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ABSTRACT

FUSE, HST, and SDSS spectra of the cataclysmic variable SDSS J080908.39+381406.2 provide a spectral flux
distribution from 900 to 9200 8. This data set is used to illustrate procedures for calculating and testing system
models. The spectra are not contemporaneous; it is necessary to assume that the combined spectra are representative
of the system. The illustrations are based on a system with a 1.0 M� white dwarf, a 0.30 M�, 3500 K, Roche lobeY
filling secondary star, and an accretion disk extending to the tidal cutoff radius. Assuming a similar accretion state for
the nonsimultaneous spectra, the best standard model fit is with a mass transfer rate of 3:0 ; 10�9M� yr�1. Extensive
simulations demonstrate that the accretion disk must be truncated at its inner edge if the temperature profile follows
the standard model, but truncated models face severe objections, which we address. Following additional simulation
tests, we obtain a model accretion disk with a temperature profile comparable to the profile for SW Sex as determined
from tomographic image reconstruction. This model fits the discovery SDSS spectrumwell but has a flux deficit in the
UV and FUV. Emission from a white dwarf is a plausible source of additional flux. Adding this source to the disk
synthetic spectrum produces FUV flux that can explain the observed flux. An additional (archival) SDSS spectrum is
fainter by about 0.3 mag in the optical. Additional analysis showed that UVresiduals from amodel fitting the archival
optical wavelength spectrum are unacceptably large. Contemporaneous spectra from all wavelength regionswould be
necessary for a reliable systemmodel. Our discussion illustrates how this conclusion follows from the systemmodels.

Subject headings: accretion, accretion disks — novae, cataclysmic variables — stars: individual (SDSS J0809) —
ultraviolet: stars — white dwarfs

1. INTRODUCTION

Cataclysmic variables (CVs) are semidetached binary stars in
which a late main-sequence star loses mass onto a white dwarf
(WD) via Roche lobe overflow. In systems containing a nonmag-
netic WD, accretion proceeds through a viscous disk. However,
in systems containing a magnetic WD, accretion may proceed
directly from the inner Lagrangian point onto field lines in the
strong field case, or through a partial disk in the case of inter-
mediate field strength. The group of CVs that have typical orbital
periods between 3 and 4 hr, strong single-peaked Balmer emis-
sion, strong He ii emission, and deep central absorption in the
Balmer and He i lines (usually near orbital phase 0.5) are called
the SW Sex stars (e.g., Honeycutt et al. 1986; Szkody & Piché
1990; Thorstensen et al. 1991). As a group, their orbital periods
place the SW Sex stars at the top of the period gap, which likely
is an aspect of the normal secular evolution of the CV popula-

tion (Warner 1995). The SW Sex stars typically have high mass
accretion rates, and a few of themmay have intermediate-strength
magnetic fields as evinced from weak polarization (Rodriguez-Gil
et al. 2001). See Warner (1995) for a thorough review of CV types
and behaviors.
The observational data that are commonly available to study

CVs include spectra and photometry. Deduction of the physical
properties of these binary stars depends on simulation of the ob-
servations, based on a physical model believed to represent re-
ality with adequate accuracy. The accretion disk is typically the
most important radiating component in a CVover a wide range
of wavelengths. A common practice has been to use synthetic
stellar spectra to simulate the accretion disk (laDous 1987, 1994).
More recently, Wade & Hubeny (1998) have calculated a set of
models based on the TLUSTYprogram. It is desirable to have
a simulation program that calculates an accretion disk ab initio,
given an orbital inclination, WD mass, and mass transfer rate.
A combination of the programs TLUSTY (Hubeny 1988) and
BINSYN (Linnell & Hubeny 1996) provides this feature. The
details of how the calculation takes place, in the context of a spe-
cific system, have not been described in the literature. The avail-
ability of bothHubble Space Telescope (HST ) andFarUltraviolet
Spectroscopic Explorer (FUSE) data combinedwith a good Sloan
Digital Sky Survey (SDSS) spectrum of a bright system (few sys-
tems provide this combination) provides the impetus for mod-
eling this system. Since the data were not contemporaneous,
a definitive solution is not available. However, as we show
later, we are able to find a solution that satisfactorily represents
the data set. At the same time, the data set provides a very use-
ful basis to illustrate the details of building and testing system
models, and the results turn out to be of considerable intrinsic
interest.
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2. THE SDSS J0809 SYSTEM

The Sloan Digital Sky Survey (York et al. 2000) provides
five- color photometry (ugriz) and spectra (3800Y9200 8 at a
resolution of 3 8) of the survey objects. The survey has iden-
tified a large number of CV systems (Szkody et al. 2002, 2003,
2004, 2005).

During the survey, SDSS J080908.39+381406.2 (hereafter
abbreviated as SDSS J0809) was discovered as a bright CV
(g � 15:6; Szkody et al. 2003). The discovery paper provides
the photometric colors and optical spectrum of SDSS J0809, as
well as the results of time-resolved follow-up spectra obtained
over the course of 3 hr. The SDSS spectrum shows a steep blue
continuum with strong Balmer emission lines as well as prom-
inent emission from He ii k4686 and the CN blend at 4640 8.
The time-resolved spectra show deep and transient absorption in
the Balmer and He i lines. If the H� and H� radial velocities
indicate orbital phases, then the deep absorptions occur near
orbital phase 0.5 (Szkody et al. 2003), which is a hallmark of
the SW Sex stars. However, we lack any confirming evidence
(eclipses), and we are currently unable to make any definite
statement about orbital phases. There was no noticeable eclipse
during the 3 hr of observations and the radial velocity curve con-
structed from the H� and H� emission lines indicated an orbital
period near 2.4 hr. However, the shortness of the data interval
precluded the determination of an accurate period. Recent pho-
tometry over many nights indicates that the period is 192minutes
(more typical for SW Sex stars) and there may be a shallow or
partial eclipse (P. Rodriguez-Gil et al. 2007, in preparation) with
amplitude of less than about 0.1 mag.Wewill use the 192minute
period throughout this paper.

Due to the brightness of this system, ultraviolet measurements
were possible with both FUSE andHSTand were used to explore
the accretion parameters and geometry of the high accretion re-
gime. In the high inclination SWSex star DWUMa,which shows
deep eclipses, the accretion disk completely obscures theWDand
inner disk during high states of accretion (Knigge et al. 2000).
When the accretion is reduced during low states of mass transfer,
the underlyingWD is revealed and it is very hot (nearly 50,000K;
Araujo-Betancor et al. 2003). Most SW Sex stars have high in-
clinations and deep eclipses such that, as in DWUMa, theWD is
hidden fromviewby the accretion disk.We observed SDSS J0809
in the hope that its apparent lower inclination (as evinced by the
lack of deep eclipses) might permit amore direct view of theWD

and inner disk and thus allow us to explore the characteristics
of these components of an SW Sex star. An objective of this in-
vestigation is to determine the extent to which the large SDSS
spectral range, combined with spectra fromHST and FUSE, to-
gether with related collateral information, permit development
of a self-consistent model.

As the following sections indicate, we have a singleHST spec-
trum and two sets of SDSS and FUSE observations. None of the
observations are simultaneous. The photometric observations
(P. Rodriguez-Gil et al. 2007, in preparation) were obtained some
300 days after the HST exposure and continued over an interval
of 26 days. The photometry shows only minor orbital variation,
with an amplitude of 0.1 mag that may indicate a grazing eclipse,
but with no systematic trend. There is consistent overlap of the
HST and one of theFUSE observations. Since the SDSS photom-
etry, the first SDSS spectrum, the subsequent APO spectroscopy,
the Rodriguez-Gil photometry and the optical measurement from
the HST snapshot all agree (to �0.1 mag), we first treated the
system as if it is constant at all observed wavelengths longward
of the FUSE observations.

3. FUSE OBSERVATIONS AND DATA PROCESSING

We observed SDSS J0809 with FUSE during two time inter-
vals approximately 1 yr apart; observation 1 occurred on 2003
March 28 and observation 2 occurred on 2004 March 16Y17.
Because of the FUSE orbital constraints, each observation was
divided into several exposures (four exposures for observation 1,
eight exposures for observation 2); see Table 1 for the FUSE
observing log. All data were obtained using the LWRS aperture
and TTAG accumulation mode (for FUSE spacecraft and instru-
ment details see, for example, Sahnow et al. 20008). We used the
CalFuse version 3.0.7 pipeline software to prepare intermediate
data files from the raw data files obtained during each FUSE ex-
posure. We then used the IDL routine cf_edit version 2.9,9 as
well as custom-built IDL routines, to extract spectra from the
various detector and mirror segments and combine them into a
time-averaged spectrum for each observation. The time-averaged
spectra have total equivalent exposure times of �8.4 ks for ob-
servation 1 and �10 ks for observation 2 (total exposure times

8 Also see the FUSE Science Center Web page at http://fuse.pha.jhu.edu.
9 Written by Don Lindler and available at http://fuse.pha.jhu.edu/analysis/

fuse_idl_ tools.html.

