
?. . 
c 

c 

INSTITUTE FOR 
FUSION STUDIES 

DE-FG03-96ER-54346-772 IFSR #772 

Escaping Radio Emission from Pulsars: 
Possible Role of Velocity Shear 

S.M. MAHAJAN 
Institute for Fusion Studies, UT-Austin, Austin, Texas USA 

and International Centre for Theoretical Physics, Trieste, Italy 
GEORGE 2. MACHABELI 

Dept. of Theoretical Astrophysics, Abastumani Astrophysical Obsv. Tbilisi, 
Republic of Georgia 
ANDRIA D. ROGAVA 

Dept. of Theoretical Astrophysics, Abastumani Astrophysical Obsv., Tbilisi 
Republic of Georgia & Dept. of Physics 

Tbilisi State University, Tbilisi, Republic of Georgia 

January 1997 

THE UNIVERSITY OF TEXAS 

AUSTIN P 



Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



DISCLAIMER 

This report was prepared as an account of work sponsored by a n  agency of the United 
States Government. Neither the United States Government nor any agency thereof, nor 
any of their employees, make any warranty, express or implied, or assumes any legal liabili- 
ty or responsibility for the accuracy, completeness, or usefulness of any information, appa- 
ratus, product, or process disdosed, or represents that its use would not infringe privately 
owned rights. Reference herrin to any specific commercial product, process, or sem'ce by 
trade name, trademark, manufacturer, or otherwise does not n d y  constitute or 
imply its endorsement, recommendation, or favoring by the United States Government or 
any agency thereof. The views and opinions of authors expressed herein do not necessar- 
ily state or reflect those of the United States Government or any agency thereof. 



Escaping Radio Emission from Pulsars: 
Possible Role of Velocity Shear . 

Swadesh M. Mahajan 
Institute for Fusion Studies, The University of Texas at Austin, Austin, Texas, USA and 

International Centre for Theoretical Physics, Trieste, Italy 
I 

George Z. Machabeli 
Department of Theoretical Astrophysics, Abastumani Astrophysical Observatory, Tbilisi, 

Republic of Georgia 

Andria D. Rogava 

Department of Theoretical Astrophysics, Abastumani Astrophysic-al Observatory, Tbilisi, 
Republic of Georgia and Department of Physics, Tbilisi State University, Tbilisi, Republic 

of Georgia 

ABSTRACT 

It is demonstrated that the velocity shear, intrinsic to the efe- plasma present 
in the pulsar magnetosphere, can efficiently convert the nonescaping longitudinal 
Langmuir waves (produced by some kind of a beam or stream instability) into 
propagating (escaping) electromagnetic waves. It is suggested that this shear 
induced transformation may be the basic mechanism needed for the eventual 
generation of the observed pulsar radio emission. 

Subject headings: plasmas - pulsars:. general - waves 

It is generally believed that the radio emission from a pulsar has its origin in the pro- 
cesses occurring in its magnetospheric plasma which has two main constituents: an-ultrarel- 
ativistic (primary) beam, and a relativistic (secondq) e+e' plasma, created via the pair 
cascade process (Sturrock 1971). These processes (dependent, perhaps, on the differential 
dynamics of these constituents) generate a variety of waves some of which propagate out .of 
the magnetosphere, travel through the 'interstellar medium' and are seen as radio emission 
by a distant observer (Ginzburg and Zheleznyakov 1970). Over the years, several different 
models for the p.ukar radio emission (Ginzburg and Zheleznyakov 1975; for the most recent 
and comprehensive review see, e.g. Melrose 1995) have been suggested, and certain aspects of 
the phenomenon, like the polarization properties of the emission, are rather well understood 



- 2 -  

(Kazbegi et al. 1991; Kazbegi, Machabeli and Melikidze 1991; Kazbegi et al. 1996). However, 
there are still many unanswered questions. One of the most significant and puzzling problems 
is the delineation of a satisfactory mechanism for the conversion of potential waves ( like the 
Langmuir waves), readily generated in the magnetosphere, into escaping radio waves. In this 
letter we propose that the velocity shear inherent in the magnetospheric e+e- plasma can 
provide the desired conversion mechanism; this may lead to a more comprehensive theory 
for the generation of the observed radio emission. 

