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Abstract. The consequences of anisotropic resonance line sceitars (Zickgraf et al. 1985, 1986; Nota et al. 1995; Frank &
tering for the emission profiles of equatorial disks are consilftellema 1994). A number of papers have been written on prob-
ered. In particular the opportunity to infer the disk velocity fielthg the structure of circumstellar disks, especially those of the
owing to the anisotropic scattering is discussed. Analytic eBe stars, using continuum polarization (Brown & McLean 1977;
pressions for the profile shapes are derived for the cases of d@assinelli et al. 1987; Brown & Fox 1989; Fox & Brown 1991,
stant expansion and rotation, and numerical results are givenfFox 1991; Bjorkman & Bjorkman 1994; Wood et al. 1997),
more realistic disk velocity fields of linear expansion and Kespectral energy distributions (Poeckert & Marlborough 1978;
plerian rotation. The essential result is that the anisotropic likidaters 1986; Kastner & Mazzali 1989; Porter 1997), and spec-
scattering produces a different profile signature in expanditrgl line profiles (Caroff et al. 1972; McLean 1979; Poeckert &
disks as compared to rotating disks, owing to the differencelfarlborough 1978; McKenna 1984, 1985; Jeffery 1989, 1990;
the isovelocity pattern of the two cases and how the two resp&ésod & Brown 1994a,b; Brown & Wood 1994; Ignace et al.
tive patterns relate to the scattering geometry. Unlike the sph&897). Whereas most of these previous works focussed on the
ical case discussed in a preceding paper, the anisotropic effeftscts of Thomson scattering by free electrons for either the
are more significant (up to 10-20%) in disk geometries becawsmtinuum polarization or the line profiles, this paper concerns
the degree of stellar occultation depends on viewing inclinatidmow the anisotropy intrinsic to resonance line scattering may be
The key to using the formulae presented here is to obtain pesaployed to diagnose the disk structure.
files of lines that have differing degrees of anisotropic scattering. The preceding paper (Ignace 1998; hereafter paper 1) dis-
In particular, strong doublets of Lithium-like atoms (e.giyC cussed the anisotropic line scattering in spherical winds, espe-
1548,1550, Mg 2796, 2803, Ca 3935, 3969 to name a few)cially of the redshifted emission where absorption can largely
are well-suited for comparison, with the long wavelength corpe ignored. It was shown that the emission profile shape can
ponent scattering isotropically and the short wavelength coie altered by 10% at most for realistic wind models. Although
ponent being partially dipole scattering. Consideration of sufihite star depolarization (Cassinelli et al. 1987) does reduce
doublets are advantageous in that the two components arise fthgscattering anisotropy, the main reason why variations in the
the same spatial location in the flow, whereas the spatial coproefile shapes do not exceed the 10% level is that stellar occulta-
cidence of formation for two completely different lines is notion blocks the scattered light from regions where the scattering
assured. Owing to several simplifying assumptions, direct anisotropy is quite prominent. However, unlike the spherical
plication of the results presented here to observations requitase where viewing inclination is arbitrary, interesting profile
somewhat restrictive conditions, yet the diagnostic potential effects are expected of equatorial disks, because the significance
the method does appear promising, especially for multipletsof stellar occultation becomes a function of viewing perspective.
The fact that resonance line scattering is generally
Key words: line: profiles — techniques: spectroscopic — cifanisotropic in its angular distribution (Hamilton 1947) was dis-
cumstellar matter — stars: early-type — stars: emission-line, Bgssed in paper | and references therein, so a review will not
— stars: rotation be repeated here. Suffice that the resonance scattering may be
treated as a mix of isotropic and dipolar (or Rayleigh) scattering,
with the parameteE; € [0, 1] characterizing the fraction of the
1. Introduction total scattering that is dipolar (Chandrasekhar 1960). Hence,
‘5% = 0 is pure isotropic scattering, whereés = 1 is pure
r‘ -

e e e scatern, e hto e elecons
mann 1987) to those of main sequence Be stars (Quirrenba?hAsm paper |, the motivation for this study is the consequence

et al. 1994, 1997) to the more evolved Be], LBV, and AGE a}nls_otrop|c_l|ne scatterlng.ln circumstellar envelqpes for the
emission profile. The scattering geometry relates directly to the
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will appear in the profile. Hence lines that are dipole scattering For the second assumption of an optically thin line, the spe-
should produce rather different emission profiles from thoséic flux of line emissionobserved at,s in the profile cor-
which are isotropic scattering. An analysis of several lines witesponding to velocity shift,, is given by a volume integral
different but knownFE; values provides a new approach foover the isovelocity zone, viz,
constraining the flow properties of the circumstellar material. 1
As an initial step in the consideration of equatorial disks, the, = D2 / n(r) o7 6(Vobs — Vy)
discussion of this study is restricted to rather simplified cases Vs
to highlight the different features resulting from the anisotropi 1 9.
scattering. [:J,, — §E1 (3K, — J,)(1 — 3sin“ i cos” ¢)|pdpdadz,  (3)

In Sect[2 the emission profile shapes are derived for opti- L .
cally thin planar disks in purtlaoexpansiorrl)orrotation. Initiallytr? here the cylindrical coordinatel®, , z) and(R, ¢, 2.) are
expansion and rotation are assumed constant leading to ana nedinFig 1L/, andK, are the familiar Eddington moments

expressions for the profile shape. Numerical profile calculatio the stellar radiation field, anft is the distance to the star. The

are also given for disks in linear expansion or Keplerian rothe-r'ﬁnS appearing in the brackets inside the integral result from
nsiderations of Rayleigh scattering of the stellar intensity (see

tion. A discussion of the results for observations and directioﬁ .
. ; %andrasekhar 1960; Stenflo 1994). Note that the star is taken to
for further study are given in Se€f. 3. . ] . . .
be of uniform brightness (i.e., no limb darkening or starspots).
The optical thinness of the line implies that every photon

