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Nonlinear drift waves in electron-positron-ion plasmas
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It is suggested that low-frequency drift waves can play an important role in the dynamics of electron-
positron plasmas comprising some concentration of ions. In the electromagnetic case the drift wave couples
with the shear Alfva wave in an electron-positron-ion plasma. The drift wave frequency can be very low in
such plasmas depending on the concentration and density scale lengths of the plasma components. In the
nonlinear regime these waves can give rise to dipolar vortices in both electrostatic and electromagnetic limits.
The velocity of the nonlinear structure turns out to be different compared to the case of an electron-ion plasma.
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The investigation of collective phenomena in electron-tionary ions were incorporated into the study of nonlinear
positron (pain plasmas in the past has been the subject ofoupling of low-frequency electrostatic and electromagnetic
studies dealing mainly with some astrophysical objects, sucwaves in a strongly magnetized nonuniform electron-
as active galactic nuclei, early stage in the evolution of Uni-P0sitron plasmaf9]. In Ref.[11], the nonlinear dynamics of
verse, as well as with pulsar magnetosphereith extreme drlft—Avaen waves in an mhomogeneou's electron-positron
physical conditions which include magnetic fields of the _plasma with a small admixture of heavy ions has been stud-

maanitudes un to F0T. and maanetic-field-alianed electric ied. It has been shown that electromagnetic perturbations in
nag P ' gnet 9 the presence of heavy ions in a relativistic electron-positron
fields of about 18 V/m). In the pair plasma the plasma

, L - P P 2 plasma can saturate into two-dimensional dipolar vortices.
frequency w, is modified [1], i.e., it is w;=2w,, where  The yortices appear due to the vector nonlinearity that fol-
we=noe?/eoM,, as well as some other quantities such as thgows from the convective derivatives in corresponding mo-
Debye length, the Alfve velocity, etc. The other very impor- mentum equations.

tant difference, in comparison to standard plasmas, is cer- |n the case of standard electron-ion plasmas, vortices may
tainly the annihilation process. In some astrophysical situaappear in the presence of a nonlinear electrostatic drift wave
tions the analysis of corresponding annihilation spectrd13]. This is a low-frequency wave, in comparison with the
allows for the estimate of the conditions in the environmention gyrofrequency);=eB,/m;, wherem; is the ion masse
where the annihilation takes place. It can be sh¢@inthat s electron charge, ar, is the external magnetic field, with
usually the pair plasma will last sufficiently long for the the perpendiculafwith respect to the magnetic figldvave
collective interaction to take place; otherwise a process ofumberk, which is much larger than the parallel wave num-
creation of pairs is required to balance the annihilation rateberk;. Theory of drift waves has begun about 40 years ago
This is the situation in laboratory environments as well,by theoretical predictiongl4,15 and experimental verifica-
where in fact the annihilation is not of much importance; thetions [16], and has been developed intensively in the past
annihilation time turns out to be of the ordef bs attem- ~ several decadgd7-19. The nonlinear electromagnetic drift
peratures of about 1 eV and the electron concentration oiaves were studied in an electron-ion plasma long[dg@

10 cm2 [3]. As for the investigation of waves in pair plas- The electron and ion mass difference, and correspondingly
mas it started as far back as in 1948 A review of standard their slow and rapid response to the electric field in the pres-
modes in a pair, unmagnetized and magnetized, plasma c&fce of a density gradient, is a typical feature of the drift
be found in Ref[2]. In laboratory conditions positrons are Wave. Therefore in equal mass plasmas, such as electron-
most efficiently accumulated from some radioactive sourcepositron(pair) plasmas, these waves do not appear.

and then cooled to room temperature in a few sec§@gls In this study we show that the presence of ions in a non-

Experimental studies and the corresponding analyticainiform electron-positron plasma can introduce important
modeling can be used for the understanding of physical proow-frequency phenomenon, the drift wave. Both the nonlin-
cesses in astrophysical situations as well. In such situatiorgar dispersion relation and the nonlinear wave structure of
the presence of ions should be taken into account. This i€ electrostatic drift wave are modified in the electron-
clear bearing in mind the recent progress in producing antipOSitl’Ol’]-iOﬂ plasma, similar to the ion acoustic wave studied
hydrogen in laboratory conditior$,6]. Various aspects of @ few years agg8]. The drift wave can also couple with
the presence of ions in pair plasmas have been discussedAdfven waves and hence the electromagnetic drift waves can
Refs.[7-12. appear in the electron-positron-ion plasmas as well.

