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Abstract
Magnetic reconnection converts magnetic field energy into particle energy by breaking and
reconnecting magnetic field lines. Magnetic reconnection is a kinetic process that generates
a wide variety of kinetic waves via wave-particle interactions. Kinetic waves have been pro-
posed to play an important role in magnetic reconnection in collisionless plasmas by, for
example, contributing to anomalous resistivity and diffusion, particle heating, and transfer
of energy between different particle populations. These waves range from below the ion cy-
clotron frequency to above the electron plasma frequency and from ion kinetic scales down
to electron Debye length scales. This review aims to describe the progress made in under-
standing the relationship between magnetic reconnection and kinetic waves. We focus on the
waves in different parts of the reconnection region, namely, the diffusion region, separatri-
ces, outflow regions, and jet fronts. Particular emphasis is placed on the recent observations
from the Magnetospheric Multiscale (MMS) spacecraft and numerical simulations, which
have substantially increased the understanding of the interplay between kinetic waves and
reconnection. Some of the ongoing questions related to waves and reconnection are dis-
cussed.

Keywords Magnetic reconnection · Waves · Instabilities · Kinetic processes · Methods

1 Introduction

Magnetic reconnection is the process by which magnetic field lines break and reconnect, re-
sulting in explosive energy releases in the form of particle acceleration and heating (Yamada
et al. 2010). Magnetic reconnection is a fundamental process in solar and astrophysical plas-
mas, and occurs in many plasma environments, such as planetary magnetopauses and mag-
netotails, the solar corona, the solar wind, and accretion disks. In many contexts, such as at
Earth’s magnetopause and magnetotail, magnetic reconnection is essentially a collisionless
process (Coulomb collisions do not play a significant role). As a result, particle distribu-
tions can deviate significantly from Maxwellian distributions, resulting in unstable particle
distributions and leading to a wide variety of plasma waves and instabilities. Additionally,
the strong currents and plasma inhomogeneities associated with magnetic reconnection pro-
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vide a source of energy for waves. Through wave-particle interactions, waves can modify
the local plasma and have important effects on reconnection. For example, waves can heat
the plasma, dissipate currents, produce anomalous resistivity and diffusion, and can transfer
energy between different particle species. These effects can have important consequences
for ongoing reconnection. Likewise, pre-existing waves in the plasma could impact the ini-
tialization of reconnection.

The waves associated with magnetic reconnection have been studied extensively using
spacecraft observations, laboratory experiments, and numerical simulations. These different
approaches have each provided insights into the role waves play in magnetic reconnection.
In the case of spacecraft observations, high-resolution measurements of the electric and
magnetic fields have enabled waves to be directly characterized and studied, while particle
measurements with much lower time resolution than that of the fields have made determining
the cause and effects of waves on the plasma challenging. Simulations can model the large-
scale reconnection processes along with the development of kinetic waves. However, to
achieve this, artificial or idealized plasma conditions often need to be employed.

The relationship between kinetic waves and reconnection has been reviewed several
times in the past (Vaivads et al. 2006; Fujimoto et al. 2011; Khotyaintsev et al. 2019).
These reviews have shown that important advances have been made using spacecraft ob-
servations, such as Cluster, THEMIS (Time History of Events and Macroscale Interactions
during Substorms), and MMS (Magnetospheric Multiscale), numerical simulations, and lab-
oratory experiments. Ji et al. (2023) provides a recent review of laboratory experiments on
collisionless reconnection, including the associated waves.

The aim of this paper is to review the most recent advances in our understanding of the
relation between magnetic reconnection and kinetic plasma waves. We primarily focus on
recent in situ observations from the MMS spacecraft and recent numerical simulations. The
outline of this paper is as follows: Sect. 2 provides an overview of magnetic reconnection
and the associated waves. In Sect. 3, we describe the waves associated with the different
regions of reconnection, namely, the diffusion region, separatrices, outflow regions, and jet
fronts. In Sect. 4, we focus on larger-scale instabilities, namely, current sheet kinking and
tearing mode instabilities, and their interaction with reconnection. In Sect. 5, we discuss the
effects of waves on reconnection and ongoing questions. In Sect. 6, we state the conclusions
and recent key results.

2 Overview of Waves and Reconnection

In this section, we provide an overview of the waves associated with reconnection. In par-
ticular, we describe the types of waves that have been reported and where they are found in
relation to the different regions of magnetic reconnection.

Plasmas consist of ions and electrons and are governed by electromagnetic forces acting
collectively on the particles. Waves in plasmas are generally defined as oscillations in the
electromagnetic fields and particles, which propagate in a plasma and can transport energy
without net motion of the plasma. Waves develop in a plasma due to instabilities, which
result from free energy that has accumulated in the system. The theory of plasma waves
and instabilities has been studied in many papers and textbooks. Comprehensive reviews of
the theory of plasma waves and instabilities can be found in Stix (1992), Swanson (1989),
Treumann and Baumjohann (1997), Gary (1993).
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In magnetic reconnection, and plasmas more generally, there are multiple sources of free
energy. These include deformations in the particle distribution functions, inhomogeneities
in the plasma, and electric currents. The effect of the growing waves on the plasma is to
remove the free energy responsible for the generation of the waves. This can include return-
ing unstable particle distributions to stable distributions, reducing the magnitude of electric
currents, and reducing inhomogeneities in the plasma. Additionally, plasma waves can po-
tentially produce anomalous resistivity and diffusion, as well as heat the plasma through
wave-particle interactions. Waves can also potentially accelerate particles to non-thermal
energies.

In plasmas, waves can be either electrostatic or electromagnetic. Electrostatic waves are
characterized by longitudinal fluctuations in the electric field E, namely E is aligned with
the wave vector k, due to charge separation and have no associated magnetic field B fluc-
tuations. Examples of electrostatic waves include Langmuir waves, ion-acoustic waves, and
electron-acoustic waves. Electromagnetic waves are characterized by E transverse to the
wave vector k and have associated magnetic field fluctuations. Examples of electromagnetic
waves include magnetic field B aligned whistler and Alfvén waves. In general, waves ex-
hibit both electrostatic and electromagnetic components, but are classified as electrostatic or
electromagnetic depending on which component of E dominates.

In magnetic reconnection regions, a wide variety of waves can develop. Table 1 lists
some of the most common waves associated with magnetic reconnection, along with their
properties and the sources of instability. The different plasma waves span multiple spatial
scales and frequencies. At relatively low frequencies, close to the ion cyclotron frequency
fci , Alfvén or ion-cyclotron waves can develop due to deformations in the ion particle dis-
tribution functions. At smaller scales between ion and electron spatial scales, lower hybrid
waves can develop. Electron-scale waves include Langmuir and upper hybrid (UH) waves,
ion-acoustic waves, and whistler waves.

Figure 1 provides a schematic overview of the different regions associated with magnetic
reconnection, namely, the ion and electron diffusion regions, separatrices, outflow regions,
and jet fronts. Magnetic reconnection is often characterized by an X-line magnetic field
structure, where the magnetic fields associated with inflowing plasmas reconnect. The sep-
aratrix regions are narrow boundaries between the inflow and outflow regions. Near the X
line are the ion and electron diffusion regions, where ions and electrons, respectively, de-
couple from the magnetic field (shown in red and blue). In each of these regions, different
types of electrostatic and electromagnetic waves commonly develop, some of which are
listed in Table 1. Figure 1 represents symmetric reconnection, where the inflowing plasmas
have the same properties. Symmetric reconnection typically occurs in Earth’s magnetotail.
In contrast, reconnection is typically asymmetric at Earth’s dayside magnetopause, where
reconnection occurs between the hotter tenuous magnetospheric and the cooler, denser mag-
netosheath plasmas. These different plasma conditions modify the ion and electron distribu-
tions observed in the separatrices, outflow regions, and diffusion regions, which can modify
the types of instabilities that develop. Additionally, the out-of-plane guide field can vary for
reconnection, which can modify the structure and dynamics of the diffusion region. In par-
ticular, for a negligible guide field, the currents around the electron diffusion region (EDR)
are perpendicular to B, while for a strong guide field, strong currents parallel to B occur.
This, too, can modify the types of instabilities that can develop. In the following section, we
discuss the differences between symmetric and asymmetric reconnection, and antiparallel
and guide-field reconnection, where applicable.
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Table 1 A summary of some of the commonly observed waves associated with magnetic reconnection. The
properties of the waves and the sources of free energy

Summary of the most common waves associated with magnetic reconnection

Waves Properties and observed characteristics Source of the waves

Langmuir waves Electrostatic waves with narrow
frequency range near fpe , with
E∥ ≫ E⊥.

Fast electron beams; bump-on-tail
instability.

Upper hybrid waves Quasi-electrostatic waves with narrow
range near fuh, with E⊥ ≫ E∥.

Complex electron distributions such as
beams, loss cones, and agyrotropic
distributions.

Electron holes Nonlinear localized positive potential
structures supported by trapped
electrons. Seen as bipolar fluctuations
in E∥.

Nonlinear evolution of streaming
instabilities, such as from electron
beams and relative drift between
electron and ion populations.

Ion-acoustic waves Electrostatic waves with frequencies
near fpi . Typically E∥ ≫ E⊥.

Relative drift between electron and ion
populations and ion beams. Typically
occur when ZTe ≫ Ti .

Whistler waves Typically electromagnetic waves with
right-hand circular polarization and
frequencies flh ≲ f < fce . Identified
from ellipticity of B fluctuations.

Electron temperature anisotropy
T⊥ > T∥, loss cones, electron beams,
parallel electron heat flux.

Lower hybrid waves Typically quasi-electrostatic waves
with measurable B fluctuations and
frequencies near flh.

Plasma inhomogeneities and
cross-field currents, relative drift
between electron and ions or different
ion populations in the cross-field
direction.

Alfvén waves Magnetic field fluctuations near fci ,
often left-hand polarization.

Ion temperature anisotropies T⊥ > T∥,
ion beams.

3 Regions of Reconnection

In this section, we review the different types of waves associated with magnetic reconnec-
tion. We focus on the different regions associated with reconnection, namely, the diffusion
region, separatrix regions, outflow regions, and jet fronts.

3.1 Diffusion Region

A wide variety of waves have been reported in or near reconnection diffusion regions. In the
ion diffusion region (IDR), ion meandering and finite Larmor radius effects occur, leading
to agyrotropic ion crescent-shaped distributions. Similarly, agyrotropic electron distributions
occur in the EDR due to finite Larmor radius effects. In the diffusion region, strong currents
and plasma inhomogeneities also develop. All these features can lead to the development of
a wide variety of plasma waves. Before MMS, diffusion regions, in particular EDRs, were
difficult to identify. Therefore, observations of waves associated with diffusion regions are
biased toward MMS observations. Recent research has particularly focused on the nature of
lower hybrid drift waves near the diffusion region and UH and electron Bernstein waves in
the EDR.
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Fig. 1 Schematic of magnetic reconnection showing the different regions, namely, the ion and electron dif-
fusion regions (red and blue), separatrices (green), ion outflow (yellow), and jet front regions (purple). For
these regions we list the types of waves expected there based on observations and simulations

Upper Hybrid and Electron Bernstein Waves One of the first results from MMS observations
was the verification of agyrotropic crescent-shaped or beam electron distributions in the
EDR of symmetric (Torbert et al. 2018) and asymmetric reconnection (Burch et al. 2016).
These distributions form due to electron finite Larmor radius effects or electron bouncing
near the center of the current sheet (Norgren et al. 2016, 2025, this collection). At Earth’s
magnetopause these distributions have been observed on both the magnetospheric (Burch
et al. 2016) and magnetosheath (Chen et al. 2016) side of the X line. Graham et al. (2017b)
found intense UH waves associated with agyrotropic electron beams and crescent-shaped
distributions on the magnetosheath side of the X line in the EDR. The source of the waves
was a beam-plasma instability between the agyrotropic electron beam and the core popu-
lation, where the beam component has been demonstrated to be unmagnetized meandering
electrons (Chen et al. 2017). UH waves generated by agyrotropic electron distributions in
the EDR were subsequently found by Burch et al. (2019) for symmetric reconnection in
Earth’s magnetotail due to the same beam-plasma instability.