TABLE 1

FUSE Observation Log

Start Time

Observation No. Exposure No. UT HJD� 2;450;000

Total Exposure

(s)

1.............................................. 1 2003 Mar 28 11:36:10 2726.985218 1590

2 2003 Mar 28 13:01:23 2727.044391 2473

3 2003 Mar 28 14:40:37 2727.113297 2515

4 2003 Mar 28 16:29:19 2727.188776 1888

2.............................................. 1 2004 Mar 16 14:44:13 3081.116762 3257

2 2004 Mar 16 16:44:41 3081.200413 2023

3 2004 Mar 16 18:31:30 3081.274585 1606

4 2004 Mar 16 20:09:14 3081.342450 1737

5 2004 Mar 16 21:53:07 3081.414585 1495

6 2004 Mar 16 23:02:56 3081.463065 2050

7 2004 Mar 16 23:36:45 3081.486547 1272

8 2004 Mar 1700:43:58 3081.533221 560

Notes.—‘‘Total exposure’’ will be longer than the final usable exposure time because of data that are rejected for quality reasons
during the standard pipeline processing.
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from the mirror /detector pairs differ by up to�5% due to differ-
ences in rejected data; the combined spectrum accounts for this
by weighting by exposure time when combining data from dif-
ferent mirror/detector pairs). The final combined spectra (see
Figs. 1 and 2) were rebinned onto a uniform wavelength scale
with dispersion 0.20 8 pixel�1 by averaging flux points from
the original dispersion (0.0138 pixel�1) into wavelength bins of
width 0.20 8.

4. ANALYSIS OF FUV SPECTRA

Our initial plan was to combine the two FUSE data sets to im-
prove the signal-to-noise ratio of the final time-averaged spec-
trum. However, it was apparent that the spectra obtained from
the two observations were somewhat different, so we treated
them separately. Shortward of �1000 8 the two spectra are
approximately equivalent, although this apparent agreement is
likely due mainly to the weak detection at these short wave-

lengths. None of the sulfur or silicon emission lines often seen
in FUV spectra of CVs in this wavelength region (e.g., Hoard
et al. 2003; Froning et al. 2001; Long et al. 1994) are detected
in SDSS J0809 (see Figs. 1 and 2, top panels). The C iii, N iii

emission complex is possibly present in both spectra; however,
it coincides with the wavelengths of a series of airglow features,
which makes a definitive detection difficult.
At longer wavelengths, the observation 2 spectrum is approx-

imately twice as bright in the continuum as the observation 1
spectrum; for example, the ‘‘mean’’ continuum level at 1155 8
is �0:75 ; 10�14 ergs s�1 cm�2 8�1 in the observation 1 spec-
trum and �1:5 ; 10�14 ergs s�1 cm�2 8�1 in the observation 2
spectrum.
There are also differences in the ionic features present at

k>1000 8 in each spectrum. In the observation 1 spectrum,
the S+Si line complexes at 1055Y1085 and 1105Y1130 8 are
present as broad, undifferentiated ‘‘humps’’ in the continuum.

Fig. 1.—Average FUV spectrum of SDSS J0809 from observation 1 (2003), binned to a dispersion of 0.208 pixel�1. The spectrum spans 915Y1185 8; the top and
bottom panels overlap the ends of the middle panel by 7.58. Prominent features often found in FUV spectra of CVs are indicated, although not all of them are present in
SDSS J0809 (see text). Airglow lines (�; identified from Feldman et al. 2001) and probable interstellar medium lines (ions in italics) are indicated below the spectrum.
The airglow lines have been truncated at the upper flux limit of the plot. Wavelengths of H i and He ii transitions are shown between the panels.
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However, in the observation 2 spectrum, these same wavelength
regions contain clearly differentiated emission and/or absorption
features. The most striking difference is in the C+N+O line com-
plex at 1165Y1185 8. In the observation 1 spectrum, this is pre-
sent mainly as a fairly strong emission feature (strongest of the
nonairglow lines) at the wavelengths spanned by the O iii mul-
tiplet. In the observation 2 spectrum, on the other hand, this line
complex displays a profile consisting of a broad hump from 1165
to 11858, with a possible discrete O iii emission component and
deep absorption (reaching down to at least the level of the under-
lying continuum) at the wavelengths spanned by the C iii + N i

multiplets.
The O vi lines at 1031.9 and 1037.68, which are often among

the most prominent emission features in the FUV spectra of
CVs with ongoing accretion (e.g., Hoard et al. 2002, 2003, 2005;
Mauche 1999), are only weakly present in both spectra of SDSS
J0809. In addition, the line profiles of O vi appear to be in emis-
sion on the blue side and absorbed on the red side (similar to
the shape of the C+N+O line complex at 1165Y1185 8 in ob-
servation 2). Detection of the S iii multiplet at 1012Y1021 8 is

even weaker (or nonexistent) compared to O vi in both spectra.
Neither spectrum displays detectable Si iii features at 1144 8.

The total exposure time for each of the time-averaged FUV
spectra of SDSS J0809 is shorter than the orbital period of the
CV (75%Y85% of Porb ¼ 192 minutes). However, the total or-
bital phase coverage during a given observation differs from the
other observation by only about 10% and spans most of an or-
bit. Thus, we believe that the differences between the spectra are
not likely to be due only to differences in lines of sight through
the orbital geometry. In any case, the current estimate of the
orbital period of SDSS J0809 is not known precisely enough to
preserve cycle count well enough from observation 1 to obser-
vation 2 that we could compare relative phases of the two FUSE
spectra.

The observation 1 spectrum, which we designate as FUSE1,
accords with theHST spectrum in the wavelength overlap region
better than the observation 2 spectrum. The observation 2 spec-
trum difference from the observation 1 spectrum could arise from
a change in the accretion disk (discussed subsequently) in the
time interval between the two observations.

Fig. 2.—Same as in Fig. 1, but showing the average FUV spectrum of SDSS J0809 from observation 2 (2004).
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5. HST OBSERVATIONS

SDSS J0809 was observed on 2004 April 29 as part of an
HST Space Telescope Imaging Spectrograph (STIS) snapshot
program (see Gänsicke et al. 2003 for a description of this pro-
gram). Using the STIS/CCD acquisition image, we determined
that the magnitude in the F28x50LP filter (�5500Y11000 8)
was about 15.5. The STIS spectrum is an 800 s exposure ob-
tained with the G140L grating, in accum mode, which provided
wavelength coverage from 1100 to 1700 8 with a resolution of
1.28. The data were reduced with CALSTIS (ver. 2.13b), which
corrected for the decaying sensitivity of the grating.

The spectrum is shown in Figure 3. The continuum displays
a downturn near Ly� and weak emission lines of C iii, N v, C ii,
Si iv, and C iv can be identified. The lines are noticeably weaker
than those in the high-state STIS spectrum of DWUMa (Knigge
et al. 2000), consistent with a lower inclination for SDSS J0809.
The absorption cores at the Si iv doublet wavelengths, super-
posed on the overlapping doublet emission, and the doubled
appearance of the C iv lines are similar to the STIS spectrum
of DW UMa at phase 0.5 (Knigge et al. 2000), when the ab-
sorption events characteristic of SW Sex stars are most prom-
inent. A number of additional line identifications in Figure 3
mark absorption cores associated with broad emission features;
in most cases the absorption core goes below the continuum
level, indicating a substantial column density along the line
of sight. Unfortunately, we cannot determine the phase of the
SDSS J0809 STIS spectrum as there currently is no orbital
ephemeris.

6. SDSS AND APO OBSERVATIONS

The discovery spectrum of SDSS 0809 fromMJD 52251 is de-
scribed in Szkody et al. (2003) and is reproduced here in Figure 4.
The exposure time, 5803 s, spans approximately half an orbital
cycle. There is no indication of a Balmer discontinuity. The SDSS
photometry for SDSS J0809 gave g ¼ 15:61, and the 5500 8
flux in the SDSS spectrum gave an approximate V magnitude of
�15.4.

The Apache Point Observatory (APO) follow-up spectra, ob-
tained over 2.9 hr, provided a radial velocity curve in both H�
and H� (Szkody et al. 2003). The time-resolved APO spectra
showed the strong modulation and deep transient absorption in
the He i and Balmer line cores that characterize SWSex systems

(Szkody et al. 2003). He ii and CN emission are present at all
phases of the APO spectra.

