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Cold plasma of ionospheric origin, with energies less than a few tens of electronvolts, dominates the plasma population in the magnetosphere and plays a crucial role in magnetospheric dynamics. Although the velocity distribution of cold plasma in the magnetotail is measured, little is known about the changes in its temperatures because of the difficulty in directly measuring the cold plasma. In this study, we examine the electric field measurements in the plasma wake, which is created by charged spacecraft interacting with the cold plasma flow, to infer the changes in the electron-to-ion temperature ratio of the cold plasma. We present observations from the Cluster mission during the years 2001–2010 and the distributions of the observed electric potential decrease in the plasma wake. The results confirm the correlation between the wake potential and the plasma flow speed and indicate that the electron-to-ion temperature ratio of the cold plasma decreases with increasing geocentric distance, suggesting that electrons are heated differently from ions as the cold plasma is transported into the tail.
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1 INTRODUCTION
The plasma in the Earth’s magnetotail lobes primarily originates from the ionospheric polar wind, consisting of ions and electrons with energies and temperatures below a few tens of electronvolts (André et al., 2015; Engwall et al., 2009), and is often referred to as cold plasma. Ions in the cold plasma are accelerated by an ambipolar electric field generated by faster moving electrons (Axford, 1968; Collinson, 2024) in the topside ionosphere and escape together with electrons along the open field lines of the polar region. Cold plasma has been confirmed (Haaland et al., 2012; Nilsson et al., 2010) to be further accelerated by the centrifugal force in the tail lobes as it flows into the tail.
The lobe magnetic fields that connect the tail and the ionosphere act as a waveguide for Alfvén waves. Alfvén waves in the lobes are known to interact with ionospheric outflow (Keiling et al., 2005; Takada et al., 2006; Sauvaud et al., 2004); it remains unclear how significantly the electrons and ions of the cold outflowing plasma are heated. To address this question, it is important to measure the electron-to-ion temperature ratio of cold plasma.
The main difficulty in measuring the cold ion temperature arises from the spacecraft’s electric potential, which is normally positive for spacecraft in a sunlit and tenuous plasma environment. The spacecraft’s potential is large enough to repel cold ions, preventing them from being measured using the ion spectrometers onboard the spacecraft.
An alternative is to use the in situ electric field measurements. As the cold plasma has a bulk kinetic energy larger than its thermal energy, it is often supersonic in the lobes. When a spacecraft encounters the cold plasma in the lobes, a plasma wake downstream of the spacecraft with an imbalanced electric charge distribution is formed. For more details on the plasma wake, we refer to André et al. (2021).
Figure 1 shows the examples of wake detection during a lobe crossing by Cluster 3. Figure 1a shows the magnetic field measurements made using the fluxgate magnetometer (FGM) (Balogh et al., 2001). From the X-component of the B-field, it is observed that the spacecraft moved from the northern lobe to the central plasma sheet before joining the southern lobe. Figure 1b shows the plasma β value calculated from the ratio of the proton pressure, measured using a cluster ion spectrometer (CIS) (Rème et al., 2001), to the magnetic field pressure. The lobes are often defined as the region with plasma β less than 1. In this case, the measurements before 21 September 2001 23:00 and after 22 September 2001 07:00 were in the northern and southern lobes, respectively. The red dots in this panel indicate the time periods in which the plasma wake was detected. Note that the wake was detected only in the lobes because high-energy ions in other regions are unaffected by the spacecraft potential and by ramming into the wake. These high-energy ions neutralize the electric charge in the wake and erase the wake signature. The lobes filled with cold plasma are suitable for the wake formation.
