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explanation for the physical mechanism underlying charged particle energization

acceleration at sites of magnetic reconnection. In-situ measurements of reconnection
sites by various satellites such as MMS, THEMIS, and FAST confirmed the connection of
charged particle energization with the large parallel electric fields in the auroral regions, Earth's
plasma sheet, and the separatrix region of the magnetosphere. We employed the fully nonlinear
Sagdeev potential technique and multi-fluid theory for electron-ion plasma to find double-
layer solutions and the accompanying electric field at the reported sites. Considering electrons
to be kappa distributed, we have taken into account the ion inertial effect. Specifically, at non-
Maxwellian effective temperature scales, parallel electric fields related to the Alfvénic double
layer have been studied and compared with the observations. We have shown that the
nonthermal parameter kappa and Alfvénic Mach number M considerably alter the properties
of DLs and the associated electric field of kinetic Alfvén waves.
Keywords: Double layers; Kappa distribution; Electric field structures; Kinetic Alfven waves
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Introduction:

Magnetic reconnection is widely studied in both space and laboratory plasmas for its
role in converting magnetic energy into plasma energy through heating and particle
acceleration. The potential mechanisms behind the acceleration of charged particles in space
plasmas were reported in many studies [1][2][3][4]. Nonetheless, field-aligned double layers
provide a more credible explanation for particle acceleration in space plasmas [2][5][6][7]. In
both natural and artificial plasma environments, double layers, non-linear structures with
parallel potential structures and related electric fields are a source of charge particle
energization. Charged particles can be energized by these field-aligned electric fields up to
energies of about 10 KeV [8].

Kinetic Alfven waves are ubiquitous in space and astrophysical plasmas and enable
energy transfer between electromagnetic fields and plasma particles through LLandau damping
and transit-time interactions, making IKKAWs essential for particle acceleration, plasma heating,
and anomalous transport in both space and laboratory plasmas [9].

Observations from satellites such as Freja, FAST, and MMS have confirmed the
interaction of KAWSs with plasma particles, leading to energy exchange. These waves also
interact with MHD-scale Alfvén waves, ion cyclotron waves, lower hybrid waves, and
Langmuir waves. Additionally, studies have explored the effects of adiabatically trapped
electrons on coupled kinetic Alfvén-acoustic (CKAA) waves in low-§ and degenerate plasmas
[10][11].

We were prompted to investigate double layers associated with Alfven waves in the
various regions of space plasmas because of the significant attention that double layers and
parallel electric fields have received in recent decades. Several space observations revealed that
the particle distribution profile contained high energy tails as compared to Maxwellian tails.
Such superthermal tails in the electron distribution function profile are often explained and
fitted with an inverse power law distribution function in velocity space. First observations of
these high-energy tails were reported in the plasma sheet and explained using the Kappa
distribution function, which is also known as the generalized Lorentzian distribution [12]. The
spectral index x is a measure of the concentration of high-energy particles creating the tail of
the distribution profile. This non-thermal distribution profile reduces to thermal as k — .
In this paper, we have examined the parallel electric fields and double layers in superthermal
plasmas at effective temperature scales.

Obijectives:

The objectives of this study are to investigate double-layer potential structures
associated with Alfven waves in the plasma regions where electrons are considered to be
following the non-Maxwellian distribution function. Also, we want to analyze our results in
light of the real value plasma parameters observed by THEMIS in the space plasma regions
where double-layer structures have been observed.