Figures 2a–2c show an example of the UH waves observed at a magnetotail EDR by
MMS3 (Burch et al. 2019). In this and the other events, the waves are characterized by
E⊥ ≫ E∥, and the waves have frequency near fpe ≈ fuh, where fpe and fuh are the electron
plasma and upper hybrid frequencies. Like the magnetopause case, the source of instability
was shown to be the agyrotropic crescent-shaped distributions. Figure 2c shows an example
of the electron distribution observed at the same time as the UH waves. The distribution
is characterized by a gyrotropic core population and a higher energy agyrotropic beam or
crescent component. A later case study by Li et al. (2021) found that UH waves were gen-
erated on both inflow sides of the EDR in Earth’s magnetotail. Li et al. (2021) argued that
the waves were generated by inbound meandering electrons and that the waves could signif-
icantly dissipate energy from the electrons.
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Fig. 2 Example of upper hybrid (UH) waves observed by MMS in magnetotail reconnection, based on Burch
et al. (2019) (panels a–c), and an example of electron Bernstein waves in magnetopause reconnection, based
on Li et al. (2020) (panels d–f). (a) and (d) Electric field waveform of the UH waves and Bernstein waves,
respectively. The waveforms are presented in field-aligned coordinates, where E1⊥ and E2⊥ (black and blue)
are the electric field perpendicular to B, while E∥ (red) is aligned with B. (b) and (e) Power spectra of UH
and Bernstein waves, respectively. The black and red lines are the powers of E⊥ and E∥ , respectively. In
panel (b), the magenta dashed line indicates fpe , and in panel (e), the cyan dashed line indicates fce and
its harmonics. (c) and (f) Two-dimensional reduced electron distributions in the plane normal to B at the
times the waves were observed, where v⊥,2 is in the direction of bulk flow perpendicular to B, and v⊥,1 is
orthogonal to B and v⊥,2

In an EDR at Earth’s magnetopause, agyrotropic electron distributions were found by Li
et al. (2020) to generate a series of electron Bernstein waves. Similar to the case in Gra-
ham et al. (2017a), the waves were observed on the magnetosheath side of the EDR. Fig-
ures 2d–2f show these Bernstein waves and the associated electron distribution. The Bern-
stein waves are characterized by E⊥ ≫ E∥ and distinct spectral peaks at frequencies between
the harmonics of the electron cyclotron frequency fce . The associated electron distribution,
shown in Fig. 2f, exhibits a gyrotropic core population and an agyrotropic crescent-shaped
component. Li et al. (2020) argued that the observed distributions could be unstable to elec-
tron Bernstein waves by modeling the agyrotropic crescent distributions as a gyrotropic ring
distribution. In each case, the UH or Bernstein waves were associated with small to moderate
guide-field reconnection events. To date, electron Bernstein waves have not been observed
in magnetotail EDRs.

Crescent distributions are a key element of reconnection, and therefore recent theoretical
and numerical results have focused on understanding the generation of the UH and Bernstein
waves by agyrotropic distributions and the nonlinear evolution of the UH waves. Dokgo et al.
(2020b) derived an electrostatic kinetic dispersion equation for an agyrotropic beam-plasma
instability, which can model the growth of UH and electron Bernstein waves. Making use
of the dispersion equation and plasma parameters obtained from MMS, they showed that
this new model predicted that both types of waves could be excited, depending on the beam
properties; when the beam was low density, the frequency of the excited waves was close to
fpe , while for denser beams the frequency was downshifted. For faster growth rates γ ≳ Ωce

a more continuous beam mode was found, while for lower growth rates discrete Bernstein
modes became clearer. By comparing the model with observations from Li et al. (2020) and
Burch et al. (2019) they were able to explain the generation of UH and Bernstein waves.

At present, fully kinetic three-dimensional simulations of reconnection, which can re-
solve these UH and Bernstein waves, are not possible due to the large separation in spatial
and temporal scales. Instead, to numerically study these waves, small-scale local homoge-
neous simulations were performed using initial conditions and electron distributions based
on MMS observations. Using these simulations, Dokgo et al. (2019) showed that UH waves
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were generated by a beam-plasma interaction between the gyrotropic core electrons and agy-
rotropic beam. Moreover, the UH waves were found to undergo nonlinear processes, namely,
the generation of electrostatic harmonic waves and the production of long-wavelength radio
waves near fpe and the second harmonic via nonlinear three-wave processes. Evidence of
nonlinear electrostatic harmonics has been seen by MMS (Li et al. 2021) (see also Fig. 2b,
where spectral peaks are observed at the harmonics of the UH waves). Similar simulations
were employed to investigate how UH waves contribute to energy dissipation near the EDR
(Dokgo et al. 2020a). Dokgo et al. (2020a) showed that the waves could contribute to dis-
sipation via wave-particle interactions and argued that the profiles of plasma parameters
could be modified due to the waves, which could affect the larger-scale energy dissipation
processes in the EDR. Overall, these results show that the agyrotropic electron distributions
in or near the EDR are often unstable to UH or Bernstein waves.

Lower Hybrid Drift Waves Lower hybrid waves are known to develop at plasma bound-
aries where the plasma is inhomogeneous. Thus, lower hybrid waves can develop at cur-
rent sheets, in the IDR of reconnection, and along the separatrices. The waves are typically
quasi-electrostatic and develop at short wavelengths with wave number kρe ∼ 1, where ρe

is the electron Larmor radius, and develop at the edges of current sheets. However, near
the center of the current sheet and close to the EDR, theory and simulations predict that
lower hybrid waves become more electromagnetic with longer wavelengths, correspond-
ing to k

√
ρiρe ∼ 1 (Yoon et al. 2002; Daughton 2003), where ρi is the ion Larmor radius.

In both cases, the waves tend to propagate in the reconnection out-of-plane direction with
wave vectors nearly perpendicular to B. In reconnection, the development of lower hybrid
waves is most often attributed to the lower hybrid drift instability (Davidson et al. 1977),
where inhomogeneities and cross-field currents drive the instability. Figure 3 shows two
examples of three-dimensional (3D) magnetic reconnection where lower hybrid waves de-
velop. The overall structure of the reconnection region is retained, while the lower hybrid
waves introduce smaller-scale perturbations in the current density.

Lower hybrid waves are typically identified in spacecraft observations by electric field
fluctuations, which exhibit broadband fluctuations around the lower hybrid frequency flh

(Cattell and Mozer 1986). These fluctuations have been reported in the diffusion regions
of reconnection at the magnetopause (Bale et al. 2002) and in the magnetotail (Zhou et al.
2009b). In some cases, the properties of the waves, such as wave vector and phase speed,

Fig. 3 Volume rendering of current density from 3D PIC asymmetric reconnection simulations with different
guide fields Bg . (a) Bg = 0.099 B0 (weak guide field); (b) Bg = 0.40 B0 (moderate guide field). The fluc-
tuations at the separatrices are found in both runs and correspond to electrostatic lower hybrid waves. The
run with a weak guide field also exhibits a longer-wavelength, electromagnetic lower hybrid mode, which is
suppressed in higher guide-field simulations. Adapted from Le et al. (2018)



20 Page 8 of 48 D.B. Graham et al.

were determined using multi-spacecraft (Zhou et al. 2009b) and single-spacecraft methods
(Norgren et al. 2012). Recent observations by MMS and numerical simulations have signif-
icantly improved our understanding of the behavior of the lower hybrid waves and their role
in magnetic reconnection, owing to the high temporal resolution of the particle detectors and
close tetrahedral configurations of the spacecraft.

At Earth’s magnetopause, observations show that lower hybrid waves occur near the
EDR and in the IDR, primarily on the low-density magnetospheric side of the X line (Bale
et al. 2002; Graham et al. 2014; Khotyaintsev et al. 2016; Graham et al. 2017a, 2019). The
electric field fluctuations are characterized by E⊥ ≫ E∥. The largest amplitude waves were
primarily electrostatic, although magnetic field fluctuations associated with the waves occur
(Carter et al. 2001; Graham et al. 2017a). As the center of the current sheet is approached,
the waves tend to become more electromagnetic (Graham et al. 2019; Yoo et al. 2020). This
was attributed to plasma becoming more weakly magnetized near the center of the current
sheet (Graham et al. 2019; Yoo et al. 2020). However, close to the center of the current
sheet, where the magnetic field is small, the amplitude of lower hybrid waves is significantly
reduced (Graham et al. 2019, 2022), which suggests that the waves do not play a significant
role in the EDR (Graham et al. 2022).

These results are consistent with recent 3D simulations of asymmetric magnetic recon-
nection, where intense lower hybrid waves were found in the low-density side of the X line
(Roytershteyn et al. 2012; Price et al. 2016, 2017). In some simulations, the power of lower
hybrid waves was reduced in the diffusion region compared with the separatrices (Pritchett
2013; Le et al. 2017; Price et al. 2020). However, this has not been clearly seen in obser-
vations, where large-amplitude lower hybrid waves have been reported both in the IDR and
separatrices.

The presence of cold magnetospheric ions can also be a source of lower hybrid waves.
Graham et al. (2017a) found that the relative drift between cold magnetospheric ions and
finite Larmor radius magnetosheath ions in the magnetospheric inflow region can generate
lower hybrid waves. Similarly, the relative cross-field drift between finite Larmor radius
ions and electrons can excite lower hybrid waves via the modified two-stream instability
(Graham et al. 2019).

Lower hybrid waves have also been observed close to the EDR during symmetric re-
connection in the Earth’s magnetotail. Chen et al. (2020) reported MMS observations of
lower hybrid waves associated with electron heating and vortical flows at the EDR in an
electron-scale current sheet. The observed lower hybrid waves are electron-scale fluctuations
(k⊥ρe ∼ 1, where k⊥ is the wave number perpendicular to the ambient magnetic field) and
propagate along the outflow direction. The wave electric field is so strong that the higher-
energy electrons are demagnetized and gain energy through the wave potential, while the
lower-energy electrons execute the E × B vortical flow generating a magnetic field com-
parable to the guide field strength. This event was characterized by a moderate guide field
(about 30% of the asymptotic reconnecting magnetic field component), which allows lower
hybrid waves with a significant electrostatic component to be present in the center of the
current sheet. The observations by Chen et al. (2020) suggest that electron dynamics in the
reconnection layer can be modified by the waves.

Cozzani et al. (2021) presented observations of the electromagnetic long-wavelength
lower hybrid mode (k

√
ρiρe ∼ 2.7) in the magnetotail electron-scale current layer with weak

guide field (see Figs. 4a–4f). Large-amplitude oscillations of the electron-scale gradients at
the separatrix immediately adjacent to the EDR and magnetic-field fluctuations at the center
of the current sheet reveal the presence of the electromagnetic drift instability leading to the
current sheet kinking. The observed properties of the waves are consistent with the obliquely
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Fig. 4 Top: Electromagnetic lower hybrid scale waves observed by MMS during an EDR crossing in the
magnetotail. (a) Three components of magnetic field fluctuations δB. Offsets of 2.3 nT and 4.3 nT are added
to δBM and δBN , respectively; (b) current density J calculated from particle moments. Spectrum of (c) B
wave power; (d) E wave power; (e) log10(E/(B vph)) quantifying the electromagnetic component of the
fluctuations. (f) βe . The black line indicates flh. The vertical dashed magenta lines bound the region where
the electromagnetic lower hybrid waves are observed. Based on Cozzani et al. (2021). Bottom: Electron
velocity fluctuations associated with lower hybrid waves near the diffusion region from a 3D PIC simulation
of symmetric reconnection with guide field Bg = 0.3B0. (g) 2D slice along the current sheet associated with
reconnection. The color shading indicates electron velocities in the x-direction (normal to the current sheet).
(h) and (i) the same slices showing electron velocities in the y- and z-directions (out-of-plane and along the
reconnecting B), respectively. Adapted from Le et al. (2019)

propagating electromagnetic drift instability (Ji et al. 2004, 2005). The current density fluc-
tuations at approximately the lower hybrid timescale and the broadband feature of the wave
fields are comparable to the turbulent electron flow structures of the lower hybrid waves in
3D kinetic simulations (Le et al. 2019) (see Figs. 4g–4i). However, further measurements
and 3D simulations are needed to understand the coupling between lower hybrid waves,
current sheet instabilities, and the EDR structure.

For zero guide fields, theory and simulations (Daughton 2003) show that the electrostatic
short-wavelength mode (kρe ∼ 1) is confined at the edges of the current sheet, and only
the electromagnetic long-wavelength mode (k

√
ρiρe ∼ 1) is present in the center of the

current sheet. In the reconnection context, the zero guide field case has been investigated in
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detail in a simulation study (Wang et al. 2021) showing a picture consistent with the results
from Daughton (2003), namely that the long-wavelength lower hybrid mode develops at the
current sheet center, while the short-wavelength mode develops at the separatrices. However,
the short-wavelength wave is found to penetrate towards the midplane, and this could explain
the MMS observation of short-wavelength lower hybrid waves close to the current sheet
midplane during magnetotail reconnection events with negligible guide fields (Wang et al.
2022b). Wang et al. (2021) also show that while long-wavelength lower hybrid waves lead
to oscillations of the current density, vortexes do not form in zero guide-field reconnection.

Wang et al. (2022b) investigated lower hybrid waves at MMS magnetotail reconnection
diffusion-region crossings characterized by guide field values ranging from 1% to 30% of
the upstream magnetic field. The direction of wave propagation and the dominant magnetic
field component of the fluctuations vary considerably among the events, although a majority
of wave propagation directions lie approximately in the current sheet plane. Both long-
wavelength electromagnetic and short-wavelength electrostatic modes are observed in the
diffusion regions, including events with negligible guide fields. It was speculated that the
short-wavelength mode was excited in separatrix regions and penetrated toward the current
sheet mid-plane.

