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Abstract
The density of the solar wind plasma near the Earth’s magnetosphere sometimes decreases to only several per cent of the usual value, and such density extrema result in a significant reduction of the dynamic pressure and Alfvén Mach number ([image: $$M_A$$]) of the solar wind flow. While a symmetric expansion of the Earth’s magnetosphere by the low dynamic pressure was assumed in previous studies, a global magnetohydrodynamic (MHD) simulation study predicted a remarkable dawn-dusk asymmetry of the magnetospheric shape under low-density solar wind and Parker-spiral interplanetary magnetic field (IMF) configuration. Here, we present observations consistent with the asymmetric deformation of the magnetosphere under low-[image: $$M_A$$] solar wind and Parker-spiral IMF conditions, focusing on the significant expansion of the dawn-flank magnetosphere detected by the Geotail spacecraft. A global MHD simulation reproduced the dawnward expansion of the near-Earth magnetosphere, which was consistent with the observation by Geotail. The solar wind flow had a non-negligible dusk-to-dawn component and partly affected the dawnward expansion of the magnetosphere. Local, roughly Alfvénic sunward acceleration of magnetosheath ions at the dawn flank magnetopause suggests magnetosheath plasma entry into the magnetosphere through open field lines generated by magnetic reconnection at the dayside magnetopause. At the same time, Cluster 1 and 3, located near the southern polar cusp, also detected continuous antisunward ion jets and occasional sunward jets, which are consistent with the occurrence of magnetic reconnection near the southern cusp. These observations suggest that enhanced plasma acceleration at the dayside magnetopause operates under the low-[image: $$M_A$$] solar wind and Parker spiral IMF conditions and that plasma influx across the dawnside magnetopause is at work under such a low-[image: $$M_A$$] condition. These results can be helpful in understanding interactions between low-[image: $$M_A$$] solar/stellar winds and celestial objects, such as inner planets and exoplanets.
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Introduction
The solar wind flow near the Earth’s orbit is almost always super-Alfvénic so that a fast-mode bow shock forms in front of the Earth’s magnetosphere. The normal solar wind conditions around the Earth’s magnetosphere (i.e. plasma density of several cm[image: $$^{-3}$$], solar wind speed of [image: $$\sim$$]400–500 km/s, and strength of the interplanetary magnetic field (IMF) of several nT) give a typical Alfvén Mach number ([image: $$M_A$$]) of 5–10, where [image: $$M_A$$] is defined as the ratio of solar wind speed to Alfvén speed. However, previous studies reported that the Alfvén Mach number at times becomes lower than 2 and even as low as [image: $$\sim$$]1 (Le et al. 2000; Fairfield et al. 2001; Watari et al. 2001; Lavraud et al. 2007; Lavraud and Borovsky 2008; Nishino et al. 2008; Chané et al. 2012). The low-[image: $$M_A$$] solar wind condition has been known to potentially cause a significant effect on the magnetospheric response (Lavraud et al. 2007; Lavraud and Borovsky 2008; Kataoka and Miyoshi 2008), while the small number of events has prevented us from entirely understanding the phenomena. The terrestrial magnetospheric profiles under low-[image: $$M_A$$] conditions can be helpful for the discussion of plasma processes at the inner planets in the solar system (Slavin and Holzer 1981) and moons of giant planets (Jia and Kivelson 2021). In addition to the solar system objects, the interaction between low-[image: $$M_A$$] stellar winds and exoplanets may also result in a similar response of the exoplanetary magnetosphere. Some exoplanets have been found in regions close to the central star, where the stellar wind might not be fully accelerated to the supersonic flow and thus the stellar wind passing by the exoplanetary magnetosphere might have a low [image: $$M_A$$] (Lugaz et al. 2016). Finally, the interstellar medium also shows an interaction with an obliquely directed magnetic field with a lower [image: $$M_A$$], giving rise to an asymmetry around it (Miniati et al. 1999).[image: ]