The first step in this process, perhaps, is the excitation of Langmuir waves by some kind 
of a beam or two-stream instability (Ruderman and Sutherland 1975; Cheng and Ruderman 
1980; Asseo, Pellat, and Rosado 1980; Asseo, Pellat, and Sol 1983). Initially, the instability 
was attributed to the primary ultrarelativistic electron or positron beam. HoweGer, the 
beam has. too low a density and too large a Lorentz factor, so that the characteristic growth 
time turns out to be a few times more than the time needed for the beam particles to 
escape the pulsar magnetosphere (Benford and Buschauer 1977; Egorenkov, Lominadze, 
and Mamradze 1983). In order to overcome this difficulty Usov (1987) (see also Ursov and 
Usov 1988) suggested the interesting idea of a nonstationary plasma flow. According to this 
model clouds of e+e- plasma are injected into the pulsar magnetosphere from time to time 
(with small enough.intervals). Fast particles from the following clump overtake slower ones 
from the preceding clump creating favorable conditions for the development of a two-stream 
instability leading to the generation of Langmuir waves propagating along the magneticfield 
lines. In this model the instability is attributed to the dense and low Lorentz factor e+e' 
plasma, and its growth rate is tound to be large enough. Thus it appears that by either 
Usov's-or through an alternative mechanism, it should be possible to produce Langmuir 
waves of sufficient intensity. 

- 

The second crucial step in the development of a model is to pinpoint a mechanism(s) 
which will convert the energy "accumulated" in the Langmuir waves into the energy of such 
waves that can escape out of a pulsar magnetosphere. 

There seem to be a variety of physica1,processes which could mediate mode conversion: 
induced wave ,scattering (Machabeli 1983), wave-wave interaction (Gedalin and Machabeli 
1983; Mamradze, Machabeli, and Melikidze 1980), and mode couplings due to some kind of 
a plasma inhomogeneity (Melrose 1995). In the latter class, however, an extremely impor- 
tant inhomogeneity, Le., the inhomogeneity of the velocity field (velocity shear) has, until 
recently, -attracted very little attention (Scharlemann, Arons, and Fawley 1978; Arons and 
Schqlemann 1979; Kaladze and Mamradze 1984) in spite of the fact that Arons and.Smith 
(1979) had, long ago, outlined a basic mechanism of an electrostatic instability of a sheared 
stream of charged particles flowing along a strong magnetic field. They conjectured that the 
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energy may be liberated indirectly “through coupling of electrostatic modes generated by 
the instability to propagating electromagnetic modes.” (Arons and Smith 1979, p. 728). 

In this letter we intend to prove that this hypothesis of Arons and S~mith is highly 
plausible. In particular, we shall demonstrate that the velocity shear of the relativistic e+e- 
plasma flow can mediate an efficient conversion of the longitudinal, nonescaping waves (Lang- 
muir waves) into the desired electromagnetic waves which can propagate outwards. Notice 
that shear induced mode conversion and energy exchange is known to be an efficient and 
widespread phenomenon (see, e.g. Chagelishvili, Rogava and Tsiklauri 1996, Chagelishvili 
and Chkhetiani 1995; Rogava and Mahajan 1996; Rogava, Mahajan, and Berezhiani 1996). 

We consider a collisionless, viscosity-free and cold e+e- plasma. Following Arons and 
Smith (1979), we neglect the plasma pressure, and model the flow by the following, relativistic 
two-fluid equations: 

atn* + v - (n*v*) = 0, (1, 

[at + (v*, VI] P* = &e (E + V* X-B) , 
V E = 47re [n+ - 71-1 , 

V x E = -&B, 

V x B = 47re[n+Vf - n-V-] + &E. (5) 

where the notation is standard with the speed of light taken to be unity. The equilibrium 
velocity of electrons and positrons in the sheared stream will be modelled by V$ Vo = 
{Uo + Ay, 0, 0}, where A measures the strength of the shear. It will be assumed that the 
stream is weekly sheared in the sense that Ay is much smaller than the average part Uo. 
The resulting momentum becomes Pzo(y) N PO + ay, where a. = mA$, PO 3 myOU0 and 
yo 3 (1 - Ui)-1/2 is the average Lorentz factor. In the first part. of our model, the equilibrium 
velocities of electrons and positrons are equally sheared (A+ = A- = A) and there is no 
mutual streaming of the two species (yof = 7;). 

