
THE ASTROPHYSICAL JOURNAL, 509 :379È391, 1998 December 10
1998. The American Astronomical Society. All rights reserved. Printed in U.S.A.(

NEW LIGHT SYNTHESIS AND SPECTRUM SYNTHESIS CONSTRAINTS ON A MODEL FOR b LYRAE

A. P. I. AND P.LINNELL,1 HUBENY,2 HARMANEC3
Received 1998 April 3 ; accepted 1998 July 14

ABSTRACT
A suite of programs that calculates both synthetic light curves and synthetic spectra for a binary

system with an optically thick accretion disk has been applied for the Ðrst time to b Lyrae A. Our
results demonstrate that the standard accretion disk model by Hubeny & Plavec shows signiÐcant
residuals from observations, both photometric and spectroscopic, and that no changes in adjustable
parameters are able to remove the residuals. The basic problem is that the Hubeny & Plavec model
requires a small visible segment of the hot star at the center of the accretion disk and this requirement
conÑicts with the photometric evidence. As an alternative, we investigate standard accretion disk models
in which the central star is hidden from view. We Ðnd that no model of this type can satisfy either the
observed photometry or the IUE spectra. To resolve this impasse, we suggest the presence of a light-
scattering region above the accretion disk faces, which scatters light from the central star into the line of
sight and provides the radiation component required by both the light curves and the observedhigh-Teffspectra. This source of radiation is very likely related to the jets proposed by Harmanec et al. and
Ho†man et al. We calculate the location of stream impact on the accretion disk rim. Observations show
no detectable photometric signature of a rim bright spot. We suggest that the liberated kinetic energy is
spread over a region sufficiently large and at a sufficient optical depth to suppress appearance of a bright
spot. A slight asymmetry of primary minimum may indicate swelling of the accretion disk rim down-
stream from the stream impact point, with an attendant slight increase in obscuration of the background
light sources.
Subject headings : accretion : accretion disks È binaries : close È binaries : eclipsing È

stars : individual (b Lyrae)

1. INTRODUCTION

The eclipsing binary b Lyrae A (HR 7106) (hereafter b
Lyrae) is one of the most extensively studied of all binary
systems. Reviews of the literature are in andSahade (1980)

et al. hereafter HMB96). The b LyraeHarmanec (1996,
system consists of a B6È8 II star that is transferring mass to
a more massive star, which is very probably surrounded by
a thick accretion disk A discussion of this(Huang 1963).
model is in and detailed application to anWilson (1974),
accretion disk model is in a paper by & PlavecHubeny

hereafter HP). The mass-losing star Ðlls its Roche(1991,
lobe, it is larger than the mass-gaining star, and primary
eclipse in UBV corresponds to eclipse of the mass loser, the
primary component. The system shows strong emission
lines.

The only previous successful simulation of observed b
Lyrae light curves has been in the study by &Wilson
Lapasset hereafter WL). modeled the secondary(1981, WL
component as a greatly Ñattened object, essentially an
oblate spheroid A polar temperature of(Wilson 1974).
15,000 K was required to Ðt the UBV and OAO 2 light
curves. The photospheric temperature proÐle followed an
arbitrary law. treated the relative monochromaticWL
luminosities as free parameters for each light curve sepa-
rately. As discuss, the model cannot represent sub-HP WL
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sequently observed UV spectra. Models of accretion disks
have been developed largely since the study and anWL
accretion disk model now should supplant the model.WL

Harmanec, & Shore further discuss modelHubeny, (1994)
alternatives.

Until recently no suitable light synthesis and spectrum
synthesis program has existed to simulate a binary system
including an optically thick accretion Zhang, Robin-disk.
son, & Nather see also & Robinson(1986, Zhang 1987)
developed a light synthesis code for cataclysmic variables
with an optically thick accretion disk. In their model the
accretion disk rim is thin enough to be neglected as a source
of radiation, except for a bright spot. and refer-Zola (1996,
ences therein ; see also Hall, & Henry modiÐedZola, 1994)
the program to include an opti-Wilson-Devinney (1971)
cally thick accretion disk. Neither of these two programs
calculates synthetic spectra.

& Hubeny hereafter LH) have developedLinnell (1996a,
a set of spectrum synthesis and light synthesis programs for
binary stars with optically thick accretion disks. We call this
set of programs the BINSYN suite. BINSYN thus produces
and combines separate synthetic spectra of the two stars,
the accretion disk face and the accretion disk rim. BINSYN
applies the standard accretion disk model King, &(Frank,
Raine hereafter FKR). In the original version the acc-1992,
retion disk rim was represented by a cylindrical section.
That representation has now been replaced by a theoreti-
cally preferable half-toroid. BINSYN allows us to produce
both theoretical light curves for a speciÐed set of e†ective
wavelengths and synthetic spectra at speciÐed orbital longi-
tudes and over speciÐed wavelength intervals, all on a
common, physically self-consistent basis. The suite has
recently been augmented to include simulation of a rim
bright spot. BINSYN also now includes a solution for the
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trajectory of a mass transfer stream & Shu(Lubow 1975),
simulation of the boundary layer, and modeling of the
reÑection e†ect on the accretion disk rim of radiation from
the component Ðlling its Roche lobe.

We have used BINSYN to produce synthetic light curves
and synthetic spectra, using the and an alternativeHP
model, for comparison with available b Lyrae observational
data. We discuss the comparisons in the following sections.
As a matter of terminology, ““ secondary minimum ÏÏ always
refers to the phase 0.5 eclipse for V observations and
““ primary minimum ÏÏ to the phase 0.0 eclipse, irrespective of
which eclipse is deeper at the wavelength under study.

