structure through the solar wind plasma will 124 

be examined for three examples: unperturbed coronal-hole-origin plasma in Section 3.1, 125 

Alfvénic slow wind in Section 3.2, and non-Alfvénic slow wind in section 3.3. 126 

 127 

3.1. Unperturbed Coronal-Hole-Origin Plasma 128 

 In Borovsky (2016) a number of intervals of unperturbed coronal-hole-origin plasma 129 

were identified at 1 AU, where “unperturbed” means the high-speed-stream plasma was not in a 130 

compression region (corotating interaction region) or in a rarefaction region (trailing edge of a 131 

high-speed stream). WIND MFI and 3DP measurement for “Flattop 15” (cf. Table 1 of Borovsky 132 

(2016)) is explored. At L1, Flattop 15 commenced at 13 UT on Day 308 (November 4) of 2005 133 

and ended at 12 UT on Day 311 (November 7). In Figure  2a data subintervals every 30 minutes 134 

are analyzed; each subinterval is 120-min wide. For each data subinterval the evolutionary 135 

algorithm is used to derive a frame shift vstructure that minimizes the average of the 3-s values in 136 

the subinterval of the angle between (vplasma(t)-vstructure) and B(t). In Figure 2a the average 137 

velocity of the plasma vplasma for each subinterval is plotted in blue and the calculated value of 138 

the velocity of the magnetic structure vstructure (cf. Figure 1) for each subinterval is plotted in red. 139 

The upper curves are the R (radial) component of the velocities and the lower curves and the T 140 

(tangential) components. The N (normal) components of the plasma and structure velocities are 141 

not plotted. As can be seen, the magnetic structure (red and pink) tends to move away from the 142 

Sun faster than the proton plasma and moves faster in the negative tangential direction: this is 143 

consistent with the structure propagating outward in the Parker-spiral direction through the solar 144 

wind plasma. In Figure 2b the velocity of the magnetic structure relative to the proton plasma 145 

(vstructure-vplasma) is plotted. The lower curves are the tangential component of the structure 146 

velocity and the upper curves are the radial component. The four different colors in Figure 2b are 147 

for four different data-interval widths: 30-min (blue), 60-min (green), 120-min (red), and 180-148 

min (orange). The radial component of the velocity of the magnetic structure tends to be positive, 149 

with the structure moving out away from the Sun faster than the solar wind proton plasma. The 150 

tangential component of the velocity of the magnetic structure tends to be negative, consistent 151 

with the structure moving outward along the Parker-spiral direction through the plasma. In 152 

Figure 2c the speed of the structure relative to the plasma vprop = |vstructure-vplasma| is plotted 153 
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divided by the average of the Alfvén speed in each subinterval. The Alfvén speed is calculated 154 

from 3DP 3-s measurements of the proton number density np, with nα/np = 0.045 used; the 155 

onboard 3DP 3-s moments do not calculate the alpha-particle density accurately for high-speed 156 

wind, so the average value of nα/np for Flattop 15 from WIND SWE (Kasper et al., 2006) was 157 

used. As can be seen in Figure 2c, the speed of the magnetic structure moving through the solar 158 

wind plasma tends to be less than the Alfvén speed. In Figure 2d the average of the 3-s-159 

resolution angles arccos(vflow•B) between vflow = (vplasma(t)-vstructure) and B(t) is plotted, with the 160 

average over 30-min (blue), 60-min (green), 120-min (red), or 180-min (orange) subintervals in 161 

different colors. As can be seen, in favorable subintervals the mean angle between the flow and 162 

the field can be ~5o. 163 

 For one 2-hr-long data subinterval in the unperturbed-coronal-hole plasma of Flattop 15, 164 

the 3-s measurements of the flow and magnetic field from the reference frame of the moving 165 

magnetic structure are examined in Figure 3. The average parameters for this 2-hr subinterval are 166 

solar wind flow speed vsw = 〈|vplasma|〉 = 672 ± 42 km/s, magnetic-field strength Bmag = 4.6 ± 1.1 167 

nT, and proton number density np = 1.7 ± 0.8 cm-3. For the 2-hr subinterval, the derived frame 168 

shift is vstructure = (727.82,-28.00,-13.72) km/s in RTN coordinates. For this 2-hr subinterval, the 169 

average 3-s angle between (vplasma-vstructure) and B in the reference frame of the magnetic structure 170 

is 4.8o; the average spread of angles of the direction of B around the mean-field direction is 20.8 171 