[image: Graph displaying measurements taken by Cluster 3 from September 21, 2001, to September 23, 2001. Panel a shows magnetic field components Bx, By, Bz. Panel b illustrates plasma beta over time. Panel c features oscillating electric field components, E34, and EDC. Panel d displays a waveform of electric field EWF. Panel e represents variations in potential Φ over seconds from a specific time.]FIGURE 1 | Example of plasma wake detection during a lobe crossing by Cluster 3. (a) In situ magnetic field in the Geocentric Solar Ecliptic coordinates measured using the FGM instrument. (b) Plasma beta calculated from the CIS data (black curve) and periods in which the plasma wake was detected (red dots). (c) Electric fields measured using the EFW (spacecraft-scale) and the EDI (background). (d) Electric field derived from the differences in the measurements between the two electric field instruments (EW*). (e) The wake depth (ΦW), defined as the maximum potential difference between the probes 3 and 4 in one spin period, calculated from the maximum values of EW* multiplied by the separation between the probes 3 and 4.The wake detection relies on observations from the electric-field and wave experiment (EFW) (Gustafsson et al., 1997) and the electron drift instrument (EDI) (Paschmann et al., 2001) onboard the Cluster spacecraft. Figures 1c–e show the electric-field measurements during a period of the lobe crossing that is marked by the vertical lines in Figures 1a,b. As the probe pair of EFW co-rotates with the spinning Cluster spacecraft, the potential difference between the two probes separated by 88 m produces a periodic signal. The electric field between probes 3 and 4 (E34) of the EFW is shown as the blue curve in Figure 1c. The spacecraft-scale electric field measured from EFW differs from the background electric field measured using EDI. The orange curve in Figure 1c represents the background electric field projected along the 34 probe pair of the EFW (EEDI*).
Following Engwall et al. (2006) and André et al. (2015), the wake electric field is identified when the maximal discrepancy between two instruments (EW*) in a 4-s spin period exceeds 2 mV/m (Figure 1d). The profile of EW* is reproduced by the simulation of Engwall et al. (2006) (their Figure 6). Figure 1e shows the wake depth ΦW, defined as the maximal potential difference between EFW probes 3 and 4 per spin period.
ΦW varies with the ion flow Mach number and the electron-to-ion temperature ratio, which are discussed in Section 2. Section 3 presents useful data selected from the previously derived cold plasma dataset presented by André et al. (2015). Section 4 illustrates the statistical results, which are followed by discussions and conclusions.
2 INFERRING THE TEMPERATURE RATIO FROM THE WAKE DEPTH MEASUREMENTS
This section summarizes the main factors that affect the wake depth measurements and show how the temperature ratio is inferred.
2.1 ΦW modulated by the Mach number
For simplicity, we first consider the situation under which a spacecraft has a neutral surface charge. According to theoretical calculations by Alpert et al. (1965) and André et al. (2021), the wake depth is influenced by the ion flow Mach number (M):
M=miu22KTi,(1)
where mi and Ti are the ion mass and the ion temperature, respectively. u is the speed of the ion flow relative to the spacecraft, and K is the Boltzmann constant. In simulations by André et al. (2021), ΦW increases monotonically with M, particularly when the plasma flow lies in the spin plane of the spacecraft.
2.2 ΦW modulated by the temperature ratio
The wake depth is also influenced by the electron-to-ion temperature ratio of the background plasma (rT=Te/Ti), particularly when the spacecraft acquires a positive surface potential (VSC) due to the photoelectron effect. In the lobes, the following condition is often satisfied: KTi<miu22<eVSC. Under such conditions, electrons attracted by the spacecraft potential can more easily fill the wake, whereas ions are repelled by the positive spacecraft potential and tend to scatter. As a result, a wake with electron density higher than ion density is formed. The wake is much wider than the geometric size of the spacecraft (2.2 m in diameter), and ΦW is expected to increase with higher values of rT.
Engwall et al. (2006) carried out numerical simulations using a constant u of 20 km/s relative to the Cluster spacecraft. These simulations incorporate the material properties of the Cluster spacecraft surface, along with background plasma parameters such as density, bulk velocity, and electron and ion temperatures. A range of temperature combinations and plasma densities were tested to assess their influence on the plasma wake. Table 1 summarizes their simulation results. The length (L), width (W), and height (H) of the wake are modulated by multiple parameters, including VSC, background plasma density (n0), Te, and Ti. As expected, the larger the Ti value, the smaller the wake size, for the same Te and VSC. The boundary of the wake is defined by the surface where the ion density decreased to 75% of the background density.
