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ABSTRACT

Context. Disk accretion onto weakly magnetized white dwarfs (WDs) in cataclysmic variables (CVs) leads to the formation of a
boundary layer (BL) between the accretion disk and the WD, where the accreted matter loses its excess kinetic energy and angular
momentum. It is assumed that angular momentum is effectively transported in the BL, but the transport mechanism is still unknown.
Aims. Here we compute detailed model spectra of recently published optically thick one-dimensional radial BL models and qualita-
tively compare them with observed soft X-ray/extreme ultraviolet (EUV) spectra of dwarf novae in outburst.
Methods. Every considered BL model with given effective temperature and surface density radial distribution is divided into a number
of rings, and for each ring, a structure model along the vertical direction is computed using the stellar-atmosphere method. The ring
spectra are then combined into a BL spectrum taking Doppler broadening and limb darkening into account.
Results. Two sets of model BL spectra are computed, the first of them consists of BL models with fixed WD mass (1 M�) and various
relative WD angular velocities (0.2, 0.4, 0.6 and 0.8 break-up velocities), while the other deals with a fixed relative angular velocity
(0.8 break-up velocity) and various WD masses (0.8, 1, and 1.2 M�). The model spectra show broad absorption features because of
blending of numerous absorption lines, and emission-like features at spectral regions with only a few strong absorption lines. The
model spectra are very similar to observed soft X-ray/EUV spectra of SS Cyg and U Gem in outburst. The observed SS Cyg spectrum
could be fitted by BL model spectra with WD masses 0.8−1 M� and relative angular velocities 0.6−0.8 break up velocities. These
BL models also reproduce the observed ratio of BL luminosity and disk luminosity. The difference between the observed and the
BL model spectra is similar to a hot optically thin plasma spectrum and could be associated with the spectrum of outflowing plasma
with a mass loss rate compatible with the BL mass accretion rate.
Conclusions. The suggested method of computing BL spectra seems very promising and can be applied to other BL models for
comparison with EUV spectra of dwarf novae in outburst.
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1. Introduction

The importance of energy release between an accretion disk and
a central object with a surface was realized almost immediately
(Lynden-Bell & Pringle 1974) after the introduction of modern
accretion disk theory (Shakura & Sunyaev 1973). Later a sim-
ilar one-dimensional (1D) boundary-layer (BL) theory was de-
veloped (Pringle 1977; Pringle & Savonije 1979; Tylenda 1981;
Regev 1983; Bertout & Regev 1992; Regev & Bertout 1995;
Godon et al. 1995; Popham & Narayan 1995). Here we mainly
consider BLs around white dwarfs (cataclysmic variable stars
(CVs), see review in Warner 2003) and describe a few key points
of BL theory.

Depending on the accretion rate, Ṁ, a BL can be optically
thin (Ṁ < 1016 g s−1) or optically thick (Ṁ > 1016 g s−1)
(Pringle & Savonije 1979). The BL optical thickness also de-
pends on the mass and angular velocity of the white dwarf (WD),
as well as on the value of turbulent viscosity in the BL (Popham
& Narayan 1995; Collins et al. 2000a). For the description of
optically thick BLs, two qualitatively different approaches were
suggested, which reduced the problem to a 1D model. In the
first approach, the BL is considered as the inner part of the

1D axi-symmetric accretion disk (Pringle & Savonije 1979;
Regev 1983; Popham & Narayan 1995) with no vertical com-
ponent of the velocity. The condition imposed on the BL at the
inner boundary is that it rotates at the stellar equatorial velocity.
Therefore, the accreting matter has to decelerate and release its
excess energy in a relatively narrow (a few percent of the inner
disk radius) ring. Most of this energy is radiated away, but part
of it can be advected into the WD (Popham 1997; Godon 1997),
deposited to the outflow (Mauche & Raymond 2000), and can
accelerate the outer layers of the WD forming a fast rotating belt
(Long et al. 2006). In contrast, in the second approach, the matter
keeps its nearly Keplerian velocity at the central object’s equator
and spreads over the surface (Inogamov & Sunyaev 1999). The
spreading matter loses its kinetic energy gradually due to fric-
tion with the more slowly rotating surface of the central star and
radiates the released energy mainly in two bright high-latitude
belts. Initially the spreading layer model was developed for BLs
around neutron stars (Inogamov & Sunyaev 1999), but later it
was extended to the WD case, too (Piro & Bildsten 2004b).

