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Abstract Magnetic reconnection and turbulence are two fundamental processes in space plasma
environments. They are intricately coupled, driving energy transfer and conversion. Despite significant research
efforts, the development of turbulence within the reconnection diffusion region and its impact on the
reconnection process remain open questions. In this study, we analyze 16 magnetotail reconnection cases
observed by the Magnetospheric Multiscale (MMS) mission, focusing on the diffusion regions in the vicinity of
the X‐line. We find that turbulence tends to be stronger in diffusion regions with lower plasma density and
plasma beta. Turbulence can enhance the electron energization process in the diffusion region primarily through
electron heating. As turbulence intensifies, the continuous current layer of the diffusion region breaks into
fragmented currents, suggesting a transition from laminar to turbulent reconnection. Moreover, spectral breaks
between ion and electron cyclotron frequencies are consistently observed in magnetic and electric field
fluctuations within reconnecting current sheets, suggesting that such breaks may be a characteristic feature of
the reconnection process. These findings provide valuable insights into the development and role of turbulence
within the reconnection diffusion region.

Plain Language Summary Magnetic reconnection is a common process in space plasma
environments that releases magnetic energy, heating the plasma and accelerating particles. Turbulence, another
ubiquitous phenomenon, transfers energy from large to small scales. These two processes are often closely
related: reconnection occurs more readily in turbulent plasmas, facilitating energy cascade and dissipation;
meanwhile, turbulence can develop within the reconnecting current sheet and, in turn, influence the underlying
physical processes. In this study, we focus on how turbulence develops and affects the physical processes inside
the reconnection diffusion region. Our results show that turbulence develops more easily in the reconnecting
current sheet when the plasma density and plasma beta are lower. As turbulence increases, the current sheet of
the diffusion region breaks into tiny patchy currents. Moreover, turbulence can further enhance electron
energization within the diffusion region. We also find that spectral breaks between ion and electron cyclotron
frequencies are consistently observed in magnetic and electric field fluctuations within reconnecting current
sheets, suggesting that such breaks may be a characteristic feature of the reconnection process. These findings
help us better understand how magnetic reconnection and turbulence interact in the space plasma environment.

1. Introduction
Magnetic reconnection is a fundamental physical process that reconfigures the topology of magnetic field lines
and releases magnetic energy to heat plasmas and accelerate particles in space and astrophysical plasma envi-
ronments (Ji et al., 2022; Lu et al., 2022). The diffusion region is the most important region of magnetic
reconnection, in which the magnetic field lines “break” and “reconnect”, leading to the dissipation of the magnetic
energy. In collisionless plasma environments, the diffusion region is a multi‐scale structure comprising an ion
diffusion region (IDR) and an embedded electron diffusion region (EDR) (Fu et al., 2006; Hesse et al., 1999;
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Pritchett, 2001; Shay et al., 1998). The IDR thickness is on the ion‐scale leading to the decoupling of the
ions from the magnetic field lines. The relative motions between ions and electrons result in the Hall ef-
fects, which effectively increase the reconnection rate (Deng & Matsumoto, 2001; Lu et al., 2010; Ma &
Bhattacharjee, 2001; Oieroset et al., 2001; Wang et al., 2015, 2017). The EDR is an electron‐scale current layer
located around the X‐line where ion outflow reversal occurs. Inside the EDR, both the electrons and ions
are decoupled from magnetic fields. This region is always associated with intense energy conversion
rate and crescent‐shaped electron velocity distributions (Burch et al., 2016; Li et al., 2019; Shay et al., 2016;
Torbertet al., 2018; Wang, Lu, et al., 2020; Webster et al., 2018; Zenitani et al., 2011; Zhou et al., 2019a).

