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Abstract. We report initial results of two-dimensional simulations of the nonlinear evolution of the line-driven instability (LDI)
in hot-star winds. The method is based on the Smooth Source Function (SSF) formalism for nonlocal evaluation of the radial
line-force, implemented separately within each of a set of radiatively isolated azimuthal grid zones. The results show that
radially compressed “shells” that develop initially from the LDI are systematically broken up by Rayleigh-Taylor or thin-shell
instabilities as these structures are accelerated outward. Through radial feedback of backscattered radiation, this leads ultimately
to a flow structure characterized by nearly complete lateral incoherence, with structure extending down to the lateral grid scale,
which here corresponds to angle sizes of order a fifth of a degree. We briefly discuss the implications for interpreting various
observational diagnostics of wind structure, but also emphasize the importance of future extensions to include lateral line-drag
effects of diffuse radiation, which may set a minimum lateral scale for break-up of flow structure.
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1. Introduction

The driving of hot-star winds by line-scattering of the star’s
radiation is understood to be highly unstable to small-scale
perturbations (Lucy & Solomon 1971; MacGregor et al. 1979;
Owocki & Rybicki 1984, 1985). This “Line-Driven-Instability”
(LDI) has long been supposed to be a root cause of the ex-
tensive small-scale wind structure that has been inferred from
various kinds of observational diagnostics (e.g., soft X-ray
emission; black troughs in saturated UV wind lines; nonther-
mal radio emission; emission line variability — see reviews by,
e.g., Owocki 1994; Feldmeier & Owocki 1998; Dessart 2003).
But a key limitation in developing quantitative tests of this sup-
position is that, owing to the computational expense of evalu-
ating nonlocal integrals needed for calculating the line-force,
time-dependent dynamical simulations of the resulting nonlin-
ear flow structure (Owocki et al. 1987; Feldmeier et al. 1997;
Owocki & Puls 1999; Runacres & Owocki 2002) have so far
generally been limited to one dimension (1D) (see, however,
Owocki 1998 and Gomez & Williams 2003). These 1D simu-
lations show development of extensive radial variations in both
density and radial velocity, but are inherently incapable of de-
termining the development of any corresponding variations in
the lateral direction.

In this Letter we report on initial results of two-dimensional
(2D) simulations that, for tractibility, employ a restricted
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approach we dub “2D-H+1D-R” (2D Hydrodynamics + 1D
Radiation). This follows both the radial and lateral evolution of
velocity and density, but assumes the line-force is strictly ra-
dial, computed by nonlocal radial-coordinate integrations that
are isolated along a single ray within each azimuthal cone (see
Sect. 2). (Such a scheme lends itself naturally to parallelization
for computer clusters.) The results (Sect. 3) show that the ini-
tial “shells” of radial compression that arise from the LDI tend
eventually to be broken up by Rayleigh-Taylor or thin-shell
(Vishniac 1994) instabilities at the smallest azimuthal scale,
which here is set to correspond roughly to the few tenths of
a degree scale at which the “line-drag” effect (Lucy 1984) of
a lateral diffuse radiation force (Rybicki et al. 1990) would be
expected to damp any wind structure. We conclude by briefly
discussing (Sect. 4) the potential implications for interpreting
the various diagnostics of wind structure.

2. Method

We carry out our simulations using the public domain hydro-
dynamics code ZEUS (Stone & Norman 1992), operated in
a spherical coordinate system with the colatitude fixed at the
equator (8 = 90°), but allowing for variations in both radius r
and azimuth ¢, resolved through a spatial grid of n, by ny mesh
points. The specific results detailed here are based on a stan-
dard configuration of n, = 1000 radial zones. These start from
a lower boundary at the stellar surface radius ro = R. with
an initial step size of dro = 0.002R., which then increases
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by 0.813% per zone for 200 zones to equal dr g0 = 0.01R, at
rooo ~ 2R.. The remaining 800 zones then use this as a constant
step size out to an outer boundary radius r 1900 = 10R..

