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To explore some properties of small-scale magnetic structures in the solar wind at 1 AU, measurements from the THEMIS-ARTEMIS mission with two spacecraft in orbit around the Earth’s moon are used. The small-scale magnetic structures are categorized into four types: discontinuities (current sheets), magnetic flux tubes (including twisted flux tubes), magnetic holes, and small-amplitude magnetic-field fluctuations. The large-scale solar-wind structures in which the small-scale structures are investigated are noted. The two-spacecraft measurements are used to examined differences in the structures over spatial scales of a few RE. Further, a two-spacecraft methodology was used to examine the planarity of discontinuities over scales of a few Earth radii.
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1 INTRODUCTION
This study examines some details of small-scale magnetic-field structures in the solar wind using 4-s time-resolution measurements at 1 AU from the two THEMIS spacecraft THB and THC in lunar orbit.
The two-spacecraft configuration used is the ARTMIS project (Angelopoulos, 2011) with THEMIS-B (THB) and THEMIS-C (THC) in orbit around the Moon, the Moon having an orbit around the Earth with a semi-major axis of 3.84 × 105 km = 60.5 RE and with the two-spacecraft configuration sampling the solar wind (cf. Figure 1). For small-scale magnetic-field structures information about the structure, the sizes, and morphological changes over scales of ∼1 RE to a few RE perpendicular to the flow of the solar wind is obtained. This methodology yields information useful for understanding the action of small-scale physical processes in the solar-wind plasma.
[image: Graph depicting the Fairfield-Greenstadt bow shock around Earth, represented by a blue curve, and the lunar orbit as a dashed gray circle. The range of study is highlighted in red. Axes are labeled X and Y with units in Earth radii \([R_E]\).]FIGURE 1 | In the X-Y GSE plane, the lunar orbit is sketched as the dashed black line and the region of study using the THEMIS spacecraft in orbit around the Moon is shaded in red.In this study the small-scale magnetic structures are divided into four types. The first is discontinuities (Burlaga, 1969; Burlaga and Ness, 1969; Knetter et al., 2003; Greco et al., 2008, 2016; Vasquez et al., 2007; Owens et al., 2011; Paschmann et al., 2013; Neugebauer and Giacalone, 2015), which are thin strong current sheets that exhibit rapid spatial jumps in the properties of the solar-wind magnetic-field vector. The second is magnetic flux tubes (Bartley et al., 1966; McCracken and Ness, 1966; Michel, 1967; Bruno et al., 2001; Pecora et al., 2019), which are distinct bundles of magnetic-field lines (flux surfaces) often spatially bounded by discontinuities. The third category is magnetic holes (Turner et al., 1977; Winterhalter et al., 1994, 2000; Roytershteyn et al., 2015; Yu et al., 2021), which are spatially localized reductions in the magnetic-field strength of the solar wind. The fourth is the ubiquitous small-amplitude magnetic-field fluctuations of the solar wind away from strong small-scale magnetic discontinuities (Borovsky, 2008; Bruno et al., 2001; Bruno, 2019).
When a small-scale solar-wind structure is studied, the large-scale solar-wind structure in which it resides is determined using the algebraic scheme 3D4CAT (Xu and Borovsky, 2015) based on the ion temperature, the solar-wind speed, the number density, and the magnetic-field strength of the plasma in which the structure resides. The types of large-scale solar-wind structures considered are listed in Table 1. The definition of most of these types are obvious. A high-speed stream is an interval of coronal-hole-origin plasma seen at 1 AU. This plasma has a high proton specific entropy. High-speed streams are often called the fast wind, although ejecta and magnetic clouds can also be fast. The streamer belt is a region of slower plasma seen adjacent to high-speed streams. Streamer-belt plasma at 1 AU is often called the slow wind. A trailing edge is the rarefacted plasma that follows a high-speed stream in the 1 AU time series (e.g., Gosling et al., 1978; Borovsky and Denton, 2016); the plasma in a trailing edge can be rarefacted high-speed-stream plasma (rarefacted coronal-hole-origin plasma), rarefacted streamer-belt plasma, or rarefacted very-slow-solar-wind plasma. Corotating interaction regions (stream interaction regions) are the compressed solar-wind plasmas upstream of high-speed streams; the plasma in a corotating interaction region can be compressed high-speed-stream plasma (compressed coronal-hole-origin plasma), compressed streamer-belt plasma, or compressed very-slow-solar-wind plasma. Very slow solar wind is an extended interval of solar-wind plasma surrounding a magnetic sector reversal. This plasma has a very low proton specific entropy. In the algebraic scheme 3D4CAT (Xu and Borovsky, 2015) used for identifying the various types of solar-wind plasma at 1 AU this plasma is label as “sector-reversal-region plasma”, but in the present study the nomenclature sector reversal will be reserved for events that are very close to magnetic sector reversals in the spacecraft time series. Ejecta is high-Alfvén-speed plasma with a non-Parker-spiral magnetic-field orientation: ejecta plasma sometimes contains a coronal-mass-ejection large-scale flux rope, denoted in Table 1 as a “magnetic cloud”. The shocked solar-wind plasma upstream of a fast coronal mass ejection (CME) is denoted as the CME sheath in Table 1. An “X” in Table 1 indicates in which large-scale structure of the solar wind the various examples of small-scale structures that are examined in this report occurred. Boxes in Table 1 that are empty does not mean that that particular small-structure type does not exist in that particular type of solar wind. Note that two spacecraft data sets from the solar-minimum/ascending-phase year 2021 were examined to obtain the examples of small-scale structures and in that year there were few intervals of ejecta or magnetic clouds: hence these rows of Table 1 are empty.