7. CV ACCRETION DISKS

Frank et al. (1992) discuss the theory of accretion disks. They
show that the effective temperature of an accretion disk, in hy-
drostatic equilibrium and timewise invariant, at a distanceR from
the accretion disk center, is given by the equation

TeA(R)¼
3GMṀ

8�R3�
1� R�

R

� �1=2
" #( )1=4

; ð1Þ

whereM is the mass of the WD, Ṁ is the mass transfer rate, and
R� is the radius of theWD;G is the gravitation constant, and � is
the Stefan-Boltzmann constant. This equation defines the stan-
dard model for the radial temperature profile of a CVaccretion
disk.
The accretion disk is heated by viscous shear. It is now be-

lieved that the physical basis for viscosity is the magnetic insta-
bility mechanism (Balbus & Hawley 1991). Lack of knowledge
of a physical basis for viscosity in the original study of accre-
tion disks led to introduction of the dimensionless parameter �
(Shakura & Sunyaev 1973). An alternate viscosity prescription
is to use a Reynolds number, typically indicated by the sym-
bol Re. Pringle (1981) discusses both prescriptions and shows
that, for CVaccretion disks that undergo outbursts to have tem-
poral characteristics roughly equal to observed values, the� pre-
scription requires values in the range 0.1Y1.0, and the Reynolds
number prescription should use values in the approximate range
102Y103. Although important advances have been made in spec-
ifying the viscosity profile within an accretion disk annulus
(Stone & Balbus 1996; Stone et al. 1996; Balbus & Hawley
1997; Balbus 2002), it still is not possible to calculate a value of
� or Re from fundamental physical principles to use in modeling
a particular annulus. An important point is that equation (1) has
no explicit dependence on the viscosity parameter. We assume
that a single value of the viscosity parameter applies to an entire
accretion disk.
Wemodel a CVaccretion disk as a nested series of cylindrical

annuli. The theoretical model by Hubeny (1990) provides the
model for the individual annuli, with additional development

Fig. 3.—HST spectrum of SDSS J0809. Note that several emission features
have absorption cores extending below the continuum, indicating a substantial
line-of-sight column density.

Fig. 4.—Discovery SDSS spectrum of SDSS J0809. Note the lack of absorp-
tion wings on the Balmer lines and the absence of any indication of a Balmer
discontinuity.
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in Hubeny & Hubeny (1998) and an earlier investigation in Křı́ž
& Hubeny (1986). Computer implementation of the model is
in TLUSTY (ver. 200) (Hubeny 1988; Hubeny & Lanz 1995).
The calculation of annulus synthetic spectra from the TLUSTY
models uses program SYNSPEC (ver. 48) (Hubeny et al. 1985;
Hubeny 1990). An annulus synthetic line spectrum includes
physical line-broadening effects, such as natural, van der Waals,
Stark, or from turbulence. We adopted solar composition for all
synthetic spectra. A useful option in SYNSPEC is to calculate
continuum spectra, but also including H and He lines, rather than
line spectra.

Hubeny (1990 develops the theory of the vertical structure
of an annulus. The vertically averaged viscosity and its specific
value as a function of reference level within the annulus appear
explicitly in this theory. The annulus Teff as a function of radial
distance from the geometric center is given by equation (1).

Calculation of a model for a single annulus proceeds in four
steps: (1) calculation of a graymodel usingmean opacities rather
than frequency-dependent ones; (2) iteration, startingwith the gray
model but now using frequency-dependent opacities, while im-
posing local thermodynamic equilibrium (LTE) excitation re-
lations, until changes in a state vector, at all levels, become less
than a prescribed small value, producing a converged model in
LTE; (3) relaxing the LTE requirement and iterating to produce
a non-LTE model for the continuum; (4) using the model from
(3) and including line opacities and again iterating to produce a
final non-LTE model.

Our experience is that models for inner annuli typically con-
verge but convergence becomes more and more fragile for larger
radius annuli until only a gray model can be calculated. Depend-
ing on the mass transfer rate, even the gray model calculations
may fail for the largest radius annuli. Based on extensive tests,
we find that plots of annulus synthetic spectra progress smoothly
from smaller to larger annulus radii, even though the models

transition from LTE to gray models. Consequently, to minimize
the required amount of computer time, we have used gray mod-
els exclusively in this investigation.

7.1. Calculation of Synthetic Spectra for a CV System

The BINSYN software suite (Linnell & Hubeny 1996) is used
to calculate synthetic spectra for comparison with the observa-
tional data. For an accretion disk system, BINSYN produces sep-
arate output synthetic spectra for the total system, themass gainer,
the mass loser, the accretion disk face, and the accretion disk rim
(including a hot spot, if specified). Line-broadening and line dis-
placement due to the Doppler effect are calculated in BINSYN as
the programs generate synthetic spectra for the total system and
the individual system components. The calculated synthetic spec-
tra require prior assembly of arrays of source synthetic spectra
produced externally to BINSYN, one array for each object (mass
gainer, accretion disk face, etc.). Thus, for a model correspond-
ing to Table 2 (see below) and with a 3500 K secondary star,
BINSYN would require 21 synthetic spectra corresponding to
the annulus radii in Table 2, a synthetic spectrum for the WD, a
synthetic spectrum (in this case duplicating the outer annulus
spectrum) for the accretion disk rim, and a synthetic spectrum
for the secondary star. For the latter object, since its contribu-
tion in the present case is negligible, a single synthetic spectrum
meets the formal requirement. Otherwise, because the secondary
star fills its Roche lobe, a range of synthetic spectra would be
required covering the photospheric variation in Teff and log g.
The BINSYN model for the distorted secondary star includes
effects of gravity darkening and irradiation by the primary and
the accretion disk. Shadowing of the secondary, by the accre-
tion disk, from irradiation by the primary is included.

The number of annuli specified, e.g., in Table 2, must be large
enough that interpolation to a nontabular Teff value can be accu-
rate. The output spectrum is produced by interpolation within the

TABLE 2

Properties of Accretion Disk with Mass Transfer Rate Ṁ ¼ 3:0E�9 M� yr�1
and WD Mass of 1.0 M�

r/rWD Teff m0 T0 log g z0 Ne �Ross

1.36......................................... 66333 8.967E3 54213 7.16 4.63E7 1.11E15 1.48E4

2.00......................................... 59475 1.095E4 48448 6.90 8.01E7 6.75E14 1.76E4

3.00......................................... 48093 1.070E4 39 159 6.60 1.35E8 4.14E14 2.08E4

4.00......................................... 40423 9.959E3 32916 6.38 1.94E8 2.90E14 2.39E4

5.00......................................... 35062 9.251E3 28556 6.21 2.55E8 2.24E14 2.71E4

6.00......................................... 31106 8.639E3 25342 6.07 3.18E8 1.82E14 3.06E4

7.00......................................... 28058 8.115E3 22867 5.95 3.81E8 1.52E14 3.39E4

8.00......................................... 25630 7.665E3 20894 5.84 4.47E8 1.31E14 3.77E4

10.00....................................... 21986 6.934E3 17395 5.67 5.84E8 1.02E14 4.58E4

12.00....................................... 19367 6.365E3 15812 5.53 7.24E8 8.21E13 5.42E4

14.00....................................... 17381 5.907E3 14201 5.40 8.68E8 6.74E13 6.25E4

16.00....................................... 15816 5.529E3 12933 5.30 1.01E9 5.71E13 7.00E4

18.00....................................... 14547 5.210E3 11905 5.20 1.16E9 4.96E13 7.60E4

20.00....................................... 13495 4.937E3 11054 5.12 1.31E9 4.36E13 7.98E4

22.00....................................... 12606 4.700E3 10333 5.04 1.44E9 3.78E13 8.13E4

24.00....................................... 11843 4.492E3 9717 4.97 1.59E9 3.25E13 8.10E4

30.00....................................... 10086 3.993E3 8287 4.78 2.02E9 1.49E13 7.52E4

34.00....................................... 9213 3.734E3 7572 4.68 2.32E9 6.68E12 7.17E4

40.00....................................... 8188 3.420E3 6744 4.61 3.13E9 1.87E12 6.97E4

45.00....................................... 7516 3.207E3 6202 4.39 2.68E9 5.27E11 6.69E4

50.00....................................... 6961 3.026E3 5759 4.18 2.36E9 1.59E11 7.48E4

Notes.—Each line in the table represents a separate annulus. The column headed bym0 is the column mass above the central plane.
The column headed by T0 is the boundary temperature. Compare with Teff. The log g values are at an optical depth of 0.9. The z0 column
gives the height of the annulus in cm. The accretion disk radius at the tidal cutoff boundary is 2:75 ; 1010 cm. The Ne column is the
electron density at the upper annulus boundary. The �Ross column is the Rosseland optical depth at the central plane. A viscosity
parameter � ¼ 0:1 was used for all annuli.
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array of synthetic spectra to produce, in effect, a local photo-
spheric model atmosphere at each photospheric segment. Inte-
gration over the segments, with proper allowance for Doppler
shifts and sources of line broadening, and with suppression of
contributions from segments hidden from the observer, then pro-
duces the synthetic spectrum for the object (star, accretion disk,
rim) at the particular orbital inclination and longitude under
consideration. The system synthetic spectrum is the sum of con-
tributions from the separate objects. Stellar objects are repre-
sented by the Roche model, including allowance for rotational
distortion up to critical rotation.