In order to delineate the basic features of shear-induced mode conversion, we make. the 
following simplifying assumptions; 1) the plasma is quasineutral (n$ = no) with an equilib- 
rium (one fluid) mass density po 2mn0, 2 )  the magnetic field Bo = const = Bz0 tends 
to infinity restricting the e+e- plasma motion to x axis (a quasi-one-dimensional system). 
Thus the perpendicular dynamics will be altogether neglected, and 3) the perturbation wave- 
vectors lie in the X-Y plane (defined by Bo (UO) and by the direction of the velocity shear). 
We consider, from now, the tt waves for which the electric field vector E lies in the X-Y 
plane, and the magnetic field perturbation B = (0 , 0 , B,} is along the z-axis. 
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With these simplifications, the magnetospheric plasma can be described by the followirg 
set of linearized equations: 

Dtpp + a x  Jx = 0, 

aXE, + ayEy = 4rp,, 

(6) 

( 8 )  

(9) 

&Ey = -axB,, (10) 

DtJx = (w:/4rY,3)Ex, (7) 

at B, = dy Ex - ax Ey , 

where Dt 3 at + (UO + &)ax, wp” 8re2no/m, and’we have used the one fluid variables: 
p, = e(n+-n-) ,  the perturbed charge density, and J = eno(u+- u-), the perturbed current 
density. 

Note that (9)-(10) contain the usual time derivative, while in (6)-(7) we have the 
convective derivative Dt. Since it is assumed that Ay << UO we can approximate at -= 
Dt - Uoa,. The advantage of the resulting system is that it may be handled by the standard 
method of “Kelvin modes” (see, e.g. Marcus and Press 1977, Criminale and Dra in  1990). 
This method requires the change of variables: z1 = z- (Uo+Ay)t; y1 = y; tl = t that leads 
to a substantial simplification in the solution of the initial-value problem. The differential 
operators, appearing in the above equations, are so transformed Dt &+(UotAy)d, = at,, 
8, = azl, dy = ayl - Atla,, that an initial inhomogeneity in space (y) is exchanged for a new 
inhomogeneity in time. The Foirier transform in the new spatial variables converts (6)-(7) 
and (9)-(10) to a set of first order, ordinary differential equations (ODE’S) for the evolution 
of the spatial Fourier harmonics (SFH) (see, e.g. Chagelishvili, Rogava, and Segall994). The 
wave vector cdmponents may also be written in the original (z ,y ,t) coordinates: IC, = k,, 
and &(t) = hl - Atlc,, . It is of principal importance to note that the velocity shear induces 
linear drifts of SFH so that initially longitudinal modes can become eventually oblique. 

b, = (Ic,,/eno)&, 0 = w347rk~ , ,  r = Ic,,tl, R = A/k,,, 00 = kyl/kzl, p(r) = PO - Rr, we 
can reduce the original system to the following complete set of dimensionless equations: 

A 

By introducing the dimensionless quantities: 2) P,/eno, J = &/enor = (kz,/eno)E,,y, 
, 

arD = -i J,  (11) 

(12) 

(13) 

(14) 

a,J = -(20/$)[47rD + P(r)e , ] ,  

(ar - iUo)e, = -ib,, 

(ar - iUo)b, = -i[i + p2(r)]ey + 4?rp(7)2). 

In this letter we shall investigate the evolution of those modes for which the initial 
perturbations are purely longitudinal (Ikl = IC, and 00 = 0). This is indeed the most 
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important case because purely longitudinal Langmuir waves are the easiest to excite in a 
pulsar msgnetosphere. For further analysis, it is convenient and revealing to combine (11)- 
(14) to obtain two equations for the variables E ( r )  = e-iuoTey and D ( r )  E -4niD, 

a:D + W 2 D  = -W2RreiUorE, 

a," E + (1 + R2r2) E = - Rre-iuor D ,  

where VV2 = 8na/$. 

Equations (15)-(16) clearly reveal that shear ( R  # 0) is responsible for the mutual 
coupling of the purely potential, longitudinal Langmuir oscillations (with phase velocity 
w / k  = W )  and the purely transverse electromagnetic waves (with phase velocity w l k  = 1). 
The entire time dependence (of the coupling terms as well as of the effective frequency) is 
due to the nonzero shear, and will be slow or adiabatic for R << 1. For the problem at hand 
the effective shear parameter indeed turns out to be small; it is typically a few orders of 
magnitude smaller than unity. The detailed estimates will be given in a later larger paper. 