2. KNOWN SYSTEM CONSTRAINTS

What system parameters are reasonably well known?
The recent work by & Scholz hereafterHarmanec (1993,
HS) provides a secure value (0.223) for the mass ratio, which
is speciÐed as the mass of the star eclipsed at primary
minimum divided by the mass of the star eclipsed at second-
ary minimum. The primary component (mass loser) isTeffknown from the study by Lambert, &Balachandran,
Tomkin From period change data it follows that the(1986).
primary is losing mass to the secondary and so Ðlls its
Roche lobe. Evolutionary studies Greve & Linnell(De

support this interpretation. The study, as well as1994) HP
the light-curve analysis in shows that the orbital incli-WL,
nation must be in the vicinity of i \ 83¡. The system paral-
lax from the Hipparcos catalog et al. is 3.70(Perryman 1997)
mas, giving a distance of 270 pc, and replacing the value of
370 pc by & Plavec (This topic is the subjectDobias (1985).
of further discussion in ° 3.)

and others have suggested that the sec-Polidan (1989)
ondary component may be a collapsed object, which, for the
known mass, would be a black hole. X-rays from b Lyrae
have been detected but the Ñux is typical for an early B-type
star & Schmitt not a black hole source.(Bergho� fer 1994),
The secondary component mass rules out the possibility
that it is either a neutron star or a white dwarf. It is likely
that the secondary is rotating rapidly, possibly nearly at
critical rotation This condition has a(Wilson 1981 ; HP).
negligible e†ect on the light curves, apart from any possible
boundary layer e†ect, for the following reason. In the Roche
model there is zero polar compression of a critically rotat-
ing star ; the equator expands by a factor 1.5. For a synchro-
nously rotating polytrope of index n \ 3.0, at critical
rotation, the polar compression is relatively minor (Linnell

Table VII) and the ratio of equatorial to polar radius1981,
is close to 1.5. To have any appreciable e†ect on the light
curves, the secondary component radius, polar or equato-
rial, would have to change by a factor between 5.0 and 10.0.
We adopted synchronous rotation for both components for
the tests reported in this paper.

point out that ““ in typical Algol-like semidetachedHP
systems, the gainer looks like a normal main-sequence star.ÏÏ
We adopt a main-sequence star status for the secondary
component. Also adopting i \ 83¡, the M sin3 i data from

and the value q \ 0.223, we Ðnd that the primaryHS, HS
component mass is 2.9 and the secondary componentM

_mass is 13.1 quote data for V453 Cygni and CWM
_

. HP
Cephei, whose masses bracket the secondary component
mass. The value for both quoted stars is 29,000 K. TheTefftabulation by provides a radius of 6Harmanec (1988) R

_for a 13 star. We adopt these values for the andM
_

Teffradius of the secondary component.

adopt an accretion disk radius of 25 This value isHP R
_

.
close to the tidal cuto† radius (Paczynski 1977). Harmanec

made estimates of system parameters from di†erent(1992)
geometrical considerations and also arrived at a radius of 6

for the secondary star and a radius of order 25 forR
_

R
_the accretion disk. The radius of the accretion disk must be

an adjustable parameter to achieve a good Ðt to the photo-
metric data. Our model uses the same accretion disk radius
to calculate theoretical light curves at all wavelengths of
observation.

The mass transfer rate, is not well established. TheM0 ,
reason for this is that it can only be measured indirectly
from the observed properties of the system. First, one may
use the observed increase of the orbital period. This deter-
mination, however, is hampered by our ignorance of the
degree to which the mass transfer process is conservative.
Assuming the mass transfer to be conservative (i.e., all mass
transferred from the primary component is eventually cap-
tured by the secondary star), determined a mass transferHS
rate of about 20 ] 10~6 yr~1 from the observed periodM

_increase rate of 18.9 s yr~1. Another possibility is to use
evolutionary considerations ; Greve & LinnellDe (1994)
found a current value of 28 ] 10~6 yr~1. Note that theM

_evolutionary calculation Ðnds that the mass transfer is not
conservative. Finally, the mass transfer rate can be deter-
mined from spectrophotometric properties of the accretion
disk around the mass-gaining star, which is the standard
procedure used for the cataclysmic variable (CV) systems.
However, applying this approach for b Lyrae is very diffi-
cult. First, since we see the system almost edge-on, the disk
face is largely or completely hidden from view (see below).
The most visible part of the disk is the disk rim, which,
unfortunately, is the least understood region of accretion
disks in close binary systems. The basic physical problem is
that several fundamental assumptions that are the building
blocks of the standard model fail in the disk rim layers.
Among them, the most important one is the assumption of
Keplerian rotation. As discussed by and veriÐed byHP
detailed two-dimensional and three-dimensional hydrody-
namic simulations & Pringle Osaki, &(Lin 1976 ; Hirose,
Mineshige Hirose, & Ichikawa1991 ; Osaki, 1993 ;

& Schwarzenberg-Czerny Armitage &Ro� zyczka 1987 ;
Livio the tidal torques and the1996, 1998 ; Blondin 1997),
interaction of the disk rim with the stream coming from the
mass-losing component will lead to departures from
Keplerian rotation, as well as to departures from a simple
homogeneous structure.

To deal with the problem of the rim in the absence of
detailed hydrodynamic simulations, devised a crudeHP
model of the disk rim that was meant to provide a zero-
order estimate of (1) the disk rim shape and (2) the rim Teff.In the theory the rim is equal to that of the lastHP Tefftidally stable ring in the Keplerian disk. That ring is at a
distance of approximately 0.85 of the Roche lobe of the
mass-gaining star. Therefore, the rim is a unique func-Tefftion of and showed that the observed bM

s
, R

s
, M0 . HP

Lyrae properties are roughly consistent with a rim cor-Teffresponding to yr~1. This valueM0 \ 100 ] 10~6 M
_cannot be taken as a determination of but rather evi-M0 ,

dence that the should be high. We stress that theM0 HP
theory considers that the energy generated in the rim arises
solely from viscous dissipation. In reality, there are other
sources of mechanical energy, so the rim would likely beTeffhigher than that indicated by the theory, or, alternative-HP
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TABLE 2

CALCULATED PARAMETERS, MODELHP

Parameter Value Parameter Value
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ly, an empirically determined rim would associate withTeffa lower than dictated by the theory.M0 HP
only a†ects the calculated light curves by setting theM0

temperature proÐle on the accretion disk face and the rim
temperature.

3. LIGHT SYNTHESIS LIGHT CURVES ON THE

HUBENY-PLAVEC MODEL

Our UBV observational data are from TheHMB96.
OAO 2 observational data are from et al.Kondo (1994).

lists the input parameters to the BINSYN routines.Table 1
The parameter symbols have their standard meanings. The
subscripts p, s denote the primary component and the sec-
ondary component, respectively. The quantities andF

p
F
sare rotation parameters, deÐned to be the rotation rate in

units of the synchronous rate. are bolometricA
p,s,rimalbedos. are gravity brightening exponents. is theg

p,s R
Aorbital plane radius of the accretion disk, and H is the

semithickness of the accretion disk rim measured at the
inner edge of the toroidal cross section. Some derived
system parameters are in The calculated disk mass,Table 2.

is from HH. The quantity is the rim value inM
D
, T

r,eq Teffthe rim equatorial plane, not including irradiative heating
by the primary component.