The accretion disk is represented within BINSYN by a spec-
ified number (typically 32) of concentric annuli with fixed ra-
dial width but of increasing thickness (see Linnell & Hubeny
1996), up to a specified rim height. Each annulus is divided into
azimuthal segments (typically 90). Note that the number of
annuli specified within BINSYN usually exceeds the number of
calculated annulus models. This feature is necessary to provide
adequate resolution in calculating, e.g., eclipse effects. BINSYN
calculates a Teff value for each internally specified annulus (the
32 mentioned above); these are standard model (Frank et al.
1992) values by default, but an option permits assigning an in-
dividual Teff to each annulus. This feature allows evaluation of
an arbitrary temperature profile for the accretion disk, includ-
ing an isothermal model. The program optionally permits cal-
culation of irradiative heating of the accretion disk by the WD,
based on a bolometric albedo formalism. The output spectra from
BINSYN are in the same mode as the annulus, etc., spectra—
either line spectra or continuum spectra (i.e., if the synthetic
spectra for the annuli are continuum spectra, that mode having
been chosen for the SYNSPEC calculations, then the system,
etc., synthetic spectra produced by BINSTN also will be con-
tinuum spectra).

BINSYN requires input specification of the inner and outer
radii of the accretion disk. This feature provides important flex-
ibility to truncate the disk at an inner radius and to set the outer
radius at the tidal cutoff radius as dictated by the mass ratio of
the stellar components. The accretion disk temperature profile
typically will place all of the accretion disk on the ‘‘hot branch’’
required for dwarf novae outbursts by the disk instability model,
hereafter DIM (Osaki 1996).

8. WD Teff VALUES

The observed spectra of SDSS J0809 give no immediate in-
dications of an underlyingWD spectrum, apparently preventing
a direct determination of the WD Teff. The subsequent discus-
sion shows that SDSS J0809 has an accretion disk, so it is clear
that the secondary star must fill its Roche lobe. Recent years
have seen major progress in models of low-mass stars (Baraffe
et al. 1995, 1997, 1998) and recent papers (Kolb&Baraffe 2000;
Andronov & Pinsonneault 2004) detail the application of these
models to the secondary stars in CVs. From Figures 2 and 3 of
Kolb & Baraffe (2000), we determine a secondary component
spectral type of about M3 and a secondary component mass
M2/M� ¼ 0:30 � 0:10. This determination has used the theoret-
ical zero-age main sequence (ZAMS), and there is a substantial
difference between observationally determined spectral types
and the theoretical ZAMS in the period range 2Y5 hr. This dif-
ference leads to the large uncertainty in the secondary compo-
nent mass. Subsequent sections consider the propagation of this
uncertainty into the system geometry.

Smith&Dillon (1998) specify an averageWDmass of 0.69M�
for WDs below the period gap and 0.80 M� for WDs above the

period gap. Their tabulation includes only one object in the pe-
riod interval 2Y4 hr, and it is a polar. The systems with periods
between 4 and 5 hr haveWDmasses between 0.6 and 1.26M�,
with unreliable values in several cases. The 192 minute period
places the system above the period gap. For the purposes of an
initial illustration we adopt a WD mass of 1.0M�, and with an
uncertainty of 0.2 M�.
The lack of deep eclipses sets an upper limit on the orbital

inclination. The presence of absorption cores associated with
emission features (Fig. 3; see Szkody et al. 2003), with the ab-
sorption cores going below the continuum level, sets a rough
lower limit on the inclination. We have determined the orbital
inclination for which the secondary component barely fails to
eclipse the accretion disk rim, both for the q ¼ 0:30 case and for
a q ¼ 0:20 case. For the q ¼ 0:30 case, the inclination is i ¼ 65�,
and for the q ¼ 0:20 case the inclination is i ¼ 67

�
. We take the

observed low-amplitude light curve, together with the absorption
cores in spectral lines, as evidence of a grazing eclipse of the ac-
cretion disk by the secondary star and adopt an orbital inclination
of i ¼ 65�.
Figure 5 shows theoretical radial velocity curves for both

cases. The solid curves are the radial velocity curves for the
q ¼ 0:30 case; the smaller amplitude curve represents the WD,
while the larger amplitude curve is the secondary star. The dashed
curve represents the WD for the q ¼ 0:20 case, with i ¼ 67�.
Gamma velocities of �105 and 8 km s�1 were subtracted from
H� and H�, respectively. These velocities were determined em-
pirically by minimizing the sum of the residuals from the theo-
retical radial velocity curve. The curves show the insensitivity of
the system to the value of q. We stress that this paper does not
argue that the H� and H� radial velocities track the WD motion
in SW Sex systems in general and in this system in particular.
Figure 6 shows a projection view of the q ¼ 0:30 system. A

plot for the q ¼ 0:20 case is closely similar to Figure 6.
Panei et al. (2000) determine a radius of rWD ¼ 0:00771 R�

for aWDmass of 1.00M� and a homogeneous Hamada-Salpeter
carbon model. For a secondary star mass of 0.30M�, and assum-
ing the secondary is similar to a main-sequence star of the same
mass, we adopt a polar Teff of 3500 K for the secondary star
(Baraffe et al. 1998). The following analysis will show that the
secondary star makes a negligible contribution to the system
shortward of 7000 8.

Fig. 5.—Theoretical radial velocity curves of system stars compared with H�
(diamonds) and H� (crosses) observations. The WD mass is 1.0 M�, the mass
ratio is q ¼ 0:30, the orbital period is 192 minutes, and the orbital inclination is
65� (solid curves). The dashed curve is the projectedWDvelocity for a mass ratio
of q ¼ 0:20.
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Several SW Sex stars have high WD Teff values. Examples
include DWUMa, with Teff of 40,000Y50,000 K (Knigge et al.
2000; Araujo-Betancor et al. 2003; Hoard et al. 2003), and
UUAqr, with Teff of 34,000 K (Baptista et al. 1994). Similarly,
MV Lyr, a well-known nova-like CV, has a Teff of 47,000 K
(Hoard et al. 2004). We chose a test Teff of 35,000 K for SDSS
J0809, with the possibility in mind of a subsequent revision
upward (or downward).

9. INITIAL ESTIMATE OF MASS TRANSFER RATE
AND THE ACCRETION DISK TIDAL CUTOFF RADIUS

The spectroscopic similarity of SDSS J0809 to an SW Sex
system also suggests our initial choice of mass transfer rate. SW
Sex stars (for reviews see Hellier 2000; Groot et al. 2000; Hoard
et al. 2003) are nova-like (NL) objects with mass transfer rates
above the critical rate to avoid disk outbursts (Osaki 1996). From
Osaki (1996) the critical mass transfer rate is Ṁcrit ffi 4:28 ;
10�9(Porb/4 hr)M� yr�1. In the case of SDSS J0809, the Osaki
expression gives a critical rate of 3:4 ; 10�9 M� yr�1, but we ex-
pect there may be appreciable case-to-case variation. Patterson
(1984) predicts a mass transfer rate of 2:5 ; 10�10 M� yr�1 at the
top of the period gap, while Hameury et al. (1988) determine a
value of 1:0 ; 10�9 M� yr�1.We discuss annulus models for four
mass transfer rates in the following sections.

A number of studies have considered the tidal cutoff bound-
ary, rd, of accretion disks (Paczyński 1977; Papaloizou&Pringle
1977; Whitehurst 1988; Schwarzenberg-Czerny & Różyczka
1988; Whitehurst & King 1991; Goodman 1993; Warner 1995).
Equation (2.61) in Warner (1995) gives a tidal cutoff radius of
0.49D, where D is the separation of the stellar components. The
other authors cited agree on rd ’ 0:33D. The latter prescription
gives a tidal cutoff radius of 51rWD, where rWD is theWD radius.
In this connection, the difference in D between a q ¼ 0:30 sys-
tem and a q ¼ 0:20 system is relatively small. Consequently, the
cutoff radius of the accretion disk is insensitive to q.

CVs whose mass transfer rates are above the critical rate, and
so are stable, are expected to have an accretion disk temperature
profile given by the standard model (Frank et al. 1992). Smak
(1982) finds that the critical temperature for instability in the
DIM model (Lasota 2001) occurs at TeA ’ 6300 K. The stan-
dard model with the rd ¼ 0:49D cutoff radius produces outer
annuli Teff values that are below the critical temperature for in-
stability. The rd ¼ 0:33D cutoff radius produces an outermost
annulus Teff value that is at or above the critical temperature for
a mass transfer rate of at least 1:0 ; 10�9 M� yr�1. This result
agrees with the study by Smak (1983) that NL systems have
outer radii whose Teff values lie above the critical temperature.
(We thank J.-P. Lasota for a communication on this point.) We
adopt the tidal cutoff radius rd ¼ 0:33D for this system, and note
that the WD mass and system mass ratio are uncertain, with a
corresponding uncertainty in the exact cutoff radius.

