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k2ABSTRACTWe have used wide-�eld ultraviolet, opti
al and far-infrared photometri
 im-ages of Pleiades re
e
tion nebulosity to analyze dust properties and the 3-Dnebular geometry. S
attered light data were taken from 1650 & 2200 �A Wide-�eld Imaging Survey Polarimeter images and a large 4400 �A mosai
 of BurrellS
hmidt CCD frames. Dust thermal emission maps were extra
ted from IRASdata.The s
attering geometry analysis is 
ompli
ated by the blending of light frommany stars and the likely presen
e of more than one s
attering layer. Despitethese 
ompli
ations, we 
on
lude that most of the s
attered light 
omes fromdust in front of the stars in at least two s
attering layers, one far in front andextensive, the other nearer the stars and 
on�ned to areas of heavy nebulosity.The �rst layer 
an be approximated as an opti
ally thin, foreground slab whoseline-of-sight separation from the stars averages � 0:7 p
. The se
ond layer is alsoopti
ally thin in most lo
ations and may lie at less than half the separation ofthe �rst layer, perhaps with some material among or behind the stars. The asso-
iation of nebulosities peripheral to the main 
ondensation around the brighteststars is not 
lear.Models with standard grain properties 
annot a

ount for the faintness ofthe s
attered UV light relative to the opti
al. Some 
ombination of signi�
ant
hanges in grain model albedo and phase fun
tion asymmetry values is required.Our best-performing model has a UV albedo of 0:22 � 0:07 and a s
atteringasymmetry of 0:74 � 0:06. Hypotheti
al opti
ally thi
k dust 
lumps missed byinterstellar sightline measurements have little e�e
t on the nebular 
olors butmight shift the interpretation of our derived s
attering properties from individualgrains to the bulk medium.1Dept. of Physi
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Subje
t headings: s
attering | methods: analyti
al | (ISM:) dust, extin
tion| ISM: individual (Pleiades) | (ISM:) re
e
tion nebulae | ISM: stru
ture1. Introdu
tionPhotometri
 studies of re
e
tion nebulae have the potential to reveal the 3-D geometryof di�use interstellar 
louds and the opti
al properties of their dust grains, but separating thee�e
ts of geometry and grain s
attering parameters is not straightforward. The diÆ
ulties aremost pronoun
ed in the far-ultraviolet, where the observations are espe
ially 
omplex (e.g.,Bowyer 1991; Henry 1991), and major disagreements remain over far-UV dust properties(e.g., Hurwitz, Bowyer, & Martin 1991; Witt et al. 1992). Breaking the dust-geometrydegenera
y requires external 
onstraints and 
areful analysis.The Pleiades re
e
tion nebula is a favorable 
ase for su
h study, with a distan
e of order100 p
 (e.g., van Leeuwen 1999), large angular size, bright s
attered light, and possibly simplegeometry. Ex
ept for the area of heaviest nebulosity near the star 23 Tau, the opti
al depthof the nebula appears low (EB�V � 0:03�0:05; see Breger 1986 and referen
es therein), andthere is little other dust along the 
luster sightline (�Cernis 1987). The wealth of stru
ture inthe nebula (Arny 1977) may 
ompli
ate photometri
 analysis. However, a Pleiades analysisshould be more reliable than the troubling examples posed re
ently by Mathis, Whitney, &Wood (2002), given the nebula's many external geometri
 
onstraints (x2), low opti
al depthalong many sightlines, and la
k of obvious extin
tion by 
lumpy dust (x4.2).In the �rst paper in this series (Gibson & Nordsie
k 2003; hereafter Paper I), we pre-sented new wide-�eld imaging photometry of the Pleiades nebula at 1650 �A and 2200 �A withthe Wide-�eld Imaging Survey Polarimeter (WISP; Nordsie
k & Harris 1999) and at 4400 �Awith the Burrell S
hmidt teles
ope. It was found that phase fun
tion e�e
ts dominate overinternal reddening and that the UV/opti
al 
olors of the nebula are too red to explain with
ommon grain models.Some prior investigations of the Pleiades (Greenberg & Roark 1967; Witt 1985) haveused only single-s
attering models with attenuation to mimi
 internal extin
tion. Our pri-mary analysis (xx3-5) adopts a similar strategy, with the added assumption of a geometri
allythin nebula to allow s
attering along ea
h sightline to be 
hara
terized by a single angle withrespe
t to a single star, though whi
h star is used depends upon position. We also 
onsidera se
ondary analysis (x6) in whi
h the single s
attering approximation is retained but singleilluminators are not: blends of light from neighboring stars are represented expli
itly.



{ 3 {2. Nebular Geometry ConstraintsInterstellar absorption studies (e.g., Federman 1982; Bohlin et al. 1983; White 1984;White et al. 2001) and radio emission maps (e.g., Gordon & Arny 1984; Federman & Wilson1984; Bally & White 1986) reveal both atomi
 and mole
ular gas in the Pleiades vi
inity,at least some of whi
h lies in front of the bright stars. Photometri
 
olors indi
ate thatforeground dust dominates the s
attered light (Paper I). Most of the dete
ted mole
ular gasis found in areas of heavy nebulosity on the west side of the 
luster, espe
ially southwest of thestar 23 Tau, and it is a

ompanied by enhan
ements in interstellar polarization and reddening(White 1984; Breger 1986, 1987) as well as far-infrared emission (Castelaz, Sellgren, &Werner1987; White & Bally 1993). Figure 1 shows the distributions of EB�V , 12CO emission, andopti
al brightness a
ross the 
luster 
ore, whi
h has a diameter of � 2Æ (Adams et al. 2001).The foreground atomi
 gas displays at least two distin
t velo
ity 
omponents. One of theseoutlines the general nebular stru
ture, in
luding features tra
ed by the mole
ular gas, whilethe other extends over a mu
h larger area and appears more smoothly distributed (Gordon& Arny 1984; White 1984). For 
onvenien
e, we label the smooth, large-s
ale foregroundfeature as Component 1 and the more 
on�ned feature as Component 2. The limited angularextent of Component 2 suggests mu
h of the Pleiades nebula may be reasonably 
hara
terizedby a single s
attering layer.The gas kinemati
s indi
ate a state of 
ollision with the 
luster (Gordon & Arny 1984;White & Bally 1993; White 2002), while the multipli
ity and spatial separation of velo
ity
omponents (e.g., Gordon & Arny 1984; White 1984; White et al. 2001) suggest more thanone 
loud may be present. Component 1 appears situated � 1 p
 in front of the 
luster,with a sheetlike thi
kness of � 0:3 p
 (White 1984), in 
ontrast to its many p
2 area onthe sky. Component 2 is estimated to lie mu
h 
loser to or even among the stars (Breger1987; White 1984; Freeman & Williams 1982; Federman 1982; Jura 1977, 1979), with anunknown sightline thi
kness, though the dominant s
attering should arise from the portionin front of the stars for forward-s
attering grains. An additional, weaker 
omponent appearsin some absorption measurements (e.g., White & Bally 1993; White 2002). Its position anddistribution along the line of sight are as yet poorly 
onstrained.Even with these 
ompli
ations, a single 
omponent 
ould dominate the nebular intensityunder the right 
onditions, su
h as one layer 
ontaining mu
h more s
attering material thanthe others or lying so that it s
atters very eÆ
iently at the positions observed. If no singlelayer dominates the s
attered light, the geometry derived from observed intensities willinstead represent a weighted average of the di�erent 
omponents. We 
onsider some generale�e
ts of multilayer s
attering where it appears likely to o

ur (xx5-6).