TABLE 1 | The large-scale solar-wind structures in which small-scale structures were examined in this study; this table is not an indication of in which large-scale structures the small-scale structures can exist.		Discontinuity	Flux tube	Twisted flux tube	Magnetic hole	Small-amplitude fluctuations
	Corotating Interaction Region	X	X		X	
	High-Speed Stream	X	X			X
	Trailing Edge	X		X		
	Very Slow Wind	X	X	X		X
	Sector Reversal		X			
	Streamer Belt	X	X			
	Ejecta					
	Magnetic Cloud					
	CME Sheath					


This paper is organized as follows. In Section 2 the data sets used for the study are discussed. Magnetic discontinuities are examined in Section 3, magnetic flux tubes are examined in Section 4, magnetic holes are examined in Section 5, and the ubiquitous small-amplitude magnetic-field fluctuations are examined in Section 6. The findings of this study are summarized in Section 7. Section 8 contains a discussion about the Fourier power (magnetic power spectral density) of the small-scale structures and the ubiquitous small-amplitude fluctuations outside of magnetic discontinuities.
2 THE STUDY
Two-spacecraft observations of small-scale magnetic structures in the solar wind are made with the THEMIS-B (THB) and the THEMIS-C (THC) spacecraft in lunar orbit, which are part of the ARTEMIS mission (Angelopoulos, 2011). This orbit is sketched in Figure 1 and the specific region of study is shaded in red. The nominal position of the Earth’s bow shock, as given by the Fairfield-Greenstadt model (Fairfield, 1971; Greenstadt et al., 1990), is drawn in blue. The region of study was chosen to minimize the effects of the foreshock, although bursts of large-amplitude quasi-periodic ion-foreshock waves (with periods ∼30 s) are occasionally seen in the THEMIS measurements (cf. Greenstadt et al., 1995; Salohub et al., 2022). The measurements used are from the FGM magnetic-field instrument (Auster et al., 2008) on THB and THC. The spatial separations between THB and THC are in the range of a few RE (a few times 6,380 km). When needed, the solar-wind velocity is obtained from the THEMIS ESA instrument (McFadden et al., 2008) on THB and THC.
FGM data set was obtained using SPDF/CDAWeb; the “FGS” data set with ∼4-s time resolution for the magnetic-field vector measurements in GSE coordinates was downloaded. In the solar wind the THEMIS FGM data suffer from on-and-off systematic offsets between the Bz measurements on THB and the Bz measurements on THC. Also in the FGS data set, an hour or so before and an hour or so after an extended data dropout for one of the spacecraft, the FGM data from that spacecraft appear unreliable and are not utilized.
Magnetic-field structures are located by visually inspecting plots of the Bx, By, and Bz time-series from the two spacecraft. Plasma structures in the solar wind often accompany magnetic-field structures as characterized by the proton number density, the proton specific entropy, the ion composition, the electron temperature, and the intensity of the electron strahl (e.g., Borovsky, 2008, 2012; 2020a). However, in this report plasma structures are not investigated. A selection of magnetic-field structures in different types of large-scale solar-wind structures are displayed in the figures of this report (cf. Table 1).
3 DISCONTINUITIES
A solar-wind magnetic-field discontinuity is a rapid spatial jump in the properties of the solar-wind magnetic-field vector (it is a current sheet). With low-time-resolution temporal measurements the jumps appear “discontinuous” in the time series (e.g., Siscoe et al., 1968), but at higher time resolution the discontinuities are resolved and they are found to have various thicknesses (e.g., Vasquez et al., 2007). Discontinuities occur very frequently in the 1-AU time series, using 86-s time-averaged magnetic-field measurements from ACE, Borovsky (2008) identified 65,860 very strong (large-field-rotation) magnetic discontinuities in 7 years of solar-wind measurements, which is an average rate of 25.8 per day. Using higher-time-resolution magnetic-field data such as THEMIS finds a much-higher rate of occurrence because features like small-scale flux tubes, each with two discontinuities, are averaged away in 86-s data, so those flux tubes and their two discontinuties cannot be identified and counted.