Together with the difference in geometry, the description of
the viscosity, which provides a strong coupling of rings of matter
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moving with different velocities and an effective thermal dissi-
pation of the lost energy, is different in both approaches. In the
first model the usual α prescription for accretion disks is used,
which means that the rϕ-component of the viscosity stress ten-
sor is parameterized by the total pressure P at a given point as
wrϕ = αP (Shakura & Sunyaev 1973) or, almost equivalently,
a similar parametrization of kinematic viscosity, να, is used.
In the second approach the α viscosity is completely ignored
and only the friction between the high-velocity spreading matter
and the dense and relatively cool stellar envelope is considered.
The corresponding component of the specific frictional force,
fsl = αb ρbv

2
sl, is again scaled using the matter density at the bot-

tom of the spreading layer, ρb, and the relative spreading matter
velocity, vsl (Inogamov & Sunyaev 1999). The estimated value
of αb is relatively low, about 10−3 (Inogamov & Sunyaev 1999).
Detailed consideration of this problem shows that the matter de-
celeration due to friction with the underlying stellar envelope is
not trivial and has to be investigated more carefully (Inogamov
& Sunyaev 2010).

It is clear from both viscosity descriptions that we do not
know the physics of kinetic energy loss and angular momen-
tum transfer in BLs (see, e.g., Kato & Inagaki 1994; Narayan
et al. 1994; Godon 1995a). The magneto-rotational instability
(MRI; Velikhov 1959; Chandrasekhar 1960; Balbus & Hawley
1991), which is usually considered as a physical realization of
the α viscosity, cannot operate in the case of angular velocity de-
crease taking place in BLs (Godon 1995a). Recently, Belyaev &
Rafikov (2012) and Belyaev et al. (2012, 2013) have suggested a
new physical model for an angular momentum transport in BLs
based on acoustic instabilities. Various hydrodynamical instabil-
ities, beginning with simple shear instabilities (Kippenhahn &
Thomas 1978), were also considered before as a way of angu-
lar momentum transport (see the review in Belyaev & Rafikov
2012).

Another important feature of BLs is their 3D nature. A full
3D treatment is important to account for a correct turbulent vis-
cosity description. But BL models that use a parametrization
of the turbulent viscosity could be considered as axisymmet-
ric 2D models. The first attempts to describe the BL around the
WD using a 2D time-dependent hydrodynamical approach were
performed many years ago (Robertson & Frank 1986; Kley &
Hensler 1987; Kley 1989). The importance of the viscosity pre-
scription was also demonstrated (Kley 1991). Recently, this kind
of computation was repeated with higher, albeit insufficient tem-
poral and spatial resolution without (Fisker & Balsara 2005) and
with rudimentary radiation treatment (Balsara et al. 2009). These
investigations have confirmed that matter is spreading over the
WD surface for optically thick BLs.

Astrophysical observations give the possibility to constrain
the correct description of angular moment transport and energy
dissipation in BLs. It is necessary to compare properties of a
mature BL model with observed features. There are two ways
for this kind of comparison. The first one is to investigate flux
variability, which is probably connected with BLs, using a noise
power spectrum approach, for instance van der Klis (1989).
There are a lot of observational data about rapid flux variabil-
ity in low-mass X-ray binaries (LMXBs), such as quasi-periodic
oscillations (QPOs) and power density spectra (van der Klis
2000). The cumulative data about rapid variability of CVs, es-
pecially in the optical band, is even larger (see, e.g., Patterson
1981; Warner 1986, 2003; Warner & Pretorius 2008, and ref-
erences therein). Two types of rapid oscillations were distin-
guished (Robinson & Nather 1979), namely high-degree coher-
ent oscillations with relatively short periods (∼7−70 s) in dwarf

