
Can the line-driven instability form BAL QSO clouds?A. Feldmeier1, C. Norman2, A. Pauldrach1, S. Owocki3, J. Puls1, andL. Kaper41 Univ. Sternwarte, Scheinerstr. 1, 81679 M�unchen, Germany2 Johns Hopkins University, Homewood Campus, Baltimore, MD 212183 Bartol Research Institute, Univ. Delaware, Newark, DE 197164 ESO, Karl-Schwarzschild-Str. 2, 85748 Garching, GermanyAbstract. We discuss whether a radiation-hydrodynamic instability ofline-driven winds can lead to the formation of BAL QSO clouds. We �ndthat, (1) under conditions as in BAL regions, the instability-generatedclouds have �lling factors of � 10�4. This should be too large to keepthe gas at the observed low ionisation stages. (2) A large fraction of thegas is compressed into the clouds only at some height in the wind, viacollisions with tiny clouds. Shock con�nement is therefore e�cient in thismodel.1. IntroductionWeymann et al. (1985) deduced volume �lling factors for the gas which formsabsorption troughs in BAL QSOs as small as 10�6 or 10�7 (namely, � � 10�7N20 L�146 Rpc T4:5). Such tiny clouds must be externally con�ned to hinder themfrom quickly expanding due to internal pressure.Some of the recent ideas proposed to overcome the problems connectedwith any such massive con�ning medium include: (1) to reduce the number ofionizing photons by X-ray absorption in dense gas located between the centralsource and the BAL region (Murray et al. 1995; cf. also Shlosman et al. 1985);(2) to identify the BAL absorbers with trails of dust intermixed with gas, wherethe dust stems from evolved mass-loss stars in the nuclear star cluster (Scoville &Norman 1995); (3) to postulate a massless con�ning medium like magnetic �elds(Rees 1987; de Kool & Begelman 1995) or cosmic rays (Begelman et al. 1991).As a further possible alternative, we discuss here a hydrodynamic instability(Lucy & Solomon 1970; Owocki & Rybicki 1984) which may generate and con�neclouds in line-driven 
ows. This instability and the 
ow structures it causes arethe subject of many recent calculational and observational e�orts concerning Ostar winds. 1
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regionFigure 1. The radial wind structure which develops from the instability.2. The line-driven instabilityIf a 
uid parcel in a line-driven stellar wind experiences a positive, radial velocityperturbation, the parcel is Doppler-shifted out of the absorption shadow of gaslying closer to the star. As this raises the line force, the parcel is acceleratedfurther, i.e., the original perturbation is ampli�ed (Lucy & Solomon 1970).Since velocity perturbations perpendicular to the incident photon 
ux aredamped away (Rybicki et al. 1990), the instability-generated structure should bemainly radial. Fig. 1 shows a sketch of the wind structure as found in numericalO star wind simulations (Owocki et al. 1988; Feldmeier et al. 1997). Here, asequence of dense and narrow clouds develops in the 
ow (or actually shells inpresent 1-D simulations). The clouds are con�ned by a strong reverse shockon their inward side, which decelerates and compresses streams of fast, innergas. At some height in the wind, this continuous mass feeding ceases; however,somewhat later small cloudlets start to form in the remaining intercloud gas,which are accelerated by the line force through the void space ahead of themuntil they collide with the next outer pronounced cloud. This gives rise to asecond stage of gas compression and con�nement.In the following we assume a 
ow geometry of purely radial wind rays(cf. Arav & Li 1994; Arav et al. 1994), and frequently use the velocity law ofCastor et al. (1975; CAK in the following) for a smooth wind from a pointsource of radiation, v0(r) = v1p1� rs=r, with rs the subsonic start-o� radiusof the ray, and v1 the terminal speed. However, the estimate for the overdensityshould not be too di�erent if instead, e.g., the disk wind model of Murray etal. (1995) is used. For these authors notice that the streamlines rapidly approachradial lines, since in most wind regions vr � v� � �v� . Here rs is the start-o�radius from the disk. 2



3. Estimate of maximum overdensityThe gas compression takes place in strong reverse shocks terminating rarefac-tion regions of highly accelerated, thin gas. To �nd an upper estimate for theoverdensity behind the shock, o, we assume radiative cooling to be e�cient, sothat the shocks can be viewed as being e�ectively isothermal (cf. below). Shockproperties like velocity jumps, etc., can then be found from examining the rar-efaction regions. The latter occur due to the instability steepening the thermalband until the band becomes optically thin (\de-shadowing", cf. above). Thelarge line force acting on this optically thin gas can be determined as follows.Let gt;� � �F=c be the force-per-mass due to an optically thin line of strength�, and N(�) the line distribution function. Then,C � gthingline = R d�N(�) gt;�R d�N(�) gt;� (1� e�� )=� : (1)Since the contribution from optically thick lines to the total force is only slightlylarger than that from optically thin lines (CAK), we perform the integral in thedenominator only for � � 1, hence (1�e��)=� � 1. Using the CAK distributionfunction, N(�) = �1��0 =�2��, givesC �< ��m�1 �� = ��m; (2)where �(�1) = 1, and �m is for the strongest line present. For a standard valueof � � 2=3, this implies C < 10 for BAL QSO 
