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Jeans instability in partially ionized self-gravitating dusty plasmas
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By employing the Boltzmann distributions for electrons and ions and by retaining the full dynamics of
charged dust and neutral fluids, we derive a dispersion law for coupled dust-acoustic and neutral sound waves
in partially ionized self-gravitating dusty plasmas. This dispersion law exhibits new classes of Jeans instability
in both collisionless and highly collisional regimes. The result should help understand the origin of molecular
cloud collapse in interstellar space.
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I. INTRODUCTION AND MODEL an,, 9
7+&(nava)=0 (a=d,n) (2

Partially ionized self-gravitating dusty plasmas are com-
posed of electrons, ions, charged dust grains, and neutrals.
They are frequently found in interstellar molecular clouds,gnd the equations of motion
supernovae, stars and planetary nebulas, and cometary tails
and comas, where micron-sized dust grains, surrounded by
partially ionized media and radiative environments, can be- gy, g  Oq e s U'Zl'd ang
come highly charged. In astrophysical systems COﬂt&iningW"'UdW_F__ — T
massive charged dust grains, long-range gravitational and
electromagnetic forces could be of equal importance in =0,
studying wave phenomena and instabilifiés-8].

Previous studief5—7] have shown that in dusty plasmas
with stationary neutrals the criteria for the Jeans instability vn v, g U%ﬂ any,
[9] involve the dust-acoustic velocifylO] in an unmagne- WﬂLvnWﬂL WﬂL n—WﬂL Vnd(vn—vg)=0. ()
tized self-gravitating plasma. However, in astrophysical ob- "
jects[11-15 the mass densities of neutrals and charged dust

typically are comparable. Thus, it is of great interest to studyhjfferent species have densities, fluid velocities, charge, and
the Jeans instability in a self-gravitating partially ionized 555 respectively, denoted by, v, q,, andm,. The
dusty plasma, keeping the full dynamics of neutrals andpecies labet is e for electronsi for ions, d for charged and
charged dust grains on an equal footing. On the relevany'tor neytral dust. Thermal velocities arg,,, while vy, and
Jeans collapse scales, the friction between the two heavy are the collision frequencies between the charged and
species is most important, since the lighter electrons and ion$s ,tral  dust respectively, related throughn,nnov,g

. o . ’ ’ n''n n
are almost perfectly Boltzmann distributed and carry “ttle:mdndOVdn- The electric potentiade and the gravitational

inertia, but do provide pressure. : ; ;
’ . . ) - otential /g obey the Poisson equations
The model we investigate is a collisional dusty plasmap Ve y d

consisting of electrons, ions, and charged and neutral dust

— tvgp(vg—v
mg dx X  ng ox an(Va=vn)

grains where collisions between the two dust species are the Pye 1
dominant ones, providing friction between the heavier com- E_ —(nge—nie—ngydq),
ponents of the combined plasma. For electrostatic waves ax? €0

with phase speeds much smaller than the thermal speeds of
the electrons and plasma ions, these can be treated as Boltz-
mann distributed: P

Ix?
naznaoex%—q’j—;ﬂ%) (a=e,i). (1)

=47G(mgng+m,n,), (4)

hich close the set of basic equations.
To describe the dynamics of the charged and neutral du%’¥ ! 'c equat

particles we use the continuity equations
Il. DISPERSION LAW

*Also at Department of Plasma Physics, Umemiversity, Assuming perturbations proportional to ¢kx—iwt], we
S-90187 UmeaSweden. obtain after linearizing Eqs(1)—(4) the dispersion law
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w2 TABLE |. Classification for different wave number regions.
. . Jd
[o(0+ivey) — k22— k2ci,+ 0l o o+ivg—
o, k Ka ke kg
®4]2 A - 0 + + + + +
—k202 + 03, | =| 03q03n— i wvg—| . (5) B - - - - - 0 +
®Wn c + + + 0 - - -
Case I I Il v
Here \3,=80kT,/Ny00>, _wf,a:naoqi/soma, and w?,
=47Gn,om, are, respectively, the squares of the Debye
length, the plasma, and the Jeans frequencies of species 2 2
0jgt 03,

We have also introduced the global plasma Debye lehgth K2

— — — . . A o 5 5
throughAp2=\p2+\pZ and the dust-acoustic velocity, Ciatvigtod,
=Apwpq. The form of Eq.(5) clearly shows that the dust-
acoustic and neutral sound waves are coupled, due to fric- 2 2
e . . . . : 2 @54 @3n
tion, in a complicated fashion. Analysis of the dispersion law Ke=———% +—
will exhibit significant modifications of the Jeans instability CdaTVTd UTn

in a partially ionized dusty plasma, the generic features of

which will be confirmed by the rootlocus approgd®]. 5
When substitutingo =i} in dispersion law(5), we obtain ke

a quartic equation with real coefficients, viz.,

2 22
(wjgt win)