nova outbursts (DNOs), and less coherent quasi-periodical oscil-
lations (QPOs) with longer periods (up to tens of minutes). The
amplitudes of variability for both DNOs and QPOs are relatively
low in the optical band (<0.01 mag). On the other hand, the am-
plitude of these oscillations in X-rays can be much greater (tens
of percent, Cordova et al. 1984; Jones & Watson 1992). It is in-
teresting that the coherent oscillations in SS Cyg are observed
in soft X-rays, but not in hard X-rays (Swank 1979; Jones &
Watson 1992). This fact supports the hypothesis that the coher-
ent oscillations might be connected with an optically thick BL
that could be responsible for the soft X-ray radiation of SS Cyg
during outburst. There are a few relatively simple models to
explain DNOs and QPOs (see, e.g., Popham 1999; Warner &
Woudt 2002; Piro & Bildsten 2004a; Godon 1995b; Collins et al.
1998, 2000b), and part of them are connected with the existing
BL models.

The second way is a comparison of observed emergent spec-
tra of close binary systems with predicted spectra of accre-
tion disks and BLs. Emergent spectra could be computed for
BL models with the simple local α-viscosity, because those mod-
els consider energy release and predict some bolometric radia-
tion flux distribution over the BL. BL model spectra in black-
body approximation were computed by many authors (see, e.g.
Tylenda 1977; Kley 1991; Popham & Narayan 1995). The con-
tribution of BL radiation to the FUV spectra of some CVs was
also taken into account by computing models of BL rings us-
ing the stellar-atmosphere method (Godon & Sion 2011; Godon
et al. 2012).

Luminous LMXBs (with L > 0.05−0.1 LEdd) with neutron
stars show relatively soft and wide X-ray spectra, which can be
represented to first approximation by two blackbodies with tem-
peratures kT about 1 keV and 2.5 keV (Mitsuda et al. 1984).
It is possible to assume that the first component corresponds to
the accretion disk, and the second one corresponds to the BL.
Study of X-ray variability helped to distinguish between these
two components (Gilfanov et al. 2003; Revnivtsev & Gilfanov
2006). These authors extracted the spectra of the strongly vari-
able component of the observed X-ray flux in a few LMXBs and
found that they are very similar for all the investigated sources
and that they can be described by a comptonized plasma spec-
trum with kT ≈ 2.4 keV and electron scattering optical depth
τe ≈ 5−7. They connected these high-variability components of
the X-ray flux to the BL emission. The spectra of these com-
ponents were described by model spectra of spreading layers
(Suleimanov & Poutanen 2006). Another reference to the va-
lidity of the hypothesis that the BLs around neutron stars are
spreading layers was presented by Revnivtsev et al. (2013). The
high-variability spectral component of the X-ray transient source
XTE J1701-462 keeps the same spectral shape when the bolo-
metric luminosity varies by a factor of twenty. The maximum
temperature of this component (Wien tail color temperature) is
about 2.4−2.6 keV and coincides with the maximum color tem-
perature of the type I X-ray bursts of the same source. It is be-
lieved that the latest color temperature of a burst corresponds to
the Eddington luminosity (see, e.g., review Lewin et al. 1993).
Therefore, most probably, the BLs in LMXBs consist of a part of
the neutron star surface that radiates at the Eddington limit with
the emitting area being proportional to the luminosity, as it was
predicted by the spreading layer model (Inogamov & Sunyaev
1999).