± 11.2o in the 2-hr subinterval. In Figure 3a the three velocity components vrplasma-vrstructure (dark 172 

blue), vtplasma-vtstructure (red), and vnplasma-vnstructure (dark green) are plotted as functions of time and 173 

the three normalized components of the magnetic field Br (light blue), Bt (orange), and Bn (light 174 

green) are plotted. The normalization of the magnetic field is a multiplication by a single scalar 175 

value vflow/Bmag, where vflow = 〈|vplasma-vstructure|〉 is the average of the plasma flow in the reference 176 

frame of the magnetic structure and Bmag = 〈|B|〉 is the average of the magnetic-field strength, 177 

with the averaging 〈 〉 over the entire 2-hr subinterval. As can be seen, for much of the 178 

subinterval the components of the vector vplasma-vstructure are indistinguishable from the 179 

components of the normalized magnetic-field vector B. In Figure 3b the vector vplasma-vstructure is 180 

decomposed every 3 s into its parallel-to-B (red) and perpendicular-to-B (blue) components v|| 181 

and v⊥. For this two-hr subinterval the mean value of v|| is 75.0 km/s and the mean value of v⊥ is 182 
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5.2 km/s. In this magnetic-structure reference frame, v|| is on average more than 14 times v⊥. 183 

Some of the v⊥ can be attributed to measurement inaccuracy of the flow vector and measurement 184 

inaccuracy of the magnetic-field direction. A large source of the v⊥ comes from the fact that the 185 

magnetic-field direction changes during the 3-s measurement of the flow. For the 2-hr interval of 186 

Figure 3 the mean and standard deviation of the 3-s angular change in the magnetic-field 187 

direction is Δθ3-s = 4.5 ± 4.4o: taking v||sin(Δθ3-s) with Δθ3-s = 4.5o and with v|| = 75.0 km/s 188 

yields 5.9 km/s as an estimate of the amount of v⊥ coming from a projection of v|| attributable to 189 

the motion of the field direction. Also plotted (blue) in Figure 3b is the 3-s value of vA, with a 190 

mean value and standard deviation of 73.9 ± 11.9 km/s in the 2-hr subinterval. As seen, the flows 191 

of plasma through the magnetic structure (in the structure’s reference frame) are at a fraction of 192 

the Alfvén speed. 193 

 194 

3.2 Alfvénic Slow Wind 195 

 There has been recent interest in the fact that non-ejecta slow solar wind can be either 196 

Alfvénic or not (D’Amicis & Bruno, 2015; D’Amicis et al., 2016, 2019; Borovsky et al., 2019). 197 

In the Xu and Borovsky (2015) categorization scheme for solar wind plasma, Borovsky et al. 198 

(2019) attribute the Alfvénic slow wind to plasma originating from the streamer belt and the non-199 

Alfvénic slow wind to plasma originating from the sector-reversal region around the heliospheric 200 

current sheet. 201 

 In Figure 4, the 17-day interval plotted in Figs. 1 and 3 of D’Amicis et al. (2019) is 202 

plotted. Using 120-min subintervals of the 3-s WIND data, the structure velocity for each 203 

subinterval is calculated with the evolutionary algorithm and the radial (red) and tangential 204 

(pink) components of the velocity of the magnetic structure vstructure (cf. Figure 1) are plotted in 205 

Figure 4a. The average value of the measured plasma flow for each 120-min subinterval is also 206 

plotted, the radial component in dark blue and the tangential component in light blue. The 207 

intervals identified by D’Amicis et al. (2019) as Alfvénic slow wind, typical slow wind, and fast 208 

wind are labeled with the horizontal purple arrows in Figure 4a. The time of occurrence of a 209 

magnetic sector reversal is labeled with the vertical purple arrow. In Figure 4b the average of the 210 

