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Abstract 10 

In magnetospheric physics, the substorm development, understood as the forming of explosive 11 

release of energy from Earth’s magnetotail into the ionosphere and the near magnetosphere, is a 12 

subject of long-standing scientific debates. Yet, despite obvious progress, the emergence of a 13 

substorm demonstrates some effects that cannot be easily interpreted based on the existing 14 

observational and analytical models. These effects are frequently referred to as "controversies," 15 

as they can support entirely opposing physical frameworks. In this report, some well-known 16 

controversies are discussed in the light of possible resolution based on the thermodynamical 17 

model of conserved energy links. 18 

 19 

 20 

1. Introduction 21 

Models serve as the foundational architecture in understanding magnetospheric substorms, so the 22 

close attention to the controversies appearing in substorm’s development (Song and Lysak, 23 

2023) is easily explained. In this sense, while classical substorm models such as NENL and CD 24 

have historically provided robust explanatory power, some empirical evidences still cannot be 25 

intuitively clarified by the traditional analytical reasonings.  26 

This paper proposes a relatively new thermodynamic framework to critically examine the known 27 

controverses and suggest the way of their resolution. Ultimately, this analysis discusses the 28 

consensus platform to reconcile the theoretical and experimental findings and provide a more 29 

cohesive understanding the substorm’s mechanism (Alberti et al, 2022). 30 

 31 

2. Data and methods 32 

This communication does not provide the detailed description of the data, restricting the text by 33 

general referencing to the existence of established empirical relations collected for years from 34 

the ground and satellite archives.  35 

The theoretical methodology is a thermodynamical framework featuring the conserved energy 36 

links (CEL) model, which assumes an infinite number of bidirectional channels between the 37 

magnetotail taken as an open thermodynamic system (OTS) and its environment adopted to 38 

magnetospheric conditions (Moldavanov, 2024; Moldavanov, 2025). 39 

 40 

3. Results 41 

1. The Energy Threshold Paradox. Traditional theoretical models assume that a substorm 42 

expansion phase triggers when the total magnetic flux or total energy accumulated in the 43 

magnetotail crosses a specific threshold. However, observations show that it is not perfectly true. 44 

Even when solar wind (SW) energy input varies by an order of magnitude, the average growth 45 
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phase signatures for small and large substorms remain remarkably similar (Ren et al., 2026; 46 

Chen et al., 2022). So, possibly, the other discriminating factor should be considered. 47 

Resolution: CEL dictates that at continuous circulation of energy through the infinite network of 48 

sources and sinks the trigger mechanism shifts from a localized state transition to a global 49 

thermodynamic one. As a result, the growth-expansion transition is controlled by the system 50 

energy rate y, not the total system energy E accumulated in the magnetotail. So, substorm’s 51 

expansion starts if y > yF, where yF is the threshold rate of energy exchange.  52 

2. “Domino” Sequence Paradox. Up until recently, the space physics community was split into 53 

two parts regarding where a substorm originates in the magnetotail: in the mid-tail area ∼ 54 

20−30𝑅𝐸 away from the Earth (NENL model), or in the near-tail area ∼ 8−12𝑅𝐸 away from the 55 

Earth (CD model). At that, traditional models treated the magnetosphere like a series of physical 56 

phenomena that activated one after another like failed dominoes. So, a simple question to come 57 

is which domino falls first (Mahr, 2022; Wang, 2026)? 58 

Resolution: CEL completely flips above perspective by treating the entire geomagnetic tail as a 59 

single open thermodynamic system (OTS). CEL treats the mid-tail reconnection region and the 60 

near-Earth current sheet as not the physically separated independent regions but as the different 61 

stochastic manifestations within the same global energy infrastructure. So, the correct answer to 62 

the above “domino” question is that both dominos fall at the same time, meaning that a substorm 63 

as a system-wide thermodynamic collapse provides support for all responses simultaneously 64 

(Wang, 2026). 65 

3. The Storm-Substorm Relationship Paradox. Intense substorms inject energetic particles into 66 

the inner magnetosphere, driving the ring current that forms a geomagnetic storm. Yet, 67 

substorms can also occur when the ring current is entirely quiet, proving that substorms do not 68 

require a storm to exist. So, the question is about the existence of any logical relationship 69 

between the appearance of a storm and a substorm? (Akasofu, 1964; Kamide, 1992). 70 