We represented the photosphere of each star with a grid
of 1970 points. The representation of the accretion disk face
used 33 rings with 91 division points on each ring. There
were 91 division points on each of the nine rim grid circles.
As described in a visibility key attached to each gridLH,
point on each object receives an assigned value for each
Ðducial orbital longitude. The visibility keys determine
whether the associated surface element is visible to the
observer and permit calculation of the integrated Ñux from
the system, at the speciÐed wavelength. The calculations
reported in this paper used 81 Ðducial orbital longitudes.

TABLE 1

INPUT PARAMETERS, MODELHP

Parameter Value Parameter Value

Period (days) . . . . . . 12.9335 i (deg) . . . . . . . . . . . . . . . . . . . . . 83.0
q . . . . . . . . . . . . . . . . . . . . 0.223 Teff,p (K) . . . . . . . . . . . . . . . . . . 13300
M

_,p . . . . . . . . . . . . . . 2.91 Teff,s (K) . . . . . . . . . . . . . . . . . . . 29000
)

p
. . . . . . . . . . . . . . . . . . 8.50 M0 (10~6 M

_
yr~1) . . . . . . 100

)
s

. . . . . . . . . . . . . . . . . . 43.0 R
A

(R
_

) . . . . . . . . . . . . . . . . . . . 30.0
F
p

. . . . . . . . . . . . . . . . . . 1.0 H (R
_

) . . . . . . . . . . . . . . . . . . . . 5.99
F
s

. . . . . . . . . . . . . . . . . . 1.0 Arim . . . . . . . . . . . . . . . . . . . . . . . . 0.5
A

p
. . . . . . . . . . . . . . . . . . 1.0 g

p
. . . . . . . . . . . . . . . . . . . . . . . . . . 0.25

A
s

. . . . . . . . . . . . . . . . . . 1.0 g
s

. . . . . . . . . . . . . . . . . . . . . . . . . . 0.25

Theoretical light values at individual orbital phases of
observation were calculated with NewtonÏs method of inter-
polation using second di†erences. The program separates
the light curve into appropriate phase ranges to avoid inter-
polation over points where there is a discontinuous Ðrst
derivative of the system light with respect to orbital phase.

The values for the accretion disk face rings are calcu-Tefflated in BINSYN using the standard theory eq. [2]).(HP,
The rim is from equations (18) and (19). (Note theTeff HP,
discussion in above.)° 2

The number of simulations involved in our exploration of
parameter space made it necessary to approximate the radi-
ation characteristics of the system components. Normally,
the BINSYN suite produces light curves by Ðrst calculating
composite system synthetic spectra for a large number of
Ðducial orbital longitudes. It then integrates the product of
each synthetic spectrum and one or more standard response
functions, in analogy to the procedure of & KuruczBuser

Interpolation among the products then produces(1992).
light curves for comparison with observation (Linnell,
Hubeny, & Lacy et al. This procedure1996b ; Linnell 1998).
would have been prohibitively time consuming for the
number of simulations required in our study. A blackbody
approximation at the of each grid point is an adequateTeffapproximation for survey purposes. BINSYN also requires
limb-darkening values for each grid point. We used the
coefficients of & Rucinski interpolated auto-Wade (1985),
matically to the local values of and log g. The di†er-Teffences between our light curves calculated by this procedure
and by the more physically accurate procedure would be a
few hundredths of a magnitude. The photometric e†ects on
which we base our argument are far larger.

Appropriate values for the bolometric albedos require
some consideration. BINSYN does not currently treat irra-
diation of the central star by the faces of the accretion disk.
Accordingly we have set the bolometric albedo of the sec-
ondary component to 0.0. The accretion disk may partially
shadow the mass loser from irradiation by the mass gainer
by an amount that depends on the thickness of the rim. In
our case the rim is thick enough to shadow the primary
nearly completely. The rim radiation also illuminates the
primary, and with a color temperature that di†ers greatly
from that of the secondary component. On the model,HP
the extreme polar regions of the primary would be illumi-
nated by the secondary. We argue below that no part of the
primary receives undiluted direct radiation from the sec-
ondary, and so this illumination is unimportant in our rep-
resentation. As a separate issue, since the primary Ðlls its
Roche lobe, normal gravity brightening for a radiative
envelope would imply, at the L1 point where the gravity
becomes 0.0, a value of 0 K eq. [31]). TheTeff (Linnell 1984,
gravity brightening model must break down in the L1
region. Because of these considerations, we have arbitrarily
used a bolometric albedo of 0.1 for the primary component
and have assumed illumination of it by the secondary as if
no accretion disk were present. The resulting temperature
proÐle is in and must be closer to physical realityTable 2
than if the bolometric albedo were set to 0.0. The e†ect on
the theoretical light curves is negligible.

In our model, the accretion disk rim is thick and is proxi-
mate to a B8 star. There could be a nonnegligible reÑection
e†ect on the rim from the incident radiation originating on
the primary component. Accordingly, BINSYN has been
enhanced to include a theory of irradiation of the accretion



FIG. 1.ÈComparison of theoretical and observed light curves on the model. Note the presence of a stellar eclipse at the center of secondary minimumHP
in the theoretical light curves. That feature is not present in the observed light curves. Instead, the observed light curves show an eclipse of a more extended
luminous region.
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FIG. 2.ÈView of the model projected on the plane of the sky atHP
orbital phase 0.0158. This phase is the same as that of an IUE observed
spectrum. Note the visibility of a small segment of the secondary com-
ponent at the center of the accretion disk. See text for a discussion of the
accretion disk rim.

disk rim by a distorted companion with nonuniform photo-
spheric radiating as a blackbody with assignable bolo-Teff,metric limb darkening, and with a speciÐed bolometric
albedo for the accretion disk rim. The situation in this
instance is complicated by the fact that the primary Ðlls its
Roche lobe and has a radiative envelope. The substellar
equatorial rim point faces a primary component that, as just
discussed, has a value (in the absence of irradiation) of 0TeffK at the primaryÏs closest point to the rim. Moving either in
azimuth or in latitude on the rim exposes the rim to radi-
ating regions of rapidly increasing temperature on the
primary component. The e†ect on the light curves is negligi-
ble, as discussed below.

The only parameters subject to adjustment, in aTable 1
Ðt to the photometric and spectroscopic data, are i, M0 , R

A
,

and H.
With the parameters of BINSYN produced theTable 1,

light curves of shown superposed on the UBVFigure 1,
light curves and OAO 2 data. Our parameters di†er very
slightly from and have been adjusted to produce theHP
best possible Ðt to the V light curve. BINSYN used a Ðxed
set of system parameters to calculate the light curves at their
various e†ective wavelengths. For simplicity we call this the

model.HP
The Ðt to primary minimum in V and B is quite good,

and also the Ðt to the depth of secondary minimum. The Ðt
to the U light curve is not nearly so good. We emphasize
again that the simulation has used a standard model accre-
tion disk, and that the disk resides entirely within its Roche
lobe. A simulation of this type has not been done before,
and we consider our result to be an important advance.

