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This study examines the effects of magnetically quantized degenerate trapped electrons and positrons on small-amplitude ion acoustic
shock waves (IAShWs) in a pair ion plasma using the Zakharov-Kuznetsov Burger (ZKB) equation. It focuses on how factors like
magnetic quantization, degenerate temperature, normalized negative ions, electrons, positrons, anisotropic pressure, and other relevant
physical parameters from an astrophysical plasma environment influence the propagation of IAShWs, particularly in the nonlinear
regime. This research explores that there exist two distinct wave propagation modes—subsonic and supersonic which shows few
distinct characteristics in different physical plasma environment of astrophysical origin. The results could aid in understanding the
nonlinear dynamics and wave propagation characteristics in superdense plasmas found in white dwarfs and neutron stars, where the
effects of trapped electrons and positrons, as well as ionic pressure anisotropy, are significant which is yet to be explored in detail.
Keywords: Magnetized plasma; Subsonic and supersonic modes; Reductive perturbation method (RPT); Degenerate trapped electrons
and positrons; ZKB equation; Phase plane analysis
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1. INTRODUCTION

The field of degenerate dense plasmas is attracting more attention, resulting in a significant amount of research activity.
As scientists explore this area further, new insights and discoveries are being made [1-3]. These plasmas are found in highly
dense astrophysical environments, including white dwarf stars [4, 5, 6] and neutron stars [7, 8, 9], among other locations. In
these extreme settings, the physical conditions allow for the formation and stability of such plasmas. Several researchers have
explored nonlinear waves in degenerate plasma systems (DPS) that include both positive and negative ions, as well as electrons
and positrons [10-14]. Their studies focus on understanding the complex interactions within these plasmas, which can lead to
fascinating phenomena such as solitons and wave packets. Jahangir R. et al. [15] investigate the nonlinear dynamics of [AShWs
in a magnetized plasma with trapped electrons. Their study examines how degenerate electrons and temperature influence the
amplitude and width of shock waves. Nonlinear localized wave excitation in non-equilibrium plasmas with particle flow have
been investigated in [16-19] kinetic approximation with trapped electrons. Kaur R. et al. [20] explore the characteristics of
TAShWs and the structure of oscillatory shock waves in ion beam plasma, which contains positive ions and trapped electrons
within a quantizing magnetic field. They found that the amplitude of the oscillatory shock waves increases as the quantizing
parameter rises. Igbal M. J. et al. [21] examine the solitary wave structures in a plasma made up of degenerate electrons and
positrons in the presence of a quantizing magnetic field. El-Borie M. A. et al. [22] study the properties of ion-acoustic waves in
a magnetized plasma made up of positively and negatively charged fluid ions and trapped electrons. They analyze how various
plasma parameters, including electron degenerate temperature, electron trapping effects, and viscosity, influence the profile of
small yet finite amplitude solitary and shock waves. Shah H. A. et al. [23] examine the impact of trapping in a degenerate
quantum plasma that includes nondegenerate ions and degenerate electrons. They found solitary wave structures when the
electrons are fully degenerate, while in weakly nondegenerate plasma, both rarefactive and compressive solitary wave structures
appear with changes in temperature. In a multi-ion plasma composed of positive and negative ions and trapped electrons, the
nonlinear propagation of ion acoustic solitary waves (IASWs) and IAShWs are investigated by EI-Monier S. Y. et al [24]. They
noticed the effect of different plasma parameters on IASWs and IAShWs profile. IAShWs in a pair of ion magnetized plasma
is investigated by Yeashna T. et al [25]. They observed both compressive and rarefactive shock potentials and the effect of
oblique angle and kinematic viscosity on that profile. Zedan N. A. et al. [26] examined IASWs in a collisionless magnetized
plasma that includes a degenerate pair of ions and trapped electrons within a quantizing magnetic field. In a theoretical
investigation on dust ion acoustic waves in a degenerate electron-positron-ion (EPI) plasma the influence of viscosity on shock
wave profile is studied by Halder et. al. [27]. Hussian S. et al. [28] investigated electron-ion degenerate plasma considering
trapping effects and Landau quantization. They concluded that increasing kinematic viscosity and obliqueness strengthens the
shock. In a theoretical investigation of shock waves in a degenerate magnetized plasma, Asaduzzaman M. et al. [29] analysed

Cite as: B. Pradhan, A.N. Dev, M K. Deka, East Eur. J. Phys. 3, 103 (2025), https://doi.org/10.26565/2312-4334-2025-3-10
© B. Pradhan, A.N. Dev, M.K. Deka, 2025; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2025-3-10
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0009-0005-8093-8035
https://orcid.org/0000-0002-4478-5204
https://orcid.org/0000-0001-8011-9930

104
EEJP. 3 (2025) Balaram Pradhan, et al.

how variations in kinematic viscosity, obliqueness, and number density significantly affect the characteristics of amplitude and
steepness. Small amplitude IASWs are studied by Deka M. K. & Dev A. N. [30] on a magnetically quantized degenerate plasma
consisting trapped electrons and positrons.