TABLE 1 | Values of ΦW and dimensions of the wake from the simulations by Engwall et al. (2006), with different ion and electron temperatures and background plasma density (n0). In these simulations, u was set as u = 20 km/s.	Simulation	n0[cm−3]	VSC[V]	KTe[eV]	KTi[eV]	rT	ΦW[V]	L [m]	W [m]	H [m]
	1	0.20	35	2.0	2.0	1.0	0.37	132	97	96
	2	0.20	35	1.0	1.0	1.0	0.39	143	84	78
	3	0.20	35	2.0	1.0	2.0	0.60	170	111	107
	4	0.20	35	1.0	2.0	0.5	0.23	81	62	58
	5	0.40	20	2.0	2.0	1.0	0.32	86	68	62
	6	0.40	20	1.0	1.0	1.0	0.35	97	57	53


Their simulations indicate that rT is the main controlling factor for ΦW. In Table 1, ΦW increases monotonically from 0.23 V to 0.60 V as rT increases from 0.5 to 2.0. This is expected because the higher the rT value, the more electrons fill the wake, resulting in a larger ΦW. With rT=1, the simulated ΦW with changes in other parameters (n0, VSC, Te, and Ti) has much smaller variation, between 0.32 and 0.39.
Therefore, ΦW increases with both M and rT. As u has a higher power number than Ti in Equation 1 and u ranges from 10 to 100 km/s (see Figure 2), changes in M are mainly considered to be caused by variations in u. As a result, u can serve as a proxy for M. We have the following Equation 2:
ΦW∝u,rT.(2)
[image: A set of six graphs depicting various data distributions. The top left graph shows a color-coded density plot of data points in Z\(_{GSM}\) vs. X\(_{GSM}\) coordinates. The top middle histogram represents the distribution of spacecraft potential (V\(_{SC}\)) with a peak around 40 volts. The top right histogram illustrates the angle (\(\alpha\)) distribution, mostly centered around zero degrees. The bottom left histogram shows the distribution of radial distance (R), peaking near 10 Re. The bottom middle histogram depicts velocity (u) distribution, peaking around 30 km/s. The bottom right histogram shows the distribution of potential (\(\Phi^W\)), peaking around 0.5 volts.]FIGURE 2 | Distributions of the selected data used in this study.The dataset derived from the Cluster mission contains the measurements of u and ΦW. By comparing the measured ΦW with the simulated ΦW in Table 1, rT of the cold plasma with u=20km/s (the most frequently measured) can be inferred. The positive correlation between rT and ΦW holds for other ranges of u, although a quantitative inference of rT is not feasible for every range of u.
3 DATA
The cold ion dataset used in this study includes measurements of the wake electric field, which has been used to derive the bulk flow velocity of ions with energies of a few tens of eV. For details of the dataset, we refer to Engwall et al. (2009) and André et al. (2015). Numerous studies have used this dataset to investigate the characteristics of the ionospheric outflow. For a comprehensive overview of the wake method and related research, we refer readers to the reviews by André et al. (2021) and Li et al. (2021).
The data include both the wake depth (ΦW) and the elevation angle (α), defined as the angle between the plasma flow velocity and the spin plane of the spacecraft. In total, approximately 330,000 data points with 4-s time resolution were collected by Cluster 1 between 2001 and 2009 and by Cluster 3 from 2001 to 2010 (excluding the year 2006). The data span the months from July to November each year, during which the spacecraft operated within the magnetosphere.