= : 9
2 2 2 2 2
(CgatvTg)WigtvTh@In

2 2 It is clear that the dust-neutral collisions exert a different
Van(@54t 3p)

04+ AQ2+B+ : Q[Q2-c]=0, (6) influence in wave number regions separated by the critical
Oxm valuesk, , kg, andkc, ordered such thét,<kc<kg. Con-
sequently, there are four regions in parameter space, as
where shown in Table I. The behavior & andB is of importance
. 2 ) ) 5 ) for the collisionless part of Eq6), whereasC comes in
A=K (Caat vTgtvTn) — 039~ @3y, when the collision frequency is nonzero.
Before going on, however, we make some additional re-

B=k*(Ciat v5a)vin—KA(CiatvFg) 05— K i,034, marks concerning the collisionless dispersion (&) which
has one stable and one unstable rooQif (or in w?) for
s o, (Chatvigeigtuied, B<0, viz. in regions I, Il, and IlI. In region IV, wheré\

C=wjgt wj—k 2.2 (7) >0 andB>0, both rootsr; andr, are negative, which

Jd Jn

means two positive roots fap?, and hence there is no in-

stability. Furthermore, if we identifx=k? and y=02, it

can readily be ascertained that Ef) corresponds to a hy-

perbola. Atx=k?=0, the corresponding values fgr=?
04+ AOQ2+B=0 ®  are 0 andwj,+wj,. The tangent in (0,034 + w3,) to this

hyperbola is given by

corresponds to the collisionless dispersion law. The discrimi-

nant of this biquadratic equation can be shown to be strictly k? 0?

positive, implying that both root§)?, viz., r; andr,, are

real and different. The roots are numbered such that

>r,, and the strict inequality is a consequence of our im- . P P

plicit ansatz, that both charged and neutral dust have nonzeﬁ&d not only connects the p".'”tif@d*“’m) and .(kC’O)

densities. Otherwise, we revert to fully ionized dusty plas- ut also represents the relatidd™=C. Hence,r, is the

mas, dealt with beforgs,6,8|, or to plasmas without charged bganch 02 thez hypezrbola lying above and going through
dust at all. k?=0, Q%= w54+ 03,. Then the lower branch througk?

In the case of friction between light plasma ions and:,QZZO IST2, Iymgzcompletely belowT. Both are shown in
heavy charged dusin the absence of neutralan easy sepa- Fi9- 1. Fgr all reak we find thatr.2$0, whereag ;>0 for
ration between the roots was possible owing to the vasti?<k’<kg (corresponding to regions I, I, and )jlandr,
different frequency domain8]. Here, on the other hand, it <O for k?>Kk (region IV). Thus,r, corresponds im? to a
is nota priori possible to tell whether; refers primarily to ~ stable root, whereas; is unstable(in ?) in 0<k?<k3.
the charged or to the neutral dust mode, as that will depend
on their relative mass densities occurring in the Jeans fre- IIl. STABILITY AND INSTABILITY
quencies.

SinceA=—(r,+r,), B=r;r,, andC can change sign, it  We now rewrite Eq(6) in the compact form
is necessary to determine the critidalvalues where this
occurs: (Q%2=1)(Q%=1,)+1Q(0%-C)=0 (11)

Sincevy,/w3,=vyql 034, we could use either expression in
Eq. (6), from which we also note that

S+ =1, (10)
k(z: w?d—’_wgn
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FIG. 3. Typical rootlocus plot corresponding to region Il with
wave number&kc<k<kg.

FIG. 1. Plot of the branches, andr, of the hyperbola repre- figures can readily be interpreted. Examples will be given in
senting the collisionless dispersion law E8), whereas the tangent Figs. 2 and 3, discussed in more detail below.
T is the plot of)?=C. The general features of rootlocus plg&16] allow us to
determine some of the important features of the figures ef-
fortlessly. For instance, the figures will be symmetrical with
respect to the vertical axis. Moreover, intervals on the verti-
cal axis that belong entirely to the plot can be immediately
recognized for each of the wave number regions. In this
manner, one can see that wave number region 1V is stable, as
. We knew already, whereas the other regions remain unstable,
n}ethod[16].. Such a plot sketches the evolution of the rOOtSregardless of the value of the collision frequency. Addition-
_0 Eq. (1_1)_ in the complfx_ frequency plane, as the_ n_or_mal-a”y' the evolution of the growth rate of the unstable mode is
ized collision frequencyv increases from zero to infinity. yisyalized for all regions. Lastly, the asymptotic behavior of
Consequently, a rootlocus plot will start in the roots of the . ~ ~ .
collisionless dispersion la¥8), represented by crosses in the the plots, i.e., forv—0 and_v—mo can be readily sketched
. L~ for each wave number region.
figures. On the other hand, the mathematical limit < cor- Since the rootlocus plots starting from|r |2 leave the
responds to the trivial .SOIUUOrﬁ:O andQ:i‘/E‘ Th_ese real axis in a perpendicular direction downward, this indi-
represent the end points of the loci and are depicted bx I .
circles. Evidently, extremely large values of the collision fre-. ates tha; Re will initially show little change ComPafed to
guency are not bhysically relevant, but are mathematicall;'/tS value in th(_a absence OT chargt_ad-neutra_l collisions. How-