Fig. 1Solar wind data obtained by the Wind spacecraft on February 11, 2007. From the top, a magnetic field, b ion density, c solar wind bulk speed (black) and Alfvén speed (blue), d ion velocity, e Alfvén Mach number, and f dynamic pressure are plotted. The GSM coordinate system is used for the magnetic field, velocity, and spacecraft locations

[image: ]
Fig. 2Geotail observations from 10:00 to 22:00 UT on February 11, 2007. From the top, a omni-directional electron energy-time spectrogram, b omni-directional ion energy-time spectrogram from LEP-EAi, c ion density for reference (the absolute value is not authorised), d ion temperature, e ion velocity, and f magnetic field. The spacecraft locations in the GSM and GSE coordinate systems are presented at the bottom


In our previous paper (Nishino et al. 2008) on the interaction between the low-[image: $$M_A$$] solar wind ([image: $$M_A$$] [image: $$\sim$$]2) and the Earth’s magnetosphere, we reported a strong flow deflection toward dusk at the dayside bow shock under Parker spiral ([image: $$B_X$$] and [image: $$B_Y$$] dominant) IMF based on the Geotail observations. The global magnetohydrodynamic (MHD) simulation shown in Nishino et al. (2008) was in agreement with the in-situ observations in the dayside magnetosheath with respect to the plasma flow deflection. This MHD simulation study predicted an expansion of the magnetotail toward dawn under a low [image: $$M_A$$] of [image: $$\sim$$]2. In summary, simulation studies showed that the obliquely directed magnetic field yields a dawn-dusk asymmetry around an obstacle under low-[image: $$M_A$$] condition (Chapman et al. 2004; Nishino et al. 2008). However, no previous study was dedicated to in situ observations of the dawnside magnetopause under the low-[image: $$M_A$$] and Parker spiral IMF conditions.[image: ]
Fig. 3Geotail orbit projected onto the GSE XY plane from 11:40 to 18:30 UT on February 11, 2007, when the magnetopause boundary layer was continuously detected in the low-latitude flank on the dawnside. The dashed lines indicate the modelled location of the Earth’s magnetopause (MP) for the typical dynamic pressure of 2.1 nPa (Shue et al. 1998) and that for a very low dynamic pressure of 0.14 nPa with consideration of aberration

[image: ]
Fig. 4An expansion of the Geotail observation for 3.5 hours from 13:30 to 17:00 UT. Energy-time spectrograms for a dawnward-going ions, b sunward-going ions, c duskward-going ions, d antisunward-going ions, e ion density, f ion temperature, g ion velocity in GSE, h power spectral density of [image: $$V_X$$], and i magnetic field in GSE are plotted. The former rectangle between 14:30–15:10 UT corresponds to the period with detailed explanations of the boundary properties (See main text), while the latter between 16:30–16:46 UT corresponds to the period expanded in Fig. 5


In this paper, we report a prolonged low-[image: $$M_A$$] solar wind event with the Parker-spiral IMF on February 11, 2007, when Geotail was located near the magnetopause boundary layer on the dawnside and Cluster crossed the high-latitude magnetopause in the southern hemisphere. We analyse magnetopause boundary crossing data from Geotail and indicate plasma entry from the magnetosheath to the lobe/mantle region along open field lines. Based on Geotail observations and a global MHD simulation, we show significant deformation of the magnetosphere expanding toward dawn under low-[image: $$M_A$$] solar wind and obliquely directed IMF conditions. We also present Cluster observations of associated continuous magnetic reconnection at the dayside magnetopause.
Instrumentation
We use 12-s averaged ion data obtained by the LEP (Low Energy Particle) experiment onboard Geotail (Mukai et al. 1994). Ion measurement by the LEP-EAi instrument covers an energy-per-charge range of 32 eV/q to 39 keV/q. Electron energy-time spectrograms from 8 eV to 38 keV from LEP-EAe are also shown for reference. We mainly use the particle count data compressed into two-dimensional data around the spacecraft spin axis that is nearly parallel to the Z direction of the Geocentric Solar Ecliptic (GSE) coordinate system. We also use the three-dimensional ion phase space density that is available only for limited periods. Magnetic field data are obtained at a sampling rate of 16 Hz (Kokubun et al. 1994), and 12-s averaged data are used in this study.