Analysis of the heliospheric magnetic structure has focused on the question of whether current sheets (directional discontinuities) are tangential discontinuities (plasma boundaries) versus rotational discontinuities (propagating magnetic-field kinks) (e.g., Burlaga and Ness, 1969; Turner et al., 1971; Neugebauer, 1984; Lepping and Behannon, 1986; Soding et al., 2001). To determine whether a magnetic discontinuity is a rotational discontinuity versus a tangential discontinuity, the majority of studies focused on (1) determining the orientation of the current sheet, (2) determining the orientation of the local magnetic field, and then (3) using these two orientations to determine whether or not magnetic-field lines are crossing the discontinuity. Field lines crossing a current sheet indicates that it is a rotational discontinuity or that the current sheet is a “contact discontinuity” (Burlaga, 1971; Lapenta and Brackbill, 1996). Current sheets that do not have field lines crossing them are tangential discontinuities. Multispacecraft measurements indicate that current sheets are often highly oblique to the magnetic-field direction (Horbury et al., 2001; Knetter et al., 2003,2004; Riazantseva et al., 2005a) making this rotational-versus-tangential determination difficult (Neugebauer, 2006; Paschmann et al., 2013; Artemyev et al., 2019; Sonnerup, 2022). Looking for plasma-property jumps such as number-density jumps, proton-specific-entropy jumps, electron-temperature jumps, strahl-intensity jumps, ion-composition jumps, plasma-beta jumps, or magnetic-field-strength jumps across the discontinuity can confirm a discontinuity as being tangential (Borovsky, 2008; Riazantseva et al., 2005b; Borovsky, 2020a; Borovsky et al., 2021). Just as it is difficult to distinguish tangential versus rotational from the magnetic-field data because the normal-to-the-discontinuity field component is in general very small, it is difficult to distinguish tangential versus rotational from the plasma data, composition data, or strahl-intensity data because of noise in those data. Only larger changes can be clearly seen. This will be a problem into the future until more-specialized instrumentation is flown in the solar wind. In future, with higher-time-resolution and less-noisy particle measurements, more discontinuities could be confirmed as tangential (Borovsky and Raines, 2022). Rotational discontinuities theoretically have the property that they are “Alfvénic” and propagate through the solar-wind plasma at the Alfvén speed (Tsurutani and Ho, 1999; Neugebauer, 1984). As stated by Barnes (1971), tangential discontinuities are “stationary in the rest frame of the wind”. Note, however, that tangential discontinuities can be “Alfvenic” and propagate outward at a substantial fraction of the Alfvén speed relative to the proton solar wind speed. In the “Chandrasekhar dynamical equilibrium” model (Parker, 1979), all magnetic structure propagates outward from the Sun (in the Parker spiral direction) faster than the proton wind at a speed that is a fraction of the local Alfvén speed. If the tangled nonlinear magnetic-field sketched in Fig. 7.1 of Parker (1979) were drawn as a spaghetti of flux tubes separated by tangential discontinuities, then the discontinuities would propagate at a fraction of the local Alfvén speed even though they are everywhere strictly perpendicular to the local magnetic field (cf. Nemecek et al., 2020; Borovsky, 2020b).
In Figure 2 two examples of the THEMIS THB and THC spacecraft crossing discontinuities are shown. The data from THC is plotted in black with solid circles and the data from THB is plotted in gray with hollow circles. These two discontinuities are associated with distinct changes in the magnetic-field strength Bmag (cf. panels A and E) so they are both tangential discontinuities, even though the one in the second column is occurring in the Alfvénic fast solar wind of a coronal-hole origin. The discontinuity in the first column also shows a distinct jump in the plasma number density (not plotted). In Figure 2 the fact that Bmag changes means that the magnetic-field pressure (Bmag2/8π) changes, and so there must be a change in the plasma pressure to compensate this Bmag change. Hence, the two discontinuities in Figure 2 are co-located with plasma boundaries. The discontinuity in panels A–D was found in the trailing edge of a toward-magnetic-sector high-speed stream and the discontinuity in panels E–H was found in a toward-magnetic-sector high-speed stream. In the first column of Figure 2 there is about 40 s between the THC and THB observations of the discontinuity and in the second column the delay is about 20 s: these delays depend on (1) the relative positions of the two spacecraft, (2) the orientation of the discontinuity in the solar wind, and (3) the speed of the solar wind and the speed of the magnetic structure (cf. Borovsky, 2020b; Nemecek et al., 2020). In the first column of Figure 2 the discontinuity passes THC first (at 4.1 UT) and about 40 s later by THB (at 4.12 UT). The Bx profiles and By profiles appear quite similar between THB and THC, but in this case the Bz profiles differ. A Bz signature of the THC discontinuity can be seen, but no Bz signature is obvious for the discontinuity at THB.
[image: Graphs show magnetic field components measured by satellites THB and THC. Panels A to D depict data for day 82, 2021, with a notable drop indicating the trailing edge. Panels E to H show data for day 81, 2021, indicating a high-speed stream. Each panel charts different magnetic components over time, with THB and THC data distinguished by color.]FIGURE 2 | Examples of two discontinuities seen by THEMIS THB and THEMIS THC. Magnetic-field measurements from THB are plotted as the gray curve with hollow points and magnetic-field measurements from THB are plotted as the black curve with solid points. The labels of the figure are explained in the text of the paper.In the second column of Figure 2 (panels E–H) this discontinuity is seen by THC at 3.12 UT and by THB at 3.13 UT. The Bx and By profiles of the discontinuity appear fairly similar between THB and THC. The discontinuity is difficult to clearly discern in Bz (panel H) since the Bz amplitude is weak, but signals can be seen at 3.12 UT and 3.13 UT.