10. ANNULUS MODELS FOR FOUR MASS
TRANSFER RATES

Without independent information on the mass transfer rate,
we used rates typical for systems with periods between 3 and
4 hr. To this end we have calculated standard models for a range
of mass transfer rates characteristic of SW Sex stars and have
found the best-fitting model for each mass transfer rate. We cal-
culated four sets of accretion disk annuli with the adopted WD
mass of M ¼ 1:0M�. We chose mass transfer rates of Ṁ ¼ 1:0 ;
10�9, 2:0 ; 10�9, 3:0 ; 10�9, and 5:0 ; 10�9 M� yr�1. Table 2
lists annulus properties for the mass transfer rate we ultimately
chose as most likely.

The TLUSTY default value for viscosity is� ¼ 0:1, and since
this is the value widely used for the ‘‘hot branch’’ in the DIM, we
adopt it (Pringle 1981; Smak 2000; Tout 2000; Lasota 2001).
The viscosity prescription strongly affects the annulus vertical
structure, including the annulus optical thickness (Křı́ž &Hubeny
1986; Hubeny 1990). The TLUSTYparameters �0 and �1 control
the vertical viscosity profile in an annulus. We have used the
default values,which assure that there is no ‘‘thermal catastrophe’’
(Hubeny 1990; Hubeny & Hubeny 1998). The ‘‘thermal catas-
trophe’’ results when the vertical viscosity profile requires ap-
preciable energy dissipation in low-density layers where cooling
from strong resonance lines of light metals becomes important.

The TLUSTYmodels all produce a standardmodel Teff (Frank
et al. 1992) for an individual annulus. The standard model re-
quires all of the thermal energy generated within an annulus to
result from viscous dissipation. Our current models also include
irradiation of the disk by theWD, which can modify the standard
model Teff (R) relation.

The chemical composition of the inner annuli, extending to a
transition radius described below, include H and He as explicit
atoms, and the remaining first 30 atomic species as implicit atoms.
Inclusion as an implicit atom means that the atomic species con-
tributes to the total number of particles and the total charge, but
not to the opacity. The vertical temperature profile of a given
small radius annulus varies smoothly from the central plane to
the upper boundary of the annulus. At larger radii the temper-
ature profiles show increasingly steep drops toward the upper
boundary. For these annuli we ‘‘switched on’’ convection in
TLUSTY. In addition, the larger radius annuli have lower Teff
values, and opacity due to metals is included. Beginning at
TeA � 12;000 K, our annulus synthetic spectra include H, He,
C, Mg, Al, Si, and Fe as explicit atoms and the remaining first
30 atomic species as implicit atoms. Because they have fairly
high-lying first excited states, N and O do not contribute im-
portantly to the continuum opacity of interest (photoionization

Fig. 6.—View of the system described in Fig. 5 at orbital phase 0.0, q ¼
0:30, projected on the plane of the sky for i ¼ 65�. This is inferior conjunction
for the secondary star; it is between the observer and the WD. The inner edge
of the accretion disk extends to the WD equator in this plot (no truncation),
and the outer accretion disk radius is at the tidal cutoff radius. The plot for a
q ¼ 0:20, i ¼ 67� system is closely similar.
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from the ground state is close to the Lyman limit, indeed short-
ward of it for O).

The data for a given annulus have been extracted from an ex-
tensive TLUSTY tabulation of physical properties at all (typi-
cally 70) reference levels in the annulus, from the central plane
to the upper boundary. Note from the last column of Table 2 that
all annuli are optically thick. This condition, that all annuli are
optically thick, is also true for all of the other mass transfer rates
calculated.

Theouter annuli for themass transfer rate of 1:0 ; 10�9 M� yr�1

have outermost annulus Teff values that fall below the stability
limit for the DIM model. Smaller mass transfer rates have ap-
preciably larger fractions of the outer annuli that fall below the
stability limit. This sets a lower limit on the mass transfer rates
to consider.

11. SYSTEM MODELS FOR SUCCESSIVE MASS
TRANSFER RATES

We began with a standard model T(R) for a mass transfer rate
of 1:0 ; 10�9 M� yr�1 and an untruncated accretion disk. Be-
cause the FUSE2 exposure was closer to the time of theHSTex-
posure than the FUSE1 exposure, we initially chose the FUSE2
spectrum for comparison with our simulations. (The number of
plots required to show the results for all four mass transfer rates
would be very large. Consequently we present illustrative plots
for only one of the mass transfer rates. Similarly, we tabulate
annulus properties for only one of the four mass transfer rates
[Table 2]). A continuum spectrum fit to the FUSE2, HST, and
SDSS spectra for the untruncated disk had far too much UV flux
as compared with the HST and FUSE2 spectra. This implied too
large a contribution from high Teff annuli. From equation (1), the
only way to reduce those contributions, and maintain the stan-
dard model, is to truncate the inner accretion disk. Accordingly,
we started with the outer radius at the tidal cutoff radius and
calculated models truncated at inner radii of 1.0, 4.0, 6.0, 7.5,
8.2, 9.0, and 10.0 times theWD radius.We calculated continuum
spectra for the models and determined individual scaling factors
to fit them to the SDSS spectrum, requiring accurate superposi-
tion among the models at the long wavelength end of the SDSS
spectrum. A model truncated at 8.2 times the WD radius was the
best overall fit to the FUSE2, HST, and SDSS spectra, as judged
visually. It would be very difficult to be quantitative in this esti-
mate, since the degree of departure from a good fit in the optical

must be weighed against what is an approximate fit to the HST
and FUSE spectra. In addition, the many UVemission-line fea-
tures make location of the continuum problematic. The illustra-
tive plots explain this difficulty. The synthetic spectrum spectral
gradient was clearly too shallow in the fit to the SDSS spectrum,
andwas slightly too hot in theUV. TheUVdiscrepancy increased
on substituting the FUSE1 spectrum. Since the FUSE1 spectrum
provides a more stringent UV constraint on the models (setting a
maximumWDcontribution), and since theFUSE1 spectrummates
fairly smoothly with the HST spectrum in their overlap region,
while the FUSE2 spectrum does not, we decided to use the FUSE1
spectrum in our final comparisons between the models and the
observed spectra. It is possible that the higher excitation FUSE2
spectrum results from a higher mass transfer rate from the sec-
ondary star.
A slight increase in the truncation radius, to 9.0 times theWD

radius, made the fit to the optical spectrum slightly worse with-
out a great improvement in the UV fit. Since the system synthetic
spectrum had too much UV flux, and since increasing the trun-
cation radius did not help, we tested the other option of reducing
the WD Teff. Substituting a 20,000 K WD reduced the WD con-
tribution to the synthetic spectrum to a nearly negligible value,
and improved the UV fit.
Amass transfer rate of 2:0 ; 10�9 M� yr�1 presented the same

problem for an untruncated accretion disk. Following the proce-
dure of the previous mass transfer rate, we started with the outer
radius at the tidal cutoff radius and calculatedmodels truncated at
inner radii of 1.0, 4.0, 6.0, 8.0, 9.7, and 12.0 times theWD radius.
The 9.7 model produced a very good fit to the optical (SDSS)
spectrum but was too hot in the UV. As with the first mass transfer
rate, substituting a 20,000KWDsubstantially improved theUVfit.
We next considered a mass transfer rate of 3:0 ; 10�9 M� yr�1.

We started with the outer radius at the tidal cutoff radius and cal-
culated models truncated at inner radii of 1.0, 4.0, 8.0, 12.0, 14.3,
16.0, and 18.0 times the WD radius. Figure 7 shows the super-
position of these models on the optical spectrum. Note the pro-
gression from a too large spectral gradient to a too small gradient
for the synthetic spectra. It clearly is possible to select a best-
fitting model in this spectral region, by visual inspection, from
among the available choices. Although we have a �2 fitting pro-
cedure available, we do not believe its use is warranted in the pre-
sent illustration. Figure 8 connects the optical region to the UV.
Note the large separation of the synthetic spectra in the UV for

Fig. 7.—Synthetic spectra for truncation radii of ( from top to bottom) 1.0,
4.0, 8.0, 12.0, 14.3, 16.0, and 18.0 times the WD radius (thin lines), fitted to the
SDSS spectrum (thick line). The mass transfer rate is 3:0 ; 10�9 M� yr�1. The
best fit is the r ¼ 16:0rWD spectrum; it shows separately in Fig. 10.