Recent observations, however, suggest that the structure of the EDR can be more complex. Sometimes, the EDRs
display bifurcation structures consisting of multiple current sub‐layers instead of an intact current layer (Cozzani
et al., 2021; Genestreti et al., 2022; Liu et al., 2013; Tang et al., 2022; Wang et al., 2023). More recently, our
previous observations show that the EDR could fragment into a 3D filamentary current network (Li, Wang, Lu,
et al., 2022). The complex structure of the EDR suggests that it has developed into a turbulent state. Several
possible mechanisms for such development of turbulence inside the EDR have been proposed, such as electron
Kelvin‐Helmholtz instability (Che & Zank, 2020; Huang et al., 2015), oblique tearing mode instability (Daughton
et al., 2011; Liu et al., 2013), electron current shear instability (Che et al., 2011; Fujimoto & Sydora, 2021), and
lower‐hybrid drift instability (Price et al., 2016). However, the development of turbulence within the electron
diffusion region (EDR) of magnetotail reconnection remains poorly understood. Moreover, a few case studies
suggest that more energetic electrons could be produced inside the turbulent diffusion region than in the laminar
diffusion region, indicating that the turbulence might promote the electron energization process inside the
diffusion region (Ergun et al., 2020; Ergun et al., 2018; Li,Wang, Lu, et al., 2022; Lu et al., 2023; Oka et al., 2022;
Qi et al., 2024). However, the relationship between turbulence intensity and electron energization remains un-
clear, and a statistical or multi‐case analysis is needed to explore how turbulence develops and influences the
particle energization process in the reconnection diffusion region.

In this study, we analyze observations of 16 reconnection diffusion regions around the X‐line. We systematically
investigate the plasma conditions, electron energization, and turbulence properties within diffusion regions with
varying turbulence intensities, aiming to shed light on the development of turbulence and its role in electron
energization within the reconnection diffusion region.

2. Data Set and Criteria for Case Selection
All the data used in this paper are collected by the Magnetospheric Multiscale (MMS) mission. The direct current
(DC) magnetic field data are measured by Flux Gate Magnetometer (FGM) with a time resolution of 16 Hz in
survey mode and 128 Hz in the burst mode (Russell et al., 2016). The alternating current (AC) magnetic field data
are obtained from Search‐Coil Magnetometer (SCM) at 8,192 samples per second in burst mode (Le Contel
et al., 2016). The electric field data are measured by the electric field double probe (EDP) with a time resolution of
128 Hz in survey mode and 8,192 Hz in burst mode (Ergun et al., 2016; Lindqvist et al., 2016). Energetic electron
data are obtained from Fly's Eye Energetic Particle Spectrometer (FEEPs), in which the time resolution is 150 ms
for electrons in burst mode (Blake et al., 2016; Mauk et al., 2016). The electron and ion moments data are taken
from Fast Plasma Investigation (FPI), and the time resolution is 30 ms (4.5 s) for electrons and 150 ms (4.5 s) for
ions in burst (survey) mode (Pollock et al., 2016). In the magnetotail, FPI measurements of both electrons and ions
have known limitations. For electrons, extremely low densities can degrade full‐moment estimates; therefore, we
use partial‐moment products for all electron moment data, which are designed to improve reliability in low‐
density environments such as the lobes. For ions, the dominant issue is the presence of substantial high‐energy
populations (>30 keV) outside the FPI energy range, which introduces large uncertainties in the derived ion
moments. Consequently, ion moment data are excluded from our statistical analysis.

We examine the data measured in the magnetotail current sheet from 01 May 2017 to 01 October 2022, and
identify the reconnecting current sheets based on the visual inspection of the data fromMMS1. The search process
is performed in the Geocentric Solar Ecliptic (GSE) coordinate system. This study mainly focuses on the diffusion
region near the X‐line (inside or near the EDR) with the following selection criteria: (a) a bipolar signature in the
ion bulk flowVi,x; (b) a corresponding reversal of reconnected magnetic fieldBz; (c) small magnitude of magnetic
field Bx and enhancements of current density around the reversal point of the Vi,x. The time interval of each
diffusion region around the X‐line is defined as the period between the maximum ∣Vi,x∣ values on both sides of the
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X‐line. Moreover, we also exclude events lacking burst‐mode data. Finally, a
total of 16 diffusion regions near the X‐line are identified and listed in
Table 1.

3. Case Study
Figure 1 shows three diffusion regions in the burst mode data. For each case,
panels (a–h) present: (a) electron energy spectrograms, (b) plasma density and
plasma beta, (c) magnetic field components, (d) ion bulk velocity, (e) electron
bulk velocity, (f) current density magnitude, (g) magnetic field fluctuations
δB, and (h) electron temperature (parallel and perpendicular). Cases 1 and 2
are displayed in the local current coordinate system (LMN). In case 1, the
LMN coordinate system is L = (0.971, 0.216, − 0.106), M = (− 0.234, 0.948,
− 0.215), N = (0.054, 0.233, 0.971) in GSE coordinate, consistent with those
in Torbert et al. (2018). The LMN coordinate system in case 2 is derived from
R. E Ergun et al. (2022), where L = (0.910, − 0.385, − 0.155), M = (0.415,
0.848, 0.331), N= (0.004, − 0.365, 0.931). The signal in Case 3 is sufficiently
clear in GSE coordinates, making transformation unnecessary, as also noted
in previous studies (X Li, Wang, Lu, et al., 2022).