{ 4 {3. Single Illuminator ModelOur primary model assumes only single s
attering of light from a single star that is eitherthe brightest in the vi
inity or a �
titious illuminator mimi
king the lo
al radiation �eld. Themodel geometry is shown in Figure 2. The observed UV and opti
al intensity in ea
h imagepixel arises from a 
orresponding par
el of nebular dust. The same par
el is also heatedby absorbed starlight to produ
e the observed far-infrared (FIR) thermal radiation. Thissimple representation has the advantage of being analyti
, with well-understood 
onstraints.Here we present mathemati
al details of the model. Results are dis
ussed in the followingtwo se
tions (xx4-5). Though the real nebula is lit by multiple stars as well as the generalinterstellar radiation �eld, the single-star analysis produ
es results that are 
onsistent witha model in
orporating these e�e
ts (x6).There have been similar treatments of single s
attering (e.g., Witt 1985). Ours di�ers inrequiring the nebular extent along the sightline to be thin enough that s
attering angles 
anbe treated as 
onstant within small areas on the sky. While less general, this approa
h yieldsa dire
t determination of geometri
 parameters. It also requires no detailed information onin
ident 
uxes or the nebular opti
al depth distribution. Below we present an idealizedversion of the model followed by elaborations to explore the e�e
ts of smooth and 
lumpyinternal extin
tion. 3.1. Zero Internal Extin
tionThe ideal 
ase of zero internal extin
tion, or pure single s
attering, is fully analyti
.Sin
e the dust is opti
ally thin, ea
h par
el inter
epts a fra
tion of the in
ident starlightthat translates into a sightline opti
al depth of �p(�) = 0:4 ln 10 (A�=AV )RV EB�V , whereAV and EB�V are the total and sele
tive extin
tion, and we des
ribe the extin
tion 
urveA�=AV by the empiri
al law of Cardelli, Clayton, & Mathis (1989), with RV � AV =EB�Vas a parameter.The s
attered intensity of the nebula, averaged over the instrumental bandpass, isI�s
at = R2�r2 Z 10 F�(�) �p(�) a(�) �(�; �) �s
at(�) d� ; (1)where I�s
at and F�(�) are per unit wavelength and F�(�) is the stellar surfa
e 
ux froma Kuru
z (1993) model of appropriate spe
tral type; the stellar radius R� and star-par
eldistan
e r 
onvert F�(�) into the proper intensity units. The grain albedo is a(�), �(�; �) is



{ 5 {the s
attering phase fun
tion, and �s
at(�) is the response fun
tion of the dete
tor, normalizedso that R10 �s
at(�) d� = 1.Large grains are heated to an equilibrium temperature T by absorption of the stellar
ux and radiate thermally. Smaller grains undergo nonequilibrium heating and radiation.The 
ombined FIR radiation of all grains, averaged over the dete
tor bandpass, is given byI�FIR = R2� �FIR(T; �)4�r2 Z 10 F�(�) �p(�) [1� a(�)℄ d� : (2)Here �FIR(T; �) is the fra
tion of the FIR radiation dete
ted:�FIR(T; �) � fem(T ) Z 10 B�(T ) �p(�) �FIR(�) d�Z 10 B�(T ) �p(�) d� ; (3)where B�(T ) is the Plan
k fun
tion, fem(T ) is the fra
tion of the emission that 
an berepresented by grains with temperature T , and �FIR(�) is the response fun
tion of the dete
tor(in this 
ase, the IRAS 100 �m band). We assume the FIR opa
ity of the grains varies as��� (e.g., Hildebrand 1983).We estimate T as the IRAS 60/100 �m 
olor temperature T60=100, assuming � = 2.This representation overestimates the large-grain temperature by a few K (Paper I) and alsonegle
ts signi�
ant FIR power from small grains at 12 & 25 �m (Castelaz et al. 1987). In the
luster 
ore, a T = T60=100 
omponent reprodu
es � 50% of the DIRBE intensity integratedover � � 4� 300 �m, leaving a � 15% residual at longer wavelengths and a � 35% residualat shorter wavelengths. Sin
e our analysis requires the superior resolution of IRAS, weestimate the total FIR emission by assuming a 
onstant fem(T60=100) = 0:5 
orre
tion to theIRAS 60 & 100 �m data. Errors of a few per
ent in fem may arise from spatial variationsin dust temperature or un
ertainties in zodia
al emission subtra
tion, but these should havelittle impa
t on our analysis. Even in the extreme 
ase of fem(T60=100) = 1:0, the deriveds
attering angles are only � 10 � 20Æ smaller than for fem(T60=100) = 0:5, and the UVs
attering properties in the two 
ases are 
onsistent within 1� un
ertainties.The ratio of equations (1) & (2) 
an
els some s
aling fa
tors and yields a solutionfor �(�; �), averaged over the photometri
 bandpass fun
tion �s
at(�) and weighted by the�-dependen
e of the produ
t F�(�) �p(�) a(�) within the band:



{ 6 {h�(�; �)i�s
at = 14� �I�s
atI�FIR � �FIR(T; �) hneb ; (4)where the integrals des
ribing the transmission of light through the nebula are 
olle
ted ashneb = Z 10 F�(�) [1� a(�)℄ �p(�) d�Z 10 F�(�) a(�) �p(�) �s
at(�) d� : (5)The absolute s
aling of �p 
an
els in the ratio, leaving only the form of the A�=AV extin
tion
urve. The stellar 
ux s
aling also drops out, leaving only the spe
tral shape.Equation (4) allows a dire
t measure of the phase fun
tion value. Sin
e I�s
at andI�FIR are observed quantities, F� and T are 
onstrainable by observation, and �s
at and �FIRare instrumental parameters, we 
an apply grain model values for A�=AV , a, and � toequations (4) & (5) to obtain �(�). If the form of �(�) is known, this yields the s
atteringangle �, hen
e 3-D nebular geometry. Conversely, a known geometry 
an be used to determine�(�)'s behavior. We assume the Henyey & Greenstein (1941) form �HG(�) = (1=4�)(1 �g2)=(1 + g2 � 2g 
os �)3=2, where the s
attering asymmetry g � h
os �i. The HG phasefun
tion probably represents real s
attering poorly at large angles, but it may suÆ
e for� < 60Æ (Mathis 1990), and it is easily solved for �.Lastly, we use � with the star-par
el o�set angle � seen by the observer to determinethe 3-D position of ea
h par
el relative to the illuminating star. Regardless of the overallnebular geometry, this par
el position is des
ribed bytan (� � �) = �d� ss � tan� ; (6)where d is the star-observer distan
e, and s is the 
omponent of the star-par
el distan
eparallel to d. These relationships are illustrated in Figure 3. We assume d = 130 p
 for our
al
ulations, though the exa
t value remains under debate (Stello & Nissen 2001).3.2. Smooth Internal Extin
tionSin
e internal extin
tion may a�e
t the nebular 
olors but we 
annot model multiples
attering, we add smooth dust attenuation fa
tors to the in
ident and s
attered light termsof equation (5):
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hneb = Z 10 F�(�) e��1 (�) �p(�) [1� a(�)℄ d�Z 10 F�(�) e��1 (�)��2 (�) �p(�) a(�) �s
at(�) d� : (7)Here �1 and �2 are the opti
al depths before and after the s
attering/heating event; �2 doesnot apply for heating. This representation is valid as a �rst order approximation in the limitof zero albedo and zero heating outside of the s
attering par
el. Sin
e �p(opt)� 1 and ouranalysis in x4 �nds low UV albedos, se
ondary s
attering may be unimportant. The negle
tof heating from �1 
auses hneb and � to be underestimated, but this bias may be small if�1(UV) is reasonably low.We assume a simple fa
e-on slab geometry and de�ne the attenuation depths relativeto the slab midplane, with �1 = �p=[2 
os (� � �)℄ and �2 = �p=(2 
os�). A similar treatmentis given for smooth-dust reddening in Paper I. The in
lusion of geometri
 terms in �1 and �2requires that � be obtained from equation (4) by iteration.3.3. Clumpy Extin
tionAs outlined in Paper I and detailed in our analyses below, a smooth dust model withrealisti
 input parameters has diÆ
ulty explaining the faintness of the Pleiades nebula in theultraviolet with 
ommonly-used grain (a; g) values. The internal reddening of a homogeneousforeground slab nebula is limited by the low interstellar reddenings observed toward themajor Pleiades stars, and 
annot by itself a

ount for the observed nebular 
olors. However,the Pleiades nebulosity is �lamentary on all observed s
ales (Arny 1977), extending downto subar
se
ond resolution (Herbig & Simon 2001). Small dust �laments are also visible inother parts of the sky (e.g., Kalas et al. 2002) and may be fundamental to the nature ofdi�use interstellar 
louds.Opti
ally thi
k 
lumps of dust will a
t as a separate s
attering population with lowere�e
tive albedo than the individual grains that 
ompose them (Witt & Gordon 1996; White1979b). A
tual Pleiades 
lumps may 
over a wide range of s
ales, shapes, and opti
al depths,but for simpli
ity we assume uniform 
lumps that are small 
ompared to our model par
els.If these 
lumps are small and far apart, few stellar sightlines will interse
t one, even thoughevery par
el 
ould 
ontain many. No star in the Pleiades 
luster should have an apparentdiameter ex
eeding �0:00100, and thus the ratio of stellar disk area to the 3:05�3:05 solid angleresolution of smoothed WISP data will be less than 10�10: millions of small dust 
lumps
ould lurk in ea
h par
el and never o

ult a single bright star dire
tly.