To better understand the generation of the lower hybrid waves in thin electron-scale cur-
rent layers with a moderate guide field, Ng et al. (2020) performed 2D and 3D PIC simu-
lations of magnetic reconnection with a 30% guide field, mimicking the event reported by
Chen et al. (2020). Ng et al. (2020) showed that lower hybrid waves develop immediately
downstream of the electron jet reversal in the electron current layer. The lower hybrid waves
observed in the 3D simulations propagate along the outflow direction (perpendicular to the
ambient magnetic field at the midplane, i.e., the guide field) and affect the flow pattern by
creating electron vortexes that are similar to in situ observations (Chen et al. 2020). A 3D
kinetic simulation of strong guide-field reconnection similarly showed electrostatic waves
developing near the EDR and propagating into the outflow region (Ng et al. 2023). These re-
sults demonstrate the importance of the guide field, which allows for the short-wavelength,
kρe ∼ 1, lower hybrid waves to develop at the reconnection midplane, potentially leading
to anomalous resistivity and heating, as shown in a recent laboratory experiment (Yoo et al.
2024). These findings open new possibilities in the context of 3D reconnection. For exam-
ple, as mentioned by Chen et al. (2020), the new dynamics imposed by the lower hybrid
waves in the current layer may lead to secondary tearing at the wave scale.

One of the major advances made with MMS is resolving particle distributions at suffi-
ciently high frequency to reveal wave-particle interactions. Thus, MMS, along with numer-
ical simulations, can resolve detailed information on the wave properties. By assuming that
electrons remain close to frozen in and that the waves tend to be localized near boundary lay-
ers, the electrons form vortex-like motions, which in turn generates parallel magnetic field
fluctuations (Norgren et al. 2012). Evidence of this vortex-like motion has been reported in
both symmetric and asymmetric reconnection. In Graham et al. (2019), electron moments
resolving electron density and velocity fluctuations associated with the waves were used to
investigate the properties of the lower hybrid waves. Figures 5a–5b show an example of
lower hybrid waves in the IDR at Earth’s magnetopause (Khotyaintsev et al. 2016; Graham
et al. 2022), where the electron moments can resolve the fluctuations associated with the
waves. Figure 5c shows that the electrons remain approximately frozen in to the magnetic
field. Density perturbations are also observed in association with the waves (Fig. 5d). Sim-
ilarly, Ergun et al. (2017) and Ergun et al. (2019) found density and velocity fluctuations
associated with these waves and interpreted them as corrugations of the current sheet.
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Fig. 5 Example of lower hybrid waves in the inflow region of magnetic reconnection at Earth’s magne-
topause, based on Graham et al. (2022). (a) Reconnection magnetic field BL (black) and electron number
density ne (red). (b) Perpendicular and parallel components of the electric field E. (c) EM (black) and M
components of −Vi × B (blue), and −Ve × B (red). (d) Normalized electron density perturbations δne/ne .
(e) M components of D (black) and T (red). (f) Anomalous electron drift in the direction normal to the mag-
netopause VN,anom. (g) Anomalous density flux of lower hybrid waves in a three-dimensional asymmetric
reconnection simulation. Based on Price et al. (2020)

Lower hybrid waves are a prime candidate for anomalous resistivity, as they generate
large electric fields and density perturbations (Fig. 5d). Estimates from spacecraft observa-
tions have found that the anomalous resistivity is small (Mozer et al. 2011; Graham et al.
2017a). However, these observations relied on the spacecraft potential to infer density fluc-
tuations, which can be unreliable when large electric fields are present. Recently, Graham
et al. (2022) used MMS observations to directly evaluate these anomalous terms for quasi-
electrostatic lower hybrid waves at Earth’s magnetopause by resolving the fluctuations in
the electron moments. This was possible using the highest temporal resolution electron mo-
ments (Rager et al. 2018). The study focused on the effects of lower hybrid waves on recon-
nection, in particular anomalous resistivity and diffusion. The anomalous effects can be eval-
uated by decomposing quantities into quasi-stationary and fluctuating terms, Q = ⟨Q⟩+δQ,
where ⟨· · · ⟩ is the ensemble average over space or time and δQ is the fluctuating quantity
associated with the waves. This decomposition is then applied to the electron momentum
equation

me

∂(neVe)

∂t
+ me∇ · (neVeVe) + ∇ · Pe + ene(E + Ve × B) = 0, (1)
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where e, me , ne , Ve, and Pe are the unit charge, electron mass, electron number density,
electron bulk velocity, and electron pressure tensor, respectively. Applying the above de-
composition then averaging yields the momentum equation in terms of the stationary quan-
tities and the anomalous terms, which result from the ensemble average of the correlations
between fluctuating quantities. After rearranging and neglecting the time derivative, the av-
eraged electric field can be expressed as:

⟨E⟩ + ⟨Ve⟩ × ⟨B⟩ = −∇ · ⟨Pe⟩
⟨ne⟩e − me

⟨ne⟩e∇ · (⟨ne⟩⟨Ve⟩⟨Ve⟩) + D + T + I, (2)

where we have neglected the time derivative and introduced the anomalous terms D, T,
and I. These anomalous terms can be expressed as (Graham et al. 2022)

D = −⟨δneδE⟩
⟨ne⟩ , (3)

T = −⟨neVe × B⟩
⟨ne⟩ + ⟨Ve⟩ × ⟨B⟩, (4)

I = − me

e⟨ne⟩ [∇ · (⟨neVeVe⟩) − ∇ · (⟨ne⟩⟨Ve⟩⟨Ve⟩)] , (5)

where the three terms refer to the anomalous resistivity, anomalous momentum transport,
and anomalous inertial terms, respectively. In these expressions ne and Ve are treated as
separate quantities, while it is common to treat the electron flux neVe as a single quantity
(Le et al. 2018).

Graham et al. (2022) found that D and T can reach amplitudes comparable to the recon-
nection electric field (∼1 mV m−1) but mostly cancel each other out, while I is negligible.
The approximate cancellation of D and T was found to be due to electron fluctuations re-
maining close to frozen-in [cf., Fig. 5c] (Graham et al. 2019, 2022). As a result, the contri-
bution to the reconnection electric field and reconnection rate is small. Figure 5e shows the
out-of-plane components of D and T, which approximately cancel each other out. Addition-
ally, the waves do not reach the center of the current sheet, so the anomalous terms were
found to be negligible there.

The anomalous terms were also evaluated in three-dimensional simulations of magne-
topause reconnection (Le et al. 2017, 2018; Price et al. 2016, 2017, 2020; Pritchett 2013).
These results showed that either D, T, and I could provide significant contributions to the
reconnection electric field in the diffusion region. The exact contributions depend on the
guide-field strength and method of performing the ensemble average (Le et al. 2018). How-
ever, a careful examination suggests that the contribution to the anomalous terms mainly
results from the large-scale kinking or bending of the current sheet (Le et al. 2018), of-
ten with wavelengths on much larger ion scales. Overall, both simulations and observations
suggest that the quasi-electrostatic short-wavelength lower hybrid waves do not contribute
significantly to the reconnection electric field.

By applying the same procedure to the continuity equation and using Fick’s law, an
anomalous diffusion coefficient can be defined as

D⊥ = −⟨δneδVe,N ⟩
∇⟨ne⟩ , (6)

where ⟨δneδVe,N ⟩ is an anomalous flux in the direction normal to the boundary. An anoma-
lous drift speed in the normal direction can be calculated as VN,anom = ⟨δneδVe,N ⟩/⟨ne⟩.
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This diffusion coefficient has been calculated from Cluster (Vaivads et al. 2004) and MMS
observations (Graham et al. 2022), as well as numerical simulations (Le et al. 2018; Price
et al. 2020). From observations, Graham et al. (2022) found that D⊥ was variable at the
magnetopause and reached large values of ∼109 m2 s−1, which is sufficient to broaden the
magnetopause. Statistically, the largest values of D⊥ tended to occur closer to the EDR
rather than along the separatrices. The sign of D⊥ was found to consistently correspond
to diffusion from the magnetosheath toward the magnetosphere. Similar electron diffusion
was also found in simulations (Le et al. 2018; Price et al. 2020). Although electrons re-
main close to frozen in, irreversible transport is possible via E × B trapping, in which the
vortical motion of electrons associated with large-amplitude lower hybrid waves becomes
strong enough for the electron orbits to become chaotic (Kleva and Drake 1984; Price et al.
2020). The net effect of this diffusion is to broaden the boundary layer and facilitate mixing
between magnetosheath and magnetospheric electrons. This mixing has been seen in MMS
observations (Wang et al. 2017; Graham et al. 2017a, 2022) and kinetic simulations (Le et al.
2017, 2019). In summary, recent observations and simulations suggest anomalous resistivity
due to lower hybrid waves is small and does not likely affect the reconnection rate; however,
anomalous diffusion is often sufficiently large to broaden the boundaries where the waves
occur.

Streaming Instabilities and Electrostatic Waves Near the EDR, strong out-of-plane currents
occur. In antiparallel reconnection, these currents are approximately perpendicular to B,
while for guide-field reconnection these currents become closely aligned with B. In addi-
tion, the stronger magnetic field due to the guide field at the X line tends to keep electrons
magnetized and gyrotropic. The strong currents can become unstable to instabilities, for
instance, due to beams, streaming instabilities, and temperature anisotropies. These insta-
bilities can potentially thermalize particle distributions and dissipate the current via wave-
particle interactions. Recently, Khotyaintsev et al. (2020) showed that electrostatic Debye-
scale waves and turbulence developed in the diffusion region of a guide-field reconnection
event at Earth’s magnetopause. In the diffusion region, electron distributions composed of
a core population and beam were observed. They found that these distributions were unsta-
ble to Buneman and beam-mode waves, producing broadband waves with a range of phase
speeds. These waves can then thermalize the jet by converting the kinetic energy into thermal
energy.

Fully kinetic simulations have been used to investigate streaming instabilities and turbu-
lence in the diffusion region of reconnection. Jara-Almonte et al. (2014) showed using 2D
simulations that Debye-scale electrostatic turbulence due to streaming instabilities can de-
velop in the diffusion region for parameters typical of the outer magnetosphere. Specifically,
the instabilities developed when there was a significant scale separation between the Debye
length and the electron inertial length. Yao et al. (2022a) and Yao et al. (2022b) used the
electron distributions from a 3D simulation of reconnection as initial conditions for high-
resolution local simulations to study the instability of these distributions. They found that
the distributions were unstable to both electrostatic and electromagnetic waves, which prop-
agate both parallel and perpendicular to B. Simulations of guide-field reconnection show
evidence of the Buneman and beam-driven instabilities in the diffusion region (Che et al.
2010, 2011; Muñoz and Büchner 2018), similar to observations. However, these instabilities
occur for strongly magnetized low-beta plasmas. Such parameters are typical of the so-
lar corona but are less common in Earth’s magnetosphere. Nevertheless, reconnection with
guide fields as strong as the reconnection magnetic field, Bg ∼ B0 can occur, particularly at
Earth’s magnetopause (Øieroset et al. 2016; Zhou et al. 2018). Similarly, strong-guide-field
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Bg > B0 reconnection occurs in Earth’s magnetosheath (Wilder et al. 2018), although the
plasma beta is typically relatively high β ∼ 1.

Whistler Waves Electromagnetic whistler waves are frequently observed in and near the
EDR of reconnection. Whistlers observed near the EDR have been attributed to electron
temperature anisotropy (Khotyaintsev et al. 2016; Cao et al. 2017). However, it remains
unclear if field-aligned whistler waves are generated in or near the EDR because whistlers
generated in the separatrices can propagate toward the diffusion region. Recent observations
have reported whistlers in the diffusion region at Earth’s magnetopause (Zhong et al. 2022).
Zhong et al. (2022) found that the local electron distributions were stable to whistler emis-
sion and argued that the waves were most likely generated in the separatrices and propagated
toward the X line.

In the case of guide-field reconnection, the strong out-of-plane currents and associated
electron beams can generate oblique quasi-electrostatic whistler waves via Landau reso-
nance. Khotyaintsev et al. (2020) found evidence for quasi-electrostatic whistler waves gen-
erated by electron beams. A recent study by Wang et al. (2022a) of multiple magnetopause
crossings near the EDR of guide-field reconnection found that oblique whistlers were gen-
erated locally by electron beams, while parallel propagating whistlers were generated by the
temperature anisotropy of the background population. Thus, there are potentially multiple
sources of whistler waves near the X line.

3.2 Separatrix Regions

The magnetic reconnection separatrices have been shown to exhibit a variety of plasma wave
modes. In symmetric magnetotail reconnection, the separatrices are typically characterized
by fast, cold electron beams propagating toward the X line. For asymmetric reconnection
at Earth’s magnetopause, the electron distributions in the separatrices can become more
complicated due to magnetospheric and magnetosheath plasmas having distinct densities
and temperatures.