2. Resonance line scattering in planar equatorial disks scattered in the circumstellar envelope will escape. The volume

. o ) o integral [3) may therefore be evaluated equally well in any set of
In deriving the emission profiles from equatorial disks, severgl, dinates. for which the most convenient ¢, z,) of the
assumptions are made, as follows: stellar system, with dp dadz = R dR dy dz,. The integration

S o ~in z, is trivially solved by applying the third assumption of a
1. The intrinsic line profile is treated as a delta function iBlanar disk:

frequency.
2. The line is optically thin. 5(R) = /oo nle) dz @
3. The diskis axisymmetric planar at the equator, hence a de|t%l o *’

function along the symmetry axis, . . . .
4. Only pure radial expansion or rotation are treated. whereX is the surface number density (cd). Giventhe change
5

. The disk density distribution is fixed to facilitate comparisoﬂf variable in the integration and the chosen density distribution,

between the expansion and rotation cases. the line emission of EqL]3) reduces to a surface integral

This rather restrictive set of assumptions allows to focus on tﬁé T D2 /U 0 (Vobs — V) @ X

effects of anisotropic scattering for the profile shape, in distinc- ’

' i i 1

tion to other model parameters that gffect the Ilng profile. 'r[‘]” ~ ZEI(3K, — J,)(1 - 3sin®icos? )| dwd, (5)
Now consider the general scattering of stellar light at a point 8

r in an extended circumstellar envelope with number densit . . N . .
e . ) erew = R/R, is the normalized cylindrical radius witR,
of scatterersu(r) and velocity fieldv(r). Applying the first : . :
the innermost radius of the scattering volume.

assumption, which forms the basis for the well-known Sobolev The next step is to eliminate tagfunction in frequency. To

theory (e.g., Mihalas 1978), the stellar light interacts with atomdsO s0 requires that the velocity field be specified, which for an

in an isovelocity zone, so the scattering cross section beCOI'%eqSuatorial disk is taken as — vrf + rUgoSb- The line-of-sight

Doppler shift becomes (e.g., Wood et al. 1993)
0y = 010 (Vobs — Vz)- 1)

v, = —UR sind cos ¢ + v, sin ¢ sin . (6)
The factoro; is the frequency integrated cross section given be/ ) ) . o
o) = AﬁlguAuz/Sﬂgz, where),; is the line wavelength of the he Ilng profiles from a d|sI§ opserved gt mclmatvomll have
transition u tol, A,y is the Einstein transition probability, and"Vidths in the rANGE—Umax SN 7, +Umax sin 1], Wherevma, =
g. andg; are the statistical weights of the upper and lower ledsc for the case of radial expansion angd, for the case of
els. Thed-function ensures that the stellar light interacts witfPtation. I_t "f’ convenient to introduce the normalizatians=
the scattering atoms only where the observed frequeggyis ~ U#/ Vmax S G, WR = VR/Vmax, aNAwy, = vy /Umax, SO that
equal to the Doppler shifted frequeney of the moving scat- W, = —Wg COS @ + W, sin @, @)
terers along the line-of-sight (see Hig. 1), as given by

thusw, € [—1, +1]. Thed-function can be eliminated using the

1— @) ' ) following relation

Vg = Uy ( c
dv, o 8)
dp

wherev, = —v - 2 is the observed projected bulk velocity.  © [Vobs — v2(#)] = 0(¢ — o)
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Fig. 1. Resonance line scattering in a cir-
cumstellar planar disk with surface number
density>(R) and velocity fieldv(R). The
coordinatesp, o, z) and(R, ¢, z,) are the
cylindrical coordinates of the observer and
star, respectively. The angfeis the view-

R p g ing inclination. Thez axis is located in the

T« — 2z« plane.

Expansion Rotation

+0.71 -0.71

+1 -1

Fig.2. Shown are two schematics of the
isovelocity zones: constant expansion case
on left and constant rotation case on right.
The isovelocity zones are radial spokes. A
few lines with labels for Doppler shifts are
shown as examples.

_ A _ : -1 ¥ /¥ is a function ofz only. The various constants have been
- vmaxsinz'é(w #o) [wrsingg +w, cos ol (9) CC{IIeCted intoF, = L, 0; R. X )\91/877 Df Umax Sin ¢ and the

where p, represents the locus of points (i.e., the isovelocifjormalized Eddington moments, and K, are J, and K,

zone) satisfying the condition thag,s — v,(0) = 0. Substitut- divided by L. /16x*R.>. Note that the value of7 will vary

ing into Eq. [3) and evaluating the integral over azimuth give§om line to line.

Unlike the spherically symmetric case of paper | where the
inclination is arbitrary, the viewing perspective in the disk case
can have major consequences for the emission profile, because
the stellar occultation and the attenuation of starlight by the
which is now a line integral ino over the isovelocity zone. Theintervening disk are strongly dependent on inclination. The fol-
variabley}, is a scaling parameter of the disk density so th&dwing sections consider the consequences of the anisotropic

F, = 1 ~ - Y
- :/ {JV—§E1(3KV—JV)(I—SstzcongoO)}

|wr sin gy + w,, cos w0l ! (2/%0) @ dw, (20)
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line scattering and discuss the different aspects of finite star {1 _1 B (1 — 3sin%i cos? @)} (11)
effects.