Resolution: Rather than treating storms and substorms as entirely independent events, the CEL 71 

framework views them as concurrent, system-driven indicators of energy evolution in OTS 72 

(magnetotail) where focus shifts from localized to global thermodynamics. Then, the 73 

intercoupling between the magnetotail's inherent structural factors and the raw incoming energy 74 

flux from SW can produce different time-spatial forms of magnetospheric activity simultaneously 75 

including both storms and substorms (Alberti et al, 2022).  76 

4. The Steady Magnetospheric Convection Paradox. Under prolonged intervals of southward-77 

directed interplanetary magnetic field, the magnetosphere absorbs a continuous supply of SW 78 

energy. Typical substorms theory affirms that this regime should trigger explosive featuring 79 

cyclic substorms to release the stress. However, instead of that, the system can enter a state of 80 

steady magnetospheric convection (SMC) dissipating energy continuously and smoothly without 81 

ever triggering a substorm (Sergeev, 1988).  82 

Resolution: This paradox can be easily explained within the CEL framework, wherein, in 83 

accordance with the above, the system is capable of explosive-like response only if the total 84 

energy rate y > yF, regardless of the accumulated total energy. In this case, the only regime 85 

available for the OTS is the convectional one, i.e., the SMC. 86 

5. The Ionospheric Conductivity Paradox. It is known that during a growth phase the 87 

development of substorm demonstrates the prolonged periods when the energy flow inwards 88 

OTS exceeds the energy flow outwards OTS. In other words, even after the accumulation of a 89 

significant portion of energy (up to ~ 10¹⁶ joules), no gradual dissipation happens for nearly an 90 

hour. So, the question to come is whether the magnetotail as a system forces the ionosphere to 91 
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react in this way, or ionospheric feedback actively dictates the magnetosphere what to do 92 

(Erickson, 1980). 93 

Resolution: As was already highlighted, within the CEL framework, for the substorm onset to 94 

happen, the critical system condition y > yF should be met. On the other hand, ionospheric 95 

conductivity grows simultaneously with the growth of total rate y. As a result, the maximum 96 

conductivity occurs exactly at y = yF. From this standpoint, the magnetosphere forces the 97 

ionosphere to react as above, and at the same time, ionospheric plasma creates the most 98 

favorable conditions for a magnetospheric plasma to implement substorm breakup. 99 

6. The Continuous Transport vs. Explosive Onset Paradox. Standard MHD processes involve 100 

continuous magnetic flux transfer and gradual energy transport. This physical pattern, generally, 101 

fails to cleanly explain the sudden, explosive nature of the growth-expansion transition (auroral 102 

breakup) without invoking ad hoc external triggers (Akasofu, 2022). 103 

Resolution: CEL naturally accommodates all the gradual as well as sudden state changes, still 104 

presenting a solution in the continuous non-linear form. At the same time, there are 105 

accompanying discrete solutions in the form of a energy spectrum.                          106 

7. The Directly-Driven vs. Unloading Paradox. For decades, scientists debated whether 107 

substorms are entirely "directly driven" by SW or are an "unloading" process of stored energy. 108 

Observations paradoxically support both mechanisms happening concurrently (Sun, 1996). 109 

Resolution: As was already mentioned, CEL accepts and utilizes different energy forms. Because 110 

the tail is defined as OTS with an infinite number of external links and sinks, CEL can 111 

simultaneously process incoming external energy (directly driven) and accept the global internal 112 

configuration changes (unloading) without violating the global energy conservation laws. 113 

Ultimately, it also allows generation of both gradual and explosive-like energy outputs. 114 

8. The Nature of Energy Scaling and Discrete Energy Exchanges Paradox. Satellite observations 115 

regularly show discrete energy levels, or "quantized" modes of energy exchange, in macro-scale 116 

space plasmas, but classical magnetospheric cavity modes or field-line resonances (like Pc5 117 

range pulsations) could not completely explain their roots (Lysak, 2022).  118 

Resolution: CEL shows that energy exchange in space is naturally quantized into a discrete 119 

energy spectrum. This quantization is not caused by the boundaries of the magnetospheric cavity 120 

or field-line resonances but rather by the fundamental, process-based limitations imposed on the 121 

nature of energy exchange. 122 

 123 

4. Results/Discussion/Summary 124 

The conducted short comparison of experimental and theoretical data shows that the known 125 

substorm’s controversies can be resolved within thermodynamical framework of CEL. 126 
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