X-ray and extreme ultraviolet (EUV) radiation of CVs,
which can be associated with BL emission, is much more diverse
and a univocal interpretation is difficult (see, e.g., Patterson &
Raymond 1985a,b). Blackbody approximation of the optically
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thick BL model spectra predicts a luminous soft X-ray/EUV
component with temperature 200−500 kK (Pringle & Savonije
1979; Popham & Narayan 1995; Collins et al. 2000a; Piro &
Bildsten 2004b; Hertfelder et al. 2013) in the spectra of all
high mass-accretion rate CVs without significant magnetic field
(dwarf novae in outburst and nova-like stars). In fact, only a few
of them have this kind of component in their spectra, e.g. SS Cyg
and U Gem in outburst (Cordova et al. 1984). The X-ray spec-
tra of other non-magnetic CVs are rather hard (van Teeseling &
Verbunt 1994; van Teeseling et al. 1996) and can be described
by the model of a cooling flow with temperatures kT from a few
keV up to tens of keV (Done et al. 1995; Mukai et al. 2003;
Baskill et al. 2005). This kind of radiation is natural for opti-
cally thin BLs (Pringle & Savonije 1979), or even for the inner
hot accretion flow (Revnivtsev et al. 2012) to be expected for
dwarf novae in quiescence, but requires some non-trivial expla-
nation for high mass-accreting CVs, like V603 Aql (see, e.g.
Patterson & Raymond 1985b). Formally, Popham & Narayan
(1995) have found that the transition to the optically thin regime
in the model BLs could be reached at sufficiently high mass ac-
cretion rates. But their results are questionable because they un-
derestimated the Rosseland “true” opacity by at least two orders
of magnitude, using Kramers opacity kkr = k0 ρT−3.5 cm2 g−1

with k0 = 6.6×1022. The more realistic coefficient is much larger,
k0 = 5 × 1024 (Frank et al. 2002).

At present time, soft X-ray/EUV components were found
in four dwarf novae in (super-) outbursts: SS Cyg (Cordova
et al. 1980a, 1984; Mauche et al. 1995; Mauche 2004), U Gem
(Cordova et al. 1980b, 1984; Long et al. 1996), VW Hyi
(Mauche 1996), and OY Car (Mauche & Raymond 2000). The
high-inclination system OY Car shows mainly broad emission
lines arising due to resonance scattering in the strong disk wind
(Mauche & Raymond 2000). The high-resolution spectra of the
other CVs, obtained by EUVE and Chandra observations, show
numerous broad absorption- and emission-like details. These
spectra are similar to soft X-ray spectra of supersoft X-ray
sources (Lanz et al. 2005; Rauch et al. 2010) and also have to
be modeled using stellar model-atmosphere methods. The first
attempt to fit the soft X-ray spectrum of SS Cyg in outburst
(Mauche 2004) by hot LTE model-atmosphere spectra showed
the potential for success of this approach (Suleimanov et al.
2013).

With the work at hand, we start to model the various
BL models using the stellar-atmosphere method and a compari-
son of the results with the properties of observed soft X-ray/EUV
spectra of CVs mentioned above. Here we present the model
spectra of particular 1D hydrodynamic BL models that were
computed recently by Hertfelder et al. (2013).

2. Method

Our work is based on the 1D models of BLs between opti-
cally thick accretion disks and WDs that were computed in
our previous work (Hertfelder et al. 2013). Models are con-
sidered in a cylindrical coordinate system (z, ϕ, R), being ax-
isymmetric (independent of ϕ) and vertically averaged (over
z-coordinate). They were computed for a fixed mass-accretion
rate Ṁ = 1.5×10−8 M� yr−1, three different values of WD mass,
MWD = 0.8, 1, and 1.2 M�, and five values of WD an-
gular velocity, ωWD = 0, 0.2, 0.4, 0.6 and 0.8 ωK, where
ωK is the Kepler angular velocity ω2

K = GMWD/R3 at the
WD radius RWD. WD radii were calculated using the Nauenberg
(1972) relation. An increase of equatorial radii due to rota-
tion was ignored. A simple α prescription for the viscosity να

was used according to Shakura & Sunyaev (1973), see details in
Hertfelder et al. (2013):

να = αa2ω−1
K , (1)

where a is the sound speed. We note that ωK is taken for the
current BL radius, however, the radial extension of model BLs
is low and ωK for a given model is almost constant. A relatively
low value of the α parameter (α = 0.01) is assumed for all mod-
els in order to avoid supersonic radial motions.