Fig. 8.—Same as in Fig. 7, but extending into the UV region. Note the large
separation of synthetic spectra in the UV for a relatively small difference in the
optical. The mass transfer rate is 3:0 ; 10�9 M� yr�1.
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relatively small differences in the optical. Figure 9 shows the fits
in the UVonly. The best overall fit appears to be the model with
inner truncation radius r ¼ 16:0rWD. (For brevity, the subse-
quent text will use ‘‘the 16.0 model’’ to reference this model, and
similarly for other inner truncation radii.) The 14.3 model is too
bright in the 1100 to 1350 8 interval while the 18.0 model has a
large flux discrepancy longward of 12508. Figure 10 shows the
fit of the 16.0model to the optical spectrum, and Figure 11 shows
the fit to the UV spectra. The Figure 10 result, that the contribu-
tion of the secondary star is essentially negligible in the optical,
and completely so in the UV, applies to all of the models in this
investigation. The fit of the 14.3 model to the optical spectrum is
nearly identical to Figure 10. From Figure 7, the 18.0 model (the
lowest of the seven plots) has a clearly too small spectral gradient
in the optical. This discussion illustrates how we can use visual
estimates to select the best-fitting model. Plots for other mass
transfer rates show characteristics comparable to those shown
here but with specific differences described for those mass trans-
fer rates.

For comparison, Figure 12 substitutes the FUSE2 spectrum.
Note that, in Figure 11, the FUSE1 spectrum and the HST spec-

trum fit reasonably smoothly in the overlap region, 1150Y12008,
while there is a clear discontinuity in the Figure 12 overlap. This
comparison justifies our use of the FUSE1 spectrum. An uncer-
tainty remains for the SDSS spectrum because of its nonsimul-
taneity with the HST or FUSE spectra.

The fit to the FUSE1 spectrum shown in Figure 11 places the
synthetic spectrum too high in the vicinity of 11508. Figure 13
shows the result of substituting a 20,000 K WD. The WD con-
tribution, barely visible at the bottom, now is nearly negligible.
The fit near 1150 8 is improved but the flux deficit longward of
1300 8 is larger.

The same procedure was followed for the mass transfer rate
of 5:0 ; 10�9 M� yr�1. We calculated a set of five models that
bracketed the HST spectrum from too much to too little flux,
with the synthetic spectra normalized to agree with the optical
spectrum at 92008. All of these models showed a too large spec-
tral gradient on comparison with the optical spectrum. All of the
models were too hot in the FUSE range, for a 35,000 K WD.
Substituting a 20,000 K WD improved the UV fit but in the
FUSE range the synthetic spectrum still was too hot. With this
substitution, as with the other mass transfer rates, the WD con-
tribution became negligible.

Fig. 9.—Same as in Fig. 8, but showing only the UV. The 35,000 K WD
model spectrum is at the bottom. The other model spectra are labeled with the
disk inner truncation radius (in WD radii).

Fig. 10.—Plot showing detail of the rinner ¼ 16:0rWD model (dark line) fit
to the optical spectrum (light line). The spectrum rising to the bottom right is
the secondary star component, and the spectrum rising to the bottom left is the
35,000 K WD component.

Fig. 11.—Same as in Fig. 10 but for the UV data. Note that the FUSE1 and
HST spectra agree well in the overlap region. The 35,000 KWD contribution is
the lowest spectrum.

Fig. 12.—Same as in Fig. 11, except the FUSE2 spectrum has been substi-
tuted for the FUSE1 spectrum. TheHST and FUSE2 spectra do not match well in
the overlap region. The synthetic spectrum is a poor fit to the FUSE2 spectrum.
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Larger mass transfer rates would produce still greater dis-
crepancies in the fits. Consequently, we do not consider larger
mass transfer rates. The best-fitting model at the minimum
mass transfer rate, 1:0 ; 10�9 M� yr�1, is clearly inferior to the
best-fitting models at 2:0 ; 10�9 and 3:0 ; 10�9 M� yr�1, which
are nearly comparable. The best-fitting model at the maximum
mass transfer rate, 5:0 ; 10�9 M� yr�1, also is inferior to the
two intermediate mass transfer rates. We judge that the 3:0 ;
10�9 M� yr�1 mass transfer rate is a slightly better spectral fit
than the 2:0 ; 10�9 M� yr�1 rate and adopt the mass transfer rate
of 3:0 ; 10�9 M� yr�1 for this system.

The most important result from the analysis of the four mass
transfer rates is that the accretion disk must be truncated if the
standard model applies. The fits to the HST spectrum exhibit a
flux deficiency between about 1400 and the 1700 8 limit of the
HST spectrum for models that have acceptable flux levels in the
FUSE range. We see no way to accommodate that discrepancy
by maintaining the standard model. If this result is to be ac-
cepted, then a physical effect must be introduced to produce the
truncation. The two possibilities are evaporation (Menou et al.
2000; Dubus et al. 2001; Lasota 2001) and interaction with a
WD magnetic field. Using the evaporation equation of Menou
et al. (2000; eq. [3]), and setting the evaporation rate equal to
the mass transfer rate, it can be shown that evaporation is too
small an effect by 4 orders of magnitude. Groot et al. (2000) state
that the SW Sex phenomenon can be explained in the context of
a nonmagnetic WD, and Rodriguez-Gil et al. (2001) identify cir-
cular polarization in the SW Sex star LS Peg, and they argue that
magnetic accretion plays a fundamental role in SW Sex stars.
Hoard et al. (2003) summarize and describe the various argu-
ments and evidence for and against magnetic WDs in SW Sex
stars. Because of this uncertainty, and in anticipation of the re-
sults presented in x 12, we do not discuss possible truncation of
the accretion disk by a magnetic field.

A further important result from the truncation models is that
the best fit to the FUSE spectrum requires a nearly negligible
WD contribution to the system synthetic spectrum. This result
is hard to understand, since Figure 6 clearly shows that the in-
clination is too small for a vertically enlarged accretion disk rim
to hide the WD. Hiding the WD would be even more difficult if
the accretion disk is truncated. The negligible WD contribution
cannot be a result of the accretion disk hiding the WD. The
truncationmodels cover the full range of acceptable mass trans-

fer rates, and a cool WD produces a better synthetic system
spectrum fit than the 35,000 KWD in all cases. The alternative
to hiding the WD behind the accretion disk rim, that the WD
actually is cool, is difficult to understand in view of the large
mass transfer rate that would be expected to produce a hot WD
(Sion 1999; Szkody et al. 2002; Araujo-Betancor et al. 2003).
The spreading layer theory applied to WDs (Piro & Bildsten
2004) might permit a prediction of theWD Teff for givenMWD and
Ṁ . Although we have found a model that is a fairly good fit to the
combined spectroscopic data, the model appears unrealistic and
we reject the truncated accretion disk scenario.
We are forced to conclude that the accretion disk in SDSS

J0809 may depart from a standard model, which is the basis of
all the models we have calculated to this point.

12. NONSTANDARD MODEL ACCRETION DISKS

Various studies (e.g., Rutten et al. 1992), based on image re-
construction, find a flatter temperature profile than the standard
T(R) relation. It is of interest to adopt an isothermal accretion
disk and test whether that prescription produces a viable model.

Fig. 13.—Same as in Fig. 11, except a 20,000 K WD has been substituted.
The synthetic spectrum now passes through the middle of the FUSE1 spectrum
near 1150 8, but the flux deficit longward of 1300 8 is appreciable.

Fig. 14.—Synthetic spectrum for three isothermal accretion disks (untrun-
cated). Note that the spectral gradient is too large in all cases.

Fig. 15.—Same as in Fig. 9, but showing the isothermal disk models from
Fig. 14. The relative contribution of the 35,000 K WD is less than in Fig. 9 be-
cause the required scaling factor to superpose the spectra is larger in this case
since the accretion disk is not truncated. Note that there is a large discrepancy from
the FUSE1 spectrum. The 12,000 K synthetic spectrum provides the best fit to the
HST and FUSE1 spectra, but the corresponding fit in the optical region is poor.
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Figure 14 shows the fits of isothermal 15,500, 13,000, and
12,000 K untruncated accretion disks to the observed optical
spectrum. Figure 15 shows the fits to theHSTand FUSE1 spec-
tra. Each model includes the contribution of a 35,000 K WD.
The WD contribution, normalized as for the 13000 K model, is
shown separately at the bottomof Figures 14 and 15. The 12,000K
model fits the HST spectrum fairly well but has too little flux in
the FUSE region. All three models are poor fits to the observed
optical spectrum.

The tomographic image reconstruction for SWSex itself (Rutten
et al. 1992) shows that the accretion disk temperature profile fol-
lows the standard model in the outer part of the accretion disk,
but at a transition radius the temperature profile becomes flat and
remains nearly so to the inner edge, with a slow increase. We
have implemented a model similar to this reconstruction by first
adopting the mass transfer rate, 3:0 ; 10�9 M� yr�1, for the best
standard model, and then finding the radius for which the local
Teff was 13,000 K. This transition value was based on our result
for the isothermal disk models. We used an accretion disk that
was not truncated and set the Teff of all annuli within the tran-
sition radius equal to 13,000 K. The resulting model, in contrast

to the isothermalmodels, fits the optical spectrumverywell. How-
ever, the fit to the HST spectrum left appreciable positive re-
siduals. We experimented with a larger temperature isothermal
region, with a smaller radius for the crossover to the standard
model. Eventuallywe found that an isothermal region of 14,000K,
with a crossover to the standard model at r/rWD ¼18:0, gave a
fair representation of theHST and FUSE1 spectra. (Note that the
tidal cutoff radius is at r/rWD ¼ 51:3). The temperature profile of
the accretion disk is in Table 3. This model assumes the accretion
disk extends to theWD equator, so only half of theWD is visible.
The BINSYN software allows for eclipse of inner annuli seg-
ments that the WD eclipses.