3-s angles arccos(vflow•B) between the flow velocity vflow (cf. Figure 1) as seen from the 211 
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reference frame of the magnetic structure vflow = (vplasma - vstructure) and the magnetic-field vector 212 

B is plotted. In Figure 4c the Alfvénicity of each 2-hr subinterval is plotted, with 1 being fully 213 

Alfvénic and 0 being non-Alfvénic. Here the Alfvénicity is measured by the absolute values of 214 

the Pearson linear correlation coefficients Rcorr between v and B calculated as Rcorr = (|Rcorr r| + 215 

|Rcorr t| + |Rcorr n|)/3 where Rcorr r is the correlation between vr and Br, Rcorr t is the correlation 216 

between vt and Bt, and Rcorr n is the correlation between vn and Bn. In Figure 4d the 217 

inhomogeneity of the plasma in each 2-hr subinterval is plotted, as measured by the standard 218 

deviation of the 3-s values of vA divided by the mean of the values. 219 

 Of interest for this subsection is the “Alfvénic slow” interval in Figure 4a. Note that for 220 

this interval the values of the angle between the flow and the field (green points) are low, often 221 

less than 5o. During this Alfvénic-solar-wind interval the magnetic structure (red and pink) 222 

clearly moves out along the Parker spiral direction ahead of the solar-wind proton plasma (dark 223 

and light blue). 224 

 In Figure 5 the 3-s flow and magnetic-field data are examined for one 2-hr subinterval of 225 

Alfvénic slow wind from Figure 4. The average parameters for this 2-hr subinterval are vsw = 226 

〈|vplasma|〉 = 424 ± 20 km/s, Bmag = 9.4 ± 0.1 nT, and np = 3.3 ± 0.2 cm-3. The frame shift for the 227 

magnetic structure derived by the evolutionary algorithm for this 2-hr subinterval is vstructure = 228 

(472.26,-115.53,0.30) km/s in RTN coordinates. For this 2-hr subinterval, the average 3-s angle 229 

between (vplasma-vstructure) and B in the reference frame of the magnetic structure is 4.8o; in the 2-230 

hr subinterval the average spread of angles of B around the mean-field direction is 24.1 ± 11.8o. 231 

In Figure 5a the three velocity components vrplasma-vrstructure (dark blue), vtplasma-vtstructure (red), and 232 

vnplasma-vnstructure (dark green) are plotted as functions of time and the three normalized 233 

components of the magnetic field Br (light blue), Bt (orange), and Bn (light green) are plotted. 234 

The normalization of the magnetic field is a multiplication by a single scalar value vflow/Bmag, 235 

where vflow = 〈|vplasma-vstructure|〉 is the subinterval average of the plasma flow in the reference 236 

frame of the magnetic structure and Bmag = 〈|B|〉 is the subinterval average of the magnetic-field 237 

strength. As was the case for the unperturbed-coronal-hole subinterval of Figure 3a, the velocity 238 

and magnetic curves in Figure 5a are almost undistinguishable: the flow vector points in the 239 

direction of the field vector. In Figure 5b the vector vplasma-vstructure is decomposed every 3 s into 240 

its parallel-to-B (red) and perpendicular-to-B (green) components v|| and v⊥ using the 3-s values 241 

of the magnetic-field direction. For this 2-hr subinterval the mean value of v|| is 99.0 km/s and 242 
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the mean value of v⊥ is 6.8 km/s. In the reference frame moving with the magnetic structure, v|| 243 

is on average more than 14 times v⊥. Again, some fraction of the magnitude of v⊥ can be 244 

attributed (1) to measurement inaccuracy of the flow vector, (2) to measurement inaccuracy of 245 

the field direction, and in particular (3) to the variation of the direction of the magnetic field 246 

during the 3-s flow measurement. Also plotted (blue) in Figure 5b is the 3-s value of the Alfvén 247 

speed vA using the 3DP values of np and nα, with vA having a mean value and standard deviation 248 

of 106.9 ± 4.4 km/s in the 2-hr subinterval; the flows of plasma through the magnetic structure 249 