' ever, there quickly occurs increasing damping. At larger col-

needeq for the proper construction O.f the rootlocus plots. Thﬁsion frequencies, the real part of the wave frequency is also
rootloci plots have been computed in terms(bf but were affected

22§;V£tr(:ﬁerﬁﬁtegnfglu:tesrdqt(;]k\;\gz? Z\I/e(;si)fsb It?lact)rt(:lzr to We also remark that Eq.11) has no purely imaginary
12 XIS Wi valu solutions(in Q) for nonzero, finite values of the collision

frequency, and thus a general form of the rootlocus plot can

in terms of v=ry,(w34+ w3) w3,, a normalized dust-
neutral collision frequency. As Eqll) is of the form
D(Q)+wN(Q)=0, whereD(Q) andN({) are polynomi-
als with real coefficients and is a real and positive param-
eter, it can be analyzed using the semianalytical rootlocu

Im(w) be obtained for each of the unstable wave number regions |,

(12 Il, and Ill. For that we need to compare the absolute values
of ry, r,, andC in the different regions, shown in Table II.

¢ ¢'? The rootlocus plots can be constructed in analogy with our

0 1,7 discussion of the influence of ion-dust collisions in a dusty

@ plasma without neutralg3].
Re(®) To fix the ideas, rootlocus plots have been computed for
0] ®39= w3, andcy,=10v,, and Fig. 2 depicts the qualitative

TABLE Il. Ordering in different regions.

Region Ordering
I [ry|<r, and 0<C<r,
FIG. 2. Typical rootlocus plot for region II, with wave numbers Il 0<C<r <[y
ka<k<kc. The crosses and circles correspond to the poles and |lI |C|<|r,| andry<|ry|
zeros, respectively, db(Q%—C)/(Q2—r,)(Q%—r,), whereas the v [r<|Cl<|r,]

arrows are directed towards increasing collision frequencies.
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behavior of the evolution of the rootloci for region Il. For locus method to illustrate qualitatively how the real fre-
region |, the rootlocus plotnot shown has a similar behav- quency and damping decrement of these Jeans modes change
ior, but the ordering between, andr, is reversed, and,  over the spectrum of collision frequencies. We have thus
=C, so that the growth rate of the unstable mode is hardlyhown that the growth rate of the unstable zero frequency
influenced. Going to higher wave numbers, viz<k<kg  Mode diminishes at increasing collision frequencies, whereas
(region Ill), the qualitative form of the rootlocus plots the stable counterpart becomes increasingly damped. On the
changes and is depicted in Fig. 3. The rootlocus plots for théther hand, the remaining stable frequency modes are
stable wave number region IV can have different forms bugdamped while their real frequency is reduced. Charge-neutral
are not given here, since they relate to stable waves. friction thus makes the unstable mode grow slower but can-
We conclude that for the unstable wave number regiong)ot stabilize it, while previously stable modes become
the growth rate of the unstable mode clearly diminishes fodamped. . o
increasing collision frequencies, whereas the stable zero fre- [N conclusion, the results of our investigations should be
guency mode becomes increasingly damped. The remainirigsefm in understanding the collapse of molecular clouds in

stable frequency modes are damped while their real frelnterstellar space, which are composed of electrons and ions,
quency reduces. and of charged dust grains in the presence of a sizeable frac-

tion of neutrals. For the self-gravitational aspects of this col-
lapse it is the friction between the two heavy species that is
IV. CONCLUSIONS most important. On the relevant collapse scales, the lighter
glectrons and ions carry little inertia and cannot contribute

In summary, we have presented an investigation of th I :
Y P g much to friction, but they do provide pressure.

Jeans instability in a self-gravitating dusty plasma, account
ing for the charged and neutral dust fluid dynamics on an
equal footing. We have obtained a dispersion law that exhib-
its the linear coupling between the dust-acoustic and neutral F.V. and G.J. thank the Fonds voor Wetenschappelijk
sound wave in a nontrivial fashion. Onderzoek(Vlaanderen for a research grant. The work of
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