The fit to the HST and FUSE1 spectra suggest the possibility
of an improved fit with a higher Teff WD.We calculated models,
in addition to the 35,000model, of 40,000, 45,000, and 50,000K.
All four models have nearly identical fits to the upper (discovery)
SDSS spectrum, as shown in Figure 16. The lower (archival)
SDSS spectrum is discussed in the following section. Figure 17
shows the fits to the HST and FUSE1 spectra. The bottom spec-
trum is the contribution of the accretion disk. Based on the fit
near 900 8, the 45,000 K model roughly bisects the observed
continuum.

TABLE 3

Accretion Disk Temperature Profile for Discovery SDSS Spectrum

r/rWD

Teff
(K) r/rWD

Teff
(K) r/rWD

Teff
(K)

1.0000............................... 14,000 16.3448............................. 14,000 34.6581............................. 9079

1.0225............................... 14,000 18.0096............................. 14,000 36.3230............................. 8776

1.3611............................... 14,000 19.6745............................. 13,644 37.9878............................. 8495

3.0260............................... 14,000 21.3393............................. 12,875 39.6527............................. 8234

4.6908............................... 14,000 23.0042............................. 12,200 41.3175............................. 7992

6.3557............................... 14,000 24.6690............................. 11,164 42.9824............................. 7766

8.0205............................... 14,000 26.3339............................. 11,071 44.6472............................. 7554

9.6854............................... 14,000 27.9987............................. 10,593 46.3121............................. 7355

11.3502............................. 14,000 29.6636............................. 10,162 47.9769............................. 7168

13.0151............................. 14,000 31.3284............................. 9768 49.6418............................. 6992

14.6799............................. 14,000 32.9933............................. 9409 51.3066............................. 6826

Fig. 16.—Models with four different values of WD Teff and an accretion disk
that is isothermal in the inner region and follows a standard model in the outer
region. The accretion disk temperature profile is in Table 3. The models fit the
discovery SDSS J0809 spectrum. The other observed spectrum is from the
archive. The models are insensitive to the WD Teff at optical wavelengths and
are essentially indistinguishable in the figure. The 45,000 K WD contribution
is at the bottom.

Fig. 17.—Same as in Fig. 16, except in the UV. From top to bottom, the syn-
thetic spectra show themodels containing aWDwith Teff 50,000, 45,000, 40,000,
and 35,000. The lowest synthetic spectrum is the contribution of the accretion
disk only.
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The synthetic spectra are given in Eddington flux units; a
divisor, sN, is applied to superpose a synthetic spectrum on the
observed spectra. Since the observed flux is tabulated in units
of 1:0 ; 10�14 ergs s�1 cm�2 8�1, the distance, d, is given by
d 2 ¼ sN /1:0 ; 10�14. In the present case, for the model using
the discovery SDSS spectrum, the scaling factor is 6:1 ; 1028; the
formal derived distance to SDSS J0809 is 800 pc. Note that there
is a large associated uncertainty. Tentative system parameters are
listed in Table 4. The Table 4 parameters are consistent with other
SW Sex systems.

13. THE ARCHIVAL SDSS SPECTRUM
AND MODEL IMPLICATIONS

Figure 16 shows the fit of the Table 3 model to the discovery
SDSS spectrum. The lower SDSS spectrum is the archival spec-
trum. Dividing the discovery spectrum by 1.3 and overplotting
produces a close fit to the archival spectrum between 5500 and
9200 8. The discovery spectrum shows increasing positive re-
siduals shortward of 5500 8, reaching a maximum at 4100 8,
and decreasing to coincidence with the archival spectrum at
3800 8.

Before attempting to model the archival SDSS spectrum we
seek a likely physical basis for the observed change from the
discovery spectrum. An important point is that the change took
place in only 2 days. In x 11 we have argued that the accretion
disk cannot be approximated by a standard model and that mod-
els truncated on the inner edge are unrealistic. In x 12 we found
that isothermal accretion disks produce poorly fittingmodels, but
that a model whose temperature profile mimics SW Sex satisfac-
torily fits the discovery SDSS spectrum aswell as the UV data. In
x 11 we have already suggested that the FUSE2 spectrum differs
from the FUSE1 spectrum because of a higher mass transer rate.
We believe the two SDSS spectra most likely differ for the same
reason.
If the mass transfer rate from the secondary star decreases, a

cooling wave will propagate inward from the outer accretion
disk rim. The temperature of the outer annuli could fall below
the transition temperature from the high state. With this sce-
nario in mind, we started with the Table 3 profile, reduced the
outer annuli temperatures and calculated a new system model.
Although the flux level was reduced, the system synthetic spec-
trum had a spectral gradient that was too high compared with the
archival spectrum. The scaling factor to superpose the synthetic
spectrum on either observed spectrum has to remain fixed, since
it connects directly to the system distance.We continued temper-
ature reductions for all annuli, reaching the final temperature pro-
file of Table 5. Note that a complete system model was required

TABLE 4

SDSS J0809 Model System Parameters

Parameter Value Parameter Value

MWD (M�) ............... 1.00 � 0.2 rWD (R�).................. 0.00771

Msec (M�) ................ 0.30 � 0.10 log gWD .................... 8.35

Ṁ (M� yr�1) ........... 3:0 � 1:0 ; 10�9 rs (pole) (R�) ........... 0.311

P (days)................... 0.133 rs (point) (R�).......... 0.451

D (R�) ..................... 1.1901 rs (side) (R�) ............ 0.324

�WD......................... 155.7 rsback) (R�) ............ 0.363

�s............................. 2.46623 log gs( pole) ............. 4.95

i (deg)...................... 65 � 5 log gs( point) ............ -0.44

TeA; WD (K)............. 45,000 � 5000 log gs(side) .............. 4.88

TeA; s( pole) (K) ....... 3500(nominal) log gs( back)............. 4.67

AWD.......................... 1.0 ra (R�) ..................... 0.39

As ............................. 0.5 rb (R�) ..................... 0.00771

bWD.......................... 0.25 H (R�) ..................... 0.0096

bs ............................. 0.08

Notes.—WD refers to the WD; s refers to the secondary star, D is the com-
ponent separation of centers, and� is a Roche potential. Temperatures are polar
values, A-values are bolometric albedos, and b-values are gravity-darkening ex-
ponents. The value ra specifies the outer radius of the accretion disk, set at the
tidal cut-off radius, and rb is the accretion disk inner radius, as determined in the
final systemmodel, whileH is the semiheight of the accretion disk rim, based on
the standard model.

TABLE 5

Accretion Disk Temperature Profile for Archival SDSS Spectrum

r/rWD

Teff
(K) r/rWD

Teff
(K) r/rWD

Teff
(K)

1.0000............................... 11,500 16.3448............................. 10,000 34.6581............................. 9000

1.0225............................... 11,500 18.0096............................. 10,000 36.3230............................. 8500

1.3611............................... 11,500 19.6745............................. 10,000 37.9878............................. 8300

3.0260............................... 11,500 21.3393............................. 10,000 39.6527............................. 8100

4.6908............................... 11,000 23.0042............................. 10,000 41.3175............................. 7800

6.3557............................... 11,000 24.6690............................. 10,000 42.9824............................. 7500

8.0205............................... 11,000 26.3339............................. 10,000 44.6472............................. 7200

9.6854............................... 11,000 27.9987............................. 10,000 46.3121............................. 7000

11.3502............................. 10,500 29.6636............................. 10,000 47.9769............................. 6700

13.0151............................. 10,500 31.3284............................. 9500 49.6418............................. 6500

14.6799............................. 10,500 32.9933............................. 9200 51.3066............................. 6200

Fig. 18.—Models with four different values of WD Teff and an accretion disk
whose temperature profile is in Table 5. The models fit the SDSS J0809 spec-
trum from the archive. Compare with Fig. 16. The lowest curve is the contribu-
tion of a 45,000 K WD.
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at each new accretion disk temperature profile. The final fit to the
archival spectrum is in Figure 18. Note that Figure 18 presents
fits for the same four values of theWD temperature as in Figure 16.
Figure 19 shows the four model fits to the UV spectra. Note the
large reduction in the contribution of the accretion disk as shown
by the lowest plot.

These fits have unacceptably large residuals from the HST
spectrum. A basic problem is that we have only a single HST
spectrum and it is not contemporaneous with any of the other
observed spectra. No information is available about whether
theHST spectrum changes in a time interval of days, and by how
much.