In all of the panels of Figure 2 small-amplitude small-timescale magnetic-field fluctuations can be seen throughout the plots, typically with the small fluctuations seen by THB differing from the small fluctuations seen by THC.
Quite often discontinuities are observed that have different time-series profiles on THB and THC. Sometimes the temporal width of the magnetic-field change in the time series can differ, and sometimes the discontinuity can exhibit internal structure that is seen on one spacecraft but not seen on the other. In Figure 3 two discontinuities are examined wherein a sharp jump change is seen on one THEMIS spacecraft and a long ramp change is seen on the other nearby THEMIS spacecraft. In panels A–D THB observes a rapid jump and THC observes a slow ramp and in panels E–H THC observes a rapid jump and THB observes a slow ramp. The discontinuity of panels A–D was observed in a high-speed stream (toward magnetic sector) and the discontinuity of panels E–H was observed in a trailing edge. In panels A–D the jump has a width of about 8 s and the ramp has a width of about 48 s and in panels E–H the widths of the jump and of the ramp are about 8 s and about 72 s. The spatial widths that can be obtained from the temporal widths depend on the discontinuity orientation and the speed of the solar wind. In panels A–D of Figure 3 the Y-Z separation of THB and THC is δYZ = 3.3 RE (1.7 × 104 km) and in panels E–H the separation is δYZ = 4.8 RE (2.5 × 104 km). δYZ is the spacecraft separation perpendicular to the approximately X-direction flow of the solar wind. The inference is that the properties of discontinuities in the solar wind can vary over distances as small as a few RE, where the thicknesses of discontinuities are typically less than 1 RE (c.f. Vasquez et al., 2007).
[image: Three graphs labeled A, B, and C on the left depict magnetic field data during a high-speed stream on Day 53, 2021. Graphs D, E, and F on the right show similar data for the trailing edge on Day 81, 2021. Each graph presents two line plots for THB and THC, featuring marked jumps and ramps in red. The graphs display Bx, By, and Bz components in nanoteslas over time.]FIGURE 3 | Examples of two magnetic flux tubes seen by THEMIS THB and THEMIS THC that have different morphologies as seen by the two spacecraft. Magnetic-field measurements from THB are plotted as the gray curve with hollow points and magnetic-field measurements from THB are plotted as the black curve with solid points. The labels of the figure are explained in the text of the paper.With two-spacecraft observing the same discontinuity, it is possible to obtain information about the planarity (versus rippling or curvature) of the discontinuity. For 10 discontinuities in various types of large-scale solar-wind structures (cf. Table 2), such estimates are produced using FGM data from the THEMIS THB and THC spacecraft with variable separations for the 10 discontinuities. As each spacecraft passes through a discontinuity, the magnetic field rotates, hence the nomenclature “rotational discontinuity” or “directional discontinuity” (Burlaga, 1969; Vasquez and Hollweg, 2001). The cross-product method will be used to determine the local orientation of the plane of the discontinuity. When the normal to a discontinuity is perpendicular to the local magnetic field, the cross-product method is valid. When the normal to a discontinuity is nearly perpendicular to the local field, as measurements indicate they are (cf. Horbury et al., 2001; Knetter et al., 2003,2004; Neugebauer, 2006; Riazantseva et al., 2005a), then the cross-product method still works with an error in the normal direction of θ ∼ B⊥/B||, where B⊥ is the component of the field perpendicular to the discontinuity and B|| is the component of the field that is parallel to the plane of the discontinuity.
