Magnetotail Dipolarizations and their Impact on the Inner Magnetosphere FG GEM 2017 Summary (Full)

The “Magnetotail Dipolarizations and their Impact on the Inner Magnetosphere” Focus Group kicked off its inaugural year with two joint sessions (combined with the Midtail and Reconnection Focus Groups, with ~ 70 attendees), two panel-led “controversy” sessions (each with ~35 attendees), and one contributed session (~45 attendees). The over-arching theme of this year’s discussion was defining dipolarization, including how different scale-sizes relate and impact the magnetosphere. 
The panel on the “controversy sessions” consisted of R. McPherron, J. Birn, A. Runov, S. Ohtani, M. Sitnov, X. Li, R. Wolf. Through dialogue with each other and the audience, they addressed the following questions: 

1. How do you define dipolarization? 

2. Is there a difference between small- and large-scale dipolarization? 

a. If there is a difference, how do the two types compare/contrast?

b. If there is a difference, do the two types impact the inner magnetosphere differently? (Or similarly?)  Specifically, on injections/particles?

3. How are current models doing at modeling dipolarizations (small and/or large scale)? Should they be modeled differently? 

4. What key observations are required to constrain/test current models?

Definitions and Paradigms

Bob McPherron began by reminding us that the original definitions (in a 1972 Planetary and Space Science paper, and his 1979 paper) was “a return to dipolar orientation”. Using GEO spacecraft, they saw each onset causes an increase in magnetic field, or “dipolarization”—data that looks very similar to what THEMIS now presents around 10 RE. Baumjohann et al. [1999] later discussed the tailward moving dipolarization front that reaches the near-Earth neutral line distance downtail about 45 minutes after onset. This definition of the “dipolarization front” differs from the “front” discussed in Nakamura et al. [2002], Sitnov et al. [20??], and Runov et al. [2009; 2011], which is the earthward-propagating boundary between the ambient plasma sheet and the hot, tenuous plasma following reconnection. 

Andrei Runov expressed some regret at the word-choice, given that the terminology is now a bit confusing (not to mention the fact that a Google search will alter the search term to “depolarization”). To reduce this confusion, he suggested to change our way of thinking regarding the phenomenon. Instead of discussing magnetic field, total magnetic field elevation angle, etc., we should discuss the phenomenon in terms of currents. He pointed out that there are clearly two, distinct current systems. One, the substorm current wedge, is responsible for the global dipolarization. The other, a local current system generated in a high beta regime, supports the “dipolarization front”. This locally generated diamagnetic current flows on the boundary between rarefied, hot plasma coming from reconnection and compressed, colder plasma ahead of the front.

Runov also explained the difference between the “dipolarization front” and the “dipolarizing flux bundle”. The former is the sharp boundary (about one thermal ion gyroradius thin) separating two plasma populations, whereas the latter follows the front, lasting ~40-50 seconds, and is the region where the electric field enhances. Joachim Birn also included the caveat that these events have to be sufficiently fast, agreeing that they last on the order of minutes. Tying in the Baumjohann et al. tailward-propagating front with the transient earthward-propagating front, he expressed that the earthward-propagating dipolarization event piles up in the near-Earth, transition region. He agreed that the region of enhanced Bz behind the front is the dipolarizing flux bundle (DFB), but views the flow channel behind the DFB (where the magnetic field is not enhanced) as separate. Birn explained that there is a “snowplow effect” before the front, observed as in increase in pressure, but behind the front is reduced entropy. He pointed out that most people now see the transient, small-scale dipolarization and the global dipolarization as two different stages of the same thing. 
Misha Sitnov shared his observation that we usually pay attention to the final result of the process that occurs within ~9 RE, what he referred to as “substorm scale dipolarizations” lasting ~20-60 minutes. However, he noted, similar structures are seen by MMS at 25 RE. THEMIS has even observed the tailward-retreating front expanding all the way to lunar distances.  Sitnov’s expressed his opinion that the conversation surrounding “dipolarization” is semantics; meaning, it is simply some way that the field becomes more dipolar. The method could be a front, a DFB, a substorm, or something completely different. Because the inner magnetosphere has such a large background magnetic field, he pointed out that the phenomenon is more pronounced in the particles. 