(in the structure’s reference frame) is at a large fraction of the Alfvén speed. 250 

 251 

3.3. Non-Alfvénic Slow Wind 252 

 Of interest in this subsection is the interval in Figure 4a labeled “typical slow”. Note that 253 

for this interval the values of the angle between the flow and the field (green points, right axis) 254 

are larger than the prior intervals examined, varying from 4o to 45o in the various 2-hr 255 

subintervals. In Figure 4 the calculated frame for the magnetic structure (red and pink) clearly 256 

sometimes moves out along the Parker spiral direction ahead of the solar-wind proton plasma 257 

(dark and light blue), but often the value for the frame shift is erratic. 258 

 In Figure 6 the 3-s flow and magnetic-field data are examined for one 2-hr subinterval of 259 

non-Alfvénic slow wind. The average parameters for this 2-hr subinterval are vsw = 〈|vplasma|〉 = 260 

390 ± 14 km/s, Bmag = 4.2 ± 0.9 nT, and np = 6.9 ± 1.2 cm-3. The frame shift for the magnetic 261 

structure derived by the evolutionary algorithm for this 2-hr subinterval is vstructure = (472.26, -262 

115.53,0.30) km/s. For this 2-hr subinterval, the average 3-s angle arccos(vflow•B) between vflow 263 

= (vplasma-vstructure) and B in the reference frame of the magnetic structure is 18.5o; in the 2-hr 264 

subinterval the average spread of angles of B around the mean-field direction is 23.2 ± 19.2o. In 265 

Figure 6a the three velocity components vrplasma-vrstructure (dark blue), vtplasma-vtstructure (red), and 266 

vnplasma-vnstructure (dark green) are plotted as functions of time and the three normalized 267 

components of the magnetic field Br (light blue), Bt (orange), and Bn (light green) are plotted. 268 

The normalization of the magnetic field is a multiplication by a single scalar value vflow/Bmag, 269 

where vflow = 〈|vplasma-vstructure|〉 is the average of the plasma flow in the reference frame of the 270 

magnetic structure and Bmag = 〈|B|〉 is the average of the magnetic-field strength. Contrary to the 271 

cases for the unperturbed-coronal-hole subinterval of Figure 3a and the Alfvénic-slow-wind 272 
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subinterval of Figure 5a, the velocity and magnetic curves in Figure 6a for the non-Alfvénic slow 273 

wind subinterval are substantially different. In Figure 6b the vector vplasma-vstructure is decomposed 274 

every 3 s into its parallel-to-B (red) and perpendicular-to-B (blue) components v|| and v⊥. For this 275 

two-hr subinterval the mean value of v|| is 26.1 km/s and the mean value of v⊥ is 4.5 km/s. In the 276 

reference frame moving with the magnetic structure, v|| is on average more than 5 times v⊥. This 277 

v||/v⊥ ratio is large, but not nearly as large as it is in the unperturbed coronal-hole-origin 278 

subinterval of Figure 3b or the Alfvénic-slow-wind subinterval of Figure 5b. Again, some of the 279 

v⊥ can be attributed to measurement inaccuracy of the flow and measurement inaccuracy of the 280 

field direction. Also plotted (blue) in Figure 6b is the 3-s value of vA; the flows of plasma 281 

through the magnetic structure (in the structure’s reference frame) are at a fraction of the Alfvén 282 

speed or even exceeding the Alfvén speed. Note however, that the evolutionary algorithm has not 283 

found a frame wherein the angle between the flow and the field is very small. Note in Figure 6b 284 

that the Alfvén speed varies substantially during this 2-hr subinterval, with the mean and 285 

standard deviation being 33.8 ± 9.6 km/s. 286 

287 
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4. Discussion 288 

 289 

4.1. The Nature of the Structure 290 

 Using the evolutionary algorithm, frames of reference could be found wherein the flow of 291 