In case 1, the ion bulk flow velocity Vi,L changes from tailward to earthward
(Figure 1d1), accompanied by the reversal of the reconnected magnetic field
BN from negative to positive (Figure 1c1), indicating that a retreating X‐line
is observed. At ∼22:34:03 UT, when the Vi,L and BN reverse, the magnetic
field BL is weak and the current density increases clearly (Figure 1f1), sug-
gesting that the MMS crosses a reconnecting current sheet close to the X‐line.
Namely, the EDR is encountered by the MMS (Torbert et al., 2018). The
enhanced current density displays a single peak (Figure 1e1), suggesting that
the current sheet is an intact and quasi‐laminar current layer.

In case 2, a retreating X‐line is also observed, but with a large retreating speed
of ∼− 200 km/s (Ergun et al., 2022; Tang et al., 2022). At around the reversal
point of Vi,L (Figure 1d2, relative to the retreat speed ∼− 200 km/s), the
magnetic field BL changes from negative to positive (Figure 1c2), and a clear

enhancement of current density is observed (Figure 1f2), indicating that the MMS encounters the EDR as well.
Compared to case 1, the current structure here is more complex, with several current peaks around the center of
the current sheet (Figure 1e2), suggesting the development of turbulence.

In case 3, current density enhancements (Figure 1f3) are also observed around the X‐line region, where the ion
outflowVi,X (Figure 1c3) changes from tailward to earthward (Li, Wang, Lu, et al., 2022). However, unlike cases
1 and 2, the current density profile does not display a coherent current‐layer structure. Instead, numerous current
spikes are observed (Figure 1e3), suggesting that the development of the turbulence has broken the current sheet
into a large number of fragmented currents. These fragmented structures likely form a three‐dimensional network
within the original sheet, indicating that turbulence has fully developed (Li, Wang, Huang, et al., 2022; Li, Wang,
Lu, et al., 2022). Non‐ideal electric fields are generated inside this fragmented current network (see Supporting
Information S1). Moreover, although a density peak is present at the center of the diffusion region (Figure 3b), the
overall density is significantly reduced compared to the plasma sheet (a zoomed‐out view is provided in the
Supporting Information S1). At the same time, the electron temperature is clearly enhanced. In combination, these
observations indicate that case 3 represents an active lobe reconnection event, and the diffusion region has fully
developed into a turbulent state.

The current sheet structures observed in these three cases can reflect the corresponding turbulence levels within
the diffusion region. In the quasi‐laminar region (weak turbulence), the current sheet remains an intact current
layer (e.g., Case 1). As turbulence develops, the current layer becomes more complex. With moderate turbulence,
the current sheet fragments into multiple sublayers (e.g., Case 2). With stronger turbulence, the current sheet
further fragments into numerous smaller current structures, forming a filamentary current network (e.g., Case 3).

Table 1
Summary of the 16 Reconnection Events Analyzed in This Study

Case Num. Interval (X‐line) Blobe [nT] Te0 [eV]