Xinlin Li shared a similar view, pointing out that one can model the dispersionless injection associated with dipolarization in order to infer information about the dipolarization. Models allow for making the dipolarized region narrow or wide in order to fit the dispersion observed in injections.

Shin Ohtani expressed that in the past, dipolarization was a very simple concept that simply explained that the magnetic field went from a more stretched state to a more dipolar state. He explained that using the auroral definition [e.g., Akasofu 1972; Friedrick 2001], tail stretching and ensuing dipolarization was observed as the poleward boundary moving equatorward, then expanding poleward. The magnetic field at the equator increases sharply close to Earth, then gradually farther out. 
Ohtani also pointed out the conundrum of the term “dipolarization” in the near-Earth region where the intense ring current contributes to a field that is “more dipolar” than a dipole. In essence, it is strange to call something “dipolarization” when the field becomes stronger than a dipole. Continuing the topic of conundrums, and perhaps similar to points made about semantics, Ohtani expressed that it is difficult to demarcate between scale sizes: there is no clear line between “large” and “small”. On the extreme “large scale”, we have sawtooth events, which are larger than the substorm dipolarization for example. His preference, therefore, is to use “substorm” as part of the definition when discussing dipolarization. The original definition was a substorm-related reconfiguration of the near-Earth magnetic field, and thus a change in tail current which appears in the ionosphere and which forms the substorm current wedge. 
Dick Wolf, on the other hand, agreed with Birn’s analysis and distinguished between two stages in the dipolarization process. He pointed out that if the ionosphere is perfectly conducting (such that the field-line feet are fixed), a localized, depleted flux tube will come to rest in a shortened form. It will have a different shape from the background, a downward parallel current on the eastside and upward on the westside. The equatorial motion involves just an induction electric field which doesn’t map to the ionospohere. However, if the collapse is narrow across Y and conductance is finite, then parallel current leads to westward potential electric field in the ionosphere and in the equatorial plane. The ionospheric food points move equatorward, and the equatorial crossing point moves earthward. The depleted flux bubbles take the same shape as the background. The time-integrated potential electric field is typically at least as big as the time-integrated inductive electric field. The currents map to the sides of the narrow channel in the ionosphere, and an intense potential electric field exists in the channel. This process would not work for a wide injection, as the currents would map to widely separated spots in the ionosphere. This would not result in an intense potential electric field, and therefore no strong flows. 
Entropy and Bubbles

Matina Gkioulidou brought up the question of entropy and how it plays a role in bubble formation and propagation. Wolf explained that although you cannot measure entropy directly, it can still be the agent behind the physics. Ohtani shared that he was against any definition based on physics (e.g., referring to the small-scale dipolarizations as entropy “bubbles”). In such cases that the physics behind the phenomenon is later discovered to be different, the field would be stuck with an incorrectly named process. Instead, he advocated to defining phenomena based on morphology (what it looks like in the data), after which the physics can be discussed. 
Runov explained that he did try to address it with observations. Using Wolf’s formula for the entropy function, he found it significantly dropped behind the front. The physics is there; however, because he could not obtain concrete numbers, the study did not progress past reviewers. The conversation opened up to the idea, though, that there may be away to estimate it using multi-spacecraft data combined with models. The idea is to translate to the language of local forces (i.e., Li et al., 2011). From their work, the DFB was clearly propelled earthward by curvature force, stopping when the gradient of total pressure became comparable to the magnetic tension force. Vassilis Angelopoulos pointed out that the entropy description allows us to estimate a final state given the initial state, but it doesn’t describe the forces (as the force balance does). 
Misha Sitnov slightly disagreed, saying that most processes are driven by interchange such that reconnection ends up as the final point, after interchange instability. Mike Wiltberger disagreed, stating that his model shows reconnection occurring first. 