For every 1D model we consider the distribution of the fol-
lowing physical parameters along the radial coordinate R: effec-
tive temperature Teff(R) (or, equivalently, the total radiated flux
F0(R)), surface density Σ0(R), BL half-thickness H0(R), and ro-
tation velocity vϕ(R). The following steps have to be performed
to compute the model emergent spectrum:

– Divide the BL model in a number of rings with equal
luminosity.

– Compute a gray model for each ring along the vertical coor-
dinate z.

– Starting from the gray model, compute a model of the each
ring using model atmosphere methods together with the local
emergent spectrum.

– Sum up the local spectra to a total BL spectrum taking the
rotation of the rings into account.

This approach is almost identical to the one that was used for the
computation of CV accretion disk spectra by many authors (Kriz
& Hubeny 1986; Shaviv & Wehrse 1991; Suleymanov 1992;
Wade & Hubeny 1998; Nagel et al. 2004). We understand that
the local 1D method assumed here is rather crude. But we be-
lieve that it gives a reasonable first approximation, which is ap-
plicable to comparison with observations. This method is a first
step to more sophisticated 2D models.

Accretion disk and BL in the 1D models presented by
Hertfelder et al. (2013) are considered as a comprehensive struc-
ture, and the boundary between accretion disk and BL is blurred.
However, the Teff(R) distributions have a local minimum at
R ≈ 1.1RWD. We adopted that radius as the boundary between
the disk and the BL and studied the BLs at radii lesser than this
boundary. We divided each BL model into a few (5−20) rings,
and the particular radius R j of a given ring with number j, for
which a local vertical structure and local emergent spectrum are
computed, is determined by the condition

F0(R j)ΔR j = F0(R j) (RU
j − RL

j ) =
∫ RU

j

RL
j

F0(R) dR, (2)

where RU
j and RL

j are the radii of the upper and lower ring bound-

aries, respectively. We note that RU
j−1 = RL

j .
We now describe the other steps of our method in more

detail.

2.1. BL vertical structure. Gray atmosphere approach

The approach employed here is based on the numerical method
used for modeling of accretion disk structures over the z coordi-
nate as presented by Suleimanov et al. (2007 – see also Kriz
& Hubeny 1986; Shaviv & Wehrse 1991; Suleymanov 1992;
Wade & Hubeny 1998; Nagel et al. 2004). Some modifications
are made and described additionally.

The vertical structure of each BL ring at radius R j is deter-
mined by the ring parameters Teff , Σ0, H0, and a set of differential
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equations. The first one is the hydrostatic equilibrium equation

1
ρ

dP
dz′
= gz =

(z1 − z′)
(1 + (z1 − z′)2/R2

j)
1/2
ω2

K(R j), (3)

where P = Pg + Prad is the total pressure, the sum of gas and
radiation pressure, ρ is the matter density, z1 is a parameter, the
distance from the mid-plane to the highest point of the vertical
model, and z′ = z1 − z is the vertical coordinate, which is equal 0
at the highest point of the model.

The second equation is the energy-conservation law. The cor-
rect local energy generation rate dF/dz in accretion disks as well
as in BLs is not known and a local version of the α approach is
often used (see e.g. Suleimanov et al. 2007). Fortunately, local
emergent spectra of optically thick accretion disks (and, there-
fore, the BL models considered here, too) are weakly dependent
on details of the energy generation rate, so we took the simplest
version (Shakura & Sunyaev 1973):

1
ρ

dF
dz′
= −2

F0

Σ0
· (4)

Here F is the integral (bolometric) vertical flux at given height,
F0 = σSBT 4

eff , is the emergent integral flux. The energy conser-
vation law has the integral (Shakura & Sunyaev 1973)