The Hipparcos parallax of b Lyr, n \ 0.00370^ 0.00052,
gives a chance to carry out an independent check of the
consistency of the adopted basic physical elements of the
binary and our light-curve solutions. One can estimate the
total brightness of the binary at light maxima to be V

p`s
\

3.35 mag (see Fig. 2 of et al. ForHarmanec 1996).
E(B[V ) \ 0.04 mag, this implies a dereddened total V

magnitude of 3.23 mag. For the Hipparcos parallax, this
gives mag, with the range from [3.64M

V(p`s) \[3.93
mag to [4.26 mag due to the error of the parallax. Adopt-
ing the Ñux ratio in the V band between the primary and
secondary, from the light-curve solution atF

p
/F

s
\ 5.19

orbital phase n/2 (the ellipticity e†ect of the primary com-
ponent is substantial), one obtains mag andM

V,p \[3.74
mag. For a bolometric correction of 1.0 magM

V,s\ [1.95
and K, one obtains (rangeTeff \ 13,300 R

p
\ 14.86 R

_from 13.00 to 17.30 This is in very good agreementR
_

).
with the Roche lobe radius of the primary that follows from
the orbital elements of 14.6 (See also.)HS: R

_
. Table 2

A separate result also is apparent. T he central star in the
accretion disk cannot directly contribute to the system light.
The modeled eclipse of the central star produces a narrow
stellar eclipse in secondary minimum, with a width of 0.05
orbital period, that is ruled out observationally. This point
was originally made by See also. ThisWilson (1974). WL
stellar eclipse, for the adopted of the secondary,Teffbecomes deeper at shorter (UV) wavelengths where the dis-
crepancies with observation become extreme (Fig. 1,
bottom). The character of the theoretical light curve does
not change with variation in either the mass ratio or i. We
have run many simulations with a wide variety of system
parameters and Ðnd no combination of adjustable param-
eters, together with the Ðxed known parameters, that can
satisfactorily represent the observed light curves. Since our
results are clear from the direct light-curve plots, we omit
any residuals plots.

A projection view of the system at orbital phase 0.0158 is
in The rim has been represented with nine divisionFigure 2.
circles on the toroidal boundary. The upper division circle
lies below the observerÏs horizon. More than nine division
circles would provide intermediate divisions between the
topmost one now visible (the second division circle) and the
Ðrst (hidden) circle. This would produce a more symmetric
appearance for the accretion disk, and it would slightly raise
the visible upper boundary, but it would change the light
curves by a nearly negligible amount. Unfortunately, the
present software has a limit of nine division circles on the
accretion disk rim and an appreciable e†ort will be needed
to increase that limit.

We do not discuss the infrared observations of b Lyrae
& Longmore hereafter JL). Observations(Jameson 1976,

show that the secondary minimum becomes deeper than
primary minimum at long wavelengths. conclude thatJL
the observations can be explained by a plasma cloud
around the secondary component. We return to this point
later in this paper.

4. SPECTRUM SYNTHESIS ON THE HUBENY-PLAVEC

MODEL

is at the orbital phase of the IUE spectra SWPFigure 3
35707 and LWP 15148. In calculating the phases of the IUE
spectra we used the ephemeris in The two IUE spectraHS.
were merged and extinction corrected with the IUESIPS
UNRED utility, with the CCM option, and using
E(B[V ) \ 0.03 mag. & Plavec determined aDobias (1985)
value E(B[V ) \ 0.04 mag and a distance to b Lyrae B of
370 pc. The Hipparcos value, discussed in is 270 pc.° 2,
Consequently we have arbitrarily reduced the reddening
value to E(B[V ) \ 0.03 mag. We have redone the unred-
dening for E(B[V ) \ 0.04 mag. The two unreddened
spectra di†er by a negligible amount.
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FIG. 3.ÈComparison of the observed IUE spectrum during primary
minimum, at the orbital phase of and a synthetic spectrum on theFig. 2,

model. The observed (IUE) spectrum is the continuous line. The syn-HP
thetic spectrum is the dotted line. The continuum Ðts fairly well, except
shortward of 1500 See text for discussion.A� .

Details of our procedure for calculating synthetic spectra
are in We calculate a number of synthetic spectra forLH.
speciÐc values of and log g to associate with each systemTeffobject (primary, secondary, accretion disk face, accretion
disk rim). These spectra bracket the extreme values of Teffon the object in question and are sufficient in number to
permit linear interpolation to the local values on all theTeffgrid points of that object. We neglect variation in log g,
although our software permits us to take it into account.
The source synthetic spectra, calculated with program
SYNSPEC, include speciÐc intensities for a range of zenith
distances at each tabular wavelength. By interpolation,
these data permit us to calculate the contribution of each
element of area on each system component to the system
spectrum. For the primary component we used four source
synthetic spectra, calculated using Kurucz solar composi-
tion model atmospheres of 11,000, 12,000, andTeff \ 4000,
13,000 K, log g \ 4.0. We used a single Kurucz solar com-
position model atmosphere of K for the syn-Teff \ 30,000
thetic spectrum representing the secondary star. For the rim
we calculated synthetic spectra from Kurucz solar composi-
tion model atmospheres of and 6500 K, logTeff \ 4000
g \ 4.0. We used the program TLUSDISK to calculate syn-
thetic spectra for the accretion disk face of Teff \ 11,000,
12,000, and 13,000 K, solar composition. To these we added
synthetic spectra calculated by SYNSPEC with Kurucz
solar composition model atmospheres of andTeff \ 9000
10,000 K, log g \ 4.0, giving a total of Ðve synthetic spectra
to represent the accretion disk face.

A comparison of the unreddened IUE spectrum and a
synthetic spectrum on the model is in InHP Figure 3.
agreement with the study, the theoretical continuum ÐtsHP
the observed continuum reasonably well. The theoretical
continuum is too bright shortward of about 1500 TheA� .
emission bump is prominent ; its presence makes it difficult
to estimate the strength of the underlying continuum.