We also use Cluster data; ion data from CIS (Cluster Ion Spectrometry)-HIA (Hot Ion Analyzer; Dandouras (2010); Rème et al. (1997)), electron energy-time spectrograms from PEACE (Plasma Electron And Current Experiment; Fazakerley (2010); Johnstone et al. (1997)), and spin-averaged magnetic field data from the fluxgate magnetometer (FGM) instrument (Balogh et al. 1997). The ion energy-per-charge range of the CIS observations is from [image: $$\sim$$]5 eV/e to 32 keV/e, and the electron energy range of PEACE is from 0.59 eV to 26.4 keV.[image: ]
Fig. 5An expansion of the Geotail observations from 16:30 to 16:46 UT, in the same format as Fig. 2. A dotted black rectangle shows the 5-min period used for the Walén analysis (16:36:03–16:41:03 UT, See Fig. 7), and the two grey-hatched periods correspond to the lobe/mantle ions (16:36:03–16:36:15 UT) and the faster magnetosheath-like ions (16:37:51–16:38:15 UT) whose phase space densities are presented in Fig. 6

[image: ]
Fig. 6Ion phase space density for the 24-s period from 16:37:51 to 16:38:15 UT in the unit of [image: $$\textrm{s}^3 \textrm{m}^{-6}$$]. a The two-dimensional slice of the ion phase space density, showing the anti-sunward beam component. The plane includes the spin axis (close to the GSE Z direction), Sector 14 (close to the anti-sunward direction) with the peak of the phase space density and Sector 6 (opposite to Sector 14; close to the sunward direction). b The ion phase space density at Elevation 3 which is directed [image: $$22.5^{\circ }$$] southward of the GSE XY plane and includes the peak of the anti-sunward beam component. c The one-dimensional cut of the ion phase space density in the direction of the anti-sunward beam component (Sector 14 and Elevation 3). (See Mukai et al. (1994) for the details of the LEP-EAi instrument.) Ion phase space density taken in the lobe/mantle region from 16:36:03 to 16:36:15 UT is shown in Panels d–f in the same format as above. The colour scales for the phase space density in 6 panels are identical. Logarithmic is presented on the right side


The solar wind data from the Wind spacecraft are provided by NASA. We also use the solar wind electron and ion data from the 3DP instrument (Lin et al. 1995) and magnetic field data from the MFI instrument (Lepping et al. 1995) onboard the Wind spacecraft (Acuña et al. 1995).
The Geocentric Solar Magnetospheric (GSM) coordinate system is mainly used for describing the spacecraft data and the MHD simulation results, while the GSE coordinate system is partly used.
Solar wind observations by Wind
On February 11, 2007, the solar wind speed observed by the Wind spacecraft was as slow as 280 km/s, and its density was [image: $$\sim$$]1.0 cm[image: $$^{-3}$$] until 17:30 UT. The combination of the solar wind speed and density gave a very low dynamic pressure of [image: $$\sim$$]0.14 nPa (Fig. 1f), which is only several per cent of the typical value ([image: $$\sim$$]2.1 nPa). The averaged IMF between 12:00 and 17:00 UT was (4.5, −4.6, −0.2) nT in GSM with a strength of 6.5 nT. These parameters yielded an Alfvén Mach number ([image: $$M_A$$]) as low as [image: $$\sim$$]2.0 (Fig. 1e) and a very low [image: $$\beta$$] value (the ratio of ion thermal to magnetic pressure) of 0.14.[image: ]
Fig. 7The Walén analysis plot for the 5-min period from 16:36:03 to 16:41:03 UT, showing the relation between the plasma velocity in the de Hoffman-Teller frame ([image: $${\varvec{V}}-{\varvec{V}}_{HT}$$]) and the local Alfvén velocity ([image: $${\varvec{V}}_{A}$$])

[image: ]
Fig. 8Results of a global MHD simulation at 14:30 UT, showing a dawn-dusk asymmetry of the magnetosphere in shape. a Plasma density with plasma flow vectors in the XY plane and b [image: $$V_Y$$] contour with flowlines are displayed. The Geotail location is shown by a black triangle


We note that the solar wind flow had a non-negligible dusk-to-dawn component; The bulk plasma flow averaged over 12:00 and 17:00 UT was (−274, −53, −21) km/s in GSM. The large dusk-to-dawn component of the bulk solar wind flow under the low-density condition is consistent with a previous study on the 11 May 1999 event by Janardhan et al. (2005), who suggested that the low-density solar wind flow was a corotating stream and thus had a significant dawnward component. The solar wind flow had a slight negative (southward) component, which may cause the entire magnetotail to move southward.
