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Radiation-condensation instability in a self-gravitating dusty astrophysical plasma

P. K. Shukld and I. Sandberg
Institut fir Theoretische Physik 1V, Fakuttélr Physik und Astronomie, Ruhr-UniversitBochum, D-44780 Bochum, Germany
(Received 10 October 2002; published 7 March 2003

Properties of radiation-condensation instability in a partially-ionized self-gravitating dusty astrophysical
plasmas are studied. For this purpose, new dispersion relations for coupled dusty plasma and condensation
modes in both unmagnetized and magnetized plasmas are derived. The dispersion relations are numerically
analyzed to investigate the interplay between self-gravitation and impurity losses, as well as to study the effects
of the external magnetic field and finite plasma beta on instabilities we found.
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[. INTRODUCTION ence of electrostatic and electromagnetic disturbances and
impurity radiation losses. Invoking the quasineutrality condi-
It is widely believed(e.g., Ref[1]) that the thermaflalso  tion, we then derive dispersion relations, which are analyzed
referred to as the radiation-condensatid®C)] instability ~ both analytically and numerically. The results are applied to
[2'3] may be responsib|e for cloudiness of a number of asunderstand the filamentation of dense molecular clouds.
trophysical objects, for the formation of different phases of
molecular clouds in diffuse interstellar and intergalactic me-
dia and planetary nebulae, and for the formation of promi- Il. THEORY
nencesegions of O iy s owemPerali PSR e consicer an astophysial udconsising of lecions
the edge region of laboratory tokamak dischargg§] and ions, charged dust grains, and neutrals. For simplicity, we
in the inner comma of a comgd] has also been recognized. \gnore the size, char_ge, and mass d|str|put|ons of the dust
The physical origin of the thermal instability is attributed to particles. The latter in astrophy_smal environments can be
impurity radiation losses, which critically affect the com- charged due to several competing procedsgsld, viz.,

pressibility of emitting gases. In a thermally unstable Statecollectlon of electrons and lons from th.e ambient plasma,
photoemission, secondary emission owing to electron and

the rate of nonequilibrium impurity radiation cooling is such '%n impact and electron field emission, etc. At equilibrium,

that any decrease in the electron temperature leads to ée haveen,=eno—Ony, wheren:g is the unperturbed
increase in the rate of radiation. The latter causes furthef" mbe der|10; g?othe ;O'E'cle ec'JO' cqualse ?o olec
cooling and radiation enhancement, so that the system bt?r—u r Sty particle specie§ equ r )

comes unstable. The resulting impurity radiation induced in- ons, 1 fct)rt|on§, arldg for EUSt gra;.n}s Ianth IS ého? dtUSt d
stability can lead to a density condensation, so that one Cag‘uarge state, V!Z.Q_ €Zq for negative y charged dust an
=eZ, for positively charged dust. Herejs the magnitude

have a cold, high-density plasma surrounded by a hot, low- i
density bulk plasma. The thermal instability in a cooling andOf the elgctron cha_\rge arit} is the num_ber of chargeslec-
expanding medium including self-gravity] and conduction trons or iong residing on the dust grain surface.

in the neutral fluid dynamics has been investigated by
Gomez-Pelaez and Moreno-Inseffi.

Since astrophysical cometary and tokamak edge plasmas
contain neutrals, electrons, ions, and charged dust grains We first consider the RC instability in an unmagnetized
(composed of graphite, silicate, and metallic compounds Self-gravitating plasma. We focus on the dynamics of low-
several authorf9—14] investigated the RC instability in such frequency dust acousti€DA) [17] and dust ion acoustic
a multicomponent plasma environment, including even thdDIA) waves [18] in the presence of impurity radiation
external magnetic field effef11]. However, in astrophysical losses. Fotw(w+ive)|<k?V4,, wherew is the wave fre-
environments, the self-gravitational forgg8] also plays an quency,v, is the electron-neutral collision frequenegyis the
important role in controlling the dynamics of charged clouds.wave number an¥ is the electron thermal speed, the elec-

In this paper, we present a detailed investigation of thdron density perturbatiom.; is obtained by combining the
RC instability in a self-gravitating, partially ionized dusty continuity and momentum equations and Fourier analyzing
plasma which is either unmagnetized or embedded in an esxthe resultant equation. We have
ternal magnetic field. For this purpose, we present appropri-
ate plasma particle number density perturbations in the pres- _ ed Ter

Ne1™~Neo T_eO_T_eO ) (1)