TABLE 2 | Indications of the planarity of ten solar-wind discontinuities on RE spatial scales.	Number	δYZ [RE]	Δθ [deg]	Large-scale structure
	1	2.3	4.4	very-slow wind
	2	2.4	21.0	very-slow wind
	3	3.4	9.6	streamer belt
	4	1.3	3.7	very-slow wind
	5	3.8	15.4	very-slow wind
	6	4.8	4.2	very-slow wind
	7	4.9	3.0	corotating interaction region
	8	3.6	14.2	corotating interaction region
	9	2.2	7.0	corotating interaction region
	10	1.3	1.6	high-speed stream


Using the cross-product method as follows, the orientation of the normal to the local plane of the discontinuity is obtained from the time series measurements of the magnetic-field vector (e.g., Burlaga and Ness, 1969; Knetter et al., 2004; Borovsky, 2008). Comparing the direction of the normal to the discontinuity at the crossing location of one spacecraft with the direction of the normal at the crossing location of the other spacecraft, an indication of the flatness of the discontinuity is obtained. Here the magnetic-field direction Benter as the spacecraft enters the discontinuity is used with the field direction Bexit as the spacecraft exits to obtain the cross product C = Benter × Bexit, which is normalized to c, where the direction of c is the direction of the local normal. The comparison between the two spacecraft crossings is done via the dot product c1•c2, where Δθ = arccos (c1•c2) is the angular difference between the two normal vectors: if the discontinuity is perfectly planar then Δθ = 0o. Errors in this technique come mainly from (1) small-scale magnetic-field fluctuations throughout the solar wind, (2) systematic offsets between the Bz values in the THB and THC data sets, and (3) measurement noise in the magnetometer data set. The mean magnetic-field strength for the 10 discontinuities of Table 2 is 5.0 nT. If the measurement noise level is 0.05 nT, then the approximate error in the direction of the local discontinuity normal is θ ∼ 2 (0.05 nT)/(5.0 nT) = 1.2o. This measurement-noise error is smaller than the error caused by the presence of small-scale magnetic-field fluctuations. For the discontinuity analysis of Table 2, times when the Bz offsets were small were used. Table 2 finds a number of small values for Δθ for the 10 discontinuities and it also finds some larger values. Spacecraft separations δYZ in the Y versus Z positions of THB and THC are listed in the table. For comparison, if flux tubes have a typical diameter of 60 RE (cf. Borovsky, 2008) and they are cylindrical, then a change Δθ of ≤1.9o is expected for every 1 RE of δYZ: eight of the 10 values of Δθ in Table 2 exceed this expectation. Note, however, that the flux tubes are likely to be more like a two-dimensional foam (soap bubbles) (Weaire and Hutzler, 1999) or a Voronoi tessellation (Mahin et al., 1980; Okabe et al., 2000) with a large fraction of their boundary areas to be flat and with flat regions with different orientations connected by a vertex. For the data of Table 2, no significant correlation is found between Δθ and δYZ. The low values of Δθ in Table 2 indicate that these discontinuities are quasi-planar over the scale of δYZ. The high values of Δθ in Table 2 indicate either (1) that the discontinuity is not planar on the scale of δYZ6, (2) the two spacecraft cross on two sides of a vertex, or (3) that the planarity test failed (perhaps owing to the presence of small-scale magnetic-field fluctuations).
4 FLUX TUBES
Flux tubes in the solar wind are distinct bundles of magnetic-field lines, often bounded by discontinuities. Within a typical flux tube the magnetic field is quasi uniform, with small-amplitude small-scale magnetic-field fluctuations. The axial orientation of the flux tube is taken to be the orientation of the magnetic-field vector within the tube. Flux tubes can exhibit distinct plasma properties (such as the proton number density, proton specific entropy, ion composition, and electron temperature) and distinct values of the intensity of the electron strahl (e.g., Borovsky, 2008, 2012; 2020a), but only the magnetic-field properties of the flux tubes are investigated here.
In panels A–D of Figure 4 THB enters and exits a flux tube at about 0.24 UT and 0.29 UT with THC following THB by about 12 s–20 s. This flux tube is about 2.7-min in duration in the time series with a solar-wind speed of about 359 km/s. In panels E–H THB enters and exits the flux tube at about 19.35 UT and 19.44 UT with THC following by about 12 s. This flux tube is about 5.9-min in duration in the time series with a solar-wind speed of about 643 km/s.
[image: Graphs A to F depict magnetic field components \( B_x \), \( B_y \), and \( B_z \) in nanoteslas (nT) for THB and THC. Panels A, B, and C show data for Day 76, 2021, highlighting a sector-reversal region. Panels D, E, and F display data for Day 79, 2021, focusing on a high-speed stream. Annotations indicate time duration events of 2.7 minutes in C and 5.9 minutes in E. THB and THC traces are marked for clarity.]FIGURE 4 | Examples of two small flux tubes seen by THEMIS THB and THEMIS THC. Magnetic-field measurements from THB are plotted as the gray curve with hollow points and magnetic-field measurements from THB are plotted as the black curve with solid points. The labels of the figure are explained in the text of the paper.In the two cases of Figure 4 the profiles of the leading and trailing boundaries of the flux tubes appear very similar in THB and THC: this is often not the case for solar-wind magnetic flux tubes. The flux tube observed in panels A–D of Figure 5 is bounded on the leading edge by a sharp discontinuity with a temporal width of 12 s and on the trailing edge by a slow ramp with a temporal width of 126 s. The discontinuity and ramp are clearly seen in By (panel C) and Bz (panel D), and faintly seen in Bx (panel B). Note in panel A the magnetic-hole-like decrease of Bmag during the ramp phase at the trailing edge of the flux tube: Burlaga (1968) suggests that this is a sign of magnetic-field annihilation.