Geotail observations at dawn flank
Figure 2 shows an overview of Geotail observations for 12 hours from 10:00 to 22:00 UT. Until 11:37 UT Geotail was in the southern hemisphere of the magnetosphere and observed the plasma sheet with an ion temperature of [image: $$\sim$$]1 keV. The locations of the Geotail spacecraft at 11:37 UT and at 18:30 UT in the GSE coordinate system were [image: $$(-5.0, -26.1, -1.7)$$] [image: $$R_E$$] and [image: $$(-1.3, -28.2, -2.9)$$] [image: $$R_E$$], respectively (Fig. 3). After 11:37 UT Geotail stayed in the magnetopause boundary layer between the magnetospheric plasma sheet, the lobe/mantle, and the magnetosheath, and detected anti-sunward (tailward) ion flows of 100 to 400 km/s repeatedly until 18:30 UT. The outbound magnetopause crossing around 18:30 UT was caused by a compression of the magnetosphere due to the recovery of the solar wind density. A number of jumps in the anti-sunward flow velocity correlated with changes in the magnetic field orientation correspond to magnetopause crossings. They are consistent with ion influx from the magnetosheath into the magnetotail through open field lines, which will be discussed later.
In Fig. 3, we simply rotated the model magnetopause for a solar-wind dynamic pressure of 0.14 nPa around the GSE-Z axis, taking into account the aberration of the magnetotail by the non-negligible solar wind [image: $$V_Y$$] component (−53 km/s) and the Earth’s revolution (29.8 km/s). We have found that the magnetopause detected by Geotail was more than 5 [image: $$R_E$$] outward of the model magnetopause location even though an effect of the solar-wind aberration toward dawn is considered.
Figure 4 shows expanded data for 3.5 hours from 13:30 to 17:00 UT when Geotail was mostly in the magnetopause boundary layer. In the boundary layer, the plasma flowed in the anti-sunward (tailward) direction with a speed of [image: $$\sim$$]100–200 km/s (i.e. lobe/mantle-like region), and faster anti-sunward flows of 300–400 km/s (i.e. magnetosheath-like region) were detected occasionally (Fig. 4d and g). During multiple boundary crossings between 14:30 and 15:10 UT, the density and temperature were anti-correlated, and denser plasma roughly coincided with faster anti-sunward flows and magnetic field variations. The magnetic field intensity did not show significant change during encounters with the faster anti-sunward ion flows, while [image: $$B_Z$$] dominated the other two components. Power spectral densities of [image: $$V_X$$] (Fig.4h) enhanced in the frequency range of 1 to several mHz (i.e. Pc5 range), which corresponds to semi-periodical encounters of fast anti-sunward ion flows in the magnetopause boundary layer.