The proposed scenario to explain the differences in the two
SDSS spectra resembles the widely accepted explanation of
VY Sculptoris star behavior (Livio & Pringle 1994; King &
Cannizzo 1998). However, SW Sex objects do not undergo the
very large brightness variations of VY Scl systems, so the phys-
ical cause of mass transfer variation in SDSS J0809 is uncer-
tain. A detailed study of the high-state/ low-state transition in
the VY Scl system V794 Aql (Honeycutt et al. 1994) provides
a useful comparison. The drops in V794 Aql brightness have
rates that exceed the 2 day drop of 0.3 mag. for SDSS J0809, so
the SDSS J0809 drop rate is not excessive. The theoretical time-
dependent model for V794 Aql shows 2 day changes in annulus
Teff values as large as 10,000 K. Also, successive 2 day log Teff
profiles across the accretion disk are nearly vertical displace-
ments from each other except near the end of the simulation.
Thus, the changes from Table 3 to Table 5 appear to be theoreti-
cally acceptable, based on a comparison with V794 Aql. The
two cases are not entirely comparable since the SDSS J0809
starting model (Table 3) is not a standard model.

Although it originally appeared reasonable to calculate a
system model fitting the combined spectra then available, we
conclude that contemporaneous spectra are essential for reliable
models of systems that may show significant day-to-day changes.
Note that this conclusion is based on a quantitative comparison
with model calculations.

14. DISCUSSION

The FUSE1 spectrum fits smoothly with theHST spectrum in
the overlap region, while the FUSE2 spectrum does not fit well.
This is inconclusive evidence that SDSS J0809 was in a lower

accretion state at the times of both the HST and FUSE1 expo-
sures, and that theFUSE2 spectrumwas obtained during a higher
state. Because of this uncertainty, we emphasize again that this
study has been an illustration of techniques to simulate accretion
disks, with the SDSS J0809 observational data serving as the ve-
hicle for that illustration.

All of these TLUSTYannulus models are optically thick, in-
cluding the nonstandard models. The optically thick annulus
spectra with their absorption lines and large Balmer disconti-
nuities are in conflict with all of the observed emission-line spec-
tra (FUSE, STIS, and SDSS). What do the emission lines tell us
and what is the most likely way the model should be changed
to produce the observed emission lines? All of the SDSS J0809
emission lines are single-peaked, one of the defining charac-
teristics of SW Sex stars. In contrast to the SW Sex result that
the emission lines arise exclusively from the accretion stream
shock (Groot et al. 2000), Hellier (2000) argues for emission
lines produced in a wind. Hellier asserts that a wind provides
the most straightforward explanation of single-peaked emis-
sion lines, and that in particular the wind component fills in
any double-peaked disk emission in the Balmer lines (also see
Drew & Proga 2000). Table 6 provides some details concerning
the Balmer emission lines in SDSS J0809. There are no P Cygni
profiles among the SDSS J0809 Balmer lines or He lines. There
is only a hint of an absorption component at the blue edge of the
C iv 1550 8 lines.

The most direct explanation of the SDSS J0809 emission lines
is production in a chromospheric or coronal region overlying the
accretion disk. Several mechanisms have been proposed that
could produce coronae: Meyer & Meyer-Hofmeister (1994) use
a coronal siphon; Murray & Lin (1992) depend on sound waves
that accelerate to form shocks; Liang & Price (1977) propose
general nonthermal processes to transport energy vertically from
the accretion disk; Hubeny (1990) depends on the vertical varia-
tion of viscosity within an annulus; and Cannizzo (2000) applies
a thermal evaporative instability (Shaviv & Wehrse 1986).

An extensive literature exists relating to formation of emission
lines in CV systems.Williams (1980); Tylenda (1981) andCheng
& Lin (1989) discuss emission-line formation in optically thin
outer annuli of accretion disks. Ko et al. (1996) discuss emission-
line formation as a result of X-ray/EUV illumination of the ac-
cretion disk by the central object. Horne & Marsh (1986) and
Ferguson (1997) discuss emission-line formation in more gen-
eral cases. The SDSS spectrum does not extend far enough in
the UV to determine the last resolvable Balmer line; hence, it is
not possible to apply the Inglis-Teller equation to determine
the electron density where the continuum is produced. Note from
Table 6 that the Balmer decrement is relatively flat. (Compare
with case A and case B for planetary nebulae, Table 2 of Aller &

Fig. 19.—Same as in Fig. 18, but showing the UV fit. From top to bottom, the
curves aremodels containing aWDwithTeff 50,000, 45,000, 40,000, and 35,000K.
See the text for a discussion. The lowest synthetic spectrum is the accretion disk
contribution only.

TABLE 6

Features of SDSS J0809 Balmer Emission Lines

Identification FWHM EW Decrement

H� ............................................. 21.5 21.6 2.5

H� ............................................. 14.0 8.78 1.00

H� ............................................. 13.0 5.98 0.68

H	 .............................................. 12.0 4.85 0.55

H
 .............................................. 14.0a . . . . . .

H8.............................................. 11.0b . . . . . .

H9.............................................. 6.0 1.00 0.11

a Blended with He ii 3968.43 8.
b Blended with He ii 3887.44 8.

1049No. 2, 2007



Liller [1968] and the result that Balmer decrements for some
Be stars approximate those of planetary nebulae [Burbidge &
Burbidge 1953 and references therein].) Horne & Marsh (1986)
point out that in the case of a flat Balmer decrement the Balmer
emission lines are optically thick. The fact that all of the annu-
lus models are optically thick, together with the result that the
Balmer emission lines are optically thick, is consistent with an
origin of emission lines in a chromosphere or corona, not in
optically thin outer annuli. Moreover, emission lines produced
in optically thin outer regions of an accretion disk occur in a
temperature environment of 6000Y9000 K (Cheng & Lin 1989).
The high excitation emission lines in SDSS J0809, particularly
in the FUSE spectra, require a much higher temperature. A no-
table feature of the observed optical Balmer emission lines is
that they are narrower than the synthetic spectrum absorption
lines (e.g., see Fig. 10). The model absorption lines are broad-
ened by Keplerian rotation appropriate to the orbital plane. The
narrower emission lines could be an indication they are produced
well above the accretion disk face, where the horizontal accel-
eration due to the WD, and the associated Keplerian speed, is
smaller.

Extrapolation of the SDSS spectrum indicates the absence of
a Balmer jump. La Dous (1989) points out that this condition
implies a much lower vertical temperature gradient in an accre-
tion disk than is true in a stellar atmosphere, and likely associates
with energy production in the accretion disk, in contrast to a stel-
lar atmosphere.

We doubt that addition of an emission line slab to any of the
models will smoothly fill in the absorption lines and convert the
absorption-line spectrum to the observed emission-line spec-
trum. Rather, we believe that a modification of the individual
annulus models is necessary to convert their spectra to emission-
line spectra. What are the prospects to do this? Hubeny (1990)
provides an analytical model for accretion disk annuli that is the
basis of the TLUSTYannulus model calculation. As discussed
in x 10, TLUSTY includes two parameters, �0 and �1, that spec-
ify the vertical viscosity profile in an annulus, and therefore the
rate of energy generation as a function of z value. These param-
eters have default values that prevent a ‘‘thermal catastrophe’’
(Hubeny 1990; Hubeny & Hubeny 1998). Carefully modified
values of these parameters can, in principle, produce emission
lines.

The Hubeny (1990) analytical model specifically considers
conditions that lead to boundary temperatures higher than the
annulus Teff. As discussed by Hubeny (1990) the energy dissi-
pated in low density (coronal) layers can be removed by strong
(emission) resonance lines of abundant species, such as H i, Mg ii,
C ii, Al iii, Si iv, C iv, N v, O vi, etc. Numerical simulations for
actual physical models (Stone et al. 1996) indicate that viscos-
ity increases toward the surface, as required for the proposed
TLUSTY models. Tout (2000) discusses our present under-
standing of viscosity, while Hawley (2001) discusses the pre-
sent status of magnetohydrodynamic simulations of cylindrical
Keplerian disks and their relation to viscosity. The calculation
of TLUSTYmodels with modified values of �0 and �1 is beyond
the scope of the present investigation.
We have not accounted for the half of the liberated potential

energy associated with the mass transfer stream that is usually
assigned to accretion luminosity. Part could be dissipated in the
shock where the transfer stream merges with the accretion disk.
Although BINSYN has the capability to model a rim bright spot,
the light curve provides no indication of a bright spot’s existence.
Amajor part of the energy goes into heating theWD.We assume
the remainder is carried away in a wind.
An original motivation for analyzing SDSS J0809 was the

hope that visibility of the WD could be demonstrated. The pri-
mary argument for detection of the WD is the model’s approxi-
mate representation of the UV continuum shortward of 12008.
If more extensive observational data support this model, then
SDSS J0809 is very likely an SW Sex star with a high WD Teff
in agreement with Teff values for other SW Sex stars.
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Szkody, P., Sion, E. M., Gänsicke, B. T., & Howell, S. B. 2002, in ASP Conf.
Ser. 261, Physics of Cataclysmic Variables and Related Objects, ed. B. T.
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