Whistler Waves Electromagnetic whistler waves have been reported in the separatrices of
both dayside reconnection (Graham et al. 2016b; Le Contel et al. 2016; Wilder et al. 2016)
and magnetotail reconnection (Huang et al. 2016; Ren et al. 2019). Field-aligned whistler
waves were reported by Graham et al. (2016b) at the magnetopause, who investigated the
electron distributions associated with the waves. They found that within the magnetospheric
separatrix regions the electron distributions were characterized by an electron beam prop-
agating away from the X line and a loss of energetic magnetospheric electrons propagat-
ing away from the X line. Graham et al. (2016b) argued that the loss-cone or tempera-
ture anisotropy associated with the partial loss of energetic electrons was the source of the
observed whistlers. At the dayside magnetopause, oblique whistler waves associated with
electron beams have been found, which coincided with electrostatic solitary waves (ESWs)
(Wilder et al. 2016, 2017, 2019). These observations showed the presence of both electron
temperature anisotropy (Te⊥ > Te∥) and electron beams at half the electron Alfvén speed,
suggesting the presence of competing mechanisms for whistler generation. Wang et al.
(2022a) investigated the competition between whistlers driven by beams and electron tem-
perature anisotropy in detail using observations of multiple events. They showed that further
away from the X line, whistler waves were more likely to have high ellipticity and a nar-
row frequency band around half the electron cyclotron frequency. These waves were largely
driven by electron anisotropy, with the beams providing additional cyclotron resonance.
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Fig. 6 Example of whistler waves at the magnetopause based on Le Contel et al. (2016) and Yoo et al.
(2018). The whistler waves were observed near the separatrix region of asymmetric reconnection. (a) Mag-
netic field B in boundary normal LMN coordinates. (b) and (c) Frequency-time spectrograms of E and B.
(d)–(e) Spectrograms of wave-normal angle θk , ellipticity, and ratio of parallel to total Poynting flux S∥/S.
Data from MMS1 is used in panels (a)–(e). The white lines in the spectrograms indicate 0.1fce , 0.5fce

and fce . (g) Frequency-wave number spectrum of whistler waves computed using four-spacecraft phase-
differencing between 13:05:26.5 and 13:05:27.0 UT. The magenta line is the whistler dispersion relation
predicted by cold plasma theory. (h)–(i) Wave power in the kL–kM and kL–kN planes

Closer to the X line, whistler waves exhibited broadband frequency spectra with varying el-
lipticity and were more likely to be generated by Landau resonance with the beam. Whistler
waves appear to be ubiquitous to magnetic reconnection, and have also been observed dur-
ing events in the turbulent magnetosheath (Vörös et al. 2019). In guide-field reconnection in
the magnetosheath, it was shown that anisotropy-driven whistlers in the separatrix may be
damped by parallel electric fields before they reach the EDR (Wilder et al. 2022).

Figure 6 shows an example of whistler waves at Earth’s magnetopause observed by
MMS1, based on Le Contel et al. (2016) and Yoo et al. (2018). Figure 6a shows B in
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boundary-normal coordinates. The magnetopause crossing occurs around 13:05:46 UT,
where B reverses direction. In this event, the whistler waves are observed on the magne-
tospheric side of the magnetopause. The waves are seen in the spectrograms of E and B
at frequencies near 0.5fce (Figs. 6b and 6c). The whistler waves are identified using polar-
ization analysis of the electromagnetic fields. Figures 6d–6f show spectrograms of wave-
normal angle θk , ellipticity, and the ratio of parallel to total Poynting flux S∥/S. For these
waves θk tends to vary between 0◦ and ∼40◦, meaning the wave propagation varies between
field-aligned and oblique. The ellipticity remains close to 1, which is a characteristic sig-
nature of whistler waves. Figure 6f shows that S∥/S remains close to 1 corresponding to
propagation along B, which in this case is toward the reconnection X line (Le Contel et al.
2016). Figures 6g–6i show the dispersion relation for the whistler waves at the beginning of
the interval, calculated from the four spacecraft. Such calculations of the dispersion relation
are crucial to determining the resonant energies of the electrons.

In the magnetotail, whistler waves have been observed and shown to be associated with
fast electron beams (Ren et al. 2019). Ren et al. (2019) argued that whistler waves could be
generated via Landau resonance with the inflow electron beam. Similar results were found
in kinetic simulations of symmetric reconnection (Fujimoto 2014).

Using a kinetic simulation, Goldman et al. (2014) showed that whistler waves propa-
gating toward the X line can be generated via Cherenkov emission from fast-moving elec-
tron holes. These whistlers can propagate into the diffusion region while the electron holes
generating them dissipate in the separatrices. Evidence of whistler waves generated via
Cherenkov emission was found in Earth’s magnetotail using the MMS spacecraft (Stein-
vall et al. 2019a). However, the whistlers generated by the electron holes were typically
found to be damped quickly (Steinvall et al. 2019a), limiting how far they can propagate
away from the electron holes generating them.

Electrostatic Solitary Waves and Electron Phase Space Holes In addition to electromagnetic
waves, nonlinear electrostatic waves and solitary structures are also prominent at the sepa-
ratrices. In the magnetotail, cold lobe electrons are accelerated towards the X line forming
beams, which are unstable to instabilities that can develop ESWs, which in turn can ther-
malize the electron population (Fujimoto 2014; Egedal et al. 2015; Norgren et al. 2020).
When the electrostatic potential associated with the ESWs is positive, they are often inter-
preted as the manifestation of electron phase space holes. Direct observation of the particle
phase-space structure is challenging due to their short observation times. However, recently
Mozer et al. (2018) used MMS Fast Plasma Investigation electron data and a superimposed
epoch analysis of a group of ESWs to calculate the electron phase-space density and show
that the electron distributions were consistent with electron holes. Norgren et al. (2022) used
MMS Electron Drift Instrument data to provide continuous time sampling electron fluxes of
a group of ESWs in a limited velocity space interval. The changes in electron fluxes were
shown to be consistent with predicted electron distributions across electron holes.

Figure 7 shows an example of electron holes observed by MMS at a magnetotail separa-
trix crossing (Norgren et al. 2020). In Fig. 7a the cold lobe electrons are accelerated parallel
to B. In this region, strong parallel electric field fluctuations develop (Fig. 7b). The electric
fields are characterized by bipolar fluctuations, which are a characteristic signature of elec-
tron holes. Using the four MMS spacecraft, the frequency-wave number power spectrum
can be calculated (cf., the Appendix) and is shown in Fig. 7d. Most of the electron holes
have speeds comparable to, but slightly below, the electron beam speed, consistent with
generation by the beam-plasma instability, while some slower electron holes are observed,
consistent with generation via the interaction of the electron beam with ions (Norgren et al.
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Fig. 7 Example of electron holes observed in the magnetotail separatrix region, based on Norgren et al.
(2020), showing the electron distributions in the separatrix region and the associated electric fields. (a) One-
dimensional reduced electron distribution along B. The solid black line is the parallel electron bulk speed
Ve,∥ and the dashed lines indicate Ve,∥ ± ve,th, where ve,th is the electron thermal speed. (b) Parallel electric
field E∥, showing large-amplitude waves. (c) Zoom in of E∥ where the bipolar signatures of electron holes
are seen. (d) Power spectrum of E∥ as a function of k∥ and f computed from the four-spacecraft phase-
difference method (cf., the Appendix)

2015). These observations are consistent with simulations of symmetric reconnection, which
show large amplitude ESWs propagating toward the X line (Egedal et al. 2015).

ESWs have also been reported in the separatrices of asymmetric dayside reconnection.
For example, Graham et al. (2015) found that ESWs can develop in both the magneto-
spheric and magnetosheath separatrices. They had positive potentials and were interpreted
as electron holes. At the dayside magnetopause separatrix, ESWs with negative potentials
associated with the mixing of cold magnetospheric and warm magnetosheath plasma have
been observed (Holmes et al. 2018b).

Ion-Acoustic Waves Ion-acoustic waves have been found to develop in the separatrix region
of magnetopause reconnection (Uchino et al. 2017; Steinvall et al. 2021). They are electro-
static waves with frequencies near the ion plasma frequency fpi and are typically charac-
terized by magnetic-field-aligned electric fields. For the ion-acoustic instability to grow, it
is often necessary that the ions are cold, Ti ≪ Te (Stringer 1964), which restricts the occur-
rence of ion-acoustic waves to instances when cold ions are the dominant ion component of
one of the reconnecting plasmas. Recent observations by MMS have shown that ion-acoustic
waves can develop when cold magnetospheric ions enter the separatrix region, where strong
electron-carried currents provide enough free energy to drive the instability (Steinvall et al.
2021). Steinvall et al. (2021) argued that the ion-acoustic instability could lead to current dis-
sipation in the separatrices and cold-ion heating. Similar ion-acoustic waves have also been
observed in recent laboratory experiments of magnetic reconnection (Zhang et al. 2023).

Finally, large-amplitude parallel electrostatic waves associated with the mixing of cold
magnetospheric and warm magnetosheath plasma have been observed on the magneto-
spheric side of the dayside magnetopause separatrix (Ergun et al. 2016). These can have
amplitudes exceeding 100 mV m−1. A topic of future research will be what additional roles
these waves play in magnetic reconnection.

Double Layers Double layers are localized regions with a net potential change. Double lay-
ers are observed in the reconnection separatrices and are associated with the fast electron
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flows. In simulations, double layers accelerate electrons along B toward the X line to form
beams, which are unstable to streaming instabilities and generate ESWs (Fujimoto 2014;
Egedal et al. 2015).

Double layers have been observed in the plasma sheet boundary layer in Earth’s mag-
netotail (Ergun et al. 2009; Yuan et al. 2022), although they were not directly linked to
reconnection. Wang et al. (2014) found double layers in the separatrix region of reconnec-
tion in Earth’s magnetotail using Cluster observations. They found that the double layers
propagated away from the X line, and might accelerate electrons. Evidence of double layers
has been reported in the separatrix regions of magnetopause reconnection in association with
electron mixing (Holmes et al. 2019). Overall, the observations of double layers associated
with reconnection are rather limited and further observations are needed.

Lower Hybrid Drift Waves The presence of lower hybrid and related drift waves has also
been reported on the separatrices of magnetic reconnection. Indeed, the largest amplitude
lower hybrid waves reported in magnetic reconnection simulations tend to occur along the
separatrices. In particular, lower hybrid waves develop along the magnetospheric separatri-
ces of dayside reconnection, where density and ion pressure gradients are strong (Graham
et al. 2022). Recent observations show that lower hybrid waves can also develop in the mag-
netosheath separatrices of asymmetric magnetopause reconnection (Tang et al. 2020a). In
addition, lower hybrid waves have been reported in the separatrices of reconnection in the
magnetosheath (Vörös et al. 2019), and in the magnetotail (Holmes et al. 2021). Magnetic
corrugations associated with drift waves can also extend from the separatrix well into the
EDR (Wilder et al. 2019; Ergun et al. 2019), and could be associated with patchy reconnec-
tion. Like near the diffusion region, the lower hybrid waves can smooth plasma gradients
and facilitate plasma mixing.

Langmuir and Upper Hybrid Waves Both Langmuir and UH waves have been observed in
or near the separatrices of reconnection at the magnetopause and in the magnetotail. Cluster
observations have shown that enhancements in wave power around fpe occur in the sep-
aratrices of high-latitude reconnection at Earth’s magnetopause (Khotyaintsev et al. 2004;
Retinò et al. 2006). In Earth’s magnetotail, UH waves were observed in the separatrices
close to the diffusion region (Farrell et al. 2002) and were associated with electron beams
(Farrell et al. 2003). Similarly, Viberg et al. (2013) observed plasma frequency waves, inter-
preted as Langmuir waves, in the outer separatrix regions in association with fast electron
beams propagating away from the X line. Graham et al. (2023) investigated the statistical
occurrence of Langmuir and UH waves in Earth’s magnetotail and showed that Langmuir
and UH waves were associated with electron beams. A fraction of these beams were con-
sistent with electrons escaping along newly reconnected field lines in the outer separatrix
region.

3.3 Ion Outflow

Magnetic reconnection produces non-Maxwellian ion and electron distribution functions
that are far from thermal equilibrium. The outflow region of reconnection is particularly
rich in non-Maxwellian distributions (Lapenta et al. 2018) leading to the development of
kinetic instabilities. The onset of the instabilities produces waves which in turn bring the
distribution functions toward isotropization.
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Temperature Anisotropy Instabilities A common example of ion distribution functions
found in the outflow region are anisotropic distributions, either with the parallel temperature
larger than the perpendicular Ti,∥/Ti,⊥ > 1 or vice versa Ti,∥/Ti,⊥ < 1 (the parallel and per-
pendicular direction of Ti,∥ and Ti,⊥ are based on the direction of the background magnetic
field). The ion temperature behavior in the reconnection-related regions has been highlighted
by observational and numerical studies (Hietala et al. 2015; Wu et al. 2013). The outflow
region, in particular, hosts anisotropic ion distribution functions that could rapidly trigger
various instabilities such as the ion firehose (developing if Ti,∥/Ti,⊥ > 1), mirror, and ion
cyclotron instabilities (developing if Ti,∥/Ti,⊥ < 1) (Gary 1993). As a result, the ion distri-
bution functions are isotropized while low-frequency ion-scale wave modes are generated.
This is confirmed by ARTEMIS observations in the deep magnetotail (spacecraft located
at X ∼ −45 RE , (Vörös 2011)) and numerical simulations using different models (Finelli
et al. 2021) showing that the ion population in the magnetic reconnection outflow regions
is shaped by the anisotropy-driven instabilities. ARTEMIS observations in Earthward and
tailward reconnection exhausts also showed compressional waves in correspondence with
regions unstable to the ion cyclotron, mirror, and firehose instability (Wang et al. 2020).
Furthermore, the development of the temperature anisotropy depends on the location with
respect to the X line. Wu et al. (2013) used THEMIS observations at different locations
along the magnetotail to show that Ti,⊥/Ti,∥ is enhanced in correspondence of bursty bulk
flows (BBFs). Also, the spread of the ion distribution in the Ti,⊥/Ti,∥ versus βi,∥ parameter
space is reduced closer to Earth (βi,∥ = 2μ0niTi,∥/B2, where μ0 is the vacuum magnetic
permeability and ni is the proton number density).