Since only pure expansion or pure rotation is considered, the
2.1. Line profiles from disks in constant expansion or rotatioslenominator involving the disk velocity field ultimately reduces
. , ) ) to /1 — w2, which is unity at line center and becomes infinite
First, only constant expansion or rotation are considered. Th&pe |ine wings. Obviously, the infinite emission at the extreme
speedvy is introduced such that eithery = vo andv, = ings is not physical but arises as an artifact of treating a disk
Oorvg = 0andv, = vo. Constant expansion or rotation it serq thickness. Note that even though the specific flux
implies that_wR andw, are either 0 or 1. Thus, EQJ(7) for_ thepiows up at the largest Doppler shifts, one can readily verify
Doppler shift toward the observer depends only on azimutjat the total line flux (alternatively, the line equivalent width)

and the resultant isovelocity zones are radial spokes, as shWhgeed finite by integrating over all Doppler shifts to yield
in Fig.[2. The pattern of Doppler shifts for expansion versys _ 1+ 0.125E; (1 — 3 cos®1)).

rotation is shifted0° clockwise (i.e., for stellar rotation in the In the limit of pure isotropic scattering, the paramefaris

counterclockwise sense). _ _ zero, givingF, /Fy = (1 — w?)~'/2 which is the solution for
Note that Fig[2 may be used to infer the equivalence g}, oquatorial ring or disk that is in constant expansion or rota-
the line profiles in the case of isotropic scattering by argumenis, as expected, the profile is symmetrically double-horned
of symmetry. Setting?, = 0 in Eq. (3), the specific flux of onq cannot be used to distinguish between expansion and ro-
emission from a given isovelocity zone depends only on thgiqn with 2, + 0 signifying anisotropic scattering, the re-
integral of the mean intensity throughout that region. Since e ive profile shapes are no longer equivalent. To compare the

arrangement of isovelocity zones for constant expansion i, cases, a normalization is chosen to extract the underlining
constant rotation are distinguished only by a rotation of the fixeg \nie-horned trend namely

pattern (i.e., all Doppler shifts i, between—1 and+1 are

represented and the relative spacing of the spokes is the same 1 5
becauseos ¢ = sin(7/2 — )), the profiles must be identicaI,A D) 1= wy
provided that finite star effects are ignored.

Furthermore, the profile shapes are expected to be doutyieere the factor of 1/2 is included to cancel the factor of 2
horned (e.g., Struve 1931) based on the following argumefitat will appear inf;,, since two radial spokes contribute to the
Considering first the case of expansion, it is well-known thgfnission at any given Doppler shift (see Hig. 2). The solution
an optically thin spherical shell produces a flat-topped emissifsti rotation and expansion separately becomes

profile (e.g., Menzel 1929). The emission profile of an equato-

F,

i 12)

rial ring can crudely be viewed as the difference between the 1
flat-top profile of the whole spherical shell and the contributioAexp = 1 — e (1—3sin*iw?), (13)
arising from the two polar caps. The polar caps encompass a 1
relatively large fraction of the region giving rise to low veloc-A.o; = 1 — 1E1 [1—3sin®i (1 —w?)]. (14)

ity emission as compared to that at high velocities, hence the
profile of an equatorial ring will be severely deficient of fluxThe only difference between the two expressions is the sign in
near line center as compared to the line wings (Cassinelli 198@ last term. The sign change results from the Doppler pattern
priv. comm). It can be shown that an analogous spherical stfell the rotation case being shift@d° clockwise with that for
of uniform rotation also produces a flat-top profile, just as f@xpansion.
uniform expansion, so that a similar line of reasoning yields a The functionsA.,,, and A, are plotted in Fig_3atd. The
double-horned profile for the case of a rotating ring. panels (a) and (c) are for expansion and (b) and (d) are for ro-

In the following sections, analytic expression for the emisation. Panels (a) and (b) show curves with valueEpf= 0.0,
sion profile from the disk are derived for anisotropic resonan@e25, 0.5, and 1.0 for a disk that is viewed ege-on. Ehe= 0.0
scattering. Beginning first with the simple case of a point sourcase is the horizontal line, and curves with increasingly greater
of illumination, stellar occultation and finite star depolarizatiodeviations from horizontal are for increasing valuegif For
effects are included separately and together to assess the cahgxase of expansion, the anisotropic scattering yields emission
quences of the star’s finite size for the profile shape. that is enhanced in the wings and depressed at line center. This
is explained by realizing that light which is forward scattered,
corresponding to maximal Doppler shifts, is brighter than light
that scatters through a right angle, corresponding to line center
Treating the star as a point source of illumination implies=  with zero Doppler shift along the line-of-sight. For the rotation
K, = w2.Taking the disk densitytode = ¥, !, Eq.[I0) case, the trend is exactly opposite, because forward scattering
for the specific flux in the line profile becomes now occurs at zero Doppler shift and right angle scattering cor-

responds to the line wings.
Notice also that all the curves in (a) and (b) intersect at a

F, = Fy|wg sing + w, cosp| ™ common pointwhere? = 1/3inthe expansion case a3 in

2.1.1. The point star approximation
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g I i=30 1 i o
T i TE0 T 1 have largerE; values. Similarly,c andd
I — —i=90° il | show curves for fixede; = 0.5 but dif-
O ‘ ‘ ‘ T ‘ ‘ ‘ 0l ferent viewing inclinations, ranging from
O 71\ L1 \70 é - O I \O 5\ - 1 71\ L LO é - O I \O 5\ - ]l Z — 07 30’60‘ and 90 degrees For these
’ w ’ ’ - ’ curves the flat one corresponds to a pole-on
obs obs

view.

the rotating case. In both cases the scattering angle correspartts important result here is that the difference profiles for
to ¢ = 54.7°, known as the Van Vleck angle. an expanding disk are parabolic up; those for a rotating disk

Panels (c) and (d) are for a fixed value Bf = 0.5 but are parabolic down. So the anisotropic scattering provides a
different inclinations withi = 0, 30, 60, and 90 degrees. Thestraightforward signature of the disk velocity field.