Due to the presence of ions, low-frequency electrostatic \We consider an electron-positron-ion plasma embedded in
ion acoustic waves can exist in electron-positron-ion plasa uniform magnetic field,=€,B,, and having density gra-
mas. The nonlinear study of this mode has shown that thdient along thex axis. The background densities of all three
amplitude of density humps can reduce due to the presenggasma species obey the quasineutrality condition in the
of positrons in electron-ion plasm@8]. The effects of sta- equilibrium:
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Neo(X) = Njg(X) + Npo(X). ()
The perturbecE andB are written as
- - 10A,. - - . -
E=- —5792, B= XV A, A,=Ak,.
Ampere’s law gives
. o 4w, . c _,
VXBZTJ and JZN_EVLAZ'
The equation of motion for thgth species is
d |- Qj- 0jBo- - 1.
+ =—FE+ X i
(at U] V)UJ m]E m] U ez Jmlvpjv (2)
wherej=i,e,p. With the help of this equation, the perpen-

dicular velocity components can be written as

>

L~ ExXE,— 2T Fntu, ot 3
U™ B, €; eBOneeZ NeTVez B»Q ) ©)
- c Exa cT, - ¥ l§L 4
~—EXe,+ ——e,XVn,+tv,,—,
Ulp B, €; eBoneeZ e Upz B, (4)
i~ —Exé X VNgt = v
VT, et Bo eez Me" B[t ' By
- - J |
XVL(ﬁ'VL'FUjZE V, . (5)
The charge conservation equation becomes
J > - ~ lz
E(ni+np—ne)+VL~(niuLi+npvlp eULEHaz o =0.
(6)

Using the quasineutrality; +n,~n, and Ampee’s law, the
charge conservation equation yields

Chjp

EX fp=- avaz,

()

whered;= a/at+uE V and the ion continuity equation can
be written as

C - - -
dtni_B_O(ezxvni’VJ_)d’ dtV $=0. (8

The parallel equation of motion for electrons and positrons

becomes
d =|. (NeptNpo) cT Np—Ne
—+ ~— — -—
at v’ V)JZ mc cdz$ eZdz Neo+ Npo
d cT éZXVnIO S A g
dt eByNegtNyy | * ©
or
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T n;
dz d— ENon—O .

(10

7 +Novg—|A,=\2,dV2A,—¢c
OO&y tYi17mz

Here No=njo/(Neo+Npo), d,=dldz+(V, A,X éz V,)/Bo,

vy :cT|Ki|/eBo and k= dnlo/n,odx A p—CZ/(w
+wd) With wi.=4mnge’/m, and wj,=4mnye?/m. In
deriving these equatlons we have taken=T, as a natural
condition for the equal mass particles and ignored the paral-
lel velocity of ions and the temperatuf®, while Vg-V,
>v;,d, has been assumed. Note tNat=cEx e, /B is the
electric drift.

In the linear domain, perturbations proportional to
exdi(ky+kz—wt)] are assumed. From Eqér), (8), and
(10) we obtain the linear dispersion relation of electromag-
netic drift waves in the electron-positron-ion plasma as
Noww* wAp§k§ wa

(1)2_

Qep Aep
wherew* =v§k,, wa=vaks, andvi=Bj/(4mn;om;). For
No=1 andae,=1+A3kI, with Ai=c% w5, Eq. (11) will
become the linear dispersion relatlon for the case of pure
electron-ion plasma.

Now we look for traveling solutions that are stationary in
the reference framé&=y+ az—ut, which moves with the
velocity u. Nonlinear equation€?), (8), and(10) can be writ-
ten, respectively, as

2

D V2 p=——aD,V?A,, (12
n o

ay |

¢;—(7 ini)@}:o, (13
and

B[N Y|, Nt l—0. (14
CaAC—az+¢ ong) |70 (14
Here ¢=eg/T, A,=eAlT, D,={d.+C(di;

—dgpdy)IMBg}, and

Da={d.+

1
(a A= A, ax)}

TheD, and DA operators satisfy the relation

B, (15

e 0o om
¢_ RAZ _DA ¢_ RAZ .