Similar encounters with faster anti-sunward ion flows repeatedly occurred until the outbound magnetopause crossing at 18:30 UT. The lobe/mantle-like regions with a smaller anti-sunward velocity and a higher ion temperature were detected occasionally. The formation of the lobe/mantle region in the southern hemisphere at the dawnside tail-flank under the dawnward and southward IMF conditions (i.e. [image: $$B_Y&lt;0$$] and [image: $$B_Z&lt;0$$]) is consistent with previous statistical study in the distant magnetotail (See Figs. 7 and 10 in Hasegawa et al. (2002a)). The typical ion temperature in such a region (e.g. around 17:10 UT) was [image: $$\sim$$]500 eV, which means that the cold plasma sheet and the thick low-latitude boundary layer were not formed in this event. No detection of high-energy electrons during this event suggests that Geotail stayed on open field lines or once-opened field lines.[image: ]
Fig. 9Results of a global MHD simulation at 14:30 UT. The absolute value of current density a in the XY plane with magnetic field lines and b in the XZ plane are presented. In Panel (b), the Cluster 1 location is shown by a red triangle


We examined the high-speed anti-sunward ion flows to obtain further information on their origin and properties. Since the three-dimensional phase space density of ions are available after 16:28:25 UT on the day, we expand 16-min data between 16:30–16:46 UT including typical high-speed anti-sunward flows (Fig. 5). In this period, an anti-sunward ion flow was enhanced in the 24 s period between 16:37:51–16:38:15 UT (corresponding to the 2 data sets of the LEP-EAi instrument). The ion phase space density for the 24 s period (Figs 6a–c) shows that the fast anti-sunward ions are most likely to be the magnetosheath flow. The ion flow velocity was [image: $$(-304, -72, -138)$$] km/s in GSM, and its speed was [image: $$\sim$$]340 km/s. The ion phase space density obtained in the slower region between 16:36:03–16:36:15 UT (Figs. 6d–f) shows typical lobe/mantle characteristics.[image: ]
Fig. 10Results of a global MHD simulation at 14:30 UT, in the [image: $$X=-3.46$$] [image: $$R_E$$] plane on which Geotail was located. The contours of a plasma density and b the absolute value of current density are shown


We performed the Walén analysis (Sonnerup et al. 1987) to investigate the nature of the fast anti-sunward flows at the magnetopause boundary. Figure 7 shows the results of the Walén analysis for the 5-min period between 16:36:03–16:41:03 UT, which includes both the faster magnetosheath-like flow and the slower lobe/mantle-like flow mentioned above. For this period, the de Hoffmann-Teller frame velocity ([image: $${\varvec{V}}_{HT}$$]) is estimated to be [image: $$(-242, -136, -49)$$] km/s in GSM, and the correlation coefficient (c.c.) between the plasma velocity in the de Hoffman-Teller frame ([image: $${\varvec{V}}-{\varvec{V}}_{HT}$$]) and the local Alfvén velocity ([image: $${\varvec{V}}_{A}$$]) is as large as [image: $$-0.97$$]. The moderately large Walén slope ([image: $$\sim -0.5$$]) is consistent with the view that the magnetopause has all properties of a rotational discontinuity and the magnetosheath plasma thus locally enters the lobe/mantle region through open field lines. The magnitude of the slope significantly lower than unity could be explained by several effects as discussed by Hasegawa et al. (2002b). The negative correlation indicates that the normal component of the magnetic field at the rotational discontinuity of the magnetopause was directed outward (anti-earthward).
The flow vector in the lobe/mantle region at 16:36:03 UT was [image: $$(-176, -37, -99)$$] km/s in GSM and [image: $$(66, 99, -50)$$] km/s in the de Hoffmann-Teller frame. The sunward flow direction of the lobe/mantle ions in the de Hoffmann-Teller frame suggests a deceleration through the entry from the magnetosheath into the magnetotail by the sunward Lorentz force ([image: $${\varvec{J}}\times {\varvec{B}}$$]) acting on a bulk plasma, which is consistent with the outward normal component of the magnetic field at the rotational discontinuity.[image: ]
Fig. 11Cluster 1 and 3 observations from 13:30 to 17:00 UT on February 11, 2007, including southern high-latitude magnetopause encounters. From the top, a omni-directional ion energy-time spectrogram, b omni-directional electron energy-time spectrogram, c ion density, d ion temperature, e ion velocity, f magnetic field from Cluster 1. g–l Data from Cluster 3 are plotted in the same format


We applied the same procedure to other 17 faster anti-sunward flow encounters between 13:30–17:00 UT identified by visual inspection. All cases took place in the southern hemisphere, as characterised by the negative values of the [image: $$B_X$$] component in the lobe/mantle region (Fig. 4). We found that ([image: $${\varvec{V}}-{\varvec{V}}_{HT}$$]) and [image: $${\varvec{V}}_{A}$$] are negatively correlated in all cases. The Walén slope is between [image: $$-0.4$$] and [image: $$-0.6$$] in 14 of the 17 cases, around [image: $$-0.3$$] in 2 cases and [image: $$\sim -0.8$$] in 1. This result shows that most encounters with faster anti-sunward flows can be attributed to crossings of open magnetopause boundaries where magnetosheath ions enter through open field lines generated by magnetic reconnection at the dayside magnetopause.