In a strong magnetic field, plasma exhibits anisotropic pressure characterized by distinct parallel and perpendicular
components. This occurs under adiabatic conditions, influenced by rapid changes in plasma density as waves propagate.
These variations in density can significantly affect the plasma's behavior, leading to unique wave dynamics and
interactions that are crucial for understanding plasma stability and confinement in various astrophysical and laboratory
settings. Irfan M. et al [31] studied characteristics of the ion-acoustic waves (IAWs) in the presence of ionic pressure
anisotropy and electron trapping effects in a dense magnetoplasma consisting of degenerate relativistic trapped electrons
and they reported that ionic pressure anisotropy has a significant effect on the amplitude of solitary potential both in
relativistic and non-relativistic cases. Jahan. S. et al [32] studied the IAShWs in a degenerate magnetoplasma consisting
of degenerate electrons, inertial nonrelativistic partially charged heavy and light ions. In their observation, it was
concluded that the number density of non-relativistic heavy and light ions enhances the amplitude of IAShWs and the
steepness of the shock profile is decreased with kinematic viscosity. In a rigorous investigation on degenerate EPI plasma,
Rahman A. U. et al [33] studied the effect of key plasma parameters such as ion-electron temperature ratio, positron-
electron density ratio and degeneracy parameter on solitary wave structure. The effect of anisotropic pressure and
viscosity on the propagation of shock waves in a degenerate quantum magneto plasma is studied by Deka M. K. et al [34].
The aim of this manuscript is to investigate the propagation of IAShWs in magnetoplasma which consists of degenerate
electrons, positrons, and ions, with the effects of viscosity. As far as we know, no one has yet made an effort to explore
the nonlinear structures of IAShWs in the current context. This lack of investigation highlights a significant gap in our
understanding, which could potentially hinder the progress in this field. The manuscript is arranged as follows. The basic
equations are normalized by using normalized parameter in Sec. 2. In Sec. 3 the ZKB equation is derived from normalised
equation. The influence of physical parameter on the profile of shock waves are discussed in Sec. 4. In Sec. 5 the phrase
portrait analysis is performed by using Galian transformation. Finally, the brief conclusion is provided in Sec. 6.

2. MATHEMATICAL MODEL FOR DYNAMIC EQUATIONS
Let us consider a collision-less magneto plasma consisting of positive and negative ions along with trapped electrons
and positrons is considered in the current investigation. The presence of external magnetic field (B = B,x # 0, where %

is the unit vector along the x-axes) causes the inertial ions to exhibit pressure anisotropy.
The occupation number density of degenerate electrons and positrons can be expressed as [20,23,24,27,30]

- 1
Ny = 271'7513 Z;[ +exp £— U/T) ae 0

Here, 1 is the chemical potential, 77 = @, /€,, is representing the effect of the quantizing magnetic field appears though

2,
the modified electron Fermi energy &,, = (hz/Zme)(37r2neo)A and n, = ( P/ 37r2h3) . Again, the momentum of the

fermi surface is denoted by p,, , the degenerate temperature is 7' = (ﬂ'Te / 22 eFe) and the potential is ¥ = ey/¢e,, . By

adopting the standard procedures for replacing the summation by integration of Eq. (1) for electron density, we obtain
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Which on expanding becomes
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Similarly, we obtain the expression for positron density as
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On expanding, the above equations become

2
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The unnormalized govern equations for such plasma are read as
ON.
E+V(NV,)=0 4
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In the above plasma system, N, is ion fluid density (+ sign represents for positive ion and — sign represents for

negative ion) which is normalized by equilibrium unperturbed number density N,,, V. is the positive and negative ion

fluid velocity which is normalized by ion acoustic speed C, (v, =V, XC, ), the corresponding space variable is normalized

by Debye length (ﬂD =JK,T./ 47rNee2) and the time variable is by plasma frequence (a)p N m+) . The
external magnetic field (Q, = Z,eB4,/m.C, ), kinematic viscosity (&, = 6, /C,4,) and bulk viscosity (p, = p./C,4,)
¥ =ey/e,, the

and along the perpendicular direction is

is normalized by 4, and C,. The other plasma parameter such as potential function is normalized by