For the lateral mesh, it seems most appropriate to choose
a step size in azimuthal angle that gives a grid aspect ra-
tio near unity in the wind acceleration region r = 1-2R,,
where unstable structures are first manifest. Since in this re-
gion dr/r ~ 0.002-0.005rad ~ 0.1-0.3°, we choose a fixed
azimuthal grid size d¢ = 0.2°. To allow this high lateral reso-
lution with a moderate number of ns = 60 azimuthal zones, we
restrict the lateral mesh to a narrow “wedge” with azimuthal
range A¢ = ng X d¢ = 12°, over which we then apply periodic
boundary conditions, implemented by setting all hydrodynamic
variables (i.e., density p, radial velocity v, and azimuthal ve-
locity v,) to equal values between the left and right interfaces
(e.g. for density, p(ri. éo) = (i, ¢n,))-

The radial boundary conditions and stellar parameters
(characteristic of a typical O-supergiant like £ Puppis) are as
given in the previous 1D simulations of Dessart & Owocki
(2002a). We assume an isothermal equation of state with the
wind temperature set to the stellar effective temperature.

The (strictly radial) line-force is computed using the
Smooth Source Function (SSF) formalism (Owocki 1991;
Owocki & Puls 1996, 1999), implemented within our 2D-
H+1D-R approach by a radial-mesh integration of the line-
ensemble, frequency-averaged optical depth, evaluated sepa-
rately in each of the n, azimuthal zones. The line-ensemble
parameters and the boundary value frequency profiles for the
upward and downward streaming optical depth at the inner and
outer radii are as given by Dessart & Owocki (2002a). This
SSF formalism accounts for both the direct force component
that gives rise to the LDI, as well as the diffuse component that
leads to a “line-drag” effect (Lucy 1984). The latter reduces, but
does not eliminate, the net growth rate of the instability to ra-
dial velocity perturbations on scales near and below the radial
Sobolev length |; = v /(dv,/dr) (over which the radial flow
accelerates by an ion thermal speed vy) (Owocki & Rybicki
1985).

But the avoidance here of the lateral integration needed
to compute an azimuthal component of the diffuse line-force
means that we are ignoring a potentially strong net lateral line-
drag that should strongly damp azimuthal velocity perturba-
tions on scales below the lateral Sobolev length Iy = rovp/vr
(Rybicki et al. 1990). Presuming that this inhibits development
of lateral instability at such scales, then any lateral breakup
would be limited to a minimum lateral angular scale of Ag min =
lo/r = vin/vr = 0.01rad ~ 0.5°. This provides further justifica-
tion for our choice here of a comparable value for the azimuthal
grid size, d¢ = 0.2°, but clearly future work should readdress
this issue through explicit incorporation of the lateral line-force
and the associated line-drag effect.

The initial condition is set from the standard CAK (Castor
et al. 1975) steady-state model, which applies the Sobolev
(1960) approximation to compute the line-force in terms of the
local velocity gradient and density, and thus does not account
for instabilities on scales near and below the radial Sobolev
length. The use of the SSF line-force in the subsequent time
evolution allows one to follow the nonlinear development of

these small-scale instabilities. For this we do not need to in-
troduce any explicit perturbations into the flow or photospheric
wind base. Indeed, as in previous 1D simulations (e.g., Owocki
& Puls 1999; Dessart & Owocki 2002a,b), once structure de-
velops, e.g. from the initial adjustments to the CAK start-
ing condition, radiative backscattering from the outer to in-
ner wind seeds small-amplitude base fluctuations that are then
strongly amplified by the LDI as the flow is accelerated out-
ward. This thus perpetuates an entirely intrinsic formation of
wind structure.

3. Results

Results for the time evolution of 2D flow structure are illus-
trated in Fig. 1, which shows polar coordinate greyscale plots
for the relative deviations from the CAK steady solutions for
(a) density, (b) radial velocity, and (c) azimuthal velocity. These
figures employ a rather novel “clock format”, in which the state
snapshot in each azimuthal wedge of A¢ = 12° is repeated as
a time sequence, starting from the 12 o’clock position and pro-
ceeding clockwise at fixed time intervals of 4000 s.

Starting from the initial smooth CAK state, the LDI is first
manifest as strong radial velocity variations and associated den-
sity compressions that initially extend nearly coherently across
the full azimuthal range of the computational wedge. But as
these initial “shell” structures are accelerated outward, they be-
come progressively disrupted by Rayleigh-Taylor or thin-shell
(Vishniac 1994) instabilities that operate in azimuth down to
the grid scale d¢ = 0.2°. Within the SSF formalism applied
through separate radial integrations in each azimuthal zone, the
lateral phase variations that arise in the outer wind of this initial
structure lead — through the backscattering component of the
diffuse radiative force — to corresponding lateral phase vari-
ations in small-amplitude fluctuations induced near the wind
base. As these now laterally varying fluctuations are amplified
within the separate radial propagation in each azimuthal zone,
the outer wind structure becomes evermore broken up. By the
time t = 4000 x 360/12 = 120000 s of the final state shown
here (just before 12 o’clock in Figs. la—c), the wind is thus
characterized by a nearly complete lateral incoherence down to
angular scales approaching that of the azimuthal grid.