[image: Graphs A to H show magnetic field data from satellites THB and THC in two regions: Corotating Interaction Region and Very-Slow Solar Wind. Panels A-D display Day 44, 2021, with significant jumps and ramps, while panels E-H show Day 73, 2021, highlighting varying field behavior over time. Measurements indicate changes in the Bmag, Bx, By, and Bz components, with annotations marking notable events.]FIGURE 5 | Examples of two magnetic flux tubes seen by THEMIS THB and THEMIS THC. In panels (A–D) the flux tube exhibits different morphologies for its leading and trailing boundaries. In panels (E–H) THB and THC see the flux tube with differing time durations. The blue curves in panels E and H are attempts to correct for the Bz offsets between the THB and THC data. Magnetic-field measurements from THB are plotted as the gray curve with hollow points and magnetic-field measurements from THB are plotted as the black curve with solid points.Panels E–H of Figure 5 shows an example where a flux tube is seen with different sizes on the two different THEMIS spacecraft. Here THC observes the flux tube with a temporal size of about 3.9 min in its FGM time series while THB observes a 1.8-min flux tube. The most likely cause for this observed difference is a difference in where the two spacecraft cross through the flux tube, with THC crossing closer to the center of the tube and THB crossing closer to the edge of the tube. Panels E–H might yield the conclusion that the flux tube has a variable diameter going along the flux-tube axis. But if this were so, then magnetic-flux conservation would say that Bmag must be substantially higher in the smaller portion of the tube than in the larger portion of the tube. In panel E of Figure 5 the magnetic-field strength is plotted. The black solid-point curve is from THC and the gray hollow-point curve is from THB. Note in panel H that there is a systematic offset between Bz on THB versus THC, with Bz of THB being about 1 nT lower than Bz of THC. This offset is approximately corrected by adding 1 nT to Bz of THB, and this correction is plotted in panel H as the blue line. Using this “corrected” THB Bz to calculate Bmag of THB results in the blue curve in panel E. The blue curve of panel E indicates that Bmag within the smaller flux tube as seen by THB is not substantially larger than Bmag of the larger flux tube as seen by THC. Hence, panels E–H of Figure 5 are not consistent with a change in the diameter of the flux tube with distance along the tube.
Most solar-wind flux tubes have uniform magnetic-field vectors inside of them (cf. Figure 4), but some tubes exhibit a magnetic twist wherein one or more of the magnetic-field components exhibits a slow variation across the flux tube. Some of these twisted flux tubes may be flux ropes (Moldwin et al., 2000; Feng et al., 2008).
Two examples of twisted flux tubes are exhibited in Figure 6: A small tube (83-s in duration) in panels A–D and a larger tube (11.2-min in duration) in panels E–H. The flux tube in panels A–D has a dominant By component with all three field components changing smoothly (but with small-scale noise) across the tube: hence one envisions a tube aligned in the Y direction with a twisted magnetic field inside the tube. Panel A shows that the magnetic-field strength Bmag is weaker inside the tube than it is outside the tube. Note the advection lag between the two THEMIS spacecraft with THC observing the flux tube first.
[image: Graphs A through D show magnetic field data of THB and THC spacecraft in very slow solar wind on Day 19, 2021, with a significant 83-second drop in Bz. Graphs E through H display data in the trailing edge on Day 51, 2021, indicating intervals of 11.2 and 13.3 minutes for Bz changes. Each panel shows fluctuations in Bmag, Bx, By, and Bz components, with labels identifying spacecraft data.]FIGURE 6 | Examples of two twisted small flux tubes seen by THEMIS THB and THEMIS THC. Magnetic-field measurements from THB are plotted as the gray curve with hollow points and magnetic-field measurements from THB are plotted as the black curve with solid points. The labels of the figure are explained in the text of the paper.The larger tube in panels E–H of Figure 6 has a uniform Bz component with Bx and By changing smoothly across the tube. This envisions a flux tube aligned in the Z direction with a magnetic twist. Panel E shows that the flux tube has a stronger value of Bmag than does the surrounding plasma. Note that this flux tube is seen with different sizes by THB versus THC: this is probably a function of where the two spacecraft paths cut through the tube. Note in panel E the magnetic-hole-like structure (strongly reduced values of Bmag) on the leading edge of this twisted tube: note again the Burlaga (1968) suggestion of magnetic-field annihilation.
In Figure 7 two flux tubes that are displayed that are seen by only a single THEMIS spacecraft: in both cases THB observes the flux tube while THC does not. The flux tube of panels A–C was found in a high-speed stream and the flux tube of panels D–F was found in slow wind (streamer belt). Both flux tubes have dominant Bz fields inside. As viewed from the Sun the flux tube of panels A–C is tilted arctan (By/Bz) = arctan (1.2 nT/2.4 nT) = 27o away from the Z direction and the flux tube of panels D–F is tilted arctan (By/Bz) = arctan (0.8 nT/3.5 nT) = 13o away from the Z direction as viewed from the Sun. The distance between THEMIS THB and THC in the Y direction is 4.9 RE = 3.1 × 104 km in panels A–C and it is 2.3 RE = 1.5 × 104 km in panels D–F. As a flux tube advects in the X direction with the solar wind and has a finite diameter, it is conceivable that the flux tube hits one spacecraft and misses the other. The 5.8-min size of the flux tube as seen by THB in panel C along with a solar-wind speed of 632 km/s yields a size of 34.6 RE = 2.2 × 105 km where THB cuts through the tube and the 2.2-min duration of the flux tube seen by THB in panel F along with a solar-wind speed of 297 km/s yields a size estimate of 6.2 RE = 3.9 × 104 km. This missing scenario is more probable for the smaller flux tube of panels D–F.