Py =Py, (N /N+o)

pressure term along the parallel direction is P,, =

P, =P, (Ni / N, ). Thus, at equilibrium the charge neutrality condition of our plasma model can be written as
#m + /'le = 1 +#p *
After normalization, the basic set of equations for positive and negative ions are expressed as
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Where, ,(n,,/n,,) is electron to positive ion density ratio, , (n_,/n,,) is negative to positive ion density ratio and

U, (”po / n+0) is the positron to positive ion density ratio.

3. DERIVATION OF TKDVB EQUATION
To study the nonlinear properties of ion-acoustic shock waves (IAShWs) in a collisionless pair of ion plasma (PIP),
we adopt the method of reductive perturbation (MRP). According to this method for small amplitude waves the following
stretched variables are used to derived ZKB equation [14,15]

f:g%(X—/lT),n:g%Y , g”:e%Z, r=£"T 16)
d, 28%5i and p, :g%,oi

Where A shows the linearized phase velocity of the IAShWs and its perturbed amplitude is measuring by the real small
dimensionless parameter £(<<1).

The dependent physical variables of the above equation such as density (), velocity (#) and potential function () are

expanded asymptotically as a power series near the equilibrium state as follows:
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Now, substituting the above perturbation scheme (Egs. 16 & 17) in the set of normalized equations (7)-(15) and collecting
the coefficients of lower order of & (~ &%) as follows:
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Proceeding in same way from lowest order of poissons equation we obtain the expression for phase velocity as:
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Similarly, continuing the same process for next higher order of & gives rise the expression for the second order
perturbation terms. After a few algebraic operations with the help of Eq. (18), we obtain the ZKB equation as:
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Where the nonlinearity of the system is B = b/a, the dispersion term C =—1/a, the dissipation coefficient due to bulk

viscosity and kinematic viscosity are respectively D, =d,/a, D, =d,/a and F = f/a is the transverse term.
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4. RESULTS AND DISCUSSIONS
In this section, we investigate the effects of variations of different plasma parameters on the characteristics of
IAShWs governed by Eq. (20). For that purpose, we have considered the range of some typical physical parameters in
dense astrophysical environments (neutron stars and white dwarfs) in which degenerate EPI is important. The well-

defined parameters are considered as the equilibrium density 7, =10* 10" cm ™, n,,, , =10 10" cm™ [9,14,15,23],
B = 10° =10 G [15,20,23] and the Fermi temperature for those parameters in the range of 3.6277x10" K [20,30].
(a) (b)
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Figure 1 The variation of normalized phase speed 4 represented by Eq. (19) is depicted against y, for (a) subsonic (4<1) and
(b) supersonic(A>1) situations with several values of #, and 4,

We have investigated the impact of critical plasma parameters on phase speed, as our goal is to analyze the
characteristics of ion acoustic modes in the plasma system under consideration. The plasma model being analysed can

have both fast and slow modes. Fig.1 presents the normalized phase velocity (/1) of the wave as a function of the ratio
of positron-to-positive ion equilibrium density ( U p) . This data is displayed for various values of the electron-to-positive
ion equilibrium density ratio (4,) and the negative-to-positive ion equilibrium density ratio (4, ), covering both (a)
subsonic and (b) supersonic mode. The Fig. 1(a) reveals that A decreases as the u, increases. In contrast, it rises with
higher ratios of «, and u,, . In both figures, the phase velocity is lowest when the electron density 4, is higher than the

electron x4, density. This happens because, as positron density increases, electron density may also increase due to

matter-antimatter annihilation. As a result, the concentration of heavier negative ions increases, which reduces the phase
velocity. On the other hand, if electron density decreases while negative ion density increases with positron density, the
total positive ion density becomes higher, causing the phase velocity to increase. This situation corresponds to the black
dashed curve in Fig. 1(a) and Fig. 1(b).

(b}

0.35 Bl

0.z 04 06 0.3 0z 04 05 0.8
Hp My

Figure 2. The variation of normalized phase speed A represented by Eq. (19) is depicted against u , for (a) subsonic (A<1) and

(b) supersonic(A>1) situations with several values of 77 .