A large body of work exists about these instabilities constraining ion anisotropy in the
solar wind (Gary et al. 1976; Hellinger et al. 2006; Bale et al. 2009; Matteini et al. 2013a).
Among these studies, Matteini et al. (2013b) investigated the relationship between the tem-
perature anisotropy-driven instabilities and the onset of reconnection by simulating temper-
ature anisotropic plasma mimicking the solar wind. However, the interplay between recon-
nection and the ion firehose, mirror and cyclotron instability is still relatively unexplored,
especially in near-Earth plasmas. Few recent efforts have been made to investigate the effect
of these instabilities on magnetosheath ions using MMS observations (Maruca et al. 2018).
Recently, Richard et al. (2023) investigated the anisotropic distributions in the ion outflow
regions of magnetotail reconnection. They showed that the observed ion anisotropies could
lead to instability, although the effects of the resulting wave-particle interactions were too
slow to return the distributions to isotropy. Rather, chaotic and quasi-chaotic motion of the
ions in the current sheet was found to more quickly return ion distributions to isotropy.

Ion Firehose Instability The ion firehose instability is a kinetic instability which is driven by
temperature anisotropy Ti,∥/Ti,⊥ > 1 (Gary et al. 1998; Hellinger and Matsumoto 2000). The
instability may arise in plasma with sufficiently high temperature anisotropy Ti,∥/Ti,⊥ and
ion βi,∥. The ion firehose instability has two branches: a low-frequency (f < fci ) whistler
firehose branch that propagates parallel to the background magnetic field (Gary et al. 1998)
and a non-propagating oblique branch, called the Alfvén firehose branch by Hellinger and
Matsumoto (2000). The non-propagating ion firehose branch has a linear growth rate com-
parable to or even higher than the propagating branch. The presence of the ion firehose in-
stability in the ion outflow has been identified by Hietala et al. (2015). Their work presented
ARTEMIS spacecraft observations in the magnetotail and PIC simulations showing that the
ion firehose threshold is greatly exceeded within patchy regions in the reconnection outflow.
Their results show that the driving of the temperature anisotropy by reconnection is stronger
and faster than the linear growth of the instability, so the waves cannot efficiently remove
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the temperature anisotropy. This behavior is explained by ongoing magnetic reconnection
constantly refilling the outflow region with unstable plasma. However, as highlighted by Wu
et al. (2013), the ion temperature anisotropy highly depends on the location in the outflow
with respect to the X line.

Large-scale simulations of reconnection have shown that the current becomes unstable
far downstream of the X line, resulting in current sheet disruption and current filamentations
forming (Lottermoser et al. 1998; Karimabadi et al. 1999; Arzner and Scholer 2001; Liu
et al. 2012; Higashimori and Hoshino 2015). These simulations found that the ion firehose
threshold can be satisfied in the outflow region. Using fluid theory, Arzner and Scholer
(2001) argued that the instability was similar to the ion firehose instability due to counter-
streaming ions, although velocity shears can also contribute to the instability. These results
underline the complex interplay between magnetic reconnection and instabilities.

Ion Mirror Instability The interaction between magnetic reconnection and ion mirror insta-
bility is still quite unexplored. Laitinen et al. (2010) presented Cluster observations of strong
mirror modes in the magnetosheath and strongly time- and space-varying reconnection jets
at the magnetopause. Since the timescales of both phenomena were similar (of the order of
one minute), these results suggest that mirror mode fluctuations in the magnetosheath can af-
fect magnetopause reconnection, either by imposing modulation of continuous reconnection
or by triggering bursts of reconnection. This scenario has been confirmed in hybrid-Vlasov
global magnetospheric simulations (Hoilijoki et al. 2017). Hau et al. (2020) provided evi-
dence of the presence of mirror mode waves – identified by observing the anticorrelation
between the magnetic field and the density signals – in the vicinity of magnetic reconnec-
tion sites at the magnetopause. The two analysed MMS events were located in the mag-
netosphere dawn flank and the characteristic length associated with the mirror waves was
smaller in these events than the size that is typically observed in the outer magnetosheath,
at larger distances from the magnetopause. Despite the relatively limited amount of ob-
servational studies reporting mirror waves associated with reconnection, theoretical studies
suggest that the mirror instability could significantly affect the reconnection process. Chiou
and Hau (2003) predict a mixed mirror-tearing instability scenario where the mirror insta-
bility could increase the tearing instability growth rate. However, it is important to note that
this study investigated the resistive tearing-mode instability. More recently, Winarto and
Kunz (2022) investigated the relationship between reconnection and ion mirror instability in
a magnetized, collisionless, high-beta plasma using hybrid-PIC simulations. They showed
that initially, the mirror modes modify the current sheet by reducing its thickness, and then
tearing modes with wavelengths comparable to the mirror mode become unstable, trigger-
ing reconnection on smaller scales and at earlier times with respect to the case of the current
sheet not perturbed by mirror modes.

Electron Firehose Instability The presence of electron temperature anisotropy Te,∥/Te,⊥ > 1
can provide free energy for the development of the electron firehose instability (Hollweg
and Völk 1970). There are two distinct electron firehose wave modes. One electron firehose
branch is characterized by parallel propagation with respect to the background magnetic
field; the other is non-propagating, and it is predicted to develop for oblique wave-normal
angles (Gary and Nishimura 2003). It is now established that the non-propagating mode
has a lower threshold and a larger growth rate than the propagating mode. As with its ion
counterpart, the electron firehose instability has been investigated quite extensively in the
solar wind context (Verscharen et al. 2022, and references therein) since it is invoked as one
of the sources of isotropization to explain the quasi-isotropic electron distributions observed
in the solar wind.



Waves and Magnetic Reconnection Page 21 of 48 20

A few efforts have been devoted to investigating the electron firehose instability in mag-
netospheric plasmas. Notably, a Cluster statistical study of electron distributions in the mag-
netosheath shows that the electron distribution function is constrained by the electron fire-
hose instability threshold (Gary et al. 2005). Similar conclusions are presented in a statis-
tical observational study focusing on dipolarization fronts (DFs) in the magnetotail (Zhang
et al. 2018). Using MMS, Graham et al. (2021) found near the magnetopause and in the
magnetosheath that the parallel temperature anisotropy was constrained by the electron fire-
hose instability threshold, with Te,∥/Te,⊥ rarely exceeding the threshold. Yet, the role of the
electron firehose anisotropy in constraining the temperature anisotropy in the regions associ-
ated with reconnection is still largely unknown. Recently, electron firehose fluctuations have
been identified in the reconnection outflow in 3D PIC simulations (Le et al. 2019) and in
Earth’s magnetotail using in situ MMS observations (Cozzani et al. 2023) (see Fig. 8). Fig-
ure 8 shows a comparison of electron firehose observations and the associated temperature
anisotropies (Cozzani et al. 2023) and a 3D kinetic simulation (Le et al. 2019). In both these
cases Te,∥/Te,⊥ was constrained by the firehose threshold and the observed wave properties
were consistent with the oblique electron firehose mode.

Electron Two-Stream Instability The electron two-stream instability (ETSI) is another sig-
nificant source of isotropization of electron distribution functions in the reconnection out-
flow region. The development of the ETSI has been reported in the EDR (Jara-Almonte
et al. 2014) and at the separatrix (Hesse et al. 2018) in symmetric magnetic reconnection
simulation without a guide field and in situ observation of the separatrix region in the mag-
netotail (Norgren et al. 2020). In these cases, the instability was triggered by the presence
of counterstreaming electron beams originating in the two inflow regions and interacting in
the EDR or by the mixing of inflow and outflow populations at the thin separatrix boundary
(see Sect. 3.2). However, ETSI can develop for asymmetric magnetic reconnection as well.
Magnetic reconnection at the magnetopause naturally involves the mixing of multiple elec-
tron populations of magnetosheath and magnetospheric origin and typically the guide field
is non-zero. Tang et al. (2020b) presented an MMS exhaust crossing during magnetopause
reconnection where MMS measures high-frequency electrostatic waves generated by the
ETSI in the outflow region. They show unstable electron distributions, which are rapidly
isotropized, suggesting that wave-particle interaction is important for electron dynamics in
the outflow. Figure 9 shows an example of the electrostatic waves and the associated elec-
tron distribution. The electron distribution consisted of a core and a beam, and a fit to the
observed distribution yielded linear growth of ETSI.

Kinetic Alfvén Waves Alfvén waves are low-frequency, typically electromagnetic waves that
are ubiquitous in magnetized plasmas. Shear Alfvén waves are essentially an MHD wave
mode. However, if the perpendicular wavelength λ⊥ (with respect to the background mag-
netic field direction) is comparable to kinetic characteristic spatial scales such as the ion
gyroradius ρi , kinetic effects become significant and the shear Alfvén waves transition to
the Dispersive Alfvén Wave (DAW) modes. In particular, Kinetic Alfvén Waves (KAWs)
correspond to the DAW mode that arises in the intermediate-high β regime (Stasiewicz
et al. 2000; Chen et al. 2021). KAWs are characterized by λ⊥ρi ∼ 1 and electric fields
parallel to the background magnetic field E∥ sustained by the electron pressure gradient.
The parallel electric fields could have a significant role in enabling particle acceleration
and plasma heating. Identification of KAWs is usually based on the transverse spatial scale,
which is expected to be comparable to or smaller than the ion gyroradius, and on the ra-
tio between the electric field and magnetic field, which is expected to be close to or larger
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Fig. 8 Electron firehose waves in the reconnection outflows as observed by MMS (left column panels,
adapted from Cozzani et al. 2023) and in 3D PIC simulations (right column panels, adapted from Le et al.
2019). Top left: (a) Electron distribution in the parameter space βe∥–Te∥/Te⊥ . The electron population is
bounded by the electron firehose (EFI) and whistler instability (WI) thresholds. The green curve corresponds
to the Weibel ordinary-mode instability (OMI) marginal condition of stability (Ibscher et al. 2012). Bottom
left: Time series of quantities used to identify the non-propagating electron firehose fluctuations. (a) Magnetic
field; (b) Magnetic field fluctuations; (c) Observed frequency fobs (red solid line), Doppler-shift frequency
fDS (solid black line) and associated variability range (grey shaded region) with value σfDS

. (d) Angle be-
tween the wave vector direction and background magnetic field direction θkB and angle between the wave
vector direction and electron velocity direction θkve . (e) Spectrogram of Elong = |E · k̂2|/|E2|. (f) Spectro-
gram of the electric field power. The black line is the lower hybrid frequency fLH , and the dashed black
lines indicate the frequency range of the observed fluctuations (Δf = [2.6,3.8] Hz for this event). Top
right: distribution in the parameter space βe∥–Te∥/Te⊥. The magenta curve is the fluid firehose condition

Fe = μ0(Pe∥ − Pe⊥)/B2 = 1 and the black curve is the non-propagating electron firehose instability thresh-
old (same as the red curve in the top left panel). The points are taken in the reconnection outflow. Several
points of the 2D run lie well above the electron firehose stability threshold, indicating that the firehose insta-
bility acts to regulate the electron temperature anisotropy and it is more efficient in doing so in 3D systems.
Bottom right: Surface plots of the current density Jz . Electron firehose fluctuations are present in the outflow
region, while lower hybrid drift modes develop at the separatrices. The electron firehose mode develops in a
large number of flux tubes scattered throughout the exhaust at different times depending on the local plasma
conditions

than the Alfvén speed. A critical property of KAWs is that they can transport energy over
large distances in the form of Poynting flux S = δE × δB/μ0 directed mainly along the
ambient magnetic field (see Fig. 10), where δE and δB are the wave electric and magnetic
fields. For this reason, they are considered a fundamental process contributing to the mu-
tual magnetosphere-ionosphere coupling, to ion energization and heating, and to electron
acceleration via parallel electric fields.
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Fig. 9 Electrostatic wave associated with ETSI in the reconnection outflow of dayside magnetic reconnec-
tion observed by MMS4. Based on Tang et al. (2020b). (a) High-frequency E fluctuations in field-aligned
coordinates. (b) Spectrogram of E. (c) Two-dimensional reduced electron distribution at the time the waves
are observed. (d) One-dimensional cut of the electron distribution parallel and antiparallel to B (black) and a
two-Maxwellian fit to the data (red). (e) Dispersion relation (black) and growth rate (red) predicted from the
fitted distribution