The Relationship between Scale Sizes
We then shifted the topic of conversation to the relationship between scale sizes: how do they fit together? Do multiple DFBs make the large-scale, global dipolarization?
Shin Ohtani started us off by pointing to Tanskanen et al. [2002] and Akasofu [2013]. From these works, he believes that 10,000 BBFs are required to compile the energy of the substorm—meaning, the large-scale morphology cannot be simply the compilation of multiple BBFs. Angelopoulos questioned whether or not Akasofu included the thermal energy in his calculation, a question that was followed by Joachim Birn who explained that the major energy source is in the thermal speed, not flow speed. In that case, the accumulation of multiple BBFs/DFBs should suffice. McPherron agreed that his favorite idea is a cumulative effect. Sitnov, on the other hand, stated that dipolarization fronts have no relation to substorms, and that substorms have no relation to storms. 

Runov emphasized his earlier point that we are dealing with two sub-systems, or two distinct plasma regimes. What happens in the magnetotail regarding dipolarization fronts may or may not be created by reconnection, it doesn’t matter so much as the fact that it is a high beta regime. Time scales are different than in the low beta regime. In the high beta regime, transient structures are supported. These are connected to a local current system, which propagate earthwards, create field-aligned currents, and connect to a low beta region. The major deposit of energy goes to heating of the local, ambient plasma. The VxB channel accelerates particles around it, which builds localized pressure inside, providing field-aligned current and connecting the low beta regime to the high beta regime. 

Runov further explained that when these processes power enough to create a sustained system—and the ionosphere is responsive—then global dipolarization happens. If it isn’t powerful enough, or the ionosphere is not responsive, then global dipolarization does not happen. Pointing to Mercury as an example of a planet with transient dipolarizations but no substorms nor sustained dipolarization, he suggested that the low beta regime is not involved because there is no ionosphere to maintain the current system. Meanwhile, at Earth, each DFB twists flux tubes and creates field-aligned current that the ionosphere then maintains even after the DFB is gone. This allows the time response to be much longer than the actual DFB’s lifetime. 

Ryan Dewey explained that currents close through Mercury’s conducting core, not an ionosphere. Runov asked him if he knew why dipolarizations occur in Mercury’s post-midnight sector, because at Earth they start in the pre-midnight sector. Dewey explained that the running hypothesis is that the higher concentration of sodium on Mercury’s duskside could affect local reconnection rates, modifying the asymmetry.  

McPherron explained that he used to think the substorm current wedge originated at the X-line. However, no current wedges form on the dayside—even though there is dayside reconnection—which is evidence that flow bursts are an essential feature. He pointed out that in his MHD simulation, he only saw two flow bursts coming in. This opened discussion on the fact that during a substorm, there are 2-3, sometimes up to 6, flow bursts, and that only 2-3 are enough for flux to build up. Runov, in response, underscored that the effect could be cumulative, BUT it has to be more than that. The process must include the currents, which will sustain the build-up. 

Because most flows do not make it in to geosynchronous orbit, Ohtani was still uncomfortable with the idea. Citing Pulkkinen [1992] and Kaufmann [1987], he pointed out that most current enhancement occurs within 10 RE. Therefore, the current must somehow intensify just outside GEO…how? McPherron suggested that as the magnetic field strength goes up, the flow velocity decreases to below instrument measurement levels. 
Unconvinced, Ohtani pointed to his 2006 paper that demonstrated the magnetic field at geosynchronous orbit can continue to be stretched even though Geotail observed the flow at large distances. He concluded that the magnetic field measured at GEO by GOES is determined by a more global current system. For example, in a psuedobreakup, Geotail observed the dipolarization front and fast earthward flow. Meanwhile, at GOES, the magnetic field became more stretched. Then, after substorm onset, there was dipolarization. He therefore sees localized and large-scale dipolarizations as completely different events that may have no physical connection. 

This concluded Session 1.