The Fig. 2 shows the variation of normalized phase velocity (4) by changing the quantization parameter (77) for

two ion acoustic modes (a) subsonic and (b) supersonic. From both Fig. 2, it is observed that the A decreases with
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increasing 77[26]. This is because as the quantization parameter increase which eventually means an increase in the
strength of magnetic field, more and more electron will be trapped and hence phase velocity will be reduced.
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Figure 3. Showing the profile !//(]) of IAShWs that represented by Eq. (20) against } with combination of different normalized
density values 4, 4, and u, for (a)/l <1 and (b)ﬁ, >1 , while the values of other parameter is considered as J, =0.5, 0_=0.5,
Q,=06,Q, =016, /=03, p, =05,p,,=02,p, =03 & p, =02

Fig. 3 demonstrates the graphical representation of normalized potential function l//(l) (as a function of spatial
distance y ) with different values of quantizing magnetic field effect appears through the parameter (7]) and temperature

(T) for (a) subsonic and (b) supersonic modes respectively. From Fig. 3(a), it is noticed that when the normalized phase
speed is in subsonic mode, the increase in 77 increases the steepness of shock wave without affecting the amplitude of the
waves. However, from Fig. 3(b), it is observed that as 77 increases the amplitude and steepness of shock wave increase,
but after a particular value of 7 > 0.8 the polarity of shock potential changes from positive to negative. The quantizing
parameters influence both the phase velocity of the shock wave and the nonlinearity within the plasma system. Next, we
investigate the influence of obliqueness parameter / on the profile of IAShWs potential profile W(l) for both (a) subsonic

and (b) supersonic normalized phase velocity A . Fig. 4(a) shows that the amplitude of IAShWs is strongly dependent on
[/ and it is observed that as / increases, the amplitude as well as steepness of shock profile decreases rapidly. However,
when the phase speed is in supersonic range the increase in / initially increases the amplitude and steepness, after a
certain value it reduced the shock profile (Fig. 4(b)) [20, 29]. It can be concluded that obliqueness of the propagation has
a strong effect over propagation with subsonic speed as compared to supersonic speed.

(a) (b)
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Figure 4. Showing the profile 1//(1) of IAShWs that represented by Eq. (20) against } with combination of different normalized
density values 4, 4, and u, for (a)A<1 and (b)A>1 , while the values of other parameter is considered as J, =0.5, & =0.5,
Q,=06,Q,=0.16, /=03, p, =05,p,, =02,p,=03& p_, =02
Fig. 5 shows the graphical presentation of IAShWs profile of normalized potential function W(l) against } with
different combination of external magnetic field provided to positive (€2, ) and negative (€2_) ions for both (a) subsonic

and (b) supersonic modes of normalized phase velocity. Fig 5(a) & 5(b) clearly show that as the strength of the external
magnetic field increases, both the amplitude and steepness of the shock wave also rise. Moreover, the sharpness of the
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shock wave becomes increasingly noticeable. It is clear from both the figures that as the cyclotron frequency of positive
ion’s increases significantly compared to electron’s cyclotron frequency, and as we know, higher magnetic field is
required to magnetize the positive ions than compared to electrons, all the low energy electrons can escape such high
magnetic field there causing enhancement in the energy of the wave and thus amplitude of the wave increases
significantly. This research explores how the strength of the magnetic field affects the properties of the IAShWs profile
by examining the dispersion coefficient in relation to the normalized cyclotron frequency [35,38].
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Figure 5. The profile l//(l) of IAShWs with respect to y for a combination of different normalized density values u, 4, and 4,
for (a)A<1 and (b)A>1, the values of other parameters are considered as J, =0.5, 5 =0.5, Q, =0.6,Q, =0.16, /=0.3,
py=05p,=02,p,=03 & p =02
Fig. 6 shows the graphical presentation of IAShWs profile of normalized potential function l//(]) against ¥ with
different kinematic and bulk viscosity of the pair of ions (as dissipative parameter 8, and J_) for both (a) subsonic and
(b) supersonic phase speed. From Fig. 6(a) (Subsonic phase speed), it is clearly seen that viscosity of positive ion reduces

the IAShWs profile, while negative ion viscosity enhances the profile. It might be because, as the negative ion viscosity
increases (i.e. overall reduction in the velocity of the negative ions), the more and more low energy electrons will be
captured in the surface of the heavy negative ions, and eventually, the left behind electrons will be of only high energy,
and this enhances the amplitude of the wave. On the other hand, from Fig. 6(b) (Supersonic phase speed), it is seen that
the profile of IAShWs profile enhances with positive ion viscosity which is reduces for negative ion viscosity [34,36,37].
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Figure 6. Showing the profile l//(l) of IAShWs that represented by Eq. (20) against y with combination of different normalized
density values 4, 4, and u, for (a)A<1 and (b)A>1, while the values of other parameter is considered as J, =0.5, §_=0.5,

Q,=06,Q,=016, /=03, p,,=05,p,, =02,p,=03 & p_, =02.