Global MHD simulation
We performed a global magnetohydrodynamic (MHD) simulation using the SWMF/BATS-R-US code with the Rice Convection Model (Tóth et al. 2005, 2012) to estimate the entire shape of the magnetosphere during this event (Figs. 8, 9 and 10). The GSM coordinate system is used for the simulation study. The OMNI solar wind data including the longitudinal and latitudinal flow components were used as upstream parameters for the simulation, while [image: $$B_X$$] was fixed to 3.708 nT which is the average value between 14:30 and 14:40 UT. The density contour and the bulk flow velocity vectors in the XY plane at 14:30 UT (Fig. 8a) show that the magnetotail is entirely shifted toward dawn in the simulation. The [image: $$V_Y$$] contour in the XY plane with flow lines (Fig. 8b) displays that the solar wind plasma flow is deflected toward dusk at the bow shock in front of the magnetosphere, which is consistent with our previous study (Nishino et al. 2008). The width of the magnetosheath on the duskside is larger than that on the dawnside, which is also consistent with this previous study.[image: ]
Fig. 12The locations of Cluster 1 and 3 spacecraft at 15:00 UT on February 11, 2007, projected onto the GSM XZ plane. The two dashed curves show the modelled magnetopause locations for the solar wind dynamic pressures of 0.14 nPa and 2.1 nPa. Grey curves show selected geomagnetic field lines based on the T96 model (Tsyganenko and Sterm 1996) under the low solar-wind dynamic pressure of 0.14 nPa


Figure 9 shows the absolute value of the current density in the (a) XY and (b) XZ planes. The regions with higher current density are distributed near the bow shock, the magnetopause, and inside the magnetosphere. The location of the magnetopause in the XY plane based on a higher current density is consistent with the steep plasma density gradient between the magnetosheath and the magnetosphere. The magnetic tension of the draped field lines around the magnetosphere might pull the magnetotail toward dawn, resulting in the expansion of the magnetosphere observed on the dawnside. The current density in the XZ plane enhances near the dayside magnetopause, where the Cluster spacecraft was located. In the next section we will show data from the Cluster spacecraft which was located near the southern cusp.
Figure 10 displays (a) the plasma density and (b) the current density in the [image: $$X=-3.46$$] [image: $$R_E$$] plane, on which Geotail was located at 14:30 UT. In the simulation, the dawnward expansion of the magnetosphere is more significant in the southern hemisphere, which is caused by an inclination of the magnetotail due to the negative IMF [image: $$B_Y$$]. The simulated magnetic field line at Geotail is connected to the southern polar cap on one side and the IMF on the other side. The open field line may be generated by magnetic reconnection at the dayside magnetopause.
These simulation results mean that the dawnward shift of the magnetotail is partly caused by the dusk-to-dawn component of the solar wind flow, but the [image: $$V_Y$$] component alone cannot explain all the deformation of the magnetotail. As presented by our previous study (Nishino et al. 2008), the low-[image: $$M_A$$] solar wind and Parker spiral IMF conditions are also essential factors that make the magnetotail skewed toward dawn. A north-south asymmetry of the magnetosheath width (Fig. 9b) may derive from a southward shift of the magnetotail that can be caused by a positive (sunward) IMF [image: $$B_X$$] (Cowley 1981) and a negative (southward) solar wind [image: $$V_Z$$]. The southward shift of the magnetotail might have affected magnetopause encounters by the Geotail spacecraft, since the widest region of the magnetotail in the dawn-dusk direction may also move toward south.