Session 2

We began session 2 by recapping session 1, and answering an audience question about bursty bulk flows (BBFs). Angelopoulos explained that they are fast flows lasting over ten minutes with a series of distinct dipolarizations and dawn-dusk Ey. He also explained that the most efficient flux transport occurs as the DFB (75% within the BBFs). Runov further detailed the BBFs by saying that many observations have shown the cross-scale structure of the DFBs are only one to a few RE wide. In terms of plasma physics, that’s a few tens ion inertial lengths. Along with them, Christine Gabrielse answered a question that yes, electrons could be transported all the way from the reconnection region, although ions have different drift motions. Drew Turner expressed that all of these terms are related to the small-scale. 
Using ground magnetograms, McPherron obtained substorm parameters, such as that it can expand East and West. The difficulty is that you must know the onset time in order to do the inversion. Plus, you’re looking at changes on the ground, which is an indirect observation. If the onset is isolated, it is easier to accomplish. 
Entropy Part II
The discussion about entropy and how models deal with it resurfaced at this point. Sitnov shared his opinion that in a global simulation with a boundary, entropy is stable—it is decreasing with R—which makes it different than reality. Birn explained that when you compress the tail and assume some closed field boundary, you get flux tubes. 

Don Mitchell shared that the phenomenology is similar at Saturn, which doesn’t depend on reconnection. The field is stretched by a different mechanism. In that case, whatever preconditions the system is less important than how the system reacts to the configuration. 

Sitnov’s thought is that for small-scale fronts and related processes, we need to understand the source region or mechanism (such as reconnection), which can only be simulated with kinetic codes. He stresses that with MMS, it is prime time to understand what causes this ideal process that releases the stresses in the magnetotail. Although he is uncertain that we have a model that can accomplish this, he feels we have enough data to empirically put the substorm sequence together. We are now asking ourselves: What happens to dipolarization fronts when they penetrate the inner magnetosphere? No equilibrium model exists in the inner magnetosphere, so we rely on Wolf’s ring current model and the quasi-static approximation. This works very well in the inner magnetosphere, and MHD works well in the tail; however, we are lacking a robust description for the transition region. One suggested solution is to utilize hybrid models, which can take energy-dependent drifts into account. 
It was then pointed out that San Lu is using a hybrid code that is coupled to the transition region using PIC code, which is used to model ~7-10 RE. (However, it doesn’t go farther in than that.) The resolution is as high as the computers can take. 

Sitnov then suggested we compare one global, one hybrid, and one PIC model for the same event to see if the resolution is enough. Anton Artemyev shared that hybrid models produce the current sheet better than kinetic models, because kinetic models are stationary. The problem is the boundary conditions: if the initial state is not correct, the model cannot produce the system’s evolution. He also reminded the audience that there is no such thing as a good or bad model…but good or bad questions to ask the model. 

Ohtani shared that the question we should ask is whether we can have a substorm without the ionosphere? He reminded us that before the THEMIS era, substorms were called “the two-minute problem” because the resolution of observations allowed for a two minute window of uncertainty. This window of uncertainty is what gave rise to the in-out vs. out-in interpretation of the onset phenomenology. Because of the ionosphere’s importance in this, he asked whether we include the ionospheric effect well enough? What aspect(s) are we missing? How do we associate what we see in the auroral images with phenomena in the tail? 
Wolf answered the first question by explaining that we cannot neglect the ionosphere: it’s an active participant in the process. He also agreed with earlier points that no one model can get everything correct. McPherron agreed, pointing out from his model that conductance is essential for substorms: if conductivity is increased, bubbles can make it farther earthward. 

Eric Donovan shared that as far as modeling goes, one thing that is troubling is that the simulation movies are so different than what he observes in the ionosphere. His perspective is that the movies (with all the fast flows, bubbles, and DFBs) are what happen AFTER the expansion phase occurs in the ionosphere. Learning how to reconcile what the simulations show with the 2D picture from the ionosphere is something that we should take very seriously. For instance, the simulations look very chaotic. However, in the late growth phase, things are very ordered…auroral arcs are very clear. He therefore does not see how BBFs, flux bundles, DFBs, etc. can be causal for the onset in the inner magnetosphere.

Donovan suggested that we make maps of the magnetospheric models in the ionosphere. What would the diffuse aurora look like in the ionosphere? What would the proton aurora be doing? Then compare with the data. He also suggested that a mission with 50 spacecraft in the nightside transition region between 6-12 RE, similarly distributed, would provide the better fidelity required to explore what is really happening. 