KAWs are intimately related to magnetic reconnection as they are proposed to be associ-
ated with the Hall reconnection signatures. In particular, Rogers et al. (2001) suggested that
the formation of an open outflow typical of fast magnetic reconnection is associated with the
generation of whistler waves and KAWs. Also, Dai (2009) presented an approach in which
the Hall fields and currents are incorporated in the Alfvén eigenmode theory. Dai (2009)
showed that magnetic and electric fields measured in situ across the IDR (Mozer et al. 2002)
can be explained in terms of eigenmode theory as they agree with the n = 1 Alfvén eigen-
mode signatures. KAWs are thought to set the magnetic and electric field Hall structure of
the IDR and then propagate away from the reconnection site. Observational evidence of the
coexistence of KAWs and magnetic reconnection was presented in several studies (Chaston
et al. 2005, 2009; Dai et al. 2011). In particular, Dai et al. (2011) reported observations of
KAWs in the magnetotail reconnection outflow region, while Chaston et al. (2009) presented
in situ Cluster observations of KAWs in the IDR and in the outflow region of magnetic re-
connection. In Chaston et al. (2009) the wave fronts are observed to propagate away from
the X line, and the propagation is compatible with KAWs being emitted from a localized
source. While the generation mechanism of the KAWs could not be established, this study
provides evidence of the presence of KAWs in the exhaust and indicates the X line as the
possible generation region. A statistical study by Chaston et al. (2012) considered THEMIS
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Fig. 10 Kinetic Alfvén Waves associated with magnetotail reconnection. Signatures of KAWs observed in a
global 3D hybrid simulation of Earth’s magnetosphere, adapted from Cheng et al. (2020) (panels a–e) and a
schematic of the magnetic and electric field Hall patterns associated with KAW and magnetic reconnection
in the magnetotail, adapted from Duan et al. (2016) (panel f). Time evolution of (a) magnetic field lines at
the X line; (b) contours of By (GSE); (c) contours of the current density parallel to the background magnetic
field J∥; (d) contours of the electric field parallel to the background magnetic field E∥; (e) contours of the
Poynting flux parallel to the background magnetic field S∥ . The axis X, Y and Z are in units of Earth’s radius
RE . The pink ovals show the time evolution of the same wave structure generated by reconnection and its
Earthward propagation. (f) Schematic depicting the Earth’s magnetotail, the Hall magnetic and electric field
structure associated with KAWs at the reconnection site and the KAWs parallel Poynting flux transporting
energy towards Earth and likely accounting for aurora brightening

observations of fast flows in Earth’s magnetotail and showed that low-frequency electro-
magnetic waves consistent with KAWs are continuously radiated outward toward the lobe.
The fact that KAWs are generated in the IDR and then propagate in the outflow region is fur-
ther supported by simulation studies (Shay et al. 2011; Liang et al. 2016; Huang et al. 2018;
Cheng et al. 2020). A similar conclusion has been drawn from reconnection observed in a
laboratory experiment featuring mutually attracting flux ropes in a linear mirror device (Shi
et al. 2019). KAWs were identified, and the temporal variation of the KAW’s amplitude was
correlated with the temporal variation of the reconnection rate, supporting the relationship
between the two.

As mentioned above, KAWs are thought to play a primary role in magnetospheric-
ionospheric coupling. Notably, the Poynting flux carried by KAWs has been proposed as a
possible source for aurora (Angelopoulos et al. 2002; Wygant et al. 2002; Shay et al. 2011),
connecting magnetotail and magnetopause reconnection to ionospheric processes. In partic-
ular, since KAWs can transport energy at super-Alfvénic velocities, they could account for
the observed early onset of aurora with respect to the Alfvénic transit time from the recon-
nection site (Angelopoulos et al. 2008). Duan et al. (2016) reported THEMIS observations
in the near-Earth plasma sheet showing signatures of KAWs during the substorm expansion
phase. The KAWs were observed in correspondence with dipolarization, likely due to inter-
mittent reconnection. Several observational studies reporting intense KAWs in correspon-
dence with high-speed flows suggest that the observed waves carry sufficient Poynting flux
flowing Earthward that they could account for auroral brightening at low altitudes (Stawarz
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et al. 2017; Chaston et al. 2012; Angelopoulos et al. 2002). Simulation studies have provided
evidence supporting this scenario. Shay et al. (2011) estimated that KAW energy is able to
propagate to Earth’s ionosphere and create aurora, and similar conclusions were drawn in a
simulation study quantifying the attenuation of the Hall quadrupolar magnetic field structure
propagation as a KAW during magnetic reconnection (Sharma Pyakurel et al. 2018). These
estimations are valuable but constrained by the limited size of the simulation domains. Re-
cently, Gurram et al. (2021) suggested that the main carrier of wave energy away from the
reconnection site in magnetotail reconnection was shear Alfvén waves (SAWs) instead of
KAWs. By performing fully-kinetic simulations with high mass ratio (mi/me = 400) and
open boundary conditions, Gurram et al. (2021) found that both KAWs and SAWs are gen-
erated and that the damping rate of KAWs is enhanced so that the SAWs are the main wave
energy carrier. The wave energy transported by the SAWs is higher by an order of magnitude
with respect to previous estimates and could account for the energy deposited in the iono-
sphere and lead to the aurora. In summary, despite the significant progress in the investiga-
tion of KAWs, namely their relation to reconnection and the KAW-related energy transport,
more work is needed to fully understand their role in terms of magnetosphere-ionosphere
coupling.

High-cadence in situ measurements by MMS enables KAWs to be investigated with an
unprecedented level of detail. Zhang et al. (2017) presented MMS observations at the mag-
netopause confirming that the electric and magnetic field Hall pattern was observed as far
as 40 di away from the reconnection site, and it is consistent with the KAW mode. The
high cadence of MMS particle measurements combined with small inter-spacecraft separa-
tion allowed for the calculation of spatial gradients at kinetic scales, enabling the detailed
study of wave-particle interactions. Gershman et al. (2017) reported nonlinear wave-particle
interactions between electrons and KAWs in the reconnection outflow region at the magne-
topause. The trapped population of electrons may contribute to the saturation and damping
of the KAWs. Nonlinear wave-particle interactions such as nonlinear Landau damping and
stochastic heating play a key role also in the acceleration and heating of ions, as shown in 3D
hybrid simulations investigating KAWs associated with magnetic reconnection (Liang et al.
2017). Recently, the set of MMS data presented by Gershman et al. (2017) was analyzed to
accurately determine the KAWs perpendicular wavelength λ⊥ by using a particle-sounding
technique that can only be applied to high-resolution particle instruments. As the required
time resolution is higher than one-fifth of the wave period, only MMS observations can
be used in this case (Liu et al. 2023). Liu et al. (2023) showed that λ⊥/ρth,i ≈ 2.4 ± 0.7,
where ρth,i = √︁

2mpTi,⊥/eB0 is the proton thermal gyro-radius (mp is the proton mass,
Ti,⊥ is the ion temperature perpendicular to the ambient magnetic field B0). While con-
firming the ion-scale nature of KAWs, this result imposes a limit to the energy exchange
between KAWs and ions. Indeed, the highest perpendicular energy W⊥,m that can be gained
by ions via coherent wave-particle interaction is related to the perpendicular wavelength√︁

2mpW⊥,m/eB0 ≲ λ⊥ ≈ (2.42)ρth,i ≈ 5.76 ρth,i .
Apart from the generation in the IDR, several other KAW generation mechanisms have

been proposed. KAWs could be generated by mode conversion (Hasegawa and Chen 1976),
which is particularly relevant in regions with a significant gradient in Alfvén speed, such
as the magnetopause (Shi et al. 2013). Velocity shears could also facilitate the generation
of KAWs (Taroyan and Erdélyi 2002; Nykyri et al. 2021). KAWs could also be generated
by intermittent reconnection (Cao et al. 2013). Also, KAWs have been proposed as a key
constituent of the turbulent reconnection outflows. Huang et al. (2012) show that the dis-
persion relation computed in the turbulent outflow of magnetic reconnection in the Earth’s
magnetotail agrees with the Alfvén-whistler wave mode.
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3.4 Jet Fronts

Jet fronts are regions where the outflow jets from magnetic reconnection interact with the
ambient plasma sheet of the magnetotail. The jet fronts are often ion scale boundaries char-
acterized by sharp increases in the normal to the current sheet component of B. In the case
of the Earth’s magnetotail, this can be interpreted as the field configuration getting closer to
a dipole field, and therefore the fronts are often called dipolarization fronts (DFs). There is
also a decrease in density as the outflow plasma has a lower density than the plasma sheet.
The thickness of the jet front boundaries is typically comparable to the ion kinetic scales,
and thus the plasma gradients can be unstable to the generation of various waves. For exam-
ple, drift waves and interchange instabilities can develop at the fronts, while whistler waves
and streaming instabilities develop behind the fronts.

Lower Hybrid Waves Lower hybrid drift waves are among the most commonly observed
waves associated with dipolarization fronts. The gradients in B and thermal pressure, and
the associated cross-field currents, provide the source of instability, similar to the magne-
topause. Cluster and THEMIS observations have shown lower hybrid waves developing at
dipolarization fronts (Zhou et al. 2009a; Greco et al. 2017; Khotyaintsev et al. 2011; Di-
vin et al. 2015b). Zhou et al. (2009a) found lower hybrid waves in regions of enhanced Hall
electric field and suggested that diamagnetic drifts were responsible for the waves. Similarly,
Divin et al. (2015b) found that the waves were consistent with generation by the lower hy-
brid drift instability by comparing Cluster observations with linear kinetic theory (Yoon and
Lui 2008). Based on observations, the lower hybrid waves have been proposed to contribute
to both ion (Greco et al. 2017) and electron heating (Khotyaintsev et al. 2011).

Recently, the properties of lower hybrid waves have been investigated using MMS. Le
Contel et al. (2017) investigated the properties of lower hybrid waves and suggested the
waves contribute to electron heating. Pan et al. (2018) investigated a dipolarization front
with electron-scale structures across the front. These structures were consistent with a rip-
pling structure along the front due to lower hybrid waves. Figure 11 shows the rippled dipo-
larization front observed by MMS in Pan et al. (2018). Figure 11a shows the profile of
B in boundary-normal coordinates. The rippling results in large J in the normal direction
and large fluctuating E⊥ (both the normal and in-plane components). The electric fields are
dominated by the Hall electric field, with a minor contribution from the electron pressure di-
vergence. A simple model of the front ripples assuming pressure balance shows good agree-
ment with the observations (Figs. 11e–11g). Statistical investigation of lower hybrid waves
at dipolarization fronts by Hosner et al. (2022) concluded that the waves are a consistent
feature of the fronts.

Simulations of magnetotail reconnection show that as reconnection proceeds, the region
near the X line is filled with the upstream low-density plasmas, and thus, the density and
pressure gradients become smaller than those occurring during reconnection onset in sim-
ulations. This can stabilize plasma instabilities, such as LHDI, near the X line (Nakamura
et al. 2016). Instead, at this later stage of reconnection, the sharpest gradients develop at
the jet fronts, leading to LHDI waves developing there (Vapirev et al. 2013; Lapenta et al.
2014; Divin et al. 2015a; Nakamura et al. 2016). Similarly, simulations show that velocity
shear instabilities at DFs can excite waves in the lower hybrid frequency range (Lin et al.
2019). Simulations have also shown that the gradients in the jet front region can also in-
duce the ballooning/interchange instability (BICI), which breaks up the front into ion-scale
finger-like structures (Nakamura et al. 2002; TanDokoro and Fujimoto 2005; Guzdar et al.
2010; Lapenta and Bettarini 2011; Pritchett 2015b). 3D kinetic simulations of reconnection
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Fig. 11 A rippled dipolarization front observed by MMS in Earth’s magnetotail, adapted from Pan et al.
(2018). Panels (a)–(d) present MMS observations of the DF, while panels (e)–(g) show a model of the rippled
DF. (a) B, (b) current density J calculated using the Curlometer technique. (c) and (d) Normal N and out-
of-plane M components of E + Vi × B (black), J × B/ne (blue), and −∇ · Pe/ne (green). (e) Model of the
perturbed DF where the arrows indicate the direction of E. The colored lines indicate the trajectory of MMS
across the DF. (f) and (g) Model predictions of the components of E in the M and N directions, respectively

showed that LHDI at jet fronts could nonlinearly couple with the BICI, leading to addi-
tional growth of BICI finger-like structures (Nakamura et al. 2016). The nonlinear evolution
of LHDI at the front dissipates magnetic energy and diffuses the compressed front layer
(Nakamura et al. 2019).