{ 8 {A thorough exploration of 
lumpy s
attering in the Pleiades lies outside the s
ope ofthis paper. We assume that the 
lumps are 
ompletely absorbing for � < 3000�A and
ompletely transparent otherwise, an extreme 
ase that pla
es a limit on 
lump reddeningof the UV/opti
al 
olors. We de�ne f
 as the fra
tion of light inter
epted by 
lumps andgeneralize equation (7):hneb = Z 10 F�(�) e��1 (�) �[1� f
(�)℄ �p(�) [1� a(�)℄ + f
(�)	 d�Z 10 F�(�) e��1 (�)��2 (�) [1� f
(�)℄ �p(�) a(�) �s
at(�) d� : (8)The la
k of obvious o

ultations by 
lumps in the Pleiades indi
ates f
 is probably small. Inx4.2, we sele
t a maximum likely value for f
(UV) to assess the limits of 
lump reddening.4. UV Dust PropertiesIn this se
tion, we use the nebular photometry of Paper I and the single-star model of x3to 
onstrain properties of nebular illumination, dust extin
tion, reddening, and s
attering.We require that s
attering angle maps derived from the UV/FIR 
olors agree with thosederived from the opti
al/FIR 
olors. This agreement implies nonstandard UV dust propertiesif standard grain models are assumed at opti
al wavelengths. The geometry of a nebularmodel with UV-altered dust is dis
ussed in x5.4.1. The Problem of UV FaintnessGiven the predominantly foreground s
attering, low sightline reddening, and blue 
olorsof the brightest stars in the Pleiades, the redness of the nebular UV/opti
al 
olors (Paper I)is a serious 
onstraint for s
attering models. The left-side panels of Figure 4 illustratethe problem with s
attering angle maps that agree poorly between our UV and opti
alphotometri
 bands. The maps use the smooth-dust nebular model (x3.2) with Gordon,Calzetti, & Witt (1997; GCW) s
attering properties, a B7III stellar spe
trum, RV = 3:1,and EB�V = 0:05. Though all of these are reasonable 
hoi
es based on available information,most of the derived UV s
attering angles are larger than their opti
al 
ounterparts by � 20Æor more. This dis
repan
y must be addressed with alternate models. The right-side panelsof Figure 4 show a superior model, to whi
h we will return in our dis
ussion.



{ 9 {4.2. Parameter Spa
e Sear
hUsing equations (4) & (8), we 
omputed s
attering angles for �s
at = 1650, 2200, and4400 �A for a variety of parameter 
ombinations to see whi
h allow �1650 ' �2200 ' �4400.The parameters explored were: the stellar input spe
trum F�(�); extin
tion parameter RV ,spe
ifying a Cardelli et al. (1989) extin
tion 
urve; the sightline reddening EB�V ; the UV
lump opa
ity f
(UV); the dust albedo a(�); and the s
attering asymmetry g(�) used in theHG phase fun
tion. All of these properties were assumed 
onstant over the nebula. ThoughEB�V and the input spe
trum vary with position, most of these variations are smaller thanthe parameter ranges we examined.To optimize our sear
h for the best model, we explored the two separate parametergrids summarized in Table 1. The primary grid varied F�(�), RV , EB�V , and f
(UV) whileusing standard grain model a(�) and g(�) values for all wavelengths. Results from this griddemonstrate that standard UV (a; g) values are inadequate. The se
ond grid used a fewinteresting (F�; RV ; EB�V ; f
) 
ombinations from the �rst grid and varied a(�) and g(�) fromtheir standard UV values. The two standard grain models used were Mathis, Rumpl, &Nordsie
k's (1977; MRN) simple power-law size distribution of spheri
al grains, as exploredby White (1979a) (Draine & Lee 1984 found similar results in our photometri
 bands), andGCW's 
ompilation of di�use dust results for the Milky Way. Standard MRN and GCW(a; g) values are given in Table 2.The ranges of the explored parameters were set by observational 
onstraints. Sin
ethe six brightest stars providing � 2=3 of the total light have B6-B8 III-IV spe
tra, theB7III spe
trum of the brightest Pleiad, 25 Tau, is a representative 
luster average. Wealso 
onsidered 
ooler B8III and B9III average spe
tra to redden the nebular 
olors, thoughthese are less likely. Following Lang (1992), we used Teff = 13000, 12500, and 11000 K anda surfa
e gravity of 103:5 
m s�2 to spe
ify the Kuru
z (1993) models. Standard RV = 3:1extin
tion is 
onsistent with estimates of � 3 � 4 for the Pleiades (e.g., Guthrie 1987;Witt, Bohlin, & Ste
her 1981). Be
ause a high RV redu
es the UV s
attered intensity by
attening the extin
tion 
urve, we 
onsidered RV = 5 as well, even though su
h nonstandardextin
tion is not stri
tly 
onsistent with the MRN and GCW dust models. Apart from theheavy nebulosity SW of 23 Tau, reddenings are EB�V � 0:0 � 0:1, averaging 0:03 � 0:05(Breger 1986). We allowed 
lump blo
king fra
tions of f
(UV) = 0:0 � 0:3. Higher valuesare unlikely, sin
e sightline blo
king of less than � 10�1 is implied by the la
k of brightstars with anomalously large EB�V , and blo
king along the in
ident+s
attered light paththrough the nebula is unlikely to be more than 2 or 3 times greater unless s
attering anglesare unrealisti
ally large. \Gray" 
lumps with � � 1 and EB�V = 0 may be present, butthese would not a�e
t the UV/opti
al 
olors. The se
ond grid's UV (a; g) variations were
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onstrained by g(UV) > 0 (Paper I).We 
omputed di�eren
es between UV and opti
al s
attering angles, �� � �UV � �opt,for ea
h model in both parameter grids, with the goal of �nding models that minimize j��j.We used our own photometry as well as supplemental UV data from Witt, Bohlin, & Ste
her(1986; WBS). Our general pro
edure for ea
h model was: (1) 
ompute ��ij� at position i inphotometry set j (eitherWISP or WBS) for UV wavelength � (1650 or 2200 �A); (2) extra
ta representative ��j� value for ea
h set from these positional results; and (3) sele
t the value�� = Maxfj��j�jg as the overall �gure of merit for the model under 
onsideration. Thisoverall �� was then used to identify the most satisfa
tory models.For our WISP and S
hmidt data, we 
al
ulated the absolute mean di�eren
e jh��ij�ijfor points within the 100�100 box in Fig. 4. This box avoids point spread and other WISPimage artifa
ts but has enough pixels (400) for a good statisti
al ensemble, and one thatis representative of the bulk of ��ij� values over the area of Fig. 4. We 
hose jh��ij�ijover a more traditional root-mean-square h(��ij�)2i1=2 measure be
ause the latter yieldsdi�erent ranges for data with di�erent amounts of noise, su
h as the WISP 1650 & 2200 �Aphotometry, and normalizing these ranges by the error in ��ij� requires propagating thephotometri
 errors through the inverted phase fun
tion, whi
h is nontrivial. By 
ontrast,jh��ij�ij ! 0 whenever the average angles agree, and this statisti
's insensitivity to di�erentamounts of s
atter merely leads to 
onservative 
onstraints on the model parameter spa
e,be
ause fewer solutions are ex
luded than might be with an RMS analysis.The WISP 100�100 box has opti
al s
attering angles ex
eeding 60Æ for standard GCWgrains (Fig. 4). To in
lude smaller angles in our s
attering analysis, we 
omputed repre-sentative ��j� values from the UV photometry of WBS, who observed at o�sets of 2000 and4000 from both 17 and 20 Tau and 2000 and 6000 from 23 Tau, implying � = a few degrees.No other UV study has su
h small o�sets; those of Andriesse et al. (1977) are similar toWISP's. Opti
al photometry at the WBS positions is not available in our S
hmidt data orother studies, but we were able to estimate �opt from its value in the 100�100 box and anassumed fa
e-on slab geometry. IRAS photometry exists at the WBS positions, though itla
ks stru
ture on subar
minute s
ales. A more serious 
on
ern is the possibility of bias inthe WBS photometry: their redder, more starlike 
olors at smaller o�sets 
ontradi
t other�ndings (Paper I; Andriesse, Piersma, & Witt 1977) unless the phase fun
tion is 
omplex atsmall angles. But despite this possible bias, even approximate measurements at small anglesare better than none. Still, the ��ij� values derived for ea
h of the six WBS points oftendisagree with ea
h other by � 10Æ or more. The 
ause may be the geometri
 assumptionswe used to infer opti
al photometry or perhaps some problem with the WBS photometry.Rather than attempt to average ��ij� over a few points with possible systemati
 errors, we