To ensure that the plasma flow lies in the spin plane and that the measurement of the wake depth is reliable, we used a maximum elevation angle αmax=3° to select the data. This value ensures a large enough number of data points. We note that our results do not change when using a smaller αmax, such as αmax=1°. This is reasonable because the probes on both ends of the boom wire were always inside the wake during the entire spin period, with a relatively large elevation angle. As simulated by Engwall et al. (2006), the wake size is much larger than the 44-m-long boom wire of the EFW instrument. After selection, there are approximately 29,500 data points for further analysis.
4 RESULTS
Figure 2 shows the distributions of the selected data. Measurements were made in a large part of the tail lobes, with values of R ranging from 6 to 20 Re. The dataset contains only the measurements in the lobes and the polar cap region because the enhanced wake cannot be formed in the high-energy particle environment. The ion flow speed relative to the spacecraft (u) has a mean value of 33 km/s. These distributions are similar to those before selection shown by André et al. (2015). The measured ΦW ranges from 0.2 to 1.5 V, with values most frequently at approximately 0.4 V.
4.1 Effects of u on ΦW
Figure 3 shows the measured ΦW (black dots) as a function of the plasma flow speed relative to the spacecraft for various ranges of geocentric distance. The x- and y-coordinates of the blue circles denote the mean values of u and ΦW, respectively, within each corresponding range of u binned at 5 km/s intervals. The error bars mark the corresponding 95% confidence interval. ΦW is observed to be positively correlated with u for most geocentric distance ranges.
[image: Seven scatter plots showing data points and trend lines in blue. Each plot represents different ranges of R values from 6 to 20 Re. The x-axis is labeled "u [km/s]" and the y-axis "Φᵥ [V]." The plots reveal a general upward trend in the data across all R ranges.]FIGURE 3 | Correlation between ΦW and u for different ranges of R. In each panel, the black dot represents each individual measurement. Blue circles and error bars are the mean values and the corresponding 95% confidence intervals, respectively. All the mean values are calculated from at least 30 measurements of ΦW.The positive correlation between u and ΦW is expected from the calculations of André et al. (2021) for the narrowed wake without the spacecraft potential described in Section 1. To study the spatial distribution of rT, we need to remove the effects of u by analyzing the measurements with the same u.
4.2 Correlation between rT and R
Since the spacecraft acquired a positive electric potential, the size of the wake observed in our study is enhanced. In addition to u, ΦW is affected by rT. This may explain why the trends in Figure 3 differ from the calculations shown in Figure 3b of André et al. (2021).
In Figure 3a, we combine the curves of all panels in Figure 3. These curves are color-coded by the ranges of R. Figure 4b shows the mean ΦW as a function of R for various ranges of u. It is observed that ΦW decreases with increasing R up to 16 Re. In the region with R>16Re, ΦW does not increase with increasing R. This is possibly due to additional heating mechanisms for electrons and ions.
[image: Two graphs labeled (a) and (b) depict data with error bars. Graph (a) shows various colored lines plotting Φᵥ (volts) against velocity (u) in kilometers per second, with a legend indicating different radii (R) in Earth radii (Re). Graph (b) plots Φᵥ against radius (R) in Re, with color-coded lines for different velocity ranges shown in the legend. Both graphs are on separate grids with horizontal and vertical axis labels.]FIGURE 4 | (a) Mean values of ΦW as functions of u for various ranges of R. (b) Mean values of ΦW as functions of R for various ranges of u. The error bars are the 95% confidence intervals of the corresponding mean ΦW. The solid light blue curve in Figure 3b is for u=17.5,22.5km/s, which can be used to compare with the simulation results and estimate rT.Since the simulations by Engwall et al. (2006) were performed only for u=20km/s, it is more illustrative to use ΦW to estimate rT for u between 17.5 and 22.5 km/s rather than other u ranges. As demonstrated by the solid light blue curve in Figure 4b, the mean value of ΦW with R between 6 and 8 Re is approximately 0.67 V. In places with R between 18 and 20 Re within the same u range, the mean value of ΦW decreases to approximately 0.40 V. According to the simulation results of Engwall et al. (2006), which are listed in Table 1, ΦW of 0.60 and 0.23 V correspond to rT of 2 and 0.5, respectively. For rT of 1, simulations with four combinations of ion and electron temperatures yield the values of ΦW from 0.32 to 0.39 V. Therefore, we conclude that rT decreases from >2 to approximately 1 as the cold plasma flows into the tail lobes.