01 2017‐07‐11/22:33:30–22:34:30 14.4 798.9

02 2018‐08‐27/12:15:15–12:16:15 16.8 853.4

03 2017‐05‐28/03:58:00–03:59:00 21.4 1,755.3

04 2017‐06‐05/17:19:30–17:21:00 25.4 337.0

05 2017‐06‐19/09:40:00–09:46:00 19.5 1,040.5

06 2017‐07‐03/05:26:52–05:27:20 26.4 226.2

07 2017‐07‐06/15:46:20–15:47:40 19.1 306.0

08 2017‐07‐26/00:03:45–00:04:05 21.9 1,146.3

09 2017‐07‐26/07:28:00–07:29:15 18.6 1,196.8

10 2017‐08‐10/12:18:00–12:19:00 23.9 715.0

11 2018‐08‐27/11:40:50–11:42:05 18.7 853.5

12 2019‐09‐06/04:38:40–04:39:20 12.2 588.9

13 2020‐08‐02/16:55:00–17:15:00 14.9 785.5

14 2020‐08‐03/01:07:30–01:08:30 19.2 690.0

15 2020‐08‐26/23:00:40–23:01:40 19.9 304.1

16 2022‐07‐11/12:12:30–12:14:00 32.4 390.0

Note. Each row lists the event number, time interval around the X‐line
crossing, the root‐mean‐square magnetic fluctuation (δBrms), the estimated
lobe magnetic field strength (Blobe), and background electron temperature.
Some of them were first reported by previous studies. Case 1: (Torbert
et al., 2018); Case 2: (Tang et al., 2022); Case 3: (X. Li, Wang, Lu,
et al., 2022); Case 5: (Zhou, Man, et al., 2019); Case 6: (Chen et al., 2019);
Case 7: (ShanWang et al., 2019); Case 9: (R. E. Ergun et al., 2018); Case 10:
(Zhou, Deng, et al., 2019); Case 11: (W. Y. Li et al., 2021); Case 12: (Qi
et al., 2024); Some of these events can also be found in the event list of
another statistical study (Shan Wang et al., 2022).
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The perturbed magnetic field is always used to represent the turbulence intensity (Che et al., 2011; Ergun
et al., 2022). In this study, to quantify the complexity of current structures (or the intensity of turbulence) inside
the diffusion region, we calculate the root‐mean‐square of the disturbance magnetic field inside the diffusion
region:

δBrms =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
〈δB · δB〉DR

√

where δB = B − 〈B〉5s is the perturbations magnetic field with 5s detrending, and 〈⋯〉DR represents the average
value over the diffusion region around the X‐line (the durations are defined as the time interval between the peak
values of the bidirectional ion jets, as shown in Table 1). The values of δBrms effectively characterize the
complexity of current structures (or the turbulence intensity). For example, in the three cases discussed above,
δBrms values are 0.77, 1.24, and 3.15 nT, corresponding to three different types of diffusion regions: quasi‐
laminar, moderately turbulent, and strongly turbulent, respectively.

It should be noted that δBrms depends on the size of the detrending window, which is set to 5s in this work to
remove the background fluctuations larger than the ion‐scale (the average ion gyrofrequency in these cases is
about 0.1 Hz). Moreover, to enable comparison across different cases, we normalize the δBrms by the lobe
magnetic field strength Blobe. Here, Blobe is determined from the pressure balance by averaging the total pressure
inside the diffusion region and assuming negligible thermal pressure in the lobes. In the following sections, we use
δBrms/Blobe to denote the turbulence intensity inside the diffusion regions, and investigate the plasma conditions,
energetic electrons, and turbulence properties inside the diffusion regions with different turbulence intensities.

4. Multi‐Case Analysis
Figure 2 shows the plasma conditions inside the diffusion regions as listed in Table 1, and the colors of the data
points are proportional to the plasma density. The average plasma number density inside the diffusion region is
anti‐correlated to the δBrms/Blobe (Figure 2a), suggesting that the lower‐density diffusion regions tend to exhibit

Figure 1. Three typical diffusion region cases with different turbulence intensities. (a) Electron omnidirectional spectrogram. (b) Number density (black trace) and
plasma beta (yellow trace) (c) Magnetic field. (d) The ion bulk flows. (e) The electron bulk flows. (f) Current density. (g) Disturbance magnetic field with 5s detrending.
(h) Electron temperature.
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stronger turbulence. Since plasma density is important for understanding the development of turbulence during
magnetotail reconnection, it is shown in color in the plots. In addition, different symbols are used to distinguish
diffusion region types: regions with a coherent current‐layer structure (e.g., Cases 1 and 2) are shown as circles,
while those consisting of multiple filamentary currents (Case 3, Case 9, and Case 13) are marked by squares. This
convention is applied consistently in all subsequent figures.

A negative correlation is also established between the average plasma beta and the δBrms/Blobe (Figure 2b).
Namely, lower plasma beta is associated with higher turbulence intensity. Figures 2c and 2d show the re-
lationships between electron temperature (average temperature (Figure 2c) and maximum temperature

Figure 2. Plasma conditions in the diffusion region with different turbulence intensities. (a) Average number density at
different root‐mean‐squares of the disturbance magnetic field δBrms/Blobe. (b) Average plasma beta at different δBrms/Blobe.
(c) Average electron temperature at different δBrms/Blobe. (d) Maximum electron temperature at different δBrms/Blobe. The
magenta lines in each panel serve as a guiding line and not a fitting. Events with current enhancement but disrupted current‐
layer structure are marked by squares. The color denotes electron density. These markers and colors are used consistently in
the subsequent figures.