To know the effect of pressure anisotropy on the characteristics of IAShWs, we depict the variation of l//(l) w.rt y
for different values of p,,p. ,p , and p, =0.2(for fixed values of other parameter). From Fig.7(a) i.e. when the
normalized phase speed is in subsonic mode, we have observed that when the thermal pressure of positive ions increases
in both parallel and perpendicular direction ( P& p, L) increases the amplitude and steepness of the shock profiles

whereas the increase in thermal pressure of negative ion in perpendicular direction decreases the amplitude and steepness
of the wave. However, from Fig.7(b) i.e. when the normalized phase speed is in supersonic mode, it is noticed that
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increasing the parallel thermal pressure of positive ion ( Py ) enhances the amplitude as well as steepness of shock waves

profile, but increasing the parallel thermal pressure of negative ion ( p_H) reduces the amplitude of the shock
structure [34,38].
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Figure 7. Showing the profile 1//(') of IAShWs that represented by Eq. (20) against y with combination of different normalized
density values 4, 4, and p, for (a)A<1 and (b)A>1, while the values of other parameter is considered as J, =0.5, & =0.5,
Q,=06Q, =016 & [=0.3
Fig.8 shows the graphical presentation of IAShWs profile of normalized potential function l//(l) against ¥ with
different combination of density ratio of negative ion ( u, ) , electron ( ﬂe) and positron ( u, ) w.r.t positive ion for both

(a) subsonic and (b) supersonic modes of normalized phase velocity. It can be noticed from both figures that as we
increases 4, from0.7t0 0.8 and #, from 0.1 to 0.2 by keeping #, as 0.4 (red dot dashed & black dashed) the amplitude

and steepness of IAShWs increases when the phase speed is in subsonic mode, which on the other hand reduces for
supersonic mode. In similar manner we see for other curves of Fig. 8(a) & 8(b) as we increasing the values of any two
parameter 4, , 4, and 4, by keeping third one same value, it is observed that amplitude and steepness of the shock

structure declines. An oscillating shock wave pattern is linked to the potential profile when the electron density achieves
a critical threshold. When the electron count is insufficient to shield against the potential, positive ions work to increase
the electron pressure, facilitating the formation of an oscillating structure. However, the potential of this structure remains
unshielded. As a result, a reduction in electron density within the plasma leads to a decrease in both the amplitude and
steepness of the wave. This relationship highlights the delicate balance between electron density and the stability of
oscillatory structures, illustrating the dynamic interplay between charged particles in the plasma environment. [32,39]
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Figure 8. Showing the profile 1//(1) of IAShWs that represented by Eq. (20) against y with combination of different normalized
density values 4, 4, and 4, for (a)A<1 and (b)A>1 , while the values of other parameter is considered as J, =0.5, §_=0.5,
Q, =06,Q, =016, /=03, p,=05,p,, =02,p,=03 & p, =0.2.

5. PHASE PORTRAIT ANALYSIS
The results of travelling wave solutions of a differential equation (DE) can also be analyzed through phase portrait
analysis. For this phase portrait analysis, we convert the second order DE into two first order ordinary DEs in a system
as follows [8,35,40]:
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From this planner dynamical system (PDS)(Eq.21) the corresponding Jacobian matrix is

0 1
I=\lU_BL,w H (22)
¢ 6V G

The system (21) has two equilibrium points which are stated as (l//l.(l),O) for i=0 and 1. The trace(ﬂ) and
determinant(Al. ) of the above Jacobian matrix decides the stability of the system at these equilibrium points. Let the

elements of the Jacobian matrix be A, = det(J (l//i(l),())) and T, = trace(J (l//i(]),())) . Then using the concept of dynamical

systems [31,37-40], the equilibrium points (l//l.(l),O) is a saddle point for A, <0, a center point for A, > 0,7, =0, a stable
spiral for 7 <0and 7 —4A, <0, an unstable spiral for 7, >0 and 7> —4A <0, and node for 7" —4A>0.