For other values of u, it is also observed that Φw decreases with increasing R up to 16 Re. This indicates that rT basically decreases as the cold plasma moves into the tail lobes. At R=16,20Re, rT seems to be positively correlated with R. This may be explained by more efficient heating of electrons than ions in the far-tail regions.
5 DISCUSSION
As mentioned in Section 2, our method uses a comparison of the measured ΦW values with the simulated values. The simulations used discrete values of parameters, including u, Te, Ti, VSC, and n0. Although it is not accurate to quantify the exact values of rT, simulations with discrete values allow us to infer correlation relationships.
In general, the ion temperature is not necessarily the same as the electron temperature in the collisionless plasma of the tail lobes. Although there is no direct measurement of temperatures for both ions and electrons of cold plasma from the Cluster mission, our observation of the anti-correlation between rT of cold plasma in the lobes and R indicates that the ions and the electrons are heated differently during their transport.
In the solar wind, the temperature ratio also varies with the increasing distance from the Sun. Shi et al. (2023) used the measurements from the Parker Solar Probe (PSP) below 30 solar radii and from the WIND at 1 AU. They found that the electron-to-proton temperature ratio evolves as the solar wind propagates from the Sun to the Earth. The observation is compared to their simulations, suggesting that the changes in the temperature ratio depend on the portion of the dissipated Alfvén wave energy that heats the protons or electrons. Their work suggests that Alfvén waves are one possible explanation for the evolution of proton and electron temperatures in the solar wind.
To explain the anti-correlation between rT and R for cold plasma escaping from the ionosphere, we consider that the Alfvén wave in the lobes may play an important role [see a review by Keiling (2009)] because Alfvén waves are observed to interact with outflowing ions in the lobe (Sauvaud et al., 2004). In the lobes, the magnetic field lines act as a guide field for Alfvén waves. Because the wave frequencies overlap the gyrofrequencies of the cold ions, ions are considered to be heated more than electrons are. As R increases, the ion temperature increases more than the electron temperature. This explains the existence of the anti-correlation. A simulation on this is out of scope in the current data report and requires future work.
In Figure 4b, the violation of the anti-correlation is observed in R>16Re and is nearly constant in ΦW in R>13Re for u>22.5km/s. Both phenomena may be explained by additional heating mechanisms that favor electrons near the plasma sheet boundary layer (PSBL), where cold plasma can be affected by the dipolarization fronts (DFs).
In general, electrons have a gyroradius much smaller than the scale thickness of the DF. Electrons are well magnetized and efficiently heated/accelerated by betatron acceleration due to the compression of magnetic flux in the DF (Fu et al., 2012; Gabrielse et al., 2016; Runov et al., 2013; Xu et al., 2018). Ions are often demagnetized and are less affected by DFs. This explanation is consistent with the fact that Cluster spacecraft were in the vicinity of the PSBL at large R.To verify this explanation, a follow-up study is needed to investigate the association of the DFs with the enhanced ΦW in the tail.
6 CONCLUSION
In this study, the electric-field measurements of the plasma wake, formed by the Cluster spacecraft as it interacts with cold plasma escaping from the ionosphere, are used to examine how the electron-to-ion temperature ratio evolves as cold plasma flows into the tail lobes for the first time. Our findings are as follows.
	At the same distance from the Earth, we observe a correlation between the wake potential and the plasma flow speed, which aligns with theoretical predictions.
	For a constant plasma flow speed, the electron-to-ion temperature ratio decreases with increasing distance from the Earth up to 16 Re, suggesting a heating mechanism that favors ions in the lobes.
	Beyond 16 Re, the increasing ratio suggests that electrons experience greater heating than ions.
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