Whistler Waves Pileup of the reconnected magnetic flux (increase of B) behind the front
drives the electron VDF to perpendicular anisotropy Te⊥ > Te∥ due to conservation of
magnetic moment μ = mev

2
e⊥/2B , known as the betatron effect (Birn et al. 2022). Such

anisotropic VDFs eventually become unstable to the generation of field-aligned whistlers
due to whistler temperature anisotropy instability (Kennel and Petschek 1966). Generation
of whistlers in the flux-pileup region (FPR) behind the front has been observed in numerical
simulations (Fujimoto and Sydora 2008) and spacecraft observations (Le Contel et al. 2009;
Khotyaintsev et al. 2011). It has been statistically confirmed that whistler generation is a
characteristic feature of the FPR, with about half of the observed fronts having associated
whistler emission (Viberg et al. 2014; Li et al. 2015). The waves are in cyclotron resonance
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with suprathermal (>1 keV) electrons, and these electrons with large pitch angles provide
the major contribution to the wave growth (Grigorenko et al. 2023). Adiabatic betatron heat-
ing is thus followed by the wave generation, which in turn leads to pitch-angle scattering of
the resonant electrons reshaping the distribution function (Artemyev et al. 2022), making the
overall heating process non-adiabatic. The scattering process is relatively fast: for the mag-
netotail conditions, the characteristic scale is of the order of one second (Khotyaintsev et al.
2011), and thus, the whistler growth effectively regulates the temperature anisotropy driven
by the flux pileup, which has been confirmed statistically (Zhang et al. 2018). The whistlers
can also scatter energetic electrons into the loss cone, leading to their precipitation (Tsai
et al. 2022). As the generated whistlers will propagate out of the generation region (FPR),
they will carry away energy in the form of Poynting flux, corresponding to several percent
of the suprathermal electron flux (Khotyaintsev et al. 2011; Zhang et al. 2019). The common
occurrence of whistlers at the reconnection jet fronts provides smoking-gun evidence of the
active pileup of magnetic flux. Therefore, observation of whistlers in combination with other
data can be used to identify such a region in cases where only very limited or no particle
data is available, e.g., for observations at Jupiter, Ganymede, Saturn, and other planets.

Electrostatic Waves The complex ion and electron velocity distributions behind the jet front
can also drive electrostatic waves, such as electrostatic solitary waves, broadband electro-
static waves, or electron cyclotron waves. In particular, loss-cone and ring-type electron
distributions behind the dipolarization front can excite electrostatic electron cyclotron har-
monics (ECHs) (Zhou et al. 2009a). Zhou et al. (2009a) attributed these ECHs to the pos-
itive slope in the electron perpendicular velocity distribution function. They suggested that
these ECHs could accelerate non-resonant electrons through a stochastic mechanism (Far-
rell et al. 2003). In addition, Fermi-accelerated parallel electron beams (e.g. Fu et al. 2013)
may also drive broadband electrostatic waves with frequencies up to several times the elec-
tron cyclotron frequency fce (Hwang et al. 2011, 2014). Hwang et al. (2014) found that the
Fermi-accelerated electron beams in the flux tube behind the dipolarization front drive two
electrostatic wave modes. The low frequency (∼0.43fce) mode was an oblique (θkb ≈ 35◦)
whistler mode and the high frequency (∼3.4fce) mode was a parallel (θkb = 0.7◦) electron
beam mode. The authors speculated that the former could be responsible for ion heating.
Fermi-accelerated ion beam VDFs originating from the pre-existing plasma sheet ahead of
the front (Eastwood et al. 2015), and cold ions accelerated across the separatrices (Wygant
et al. 2005) can also drive ESWs (Liu et al. 2019; Zhang et al. 2022). Liu et al. (2019) sug-
gested that intense electrostatic solitary waves observed behind the DF are generated by an
ion-beam instability driven by the fast cold ion beam. Alternatively, Zhang et al. (2022) sug-
gested that ESWs behind the jet fronts are driven by a drift between the hot ion population in
the outflow and the cold ion beam originating from the inner magnetosphere. Lakhina et al.
(2021) proposed a mechanism for the generation of these ESW in terms of slow and fast
ion-acoustic solitons. Using a multi-fluid description with a hot Maxwellian electron core
and two ion beams, Lakhina et al. (2021) found two fast and two slow ion-acoustic modes
propagating parallel and antiparallel to the background magnetic field. They found that the
predicted ion-acoustic solitons are in good agreement with MMS’s observations. Liu et al.
(2019) suggested that these ESWs can eventually thermalize the unstable ion beams, heating
the ions in the reconnection jet.

4 Large-Scale Waves

In the previous sections, we primarily focused on kinetic-scale microinstabilities. However,
larger-scale macroinstabilities associated with current sheets develop and can have important
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consequences for ongoing reconnection and reconnection onset. We briefly describe current
sheet kinking and the tearing mode instabilities. The relation between the Kelvin-Helmholtz
instability and reconnection is discussed in Stawarz et al. (2024, this collection).

4.1 Flapping and Kinking of Current Sheets

Flapping motions are large-scale (λ ∼ 1 RE) North-South oscillations of the magnetotail
current sheet (Speiser and Ness 1967; Lui et al. 1978). In particular, Gao et al. (2018) dis-
tinguished two types of flapping motions: the steady flapping, which consists of a global
North-South motion of the current sheet, and the sinusoidal wave-like sheet motion (Speiser
1973). From an observational point of view, the flapping motions are seen as large ampli-
tude oscillations of the Earthward/tailward magnetic field with multiple current sheet cross-
ings (Figs. 12a and 12b). The typical period of these oscillations ranges from ∼10 minutes
(Sergeev et al. 2004) to ∼10 seconds (Wei et al. 2019). Multi-spacecraft missions, such as
Cluster and MMS, enable the type of flapping motion as well as the propagation velocity to
be calculated using multi-spacecraft timing (Vogt et al. 2011). The timing method has been
used statistically by Runov et al. (2005) to show that the wave-like flapping motion propa-
gates toward the flank of the magnetosphere along the electric current direction (Fig. 12c).
Three-dimensional fully kinetic simulations with open boundaries showed that wave-like
flapping motions propagate in the duskward direction with a speed close to the Alfvén speed
(Sitnov et al. 2014). The measured propagation velocity of the wave-like flapping motions
ranges from ∼10 km s−1 to ∼100 km s−1 (Sergeev et al. 2004; Runov et al. 2005).

Various mechanisms have been proposed to excite flapping motions. For instance, Gao
et al. (2018) suggested that the steady flapping in the midnight region induces the wave-like
flankward propagating flapping motion observed in the flanks. Using MMS, Wang et al.
(2019) suggested that solar wind directional change creates a North-South motion of the
magnetotail current sheet, which triggers the flapping motions. MMS observed the modula-
tion of the reconnection electric field with the same period as the flapping motions, suggest-
ing that unsteady reconnection may induce the flapping motion (Wei et al. 2019). On the

Fig. 12 Illustrations of flapping and tearing modes associated with large-scale current sheets. Panels (a)–(c)
present MMS observation of current sheet flapping. Based on Richard et al. (2021). (a) Magnetic field, (b)
current density, and (c) schematic of the drift-kink instability-driven current sheet flapping in the ion frame,
showing the electron motion (red) and current direction (green). (d) and (e) Illustrations of the kink mode
associated with current sheet flapping and the tearing mode
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other hand, linear stability analyses have suggested that the wave-like flapping may result
from the MHD double gradient instability (Erkaev et al. 2007), the ion-ion kink instability
(Karimabadi et al. 2003; Sitnov et al. 2004), and the drift-kink instability (Daughton 1999).
In particular, Karimabadi et al. (2003) found that the wave properties observed by Runov
et al. (2003) are in very good agreement with the prediction of the ion-ion kink mode. Re-
cently, Richard et al. (2021) found that the wavelength of the wave-like flapping motion is
consistent with the prediction of the drift-kink instability, suggesting that this instability can
be responsible for the flapping motion.

4.2 Tearing Mode

The tearing mode is particularly interesting because it can generate the conditions required
for reconnection onset. The instability develops in current sheets to perturb the magnetic
field, potentially leading to the development of X lines and magnetic islands (as illustrated
in Fig. 12e). The tearing mode exists in the resistive and collisionless regimes. The resistive
tearing mode can be described by the MHD equations in the presence of finite resistivity in
the center of the current sheet (Furth et al. 1963). The theory was then extended to collision-
less plasma (Coppi et al. 1966) and to plasmas with variable collisionality (Drake and Lee
1977). At Earth’s magnetopause and magnetotail, plasmas are essentially collisionless, so
other effects must take the place of collisions, such as Landau damping.

Much of the theoretical work has focused on Earth’s magnetotail. There, due to the con-
tribution of Earth’s dipole magnetic field, the magnetic field configuration has a small but
finite component (Bz/B0 ∼ 0.1) normal to the current sheet. Therefore, the current sheet is
often modeled using a 2D isotropic locally Harris equilibrium (Schindler 1972; Lembege
and Pellat 1982). Due to the finite normal component, the electrons remain magnetized,
suppressing the electron Landau dissipation and thus the electron tearing mode (Galeev and
Zelenyı̌ 1976). Assuming the electron damping is unimportant for Ti/Te ≫ 1, Schindler
(1974) showed that ion Landau dissipation of unmagnetized ions drives an ion tearing in-
stability. However, for many conditions, the growth rate is too low to be important (Sitnov
et al. 2019). Additionally, Lembege and Pellat (1982) found that ion tearing is prevented by
an electrostatic potential due to the electron density compression associated with the tearing
mode. Sitnov and Schindler (2010) showed that the stability criteria may be exceeded in the
case of a localized magnetic flux accumulation called a Bz hump. The stability of the non-
Harris thin current sheets supported by non-Maxwellian ion VDFs is still debated (Burkhart
et al. 1992; Zelenyi et al. 2008).

Kinetic simulations have been used to study the development of tearing instability. The
stability of the configuration proposed by Sitnov and Schindler (2010) was tested in multi-
ple two-dimensional PIC simulations (Sitnov et al. 2013; Bessho and Bhattacharjee 2014;
Pritchett 2015a). While all studies revealed the development of an instability leading to
reconnection, the nature of the driving instability is debated. In particular, Bessho and Bhat-
tacharjee (2014) showed the development of an electron tearing mode for a sufficiently
small normal magnetic field. Simulations have generally found growth of an electron tear-
ing mode, where the electron physics drives the instability. Imposing an external driving
electric field along the out-of-plane direction compresses the current sheet and reduces the
normal field, leading to electron demagnetization and electron tearing (Hesse and Schindler
2001; Liu et al. 2014; Pritchett 2005).

Currently, there is limited observational evidence of tearing mode in space plasmas.
A small number of studies have investigated tearing modes within Earth’s magnetosphere.
For example, Bakrania et al. (2022) used machine learning techniques to identify signa-
tures in electron distributions consistent with tearing modes in Earth’s magnetotail. Lu et al.
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(2020) argued that a magnetotail reconnection onset event was consistent with electron tear-
ing occurring, while the ion tearing mode was found to be unlikely. Similarly, Genestreti
et al. (2023) investigated reconnection onset in the magnetotail and found that onset was
consistent with the electron tearing instability. At present, it is unclear to what degree the
tearing mode can account for the onset of reconnection in Earth’s magnetopause and magne-
totail. Some observations have found evidence of the tearing mode in the solar wind (Réville
et al. 2020). Analyses of tearing mode remain largely theoretical, and direct observations
are currently limited. Further observational work is needed to determine the role of tearing
modes in the onset of reconnection.

5 Discussion

The review in Sect. 3 shows that we now understand well the types of waves that can develop
in reconnection regions. High-resolution fields measurements from spacecraft enable the
types of waves associated with reconnection to be identified and characterized. Spacecraft
such as Cluster and MMS have enabled waves to be characterized using multi-spacecraft
methods. Similarly, multi-spacecraft methods enable the region where waves develop in
relation to reconnection to be identified. Additionally, the observation of background particle
distributions and estimates of plasma gradients and electric currents enable the instabilities
responsible for the waves to be identified. Similar analyses from kinetic simulations and
laboratory experiments enable the location of the waves in relation to reconnection to be
identified and the underlying instabilities to be investigated. Thus, the type of waves that
develop in different regions, their properties, and the underlying instabilities are generally
well understood.

A crucial ongoing question is what effect these waves have on the plasma and how these
waves affect reconnection. Generally, the effect of waves will be to return unstable plasmas
to stability. Most of the knowledge of the effects of waves on plasmas is based on theoreti-
cal work or numerical simulations. Numerical simulations enable wave-particle interactions
to be isolated from other plasma processes. Using in situ observations to study the effects
of waves on the plasma is generally very difficult. For lower frequency waves up to lower-
hybrid frequency, MMS has resolved the fluctuations in the particle distributions and mo-
ments associated with the waves (Gershman et al. 2017; Graham et al. 2022). This enables
wave-particle interactions to be directly investigated. Additionally, wave-particle interac-
tions for waves at higher frequencies, such as whistlers (Kitamura et al. 2022) and electron
holes (Mozer et al. 2018; Norgren et al. 2022), have been investigated. These studies suggest
further work can be done to quantify the effects of wave-particle interactions on magnetic
reconnection and plasmas more generally with current instrumentation. In particular, fur-
ther work is needed to determine if higher-frequency waves can contribute to anomalous
resistivity and electron diffusion near the EDR.