pole-on case yields the horizontal line, and the curve with the Note also that the profile differencing allows for the inclina-

greatest bow is edge-on. The pole-on perspective is a SOmGVYFZ)%t to be estimated. However, to do so requires that the param-

%ddbgizfn;c; (i:rcl)fri]r?iltier',l'kll)i(secriﬁﬁémati(():,a:h;if?fiqtj:zuIlts Zaerirsoegr}(rjo gters (€.9.%o) making up the scaling constant, be known.
0 . ' . . Y . rofile ratios were also considered and give similar diagnos-

the assumption of a zero thickness disk, an assumption that . . . . . ,
. . N . TC signatures; however, the differencing of normalized profiles
is clearly breaking down near pole-on viewing perspectives. X . : ) : :
may provide a better diagnostic because typical profiles will be

For a real disk of small opening angle, the emission will br%(fdified by photospheric and wind absorption and by occul-
i

strong but the profile will be narrow, at least Doppler broaden? on, so that differencing seems a more reasonable procedure
according to the temperature of the disk gas. Even so, the pQle- !

on case is included here because the normalized profile does OMPanng lines of different’; values.
demonstrate how the anisotropic scattering reduces the amountn this discussion the underlining disk model is obviously
of line emission along the pole for increasing valuedif a extremely simplified: optically thin, geometrically thin, neither
valid result that is attributable to this scattering geometry. accelerating for expansion nor Keplerian for rotation; yet, the
Egs. [13) and{14) make a simple prediction about the liggialitativetrend predicted by the simple disk model should hold
profiles of differentl; values. The normalized difference proindependent of these factors because the results of[Eds. (15) and
files in the case of expansion is (1) rely on the relation between the isovelocity zones and the
scattering geometry. The isovelocity zones for realistic disk ve-
locity distributions can deviate substantially from the simple
spokes associated with constant expansion or rotation, but the
extrema in Doppler shifts still correspond to roughly the same
scattering geometries, and similar results are expected, as dis-
1 cussed in Sedi. 2.2. In addition to realistic disk velocity fields,
Arot(B1) — Arot(0) = -5 [1-3sin®i(1—w?)]. (16) the star's finite size can also alter the profile shape. The follow-

Z

1
Aexp(E1) — Aexp(0) = jEl (1 - 3sin®iw?), (15)

and that for rotation is
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ing derivations explore the consequences of thgmemetric
effects.

1
Aexp(Wobs > 0) = wo_l {1 - ZEl (1 - 3sin2iw§)} ,(18)
2.1.2. The effect of occultation
Aexp(wobs < 0) =

1
. _ _ {1—E1 (1—3sin2iw§)},
If the scattering region extends down to the stellar radius, then 4

occultation cannot be ignored. The lower boundary to the infgnere the second line is just the point source solution of the

gration over cylindrical radius in Ed. (L0) is now a function ofrevious section which is accurate for the blueshifted frequen-
the Doppler shiftin the profile and the viewing inclination. Th@jes that are unaffected by occultation. For pure rotation the
problem is to determine where rays intersect the disk if tangeiyression is

to the stellar photosphere and to relate that locus of points to
the corresponding line-of-sight Doppler shifts. The geometrit = 1

(19)

cal solution has been discussed by Fox & Brown (1991) who =~ 2
derived

(14w t) {1 - iEl [1—3sin®i(1 —w?)] } (20)

Fig.[4a=dl shows the striking difference between profiles of ex-
panding disks as contrasted to ones that rotate when occultation
is included. For expansion occultation has consequence for the
which traces the projection of the stellar limb onto the diskedshifted emission only, with greatest effect at the extreme line
It is straightforward to relatez, to w, using Eq.[(¥) for the wing where scattering material receding directly away from the
dependence of Doppler shift gn= . In the case of constantobserver suffers the greatest occultation. But for rotation the
expansiongy, = (1 — w2 sin?4)~'/2; for pure rotation the occultation blocks some light at all,, with greatest effect at
solution iswy = (cos?i + w? sin?4)~ /2, line center where the isovelocity zone that contributes to the line
To isolate the effects of occultation, a point source as in tleenission atv, = 0 is directly along the line-of-sight passing
previous section is again assumed to approximate the illumitlarough the star.
tion of the scatterers. To derive the emission profile from the Instead of elaborating on the difference profiles here, the
disk, the integral equation df (ILO) is used, with the limitsmf consequences of finite star depolarization are first presented in
extending fromeo to oo instead of 1 tax as for the point star the next section. The difference profiles are considered in the
case. For pure expansion the solution is section following that takes account of all the finite star effects.

)—1/2

wy = (1 — sin?i cos® ¢ , a7
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2.1.3. The effect of finite star depolarization

Cassinelli et al. (1987) discussed how the continuum polari |
tion arising from electron scattering can be reduced at small rad

obs

incident stellar light at the scatterer. This same effect holds for
the case of resonance line scattering, since the anisotropic line
effects derive from dipole scattering just as for free electrornsi.4. The combined finite star case
Following Cassinelli et al., the depolarization effect (or alterna-
tively the isotropizing effect) of the finite star is implicit in theThe profile shapes with both occultation and finite star depo-
f larization are determined from E@.{10) usifigandK,, from

For the case of a uniformly bright stellar disk, the familiathe previous section with the appropriate integral limits for oc-
forms of J, = 2(1 — cos.) and K, = Z(1 — cos®¥,) are cultation. For constant expansion recall tHat,, (wons < 0) is

appearance of , and X, of Eq.

found, where the geometrical factass 0, = v1 — w—2. Ig-

0).