Methodology:
Basic Equations:

We consider a collisionless, magnetized electron-ion plasma in which electrons are

considered as kappa distributed. For such a plasma, we will consider plasma fluid and employ

two potential theories which valid for a low beta plasma, i.e. % & B’ « 1. The ambient
l

magnetic field B, = B,, B, = 0, and by employing the two potential theories [13], where the
geometry of the wave lies in the x-z plane, such as

_ _ oy _ _9¢ —
Ey=-—,EL=—-- E,=0 (1)
Considering the geometry of the system, the fluid set of equations for such plasma

having a current density j, = npe(Vy; — Ve,) is
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Here, P and ¢ are electrostatic potentials along the z and x directions respectively,

eBy . . :
; = To’ is the ion-cyclotron frequency. B’ Is plasma beta at a modified temperature scale?
i

The relation for electron density is
Ne = N[l +a, ¥ + ay P2 + ag W3] ©)
The coefficients @y and @, for k-distribution function are

_ ()

a, = (K—i) ®)
(r=3)(x+3)
“T ey N
@y = U (10

e . . . . .
where ¥ = T—lp is normalized electrostatic potential and T, Is modified temperature
K

for k- distributed plasma.

The spectral index K defines the nonthermal of the kappa distributed particles and
measures the slope of the energy profile of high energy particles under the constraint that k >
3/2. In the limiting case, when Kk — 00, the kappa distribution function reduces to the
Maxwellian distribution function.

Assuming that the equation of state in a nonthermal system is similar to that in an ideal
gas, the pressure induced by nonthermal particles can be written as p,, = N, T. Therefore, the
induced pressure can be calculated as P, = nem, < V2 >, Here <v?>,.=
[v? f,(Ve, P)dv is the mean-square velocity of the k- distributed particle and the subscript
fi Defines the kappa distribution function.

2y — 2K ksT
<v?>, =2k )
The standard expression of mean square velocity can be recovered from the above Eq.

(11) k > o0 and the ideal gas relation for k-distributions can be written as

1 1 2k kpT
Px =§nm<v2 >K=§nmE%=nk3TK (12)
where T} Is the modified temperature for the corresponding distribution given as
_ 2k
T, = p— T, (13)

The modified temperature Tj Essentially represents the local thermal energy of non-
Maxwellian electrons [14][15]. In the limiting case »—00 , T_q reduces to T_e [106], the thermal
energy of Maxwellian distributed electrons. The non-Maxwellian modified temperatures T}
Will be positive when k > 3/2.

Linear Analysis:

Upon linearizing and solving Eqs. (2)-(6) and making use of Eq. (7), under the limit
that w? = VZk,” < % we obtain the following linear dispersion relation for coupled kinetic
Alfven acoustic waves CKAA wave [10].
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B . T, . c
°— Is the Alfven velocity, ¢; = |—= Is the ion sound speed, pg = =
HoTy My m;

m
and Ag = k2p2. In the limiting case, as phase velocity becomes much larger than the sound

velocity, the linear dispersion relation of CKAA waves reduces to the dispersion relation of

KAWs, as given [17]
A
w? =V,%k,* (1 + —s)
ay

Nonlinear Analysis for Double Layer Solution of CKAA Waves

Here V, =

Fully nonlinear treatment of fluid set of equations (2)-(7) is done by employing
Sagdeev potential approach. Normalizing our set of equations and introducing a co-moving

frame as § = KX+KZ Mrt, weget
oN;

M2 K2 (N Vi) + K, 2 (NV,) = 0 12
M"’V”‘ + (K Vi + K,V,,) ale = KxE + 0V, (15)
av; av;
M Vy+(1( le+KVlZ) Vy — 0V, (16)
—m Yix aV”‘ + (KyVie + K, Vi) 52 aV‘Z = —Kzz—l; a7
KB’ 9*
: 654@—4/):1\42@1\/ MaEZ(NVlZ) (18)

Integrating and solving Egs. (15) - (18) for § = 00, N - 1,V — 0, we get
Here we have used ¥'<<1 and Mach number M is replaced with M, by using the

relationVA=J;cs, MA—%— E M.