We conclude that the model, although meeting itsHP
original objective of modeling the b Lyrae continuum
within the framework of an accretion disk system, cannot be
the correct model. The basic problem is that the visible
small segment of the central star, needed in the model toHP
provide the spectral continuum component of high Teff,produces a stellar eclipse during secondary minimum that is

inconsistent with observations. The spectrum of the small
central star segment, with its absorption lines appropriate
to 29,000 K, dominates the far-UV system spectrum and
produces a system spectrum for Lya that di†ers greatly
from that observed. Geocoronal Lya emission is unimpor-
tant. Having shown that the model, with its visibleHP
segment of the central star, conÑicts with observational
data, we inquire whether a viable standard accretion disk
model exists in which the central star is completely hidden.

5. AN ALTERNATIVE ACCRETION DISK MODEL

Our aim is to search for a standard model accretion disk
system with a rim sufficiently thick completely to hide the
central star and yet to provide an acceptable Ðt to the
observed light curves. A separate requirement would be an
acceptable Ðt to the continuum spectrum. Extensive experi-
ment isolated a region of parameter space that permits a
fairly good Ðt to the UBV light curves. The system param-
eters Ðnally chosen are in With the exception of theTable 3.
parameters in the Ðrst two rows of the inputTable 3,
parameters are the same as for the model, ThusHP Table 1.
the alternative model preserves consistency with known
system parameters (° 2).

By adopting a sufficiently thick accretion disk rim it is
possible to hide the central star entirely. This procedure
entails loss of the contribution of the central starhigh-Teffand initially produces a secondary minimum that is too
shallow. Raising the of the rim compensates, but theTeffbrighter rim now contributes additional light at primary
minimum and outside eclipse. This renormalizes system
light outside eclipse and so tends to make primary
minimum shallower. On the other hand, the greater rim
thickness eclipses more of the primary component, tending
to deepen primary minimum. Within limits, changing the
orbital inclination can vary the depth of primary minimum
without appreciably a†ecting the depth of secondary
minimum. We take the rim to be a free parameter, anTeffassignment justiÐed by our discussion in Within the° 2.
framework of BINSYN, this is accomplished by making M0
a free parameter and using the theory to calculate theHP
corresponding rim Teff.We varied the system parameters empirically to achieve a
Ðt to the light curves. For the adopted value of i, H must be
as large as it is to produce a sufficiently deep primary
minimum. Also, for the adopted value of H, the rim Teffmust be as large as it is to produce a sufficiently deep sec-
ondary minimum. The depth of primary minimum does not
increase strongly with increasing i, for i \ 86¡, both because

TABLE 3

PARAMETERS, ALTERNATE MODEL

Parameter Value Parameter Value

R
A

(R
_

) . . . . . . . . . . . 32.0 i (deg) . . . . . . . . . . . . . . . . . . . . . 86.0
H (R

_
) . . . . . . . . . . . . 10.0 M0 (10~6 M

_
yr~1) . . . . . . 700

T
r,eq (K, 0¡) . . . . . . . 11036 T

r,eq (K, 40¡) . . . . . . . . . . . . . . 11002
T
r,eq (K, 4¡) . . . . . . . 11042 T

r,eq (K, 44¡) . . . . . . . . . . . . . . 10988
T
r,eq (K, 8¡) . . . . . . . 11055 T

r,eq (K, 48¡) . . . . . . . . . . . . . . 10977
T
r,eq (K, 12¡) . . . . . . 11067 T

r,eq (K, 52¡) . . . . . . . . . . . . . . 10968
T
r,eq (K, 16¡) . . . . . . 11072 T

r,eq (K, 56¡) . . . . . . . . . . . . . . 10962
T
r,eq (K, 20¡) . . . . . . 11070 T

r,eq (K, 60¡) . . . . . . . . . . . . . . 10957
T
r,eq (K, 24¡) . . . . . . 11061 T

r,eq (K, 64¡) . . . . . . . . . . . . . . 10955
T
r,eq (K, 28¡) . . . . . . 11047 T

r,eq (K, 68¡) . . . . . . . . . . . . . . 10954
T
r,eq (K, 32¡) . . . . . . 11032 T

r,eq (K, 72¡) . . . . . . . . . . . . . . 10953
T
r,eq (K, 36¡) . . . . . . 11016 T

r,eq (K, 180¡) . . . . . . . . . . . . 10953
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that value is so close to the limiting i \ 90¡ and because the
(warmer) upper polar region emerges from eclipse as the
(cooler, near-equatorial regions enter eclipseTable 2) (Fig.

Notice that in is more than an order of6). M0 Table 3
magnitude larger than expected from the period change
under the assumption of conservative mass transfer. This is
a consequence of the requirement for an elevated rim Teffand its production by the assumed M0 .

A limiting case is reached for i \ 90¡, with the rim thick
enough completely to eclipse the primary component at
primary minimum. Preservation of the relative depths of the
minima in UBV would require a further increase in the rim

beyond our alternative model, requiring a still largerTeff M0 .
In this limiting case the only objects contributing to the
system light are the primary component and the accretion
disk rim. In contrast to the model, with its hot polarWL
region for the secondary component, the standard model
accretion disk rim is nearly isothermal. To make the theo-
retical secondary minimum in UBV shallower than primary
minimum, as required by observation, the rim must beTeffless than the primary component But with this theTeff. Teffcalculated secondary minimum cannot become deeper than
primary minimum at UV wavelengths, in contradiction to
observation. Thus the i \ 90¡ case, with its larger, hotter
rim, is excluded.

Returning to the case, the rim without irra-Table 3 Teffdiation required a corresponding bolometric albedo of 1.0,
appropriate to a radiative atmosphere. lists theTable 3 Teffvalues for the equatorial proÐle of the rim at tabular inter-
vals of 4¡ in the equatorial plane, beginning at the substellar
point on the line of centers of the stellar components. The
calculated increase in rim reaches a maximum of onlyTeff120 K and the e†ect on the theoretical light curves(Table 3)
is negligible.

The chosen parameters produced the light curves of
shows additional light curves comparedFigure 4. Figure 5

with OAO 2 data. These light curves illustrate two impor-
tant points.