the proton plasma is everywhere approximately parallel to the magnetic field of the heliospheric 292 

structure, even though the spread in angles of the magnetic-field direction is substantial. It is 293 

interpreted that this frame of reference moves with the magnetic structure, which moves relative 294 

to the solar wind plasma. In this reference frame of the structure, one sees the proton plasma 295 

flowing though the structure with v parallel to B everywhere. The temporal changes in B(t) that 296 

one sees on a spacecraft are owed to spatial variations B(x,y,z) that are advected past the 297 

spacecraft at the speed of the magnetic structure: likewise the temporal changes in the plasma 298 

flow v(t) that one sees on a spacecraft are owed to spatial changes v(x,y,z) of the flow within the 299 

magnetic structure that are also advected past the spacecraft at the speed of the magnetic 300 

structure. Changes in the density, specific entropy, plasma beta, helium abundance, and electron 301 

heat flux, which all correspond to the magnetic structure, are also advected past the spacecraft at 302 

the speed of the magnetic structure rather than at the speed of the solar wind plasma. 303 

 The lack of perpendicular flow v⊥ in the reference frame of the magnetic structure 304 

indicates that the magnetic structure is evolving only very slowly, or not at all, as it moves 305 

outward. The reader is reminded that the v⊥ values obtained in this study are certainly 306 

overestimates owing to the motion of the magnetic-field direction during the 3-s plasma flow 307 

measurements. 308 

 309 

4.2. Inhomogeneity -- Alfvénicity -- Compressibility 310 

 Sometimes a reference frame can be found wherein the angles between v and B are small, 311 

and sometimes such a frame cannot be found. Alfvénic intervals seem to have this reference 312 

frame and non-Alfvénic intervals do not. This can be seen by comparing Figures 4b and 4c. For 313 

the 120-min subintervals of Days 25-41 of 2002, the average angle between vflow (in the 314 

reference frame of the structure) and B for each subinterval is plotted in Figure 7a as a function 315 

of the v - B correlation Rcorr(v-B). The mean of the angles is smaller when the correlation is 316 

larger, with a correlation coefficient between the mean angle and Rcorr(v-B) of -0.61. An 317 
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argument is made here that the homogeneity of the plasma may also be important, particularly 318 

the spatial constancy of the Alfvén speed in the plasma. Envisioning a tangled-flux-tube structure 319 

(e.g. the “spaghetti” magnetic structure of Mariani et al. (1983)), if the Alfvén speed differs in 320 

the differing flux tubes, a constant propagation speed of the interwoven structure may be difficult. 321 

A comparison of Figure 4b and 4d supports this conjecture. In Figure 7b the average angle 322 

between the flow and field for the 120-min subintervals of Figure 4 is plotted as a function of the 323 

value of σ(vA)/〈vA〉 for each subinterval. The angle is smaller when σ(vA)/〈vA〉 is smaller, i.e. 324 

when the plasma is more homogeneous. The correlation between the angle and σ(vA)/〈vA〉 is Rcorr 325 

= 0.78, which is larger than it was for the Alfvénicity in Figure 7a. 326 

 In Figure 7c the Alfvénicity of each 120-min subinterval is plotted as a function of the 327 

Alfvén-speed inhomogeneity σ(vA)/〈vA〉 for each subinterval; a correlation coefficient of -0.55 is 328 

obtained with the Alfvénicity being higher when the plasma inhomogeneity is less. This is 329 

further explored in Figure 8 where the R-component (blue), T-component (red), and N-330 

component (green) correlations between v and B for the 120-min subintervals are binned 331 

separately for σ(vA)/〈vA〉 < 0.1 and for σ(vA)/〈vA〉 > 0.1. The homogeneous σ(vA)/〈vA〉 < 0.1 332 

distribution is dominated by high-Alfvénicity subintervals, with a median value of v - B 333 

correlation of 0.95, whereas the inhomogeneous σ(vA)/〈vA〉 > 0.1 distribution is dominated by 334 

weak-Alfvénicity subintervals with a median value of 0.66. Figures 7c and 8 imply that the 335 

inhomogeneity of the Alfvén speed in the solar wind plasma may be a controller of the 336 