Figure 3. Electron temperature change in the diffusion region with different turbulence intensities. (a) Inflow region electron
temperature Te0 at different δBrms/Blobe. (b) Temperature change between inflow region and maximum values (Te,max − Te,0)
inside the diffusion region at different δBrms/Blobe.
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(Figure 2d)) and δBrms/Blobe. Both the average and maximum electron temperatures increase with the increase of
δBrms/Blobe. This trend indicates that electron heating is likely enhanced in diffusion regions with stronger
turbulence.

Alternatively, this trend may also be influenced by variations in the inflow temperature. To account for this effect,
we obtain the inflow electron temperature (Te0) for each event; for events without a direct inflow crossing, we use
the temperature from an adjacent current‐sheet crossing as a proxy (Table 1). As shown in Figure 3b, the positive
relationship is observed between (Te,max − Te0) and δBrms/Blobe, demonstrating that the higher electron tem-
peratures observed in strongly turbulent diffusion regions are primarily driven by turbulence‐enhanced heating,
rather than by hotter inflow electrons. The relationship between Te0 and δBrms/Blobe is relatively weak (Figure 3a),
which may result from our method of determining Te0 and the possible overestimation of Te0 in some cases, where
the Te0 is taken from an adjacent current‐sheet crossing. Nevertheless, it is worth noting that the range of Te0 is
relatively small (0.2–2 keV), whereas most Te,max values fall within 1–10 keV. Therefore, even if Te0 is slightly
overestimated, it does not significantly affect our main conclusion that (Te,max − Te0) increases with the tur-
bulence level (Figure 3b).

The energetic electrons in the diffusion region are also studied in this work, with each diffusion region represented
by an average of its electron phase space density (PSD) distribution. Figures 4a and 4b show the relations between
δBrms/Blobe and energetic electrons' PSDs at energies of 65 and 120 keV, respectively. A positive correlation is

Figure 4. Energetic electrons in the diffusion region with different turbulence intensities. (a, b) the relations between
δBrms/Blobe and energetic electrons' phase space densities (PSDs) at energies of 65 and 120 keV. (c) The relations between
δBrms/Blobe and power‐law indices of energetic electrons (50–200 keV). (d) The electron PSDs for case 1 and case 3. The
dashed lines represent the Maxwellian fits for the thermal electrons (green dashed line for case 1, blue dashed line for case
3), and the solid lines represent the power‐law fits for the non‐thermal electrons (green solid line for case 1, blue solid line
for case 3).
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observed between δBrms/Blobe and PSDs at each energy channel. Given that the number density is anti‐correlated
to the δBrms/Blobe, it should be concluded that the energetic electrons could be more easily generated in the
diffusion region with stronger turbulence intensity. Figure 4c shows the relationship between δBrms/Blobe and the
power‐law indices, which are obtained by fitting the power‐law function to the PSD of energetic electrons (50–
200 keV). The power‐law indices become softer as the δBrms/Blobe increases.

Finally, to study the turbulence properties of the diffusion regions, we calculate the power spectral density (PSD)
of both magnetic and electric fields using the Fast Fourier Transform (FFT) and apply a nine‐point moving
average in the frequency domain. The PSD of the magnetic field is derived by combining low‐frequency FGM
data (<2 Hz) and high‐frequency SCM data (>2 Hz), and the PSD of the electric field is obtained from EDP data.
Given that the spatial scales of diffusion regions are sub‐ion scale, we just focus on the PSDs within the frequency
range from ion gyrofrequency ( fci) to electron gyrofrequency ( fce).

Figures 5a and 5b show the PSDs for case 1 and case 3 as representative examples. Both the electric field and
magnetic field PSDs follow the double power‐law distribution, with a break (denoted by fb) observed between fci
and fce. This behavior is observed in all cases, except for the magnetic field PSD of Case 8, where the intense
waves with a broadband frequency range are observed. Case 8 will be investigated in future works and is therefore
not included in the following analysis of the spectral indices and the spectral break frequencies of the magnetic
and electric fields.

Figures 6a–6d present the relationships between δBrms/Blobe and the spectral indices of both the magnetic and
electric fields in the low‐frequency (<fb) and high‐frequency (>fb) ranges. In the low‐frequency range, the
spectral indices of the magnetic field vary from − 2.4 to − 1.5, with an average value of about − 1.9. In the high‐
frequency (>fb) range, the indices range from − 4.0 to − 2.8, with an average of − 3.3. For the electric field, the
spectral indices are always shallower than those of the magnetic field. In the low‐frequency range, the indices
range from − 1.4 to − 0.5, and the average value is − 0.9. In the high‐frequency range, the indices range from − 3.4
to − 2.0 with an average value of − 2.6. The magnetic spectra seem to steepen with increasing turbulence, whereas
this trend is not evident in the electric field spectra.