First, note the reduction in the observed amplitude of
light variation, with a minimum amplitude at 1910 It hasA� .
been suggested that this e†ect arises from a concentration of
emission lines near 2000 A� (Hack 1974 ; Viotti 1976 ;

et al. et al. OnMazzali 1987 ; Aydin 1988 ; Mazzali 1992).
this model the emission comes from an extended region of
space above and below the accretion disk, and a large part
of it remains uneclipsed by the primary component. In their
discussion of Copernicus data, et al. state thatHack (1977)
the measured depth of secondary minimum in continuum
light alone is the same, within observational error, as the
depth of secondary minimum including emission lines for
the wavelength intervals jj2050È2095 and jj2580È2630.
The attribution of the emission bump to the source of third
light, although the most reasonable explanation, is not
completely certain. Following we have represented theWL,
reduction in eclipse amplitude by adopting appropriate
amounts of third light in our light-curve calculations. Spe-
ciÐcally, we have adopted fractional third light contribu-
tions of 0.10, 0.95, 0.20, and 0.10 at wavelengths 2460, 1910,
1550, and 1430 respectively. The third light contributionsA� ,
are fractions of the total system light at orbital phase 0.25.
The light-curve amplitude becomes relatively insensitive to
the amount of third light when the third light fraction
becomes larger than about 0.50 ; the value 0.95 at 1910 isA�
a low weight determination. None of the other light curves

requires a third light contribution. For comparison, the cor-
responding values found by (solution A) were 0.01, 0.45,WL
0.06, and 0.00.

Second, even with the artiÐces of third light and a hot
rim, our model fails accurately to represent the observed
light curves. The observed light curves show a progressive
trend, with secondary minimum becoming equal in depth to
primary minimum at 1550 and deeper than primaryA�
minimum at 1430 The residuals in the present simulationA� .
are opposite in character to the residuals in the simula-HP
tion. What the present simulation has lost is the high-Teffcomponent provided by the hot central star in the HP
model. What the present simulation has gained is a good
representation of the shapes of the light curves, particularly
at secondary minimum. The very roughly comparable
depths of primary and secondary minima at all observed
wavelengths demonstrates that the average values of theTeffeclipsed objects must also be roughly comparable. That is
the reason the hot rim model works at all.

The gradual deepening of secondary minimum relative to
primary minimum in the observations demonstrates that
the of a light source missing from our model must beTeffhigh, comparable with the of the central star in theTeffaccretion disk. (Note that et al. Ðnd that sec-Aydin 1988
ondary minimum already is deeper than primary minimum
at 1670 in contrast to the et al. OAO 2A� , Kondo 1994
results.) This light component is eclipsed at sec-high-Teffondary minimum. Consequently it must di†er from the
third light component that is not eclipsed. The gradual pro-
gressive changes in observed light-curve depths imply that
the light source does not originate with emission lines con-
centrated within short wavelength ranges. The absence, in
the observations, of a stellar eclipse at secondary minimum,
or anything resembling a stellar eclipse, implies that the

source must be more extended, geometrically, thanhigh-Teffthe hidden central star. The requirement that secondary
minimum be shallower than primary minimum at all but
the shortest observed wavelength prohibits the high-Teffsource from having a higher surface brightness than the
primary component at those wavelengths. This consider-
ation excludes a stellar photosphere.

Why were able to produce a reasonable Ðt toWL
observed light curves and our simulations have been unsuc-
cessful ? First, note that Ðtted each light curve separa-WL
tely, without requiring the radiation characteristic of a
given component at one wavelength of observation to have
a prescribed connection to the radiation characteristic at
another wavelength. did a simultaneous solution for(WL
the geometric parameters.) Our simulation has connected
the radiation characteristics at all wavelengths to the pre-
scription of the Planck law. Second, the model was anWL
ad hoc model in which the on the secondary componentTeffwas a not unreasonable assumed proÐle, but was not based
on a physical theory. We are restricted to a standard model
accretion disk, albeit with a rim that is a free parameter.TeffThe most important di†erence between the model andWL
ours is that the model adopts a polar that is greaterWL Teffthan that of the primary component. It is this feature that
permits to Ðt the UV light curves and produce a phaseWL
0.5 minimum that is deeper than the eclipse at phase 0.0. It
is precisely this feature of the model that is missingWL
from our simulation and is a feature that the standard
model cannot provide if the central star is completely
hidden from view.
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FIG. 4.ÈComparison of theoretical and observed light curves on the alternative (hot rim) model. This model avoids the defect of and Ðts theFig. 1
observed light curves well. The comparison with the OAO 2 data shows the beginning of a discrepancy in the UV wavelength region.

This paper makes no attempt to represent the 283 day
light variation Hamme, Wilson, &(Guinan 1989 ; Van
Guinan or to propose an explanation for it.1996 ; HMB96)

A projection view of the system at midprimary minimum

is in As with the rim has been represent-Figure 6. Figure 2,
ed with nine division circles on the toroidal boundary. The
topmost division circle is below the observerÏs horizon.
Note that the line of sight tangent to the top rim just grazes



FIG. 5.ÈComparison of theoretical and observed light curves on the alternative (hot rim) model, extending to shorter wavelengths than Two e†ectsFig. 4.
are apparent. First, there is an increasing discrepancy between theory and observation in going to shorter wavelengths. The discrepancy arises from too little

radiation in the system model. Second, the amplitude of observed light variation reaches a minimum at 1910 See text for details on both e†ects.high-Teff A� .
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FIG. 6.ÈView of the alternative (hot rim) model projected on the plane
of the sky at orbital phase 0.0. Note the visibility of the extreme upper
polar region of the primary component. See text for a discussion of the rim
visibility.

the polar region of the primary component.
In addition to the large rim discussed below, thisTeff,model has the undesirable feature of extending slightly

beyond the boundary of the Roche lobe, at least for the
equatorial part of the accretion disk rim, but by an amount
less than the model.WL

6. SPECTRUM SYNTHESIS ON THE ALTERNATIVE MODEL

Since our software self-consistently calculates both syn-
thetic light curves and synthetic spectra, it is of interest to
see how well the alternative model represents the IUE
spectra. presents that comparison. The absence ofFigure 7
a necessary component is apparent. In the alterna-high-Tefftive model there are three sources of radiation : the primary

FIG. 7.ÈComparison of the observed IUE spectrum during primary
minimum at the orbital phase of and a synthetic spectrum on theFig. 2
alternative (hot rim) model. The continuous line marks the IUE spectrum.
The dotted line represents the synthetic spectrum. The extreme discrep-
ancy with the observed continuum is apparent. As with the light curves of

the continuum discrepancy arises from too little radiationFig. 5, high-Teffin the model. The greater prominence of the emission lines, as compared
with arises from a di†erent scaling factor for the observed spectrum.Fig. 3,
See text for discussion.

component, the accretion disk face, and the accretion disk
rim. The face contribution is small. Its projected area is
much less than that of the rim, the visible area is strongly
limb-darkened because of the large angle between the
surface normal and the line of sight, and only the lower
temperature outer rings of the accretion disk face are
visible. The theoretical continuum gradient in isFigure 7
consistent with the values for the primary component,Teffand the rim,Table 2, Table 3.