F(m) = F0

(
1 − 2m
Σ0

)
, (5)

where the boundary condition F(m = 0) = F0 is used. Here the
Lagrangian coordinate m is determined by the equation

dm = ρdz′, (6)

and, therefore,

Σ0 =

∫ +∞

−∞
dm ≈ 2

∫ z1

0
ρdz′. (7)

We assumed a purely radiative transport of energy in z-direction,
therefore, the third equation is the radiation transfer equation.
For the gray approach we use the first moment of that equation

1
ρ

dPrad

dz′
=
κRF

c
, (8)

where κR is the Rosseland opacity, which is determined as the
greater value of electron scattering, σe = 0.335 cm2 g−1, and
Kramers opacity, κkr = 5 × 1024ρT−3.5. The sum of these values
is also relevant (Popham & Narayan 1995).

These equations are solved together with the ideal gas law

Pg = nkT, (9)

where n is the total number density of particles. We assume full
local thermodynamic equilibrium (LTE). Therefore, the local gas
temperature T can be found from the integrated (over frequency)
mean intensity J

J =
3c Prad

4π
= B(T ) =

σSBT 4

π
· (10)

Here we used the following TE relations between radiation
energy density εrad, integral mean intensity J, and radiation
pressure:

εrad =
4πJ

c
= 3Prad. (11)

Fig. 1. Distribution of BL quantities along radius. The data are from
the model with MWD = M� and ωWD = 0.8ωK. The position of the
WD surface at RWD = 5.48 × 108 cm is shown by the vertical dotted
line. Top panel: shown is the effective temperature (solid curve) together
with the relative angular velocity (dashed curve), as obtained from the
1D hydrodynamical model. These are the same for the atmosphere mod-
els. Middle and bottom panels: Rosseland optical half-thickness, τ0, and
geometrical half-thickness, H0, for the model-atmosphere models (solid
lines). The distributions obtained from the 1D hydrodynamical model
(dotted curves) and the gray model (dashed curves) are also shown.

A solar chemical composition is assumed and all ionization
states of the 15 most abundant chemical elements are taken into
account. The relation between density ρ, total number density n,
and electron number density ne is found using Saha’s equation
for each considered ionization state.

We solve Eqs. (3) and (5−8) from the surface z′ = 0 to the
mid-plane z′ = z1 by using a shooting method with the boundary
conditions

F(0) = F0, ρ(0) = 0, P(0) = Prad(0) =
2
3

F0

c
· (12)

There is one additional parameter unknown at the outset: z1. We
find it by the dichotomy method on the range (1−30) H0 using
an additional boundary condition at the mid-plane

F(z′ = z1) = 0 (13)

or, equivalently,

m(z′ = z1) =
Σ0

2
· (14)

A comparison of optical depths and half-thicknesses of the 1D
and the gray-approach models along z coordinate for one par-
ticular BL model (MWD = M� and ωWD = 0.8ωK) is shown
in Fig. 1 in the two bottom panels. It is clear that the new half-
thickness of the BL model H = z1 − z(τR = 2/3) is approxi-
mately twice as large as the thickness of the 1D hydrodynamic
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Table 1. Parameters of the rings for the models with parameters
MWD = M� and ωWD = 0.8, 0.6, 0.4, 0.2 ωK.

R, 108 cm Teff , 103 K Σ0, g/cm2 H, 107 cm τ0 ω/ωK

5.493 154.4 499.6 2.188 230 0.839
5.513 219.6 140.4 1.866 34.1 0.987
5.522 209.4 152.9 1.882 40.3 0.998
5.543 180.3 207.1 1.945 71.1 1.000
5.604 109.5 466.8 2.059 404 0.998

5.482 241.2 376 2.36 79.8 0.652
5.505 298.0 83.4 1.938 13.9 0.999
5.515 283.2 93.5 1.889 15.7 1.003
5.534 253.8 121.1 1.905 23.1 1.002
5.610 144.1 363.1 2.094 187 0.999

5.479 302.6 306 2.565 51.2 0.475
5.499 356.6 68.3 2.395 11.4 0.994
5.512 333.1 75.7 2.205 12.7 1.005
5.538 302.9 101 2.089 16.9 1.004
5.623 170.1 330 2.145 125 0.999

5.478 349.7 264 2.998 44.1 0.299
5.498 410.0 62 3.115 10.3 0.992
5.515 372.7 69.3 2.619 11.6 1.006
5.540 331.5 85.2 2.272 14.2 1.004
5.708 188.9 648 2.554 203 0.997

Table 2. Parameters of the rings for the models with parameters
ωWD = 0.8ωK and MWD = 1.2 and 0.8 M�.