Figure 9(a) subsonic and 9(b) supersonic shown that the PDS (22) has two equilibrium configurations at C; (0,0)
and C ((ZU /Bl )2 ,0). To examine the stability of the system (22), we use the values of some typical parameter as
B.=02,8,=02,6,=0.1, 6 =0.1, g,=04,u,=0.7 and U >0, the critical point C, has A <0, thus this is a
saddle point. Again, the critical C, satisfies 7, =0 and A, >0 .Thus the critical point C,(0,0) is a center. From both
the figure we conclude that there are trajectories from (—0.005,0) and (0.005,0) connecting two saddle points. The

existence of these heteroclinic orbit corresponds to occurrence of shock wave profile.
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Figure 9(a). Phase portrait of the system (Eq. (21)) for different values of travelling wave speed U while J, =0.5, 8 =0.5,
Q =04,Q =01, /=03, p,=05,p,, =02,p,=03 & p_, =0.2 for the lower Mach number
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Figure 9(b). Phase portrait of the system (Eq. (21)) for different values of travelling wave speed U while 8, =0.5, 6 =0.5,
Q =04,Q =0.1,/=03, p, =05, p,, =02, p, =03 & p_, =0.2 for the lower Mach number
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6. CONCLUSION

In conclusion, we investigate the effect of trapping of electron & positron and anisotropic pressure as well as
viscosity on IAShWs in degenerate plasma. With the help of method of reductive perturbation, we derived the well-known
ZKB equation. The effect of density ratio of negative ion, electron and positron w.r.t positive ions, magnetic field,
anisotropic pressure & viscosity for both positive and negative ions are investigated briefly. Next, we will convert our
evolutionary equation into a two-dimensional dynamical system and conduct a phase-plane analysis. The results of our
research could have practical applications in several situations involving space observation and astrophysics, particularly
when dealing with trapped electrons and pressure anisotropy.
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Ie nocmiukeHHs po3risigae BIUIMB MAarHiTHO KBAHTOBAHUX BUPOJDKEHNX 3aXOIUICHUX €JIEKTPOHIB Ta MO3UTPOHIB Ha I0HHO-aKyCTHYHI
ynapsi xBwii (IAYX) Marnoi aMIutiTy i B TapHii 10HHIH Iu1a3mi 3a Jonomorolo piBHsSHHS 3axapoBa-KysHenosa-broprepa (ZKB). Boro
30CepeKYEThCS Ha TOMY, SIK Taki ()akTOpH, sIK MarHiTHE KBaHTYBaHHS, BUPOJDKEHA TEMIlepaTypa, HOpMalizoBaHI HETaTHUBHI 10HH,
SJICKTPOHH, ITO3UTPOHH, aHI30TPOITHHUI THCK Ta iHINI BiqMOBiMHI (i3M4HI mapaMeTpu 3 acTpodisHYHOro IIIa3MOBOTO CEPEeIOBHINA,
BIUTMBAIOTH Ha nommpenHs IAYX, ocobnuBo B HemiHiitHOMY pexxumi. Lle mocmimKkeHHs OCTiKYE, IO iICHYIOTh 1Ba PI3HUX PEKIMHU
TIOMIMPEHHS! XBWJIb — JO3BYKOBHI Ta HAI3BYKOBHH, SKi JEMOHCTPYIOTh MajO BiIMIHHUX XapaKTepHCTHK Yy PI3HUX (Pi3HMYHHX
IUIA3MOBHX CEPENIOBHUIAX aCTPO(I3HMIHOTO MOXOKEHHS. Pe3ynpraTé MOXyTh JOIOMOITH B PO3YMIHHI HENHIHHOI JUHAMIKK Ta
XapaKTepHCTHK MOIIUPEHHS XBWIb y HAAIIUIGHIA IIa3Mi, M0 3yCTPIidaeThCs B OUIMX KapiMKax Ta HEHTPOHHHX 3ipKax, /i BIUIUB
3aXOIIEHUX EJICKTPOHIB Ta IIO3UTPOHIB, @ TAKOXX aHI30TPOIIisl IOHHOTO THCKY, € 3HAUYHHM, IO II[e MOTpeOye AeTaabHOTO BUBUCHHS.
KoarouoBi caoBa: namacniuena nnaszma; 0038yKosuil ma HAO38YKOBUll pedcumu; memoo GioHosHux 30ypens (RPT); eupoodceni
3aX0NJieHi eleKMpOoHU ma no3umponu,; pieusanna ZKB; aunaniz ¢pazoeoi niowunu