The trivial solution of Eq.(13) yields

*

Vo— 202
05+ p2v2 .
Nio u¢ psVie
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Using the above relation fam; /n;q in Eg. (14), we can ob-  with the conditiond<<0. HereJ; andl are the ordinary and

tain as a trivial solution, the following relation: modified Bessel functions, respectively.
We can find the corresponding vector potential from Eg.
— — Ca— 16) as
Vi¢=GO(AZ—T¢), ag 19
, GoC
where A oulr,0)= b1+ Al 1(byr)
1 [Ngvg—u GoCa
Go= > (L). 2 A,|cosé, (22
Nop?2 Cca
Equations(12), (15), and(16) yield and
0 — 1 2 GoCCl(
Da V2A,—Po| A ——¢ Agin(r,0)= G, —ba+ — | Asda(bar)
Here Po=cuGo/v,§, and its solution can be written as b3+ Gu(r; )A4 coso. (23)
o — Ca— —
VIiA;=Po Az_Td’ =f(Az+ aBox). 17 The arbitrary constantd,,A,,A;,A, are to be found from

N the corresponding continuity conditions férd, ¢,V2¢, and
The functionf =f(A,+ aBgx) for simplicity can be assumed for A,4,A,,V2A, atr=r,. The solutions presented by Egs.
to be linear such thet=C,(A,+ aByx), whereC, is a con-  (20)—(23) are for the case of electromagnetic drift waves.

stant. Equation$16) and(17) yield In the electrostatic limit, we ignore the electron and pos-
itron inertia, i.e., they follow the Boltzmann distributions.
V4p+bV2p+dep—CraByx=0, (18  Then we have
where e e
Ne=Ngg exp{ T_¢) Np="Npo exp{ - T—d)) (29
b= 2% Gy—Py- 2| and d=-%c ) p

Ty P ToT g, A d= Tt The quasineutrality in the perturbed state yields
To find the solution of Eq(18) we divide the space by a e c|€d
circle of radiusry, and search for solutions independently in N;=Nep(X)€X T 1+agpex 1+ 'IT T
the outside (>r,) and the inside regionr&r). ¢ 5 (25

In the outside region, to avoid growing solutions, we
chooseC,=0, and Eq.(18) becomes where ap=—n,o/Ngo. The ion equation of motion, along
with the Eqs.(24) and (25), yields

V4¢—b2V2 =0, (19
d T Ny
whereb?=caGy/u— P, lts solution is ( *5 ez><V¢ V) onnig+{ 1+ 2n—_p> ¢—P§V24
0 i0
bout(r,0)=[AK(bsr)+A,/r]cosé, (20) =0, (26)

whereA; andA, are arbitrary constants ahd, is the modi-  which is a modified Hasegawa-Mima equatigdi8]. In de-

fied Bessel function. It should be noted thgt >0 for C, riving Eq. (26) we have again assumdd=T,. From Eq.

=0, which is the condition for the localized solution. (26) we obtain the linear dispersion relation for electrostatic
For the inside solution, the dependence should be taken drift waves in the electron-positron-ion plasma as

into account as well. For this purpose we taBe#0. The

linear combination of the solutions of homogeneous and cgky Ny 1
nonhomogeneous parts of the equation gives Y770 na n
014 2-P0 4 22
— ClaBo niO sy
d)in(r,ﬁ): A3J1(b2r)+A4|1(b3r)+ d r COSH, 9
cek
(22) = Snyo (N&o—Nho). (27
P 21,2
where Qinio 1+2m+psky)
:%[\ b2_4dib], or
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w* The inner solution (<rg) turns out to be