R, 108 cm Teff , 103 K Σ0, g/cm2 H, 107 cm τ0 ω/ωK

3.865 222.2 565.6 1.370 179 0.829
3.873 304.3 164.7 1.187 30.6 0.961
3.886 284.1 176.7 1.180 36.5 0.993
3.895 253.0 227.2 1.204 56.9 0.993
3.936 150.5 559.9 1.275 356 0.991

7.044 113.8 461.3 3.166 299 0.848
7.065 167.9 147.7 2.784 46.2 0.965
7.092 156.8 156.0 2.788 55.1 1.002
7.114 139.5 192.0 2.850 83.9 1.004
7.205 84.37 426.8 3.026 482 1.001

model (red dotted line). This is a well known factor (Shakura &
Sunyaev 1973) because the half-thickness of 1D models is just
the pressure scale height H0 = aω−1

K , while the new thickness is
given by the height of the photosphere. The effective tempera-
tures are plotted in the top panel of Fig. 1, here the models agree
by definition. The gray temperature structure of the hottest ring
of the same BL model is shown in Fig. 2 (bottom panel). We
note that this ring is a reference model for our illustration of
the presented method. The parameters of the rings for all com-
puted BL models with five rings are shown in Tables 1−3. The
ring half-thicknesses, H, and the ring Rosseland optical depths,
τ0 =

∫ z1

0
kR ρ dz, were computed by using the gray ring models.

Every computed gray vertical ring model is interpolated to
a logarithmically equidistant column density grid with 98 depth
points in the range from∼10−7 g cm−2 to Σ0/2. This interpolated
ring model is used as a starting model for the calculation of a
non-gray model and its emergent spectrum.

Table 3. Parameters of the rings for the model with parameters
MWD = 0.8 M� and ωWD = 0.6ωK.

R, 108 cm Teff , 103 K Σ0, g/cm2 H, 107 cm τ0 ω/ωK

7.022 177.7 297 3.247 85.5 0.670
7.044 233.3 78.6 2.631 14.0 0.972
7.069 222.0 83.1 2.628 16.0 1.007
7.094 196.0 115 2.751 27.2 1.006
7.200 111.3 323 3.050 215 1.002

Fig. 2. Top panel: local spectra of the hottest ring of the same BL model
as in Fig. 1 computed with (solid curve) and without (dashed curve)
spectral lines taken into account. The blackbody spectrum correspond-
ing to the effective temperature is shown by the dotted curve. Bottom
panel: temperature structures of the model with lines (solid curve) and
the gray model (dashed curve). The central temperature of the hydrody-
namical 1D model is shown by the dotted line.

2.2. Boundary layer vertical structure. Model atmosphere
approach

The non-gray model is determined by Eqs. (3) and (5), rewritten
in the form

dPg

dm
= gz − grad, (15)

where gz and grad are defined by Eqs. (3) and (20). Here we again
assume that energy is transferred by radiation alone and this is
described by the radiation transfer equation at every considered
frequency point

μ
dIν
dτν
= Iν − S ν, (16)

where the monochromatic optical depth is determined from

dτν = (σe + kν) dm, (17)
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Fig. 3. Top panel: sound speed (dashed curve) and wind velocity (solid
curve) distributions along depth in the ring model shown in Fig. 2.
Middle panel: distributions of gravity (dashed curve) and radiative ac-
celeration (solid curve) along depth. The position of the sonic point
is marked by the dotted vertical line. Bottom panel: depths where the
emergent spectrum forms (τλ = 1). The position of the sonic point is
marked by the dashed horizontal line.