[image: Graphs display magnetic field components Bx, By, and Bz over time, comparing THB and THC data for two different periods: a high-speed stream and a streamer belt. Axes are labeled in nanoteslas (nT) with time in UT days. The high-speed stream on March 22, 2021, shows a 5.8-minute shift, and the streamer belt on January 16, 2021, shows a 2.2-minute shift.]FIGURE 7 | Examples of two discontinuities that are seen by only one of the THEMIS THB and THEMIS THC spacecraft. Magnetic-field measurements from THB are plotted as the gray curve with hollow points and magnetic-field measurements from THB are plotted as the black curve with solid points. The labels of the figure are explained in the text of the paper.5 MAGNETIC HOLES
Magnetic holes in the solar wind are spatially localized reductions of the magnetic-field-strength Bmag (Turner et al., 1977; Winterhalter et al., 1994, 2000; Roytershteyn et al., 2015; Yu et al., 2021). Two small-scale magnetic holes are examined in Figure 8, one (panels A–D) is 18.5 s in duration as seen by THEMIS THC and the other (panels E–H) is 9.4 s in duration as seen by THEMIS THB. Both were observed in a corotating interaction region of the solar wind. Each of the two magnetic holes is only observed by one spacecraft. The magnetic holes are clearly seen in the time-series plots of Bmag in panels A and E. In panel A Bmag goes from about 6.8 nT to about 0.9 nT and in plot E Bmag goes from 6.3 nT to 1.5 nT. Strong signatures of these two magnetic holes are also seen in Bx (panels B and F) and in By (panels C and G). For these two magnetic holes, signatures are not clear in Bz (panels D and H). Note that the direction of the magnetic field changes within these two magnetic holes.
[image: Graphs showing magnetic field data from THB and THC for Corotating Interaction Region on Day 51, 2021. Panels A-D and E-H display various components (B_mag, B_x, B_y, B_z) with significant THB and THC interactions marked. Key time differences are noted as 18 and 9.4 seconds.]FIGURE 8 | Examples of two small magnetic holes seen by THEMIS THB and THEMIS THC. In each example, only one spacecraft observes the magnetic hole. Magnetic-field measurements from THB are plotted as the gray curve with hollow points and magnetic-field measurements from THB are plotted as the black curve with solid points. The labels of the figure are explained in the text of the paper.Looking at panel A of Figure 8, with a duration of 18 s and a wind speed of 473 km/s the spatial size of the portion of the magnetic hole penetrated by THC is 1.3 RE = 8500 km, while the Y separation between THB and THC is 4.9 RE. Hence, it is quite plausible that this small magnetic hole can hit THC but miss THB. Looking at panel E, with a duration of 9.4 s and a wind speed of 529 km/s the spatial size of the portion of the magnetic hole penetrated by THB is 0.8 RE = 5000 km, while the Y separation between THB and THC is 4.5 RE. Hence, it is also quite plausible that this small magnetic hole can hit THB but miss THC.
6 UBIQUITOUS SMALL-AMPLITUDE MAGNETIC-FIELD FLUCTUATIONS
Small-amplitude small-scale magnetic-field fluctuations seem “ubiquitous” in the solar wind at 1 AU; they are observed outside of the large-amplitude magnetic-field structures and inside of the large-amplitude magnetic-field structures (for example, the inside of the flux tubes in Figure 4). In this study with THB and THC the investigator inspected high-time-resolution plots of the Bx, By, and Bz time-series data whenever the THEMIS spacecraft were in the “range of study” depicted in red in Figure 1. At no time did the investigator observe time intervals when there were not low-amplitude magnetic fluctuations. Magnetic clouds are defined by a “smooth” rotation of the magnetic field (e.g., Gosling et al., 1987; Burlaga et al., 1998), yet fluctuations can be detected and analyzed even within magnetic clouds (Smith et al., 2006; Andreeova et al., 2013; Zubair et al., 2023). Sometimes the small-amplitude fluctuations observed by THB seem completely independent of the small-amplitude fluctuations seen by THC; at other times with similar spacecraft separation distances both THEMIS spacecraft observe the same fluctuations. The origin, evolution, lifetime, and physical nature of these small-scale magnetic-field fluctuations is not known.
A case where the small-amplitude fluctuations appear completely different on THB versus THC is shown in panels A–C of Figure 9. This is an interval of FGM measurements in a high-speed stream (toward magnetic sector). The magnetic-field components measured by THC are plotted in black and the components measured by THB are plotted in red. Even with time shifting one time series relative to the other to account for propagation times, the fluctuations in the two time series are different for Bx, By, and Bz. This indicates that for this event the small-amplitude magnetic-field fluctuations have spatial scales transverse to the solar-wind flow that are smaller than the spacecraft separations.