Figure 7 explores the relationship between the magnetic spectral break frequency fb and the normalized turbulence
intensity δBrms/Blobe. In Figure 7a, a weak positive trend between fb and δBrms/Blobe is visible. Since the observed
spectral breaks fall between the ion cyclotron frequency ( fci) and the electron cyclotron frequency ( fci), we test
whether fb is associated with any nearby characteristic plasma frequencies. Specifically, we normalized fb by three
characteristic plasma frequencies: the ion cyclotron frequency ( fci), the lower‐hybrid drift frequency ( flh), and the
ion plasma frequency ( fpi), as shown in Figures 7b–7d. In all three cases, the normalized break frequencies span
nearly two orders of magnitude without clear clustering. This suggests that the spectral break is not uniquely
associated with any of these characteristic frequencies. On the other hand, even after normalization, the break
frequency still tends to increase with stronger turbulence, suggesting that the spectral break may be more closely
related to the turbulence intensity than to any specific characteristic plasma frequency.

Figure 5. Example of magnetic and electric field power spectral density. (a, b) PSDs of the magnetic field and electric field
for case 1 and case 3.
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Similarly, Figure 8 examines the relationship between the electric field spectral break frequency and the δBrms/
Blobe. As shown in Figure 8a, a weak increasing trend is also observed, similar to the trend found in the magnetic
field. The normalized break frequencies, shown in Figures 8b–8d, remain widely scattered across nearly two
orders of magnitude, again showing no clear clustering around the characteristic plasma frequencies. Compared to
the magnetic field, the break frequencies in the electric field spectra tend to appear at slightly higher values,
suggesting that the two fields may reflect different aspects of the turbulent cascade or respond differently to small‐
scale dynamics.

5. Discussion and Conclusions
Generally, reconnection in the terrestrial magnetotail current sheet is thought to initiate within the plasma sheet,
characterized by dense plasma. As reconnection progresses, the dense plasma is gradually depleted, and the
tenuous lobe plasma starts to flow in (Baker et al., 2002; Ergun et al., 2022; Oka et al., 2022). This process is
referred to as the transition from the plasma‐sheet reconnection phase to the tail‐lobe reconnection phase. In this
work, we find that the turbulence intensity increases as the plasma density decreases inside the diffusion region,
suggesting that the turbulence is more likely to develop and intensify in the diffusion region during the tail‐lobe
reconnection phase, where the plasma is more tenuous. Namely, the transition from plasma‐sheet reconnection to
tail‐lobe reconnection should be accompanied by the development and intensification of turbulence, which may in
turn accelerate the process of plasma depletion, facilitating the progression of this transition (Ergun et al., 2020;
Lu et al., 2025; Sega & Ergun, 2024). Moreover, in the low‐density conditions, the characteristic Alfven speed is
higher for a given magnetic field strength, resulting in faster reconnection‐related flows and stronger velocity
shears, which are more susceptible to instability and the development of turbulence (Carter et al., 2001; Daughton
et al., 2011).

In parallel, our observations also reveal an anti‐correlation between plasma beta and the turbulence intensity
inside the reconnection diffusion region. Since plasma beta also tends to decrease with decreasing density (even
though the temperature may increase), this relationship may similarly reflect the plasma sheet to tail‐lobe tran-
sition. On the other hand, low plasma beta conditions themselves may inherently strengthen turbulence devel-
opment. In such conditions, where magnetic pressure exceeds plasma pressure, the current sheet tends to thin

Figure 6. The relationships between δBrms/Blobe and spectral indices of both the magnetic and electric fields. (a, c) show the
magnetic field spectral indices in the low‐ (<fb) and high‐frequency (>fb) ranges, respectively, while (b, d) show the electric
field spectral indices in the corresponding frequency ranges.
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more readily, enhancing the growth of various instabilities such as tearing modes, lower‐hybrid drift waves, and
other current‐driven turbulence, thereby facilitating the development of turbulence inside the reconnecting cur-
rent sheet (Daughton et al., 2011; Schoeffler et al., 2011; Stawarz et al., 2024; Yoon et al., 2024).