Alfvénicity of the plasma. If so, the observed Alfvénicity of the solar wind may not be indicative 337 

of whether or not Alfvénic perturbations were injected at the Sun, but rather whether or not those 338 

Alfvén perturbations can survive in an inhomogeneous plasma. In magnetic flux tubes, kink-like 339 

Alfvénic perturbations propagate at a speed related to the Alfvén speed inside the flux tube 340 

(Wilson, 1979; Edwin & Roberts, 1983; Ruderman & Roberts, 2006). If the “flux tubes” of the 341 

heliospheric magnetic structure with differing Alfvén speeds are tangled, then the propagation of 342 

kink-type Alfvénic perturbations might not be possible; MHD modes in inhomogeneous plasma 343 

undergo complex changes (Belein et al., 1996; Lazzaro et al., 2000) including phase mixing 344 

(Soler & Terradas, 2015), dispersion (Lontano et al., 2000), and dissipation (Ryutova & Persson, 345 

1984; Ryutova, 2015). 346 

 Similar arguments have been made for the control of the Alfvénicity of the solar wind 347 

plasma, but the discussion was based on “compressibility” rather than “inhomogeneity” (Veltri et 348 
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al., 1992; D’Amicis & Bruno, 2015; D’Amicis et al., 2016, 2019). Compressibility in the solar 349 

wind literature is measured by variations in the plasma number density n or by variations in the 350 

magnetic-field strength Bmag. But variations in n in the solar wind are mostly owed to plasma 351 

“blocks” with differing number density (Borovsky, 2012b), manifested as jumps in the number 352 

density across current sheets in the magnetic structure. And variations in Bmag in the solar wind 353 

also show up as jumps in Bmag across current sheets (Burlaga & Ness, 1969; Franz et al., 2000; 354 

Dalin et al., 2002; Barkhatov et al., 2003), another form of plasma block structure. Additionally, 355 

magnetic holes (magnetic decreases) (Turner et al., 1977; Winterhalter et al., 2000; Amariutei et 356 

al., 2011) form another important source of changes in Bmag. Rather than attributing the non-357 

Alfvénicity of the solar wind to “compressibility” of the plasma, the discussion might be more 358 

insightful if the lack of Alfvénicity were attributed to plasma inhomogeneity or “lumpiness”. 359 

 Along the lines of a discussion of compressibility in the solar wind, the solar wind has 360 

flows and flow shears at substantial Mach numbers, which under some circumstances might lead 361 

to compressive behavior. But when σ(vA)/〈vA〉 is small, these flows are locally field aligned. One 362 

such shear can be seen in Figure 3a at time 33.80: a jump in the flow vector of 98 km/s in 3 363 

seconds is seen. But it is a field-aligned flow, with a rotation of the flow vector being 364 

accompanied by a rotation of the magnetic-field vector; it is not the kind of high-Mach-number 365 

flow that would produce a change in Bmag. 366 

 367 

4.3. The Speed of the Magnetic Structure through the Plasma 368 

 The speed of the motion of the magnetic structure through the proton plasma is explored 369 

in Figure 9. For the 2-hr subintervals of Days 25-41 of 2002 (cf. Figure 4) the velocity of the 370 

magnetic structure vstructure for each interval relative to the average of the measured solar wind 371 

velocity vector vplasma in each interval, normalized to the average Alfvén speed vA for each 372 

subinterval, is plotted as a function of the inhomogeneity of the Alfvén speed in each subinterval 373 

(Figure 9a) and as a function of the v - B correlation (Alfvénicity) in each subinterval (Figure 9b). 374 