Another ongoing question is the importance of three-dimensional effects when study-
ing magnetic reconnection. Most simulations and observations have modeled or interpreted
reconnection in two dimensions, assuming a uniform out-of-plane direction. Recent simu-
lations and observations of reconnection have focused on three-dimensional effects. One of
the primary effects when simulating reconnection in three dimensions is that drift waves in
the out-of-plane direction develop. Drift waves can develop close to the X line, resulting in
significant perturbations in and around the EDR (Cozzani et al. 2021). Three-dimensional
simulations and observations have shown that lower hybrid waves tend to broaden the sepa-
ratrix regions from electron-scale boundaries to hybrid or ion scale boundaries. In addition,
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significantly enhanced electron mixing and heating occur in three-dimensional simulations
compared with two-dimensional simulations for asymmetric magnetopause reconnection
(Le et al. 2017). The cause of the heating due to lower hybrid waves or the associated elec-
tron mixing is not fully understood. It has been argued that electron heating can result from
Landau damping of lower hybrid waves (Cairns and McMillan 2005; Ren et al. 2022). Ob-
servations have shown that these waves have small but finite parallel wave numbers (Graham
et al. 2019) so Landau damping of electrons is plausible. Further work is required to deter-
mine if the energy transferred to electrons by the waves is sufficient to account for the strong
parallel electron heating reported in reconnection observations and simulations.

The recent observations of UH waves in and near the EDR and Langmuir waves in the
reconnection separatrices suggest that these regions are possible sources of electron heat-
ing, scattering, and diffusion. These processes could modify reconnection at electron scales
(Dokgo et al. 2020a). Due to the challenges in modeling these waves in simulations of
magnetic reconnection and the current difficulty in directly quantifying these effects with
spacecraft observations, further work is needed to determine the role of these waves in re-
connection. These observations also suggest that diffusion regions and separatrices may
be sources of escaping electromagnetic O- or X-mode waves, which could be observed re-
motely. Langmuir and UH waves can be converted to O- and X-mode waves near the plasma
frequency and its harmonics via linear and nonlinear processes. Recent simulations show
that UH waves generated by electron distributions can undergo three-wave decay and coa-
lescence to generate electromagnetic waves at 2fpe (Dokgo et al. 2019). Similar results were
found for Langmuir and UH waves/electron Bernstein waves by Yao et al. (2022a). How-
ever, these simulations used local homogeneous conditions with initial distribution functions
based on distributions from observations or simulations of magnetic reconnection. Large-
scale three-dimensional kinetic simulations of reconnection, which can resolve Langmuir
and UH waves, and the generated electromagnetic waves are not currently feasible. Al-
though electromagnetic waves produced in reconnection regions have been reported on the
Sun (Cairns et al. 2018), escaping electromagnetic waves have not yet been reported from
in situ observations of magnetic reconnection. Further work is required to better understand
magnetic reconnection as a source of escaping electromagnetic waves.

Finally, one of the major ongoing questions is reconnection onset, namely, how is re-
connection initiated in thin current sheets and what role do waves and wave-particle inter-
actions play? Tearing modes are often invoked to explain the development of X lines and
reconnection onset. However, observational evidence of the tearing mode from spacecraft
observations is limited, especially at Earth’s magnetopause and in the magnetotail. Identify-
ing signatures of tearing instability in spacecraft observations has proved very challenging
and requires further investigation.

6 Conclusion

The role waves play in collisionless magnetic reconnection has been studied extensively
using spacecraft observations, numerical simulations, and laboratory experiments. Kinetic
plasma waves have been found in the reconnection diffusion region, separatrices, ion out-
flow regions, and at jet fronts. Significant progress has been made in characterizing the
waves developing in these different regions. High-resolution electromagnetic field measure-
ments have enabled the waves to be identified and their properties characterized. Single- and
multi-spacecraft observations have been used to determine where these waves occur in rela-
tion to magnetic reconnection. Detailed analyses of the particle distribution functions have
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been used to determine the source of instability generating the waves. As a result, the type
of waves that develop and why they occur in relation to magnetic reconnection are generally
well understood. Recent major results are that MMS observations have demonstrated for
the first time that the agyrotropic electron distributions produced by the EDR are unstable
to large-amplitude electrostatic waves, which had not been previously found in simulations.
Additionally, the type of instabilities that cause the observed waves have been identified by
comparing the wave properties with the observed particle distribution functions. Significant
progress has been made in understanding the role of anomalous resistivity in reconnection
due to short-wavelength lower hybrid waves, enabled by the direct measurement of fluctu-
ating electron distributions associated with the waves. Observations and simulations have
shown that the effects on the reconnection electric field are small, but anomalous diffusion
and plasma mixing due to lower hybrid waves can significantly broaden the boundary layer
near the diffusion region and separatrices.

Appendix: Wave Measurement Techniques

In this section, we summarize important wave analysis techniques, which have been em-
ployed to study plasma associated with magnetic reconnection.

A.1 Multi-Spacecraft Interferometry

Multi-spacecraft methods are most appropriate for waves on scales larger than the probe-to-
probe distance and close to the spacecraft separation. Given a collection of spacecraft with
known separations, the standard approach assumes a plane-wave structure and uses cross-
correlation of fields measurements and the resulting time-delays to determine the phase
velocity of the wave (Götz Paschmann 1998). For a matrix of vector separations r between
spacecraft indexed α and β , and a corresponding matrix of timings tαβ , the basic equation
to solve is given by:

rαβ · n̂
vph

= tαβ . (A1)

Where n̂ is the normal vector in the direction of the plane wave. The system can then be
solved for n̂/vph using a least squares fitting or other linear algebra technique. In the special
case of a tetrahedron, keeping α fixed, there are three baselines, and the system can be solved
exactly by inverting rαβ . The differences in applying this method come from changing how
tαβ are determined, and how the matrix equation is solved.

The most basic approach of cross-correlating E∥ measurements has been used effectively
for solitary waves, which have an isolated pulse signature (Tong et al. 2018; Holmes et al.
2018b,a; Steinvall et al. 2019b; Mozer et al. 2018; Lotekar et al. 2020; Kamaletdinov et al.
2021; Norgren et al. 2022). However, it has also been used for wave packets of lower-hybrid,
Buneman, and beam-mode waves (Holmes et al. 2021), and whistler waves (Hull et al. 2020;
Zhong et al. 2022).

One can extend the above method to the spectral domain by determining a phase dif-
ference (and therefore a time delay from Δtαβ = Δφαβ/ω). Averaging over a sliding time
window, one can compute the complex-valued cross-spectral density C(t,ω) as a Fourier
transform of the cross-correlation. The phase difference is given by:

Δφ = tan−1(ℑ[C(t,ω)]/ℜ[C(t,ω)]), (A2)
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where ℜ and ℑ denote the real and imaginary components of C(t,ω). Because t , ω and k are
directly mapped to one another via the phase velocity and rαβ , the average power spectrum
P (t,ω) of the fields can be remapped as a function P (k,ω). Furthermore, from the full
wave-vector k, spectra in terms of the components k∥ and k⊥ can also be compared with
theoretical dispersion relations. This method has recently been applied using wavelet rather
than Fourier transforms for lower hybrid waves (Graham et al. 2019), whistlers (Zhong et al.
2022), and electron holes (Norgren et al. 2020).

Finally, the k-filtering or wave-telescope technique (see e.g. Capon 1969; Pincon and
Lefeuvre 1991; Motschmann et al. 1996; Tjulin et al. 2005) solves the general matrix equa-
tion (A3):

P (k,ω) = Tr
[︂(︁

H†(k)M−1(ω)H(k)
)︁−1

]︂
, (A3)

where M is a large matrix of the time-windowed cross-spectral density of the input vector
fields and the spacecraft positions, and H is a “shape function” which is typically a matrix of
plane waves describing how waves travel between each spacecraft position. H could also be
chosen to account for three-dimensional structure such as spherical waves or current-sheet
shapes. This approach can be further extended by applying various types of adaptive filters
or constrained optimization schemes (Narita et al. 2022). The wave-telescope technique plus
various extensions has been recently used to identify spectra of mirror mode waves (Narita
et al. 2016), kinetic Alfvén waves (Gershman et al. 2018), whistler waves (Yoo et al. 2018),
and turbulence in the solar wind from density fluctuations (Roberts et al. 2017).

A.2 Multi-Probe Interferometry

For MMS and many other spacecraft, electric fields are measured using the double probe
technique, where the difference in potentials between two probes is used to estimate the
component of the electric field between the probes. The probes measure the potential dif-
ference Vi between the probe and the spacecraft, given by Vi = Vp,i − VSC , where Vp,i is
the probe potential, VSC is the spacecraft potential, and the subscript i refers to the probe
number. The probes are typically biased with a current so their potentials remain close to
the plasma potential. The electric field is then given by

Eij = −Vj − Vi

Lij

, (A4)

where Lij is the distance between probes i and j . Nominally, the difference is taken from
probes on opposite sides of the spacecraft to construct Eij . Each MMS spacecraft consists of
six probes, whence the three-dimensional electric field is constructed. Figure A1 shows the
probe configuration in the spin plane; the two axial probes (probes 5 and 6) are out of and
into the page. In practice, the conducting spacecraft and booms typically lead to a reduction
in Eij due to local short-circuiting. Therefore, an effective baseline is used for Lij rather
than the physical probe separation (Pedersen et al. 2008).

The fact that the probes are separated in space means that it is possible to use Vj as
multi-point measurements, namely multi-probe interferometry. Multi-probe interferometry
has been used to estimate the phase speed or velocities by either comparing different Vi

directly or reconstructing electric fields from different probe combinations. The time delays
Δt (Vasko et al. 2018) or the phase differences (Graham et al. 2016a) between measurements
are used to estimate the phase speed. Three different methods have been employed:
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Fig. A1 Schematic of the MMS
probe configuration in the
spacecraft spin plane. The axial
probes are into and out of the
page

1. The time delays between opposing probe-to-spacecraft potentials to estimate the phase
speeds along the probe displacement. For MMS time delays between V1 and −V2, V3

and −V4, and V5 and −V6. The phase speed and wave vector are calculated using (Vasko
et al. 2018):

vph =
(︃

Δt2
12

L2
1

+ Δt2
34

L2
3

+ Δt2
56

L2
5

)︃−1/2

, kji = vphΔtij

Li

, (A5)

where Δtij is the time delay between probes i and j , Lj is the probe to spacecraft sepa-
ration and kji is the wave number along the ji direction. The advantage of this method
is that it can in theory provide a three-dimensional wave vector when using the three
probe pairs. The disadvantage is that Vj is used, which means that any changes in VSC

due to density fluctuations or electric fields affect the results. At high frequencies, one
measurement has a δVSC contribution while the other has a −δVSC contribution, where
δVSC refers to fluctuations in the spacecraft potential.

2. The second method involves constructing two spatially separated electric fields in the
same direction. For an electric field along the direction of the 12 probe pair this is
achieved using (Khotyaintsev et al. 2011; Graham et al. 2015):

E1 = VSC − V1

L1
,E2 = V2 − VSC

L2
,VSC = V3 + V4

2
. (A6)

The fields are aligned and correspond to a spatial separation of L1, as illustrated in
Fig. A1. Since the method relies on differences between Vi , the contributions from δVSC

should be negligible compared with method 1. However, this method requires the direc-
tion of k to be known from other methods or needs to be assumed, and is typically only
reliable for electrostatic waves with k closely aligned with one of the probe pairs, which
corresponds to the longest baseline and most reliable estimate of VSC .

3. The third method involves constructing an electric field from adjacent probes around the
spacecraft rather than opposing pairs (Vaivads et al. 2004). The fields E41 ∥ E23 (illus-
trated in Fig. A1) and E13 ∥ E42 using equation (A4) and Ldiag = √

2Li is used as the
baseline. Two time delays can be calculated Δt41,23 and Δt42,13 to calculate vph and k in
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the spacecraft spin plane (Steinvall et al. 2022):

vph =
(︄

Δt2
41,23

L2
diag

+ Δt2
42,13

L2
diag

)︄−1/2

,k =
(︄

1√
2

− 1√
2

1√
2

1√
2

)︄(︃
Δt42,13

Δt41,23

)︃
vph

Ldiag

. (A7)

This method provides vph and k in the spin plane, but this method cannot be applied to
the axial probes. Like method (2) the effects of δVSC should be small.

We note that performing multi-probe interferometry is generally difficult and can be
prone to error. In particular, in many plasma environments, such as Earth’s magnetosphere
and magnetotail, the wavelength of the waves is too large compared with the probe separa-
tions to measure a time delay. This is particularly a problem for axial probes, which have
significantly shorter separations than spin-plane probes. The fact that the axial probes are
closer to the spacecraft means that they can be strongly influenced by the spacecraft. Over-
all, this makes estimating time delays from the axial probes extremely difficult, and results
can be quite unreliable. The methods are also restricted by the cadence of the probe measure-
ments (8.192 kHz for MMS in burst mode), typically limiting the frequency of the waves
that can be investigated to well below the Nyquist frequency.

Recently, the reliability of these three interferometry methods was investigated by Stein-
vall et al. (2022), using an analytic model. They showed that method (1) is highly susceptible
to spacecraft potential fluctuations and how non-planar the wave is. This is particularly im-
portant for electron holes, which are highly localized and often non-planar. The spacecraft
potential fluctuation effects were found to be reduced for high-density plasmas. Although
it was found that method (2) is generally reliable when wave vector direction is known
and closely aligned with one of the probe pairs, method (3) was found to be the preferable
method to use to determine the spin-plane component of the phase velocity and wave vector.
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