A. Unmagnetized dusty plasmas

*Also at the Department of Plasma Physics, Unumaiversity,
SE-90187 UmeaSweden, and at the Center for Interdisciplinary where ¢ is the wave potential an@y(Te;) is the unper-
Plasma Science, Max-Planck-Institutr fExtraterrestrische Physik turbed(perturbedl electron temperature. The perturbed elec-
und Plasmaphysik, D-45740 Garching, Germany. tron temperature is determined from the energy equafiéh
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wherey.= 3.2neOV$e/ ve IS the electron thermal conductivity
and £(n,T,) accounts for the heating and coolingC, so
that L=H—C. The heating could be due to some external
sourcege.g., hard emission, Ohmic heating, gtehile cool-

ing comes from impurity radiation losses. In an unperturbed
state, radiative cooling is balanced by the external energy

0.8+

0.6

input. Taylor expandingC around the equilibrium state, we

have
5 ) (
Ne1+
Neo

ane

J
ﬁ(neaTe):
where D,=3.2V2 /v, is the electron thermal diffusivity,
Qr=ngg (IL1Te)r , and Q=T (LI Ne)p.
Eliminating T.; from Eq. (4) by using Eq.(1), we have

| T

—DV2+ QT) T
Assuming that¢ and ng; are proportional to exgK-r
—iwt), we Fourier transform Eq5) to obtain

aL

T, ©)

) Tel ’
TeO

so that Eq.(2) can be rewritten as

39

20t

TeO
Neo

1%

DeV2+QT Tel_ E_

Qn) Nea=0, (4)
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QA+ Qr—Q,- Elw)

which shows that a Boltzmann electron response does not
hold when the electron temperature perturbation is taken into

we obtain the dispersion relation

consideration. We have denot€l|, = D k?.

The ion density perturbatiom;; can be obtained from the
ion susceptibility by ignoring the ion temperature perturba-
tion, since in most dusty plasmas one typically hgg
<T.o, WhereT,, is the ion temperature. We ha{&6]

1+[(0+iv)/(V2kV)]Z(4) | e
1+(iv/\2kvr)z(¢) | Tio’
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FIG. 1. The normalized growth ratg w; of the Jeans instability
versusk\pe, Wherehp, is the electron Debye radius.

wheremy is the dust massy, is the dust-neutral collision
frequencyV+q is the dust thermal speed,= (47Gpy) 2 is
the Jeans frequendy], G is the gravitational constant, and
pPd=NgoMy is the dust mass density.

For the DA wave, the ion density perturbation is obtained
from Eq.(7) in the limit || <1, yielding

©)

Inserting Eqs(6), (8),
dition

and (9) into the quasineutrality con-

en,=eny—Qngy, (10

o(Q,+Qr—3iw/2) k>C3

1+ ———
O+ Q= Q=502 [y(o+ivg)+ws—3k2V2Z]]

0, (11

where o=ngTio/NioTeo and Cp=Zg(NgoTio/NioMg) />

Equation(11) represents the DA wave in a self-gravitating

where = (w+iv)/y2kVy, Z is the plasma dispersion dusty plasma including impurity radiative losses.

function, »; is the ion-neutral collision frequency, aMg; is

the ion thermal speed. The dust number density perturbatiof )
the dust'on relation[20]

momentum, and Poisson’s equation for a self-gravitating

can be derived by combining the dust continuity,
dusty plasma. We obtair20]

Qk*¢

Myl w(w+ivg)+w3—3k?VZ,]

Mgy

Ndo

®)

Several comments are in order. First, in the absence of the
lectron-temperature perturbation, Etyl) yields the disper-

Co

1+o

0;

w(w+ivd)+w§—k2< 3V-|2-d+ (12

which predicts the Jeans instability of the DA wave both in
collisionless[21,22 and collisional20] limits. In Fig. 1 we
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present the solution of Eq11) by using the plasma param- 0.7
eters that are typical for the photoassociation regions sepa- %00

rating H Il regions from dense molecular clou@®ef. [23] %
and many references therginT,=30 K, T;;=10 K, n, 0.6 o
=10°cm 3, np=2x10"3cm 3. We took negatively ©
charged grains withTy=1 K, ny=5x10""cm 3, Z4 o
=2000, my=10 ' gr and we assumed thddy=—Q; 0.5 o

=~ wpg, Wherew,q=(4mNnypZ5e?/my)*? is the dust plasma o
frequency. Second, in the presence of stationary dust grains, ¢
viz., mg—, we obtain from Eq.(11) a purely growing 0.41 °
mode @=iv), where the growth rate is VQy ©