It remains unclear whether plasma density or plasma beta plays the dominant role in driving turbulence. Since
both of them decrease during the transition from plasma sheet to tail‐lobe reconnection and are theoretically
linked to turbulence generation, their effects are difficult to separate. Our data set of 16 events does not allow
independent control of these variables. Future studies, particularly using simulations or larger observational
samples, are needed to clarify their individual contributions.

A positive correlation between the energetic electron fluxes and turbulence intensity is established, indicating that
the turbulence could effectively enhance electron energization within the diffusion region. However, contrary to
the general understanding that the power‐law index typically hardens as electrons are gradually accelerated, we
find that with the increasing turbulence strength and the production of more energetic electrons, the power‐law
indices of the energetic electron population become softer. A similar trend has also been reported in a recent case
study paper (Oka et al., 2022). One possible explanation is that in turbulent diffusion regions, stochastic scattering
broadens the energy distribution leading to an increase in the thermal electron population. Our observations show
that both the electron temperature and its enhancements are higher in the diffusion region with stronger turbulence
(Figures 2c, 2d and 3), suggesting that the energy conversion process is primarily manifested as heating rather
than direct acceleration inside the diffusion region with strong turbulence.

Figure 7. The relationship between the magnetic spectral break frequency and turbulence intensity. (a) Break frequency
without normalization. (b–d) Break frequency normalized by the ion cyclotron frequency ( fci), the lower‐hybrid drift
frequency ( flh), and the ion plasma frequency ( fpi), respectively.
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For instance, Figure 4d compares the electron phase space densities (PSDs) in Case 1 (a quasi‐laminar diffusion
region, with an electron temperature of approximately 0.97 keV) and Case 3 (a strongly turbulent diffusion re-
gion, with an electron temperature of 6.0 keV). The higher temperature in Case 3 broadens the energy distribution
and results in the enhancement of the energetic electron flux. But the power‐law index is softer in Case 3 than in
Case 1. This finding aligns with a previous study about the relationship between energetic electron fluxes and
power‐law indices in the magnetotail reconnection (Zhou et al., 2016). Combining the relationships between
turbulence intensity and energetic electron flux, power law index, and temperature, it should be concluded that
strong turbulence could effectively enhance electron energization inside the diffusion region, primarily through
electron heating rather than direct acceleration.

To further understand the nature of turbulence within the reconnection diffusion regions, we analyze the PSDs of
both magnetic and electric fields across the frequency range from ion gyrofrequency ( fci) to the electron gyro-
frequency ( fce). The PSDs consistently exhibit a double power‐law distribution with a spectral break occurring
between fci and fce, which is consistent with previous case study observations and simulation results of the kinetic‐
scale turbulent reconnection (Ergun et al., 2020; Ergun et al., 2018; Li, Wang, Lu, et al., 2022; Lu et al., 2023;
Wang et al., 2023).

The magnetic spectra tend to steepen with stronger turbulence, but such a trend is not obvious in the electric field
spectra, indicating that understanding this relationship remains a complex problem. Moreover, previous simu-
lation studies have shown that the spectral slopes can vary significantly across different evolution stages and
spatial regions of reconnection (Adhikari et al., 2020; Daughton et al., 2014; Nakamura et al., 2021; Pucci

Figure 8. Relationship between electric spectral break frequency and turbulence intensity. The format is the same as in
Figure 7.
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et al., 2017). A comprehensive simulation‐based study will be necessary to fully understand the spectral indices
during the evolution of reconnection, which we plan to pursue in future work.

The observed spectral break frequencies for both magnetic and electric field spectra consistently fall between the
ion cyclotron frequency ( fci) and the electron cyclotron frequency ( fce). To examine the possible origin of these
breaks, we tested whether they correspond to characteristic plasma frequencies, including fci, the lower‐hybrid
drift frequency ( flh), and the ion plasma frequency ( fpi). However, after normalization, the break frequencies
remain broadly scattered over nearly two orders of magnitude without clear clustering, suggesting that they are
not uniquely associated with any of these characteristic plasma frequencies. Nevertheless, we note that the
electric‐field breaks tend to cluster around 1–10 flh, indicating that lower‐hybrid drift waves may play a role in the
development of turbulence inside the reconnection diffusion region. This is consistent with previous observations
showing that lower‐hybrid drift waves are frequently present in magnetotail reconnection diffusion regions (Chen
et al., 2020; Shan Wang et al., 2022), suggesting their importance for both turbulence generation and dissipation.
Moreover, the break frequency increases with turbulence intensity, and this positive trend remains evident even
after normalization, indicating that the spectral break may be more closely governed by the turbulence strength
itself.