Runov shared that what he would like to see is an increased fleet of low-orbiting spacecraft equipped with high energy particle detectors and better magnetometers. These would remove the need to remote sense the magnetic configuration. This could be very powerful, but we would require auroral observations to assist with the models in order to complete a comprehensive picture. 
To address the question of, “Is the auroral observation an ionospheric source or a magnetospheric source,” Drew Turner suggested conjugate imagers in the Northern and Southern hemispheres. Donovan followed up by stressing that our field has really undervalued imaging. We are willing to spend millions on satellite missions, but balk at spending money on imagers.

In the spirit of forward-looking ideas, Ohtani shared that it would be great to have an EM imager: low energy, stereo imaging. The ENA image could look at the change of topology with the flux enhancement. 
Contributed Talks
We had ten contributed talks that discussed dipolarization and its effect on the inner magnetosphere.

1. Sheng Tian presented on “Poynting flux at the PSBL in conjunction with the ground aurora: dipolarization at L~6”. He created a new mapping perspective using a vertical and a horizontal box, where the vertical box maps to the PSBL while the horizontal box maps to the equator. He showed that the dipolarization front correlates to poynting flux in the PSBL which mapped to the ionosphere where aurora was observed. Enhancement of ion outflow occurred right after the increase in poynting flux. 
2. Grant Stephens presented on “Magnetotail thinning and dipolarization during substorms: Empirical picture”, using an empirical model (TS07D). He replaced uniform equatorial current sheet thickness with multiple current sheets of differing thicknesses to reproduce current sheet thinning in the growth phase. He also utilized a new field aligned current description to reproduce the Harang reversal, which proved to be critical to reproducing the substorm dipolarization. The model is not a statistical average, but a statistical average for specific events.

3. Katie Garcia-Sage presented on “Global MHD Simulations in the context of Magnetotail Stability Theory”. She showed that a ridge or “hump” in Bz could form downtail, which could be interchange unstable. The ridge corresponds to fast flows at the flanks, and remains stable for a long time before going unstable. She showed that distant reconnection causes flows which break around -20 RE. On average, she sees a nice, smooth entropy profile downtail, but gets a high Cd ridge sitting at the velocity convergence. This builds up in what she calls the “flow braking region”, which is at -25 RE (not at -12 RE where we typically think of flow braking).

4. Don Mitchell presented on “Ion injections inside geosynchronous orbit: charge- (not mass) dependent (quasi-) adiabatic acceleration”.  He found that all ion species were being energized by the same process (adiabatically). A 180 keV O ion behaves like a 180 keV H ion. The energy gain of the O6+ particles is six times that of a singly charged ion.  
5. Kareem Sorathia presented “Ion Transport and Acceleration at Dipolarization Fronts: High-Resolution MHD – Test-Particle Simulations”. Using Mike Wiltberger’s LFM simulation, he followed particles in a convection surge (an increase in earthward flow/azimuthal EY). The inverse magnetic field gradients associated with a localized dipolarization front form magnetic islands that can trap ions in their guiding center trajectories. This trapping enables ions to propagate earthward. When he traced many particles, a core group remained at 90 degrees, even though many were pitch angle scattered. These would be able to continue traveling earthward with the front. Looking at the phase space density evolution, he saw a transition to a kappa distribution. 

6. Tetsuo Motoba presented on “Response of energetic particles to dipolarization with GEO”. He discussed whether large/impulsive dipolarization electric fields are necessary for particle injections. In observations, these fields are azimuthally localized, and range from a few mV/m to tens of mV/m. 

7. Andrei Runov discussed “Ion distributions within dipolarizing flux bundles (DFBs) in the near-Earth plasma sheet and the tail-dipole transition region”. Using THEMIS event studies, PIC simulations, Test Particle Modeling and, he discussed how ion injections associated with DFBs may provide a free energy source for the EMIC and MS wave excitation in the inner magnetosphere because DFBs may bring 90 degree anisotropic distributions into the inner magnetosphere.
8. Yiqun Yu discussed “Effects of bursty bulk flows on large-scale current systems”. She coupled MHD with ionosphere and ring current using BATSRUS, RCM, and RIM to plot field aligned current patterns. As BBFs break around -10 RE, vortices emerge in pairs on the edge of the breaking region (type 1) and in the inner magnetosphere (type 2), connecting to the substorm current wedge. BBFs continually impinge on the dipolar region and brake, disturbing the pressure distribution and field aligned currents. A new ring current is created as a result of multiple localized BBFs. 