Extensive sampling of parameter space convinces us that
no alternative combination of adjustable system param-
eters, within the context of standard accretion disk theory,
can produce synthetic light curves and synthetic spectra
that satisfactorily Ðt the observed data. We emphasize that
the BINSYN calculation of both the synthetic light curves
and the synthetic spectra are on a self-consistent basis from
a single physical model and that both the synthetic spectra
and the synthetic light curves are essential parts of the
analysis. The calculations presented here represent the Ðrst
time that a standard model accretion disk has been applied
in an analysis of b Lyrae.

7. WHERE IS THE RIM BRIGHT SPOT?

The value from period change data is muchM0 (HS)
larger than is common for cataclysmic variable systems, and
so might be expected to produce a rim bright spot. Inspec-
tion of the light curves of and reveals noFigure 4 Figure 5
obvious photometric bright spot signature.

We have incorporated a solution of the equations for the
transfer stream trajectory & Shu in the(Lubow 1975)
BINSYN suite. displays an orbital plane view ofFigure 8
the system, including the accretion disk for the model.HP
The mass transfer stream trajectory is visible, including the
location of its impact on the accretion disk rim, at an
azimuth of 6¡ as seen from the center of the gainer. Analogy
with CV systems leads to the expectation that a bright spot,
extending downstream from the impact site, should bright-
en the egress branch of primary minimum or the ingress of

FIG. 8.ÈOrbital plane view of the model. The plot shows the trajec-HP
tory of the mass transfer stream, on the Lubow-Shu theory. The radius of
the accretion disk in its equatorial plane is 30.0 Note that it nearly ÐllsR

_
.

the Roche lobe. The accretion disk rim has the shape of a half-toroid, with
a cross-sectional radius of 6.0 Thus, the inner edge of the half-toroidR

_
.

has a radius of 24.0 The separation of centers of the components isR
_

.
58.35 A diamond marks the position calculated by Harmanec for theR

_
.

localized region of strong Ha absorption. The arrow indicates the direction
of orbital motion.
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the secondary minimum and produce strong asymmetry in
both minima. The light curves show that, if any-Figure 5
thing, the system is anomalously faint during late egress
from the primary minimum, although the quality of photo-
metric data does not allow us to draw deÐnite conclusions.
Close examination of shows that the sameFigure 4
anomaly may be present in the V , B, and U light curves.
(Note that, in the case of dwarf novae systems, primary
minimum corresponds to eclipse of the accretion disk
object, and the bright spot is visible during the ingress to
primary minimum.)

We suggest that the deposited kinetic energy is liberated
at large optical depth p. 39). The(Olson 1980 ; Warner 1995,
absence of a bright spot in the b Lyrae system parallels the
same e†ect found in the hot Algol system MR Cygni

et al. We further propose that any emission(Linnell 1998).
from the stream-disk interaction is spread around a large
portion of the rim. The deposited energy may produce a
local vertical expansion of the rim and so lead to additional
obscuration, explaining the asymmetry of primary
minimum. This suggestion parallels the ““ dipping sources ÏÏ
in low-mass X-ray binaries (Livio 1993).

provide evidence for jetlike structures associatedHMB96
with the secondary component. That paper also calculates a
position for the center of a localized region within which the
bulk of the Ha absorption takes place and argues that the
jet may be associated with deÑection of at least part of the
mass transfer stream out of the orbital plane. That position
is marked by a diamond on It lies directly on theFigure 8.
extended theoretical trajectory of the mass transfer stream.
Recently, Nordsieck, & Fox hereafterHo†man, (1998,
HNF) have presented extensive spectropolarimetric data
for b Lyrae. They Ðnd that there is an asymmetry in the
degree of polarization and polarized Ñux curves, with more
negative values before secondary eclipse, roughly in the
same orbital phase for which Ðnd enhanced HaHMB96
absorption, which they also interpret as a signature of an
extended light-scattering region above the accretion disk.

8. DISCUSSION : WHERE DO WE GO FROM HERE ?

& King suggest that a turbulent boundaryShore (1986)
layer in systems like b Lyrae might be the source of radi-
ation leading to the ultraviolet excess. Our simple boundary
layer model in BINSYN uses the innermost face ring to
radiate the calculated boundary layer luminosity, assuming
the central star rotates synchronously. This boundary layer
is hidden on both the and alternative models.HP Regev

provides an improved prescription for calculating the(1991)
boundary layer and shows that the boundary layer may
swell both perpendicular to and in the orbital plane. See
also & Popham andKley (1991), Narayan (1994), Popham

Even if the radial swelling becomes as large as the(1997).
radius of the gainer, it would be too small to produce the
required observational e†ect and would have the wrong
spectral characteristics. The BINSYN boundary layer
model assigns the boundary layer radiating area (standard
model, FKR, ° 6) to an equal area for the two surfaces of the
innermost accretion disk ring. This area, together with the
energy to be dissipated, assuming synchronous rotation of
the central star, produces a boundary layer of 21,000 K.TeffIf the energy were spread over a swollen surface, the Teffwould be smaller and would not provide the requisite high
color temperature. Our discussion of the model showsHP
that the source of the radiation must extend inhigh-Teff

radius by a large fraction of the accretion disk radius, a
requirement inconsistent with the & King pro-Shore (1986)
posal. If the central star is rotating near breakup the(HP),
boundary layer luminosity is small. hereafterDrew (1997,
DR) points out that the boundary layer now is considered
to be a minor contributor to the total luminosity of CV
systems. and references therein) shows thatGodon (1997,
theoretical boundary layer temperatures, with detailed
numerical modeling, are much lower than originally
expected. We believe these considerations exclude the
boundary layer as the source of radiation in bhigh-TeffLyrae.

Let us recapitulate the requirements for the high-Teffsource, restricting the physical framework to a physically
plausible addition to the standard model accretion disk. (1)
It must extend outward from the center of the accretion disk
by about of the accretion disk radius. This requirement23arises from the observed width of secondary minimum. (2) It
must be more or less symmetrical about the center of the
accretion disk, again from the observed symmetry of sec-
ondary minimum. (3) It must have a color temperature
greater than that of the primary, to produce the observed
increasing depth of secondary minimum toward shorter
wavelengths, but it must have a smaller surface brightness
in V and B, to preserve the relative depths of primary and
secondary eclipse in those spectral bands. (4) It appears to
be a continuous spectrum, not a series of emission lines
contributing radiation in restricted wavelength ranges.
Requirements (3) and (4) exclude a stellar photosphere of
dimensions to satisfy the size restriction of point (1) but can
be satisÐed by a di†use source. A source of high color tem-
perature radiation is available in the central star, and poss-
ibly also in the inner disk, hidden from direct view as shown
in our discussion of the model.HP

To provide the source, we propose the existencehigh-Teffof a light-scattering region, located above and below the
orbital plane. The putative scattering region may consist
partly of the jets discussed by and but mayHMB96 HNF,
also be other more or less axially symmetric materialÈas
required by the nearly symmetric secondary minimum.