0%
K2 a;’ =¥ + a,¥? + a; W3 —

F A (¥ + a, W2 + a3 W3 + a?W? + 2a,a,¥3) —
LW+ 20,97 + W0 + WP+ a,W3) + E (W + 30,92 + 30793 + 0, 9Y)

A
(19)

Integrating the above equation (19) using the Runge-Kutta-4 (RK4) method using the
above-stated boundary conditions, we get the following well-known relation

%(‘;‘;)2 +S(¥) =0 (20)

Here S(W) is Sagdeev potential [10] and its value is given in Eq. (21). The coefficients
A, B, and C depend upon 0(1, as and a3 given in Egs. (8) - (10).

SW) = [A1 + A%+ 4,2

(21)
B' (K, M}
A == —a(1-==5
1 2 Mj 1 KZZ
3B’ 2K,? M,? M,?
A2= ’Bal 22_1 +a%_A2_a2 1_ AZ
2 3M, K, K,
B’ (2K,* 38" [2K,? M,* M?
A, == -1 + a2 —1]+2 = 1-—=%
3 ) Mj az > aq 3MA2 a1a; Kzz as Zz
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Existence Conditions for Double Layers:
A double-layer solution of Eq. (21) exists if S(W) satisfy the following conditions
S(W) =0when¥ =0,¥,,;

dZE;P) =0whenW¥ =0,¥,, and
d2s(¥)
) oz < 0 when¥ =0,¥,,
S(P) = é (¥, — P)?yp? (22)

Whete ¥,, = — %. The energy integral equation takes the form.

3
1(09W\% A
2 (55) + e (P —w)W2 =0 (23)

which have a solution

Yo, A
LP=T[1—tanh ’—é‘[’mf] (24)

It shows that a real solution is possible only for Az < 1.

. 2A . . .
The relation ¥,,, = — 372, shows that compressive and rarefactive double layers exist
3

for A, < 0 and A, > 0, respectively.

The Finite Difference Method (FDM) is used to find Sagdeev potential conditions as
the FDM is commonly used to solve differential equations numerically, including those
governing the Sagdeev potential, which describes the nonlinear electrostatic potential of waves
in plasma.

Results:

In this section, we considered Alfvenic DLs in a low-B’ Electron-ion k-distributed
plasma and numerically investigated the corresponding electric field associated with these DLs
using the THEMIS data (Dated: 29-02-2008 at 08: 33:48) [18]. The reported DLs have
amplitude up to ~25 mV/m, vg = 500 km/s, T,~440KkeV and the corresponding
potential is up to ~200 V. In addition, the obsetved E|, Signals had a scale length of 20 Ap,
where Ap = 0.5 km at the observed values of n, = 0.08 cm™3 and B = 22 nT.

Figure 1 shows the Sagdeev potential for compressive double-layer structures for
variation in K. It is clear from the plot that the amplitude and width of the double layers
increase by increasing the value of k. Figure 2 shows the electrostatic shock structures for
variation in K. It is clear from the Figure that the shock height increases with an increase in
spectral index k. Figure 3 depicts the E} For compressive double layer structures for variation
in K. It is clear from the plot that the magnitude of E} Increases with the increase in spectral
index k. Figure 4 shows the Sagdeev potential for compressive double-layer structures for
variation in My. It is clear from the plot that the amplitude and width of the double layer
decreases by increasing the value of M. Figure 5 shows the corresponding electrostatic shock
structures for variation in My. It is clear from the figure that the shock height decreases by
increasing the value of My. Figure 6 shows the E| for compressive double-layer structures for
variation in My. It is clear from the Figure that. E} decreases with an increase in the value of