825

Fig. 5a—d. As in Fig.[3a=H but now taking
the finite star depolarization into account.

of 1.14. The numerical coefficient of thg, term is no longer
O._25 but 0.172, a decrease of about 30%. As can be seen from
Igm this decrease results in a reduced variation between

. urves with different values df; and viewing inclinations. The
where the star cannot be treated as a point source. The reduc%on ! g

o . L mbined effects of stellar occultation and finite star depolar-
of polarization owes to the more nearly isotropic distribution oqfo P

zation are derived next.

not affected by the occultation so that expressian (21) applies

noring the occultation, the solution to the integral expressi@h the blueshifted velocities. The redshifted profile is modified
by the occultation and is given by

B is
Aexp = (7—2) {1—:/_162
Aoy = (7 —2) {1 :/_12

E1(1—3sin2iw2)}7 (21)

B [1-3sin®i (1 — w?)] }522)

z

Fig.[5a=d shows these functions in the same format as previ-
ous figures. With the finite depolarization effect, the functional
dependence om, is preserved as in the point star case, only
some coefficients are altered. There is now a leading coefficient

1
——E
16"

(sin_lwo_1 +w0_1 /1 wO_Q)}.(ZS)

Aexp(Wobs > 0) = 2 {sin_1 wo_l +y/ @i —1—wp

(1 —SSin2iw2)

Z
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-1 —0.5 WO 0.5 1 -1 —0.5 WO 0.5 1 the effects of both occultation and finite star
obs obs depolarization.

Note that in the pole-on casey reduces to unity, and Eq._{21)velocities has a turnover where it becomes concave up closer
for the line emission with finite star depolarization is recoverethward line center, whereas the profiles for rotating disks are

For constant rotation the profile is given by concave down everywhere.
Ay = T _q 4 sin! Wal n /w§ 11— 2.2. Line_profiles from disks in linear expansion or Keplerian
2 rotation
1 . 9.
_TGEI [ 1—3sin®i (1 — w?)] Having derived analytic results for simplified cases to highlight
T the consequences of anisotropic scattering in disks and the vari-
(2 +sin ! wgl + wgl A1 — w52 ) . (24) ousfinite star effects, line profiles for more realistic disk velocity

fields are derived in this section. Several assumptions remain,
Again for a pole-on perspective, there is no occultation, astch as the lines being optically thin.
Eq. [24) reduces to that df (2). The Appendix details some technical aspects of the profile
Fig.[6a=d plotsA(w,s) in both cases. The concavity of thecalculations; however, a few comments are made here about
two respective cases remains a distinct signature of the veloditg effects of absorption before proceeding to a discussion of
field. Difference profilesi(E;) — A(0) are shown in Fid. 7at}d. the results. First, the value of, used to determine the stellar
It is the difference profiles that will serve as the best diagnosticcultation is also relevant to the absorption. For occultation
of the disk velocity field. Bearing in mind that the normalizedo indicates where the projected limb of the star falls onto the
profiles A have values of order unity at most valuesgf,;, the circumstellar disk; for absorption its value indicates the extent
fact that the difference profiles can have values as large as @ the disk on the near side that shadows the lower facing stellar
and 0.2 in some cases indicates that the anisotropic scattehirgnisphere. Consequently, absorption will be less significant
modifies the profiles at the 10 and 20% level. for more pole-on viewing perspectives sincg tends toward
Unfortunately, the concavity of the difference profiles for thenity.
expanding disk case is actuatigncave dowim the far red wing, Second, where the absorption occurs in the profile in very
owing to the effects of occultation. The change in concavitiifferent for expansion than for rotation. In the former the ab-
would appear to seriously compromise the diagnostic utility ebrption is only in the blueshifted wing. As discussed in paper |,
these results; however, the difference profile at the redshiftidsik fact is quite convenient allowing to ignore the absorption
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and focus on the redshifted profile where only the geometgéren for three different viewing inclinations 8b°, 60°, and
effect of occultation is concerned. However, unlike expansiosf° from top to bottom. The latter is chosen because a planar
absorption generally modifies ttentire profile in the case of disk viewed perfectly edge-on degenerates to a line as projected
rotation. Nevertheless, it can be concluded that for both expagainst the plane of the sky, an artifact of the disk having zero
sion and rotation, absorption will tend to have greatest effdbickness. The left column shows the profiles with solid for
near line center, with diminishing significance toward the lin; = 0 and dashed fof/; = 1, the two extreme cases. Recall
wings. Note that the continuum flux can be reduced by at makat F,, is the flux of line emission only, hence the vertical axis
50%, because the disk can only attenuate the lower stellar heiicF. + F,)/F. = 1 + F,/F., for F, the stellar continuum

sphere. flux outside the line frequencies. The right column shows the
difference profiles\(F, / F.).
2.2.1. The case of linear expansion There are several points to note in the results of Eig. 8.

. , : . Th iSsi tl tl b d Doppler shifts,
Line profiles have been computed for a disk that expands Ilneagfgé on : ezr:}és: (I;gno?]tﬁz g ea r? sFi)ti/ a(;zzcire(;vsvig@;e%‘rv(z) Tr?gzriri:- s

as sion generally shows a double spike; however, the spike on the
VR = Veo w : (25) rgdshifted side.is I.arg.el)./ absentowingtothe occultgtion. 3) The
Wmax difference profile is distinctly concave up and negative near line