{ 11 {have used ��j� = Minfj��ij�jg. As in the WISP analysis, this statisti
 is 
onservative: itminimizes the parameter spa
e 
onstraints and maximizes the range of a

eptable models.The model wavelength integrals were performed over a range of 1000 � � � 10; 000 �Ain steps of �� = 50 �A. Though limited by the tabulated MRN/GCW grain model data, thisrange in
ludes our WISP and S
hmidt passbands, and it misses only a few per
ent of theB7III stellar UV heating 
ux and even less for 
ooler spe
tra. Where a(�) and g(�) wereallowed to vary in the UV, the MRN/GCW values were retained for � � 2600 �A, while theproperties for 1000 � � < 1990 �A and 1990 � � < 2600 �A were represented by (a1; g1) and(a2; g2), respe
tively. These parameters' wavelength ranges mat
h the two WISP passbands,ex
ept the 
overage of a1 was extended to tie the shortest-wavelength UV heating in themodel to observed s
attered light properties.4.3. Parameter Sear
h Results4.3.1. Fixed (a; g) ModelsA thorough exploration of the primary grid demonstrated the inadequa
y of the standardMRN and GCW grain model UV (a; g) properties. Although 
ooler stellar spe
tra and higherRV , EB�V , and f
(UV) all help to redu
e j��j, none of these 
an redu
e it suÆ
iently, even in
ombination. The 
losest UV-opti
al mat
h o

urs for an unrealisti
ally 
ool B9III spe
trumwith GCW grains, RV = 4:0; EB�V = 0:05, and f
(UV) = 0:30, with j��j = 2:3Æ, wherethis is the larger of j�1650 � �4400j and j�2200 � �4400j for both WISP and WBS photometry.The best B7III and B8III GCW mat
hes require EB�V = 0:10 to a
hieve j��j = 5Æ; with amore realisti
 EB�V = 0:05, su
h models have j��j � 11Æ. MRN grains perform worse thanGCW grains. The best MRN models have j��j � 10Æ even with EB�V = 0:10. The poorershowing of MRN arises in part from its g(2200) < g(4400) behavior, whi
h 
ontradi
ts theUV/opti
al 
olor trends of Paper I. Alterations to the MRN/GCW UV (a; g) propertiesappear ne
essary to a
hieve j��j < 5Æ for reasonable nebular models.4.3.2. Variable (a; g) ModelsExploring UV (a; g) variations for all primary grid models was impra
ti
al, but we
onsidered eight interesting 
ases, whi
h we 
all Models A-H. These are listed in Table 3along with the best UV (a; g) values found for ea
h. Model A has the most likely nebularproperties (x4.1), while the others illustrate various departures within the primary grid. Onlytwo MRN 
ases met the minimum standard for a

eptable solutions.



{ 12 {For ea
h of these 
ases, �� values were 
omputed over the UV (a; g) grid, with j��j � 5Æadopted as a 
riterion for a

eptable solutions. The (a1; g1; a2; g2) explorations were per-formed separately for our photometry and the WBS data, ea
h on (a1; g1; a2) and (a2; g2; a1)subspa
es for eÆ
ien
y; a1 and a2 are 
oupled in the heating integral and 
annot be sep-arated. After merging the WISP and WBS 
ubes by sele
ting the largest j��j values inea
h, a full (a1; g1; a2; g2) 4-
ube was 
onstru
ted from the two 3-
ubes by 
hoosing the max-imum j��j at ea
h position. Solutions with g(UV) < g(opt) were also eliminated to retain
onsisten
y with the Paper I 
olor results. The average (a1; g1; a2; g2) values and standarddeviations of the remaining solutions with j��j � 5Æ are listed in Table 3.The solution spa
e is illustrated for the GCW Model A 
ase in Figure 5. UV andopti
al s
attering angle maps are shown in Figure 4 for this same 
ase. �UV and �opt arein mu
h 
loser agreement here than in the standard (a; g) 
ase, both inside the 100 � 100box and in most areas outside, ex
luding WISP point spread artifa
ts. Spe
i�
ally, we �ndthe UV-modi�ed GCW Model A 
ase has jh��ij � 2Æ in the box for either WISP �lter,with 1� s
atters of �15Æ and �7Æ about this mean for jh�1650 � �4400ij and jh�2200 � �4400ij,respe
tively. The error in jh��ij is �=pN , where the number of independent samples Nallowed by angular resolution in the 100 � 100 box is � 4 for the IRAS data and � 6 forthe smoothed WISP data. The s
attering angles in the box are also mu
h lower than forstandard GCW grains and are more likely to lie in the HG phase fun
tion's reliable range.Note that even if the WBS photometry were not used in our analysis, the set ofWISP-basedj��j � 5Æ solutions ex
ludes the standard GCW (a; g) properties.The a(�) and g(�) plots in Figure 6 summarize all the models' behavior. Most MRNmodels have no solutions with j��j � 5Æ, whi
h suggests problems even with the opti
alMRN (a; g) values. We �nd g(UV) is slightly higher than standard GCW values and mu
hhigher than MRN. Conversely, a(UV) is usually less than standard GCW values but agreesbetter with MRN for available solutions. Models with less smooth dust (A, C, E, & G)fall farther from standard (a; g) values. Our simplisti
, extreme 
lumps make some MRNsolutions possible and allow higher GCW albedo and g values, but real 
lumps will have lesse�e
t. The B7III and B8III solutions are very similar, sin
e B8III is only slightly 
ooler. Asin Paper I, we �nd no signi�
ant 
hange in s
attering properties between 1650 and 2200 �A.A slight 2200 �A albedo dip appears in some GCW models, and a dg=d� < 0 trend o

urs inall models, but both e�e
ts are within the error bars.From this set, we sele
ted GCWModel A as the best representation of the Pleiades dust.The only MRN models with viable (a; g) solutions require our overestimated 
lumpy dustextin
tion. Sin
e real 
lumps would a�e
t our results less, the smooth models o�er a moree
onomi
 des
ription of the nebular extin
tion. Of the smooth GCW 
ases, Model A di�ers



{ 13 {more than the others from standard (a; g) values, but we feel the redu
ed (a; g) alterationsof Models B, C, and D are not a

eptable given these models' poor mat
h to observed stellarspe
tra and RV and EB�V measurements. Figure 7 
ompares our GCW Model A 
hoi
eagainst (a; g) values from other studies 
overing at least part of theWISP 1650 �A bandpass.If we ignore the possibility that s
attering properties may di�er between environments, ourfar-UV results show the greatest 
onsisten
y with those of Sasseen & Deharveng (1996),Henry (2002), Murthy & Henry (1995), and Burgh, M
Candliss & Feldman (2002), and theleast 
onsisten
y with Hurwitz et al. (1991), MRN, GCW, and Witt & Petersohn (1994).Two 
aveats apply to our results. First, though our model 
lumps are not importantfor reddening, this does not mean 
lumps are not present. If 
lumps are 
ommon, our (a; g)properties may apply to the bulk medium rather than individual grains. Se
ond, if multilayers
attering is signi�
ant in the regions we have examined, then the g(UV) > g(opt) trend(Fig. 6) will 
ause the average UV light to arise from dust farther in front of the stars than theaverage opti
al light, whi
h in turn emerges in front of the isotropi
 thermal radiation. Thiswavelength separation of the average emitting regions 
ould 
ause the UV faintness problemto be more severe, and the ne
essary (a; g) adjustments more extreme, be
ause the sightlineposition of ea
h wavelength's layer is that whi
h maximizes the observed intensity. Thus,there is more FIR radiation relative to s
attered light than the UV layer would produ
e,
ausing � to be overestimated and the UV phase fun
tion to be sampled farther from itsbright 
ore than it should be. The �opt used as a referen
e for �UV will also be too largebe
ause the opti
al light s
atters 
loser to the stars. If d�=d� < 0 for 0Æ � � � 180Æ andg > 0, as the HG form implies, these arguments hold for ba
kground dust as well.5. S
attering GeometryWe now dis
uss the geometry implied by the single-star s
attering model parameterssele
ted in x4. Using the opti
al data, whi
h have the best quality, we examine the distri-bution of derived s
attering angles and the implied 3-D geometry. We 
onsider multistarand multilayer e�e
ts where appropriate. An alternative treatment of multistar s
atteringis given in x6. 5.1. S
attering AnglesFigure 8 shows an opti
al intensity map with opti
al s
attering angle 
ontours overlaidfor the UV-modi�ed GCWModel A 
ase (Table 3). Most bright nebulosities in the map have