Cluster observations near southern cusp
When Geotail observed the long-lasting boundary crossings at the flank on the dawnside, the Cluster spacecraft passed near the southern cusp region from the magnetosheath to the magnetosphere and encountered high-energy ion jets around the magnetopause. Figure 11 shows the plasma and magnetic field data from Cluster 1 (C1) and Cluster 3 (C3) from 13:30 to 17:00 UT for the same period as Fig. 4. The two spacecraft were separated by about 0.7 [image: $$R_E$$] in the Z direction, with C1 being closer to the Earth and C3 to the magnetosheath. The locations of C1 and C3 at 15:00 UT projected onto the GSM-XY plane are shown in Fig. 12.
Until 14:17 UT, C1 stayed in the magnetosheath, where [image: $$B_Y$$] was dominant, the plasma density was roughly 2–3 cm[image: $$^{-3}$$], and the bulk ion flow was directed anti-sunward and southward. From 14:17 UT when C1 was located at [image: $$(10.9, 1.7, -11.0)$$] [image: $$R_E$$], it detected anti-sunward and dawnward ion jets of [image: $$V_{jet}=(-330, -234, -151)$$] km/s with a speed of [image: $$\sim$$]430 km/s accompanied by a stable sunward magnetic field of (11, 0.7, 3.5) nT. The stable sunward magnetic field and the ion jets suggest that C1 came into the magnetopause boundary layer or the dayside magnetosphere. The ion jets in the magnetopause boundary layer had a density as low as 1.4 cm[image: $$^{-3}$$], and they were possibly exhausts from dayside magnetic reconnection.
At almost the same time as C1 experienced the magnetopause crossing, C3 still stayed in the magnetosheath. The observed values in the magnetosheath by C3 at 14:15 UT were as follows: The plasma flow was [image: $$V_{SH}\sim (-150, 15, -66)$$] km/s with a speed of [image: $$\sim$$]160 km/s. The magnetic field was [image: $$(3.6, -14, 0.4)$$] nT with a strength of 15 nT; the dominating dusk-to-dawn component may result from a draping of the IMF around the magnetosphere. The ion density was [image: $$\sim$$]2.4 cm[image: $$^{-3}$$] and the parallel and perpendicular ion temperatures were 11 eV and 38 eV, respectively. The corresponding ion beta values were 0.05 in the parallel direction and 0.17 in the perpendicular direction, which means that the plasma on the magnetosheath side had a very low beta ([image: $$\beta \ll 1$$]).
The difference between the reconnection jet at C1 ([image: $${\textbf{V}}_{jet}$$]) and the magnetosheath flow at C3 ([image: $$\textbf{V}_{SH}$$]) (i.e. [image: $$\textbf{V}_{jet}-\textbf{V}_{SH}$$]) was [image: $$(-180, -249, -85)$$] km/s and its absolute value was 320 km/s. The combination of the magnetic field strength of 15 nT and the plasma density of 1.4 cm[image: $$^{-3}$$] yields a reconnection Alfvén speed of [image: $$\sim$$]250 km/s, which is roughly in the same order as the ion jet speed. C3 also began to detect anti-sunward ion jets at 14:28 UT, when it was located at [image: $$(10.4, 1.3, -11.8)$$] [image: $$R_E$$]. After detecting a sunward and northward ion jet at 14:50 UT, C3 continuously detected anti-sunward ion jets from 14:59 to 15:51 UT.
The magnetic field in the boundary layer observed by Cluster were highly fluctuating, and in particular its strength decreased significantly. The decreases in the magnetic field strength (e.g. at 14:50 UT) were accompanied by ion flow reversals, which suggests that the spacecraft was located near a reconnection X-line. These features contrast with Geotail observations of stable magnetic field intensity and only anti-sunward (tailward) ion jets.
Analysis of magnetic reconnection itself is beyond the scope of this paper, but here we suggest that magnetic reconnection occurred continuously at the dayside magnetopause, based on the Cluster observations. The frequent occurrence of magnetic reconnection at the magnetopause under such low beta conditions in the magnetosheath is consistent with a previous statistical study (Phan et al. 2013).