where w,., represents a transition from linear expansion fg£Nter but is zero in the wings. For more pole-on inclinations,
constant expansion. Using this velocity parametrization, ffae profile |s_reasonably symmetnc _aboutlme cen.ter |nd|cat|ng
isovelocity zones reduce to lines of constant . sini in that absorpt!on and oc<_:u|tat|0n do little to conta_mlnlate.the dif-
the region of acceleration. The surface number density of #Eence profile, as predicted. For more edge-on inclinations, the
disk becomes effects of absorption and occultation are more severe as antici-
pated, although the signature of positive concavity is still present
Y(w) = wm;”‘ . (26) near line center. (4) The overall amplitude of the difference pro-
w files is a small fraction of the line emissiabovethe continuum
Fig. [8 shows line profiles for linear expansion using a valy@hich is the relevant quantity for comparison), amounting to a
of wmax = 10, beyond which the contribution to the emissior1l0% level variation near line center. This is somewhat reduced
by the constant expansion flow is simply ignored. Results grem the results of the previous sections and reflects the fact that
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scattering in the isovelocity zones now samples a range of scat-Line profiles from a Keplerian disk are shown in Hig. 9, in
tering angles, in contrast to the constant expansion case whtesame format as Figl 8 for the expanding case. The profiles
the scattering angle was fixed along any given radial spoke.from the rotating disk look radically different from those of an
The fact that the greatest variation appears near line cenpanding disk: the lines are double-peaked but much broader
ter suggests that the interpretation of difference profiles froemd the anisotropic effects are considerably more prominent.
two lines with differentE; values may be complicated by theThe difference profiles shown in the right column are distinctly
presence of photospheric absorption. The significance of tt@ncave down, exactly opposite to the case of expansion, and
photospheric contamination depends on the relative widthstbé amplitude is a much more significant fraction of the line
the signature for anisotropic scattering versus that of the absagpiissionabovethe continuum. In regard to the latter point, it
tion line. Fig.[8 indicates that the anisotropic effects are mastould be noted that absorption and occultation are greatest near
prominent forw,ys Within about+0.25 of line center. Most line center, so that the apparent line emission is significantly
hot star winds have terminal speeds around 1R0s~! or reduced in the vicinity of line center.
higher; however, the disks of Be and B[e] stars appear to have One expects,,., in a Keplerian disk to be limited by the
much slower flows of around 106n s~ (e.g., Zickgraf 1986). critical rotation speed of break-up of the star, aroundi&a—*
The signature of anisotropic scattering would therefore be in tfee hot stars. Typical values af,,., around a few hundred
range+25 km s~ of line center, a value nottoo much in exceskm s~—! or less can therefore be expected of Keplerian disks,
of the thermal broadening expected for the photospheric linesattich is of the same order as the slowly expanding disks. Con-
would appear difficult to observe the effects of anisotropic scaequently, the width of the emission profile is not sufficient to
tering in the difference profiles, except in the following casedistinguish between expanding and rotating disks, so that the
(a) Some disks may have more rapid terminal speeds so thatdffects of anisotropic resonance scattering could prove to be an
signature of anisotropic scattering is significantly wider than theportant diagnostic of the disk flow properties.
thermal broadening. (b) The line of interest is formed at large
radius lying outside the acceleration region (e.g., owing to the . ,
ionization distribution), in which case the line will be broadeneﬁ' Discussion

to the full extent of the disk terminal speed. Or, (c) multiplethis paper presents a first step in exploring the consequences
lines are used, in which case the photospheric absorption in gleanisotropic resonance line scattering in circumstellar disks
different components comes from the same atmospheric laygjisdiagnosing expansion versus rotation. The motivation for
and may therefore be easier to correct in the difference profilggnsidering disks relates to the conclusion from paper | that
The use of multiplet lines is discussed further in Sgct. 3. anjsotropic line scattering has little effect on emission profiles

from spherical winds owing largely to the consequences of stel-
2.2.2. The case of Keplerian rotation lar occultation, but may be of greater importance for aspherical

envelopes where the significance of occultation is inclination
The velocity field used for a rotating disk is the Keplerian prefependent. Although several simplifications were used in the
scription with derivations of this work, the results give clear-cut signatures
of the disk velocity field when those simplifications apply and
gualitative insight into more general cases.

whereu, ., is the equatorial rotation speed. In the case of linear 11€re are several practical considerations that should be
expansion, the isovelocity zones reduce to lines of constanfioted in applying the results of this paper to observations.

but for rotation the topology of the zones is more complicated. A . . . :

plot of the topology is given in Fig. 2 of Wood & Brown (1994a). 1. Some rema_rks n add_mon to those previously m_ent|oned on
Emission at line center emerges along aray that extends from thepho_tospher_lc absorption are ‘?eeded- For_ a rot_atlng star with
observer and passes through the center of the star. The extrem disk that is fed by the star itself, the disk will no_t rotate
wings inwyps correspond to points at the limb of the star in the aster than the central star, hence any photospheric absorp-

plane of the sky. The other isovelocity zones are shaped like tion component from the star will modify the entire profile
“lobes” that are axisymmetric aboyt shape. However, if the disk is one of accretion (e.g., onto a

In the absence of radial flow, more freedom is allowed in white dwarf star), some parts of the inner disk can actually

choosing the density distribution of the disk. The disk density rotate faster than the star, and the photospheric contribution

is here assumed to decrease with radius and is parametrized all the !me cou_ld be isolated to the line core. .
2. The diagnostic scheme suggested here has been to differ-

Y=o, (28) ence profiles with varioug; values. Tables for computing
FE; values for specific line transitions can be found in App. A

with ¢ positive. So as to make comparison with the expansion of Jeffery (1989). Values of; for several common reso-

case more direct, line profiles have been computed usia@ nance lines of astrophysical interest were listed in Tab. 1

(c.f, Eq. [28]). The scaling parameter for the line emission from of paper I. Note that strong doublets from the ground state

the disk is also chosen to be the same for the Keplerian case aof Lithium-like atoms haveF; = 0.5 for the short wave-

for the linear expansion case. length component anél; = 0.0 for the long wavelength

Vyp = Vrot w_1/27 (27)
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Fig. 8. Line profiles from a disk in linear
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E, = 0 scattering and dashed for dipole
E; = 1 scattering. Right shows the dif-
ference profiles. Relative to the emission

-0.5 0 0.5 1 -1 =05

w

obs

component, immediately providing two lines for profile dif-
ferencing (if unblended) that (a) are very close in wavelength
and (b) form in the same spatial region of the envelope.