{ 14 {forward-s
attering angles of � < 90Æ. A
tual foreground dust requires � � � < 90Æ (Fig. 3),but usually �� �. Consistent with the foreground geometry pi
ture, we �nd smaller anglesnear bright stars. The lowest s
attering angles o

ur in the main nebular 
ondensation andnear a handful of outlying stars, while higher angles tra
e weaker, more extended features. Aprominent ex
eption is the apparent ba
ks
attering southwest of 23 Tau. Ba
kground dust
ould be present here, but our 
al
ulations might also be 
ompromised by opti
ally thi
kdust (x2). In other regions with � > 90Æ, the s
attered intensity from foreground dust maybe less than that from the di�use Gala
ti
 ba
kground. The exa
t extent of forward- vs.ba
ks
attering regions may di�er from that shown in Fig. 8 if the HG phase fun
tion wehave assumed is not appropriate for large angles.Though � is generally low near bright stars, it also tends to be higher on the westside of the 
luster 
ore than the east, implying larger s
attering angles where there is morenebulosity. Representative values are � � 60Æ near 17 Tau, 40Æ near 20 & 23 Tau, 30Æ near25 Tau, and 20Æ near 27 Tau. What might 
ause this 40Æ 
hange?1. Spatial variations in dust properties are not suÆ
ient. Our UV-modi�ed GCW models(Table 3) 
an only produ
e 20Æ of variation, and then only if Model D 
onditions obtainnear 17 Tau and Model E 
onditions obtain near 27 Tau. The real range is probablylower unless large, abrupt 
hanges in dust properties are possible.2. If more than one star illuminates the nebular par
el, the derived � be
omes a 
ux-weighted average over �i values for ea
h 
ontributor, where �i is larger for more distantstars, raising h�i. This e�e
t may explain why � 6= 0Æ near bright stars, and multistarillumination seems more likely on the west side of the 
luster. However, 
al
ulationsin x5.2 using a partial multistar representation still produ
e a prominent east-west �trend.3. The � trend 
ould re
e
t real geometry. As a single sheet, the nebula might lie fartherfrom the stars on the east side of the 
luster than on the west. With a multilayer nebula,the outer layers 
ould dominate on the east side, while the inner layers dominate on thewest; in the naming s
heme of x2, these would be Components 1 and 2, respe
tively.The geometri
 interpretation would also predi
t lower dust temperatures on the eastside than on the west. The 60/100 �m 
olor temperature is signi�
antly lower near 27 Tauthan near 17, 20, or 23 Tau (Paper I; White & Bally 1993). Near 25 Tau it is 
omparableto 17, 20, and 23, but 25 Tau is also more luminous, whi
h 
ould 
ompensate for a largerseparation.



{ 15 {One 
ompli
ation for this pi
ture is that EB�V , whi
h is supposed to tra
e nebulosityand larger � values, is lower toward 17 Tau (0.020) than 27 Tau (0.031; Breger 1986). But thetrue geometry is unlikely to have all the stars behind all the dust. 17 Tau 
ould lie in front ofComponent 2 and 
lose to Component 1, thus having low EB�V but high �; absorption lineeviden
e (White 1984) suggests 17 Tau is in front of most of the other bright stars. 27 Tau
ould lie at a somewhat larger distan
e than the other stars, redu
ing � from its expe
tedlevel. 5.2. Star-Nebula SeparationsFigure 9 plots star-nebula separations along the line of sight, 
omputed from the s
at-tering angles � of Fig. 8 with s = d tan�=[tan� + tan (� � �)℄ (eq. [6℄; Fig. 3). The o�setangle � required for this 
al
ulation is easily measured for a single star, but for multipleilluminators, a representative value must be assumed. Though our model is designed onlyfor the single-star 
ase, we have bent this rule slightly to estimate � and 
onsider the implied3-D geometry. 5.2.1. O�set EstimationWe estimated � by two methods with di�erent simplifying assumptions. These ap-proa
hes give 
omplementary information and provide useful 
he
ks on ea
h other.The dominant star method uses the 
losest bright star as the sole illuminator. Wedetermine whi
h star's light is dominant at ea
h pixel in our map by assuming the stars anddust lie in the same plane normal to the line of sight and 
omputing the 
ux 
ontributions ofall the stars at ea
h position. Though very simple, this nebular model suÆ
es for dominantstar determination (e.g., Paper I); separating the stars and dust into di�erent planes doesnot alter the results signi�
antly unless the plane separation is unreasonably large. We useall S
hmidt mosai
 stars brighter than B � 11 regardless of 
luster membership status, sin
esome nebulosities may not be lit by 
luster stars. Even so, most of the total light is providedby known 
luster members.The average star method 
al
ulates the average o�set angle of the illuminating stars atea
h point weighted by the 
ontributed 
ux of ea
h star, i.e.,
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h�(x; y)i = N�Pi=1 10�0:4Bi r�2i (x; y)�i(x; y)N�Pi=1 10�0:4Bi r�2i (x; y) ; (9)where the model has N� stars, and star i has apparent magnitude Bi as seen from Earthand lies at an in
ident path distan
e ri(x; y) from sightline position (x; y) in the nebula ato�set angle �i(x; y) (see Fig. 3). Sin
e the 
ux weights are normalized, the absolute 
ux ofea
h star is not needed. We 
annot obtain ri(x; y) rigorously without detailed knowledge ofthe 3-D geometry, but as a simple exer
ise, we assume a plane of stars shining on a plane ofdust, both perpendi
ular to the sightline. The distan
e S between the two planes is a freeparameter, and the derived o�sets h�(x; y)i and separations s(x; y) are both fun
tions of S.However, most plane separations 
ause s(x; y) to in
rease or de
rease drasti
ally near brightstars. Only a narrow range of S produ
es the relatively 
at s(x; y) behavior expe
ted for asheet of dust, and this range is generally 
onsistent with the s(x; y) values obtained.5.2.2. Core Nebula Stru
tureFor both o�set estimation methods, we �nd lower separations around 17, 20, & 23 Tauon the 
luster 
ore's west side and higher separations around 25 & 27 Tau on the east, whi
his 
onsistent with the east-west � trend tra
ing 
loser s
attering material on the west sidethan the east. Part of the trend 
ould arise from starlight blending e�e
ts rather than realgeometry (x5.1), sin
e the average-star method only a

ounts for su
h e�e
ts in �, not �.But external 
onstraints (x2) imply that mu
h of the trend results from real geometry.Though the dominant-star and average-star separations both have an east-west trend,they di�er in other respe
ts. The dominant-star method 
an produ
e dis
ontinuities of a fewtenths of a parse
 between the domains of di�erent stars, and its assumption of purely lo
alillumination 
auses separations to be underestimated near bright stars be
ause � is largerthan expe
ted. The average-star method does not produ
e dis
ontinuities, but its assumptionthat all the stars lie in the same plane maximizes the 
ontributions of distant illuminators,
ausing separation enhan
ements near some stars. Consequently, the two methods representextreme 
ases, with the average-star separations being larger than the dominant-star sepa-rations: respe
tive values of 0:15� 2:0 p
 and 0:05� 1:0 p
 are found in the area between 17and 27 Tau. The real nebular geometry is probably an intermediate 
ase with intermediateseparations.



{ 17 {5.2.3. Peripheral FeaturesOur analysis has diÆ
ulty with the nebulosities outside the 
entral region. Dominant-star separations drop and average-star separations rise near several bright stars, in
ludingHD 23753, 24118, 24178, 24213 and 24368. The average-star separations are better behavedaround HD 23985, but this nebulosity is harder to explain physi
ally: though long noted(Barnard 1900), it is asso
iated with a star lying well inside the Lo
al Bubble (ESA 1997;Sfeir et al. 1999) with no dete
ted interstellar Na I absorption (White et al. 2001).The limitations of both o�set estimation methods are probably more severe for periph-eral features. The average-star assumption that all stars lie at the 
luster distan
e is lesslikely to apply to the outer nebulosities. HD 23753 is a 
luster member, but it may be o�set indistan
e from the 
ore stars, while HD 24368 is in the near-ba
kground at 1.2 times the 
lus-ter distan
e (ESA 1997). The illuminating roles of the non-member stars HD 24118, 24178,and 24213 are un
ertain, sin
e all have nebular glows 
ompa
t enough to be point spreadartifa
ts. The dominant-star assumption of only lo
al illumination may also be problemati
if the ambient interstellar radiation �eld is important, as the opti
al/FIR 
olors suggest inthe outer nebula (Paper I). Finally, both methods may su�er if the Henyey-Greenstein phasefun
tion is inappropriate for large-angle s
attering, sin
e this 
ould signi�
antly a�e
t thebalan
e of lo
al vs. nonlo
al illumination. Be
ause of these limitations, the asso
iation ofperipheral features with the 
entral nebula remains un
lear.6. Multiple Illuminator AnalysisOur se
ondary analysis 
onsiders the blending of light from multiple stars expli
itly.The nebula is still assumed to be opti
ally and physi
ally thin, but the brightness at ea
hpoint is now a fun
tion of many illuminators, ea
h at its own distan
e and s
attering angle.As a result, the 3-D geometry 
annot be obtained from s
attered/thermal intensity ratiosand dust parameters. Instead, it must be assumed with the dust properties a priori andevaluated by 
omparing the resulting intensity maps against observations.This intensity-based approa
h 
omplements the single-star 
olor analysis of xx3-5. Theparameter spa
e of possible geometries is vast, so only a few simple 
ases 
an be explored.However, multistar illumination e�e
ts are represented more a

urately in these 
ases. Ab-solute stellar 
ux s
alings and nebular opa
ities 
an also be examined sin
e, unlike thesingle-star model, this model is sensitive to them. Model details and results are given below.