Discussion and conclusions
This paper shows that a dawn-dusk asymmetric deformation of the magnetosphere expanding toward dawn occurs under the very low-[image: $$M_A$$] solar wind and Parker spiral IMF conditions. Although the dawnward expansion of the magnetosphere was predicted in the global simulation of our previous study, this study provides the first in situ observations consistent with the dawn-dusk magnetospheric deformation when the solar-wind [image: $$M_A$$] was as low as [image: $$\sim$$]2. We confirmed that the entire dawnward shift of the magnetotail was partly due to the dusk-to-dawn component of the solar wind flow and partly due to the ‘magnetic effect’ that typically occurs under low-[image: $$M_A$$] conditions (Nishino et al. 2008; Lavraud et al. 2013). On the other hand, the width of the magnetosheath on the dawnside becomes narrower than that on the duskside. The slight north-south asymmetry of the magnetosheath width (Fig. 6b) may result from the positive (sunward) IMF [image: $$B_X$$] and the negative (southward) solar wind [image: $$V_Z$$].
The frequent jumps at the magnetopause of the ion velocity between the magnetosheath high-speed values and lobe/mantle lower-speed values, observed by Geotail, are consistent with magnetosheath plasma entry through open field lines generated by magnetic reconnection at the dayside magnetopause, as supported by the results of the Walén analysis. The generation mechanism of the magnetosheath flow much faster than the upstream solar wind is unsolved in this study. It has been shown that the magnetic pressure gradient and tension forces by the draped IMF around the magnetosphere under the low-[image: $$M_A$$] solar wind can accelerate the magnetosheath plasma (Lavraud et al. 2007; Lavraud and Borovsky 2008). However, under the Parker-spiral IMF configuration with a small [image: $$B_Z$$] component, the plasma acceleration by this effect is expected to occur in the high-latitude region rather than at the flanks. Some local acceleration due to complicated magnetic field structures in the magnetosheath might take place, which is beyond the scope of this study.
When the anti-sunward ion flows were detected by Geotail, high-energy electrons were not detected there. One possibility for the lack of high-energy electrons is that electrons accelerated by magnetic reconnection may have a much faster speed than protons, and thus high-energy electrons go away promptly along the magnetic field lines and cannot be detected by Geotail located far from the X-line. This scenario is analogous to the lack of energetic magnetospheric electrons in the deep plasma sheet where low-energy ions from magnetosheath and high-energy magnetospheric ions coexist as a result of plasma mixing (Phan et al. 2000).
The repetitive encounters of the denser magnetosheath-like regions in the boundary layer might be caused by surface waves generated by interactions between the magnetosheath flow and the magnetopause or by turbulent flows downstream of the quasi-parallel bow shock on the dawnside under Parker-spiral IMF orientation. Another possibility for the repetitive encounters with magnetosheath-like flows is ion acceleration by magnetic reconnection associated with Kelvin–Helmholtz (KH) vortices at the magnetopause. However, the magnetic field for the period of multiple boundary crossings did not show significant variations in strength, which is not consistent with previous observations of fluctuating magnetic field strength in the KH vortices (Hasegawa et al. 2006). The very low beta environment of the magnetosheath may prevent the KH instability from developing into the non-linear stage (Miura 1984; Kavosi and Raeder 2015).
Our observations of the magnetospheric deformation and plasma acceleration under low-[image: $$M_A$$] solar wind and obliquely directed magnetic field conditions may be applicable to other solar system objects, exoplanets (Lugaz et al. 2016) and the interstellar medium (Miniati et al. 1999). Significant deformation of the planetary and exoplanetary magnetospheres may affect interactions between the low-[image: $$M_A$$] solar/stellar wind and the magnetospheres. In particular, the present results encourage studying the environment around the planet Mercury, where lower-[image: $$M_A$$] solar wind is expected (Slavin and Holzer 1981; Sun et al. 2022). The BepiColombo spacecraft arriving at Mercury in late 2025 (Benkhoff et al. 2021) can provide valuable information on the asymmetric deformations of the small magnetosphere under the lower [image: $$M_A$$], which may help us understand exoplanetary magnetospheric environments as well.
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