Ðnds that the jets appear to be o†set from theHMB96
center of the accretion disk. Our light-scatteringÈregion
model is consistent with the ““ disk-disk ÏÏ case in the HNF
discussion.

The light-scattering source may be somewhat related to
disk ““ coronae ÏÏ of the CV systems, discussed by many
authors & Price Rosner, & Vaina(Liang 1977 ; Galeev,

& Meyer-Hofmeister1979 ; Heyvaerts 1991 ; Meyer 1994 ;
Meyer, & Meyer-HofmeisterWhite 1997 ; Liu, 1997). Cheng

& Lin adopt a hot corona in their analysis of SS(1992)
Cygni. & Drew show that light scattering isKnigge (1996)
important in their disk wind model.

MHD turbulence in accretion disks now is generally
regarded as the source of viscous transport of angular
momentum & Hawley(Balbus 1991 ; Pringle 1994 ; Vishniac
& Brandenburg & Campbell1997 ; Brandenburg 1997 ;

& Hawley Representative numerical simula-Balbus 1997).
tions are in et al. et al.Brandenburg (1995), Stone (1996),

Hawley, & Stone and & BalbusBalbus, (1996), Hawley
(1997).

The light-scattering source may include material in the
wind expected to be associated with the massive secondary
component et al. Wind from the accretion(Mazzali 1992).
disk faces may also contribute to the scattering(DR)
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medium. See the study of the accretion disk wind in UX
Ursae Majoris by & Drew HydrodynamicalKnigge (1997).
models of disk winds are in Kallman, & BlondinPereyra,

The scattered radiation, scattered into the line of(1997).
sight, is the continuum of the secondary com-high-Teffponent. Isophotes for scattered radiation would increase in
surface brightness closer to the secondary componentÈa
““ streetlight in a fog ÏÏ e†ect. In the most elementary model
the scattering would be optically thin, in the sense that
radiation scattered into the line of sight from a given
volume element (voxel) would continue through the remain-
ing scattering medium without further diminution in inten-
sity. This model would permit a reduction in the radiation
contribution from the rim from the alternative (hot rim)
model discussed previously. This change in turn requires
reduction in the assumed The rim thickness then wouldM0 .
shrink, possibly producing a disk model comparable to that
of HP.

argues that, in addition to an accretion diskLivio (1997)
threaded by a vertical magnetic Ðeld, the production of
powerful jets requires the presence of an energy or wind
source associated with the central object. The present b
Lyrae model, with its massive central star, meets this
requirement. provide spectropolarimetric evidenceHNF
supporting the presence of two oppositely directed jets per-
pendicular to the orbital plane and associated with the acc-
retion disk component. Their evidence is consistent with the
same conclusion by These jets parallel similarHMB96.
structures in CVs (DR).

The asymmetry of the 8.6 km light curve is in the(JL)
correct sense to arise from downstream emission. The
greater depths of secondary minimum at wavelengths long-
ward of 2.2 km indicate a higher brightness temperature for
the secondary component, considered as a composite
object, than for the primary component. argue that thisJL
e†ect can be explained by a plasma cloud around the sec-
ondary component. This interpretation is in exact accord
with our proposal for a light-scattering corona around the
secondary component.

Without explicit simulation we are unable to predict
whether the putative light-scattering region can produce the
requisite contribution to the continuum spectrumhigh-Teffand the associated photometric e†ects. Calculation of these
e†ects will require an appreciable addition to BINSYN and
will require a programming e†ort of substantial duration.
We postpone this calculation to a future e†ort.

9. CONCLUSIONS

1. We have used the BINSYN suite to calculate both
synthetic light curves and synthetic spectra for b Lyrae on a
common, self-consistent physical basis. Two models, the

model and an alternative model, have been used for theHP
simulation. Neither model can successfully represent the
available light curves or an IUE spectrum at orbital phase
0.0158, for which we calculated synthetic spectra. We argue
that no combination of adjustable parameters for a stan-
dard model accretion disk, with Ðxed parameters set to
agree with their values, deduced from independent analyses,
can satisfactorily model the available observational data.

2. The simulation failure arises from the absence of a
necessary source of radiation in our model of the bhigh-TeffLyrae system. We show that a stellar photosphere cannot
be the source of radiation. Its surface brightnesshigh-Teffwould be too high.

3. A turbulent boundary layer, suggested by &Shore
King cannot explain the UV excess and light curves(1986),
in the b Lyrae system. This follows from geometrical con-
straints.

4. To resolve this dilemma, we propose the existence of a
light-scattering region above the accretion disk faces. The
region scatters radiation from the central star andhigh-Teffthe inner disk into the line of sightÈa ““ streetlight in a fog ÏÏ
e†ectÈand we suggest that it is the source of the missing

continuum radiation, which is needed to explainhigh-Teffobserved spectrum and the light curves. The expected wind
from the massive gainer, as well as a wind from the accre-
tion disk, may contribute to the light scattering. The scat-
tering region is likely separate from the source of strong
emission lines, but may be closely related to the jets pro-
posed by and We postpone development ofHMB96 HNF.
a model that includes this light-scattering region to a future
e†ort.

5. The light curves near 2000 show a greatly reducedA�
amplitude of light variation. This feature can be represented
by the presence of third light, as Ðrst shown by OurWL.
third light values di†er substantially from those found(° 5)
by and others have argued that this lightWL. Hack (1974)
comes from the concentration of emission lines near 2000 A� ,
the ““ emission bump.ÏÏ Since third light represents a light
source that is not eclipsed, the emission bump region must
be larger than the projected area of the binary system
proper.

6. We have calculated the trajectory of the mass transfer
stream and the location of its impact on the accretion disk
rim. The observed light curves provide no compelling
photometric signature of a rim bright spot. We suggest that
the release of stream kinetic energy within the rim occurs
over a sufficiently large region and at sufficient optical
depth to avoid production of a bright spot region.

7. The observed light curves show a slight primary
minimum asymmetry in the sense that egress light falls
below ingress light at symmetric orbital phases. If there
were a rim bright spot, it would preferentially a†ect the
egress phases, an e†ect opposite to that observed. We spec-
ulate that the impact stream causes the downstream rim
region to swell vertically, obscuring the system light sources
behind it and producing the extra light loss.
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