As turbulence develops and intensifies inside the diffusion region, the diffusion region gradually breaks into
smaller‐scale fragmented currents. Since the energy dissipation in the turbulent diffusion region occurs within
these fragmented currents (Che et al., 2011; Fu et al., 2017; Li, Wang, Lu, et al., 2022), the spatial scale of energy
dissipation should also decrease as turbulence intensity increases. In our work, we find that the spectral break
frequencies increase with the enhancement of the turbulence intensity. Given that the spectral breaks are often
associated with the energy dissipation inside the turbulent plasma (Bourouaine et al., 2012; Dong et al., 2018,
2022; Perri, 2010), the observed increase in break frequency with stronger turbulence supports the idea that the
current sheet gradually breaks up into smaller fragmented current structures as turbulence strengthens, and the
energy dissipation occurs primarily inside these fragmented structures. However, because Taylor's frozen‐in
approximation (Taylor, 1938) is not valid in the reconnecting current sheet, the relationship between observed
frequency and spatial scale is not straightforward, and this interpretation should be treated with caution.
Nevertheless, the persistence of this trend even after normalizing the break frequencies by characteristic plasma
frequencies suggests that this interpretation remains physically meaningful.

Magnetic islands (or magnetic flux ropes in 3D conditions) are widely regarded as essential structures in turbulent
magnetic reconnection. When a reconnecting current sheet becomes sufficiently extended and unstable, multiple
X‐lines can develop, leading to the formation of a chain of magnetic islands (Daughton et al., 2010; Huang &
Bhattacharjee, 2016). These islands grow, interact, and merge in a highly dynamic environment, promoting the
development of turbulence and contributing to the breakdown of the current sheet into fragmented structures
(Daughton et al., 2011; Nakamura et al., 2021; Wang et al., 2016). Moreover, the magnetic islands can trap and
accelerate electrons to higher energies effectively (L. J. Chen et al., 2008; Drake et al., 2006; Fu et al., 2006; Lu
et al., 2020), and facilitate the magnetic energy dissipation (Bergstedt et al., 2020; Li et al., 2023; Nakamura
et al., 2021; Shimou Wang, Wang, et al., 2020) during the turbulent reconnection.

Several observational studies have reported the presence of magnetic islands within the reconnection diffusion
regions (Hasegawa et al., 2022; Wang et al., 2010, 2023). However, not all turbulent diffusion regions exhibit
clear signatures of magnetic islands or flux rope structures. In many cases (most of our events), only intermittent
current structures or localized magnetic fluctuations are observed without island structures (Ergun et al., 2020; Li,
Wang, Lu, et al., 2022). This discrepancy may result from several factors. One possibility is that the turbulence
may be driven by other instabilities, such as the Kelvin–Helmholtz instability (Che & Zank, 2020; Huang
et al., 2015), electron current shear instability (Che et al., 2011; Fujimoto & Sydora, 2021) or lower‐hybrid drift
instability (Price et al., 2016), which do not necessarily lead to island formation. Alternatively, it is also possible
that the reconnecting current sheet has evolved into a fully developed turbulent state in which the magnetic island
structures have broken up and are no longer distinguishable. These studies suggest that while magnetic islands
play a prominent role in many turbulent reconnection scenarios, they are not a universal feature. Island‐dominated
reconnection represents only one possible manifestation of turbulent reconnection, which can arise through
various mechanisms and take diverse structural forms.

In conclusion, we have analyzed the observations of 16 reconnection diffusion regions in the magnetotail current
sheet. The results demonstrate that turbulence is more likely to develop in diffusion regions embedded in low‐

Journal of Geophysical Research: Space Physics 10.1029/2025JA034426

LI ET AL. 11 of 14

 21699402, 2025, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JA

034426 by Q
uanm

ing L
u - U

niversity O
f Science , W

iley O
nline L

ibrary on [09/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



density and low‐beta plasma environments. Turbulence is associated with the enhanced electron energization,
primarily manifesting as elevated electron temperatures. Moreover, the presence of spectral breaks between ion
and electron cyclotron frequencies appears to be a robust feature of both magnetic and electric field fluctuations in
reconnection diffusion regions, potentially reflecting energy dissipation mechanisms during turbulence
reconnection.
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