The vertical axis is the speed of the structure over the Alfvén speed in the reference frame of the 375 

solar-wind plasma. Quality fits for vstructure (wherein the angles between v and B are small in the 376 

moving reference frame of the structure) occur in Figure 9a for low values of σ(vA)/〈vA〉 and 377 

quality fits for vstructure in Figure 9a occur for high values of Rcorr. Note in both figures that for 378 

good fits the speed of the structure |vstructure-vplasma| is rarely close to the Alfvén speed. For In 379 
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Figure 9c the normalized speed of the magnetic structure relative to the plasma is binned for 2-hr 380 

subintervals wherein σ(vA)/〈vA〉 is less than 0.05 (blue curve) and for 2-hr intervals wherein Rcorr 381 

is greater than 0.95 (red curve). Even for these cases where the plasma is homogeneous or the 382 

Alfvénicity is very high (or both), the structure speed is not at the Alfvén speed. As noted in the 383 

figure, the median values of |vstructure-vplasma| are 0.72vA for the blue distribution and 0.71vA for 384 

the red distribution. For σ(vA)/〈vA〉 < 0.5 (blue) the mean value and standard deviation of 385 

|vstructure-vplasma| is 0.71 ± 0.11 vA and for the Alfvénicity Rcorr(v-B) > 0.95 (red) the mean value 386 

and standard deviation of |vstructure-vplasma| is 0.68 ± 0.14 vA. 387 

 388 

4.4. Turbulence Scaling Estimates 389 

 For turbulence scaling estimates one might consider using the v⊥ values from the frame 390 

of motion of the heliospheric magnetic structure. For example, for the 2-hr interval of Figure 3 391 

the mean value of v⊥ is 5.2 km/s, whereas the value of vrms = (σ(vr)2+σ(vt)2+σ(vn)2)1/2 is 30.6 392 

km/s. Estimating the eddy turnover time (Tu & Marsch, 1995; Bruno & Carbone, 2016) τeddy ~ 393 

L⊥/v⊥ using v⊥ = 5.2 km/s yields and estimate of τeddy that is ~6 times longer than the estimate 394 

using 30.6 km/s. (And the reader is reminded that this value of 5.2 km/s is undoubtedly an 395 

overestimate of v⊥ owing to the motion of the magnetic-field direction during the 3-s 396 

measurement of the flow vector.) Hence, the age of the turbulence of the solar wind measured in 397 

turnover times may be much younger than existing estimates (e.g. Roberts et al., 1992; Goldstein 398 

et al., 1995; Matthaeus et al., 1998). In critical-balance calculations (Goldreich & Sridhar, 1997; 399 

Boldyrev, 2006; Podesta, 2010) the wavenumber ratio k||/k⊥ = L⊥/L|| = v⊥/vA will also come out 400 

smaller using v⊥ in the frame of the magnetic structure. 401 

 402 

4.5. Propagating the Solar Wind to Earth 403 

 Knowledge about the movement of the heliospheric magnetic structure relative to the 404 

solar-wind plasma can potentially lead to improvements in data-analysis schemes that advect 405 

upstream-solar-wind measurements to the Earth (Weimer et al., 2002, 2003; Bargatze et al., 406 

2005; Weimer & King, 2008; Mailyan et al., 2008; Munteanu et al., 2013), critically used for 407 



 15 

magnetospheric physics and space weather. And note also that the velocity structure and plasma-408 

properties structure of the heliosphere also moves with the magnetic structure. Those data-409 

analysis schemes calculate the local orientation of structure at the upstream spacecraft and then 410 

advect the plane of the structure to the Earth at the measured vector velocity of the solar wind 411 

plasma. According to the present study, there is a correction to this advection velocity that can be 412 

determined using an interval of measurements to calculate the vector motion of the structure 413 

relative to the plasma. 414 

 415 
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 618 
Figure 1. Sketched in RTN coordinates are the solar wind proton flow vector as measured by the 619 
spacecraft (green), the reference frame of the magnetic structure calculated with the evolutionary 620 
algorithm (red), and the motion (propagation) of the structure through the plasma (blue). Also 621 
shown (purple) is the flow vector of the plasma through the magnetic structure as seen by the 622 
magnetic structure. 623 