0.31

VZW[Qn—(l—HT)(QT—FQX)]. (13) o

This is the usual radiation condensation mode provided that 0.21 o
the isobaric instability criterion{2,>Q+(, holds. For
Q<0 the latter becomeQ ,+|Q+|>Q . The growth rate ¢
of the RC unstable mode described by ELp) satisfies the 0.1 o
inequality |w(w+iv;)|<k?VZ, only for a narrow spectrum
of modes with relatively negligible growth rate and latge
For the DIA waves, we consider the limit;|>1, which 05 1 15 2 25
permits us to express E?) in the form 108 K pe

35

W

k2 >

_ pi 14 FIG. 2. The normalized growth ratg () of the RC instability
Ni1™~ 4me w(w+iv) b, (14 is plotted againsk\ p, .
wherew; = (47n;ge?/m;)2is the ion plasma frequency. In- °
serting now Eqgs(6), (8), and(14) into Eq. (10) we obtain 1+ E Fn(bi)[(w+ivi)/(\/kaVTi)]Z(gi)
the dispersion relation Na_ n=—e
i0 - i
k%2, (0, +0r-3i02) k’C3 1+ >, Tob)(ivi/N2k V) Z(&)
" - - n=—oo
o(w+iv) Q+Q7=Q,—5i0/2 [w(w-i-ivd)-i-wg] s
e
= X=, 16
0. (15) T (16)

One can see that the third term, which corresponds to the ) )
response of the dust, is small in comparison with the firsﬁ"’heregi:(w*'Vi__'f‘wci)/\/zszTiv an'neXp(_zbi)z’ Inis
term. We have numerically analyzed E@5) using the same the n-order modified Bessel functionbi=kip, p;
plasma parameters we used in the preceding subsection. Fig-Vri/wci is the ion gyroradiusw.;=eBy/m;c is the ion
ure 2 depicts the normalized growth rate of the RC mode agyrofrequencym; is the ion mass, andis the speed of light
a function of the normalized wavelength. It is seen thatin vacuum. We can replace E(L6) in the limits §>1 and

longer wavelength modes grow faster. bj<1 by [24]
B. Magnetized dusty plasmas B k? wf,i(erivi) . k? wf)i
We now consider the RC instability in a dusty plasma "1 2me ol(o+iv)?—w?] 4meo(otiv) ™
embedded in an external magnetic fieB,, wherez is the 17)
unit vector along thez axis andB, is the strength of the
magnetic field. Here, Eq(6) holds as long ajw|<v, Inserting Egs(6), (8), and(17) into Eqg. (10), we obtain
<w.e, except thatD,V? is replaced byD”VﬁJr DLVf, the desired dispersion relation. Focusing on waves with

where w¢. is the electron gyrofrequencyD|=D.,D, <w¢ we have
=4.7p2v,, pe=Vrel e, and the subscripfsand L denote

the components parallel and perpendiculariioThe dust w+ivy, k§ wﬁi (Qp+Q7—3iwl/2)
number density perturbation, given by Ef), remains valid 0 KR o(otiv)  byQy+Qr—Q,—5iw/2)

in a magnetoplasma if the wave frequency is much larger +

than the dust gyrofrequency. However, the external magnetic w% "

field can greatly affect the ion dynamics. The ion density - . 5 55 =0, (18
perturbation is given by16] [w(o+ivg)+w)—3kVig]
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where Q= (3. X\, +4. 7K pd)ve, Am=Vrelve, by 0.7
=k?p2, ps=Cslwei, Ces=(TeNio/Ming)¥? and wp y @§§°oo
=kCp/+/b; is the dust-lower-hybridDLH) frequency{25]. oo %o
For the two-dimensional ion motion in a plane perpen- 0.6 o“u °.
dicular toz, in the presence of static dust grains but in ab- . %
sence of ion-neutral collisions, we obtain from EG8) a 05 o o °,
purely growing mode ¢ =i+y,), where the growth rate is ’ o
> o [e]
2bg :I.-l-bs(Q +Q,) (19) 04 o °
Yo~ 2 e | YinT T T idy) |, 4] °
3+ 5bS bS 'Y/QN < o oo
if Qp>(1+bg)(Qr+Qp)/bs. ] o °
For the two-dimensional magnetized dust, we hg2@ 0.3 ° °
Mo _ Qlotivgkld o o " o
Nao  My{of (0+ive)?—wil+(0+ivg(w]-3kI Vi)' : °
(20 o °
0.11 o o
so that for this case, instead of H48), we have .
&
w+iv, kX of (Qp+Qr—3iw/2) °

-— — + .
1) k2 o(o+iv) bg(Qy+Q1—Q,—5iw/2)
L i 5 T n 108 k}\,De
2 2 ;
_ Caewci(@Fiva) FIG. 3. The normalized growth ratgQ, of the RC instability
Cg{w[(w-l— ivg)2— wgd]+(w+ i Vd)(w§—3k2V$-d)} versuskA p, for different propagation angle¢a) 6= /8, rhombs.
(b) 6= /4, squares(c) §=3/8, circles.