[image: Graphs showing magnetic field components \(B_x\), \(B_y\), and \(B_z\) for spacecraft THB and THC on Day 42, 2021. Panels A-C depict a high-speed stream, while panels D-F represent a very-slow solar wind. Black and red lines compare data at different GSE coordinates.]FIGURE 9 | Two examples of the ubiquitous small-amplitude magnetic-field fluctuations seen by THEMIS THB and THEMIS THC. In panels (A–C) the fluctuations as observed by THB and THC are independent and in panels (D–F) the fluctuations as observed by THB and THC are highly correlated. Magnetic-field measurements from THB are plotted as the red curve and magnetic-field measurements from THB are plotted as the black curve.A case where the small-amplitude magnetic-field fluctuations appear the same on THB and on THC is shown in panels D–F of Figure 9. This is an interval of FGM measurements in very slow solar wind. For all three magnetic-field components the magnetic-field changes observed by THB are see also by THC. (Note in panel F the systematic offset of Bz between THB and THC.) This indicates that the small-amplitude fluctuations for this event have spatial scales larger than the spacecraft separations.
These ubiquitous small-amplitude magnetic-field fluctuations are an integral part of the structure and physics of the solar wind. In future a two-spacecraft statistical study of the small-amplitude magnetic-field fluctuations of the solar wind is warranted to determine when and where they are independent on the two spacecraft and when and where they are the same.
7 FINDINGS
This study examined small-scale magnetic-field structures in the solar wind using measurements at 1 AU from the two THEMIS spacecraft THB and THC in lunar orbit with their unique spacecraft spatial separations of ∼1 RE to a few RE. Small-scale magnetic-field structures are separated into four types: discontinuities (current sheets), magnetic flux tubes, magnetic holes, and small-amplitude magnetic-field fluctuations. The findings in this study are the following.
	1 The properties of solar-wind discontinuities can vary substantially over distances as small as a few RE: those few-RE distances are only a few times thicknesses of the discontinuities.
	2 In two-spacecraft tests to gauge the planarity of solar-wind discontinuities, sometimes the discontinuities appear flat on spatial scales of a few RE and sometimes flatness is not found. When flatness is not found, it could be that the test has failed owing to small-amplitude magnetic-field fluctuations.
	3 Magnetic flux tubes are most-easily discerned in the magnetic-field time series measurements when the tubes are bounded by discontinuities. However, flux tubes that are bounded on one side by a discontinuity and on the other side by a broad magnetic ramp are also found.
	4 As would be expected for small structures, small flux tubes were sometimes observed on only one of the THEMIS spacecraft when the spacecraft separations were a few RE.
	5 Again, as would be expected for small structures, magnetic holes were sometimes observed on only one of the THEMIS spacecraft when the spacecraft separations were a few RE.
	6 In the THEMIS THB and THC FGM data sets (with spacecraft separations of a few RE), the ubiquitous small-amplitude magnetic-field fluctuations in the solar wind sometimes appear to be the same at THB and THC and sometimes the fluctuations appear to be completely independent at the two spacecraft positions. The small-amplitude fluctuations appear everywhere, even inside of the small-scale structures such as flux tubes.

Future statistical studies of the various types of solar-wind small-scale magnetic structures are very warranted, particularly if improved instrumentation should come into fruition.
8 DISCUSSION: SMALL-SCALE STRUCTURES AND THE MAGNETIC POWER SPECTRUM OF THE SOLAR WIND
In a series of papers it has been demonstrated (1) that the amplitude and slope of the solar-wind inertial-range magnetic power-spaectal-density spectrum is determined by the amplitude and occurrence rate of discontinuities (Siscoe et al., 1968; Borovsky, 2010), (2) that the frequency of the spectral breakpoint at the high-frequency end of the inertial range is determined by the thicknesses of discontinuities (Borovsky and Podesta, 2015; Podesta and Borovsky, 2016), and (3) that the spectral slope at frequencies above that breakpoint is influenced by the internal profiles of the discontinuities (Borovsky and Burkholder, 2020). The narrow discontinuities contain Fourier power at all frequencies, much like the Fourier transform of a step function. The Fourier transform of flux tubes or magnetic holes will reflect the properties of the discontinuity boundaries.
It would be very interesting, and it will be the topic of a future study, to examine the Fourier properties of the ubiquitous small-amplitude magnetic-field fluctuations between the discontinuities. Bruno et al. (2001) suggested that the smaller fluctuations between the discontinuities (i.e., inside the flux tubes) are the real turbulent fluctuations of the solar wind. Perhaps they are instability-induced fluctuations (e.g., Bale et al., 2009; Navarro et al., 2014). To properly do this Fourier study multiple intervals of small-amplitude-fluctuation data must be strung together into a larger time series, and to avoid artificial discontinuities in the time series at the boundaries between intervals Gaussian windowing must be used at the boundaries of the intervals. Although the structures of interest are from relatively short time series, more advanced techniques such as Detrended Fluctuations Analysis in the field of space physics (e.g., Veronese et al., 2011) could be applied in future work to more finely study the fluctuation patterns arising from the comprehensive complexity of the solar wind.
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