{ 18 {6.1. ModelWe generalize the s
attered light and thermal radiation integrals of x3:I�s
at = Ibg(�s
at) + R2� Z 10 N�Xi=1 bi F� e��1��2r2i [1� f
℄ �p a�(�i) �s
at d� (10)
I�FIR = Ibg(�FIR) + R2� �FIR(T; �)4� Z 10 N�Xi=1 bi F� e��1r2i � [1� f
℄ �p [1� a℄ + f
 � d� ; (11)where the �-dependen
ies of the integrated variables have been dropped for 
larity, and thestellar 
ontributions are summed over the number of stars N�. The set of stars is that usedin x5.2.1. We assume all stars have the same spe
trum but di�erent luminosities L�i = biL�,where L� = 4�R�2F� is the standard luminosity for a star of the 
hosen spe
tral type,bi � 10�0:4�Bi, and �Bi is the 
atalog magnitude di�eren
e between 25 Tau and star i. Asbefore, we use Kuru
z (1993) surfa
e 
uxes for F�. We interpolate R� from Lang (1992) asRB7III = 7:0R� and RB8III = 6:5R�. The HG form is used for �, and the parameters F�(�),RV , EB�V , f
(UV), a(�), and g(�) are taken from the UV-modi�ed GCW Models A-H ofTable 3. The ba
kground intensity level Ibg is determined experimentally.We adopt a simple geometry in whi
h the dust and stars lie in separate planes normalto the line of sight, with the separation s as a free parameter. Like the average-star o�setmethod in x5.2, this approa
h may overestimate starlight blending. The model 
an begeneralized to multilayer s
attering by summing over multiple dust planes, whi
h we 
onsiderbrie
y in x6.2.3. For a single dust plane, �i is found from d, s, and �i with equation (6), thestar-par
el distan
e is ri = s = 
os (�i � �i), and opti
al depths are given by the � equationsin x3. The dust plane's uniform opti
al depth may reasonably represent that of the smooth,distant Component 1 layer (x2). Though opti
al depth variations are 
learly present, generalbrightness trends near stars (Paper I) indi
ate the importan
e of a smooth 
omponent, anddeviations from su
h behavior 
an be used to map stru
ture.The total absorbed 
ux at ea
h position is used to �nd the 
luster-indu
ed dust temper-ature T
l via the Stefan-Boltzmann relation. To in
lude heating from the general ba
kground�eld, we 
al
ulate the overall temperature as T = T
l + Tbg, where Tbg � 20 K is the typ-i
al ba
kground level away from the 
luster 
ore. Physi
ally, su
h temperatures should besummed as T 4+� = T
l4+� + Tbg4+� for grains with emissivity power-law exponent �, butthe larger range a�orded by the linear sum is a better mat
h to the IRAS 60/100 �m 
olortemperatures used in xx3-5, whi
h have some small-grain bias (Paper I). Consistent input



{ 19 {temperatures allow a more straightforward 
omparison of our multistar and single-star re-sults. Remaining di�eren
es in T between the multistar model and real nebula are mu
h lessimportant than likely di�eren
es in opa
ity stru
ture or geometry.6.2. Results6.2.1. Intensity Zero-LevelIf the model is lit only by the S
hmidt �eld stars, it falls signi�
antly short of observedbrightness & 1Æ from the 
luster 
enter. A non-plane-parallel model 
ould address thisproblem by shifting the peripheral dust far forward of the bright 
ore stars to s
atter morelight at small angles, but su
h a solution is not very satisfa
tory (x5.2). Instead, we retainedthe plane-parallel geometry and added a 
onstant ba
kground level to represent illuminationfrom the general interstellar radiation �eld. This me
hanism allows reasonable mat
hes toobserved intensities in the outer nebula, indi
ating the importan
e of external illuminationin these areas. The exa
t ba
kground levels depend somewhat on the multistar modelparameters, in
luding the shape of the phase fun
tion for large-angle s
attering. For theGCW Model A 
ase adopted below, we �nd Ibg(4400 �A) � 3�10�19 erg 
m�2 s�1�A�1ar
se
�2= 25:9 B mag ar
se
�2 and Ibg(100 �m) � 5 MJy sr�1. The WISP sensitivity is insuÆ
ientto estimate meaningful UV levels. However, the opti
al level is similar to that found forambient 
irrus 
louds (e.g., Paley et al. 1991).6.2.2. Nebular ParametersWe 
ompared the multistar model to the observed nebula for all eight UV-modi�edGCW parameter sets in Table 3. The model performan
e is 
onsistent with our x4.3 results.For the right 
hoi
es of star-dust separation and ba
kground intensity, Models A and Eboth perform quite well: their UV and opti
al intensities are within a few tens of per
entof observed levels over most of the nebula. The FIR intensities of the model also agreewith the real nebula on average, though lo
alized disagreements o

ur where the real dust
olumn di�ers from that in the model. Models C and G perform adequately, but their fainterB8III illumination is a poorer mat
h to the nebular brightness than the B7III illuminationof Models A and E. At the same time, the in
reased amount of smooth dust in Models B, D,F, and H makes them overbright relative to the real nebula. A side test of Model A with thestandard GCW UV properties mat
hes the opti
al and FIR nebula but is overbright in theUV, re
on�rming the need for UV-modi�ed (a; g) properties. Sin
e the UV-modi�ed GCW



{ 20 {Model A has RV and EB�V values 
onsistent with measurements and no ad ho
 absorbing
lumps, it is the subje
t of the remaining dis
ussions.6.2.3. S
attering GeometryThe star - dust separation s was varied to �nd the best mat
h to observed intensities.The model's average intensity 
hanges little with s, but its intensity distribution is sensitiveto s, parti
ularly near bright stars. Optimal s values produ
e observed/model intensityratios that are near unity and relatively 
onstant over large areas. If the basi
 pi
ture ofx2 is 
orre
t, the s found for most of the nebula will be that of Component 1. WhereEB�V . 0:05, we �nd a Model A Component 1 foreground separation of s � 0:7 p
 forthe opti
al data. Consistent values apply at UV and FIR wavelengths, though with greaterun
ertainty.The separation maps of x5.2 mat
h this s � 0:7 p
 value in pla
es, but they are probablyless reliable for determining the position of Component 1, sin
e the single-star approa
h 
an-not model starlight blending e�e
ts fully. Nevertheless, single-star s
attering angles derivedfrom the intensity maps of this multistar model do agree on average with those found fromthe observations for � . 60Æ, indi
ating a general 
onsisten
y between the two models apartfrom some stru
tural e�e
ts dis
ussed below.A dis
repan
y o

urs for � & 60Æ however. The area around the 
entral nebula with� < 90Æ is about twi
e as large when derived from the multistar model intensities instead ofobserved intensities. A likely explanation is that real grains s
atter less eÆ
iently than theadopted Henyey-Greenstein phase fun
tion at large angles. If, for example, the multistarmodel's phase fun
tion is 
hanged to �0 = [�HG j 
os �j+(1� �HG)℄�HG(g; �), the best mat
h tothe � = 90Æ 
ontours of Fig. 8 is provided by a 90Æ s
attering de
rement of �HG � 0:7. The�0 form is ad ho
, and the exa
t 
orre
tion depends upon the adopted ba
kground intensitylevel, but �HG > 0 seems ne
essary. Sin
e our single-star analysis assumes � = �HG , x5 mayoverestimate s
attering angles and underestimate separations, and more nebulosity may liein front of the stars than Fig. 8 indi
ates.Figure 10 
ompares UV-modi�ed GCW Model A intensities to the observed nebula at4400 �A and 100 �m, using ba
kground levels from x6.2.1, s = 0:7 p
, and the above 
orre
tionto �HG . Di�eren
es between the model and observations arise from real 3-D geometry anddust stru
ture not in
luded in the model. If the model primarily represents Component 1,this residual stru
ture tra
es the in
uen
e of Component 2, whi
h has a greater opti
al depththan Component 1 and lies 
loser to the stars. Both e�e
ts will in
rease observed/model