Though, the physical meaning of Eqs. (15)-(16) is transparent enough, it is instructive 
to look at some representative solutions. In Fig. 1, we plot the functions e,(.r), e,(T), b , ( ~ ) ,  
and e, + Rre,  (the latter function measures in dimensionless notations value of V x E) 
obtained by a numerical integration of the defining equations. For this case, the values 
of parameters are R = 4 x a = 1, 70 = 10, and the initial perturbation is taken 
to be a pure longitudinal Langmuir wave (e,(O) # 0, while e, = b, = 0). We see that 

- as time progresses, the fields e,(r) and b,(r) are excited and the wave becomes more and 
more nonpotential (e, + Rre,  is increasing); the initial perturbation (longitudinal and purely 
potential Langmu2 wave) begins to acquire transverse "features" as it evolves. 

It would seem that we have now identified both pieces of the puzzle: 1) a reasonable 
mechanism (some kind of a beam or stream instability) for generating longitudinal, po- 
tential LanGuir waves (with k(0)llBo) in the e+e' plasma in the pulsar magnetosphere, 
and 2) an effective shear induced coupling to transform these&nonescaping waves into the 
longitudinal-transversal, nonpotential waves which are perfectly capable of escaping the stel- 
lar environment. 

We now propose a comprehensive model. We do this by incorporating Usov's (1987) 
nonstationary injection hypothesis into our model. Let us now consider two streams of e+e- 
plasma with average Lorentz factors 7 1 ,  and 7 2  (72 > 7 1 ) .  The resulting equations, 

6';Di + W,"(Dl+ 0 2 )  = -W:RreiulTE, 

(ar +iAU)2D2 + W i ( D 1 +  0 2 )  = -WiRreiulTE,  
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(Dl + DZ), (19) ' _  E + (1 + R2,r2) E = - Rre-iUIT 

where AU = U2 - UI, W: 3 8na/$, and W i  87ra/y,3, explicitly encompass both of 
the essential processes leading to the pulsar radio emission: The onset and amplification of 
Langmuir oscillations due to a built-in two-stream instability, and the subsequent conversion 
of these oscillations into escaping radiation. Corresponding plots are presented on Fig. 2 for 
two streams with 71 = 10 and 7 2  = lo2 (a = 1, as above). Figures 2(a) and 2(c) represent 
the zero shear case ( R  = 0), while for Figs. 2(b) and 2(d), R = 2 x In the former case, 
the two-stream instability is "switched on," and the amplitude e,(,r) increases with time. 
But ey(T) =.O for all times, and the wave remains potential. In the latter case, however, the 
presence of nonzero shear changes the situation drastically: the wave becomes nonpotential 
and the electromagnetic component ey(,r) is strongly excited. 

The transformation of 'purely longitudinal, non-propagating modes into electromagnetic 
waves is just one of the many mode transformation processes that can actually happen in 
the magnetospheric plasma (see, e.g. Rogava, Mahajan, and Berezhiani (1996) for A E e n  
modes). A comprehensive paper dealing with shear mediated interactions of various, linear 
waves sustained by an e f e -  plasma (see, for review, e.g: Volokitin, Krasnoselskikh, and 
Machabeli 1983; Lominadze et al. 1986; Lyubarsky 1995) is under preparation. 

In summary, we have demonstrated in this letter that the mode coupling induced by 
velocity shear could be a vital link in the chain of processes which must be invoked in order 
to solve the puzzle behind the pulsar radio emission. We must also remember that one of 
the most severe criterion, imposed on possible pulsar radio emission models is that the bona 
fide mechanism must apply to both the weak-& (millisecond) and the strong-Bo (young, 
fast) pulsars (Melrose 1995). In other words this criterion demands that the true mechanism 
must apply in a range of four to five orders of magnitude in Bo. The velocity-shear based 
mechanism of mode conversion seems to be tailor-made to satisfy this requirement. 

I 
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Figure Captions: 

Fig. 1: Evolutionary plots (“one stream case”) for real parts of e,(T) [(a)], &(T) [(b)], 
ey(T) [(c)], and ey(7) + RTe,(r) [(d)]. Time is measured in dimensionless u&ts r = k,,t. 
R = 4 x 0 = 1, and -yo = 10. 

Fig. 2: Evolutionary plots (real parts of e,(T) and ey(T)) for two streams of e+e- plasma 
with average Lorentz factors y1 = 10, and 7 2  = lo2 (a.= 1). Figures 2(a) and 2(c) are plotted 
for the “zero shear” ( R  = 0) case, while for Figs. 2(b) and 2(d), R = 2 x 
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