=0, (21
C. Teo N
whereCge=Z4(TeNgo/MgNeo) 2 Vo~ —2XV| ¢— _90_91), (23)
We have numerically solved Eq21) for Bo=10 uG, Bo € Nego

choosing the same astrophysical plasma parameters as w
used in Secs. Il A and Il B. Figure 3 displays the normalized®
growth rate of the unstable root, which corresponds to the
RC mode, as a function of the normalized wave number Ve~ VfAZ, (29
(kApe) for different propagation angle%=tan‘1(kl/k”). It

is seen that the growth rate is larger for waves that are ProP&sa obtain from the electron continuity equation
gating at large angles to the magnetic field direction. This

e <,
nd Ampee’s law

occurs due to the reduction of electron thermal diffusivity at c
these angles. FNep+ mﬁZViAZ=O. (25)
C. Electromagnetic effects Eliminating A, from Eq.(22) by using Eq.(25) we have
Let us finally study the RC instability involving electro- ) T
magnetic perturbations whcise electric and magneticA fields (5t2+02)\zoeﬁivf)ne1=c—0§vf(dJ— _el) (26)
are denoted byE=-V¢—zc 19A, and B, =VA,Xz, 4me e

whereA, is the parallel(to 2) component of the vector po-
tential. FOrvA2V? <| | < ve<wce and |vedy| <V2,92, we
replace Eq(1) with

where\ pe=(Teo/4mNge?) Y2 is the electron Debye radius.
On the other hand, eliminating,; from Eg. (26) by using
Eq. (4) with an appropriate replacement for the tebgV? in
ey e an external magnetic field, as mentioned in Sec. 1B, we

Tel .
0zne1=.|_—eﬁz< d— ?> + C—Te&tAZ, (22 obtain

Ne1

3
where\.=c/w,, is the electron skin depth and,, is the  (9;+ cz)\%eagvf)(Eﬁt—Dzag—vaf+QT
electron plasma frequency. The compressional magnetic field
perturbation has been neglected in view of the low-beta ap-  +¢2\2 52V2(9,— Q,)ng;

proximation. "
By using the perpendiculdto 2) component of electron :e”eOC Abe » 2 § 22 2
fluid velocities, viz., Too 9Vi| 5= Djo; =D Vi+Qr¢. (27
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Fourier transforming Eq(27) we have [1l. DISCUSSION AND CONCLUSIONS

In this paper, we have investigated the radiation-
0.+ 0 —Eia) cor]der_lsat_ion instability i_n a self-gravite_lting du_sty plasma,
bT T2 ed which is either unmagnetized or magnetized. It is found that
3 T the combined influence of the dust inertia and impurity ra-
Qp+ Q- Eiw) —0%(Qptiw) © diation losses can produce novel instabilities involving the
DA and DLH waves. In the presence of impurity radiation
(28) losses, the electron temperature fluctuations break the Boltz-
mann electron response so that the electron-density perturba-
whereQ=k,ck Ape. ForQe>w, Eq.(28) reduces to EQ.  ion cannot keep in phase with the wave potential. The re-
(6). ) ) sulting phase lag causes the RC mode to grow. By choosing
~ Equations(17) and(19) for the ion and dust number den- he plasma parameters that are relevant for molecular clouds,
sity perturbations, respectively, remain unchanged. The disye have studied the variation of the growth rates associated

e

Ne1

. =
e0 (Qg_wz)

persion relation fokw.>|w|,; turns out to be with the self-gravitating and RC instabilities. Our results
show that long wavelength modes grow faster. In the pres-
o+iv w,zji k2 “’,ZJi ence of the external magnetic field, nearly perpendicular

p —z—k—z o(otiv) propagating modes have larger growth rates than those
Wei KL ! propagating at a small angle to the magnetic field direction.
) This is due to the angular dependence of the electron thermal

3.
Qb"l‘QT__'(J)

k2c? 5

diffusivity. Furthermore, for the astrophysical parameters we

used, the corrections due to electromagnetic effects are found

to be insignificant. In conclusion, we stress that the present

RC and self-gravitational instabilities may be the cause of

structuring of plasmas in dusty cosmic regid@g]. We are

w;d(w-i—ivd) hoping that forthcoming space missions and Hubble Space
o 2 . 2 202 Telescope observations shall provide more observations that
{ol(0+ive)" = weal T (0Fivg)(03=3kV7g)} may lend support to our theoretical predictions.
=0. (29

+

(Q2- wz)(Qb-l- Q- gm) —Qﬁ(ﬂﬁ—iw)}
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