M,.
Table 1: Comparison of numerical results with the observed values of double-layer
parameters
Double Layer k=2 k=3 k=15 Observed
Parameters Values
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Figure 1: Cornpressi;ze Sagdeev potential V(¥) against ¥ for M4 = 0.18, 1 = 2
(Thick line), K = 3 (Thin Dashed line), &k = 15 (Thick Dashed line), @ = 75°.
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Figure 2: Compressive electrostatic potential ¥ against § for My = 0.18,k = 2
(Thick line), k = 3 (Thin Dashed line), k = 15 (Thick Dashed line), 8 = 75°.
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Figure 3: Parallel electric field against & for compressive potential structure for
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Figure 4: Compressive Sagdeev potential V(¥) against ¥ for, k = 2, M4, = 0.17
(Thick line), M4 = 0.18 (Thin line), M4 = 0.19 (Dashed line), @ = 75°.
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Figure 5: Compressive electrostatic potential ¥ against § for k = 2, M4 =
0.17 (Thick line), M4 = 0.18 (Thin line), M4, = 0.19 (Dashed line), 8 =
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Figure 6: Parallel electric field against & for compressive potential cure for, kK = 2,
M, = 0.17 (Thick line), M4 = 0.18 (Thin line), M4 = 0.19 (Dashed line), @ =
75°.
Discussion:

Our Results showed that compressive Alfvenic double layers (DLs) exist in kappa-
distributed electron-ion plasma. We analyzed the dependence of the double-layer structure on
Alfvenic Mach number. M, And spectral index k. The Sagdeev potential analysis suggested
that increasing K, increases the width and amplitude of the double-layer structure. Electrostatic
shock structure also showed an increase in shock height by increasing k. Moreover, the parallel
electric field increases with increasing kK, showing a strong dependence of these parallel
potential structures upon non-Maxwellian spectral index k. Analyzing the effect of My on
these double-layer structures showed that increasing the value of My, the amplitude and width
of the double layer decrease. This indicates a reduction in the strength of double layers. Also,
the shock heightened and the associated electrostatic field decreased with an increase in My.

The present study investigates the dynamics of coupled kinetic Alfven-acoustic
(CKAA) waves in a collisionless, magnetized electron-ion plasma with non-Maxwellian
electrons described by a kappa distribution. The analysis is conducted within the framework
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of both linear and nonlinear theories, incorporating a low- plasma approximation. Our model
builds on the two-potential formalism in which the electrostatic potentials  and ¢ represent
the parallel and perpendicular components of the electric field with respect to the ambient
magnetic field, respectively.

The utilization of a kappa-distributed electron population reflects a more realistic
scenario in space and astrophysical plasmas where suprathermal electrons are commonly
observed. These high-energy tails significantly alter the pressure dynamics and hence the
overall wave characteristics. The expressions for electron number density [Eq. (7)] and
modified temperature [Eq. (13)] emphasize the impact of the spectral index » on the local
thermodynamic behavior of electrons. As x decreases (but remains >3/2), the deviation from
Maxwellian behavior becomes more prominent, increasing the effective temperature and
hence modifying the dispersion and nonlinear structures of CKAA waves.

The coupling between electrostatic and electromagnetic wave modes in our model
gives rise to hybrid CKAA modes that blend properties of both kinetic Alfven waves (IKAWs)
and ion acoustic waves. These waves are of particular relevance in environments like the solar
wind, Earth's magnetosphere, and laboratory plasmas, where low-frequency electromagnetic
perturbations coexist with density inhomogeneities and nonthermal particle distributions.

The derived linear dispersion relation [Eq. (14)] captures the essential interplay
between the ion-sound speed csc_scs, the Alfven speed VAV_AVA, and the influence of
nonthermal electrons through the coefficient a1\alpha_loal. A key insight from this relation
is that the CKAA wave frequency is enhanced in the presence of strong electron nonthermal
populations (i.e., lower » values). This enhancement arises from the elevated pressure and
temperature of the x-distributed electrons, which in turn raise the effective ion-sound speed
csc_scs. The condition w2KQi20w"2 K Q_i"20w2KQi2, valid for low-frequency perturbations,
ensures that higher-order gyrokinetic effects are suppressed, simplifying the analytic treatment.