624 
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 625 

 626 

 627 

 628 
Figure 2. Flow and magnetic-field measurements analyzed for “Flattop 15” of Borovsky (2016). 629 
In panel (a) the plasma flow and magnetic structure frame are plotted in the reference frame of 630 
the spacecraft. In panel (b) the velocity of the magnetic structure is plotted as seen from the rest 631 
frame of the proton plasma. In panel (c) the speed of the structure (relative to the proton plasma) 632 
divided by the Alfvén speed is plotted. In panel (d) the mean angle between the flow and the 633 
magnetic field in the frame of reference of the magnetic structure is plotted. In panels (b)-(c) the 634 
different colors are for different time widths of the data subintervals analyzed. 635 

636 
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 637 

 638 
Figure 3. An example from Flattop 15 using 2 hours of measurements to calculate a velocity 639 
(727.82,-28.00,13.71) km/s for the magnetic structure.  In panel (a) the 3-s flow and (normalized) 640 
magnetic field measurements are plotted in the reference frame moving with the magnetic 641 
structure. In panel (b) the 3-s flow measurements are decomposed in parallel and perpendicular 642 
components using the 3-s measurements of the magnetic-field direction. 643 
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 645 

 646 

 647 

 648 
Figure 4. The interval of Figs. 1 and 3 of D’Amicis et al. (2019) is analyzed using 120-min data 649 
subintervals. In panel (a) the measured plasma velocity and the calculated magnetic-structure 650 
velocity is plotted. In panel (b) the mean angle in each data subinteval between the 3-s flow 651 
vector and the 3-s magnetic-field vector. In panel (c) the Alfvénicity (v-B correlation coefficient) 652 
is plotted for each 120-min subinterval. In panel (d) the inhomogeneity of the plasma as 653 
measured by the standard deviations of the 3-s Alfvén speeds divided by the mean value of the 654 
Alfvén speeds. 655 

656 
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 657 

 658 
Figure 5. An example of Alfvénic slow wind using 2 hours of measurements from the D’Amicis 659 
et al. (2019) interval to calculate a velocity (472.26,-115.53,0.30) km/s for the magnetic structure.  660 
In panel (a) the 3-s flow and (normalized) magnetic field measurements are plotted in the 661 
reference frame moving with the magnetic structure. In panel (b) the 3-s flow measurements are 662 
decomposed in parallel and perpendicular components using the 3-s measurements of the 663 
magnetic-field direction. 664 
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 666 

 667 
Figure 6. An example of “typical” slow wind using 2 hours of measurements from the D’Amicis 668 
et al. (2019) interval to calculate a velocity (410.83,-37.3623,-0.767) km/s for the magnetic 669 
structure.  In panel (a) the 3-s flow and (normalized) magnetic field measurements are plotted in 670 
the reference frame moving with the magnetic structure. In panel (b) the 3-s flow measurements 671 
are decomposed in parallel and perpendicular components using the 3-s measurements of the 672 
magnetic-field direction. 673 
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 676 

 677 
Figure 7. Connections between the mean angle (in the structure reference frame) between the 678 
flow and field, the Alfvénicity, and the Alfvén-speed inhomogeneity are expored in panels (a), 679 
(b), and (c). Each point represents an average value for a 120-min data subinterval from the 680 
entire 17-day D’Amicis et al. (2019) interval. 681 
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 683 
Figure 8. For highly homogeneous 120-min subintervals (upper labels) and for inhomogeneous 684 
120-min subintervals (lower labels), the distribution of Alfvénicities is plotted for the 17-day 685 
D’Amicis et al. (2019) interval. 686 

687 
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 690 
Figure 9. The speed of the magnetic structure moving through the proton plasma relative to the 691 
Alfvén speed is explored. In panel (a) the speed is plotted as a function of the Alfvén-speed 692 
inhomogeneity. In panel (b) the speed is plotted as a function of the Alfvénicity. Each point 693 
represents an average value for a 120-min data subinterval from the entire 17-day D’Amicis et al. 694 
(2019) interval. In panel (c) the distribution of speeds is plotted for the high-homogeneity 695 
subintervals (blue) and for the high-Alfvénicity subintervals. 696 