9. Xiangning Chu discussed “Magnetotail flux accumulation leading to auroral expansion and substorm current wedge: A case study”. Because pressure gradient and flux tube volume are hard to obtain from in-situ observations, the SCW cannot be obtained from spacecraft. He explained that the substorm current wedge is generated by accumulated flux from the dipolarized magnetic field lines, which causes poleward expansion. Flow braking and diversion can bend field lines and generate field aligned currents. 

10. Eric Donovan presented his view, in response to the earlier discussion, that it is an instability—not flux pile-up—which causes auroral brightening. 

Joint Sessions with “Magnetic Reconnection in the Magnetosphere” and “Tail Environment and Dynamics at Lunar Distances” FGs

The “Magnetic Reconnection in the Magnetosphere” focus group joined with the “Tail Environment and Dynamics at Lunar Distances” and “Magnetotail Dipolarization and Its Effects on the Inner Magnetosphere” FGs on Monday afternoon at GEM this year (06/19/2017). These two joint sessions encouraged cross-focus group interaction, and open ended discussion on the topics including the onset of tail reconnection, the role of cross-tail instabilities, the difference between the tailward and earthward reconnection jets/flux bundles, the interaction of dipolarization fronts with ambient plasmas. There were approximately 70 attendees in these two joint sessions.

Vassilis Angelopoulos kicked off the first session with a tutorial talk. Vassilis provided a broad view of the observation and modeling of the nightside phenomena and substorms. Topics include the ionospheric signature, substorm current wedge (SCW), near-Earth-neutral line, current disruption versus reconnection models, external-driven versus spontaneous onset, dipolarization fronts, bursty-bulk flows (BBFs). In particular, Vassilis challenged global modelers for a quantitative assessment of the rate and intensity of BBFs, which brought up discussion on the time-scale difference of BBFs and SCW. At the end of his talk, Vassilis suggested the idea of employing neural networks, to conjoint statistics of occurrence rates and characteristics from multi-mission datasets.

Misha Sitnov described the internally driven (aka spontaneous) onset of magnetotail reconnection, which is only possible - in the case of electrons magnetized initially by the normal magnetic field - when that field has a region with a tailward gradient. 3D PIC simulations of the corresponding ion tearing instability show that its distinctive features are: 1) spontaneously generated earthward plasma flows that precede the topology change, 2) new Hall pattern, opposite to the classical quadrupole pattern near the X-line; 3) new dissipation region (j*E’>0) at the dipolarization front that may form before the X-line electron dissipation region.”

Heli Hietala presented ARTEMIS two-spacecraft observations of reconnection in the presence of density asymmetry in the lunar distance magnetotail. The observations also indicate the reconnection flow channel had a finite width, of the order of 5 Earth radii.

Andrei Runov discussed kinetic properties of earthward-contracting dipolarizing flux bundles (DFBs) observed by THEMIS in the near-Earth tail and tailward progressing rapid flux transport  (RFTs) enhancements observed by THEMIS in the near-tail and by ARTEMIS at lunar orbit, respectively. The DFBs and RFTs are considered as earthward and tailward ejecta from near-Earth reconnection. It was shown that whereas DFBs interacts with near-tail plasma populations and particles within DFBs gain energy from the increasing magnetic field, the RFT particles do not interact with ambient field and plasma and keep the energy gained during reconnection. The plasma state within RFTs is close to isothermal.

Joachim Birn presented a comparison of ion distributions earthward and tailward of the reconnection site, obtained by a combined MHD/test particle approach. While ions on the earthward side might experience multiple, Fermi or betatron-like, acceleration, leading to multiple beams and ring-like distributions, ions on the tailward side experience only single direct acceleration, adding a beam to an unperturbed population.

The GEM-style forum successfully stimulated active discussions between the presenters and audience, including Bob McPherron, Mostafa El Alaoui, Eric Donovan, Matina Gkioulidou, San Lu, Xiangning Chu, Chih-Ping Wang, Drew Turner, Christine Gabrielse et al.

