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This paper reports a story of developing the idea of Earthward ion flow braking in the near-Earth plasma sheet and its relationship with substorm onset processes. This idea and the data that support it are the basis for today’s two competing models for substorms: the near-Earth neutral-line model and the current disruption model. The idea was developed when the author was staying at the Max Planck Institute for Extraterrestrial Physics (MPE) from July 1996 to June 1997. The story addresses the colleagues and mentors who had contributed to the development of this idea. The lessons learned from this story are also summarized for students and early-career scientists for their development of new scientific ideas.
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INTRODUCTION
The study on the braking of high-speed ion flow in the near-Earth plasma sheet (Shiokawa et al., 1997) and a subsequent study on the relationship of flow braking with substorm onset processes (Shiokawa et al., 1998a) are one of the several important steps to understand plasma processes during substorms in the Earth’s magnetosphere. These two works were carried out when the author was staying at the Max Planck Institute for Extraterrestrial Physics (MPE) from July 1996 to June 1997 as an overseas researcher supported by the Ministry of Education, Science, Sports, and Culture, Japan. In this short article, we would like to introduce a story of when we developed the idea of flow braking in MPE, in order to clarify how this idea was developed and to address the colleagues and mentors who had contributed to this idea. We hope this story is helpful for students and early-career scientists for their development of new scientific ideas.
MY BACKGROUND BEFORE STARTING THE MAGNETOSPHERE STUDY
I was graduated with a bachelor course (March 1988) and a graduate (master) course (March 1990) from Tohoku University, Japan, under the supervision of Prof. Hiroshi Fukunishi. After that, I joined the Solar-Terrestrial Environment Laboratory (STEL), Nagoya University, in April 1990, as a research assistant, working mainly with Associate Prof. Kiyohumi Yumoto, for optical and magnetic field measurements at ground stations during the Solar-Terrestrial Energy Program (STEP, 1990–1997) operated by the Scientific Committee on Solar-Terrestrial Physics (SCOSTEP). I obtained a PhD in 1994 by combining the works in Tohoku University and STEL, on the topic of auroral electrons and ions using data from Antarctic rocket experiments and Defense Meteorological Satellite Program (DMSP) satellites (Shiokawa et al., 1990a; Shiokawa and Fukunishi, 1991; Shiokawa and Yumoto, 1993). In these works, we estimated the density and temperature of auroral electrons in the source magnetosphere by fitting the accelerated Maxwellian distribution function to the observed auroral electron spectra. I also developed a two-stream transportation code of auroral electrons to calculate electron spectra and auroral emissions in the thermosphere and ionosphere from input of precipitating electron distribution (Shiokawa and Fukunishi, 1990).
In 1996, I received an opportunity for an overseas researcher from the Ministry. In this opportunity, I could choose any overseas institution to stay for 1 year. There were two choices: one was to extend my research to the auroral energy dissipation in the thermosphere by using the electron transport code with Dr. Stan Solomon of the University of Colorado because I learned a lot from his study (Solomon et al., 1988) when I developed my auroral electron code. The other choice was to extend my research to the magnetosphere because my past research was focused on estimating the density and temperature of magnetospheric electrons using data from the ionosphere. We can directly compare the estimated density and temperature with those from direct measurements by magnetospheric satellites and possibly identify the source of auroras in the magnetosphere. I consulted Prof. Yosuke Kamide in STEL about these two possibilities, who had many experiences in international collaboration. Prof. Kamide introduced me to Dr. Wolfgang Baumjohann of MPE, as a possible host researcher on the magnetospheric study. Hence, I decided to stay at MPE with Dr. Baumjohann.
DEVELOPMENT OF THE FLOW BRAKING IDEA
I joined the MPE in July 1996. The magnetospheric satellite data I used for the analysis were the data from the Active Magnetospheric Particle Tracer Explorers/Ion Release Module (AMPTE/IRM) satellite. At the beginning of the study, Dr. Baumjohann suggested me to look into the three-dimensional distribution function of Earthward high-speed ion flow in the plasma sheet, in order to identify the evidence of magnetic reconnection in the magnetotail. This topic was extensively studied later by the Japanese Geotail satellite and made significant progress in understanding the magnetic reconnection processes (e.g., Nagai et al., 1998; Hoshino et al., 2001). Thus, Dr. Baumjohann had an excellent perspective on this direction prior to these extensive studies. However, I hesitated to move forward with this suggestion. I had been a co-investigator of the Geotail mission since 1990, and I knew that there were many excellent scientists who had studied magnetic reconnection. I thought that I should not take the same research direction with these smart scientists. Hence, I asked Dr. Baumjohann to give me time to look into the AMPTE/IRM dataset in detail as I am a beginner for magnetospheric physics. Dr. Baumjohann had already developed a well-organized database of the AMPTE/IRM particle and magnetic field and a Fortran code set to plot them (Baumjohann et al., 1988; Baumjohann et al. 1989; Baumjohann et al. 1990). This database and the code set were really easy for me to prepare various plots of magnetospheric plasma and field features and helped me to develop the idea of what happens in the magnetotail plasma sheet.