Figure 2 shows line plots of the radial variation of vari-
ous azimuthally and temporally averaged measures of the flow
properties. Since we ignore any lateral component of the line-
force, the variations in azimuthal velocity arise completely
from lateral variations in gas pressure, and so have a typi-
cal rms amplitude Avgms ~ 10-15 kms~ comparable to the
sound speed a = 24 kms™. The structure in density and ra-
dial velocity are a direct outcome of the LDI. The lateral “fill-
ing in” of radial rarefactions leads here to a significantly lower
density “clumping factor” fy = (p?)/{p)*> ~ 3-5 (with an-
gle brackets representing temporal and/or azimuthal averag-
ing) than is typically found in analagous 1D LDI simulations,
which have f, = 10 (Runacres & Owocki 2002). On the other
hand, the possibility for lateral velocity shear now allows high-
speed rarefactions to flow past slower, localized density en-
hancements, instead of being abruptly truncated as they are
in purely radial models. As a result, the radial velocity
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Fig. 2. Radial variation of temporal and azimuthal averages that char-
800 acterize the nature of flow structure. a) clumping factor f;; b) radial
and c¢) azimuthal velocity dispersion; and d) velocity-density correla-
tion coefficient (Runacres & Owocki 2002).

Q

~

600 €
o dispersion in these 2D simulations, Av;ms ~ 400-700 kms™2,
200 RS is actually somewhat higher that in corresponding 1D models,

" Avrrms ~ 200-300 kms2,

Instead of azimuthally extended shells, the overall effect
200 of this strong lateral shear of the radial velocity is to impart a

“radial streaking” character to the flow structure. In other simu-
lation runs done at various resolutions, we quite generally find

0 that the smallest lateral structure extends down to the azimuthal
grid size, although the time required for full development to
this state increases with decreasing resolution. Further results
of this extended resolution study will be given in a follow-on
journal paper.

20
4. Discussion

10 These results have some potentially important implications for
Q interpreting the various kinds of observational diagnostics for

£ wind structure:
0 jclj — The reduced density clumping implies a smaller correc-
& tion to the estimated wind mass loss rates from recom-
'>e bination or other two-body processes, for which the true
~10 value is reduced in proportionto 1/ \/fT. The lower clump-
ing value here seems more compatible with those inferred
for Wolf-Rayet winds by Hillier & Miller (1998), based on
comparison of linear-density strength of electron scatter-
=20 ing wings vs. the density-square strength of the overall line

-5 0 5 emission.

Fig. 1. Grayscale representation for the deviations of a) density, b)ra-  — The increased radial velocity dispersion may help explain
dial velocity, and c) azimuthal velocity, rendered as a time sequence the observed soft X-ray emission from hot-stars, which is
of the 2D wedges of A¢ = 12° stacked clockwise from the vertical in generally higher than can be readily produced by 1D insta-

intervals of 4000 s. bility simulations (Feldmeier et al. 1997).
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— The azimuthal scale of structure found here is substantially
smaller than the optimal ca. 3° “patch size” inferred for re-
producing the amplitude and wavelet spectrum of emission
line variability in Wolf-Rayet winds (Dessart & Owocki
2002a,b). The small scales also mean that the individual
dense structures tend to accelerate along with the mean
wind, and so would not readily reproduce the slow appar-
ent accelerations characteristic of observed emission line
variations (Lepine 1995; Lepine & Moffat 1999).

Overall the picture presented by these simulations differs
markedly from previous ideas of radially compressed shell
structures. The general finding of disruption by lateral insta-
bilities seems likely to be a quite robust result. But establishing
the exact limiting angular scale will require further studies that
include the lateral transfer of diffuse radiation. This could limit
the smallest lateral scale in two ways. The first is through lat-
eral averaging of variation in the diffuse, backscattered radia-
tion that leads to structure self-excitation at the wind base. The
second is through the lateral line-drag effect that could sup-
press unstable growth at the smallest lateral scales in the outer
wind. Developing methods for tractable computation of the lat-
eral component of the diffuse line-force should thus be a prin-
cipal focus of future studies of the multidimensional nature of
wind structure generated by the line-driven instability.
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