ow conditions. Using �nally theCAK velocity law in gline � v0v00,gthin(r) = C rs v212r2 : (3)We assume now that the rarefaction region is narrow, h � r, and so isnearly planar, and that it is roughly stationary in an inertial frame moving withat the smooth wind speed v0(r). The rarefaction starts o� from (nearly) smoothwind, v0 and �0 (see the discussion of \Abbott knots" below). From momentumconservation, we take the cloud speed to be equal to v0(r). From (3), the jumpvelocity at the reverse shock is then,vj(r) = pC rs hr v1: (4)Taking a �xed mass 
ux, the stretching of the accelerating 
uid parcels givesthe rarefaction ratio of preshock density to smooth wind density,�pre�0 = 1pC : (5)Applying the jump conditions at a strong isothermal shock gives then for thecloud overdensity (with a the isothermal sound speed),o � �cloud�0 = pC rs hr2 �v1a �2 : (6)3



To achieve large overdensities, one should therefore seek to maximize h.However, the unstable growth-rate drops with the perturbation wavelength, �(where h � �), and one has to ascertain that the growth time of such a long-scaleperturbation is still short against the 
ow time. From Eq. (1) of Owocki (1994),the growth-rate for �� vth=dv=dr is,
 = �2vth vdv=dr 1�2 : (7)We assume that perturbations of lengthscale �s and amplitude O(10�1)relative to the mean 
ow (e.g., sound waves or turbulence) are introduced at thesubsonic wind base in order to have enough time to grow. In general, this shouldalso make sense in the framework of the model of Murray et al. (1995). Thereone encounters �rst the instability of the vertical wind driven by the disk's UVradiation �eld, and starting o� from subsonic velocities; later the streamlinesbend over into radial directions due to illumination by the central source, andthe perturbations grow further due to the line-driven instability caused by thislatter radiation �eld.The wavelength of a perturbation stretches according to �(r) = �s v(r)=ain the accelerating wind, and its amplitude grows / exp(R 
 dt). The maximum�s that is still able to grow from the base amplitude at rs to saturation at someradius r is then given by rZrs 
v dr �> 10: (8)If we assume that pronounced BAL clouds are formed by the time halfthe terminal velocity is reached, then r � 1:5 rs. Using BAL QSO parametersa = 20 km/s, v1 = 30; 000 km/s, this implies �s �< 2 � 10�5 rs, which, wheninserted into (6), and assuming C = 10, giveso = 105 to 104 for r = 1:5 to 5 rs; (9)where the latter radii span the dynamically most interesting region. The corre-sponding cloud �lling factors, � 1=o, are therefore one or two orders of magni-tude larger than those derived by Weymann et al. (1985).Cloud re-expansion. Even then, (9) is an overestimate since, after initial shockcompression, the clouds will re-expand due to internal pressure. This can beestimated as follows. Since the internal sound crossing time is much smallerthan the 
ow time, the clouds are always in hydrostatic equilibrium. Accordingto the equivalence principle, the line acceleration of the clouds can be replacedby gravity pointing in the opposite direction, acting on a static 'atmosphere'then. The scale height of the latter is a measure for the cloud size,H = a2gline = 2r2rs � av1�2 ; (10)where again the CAK velocity law has been used. By assuming that all thegas from within a rarefaction region of extent h is compressed into the cloud, itfollows that o � hH = rs h2r2 �v1a �2 : (11)4



Comparing this with (6), we see that cloud re-expansion reduces the densityachieved by shock compression by a factor of 2pC � 5, i.e., the �lling factors arenow two or three orders of magnitude larger than those derived by Weymann etal. (1985). Actually, they are now even su�ciently large that radiative coolingcould be e�cient enough to allow for such compressions.Yet, the above argument depends crucially on the assumption that theacceleration of clouds is e�ective over the whole dynamical region. One maywonder whether instead almost all the wind mass is compressed into the cloudsalready at low radii, e.g., up to r = 1:5 rs. Besides a loss of cloud accelerationand con�nement, this would also a�ect the overdensity directly, since outerrarefaction