In the long-wavelength limit, the dispersion relation simplifies to a form akin to that
of kinetic Alfven waves, yet modified by AsA_sAs, a term incorporating the transverse wave
vector kxk_xkx and the ion gyroradius psp_sps. This reduction illustrates the smooth
transition between purely electrostatic ion acoustic waves and electromagnetic Alfvenic modes
within the same theoretical framework, contingent on wave parameters and plasma conditions.

The nonlinear treatment using Sagdeev potential formalism yields a comprehensive
understanding of large-amplitude solitary and double layer structures in CKAA waves. The
normalization of governing equations and transformation into the co-moving frame reveal the
conserved quantities and allow for an effective exploration of nonlinear stationary states. The
emergence of double layer solutions suggests the potential for localized, nonlinear electric field
structures which may transport energy and particles over macroscopic distances.

Physically, these double layers can form due to imbalance in ion and electron pressure
gradients induced by nonthermal electrons. The results support the notion that in strongly
magnetized plasmas, such nonlinear structures can persist and may play an essential role in
plasma transport and turbulence.

The dependence of the Sagdeev potential on unx, Mach number MMM, and
obliqueness parameters Kx,KzK_x, K_zKx,Kz indicates that the existence and nature of
solitary and double layer solutions are sensitive to both plasma composition and geometry.
Specifically, lower values of x (i.e., higher nonthermality) tend to broaden the width of solitary
waves and increase their amplitude, as greater electron pressure supports stronger electrostatic
potential gradients.

This study extends previous models by incorporating kappa distributions in both linear
and nonlinear analyses of CKAA waves, whereas earlier works often assumed Maxwellian
equilibrium (L.e., ¥—). For instance, comparisons with models by Saleem (1999) and Hafez
et al. (2021) reveal that kappa-distributed systems allow for richer nonlinear phenomena and
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more pronounced dispersion modifications. Moreover, the impact of two-potential theory, as

emphasized in this work, adds another layer of realism, allowing for anisotropic field structures

that are often ignored in simpler one-potential models.

Furthermore, the presence of double layers and steep potential gradients aligns with
observations from spacecraft missions such as THEMIS and Cluster, where abrupt changes
in electric potential and density have been detected in magnetospheric boundary layers and
plasma sheets. From a broader perspective, the findings of this study are relevant to
understanding energy dissipation, wave-particle interactions, and anomalous transport in space
plasmas. The ability of CKAA waves to support double layers may also have implications for
auroral acceleration mechanisms and plasma heating in the solar corona.

In future work, this model can be extended to include additional complexities such as
finite ion temperature effects, multi-ion species, or relativistic corrections. Another promising
avenue is the inclusion of dissipative effects such as L.andau damping or collisions, which may
affect the stability and longevity of nonlinear structures. A comparison between simulation
data and analytical Sagdeev potentials may also help in validating the theoretical predictions
presented here.

These results highlighted how double-layer characteristics depend upon the non-
Maxwellian distribution function and My. Our findings highlighted the importance of non-
Maxwellian distributed plasmas as compared to Maxwellian distributed plasmas.

We have shown the exact values of shock potential and electric field in Table. 1. It shows that

these values are in good agreement with the observed values.

Conclusion:

In this paper, we have investigated the parallel electric field structures associated with
Alfvenic double layers in low beta electron-ion plasmas. We have considered electrons to be
K-distributed and calculated the plasma beta for those values of plasma parameters that are
observed by THEMIS in PSBL of Earth’s magnetosphere. These kinds of structures are also
seen naturally in magnetic field reconnection sites and the solar wind as well. It is a universal
phenomenon to observe parallel electric fields linked to DLs in collisionless plasmas and
numerous active plasma areas as stated above. Our theoretical and numerical investigations
support the existence of compressive double layers and positive potential structures. We found
that the amplitude of shock structures and electric fields increases with the increase in spectral
index K but decreases with the increase in Mach number. The numerical results of the potential
and electric fields successfully interpret the observed values of electric field and potential
structures in PSBL in particular and other space plasma regions in general.
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