{ 21 {ratio, so they are diÆ
ult to separate. For example, the west side of the 
luster 
ore hasmore dust (x2) at smaller separations (x5).Be
ause of this degenera
y, the separation of Component 2 is more diÆ
ult to estimatewith the multistar model. If the observed/model ratio stru
ture is assumed to be purelygeometri
, applying the same Model A nebula to the areas near 20 and 23 Tau gives s �0:35 p
 at 4400 �A and s � 0:25 p
 at 100 �m. These are lower limits if there is only ones
attering layer. But in multilayer s
attering, the separations are weighted averages, and theinner layer(s) 
ould lie 
loser to the stars. Multiple layers 
ould also explain the dis
repan
ybetween opti
al and FIR separations in this region if phase fun
tion e�e
ts 
ause the averageradiation to emerge from di�erent layers depending on wavelength (x4.3.2), or if the dust isthi
k to UV photons, whi
h would 
ause a similar di�erentiation.Our analyses assume a physi
ally thin s
attering layer to restrain � on ea
h sightline.We tried testing this assumption by summing thin models to simulate thi
k slabs, but thisapproa
h has large un
ertainties: even in areas where Component 1 dominates the s
attering,we 
an only 
onstrain the slab thi
kness to . 0:6 p
 at the 1� level. White (1984) is moresu

essful, �nding a Component 1 thi
kness of . 0:3 p
, whi
h restri
ts � suÆ
iently in anebular par
el for our models to be reasonably valid where Component 2 is not important.6.2.4. Nebular Stru
tureHigh observed/model intensity ratios may be used as a proxy to map Component 2 overthe 
luster area. Many high ratios are found on the west side of the 
luster 
ore, espe
iallySW of 23 Tau. The ratios in this area 
orrelate to some degree with the EB�V and �(100 �m)tra
ers of nebular opa
ity, though signi�
ant s
atter is introdu
ed by IRAS noise and 3-Dgeometry details not in
luded in the model. Conversely, low ratios tra
e redu
ed nebulosity,parti
ularly in a region extending east from the environs of 25 Tau. This feature 
orrespondswith a dust 
avity identi�ed by White & Bally (1993) in the IRAS data. The 
avity's outlinesare visible in intensity maps but more 
onspi
uous in the ratio maps, whi
h also show thatthe 200 diameter hole in the opti
al nebulosity �1Æ NE of 25 Tau (Paper I) is part of a largerstru
ture.White & Bally (1993) posit that lo
al density in the dust 
avity has been lowered byphotoele
tri
 heating or radiation pressure, and (Gordon & Arny 1984) 
onsider similarme
hanisms to explain a 
ounterpart hole in the neutral hydrogen 21
m emission. Figure 11shows opti
al and FIR ratios overlaid with 
ontours of our own H I 21
m data at a velo
itytra
ing Component 2 (S. J. Gibson, in preparation). The H I asso
iates with high ratios



{ 22 {near the 
luster 
ore and has a 
avity similar to the dust 
avity. These 21
m observationsand higher-resolution synthesis maps will be presented in subsequent papers.7. Con
lusionsWe have examined dust s
attering in the Pleiades re
e
tion nebula with some simplegeometri
 models. We �nd the following results:1. As implied by the 
olor trends of Paper I, the dust dominating the s
attering lies infront of the stars.2. On average, the dust is 
loser to the stars on the west side of the 
luster 
ore thanon the east, and greater opti
al depths o

ur on the west side. A multilayer geometryis likely, with one widespread layer � 0:7 p
 in front of the stars and a se
ond layer
on�ned to areas of heavier nebulosity at half this distan
e or less; part of the se
ondlayer may even lie among or behind the stars. The �rst layer is probably opti
ally thin,while the se
ond may be opti
ally thi
k in some areas.3. The blending of in
ident light from multiple stars has a signi�
ant e�e
t on the nebularbrightness distribution. Our multistar model reprodu
es brightness trends near moststars quite well and is a useful tool for revealing nebular stru
tures.4. Real s
attering eÆ
ien
ies at angles approa
hing 90Æ may be less than those givenby a Henyey-Greenstein phase fun
tion. Geometri
 analyses using HG fun
tions may
ontain biases from poorly represented large-angle s
attering.5. Outlying nebulosities 1�2Æ from the 
luster 
ore may not re
eive the majority of theirlight from the 
ore stars, but instead from other stars in the vi
inity or from the generalinterstellar radiation �eld. The geometri
 asso
iation of these areas with the 
entralnebula is un
lear.6. Available 
onstraints suggest the ultraviolet faintness of the nebula is due to a mix-ture of lower UV albedo and greater forward-throwing of the UV phase fun
tion thanstandard grain models provide. Our best-performing model uses Gordon et al. (1997)Milky Way dust (a; g) properties modi�ed to (a = 0:22 � 0:07, g = 0:74 � 0:06) for� < 2600 �A.7. Clumpy dust does not a�e
t the nebular 
olors signi�
antly. But 
lumps might stillbe 
ommon. If so, our (a; g) values may apply to the bulk medium, not to individualdust grains.



{ 23 {More detailed results will require Monte Carlo modeling, whi
h involves many more freeparameters to des
ribe the 3-D distributions of stars and dust. A

urate estimates of theseinput quantities will not be obtained easily, but they are essential to over
ome the limitationsof the 
urrent models, su
h as the plane-parallel geometry of x6. A major asset would be true3-D positions of all the major stars, as future spa
e-based trigonometri
 parallax missionsmay provide. For example, the GAIA mission's anti
ipated 1� pre
ision of 4 mi
roar
se
ondsfor bright stars (Perryman et al. 2001), or � 0:07 p
 at the Pleiades distan
e, is equivalentto � 1=10 the typi
al angular separations of the brightest 
luster stars.An additional asset would be polarimetri
 imaging of the entire nebula as WISP orig-inally intended, sin
e this would help to disentangle the light 
ontributions from di�erentstars, parti
ularly in the outer areas where the geometry is most ambiguous. A majorground-based imaging 
ampaign might a
hieve the desired sensitivity for su
h work, but theopti
al polarimetri
 ba
kground is highly un
ertain (Nordsie
k et al. 1994). A spa
e-basedUV mission would avoid this problem, but the faint UV/opti
al nebular 
olors of the nebula(Paper I) require a sensitivity at least 103 times better than WISP and a greatly redu
edpoint spread fun
tion.We extend many thanks to R. E. White for providing us with advan
e 
opies of Na Iabsorption papers and for raising several stimulating points on s
attering results over the
ourse of this proje
t. We are also very grateful to J. Bally and R. E. White for the useof their unpublished 12CO data in Fig. 1, to J. C. Brown for assistan
e with the nebularpar
el illustration in Fig. 2, to A. R. Taylor for advi
e on statisti
s, and to R. J. Goo
hfor extensive 
omputing support. J. S. Mathis gave valuable suggestions on improving thestru
ture and 
larity of the presentation. Many additional helpful 
omments were given byB. T. Draine and E. B. Burgh. This resear
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Fig. 1.| Interstellar reddening and mole
ular gas a
ross the 
luster 
ore. Bright Flamsteedstars are numbered. The ba
kground is a log-s
ale negative image of 4400 �A nebulosityfrom Paper I, with intensities of 2:0�10�19�2:0�10�17 erg 
m�2 s�1�A�1ar
se
�2, or 26:3�21:3 B mag ar
se
�2. Crosses show reddenings toward 
luster members (Breger 1986), whereEB�V = 
ross width in degrees. The 
ontours mark 5, 10, 15, 20, and 25 K km s�1 pro�leintegrals of 12CO J = 1� 0 emission from Bell Labs 7m teles
ope data provided by J. Bally& R. E. White (see Bally & White 1986). CH+ absorption is also dete
ted toward a numberof stars, with larger 
olumn densities measured for 16, 20, & 23 Tau than for 19, 25, &27 Tau (White 1984).
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θ