. Of course, care must be taken in the line selection, making
sure the chosen lines are indeed formed in the disk and
not outside it. Although the focus of this work has been oBb.

0

abovethe continuum, the anisotropic scat-
tering produces at most 10% level differ-
ences between the two cases.

0.5 1

obs

sion emerging from the inner regions where the envelope is
presumably densest that will be affected first. Thus, multi-
ple scattering will have chiefimportance at frequencies near
line center for expanding disks and at all line frequencies
for rotating disks.

This paper has concentrated on only expansion or rotation,

isolated equatorial disks, real stars experience mass loss atout not the combination. For disks with both expansion

all latitudes, so that an observed spectrum may contain lines
that arise from different parts of the flow, both in radius
and latitude. A good example is the B[e] stars that exhibit a
range of ionization states in their spectra. It is believed that
the narrower, low ionization state lines (e.g.jfréorm in

an equatorial disk but the broader, higher ionization states
(e.g., Gv) occur in a fast polar wind (Zickgraf et al. 1986).

In this example the line width is a reasonably clear indicator
of those lines that are from the disk.

. Also related to line selection, the results of this paper have
assumed optically thin line emission. The effects of multi-
ple scattering will be to isotropize the emergent light. In the
same way that polarization is reduced by multiple scatter-
ing, so resonance lines of differef} values will produce

and rotation of comparable speeds, the diagnostic value of
anisotropic line scattering for probing the disk velocity field
may be reduced. However, comparison of Figs.5,7, and 9
of Wood et al. (1993) for disks with just expansion, just
rotation, and both together suggests that at small radii the
location of the isovelocity zones inthe combined case is sim-
ilar to that for pure rotation, with the pattern being slightly
shifted counterclockwise. Since the bulk of line emission
arises from the densest inner regions, the results derived
here for a pure Keplerian disk may have some relevance to
disks that are expanding and rotating, especially if the initial
speed of expansion is small compared tq.

There are other related means using the properties of

829

increasingly similar profile shapes for increasing line optnisotropic line scattering that may be employed to infer the

cal depths (all else being equal), because the profile effegtgicture of circumstellar envelopes, be they jets, disks, or

arising from the anisotropy are lost after a few scatteringgPheres. The firstregardsintrinsic line polarization.Fps- 0,
As multiple scattering becomes important, it is the emi&he anisotropic scattering produces polarized light line emission
for aspherical envelopes. In fact, the calculationopfically
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thin polarized lines bears strong resemblance to the methodssoAmplified symmetrically about line center. In contrast for a
Brown & McLean (1979) and Cassinelli etal. (1987), except thettating disk, the profile should respond quite asymmetrically,
the volume integrals are confined to isovelocity zones in cobecause unlike the expanding case, all the Doppler motions that
trast to the entire scattering region. The work of Jeffery (1988&e redshifted appear on one side of the disk as seen by the
1990) illustrates the computation of polarized line profiles frombserver, and all those blueshifted appear on the opposite side.
resonance line scattering with application to the expanding érirus, aray passing through the disk along the line-of-sight join-
velopes of SNe. ing the observer and lerdnes notsample all Doppler shifts.

It is also interesting to consider line formation in medi&Qualitatively, as the lens moves across the disk, the amplifica-
where relativistic effects are important, for example in flows thien of the profile will start at one wing and progressively move
travel at relativistic speeds or scattering regions in the viciniggross the profile to the opposite wing.
of compact objects. The line profile shapes can be dramatically Of equal interest are the relative responses of the line emis-
altered from what s produced in non-relativistic envelopes (e.§10n and the continuum emission. For example, if the continuum
Hutsenikers 1990; Bao et al. 1994). The isovelocity zones a@éises solely from the star, amplification should first occur in the
significantly distorted relative to the non-relativistic case, henige profile owing to the much greater extension of the line emit-
the scattering geometry is also significantly modified, so th##g region. Contrastly, for wavelengths where the continuum

anisotropic line scattering which has not been considered&fission arises from the wind itself (as occurs in dense winds
previous calculations might be important. at infrared and radio wavelengths), both the line and continuum

A second relativistic effect that could prove to be avaIuabTE‘em'Ss'or,'I béacomde ?mpllﬁed rkr;or((ja or less corf\'temp;]oraneou.sly.
diagnostic of velocity fields in circumstellar envelopes is that D_et_al ed modeling must be done to confirm these various
of microlensing. As a hypothetical case, consider a planar dgﬁgdlctlons. _The statistical expectation of microlensing events
that is viewed nearly edge-on. If this disk is expanding and I msssa.losmg hOt sltars ?ai; bc(jabrather Iowh(CoIeman 1?3?))'
crolensed by some intervening compact object, the entire pro et € e lagnostic value ariorded by any suc even.ts would be
should be affected symmetrically about line center, since a r15(§)(:eed|ngly great. The topic therefore warrants continued study.

joining the observer and the lens and passes through the disknowledgementd. want to thank Drs D. Clarke and M. Hendry
samples the full range of Doppler shifts. Thus, the entire profile several helpful discussions. | also thank an anonymous referee for
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suggestions leading to substantial revisions and improvements of fit@m the disk. This is a natural consequence of the optically thin
paper. This research was conducted under funding from a UK PPABSsumption. Consequently, the amount of emission and the de-
Rolling Grant. gree of absorption are not independent but are coupled through
the parameters common tg. For the profile calculations of
Appendix A: optically thin line profiles from planar disks ~ S€ct[Z2, itwas noted tha}h was chosen to be the same in both
including the effects of absorption the linear expansion and Keplerian rotation cases. This choice
effectively determines the ratio ef, for expansion to that for
This appendix details some of the technical aspects associgifiltion, which is of order unity. Absorption does not gener-
with the calculation of the line profiles in Sect.]2.2 for realistig"y modifythe observed emission profile significantly (except
disk velocity fields. The calculation of the emission from thgegar line center), because everif™ tends toward zero, the
diskis based on Eqs.1(7) for the location of the isovelocity zonggyerage of the stellar surface presented by the disk for a given

and [I0) for the flux of emission from the disk, including thgequency interval in the line is typically a small fraction of
effects of occultation and finite star depolarization. T R2.