Looking into the AMPTE/IRM data, the occurrence rate of earthward flow decreased from ∼4 to ∼1% as the satellite moved closer to the Earth from 20 Re to 10 Re (Figure 1A of Shiokawa et al., 1997). Hence, the question as to how high-speed earthward ion flows stop arose. This question might arise because I was trying to avoid the reconnection topic. Also, I was not a good student of Tohoku University where lectures on magneto-hydro-dynamics (MHD) were made. Then, I started re-learning about MHD using a textbook by Nicholson (1983) and eventually understood that the flow must be stopped by tailward pressure gradient forces, because the plasma and magnetic pressures increase as the flow gets closer to the Earth. But the interesting point was that when the flow stops, there will be a downward inertia current that creates a clear boundary of dipole-like and tail-like magnetic field configuration, as shown in Figure 1. This boundary idea suddenly came up to me in the morning in bed, and I said to my wife, “I got a good idea” at 4 a.m. in the morning. This flow-braking process is similar to the process where solar wind hits Earth’s magnetosphere. Then, a magnetopause is formed with a clear boundary of magnetic field intensity due to the magnetopause current (inertia current). Using the AMPTE/IRM data, I confirmed that Earthward ion flows cannot propagate more than a few Re under the average tailward pressure gradient force in the plasma sheet (Figure 3A of Shiokawa et al., 1997).
[image: Figure 1]FIGURE 1 | Schematic picture of the proposed magnetic field configuration during Earthward high-speed ion flow (looking from dusk to dawn). The stopping point of the flow is the boundary between dipolar and tail-like magnetic fields which correspond to the inner edge of the neutral sheet. The boundary is formed by the downward inertia current that is caused by braking of the Earthward ion flow and by the pileup of northward magnetic flux carried by the flow (Shiokawa et al., 1997).
I was really glad to obtain this idea and discussed it with the senior scientists in MPE, that is, Drs. Götz Paschmann, Manfred Scholer, Nova Scopke, and Rudolf A. Treumann (Dr. Baumjohann was on travel at that time). Dr. Treumann suggested me the possibility that the flow can diverge to dawn/duskward or north/southward, like a river water flow hitting a rock. So, I checked dawn/dusk and north/south velocities (Vy and Vz) in the AMPTE/IRM data and did not find any particular enhancement. But this suggestion helped my understanding of the fluid behavior of magnetospheric plasma. Finally, I discussed the idea with Prof. Gerhard Haerendel, the director of MPE. After explaining my idea, he smiled at me and said to me, “Did you read my paper published in 1992?” Of course, I was lazy and did not search related past literature. He gave me Haerendel (1992) and said to me, “I wrote this paper when I got a heart attack. So this is my heart-attack paper.” Haerendel (1992) theoretically discussed the processes of flow braking and its generation of inertia current. My data analysis eventually proved his idea using the AMPTE/IRM data. Haerendel (1992) also pointed out that this process can be a course of substorm current wedge. This paper led me to connect the flow braking idea with the substorm topic.
CONNECTION BETWEEN FLOW BRAKING AND SUBSTORM PROCESSES
After completing the flow-braking article (Shiokawa et al., 1997) in October 1996, it was rather straightforward for me to investigate the timing difference of Earthward flow and substorm onset processes. In that idea development, an excellent review of substorm controversy by McPherron (1995) was beneficial to me. Chapter 13.7 of this review article pointed out several difficulties of pre-existing substorm models to explain observation facts of substorm. For example, in the near-Earth neutral line model, the reconnection (flow reversal) was observed at 20–30 Re in the tail. On the other hand, the auroral breakup at the substorm onset occurs at low latitudes that map to the tail current sheet just outside of 6.6 Re. The flow braking idea can explain this discrepancy by providing an additional point between the reconnection site (20–30 Re) and Earth (1 Re). The flow braking point at ∼10 Re can be a magnetospheric source of the auroral breakup at the substorm onset, as shown in Figure 2 (Shiokawa et al., 1998a). The downward inertia current driven by flow braking can drive the substorm current wedge, as discussed by Haerendel (1992).