Fig. 2.| A simple re
e
tion nebula interposed between the viewer and illuminating star.The box marks a par
el of nebulosity: the volume of dust 
orresponding to one pixel orresolution element as seen by the observer. Our model presumes the nebula is thin enoughin the sightline dimension to 
hara
terize all s
attering events within the par
el by the samede
e
tion angle �.
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Fig. 3.| S
attering geometry in a generalized re
e
tion nebula, showing the relationshipsbetween the observed star-par
el o�set angle �, grain s
attering angle �, star-observer dis-tan
e d, star-par
el distan
e r, and star-nebula sightline separation s = r 
os (� � �).
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Fig. 4.| S
attering angle � in the 
luster 
ore for two sets of s
attering properties at threewavelengths. Intensities range linearly from � = 15Æ (bla
k) to � = 90Æ (white), with 
ontoursmarking 15Æ intervals. Ba
ks
attering angles are not shown. Stars have Flamsteed numbers.Left-side panels use standard GCW grains; right-side panels use UV-modi�ed GCW grains.Both have a B7III input spe
trum and smooth dust with RV = 3:1 and EB�V = 0:05(Model A). Top, middle, and bottom panels show 1650 �A, 2200 �A, and 4400 �A, respe
tively.The box marks the main area used to measure di�eren
es between opti
al and UV angles(see x4.2).
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Fig. 5.| Illustration of the 4-D (a1; g1; a2; g2) solution spa
e for the GCWModel A 
ase. Thepanels show 2-D (a1; g1) and (a2; g2) sli
es through the average solution 
oordinates. UV-opti
al s
attering angle absolute di�eren
es j��j are indi
ated by shading over the range0Æ (bla
k) to 5Æ (white). The large 
rosses mark the average solutions, with the 
ross armsindi
ating 1� standard deviations. The smaller 
rosses show standard GCW model (a; g)values. The horizontal dashed line marks g(4400 �A;GCW). The 
ontours show the extentof the same solution lo
us if the WBS photometry is not in
luded in the analysis.
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Fig. 6.| a(�) and g(�) solutions for the models listed in Tables 2 & 3. Only two MRNmodels had satisfa
tory (a; g) solutions. The solid lines 
onne
t standard MRN and GCWmodel values. The other line types 
onne
t revised (a; g) values for di�erent 
ases. Thehorizontal bins indi
ate the wavelength ranges of the modi�ed values. The dots marking the(a; g) solutions are staggered in � for readability. Error bars give 1� standard deviations.WISP 1650 and 2200 �A and S
hmidt 4400 �A �lter bandpasses are indi
ated.
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Fig. 7.| Our GCW Model A (a; g) values for the 1650 �A �lter 
ompared to other far-UV(a; g) results from Burgh et al. (2002), Henry (2002), S
himinovi
h et al. (2001), Weingartner& Draine (2001), Gordon et al. (1997), Witt, Friedmann, & Sasseen (1997), Sasseen &Deharveng (1996), Murthy & Henry (1995), Witt & Petersohn (1994), Witt et al. (1992),Hurwitz et al. (1991), and Mathis et al. (1977) via White (1979a). Typi
al 1� errors quotedfor the other results are � 0:05 � 0:10. The three boxes outline a or (a; g) ranges. Thedotted 
urve shows (a; g) from Sasseen & Deharveng (1996). Though many have di�erentwavelength ranges, all these studies in
lude theWISP 1650 �A bandpass at least partly. TheBurgh et al. (2002) values are from their longest-wavelength bin of 1345 � 1380 �A. TheWeingartner & Draine (2001) values are for RV = 3:1.
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Fig. 8.| 4400 �A s
attering angle 
ontours for � = 15Æ, 30Æ, 45Æ, 60Æ, 75Æ, and 90Æ overlaidon S
hmidt mosai
 opti
al brightness from Paper I; the 75Æ, and 90Æ 
ontours are often 
losetogether. The intensity s
ale is that of Fig. 1. The angles are 
al
ulated for a UV-modi�edModel A nebula (Table 3). Small numbers label sele
ted 
ontour values in degrees. Starsdis
ussed in the text are labeled with larger Flamsteed and Henry Draper numbers. Thebox marks the area of Fig. 4.
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Fig. 9.| 4400 �A star-nebula sightline separations for (a) dominant-star and (b) average-staro�sets (x5.2.1). Intensities range from 0.00 p
 (white) to 1.50 p
 (bla
k), with dark 
ontoursat 0.00, 0.25, 0.50, and 0.75 p
, and light 
ontours at 1.00, 1.25, and 1.50 p
. All indi
ateforeground separations; ba
kground separations are not shown. Crosses mark bright stars.The area and star labels are as in Fig. 8.
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Fig. 10.| Multiple illuminator results for a UV-modi�ed Model A nebula 0.7 p
 in frontof the stars. The two upper panels 
ompare (a) 4400 �A intensity and (b) 4400 �A multistarmodel intensities on the same s
ale as Figs. 1 & 8. The two lower panels 
ompare (
)observed 4400 �A intensity divided by the model and (d) the same for 100 �m. The ratiosrange linearly from 0 (white) to 2 (bla
k). The area and star labels are as in Figs. 8 & 9.
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Fig. 11.| Observed/model intensity ratios as in Fig. 10 over a larger area, with H I 21
memission 
ontours from the Green Bank 43m teles
ope. The 
ontours mark 2 K intervalsin brightness temperature for gas at +10.3 km s�1 with respe
t to the Lo
al Standard ofRest. The dark 
ontours are 0.1 K below the light 
ontours to indi
ate the lo
al gradients.The maximum 
ontour in the heavy nebulosity on the west side of the 
luster 
ore is 24 K.Crosses mark the stars labeled in Figs. 8-10.



{ 38 {Table 1. Single-Star Model Parameter Spa
e GridsSear
h Parameter Values Usedprimary F�(�) B7III, B8III, B9III Kuru
z spe
tra�grid: EB�V 0.00, 0.03, 0.05, 0.10�xed (a; g) RV y 3.1, 4.0, 5.0(x4.3.1) f
(UV) 0.00, 0.05, 0.10, 0.20, 0.30a(�); g(�) MRN, GCW values (see Table 2)zse
ondary (F�; RV ; EB�V ; f
) sele
ted 
ombinations (see Table 3)grid: opti
al (a; g) MRN, GCW valuesvariable (a; g) a(1650) 0:02; 0:04; 0:06; :::; 1:00(x4.3.2) g(1650) 0:02; 0:04; 0:06; :::; 1:00a(2200) 0:02; 0:04; 0:06; :::; 1:00g(2200) 0:02; 0:04; 0:06; :::; 1:00�Kuru
z (1993) atmosphere models with Teff= 13000 K, Teff= 12500 K,and Teff= 11000 K, respe
tively, all using log g = 3.5 and log (Z=Z�) = 0yspe
i�es a Cardelli et al. (1989) extin
tion 
urvezMRN = Mathis et al. (1977) and White (1979a); GCW = Gordon etal. (1997)
Table 2. Standard Grain Model PropertiesGrain 1650 �A 2200 �A 4400 �AModel a g a g a gMRN 0.45 0.61 0.52 0.48 0.66 0.52GCW 0.66 0.74 0.47 0.71 0.61 0.63
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Table 3. Revised UV PropertiesNebular Model Grain 1650 �A 2200 �AName F�(�) RV EB�V f
(UV) Model a1� �a1 g1 �g1 a2 �a2 g2 �g2A B7III 3.1 0.05 0.0 MRNy | | | | | | | |GCW 0.22 0.07 0.75 0.06 0.21 0.06 0.73 0.06B B7III 5.0 0.10 0.0 MRN | | | | | | | |GCW 0.32 0.09 0.73 0.06 0.36 0.10 0.72 0.05C B8III 3.1 0.05 0.0 MRN | | | | | | | |GCW 0.25 0.08 0.74 0.06 0.24 0.07 0.72 0.06D B8III 5.0 0.10 0.0 MRN | | | | | | | |GCW 0.35 0.09 0.71 0.05 0.42 0.11 0.70 0.05E B7III 3.1 0.05 0.3 MRN 0.43 0.13 0.77 0.06 0.44 0.12 0.75 0.05GCW 0.34 0.11 0.79 0.06 0.33 0.12 0.76 0.07F B7III 5.0 0.10 0.3 MRN | | | | | | | |GCW 0.46 0.13 0.74 0.06 0.50 0.14 0.72 0.06G B8III 3.1 0.05 0.3 MRN 0.50 0.15 0.75 0.05 0.51 0.13 0.74 0.05GCW 0.38 0.12 0.78 0.06 0.35 0.11 0.75 0.07H B8III 5.0 0.10 0.3 MRN | | | | | | | |GCW 0.53 0.16 0.74 0.06 0.57 0.15 0.71 0.05�The 1650 �A albedo a1 also applies to grain heating for 1000 � � � 1350 �A; see x4.2 for details.yMost MRN models had no (a; g) solutions with j��j � 5:0Æ; see x4.3.2.