The major new ingredient in the computations is the consid- :
eration of absorption. The amount of stellar continuum radiati?{]

i ; o eferences
observed in a small interval of frequengy + Av, within the
broadened line depends on two things: the fraction of the stakdams, F. C., Lada, C. J., Shu, F. H., 1987, ApJ 312, 788
surface that is covered by disk material and the optical de;ﬁhol.(G-, Héjd?v%_P(Zl)(stgaarg, g iggj’ ﬁpj jgg, 85358
of that material. In regard to the former, the observed flux g'or man, J. ., Bjorkman, ®. >., + AP ’
continuum emissiot ?1/ ) consists of a fraction that is direct rown, J. C., McLean, S., 1977, A&A 57, 141
AT . '‘Brown, J. C., Fox, G. K., 1989, ApJ 347, 468

or unattenuated, and a fraction that is attenuated. The attengdliun 3. C. Wood, K., 1994, A&A 290, 634
ing material is located on the near side of the star and coversgfioff, L. J., Noerdlinger, P. D., Scargle, J. D., 1972, ApJ 176, 439
area in the disk that is traced byy () given of Eq. [I¥). This Cassinelli, J. P., Nordsieck, K. H., Murison, M. A., 1987, ApJ 290, 302
attenuating regions covers only the lower facing stellar henfihandrasekhar, S., 1960, Radiative Transfer (New York: Dover)
sphere. However, for a small interval of frequency in the lin&oleman, 1. 1998, Ph.D. Thesis, Univ. Glasgow

only a relatively fraction of that covering area contributes to tHe?%: G- K., 1991, ApJ 379, 663
y y 9 Fox, G. K., Brown, J. C., 1991, ApJ 375, 300

absorption. _ L Frank, A., Mellema, G., 1994, ApJ 430, 800
The expression for the continuum emission is Hamilton, D. R., 1947, ApJ 106, 457

Hutsengkers, D., 1990, ApJ 361, 367

Fe(va) _ Ignace, R., 1998, A&A, 332, 686

F. () Ignace, R., Nordsieck, K. N., Cassinelli, J. P., 1997, ApJ 486, 550
Jeffery, D. J., 1989, ApJS 71, 951

Ay — AL (v,)  AL(v,) 1 A Al Jeffery, D. J., 1990, ApJ 352, 267

A, + A, Alv,) /., € ’ (AL) Kastner, J. H., Mazzali, P. A., 1989, A&A 210, 295

Kenyon, S. J., Hartmann, L., 1987, ApJ 323, 714

where F, (vy) = L, (1y)/4wD? is the stellar continuum flux McKenna, S. J., 1984, Ap&SS 106, 283
at the wavelength of the line and is assumed constant over Yfg‘€nna. S. J., 1985, Ap&SS 108, 31

range of line frequenciesl, = 7R? is the projected area of theMgniglnbl' HS 113273’ yANSF,{:,Af’lngZBS

star, A(1;) is the geometrical area in the disk (i.e., as viewafjinajas, D., 1978, Stellar Atmospheres (Freeman: New York)
pole-on) presented by the absorbing material with opacity in tReta, A., Livio, M., Clampin, M., Schulte-Ladbeck, R., 1995, ApJ 448,
intervalv, + Av,, A, (v,) is the projection of that area along 788

the line-of-sight and is equal t&(v,) cos 7, andr, is the optical Poeckert, R., Marlborough, J. M., 1978, ApJ 220, 940

depth. Note thaF,(v,)/F,(vy) can never fall below 0.5 since Porter, J. M., 1997, A&A 324, 597

the disk can at most cover half of the projected stellar surfacguirenbach, A., Buscher, D. F., Mozurkewich, D., A., Hummel, C.
The optical depth is given by A., Armstrong, J. T., 1994, A&A 283, L13

Quirrenbach, A., Bjorkman, K. S., Bjorkman, J. E., et al., 1997, ApJ
1 479, 477
(A2) Stenflo, J. O., 1994, Solar Magnetic Fields (Dordrecht: Kluwer)
Struve, O., 1931, ApJ 73, 94
Waters, L., B., F., M., 1986, A&A 162, 121
wherez, corresponds to a pointin the disk wheggs —v, = 0.  Wood, K., Brown, J. C., Fox, G. K., 1993, A&A 271, 492
An expression for the optical depth can be derived from (A®Yood, K., Brown, J. C., 1994a, A&A 285, 220
for any given disk velocity field. The optical depth reduces t¢/00d, K., Brown, J. C., 1994b, A&A 291, 202
7, = 70 f(w, @), wherer, consists of scaling parameters sucly00d: K., Bjorkman, K. S., Bjorkman, J. E., 1997, ApJ 477, 926

as¥, ando,, andf(w,w) is some function of position in the Zlckﬂ:f,fé-i].,Wolf,B.,StahI,O.,Leltherer, C.,Klare, G., 1985, A&A

disk, the specifics of which depend on the particular VeIOCiB’{Ckgraf, F.-J., Wolf, B., Stahl, 0., Leitherer, C., Appenzeller, |., 1986,
law. The point here is that the parameters included @lso ap- A&A 163, 119

pear in the scaling constahy associated with the line emission

dv,
dz

T, = / Y 010(Vobs — V5)dz = Z oy

20
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