regions would no longer start o� from smooth wind conditions butinstead from highly depleted gas, implying low densities at the reverse shocks.We argue in the next section why this should not happen, and that insteadthe above estimate is essentially correct.4. A closer look at cloud formationThe occurence of steep rarefaction regions that terminate in strong reverseshocks can be viewed as unstable growth of long-scale, radiative-acoustic waves.Abbott (1980) showed that such waves propagate inwards at a velocity of � �v0(neglecting terms of order the sound speed), i.e., they stand with respect to thecentral source.Consider then those knots of an inward propagating wave (i.e., density andvelocity are in anti-phase) at which the velocity gradient is steeper than in thesmooth 
ow. From Fig. 1 one sees that these knots are the footpoints of rar-efaction regions. Unstable growth steepens then the velocity gradient to largerradii of the knot; whereas the gradient to smaller radii remains at roughly itsstationary value, since shadowing e�ects hinder unstable growth there. This op-posite behavior transforms the knot into a kink, i.e., short-scale Fourier modesdevelop there.The signal speed of inward propagating short-scale perturbations is howeverthe sound speed again (Owocki & Rybicki 1986), as opposed to being the windspeed for long-scale radiative-acoustic waves. The nonlinear, comoving kink, asopposed to the standing knot, is therefore \shut" for further mass and momen-tum transfer into the rarefaction region and the cloud, and, in the limit a! 0,a contact discontinuity may develop at the kink. Notice that, for �s from theforegoing section, the nonlinear kink occurs below or around 1:5 rs.As indicated before, numerical simulations show how this gas reservoir be-low the kink is used up at larger heights in the wind in a second compressionalphase. Tiny cloudlets which remain at roughly stationary wind densities form inthis gas, and penetrate through the kink. The cloudlets are optically thin (how-ever, approaching �m = 1), wherefore they are strongly accelerated through theempty rarefaction region by the thin line force (3), until they �nally collide withthe next outer, overdense cloud. (The X-ray 
ash from these collisions wassuggested as origin for the observed X-ray emission from O stars; Feldmeier etal. 1997). In simulations of O star winds, the cloudlets reach out as far as �> 5 rs,by which radii the 
ow has essentially reached v1.5



Summary. We conclude that the line-driven instability in a radial BAL 
owmay compress the wind gas into clouds of �lling factors 10�3 or 10�4. Thisfalls short by two or three orders of magnitude to explain the �lling factors ofWeymann et al. (1985). A promising direction for future work seems thereforeto consider if a combination of the present approach with alternative proposalsto overcome the con�nement problem (Murray et al. 1995; Arav et al. 1994) mayallow to relax some of the strong assumptions of the latter models.Acknowledgments. This work was supported by DFG in grant Pa 477/1-2.ReferencesAbbott, D.C., 1980, ApJ, 242, 1183Arav, N., & Li, Z., 1994, ApJ, 427, 700Arav, N., Li, Z., & Begelman, M.C., 1994, ApJ, 432, 62Begelman, M.C., de Kool, M., & Sikora, M., 1991, ApJ, 382, 416Castor, J.I., Abbott, D.C., & Klein, R.I., 1975, ApJ, 195, 157 (CAK)de Kool, M., & Begelman, M.C., 1995, ApJ, 455, 448Feldmeier, A., Puls, J., & Pauldrach, A.W.A., 1997, A&A, in pressLucy, L.B., & Solomon, P.M., 1970, ApJ, 159, 879Murray, N., Chiang, J., Grossman, S.A., & Voit, G.M., 1995, ApJ, 451, 498Owocki, S.P., 1994, Astrophys. Space Science, 221, 3Owocki, S.P., & Rybicki, G.B., 1984, ApJ, 284, 337Owocki, S.P., & Rybicki, G.B., 1986, ApJ, 309, 127Owocki, S.P., Castor, J.I., & Rybicki, G.B., 1988, ApJ, 335, 914Rees, M.J., 1987, MNRAS, 228, 47PRybicki, G.B., Owocki, S.P., & Castor, J.I., 1990, ApJ, 349, 274Scoville, N., & Norman, C., 1995, ApJ, 451, 510Shlosman, I., Vitello, P.A., & Shaviv, G., 1985, ApJ, 294, 96Weymann, R.J., Turnshek, D.A., & Christiansen, W.A., 1985, in Astrophysicsof Active Galaxies and QSO, J. Miller, Oxford University Press, 333DiscussionArav : Are the overdense clouds driven by the line force?Feldmeier : Not directly, since the clouds are very optically thick, and the inci-dent 
ux is blocked at their surface. However, the clouds gain momentum fromthe radiatively driven gas which is compressed into them.Voit : These instabilities arise from line-of-sight shielding. Should we expectthem to be coherent perpendicular to the line of sight?Feldmeier : Rybicki et al. (1990) showed that the 
ow is not subject to the line-driven instability in directions perpendicular to the incident 
ux. However, theKelvin-Helmholtz instability, etc., should generate 3-D structure.6