[image: Figure 2]FIGURE 2 | Model proposed by Shiokawa et al. (1998a) for the current wedge formation during the initial stage of the substorm expansion phase. The number preceding each comment indicates the order of occurrence. The braking point of the Earthward flow moves tailward due to the pileup of magnetic field carried by the flow. This motion probably corresponds to the poleward expansion of aurora. The transition from tail-like field to dipolar field at the braking point is due to the downward inertia current. The substorm current wedge is formed at the braking point by the inertia current and the current due to flow shear. The fluctuation of field-aligned currents and the compressional pulses generated at the braking point can be the cause of the Pi2 pulsation in the inner magnetosphere.
The Earthward ion flow with a speed of 400 km/s takes a few minutes to travel from the reconnection region (20–30 Re) to the flow braking region (10–20 Re). If we investigate the timing difference between the flow and auroral breakup, we can identify whether the flow (and reconnection) occurs before or after the auroral breakup. Thus, I collected substorm onset signatures in the ground and satellite data for a substorm-associated flow event on 1 March 1985, as observed by AMPTE/IRM. For this particular event, the onset of Earthward high-speed flow was observed 3 min before the onset of the global current wedge formation. From this observation, we concluded that the substorm current wedge was caused at the braking point of the Earthward high-speed flow during the initial stage of the substorm expansion phase and drew a schematic figure of the substorm onset sequence as shown in Figure 2 (Shiokawa et al., 1998a, submitted on February 1997).
After this proposal of the substorm model by Shiokawa et al. (1998a), the onset mechanism models seemed to converge into the two major models, that is, the near-Earth neutral line (NENL) model (outside-in model, for e.g., Baker et al., 1996; Shiokawa et al., 1998a) and the current disruption model (inside-out model) (e.g., Lui, 2001). Then, the Time History of Events and Macroscale Interactions during Substorms (THEMIS) mission was proposed to identify the controversy of these models (Angelopoulos, 2008). The current understanding is that both models can work at a substorm onset, although which one is more significant is still unresolved (See Lui, 2015 versus Nagai and Shinohara, 2021 for the present state of the controversy). But I could not contribute much to these developments of new missions and subsequent substorm discussion. One of the reasons is that during my stay in MPE, STEL had obtained a new big budget from the Ministry to construct the Optical Mesosphere Thermosphere Imagers (OMTIs, Shiokawa et al., 1999) to measure airglow and aurora using multiple cameras and interferometers. I was responsible for this project, so I became really busy for ground-based multi-point measurements. The other reason may be that I tried to avoid the scientific topic that many smart scientists were studying.
After these two works in MPE, we (Shiokawa, Haerendel, and Baumjohann) also published one more article on azimuthal pressure gradient during substorms (Shiokawa et al., 1998b) to complete the substorm current budget because flow braking processes were clearly not sufficient to drive the total amount of field-aligned currents during substorms (Angelopoulos et al., 1994). In this work, I again tried to prove one of the many theoretical ideas of Haerendel (1990) using the AMPTE/IRM satellite data. My initial motivation to stay at MPE (magnetosphere-ionosphere coupling study) was finally published as Shiokawa et al. (2000) to compare the electron density and temperature estimated from ionospheric DMSP satellites with those directly measured by AMPTE/IRM and as Shiokawa et al. (2003) to show bi-directional field-aligned electrons observed by AMPTE/IRM possibly coming from the ionosphere and/or generated by magnetospheric Fermi acceleration.
DISCUSSION AND CONCLUSION
There were several lessons learned from my one-year stay at MPE which may be helpful for students and early-career scientists.
1. It is better to avoid taking the same research direction as other smart scientists.
2. It is better to take your class lectures more seriously when you are a student.
3. But, you can learn any time when you are interested in a topic. Maybe that is the best time to learn it.
4. It is better to choose an excellent team/institution when you go abroad for collaborative research. The team/institution should be slightly different from what you are currently doing to extend your research to wider fields.
The MPE team was the best team for me to start studying on the magnetospheric physics, that is, a well-organized database of AMPTE/IRM developed by Dr. Baumjohann and the AMPTE/IRM team and an excellent mentor Prof. Haerendel, who provided me background physics and indicated a new research direction. Actually, Dr. Vassilis Angelopoulos, who has been the principal investigator of the THEMIS mission, had also obtained his PhD in the study of bursty bulk flow in collaboration with MPE (e.g., Angelopoulos et al., 1992; Angelopoulos et al., 1994). These works were carried out just before my stay at MPE. MPE was an excellent institute where many active scientists from various countries joined and interacted with each other.
I sometimes remember the other possible choice to stay at the University of Colorado with Dr. Stan Solomon because my current research on ground-based measurements of airglow and aurora requires comparison with thermospheric modeling which Dr. Solomon developed. If I had had another chance to stay for 1 year abroad, I would have stayed at the University of Colorado to work with Dr. Solomon and his colleagues.
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