w=

Npo 5 5| 5
1+2n—_0+psky A5
: Din(r,0)= Qle()\zr)ﬂLTrUBO/c cosf, (30

wherecizT/mi , ps=Cs/Q;, and the prime denotes deriva- 2

tives in thex direction. In standard two-component quasineu- ) ) )
tral plasmas, the drift frequency is determined by the plasm#/hereJ; is the Bessel function, an@, and \; are new
density gradient; here, however, the drift frequency can vangonstants of integration that should be, together vith
depending on the gradients of the plasma species. In the limftetermined from physically justified continuity conditions of
ni—nYo. the frequency goes to zero. Physically, the meanihe solutlczn at boundary of the circle, i.e., from the continu-
ing of the right hand side of Eq27) is clear bearing in mind ity of ¢, V¢, andV?4.
that the propagation of a drift wave is closely related to the In conclusion, we have studied the drift waves in an
density gradient, as well as to mobility of lighter particles electron-positron-ion plasma. It is important to note that the
(electrons and positronslong the magnetic-field lines. The low-frequency drift waves do not occur in electron-positron
perturbation of density is proportional to the perturbation ofplasmas. However, a small concentration of ions in such a
electrostatic potential, which causes the ion oscillation in thesystem can introduce these low-frequency fluctuations pro-
perpendicularto the wave vectordirection. However, the vided that the density is nonuniform. In the standard
light particles are of the opposite sign and with the sameelectron-ion plasma case the electrostatic vortex propagates
mass(i.e., mobility) that will influence the magnitude of the with the velocity that exceeds the phase spegdof the
potential perturbation, and consequently the ion motion asnear mode, or the propagation is in opposite direction.
well. In the absence of positrons E(R7) reduces to the Here, we see from the condition of localized solutid28)
well-known dispersion relation of the drift wave in the stan-that it is satisfied even ifi=v{ . Otherwise we find thati
dard electron-ion plasma. >vd/(1+2n,0/ni0), i.€., the magnitude of the propagating
The localized solution of Eq(26) for the outer region speed can be less than the phase speed of the linear mode.
(r>rp) can be written in terms of the modified Bessel func-The frequency of the drift mode can be very small in the
tion Ky(r) as electron-positron-ion plasmas fi,,—n., . In this situation
some higher-order effects should be taken into account as

boul 1, 0) = Q1K1(X4r)COSH, (28) well, such as the parallel ion motion, which will introduce
whereQ; is the integration constant and f[he ion acousti_c wave dynamics. Thus the drift-wgve _dynam-
ics may be of importance for the wave propagation in labo-
. Npo ratory pair plasmas as well as in astrophysical objects. Such
—vg+| 1+ Zn_- u plasmas support low-frequency drift-wave-type fluctuations
\Z= 5 0l _>o. (29)  aslong as ions are present. Therefore, we believe that further
Ups study in this direction should be interesting.

[1] J. Vranjes M. Kono, E. Lazzaro, and M. Lontano, Phys. Plas- phys. Space ScR77, 497 (200D).
mas7, 4872(2000. [12] Q. Haque, H. Saleem, and J. Vranj&hys. Plasmas, 474
[2] N. lwamoto, Phys. Rev. B7, 604 (1993. (2002.
[3] C.M. Surko and T.J. Murphy, Phys. Fluids®B 1372(1990. [13] A. Hasegawa and K. Mima, Phys. Fluiag, 87 (1978.
[4] V. Tsytovich and C.B. Wharton, Comments Plasma Phys. Conf14] L.I. Rudakov and R.Z. Sagdeev, Sov. Phys. Ddk.415
trolled Fusion4, 91 (1978. (1961); B.B. Kadomtsev and A.V. Timofeevibid. 7, 826

[5] R.G. Greaves and C.M. Surko, Phys. Plas#has528(1997). (1963; N.A. Krall and M.N. Rosenbluth, Phys. Fluids 254
[6] G. Gabrielse, X. Fei, L.A. Orozco, R.L. Tjoelker, J. Haas, H. (1963.

Kalinowsky, T.A. Trainor, and W. Kells, Phys. Rev. Le@3, [15] F.F. Chen, Phys. Fluids, 949 (1964); 8, 912 (1965.
1360(1?”' ; N [16] N. D'’Angelo and R.W. Motley, Phys. Fluids, 423 (1963.

[7] M. Hoshino and J. Arons, Phys. Fluids 818 (1991. [17] FW. Perkins and D.L. Jassby, Phys. Fluids 102 (1972; E.

[8] S.1. Popel, S.V. Viadimirov, and P.K. Shukla, Phys. Plas@as Marden Marshall, R.F. Ellis, and J.E. Walsh, Plasma Phys.

716 (1995. ) _ L
[9] S. Jammalamadaka, P.K. Shukla, and L. Stenflo, Astrophys. (Clc;r;tgolled Fusior28, 1461 (1986; L. Zhang, ibid. 34, 501

Space Sci240, 39 (1996. .
[10] H. Hasegawa, S. Irie, S. Usami, and Y. Ohsawa, Phys. Plasma48l P-K. Shukla, M.Y. Yu, and R K. Varma, Phys. Fluig8, 1719
9, 2549(2002. (1985. .
[11] O.A. Pokhotelov, O.G. Onishchenko, V.P. Pavlenko, L. Sten-[19] S. Murakami and H. Saleem, J. Phys. Soc. J§n. 3429
flo, P.K. Shukla, A.V. Bogdanov, and F.F. Kamenets, Astro- (1998.

057402-4