and the source function can be expressed as

S ν =
kν

σe + kν
Bν +

σe

σe + kν
Jν. (18)

Here μ = cos θ is the cosine of angle θ, which is the angle
between the radiation transfer direction and the ring normal.
Eq. (16) determines the specific intensity Iν at given frequency
and μ. The mean intensity Jν and Eddington flux Hν = Fν/4π
are defined by

Jν =
1
2

∫ +1

−1
Iν dμ, Hν =

1
2

∫ +1

−1
μ Iν dμ. (19)

We took coherent electron scattering σe into account together
with the free-free and bound-free opacities kν of all ions of
the 15 most abundant elements using opacities from Verner
& Yakovlev (1995) and Verner et al. (1996). Line blanketing
was taken into account using ∼25 000 spectral lines from the
CHIANTI, Version 3.0, atomic database (Dere et al. 1997).

We solve the radiation transfer equation (16) at three values
of |μ| using the short characteristics method (Olson & Kunasz
1987). The adopted μ values correspond to Chebyshev-Gauss
quadrature abscissas to accurately compute the integrals in (19).

Radiative acceleration grad is determined by

grad =
4π
c

∫ ∞

0
[σe + kν] Hν(m) dν. (20)

A correct model has to satisfy the energy balance equation which
can be written in two forms:

4π
∫ ∞

0
Hν(m) dν = F0

(
1 − 2m
Σ0

)
(21)

and

4π
∫ ∞

0
[σe + kν] [Jν − S ν] dν = −2F0

Σ0
· (22)

Of course, the initial model does not satisfy the energy balance
equation, having the relative flux error

εH(m) = 1 − F0(1 − 2m/Σ0)

4π
∫ ∞

0
Hν(m) dν

, (23)

and flux derivative error

εΛ(m) = 4π
∫ ∞

0
[σe + kν] [Jν − S ν] dν +

2F0

Σ0
, (24)

at each depth. It is possible to find corrections to the tempera-
ture ΔT (m) using two methods modified for a non-constant bolo-
metric flux over the ring depth (Suleymanov 1992): the integral
Λ-iteration together with a surface temperature correction for the
optically thin parts of the atmosphere

ΔTΛ(m) = −εΛ(m)

(∫ ∞

0

[
Λν,diag − 1

1 − ανΛν,diag

]
kν

dBν
dT

dν

)−1

, (25)

where αν = σe/(kν + σe), and Λν,diag is the diagonal matrix el-
ement of the Λ-operator, and the Avrett-Krook flux correction
based on the relative flux error εH(m) for the optically thick parts
of the ring model

ΔTH(m) = −dT
dm

∫ m

0
εH(x) dx. (26)

Both methods were described in detail by Kurucz (1970).
Then we find new values of the gas pressure using new grad

and recalculate the densities. Subsequently, opacities are recal-
culated and the radiation transfer equations at all frequencies
are resolved and a new temperature structure is computed. Then
we recalculate the geometrical depth scale z′(m) using the new
densities. This procedure is performed up to convergence using
our version of the computer code ATLAS (Kurucz 1970) that
was modified to deal with high temperatures (Ibragimov et al.
2003; Suleimanov & Werner 2007; Suleimanov et al. 2013). We
assumed LTE and accounted for pressure ionization effects us-
ing the occupation probability formalism (Hummer & Mihalas
1988), as described by Hubeny et al. (1994).

Because of the significant effect of spectral lines on the radia-
tion force grad, the atmosphere modeling approach is divided into
two steps. In the first step we compute a continuum model with-
out spectral lines, which provides the radiation force grad < gz
at all BL ring depths. The distributions of basic BL quanti-
ties for continuum ring models are presented in Fig. 1 by solid
curves. Hydrostatic ring models cannot be computed when spec-
tral lines are included, because then the radiation force grad be-
comes higher than the gravity gz in the upper, optically thin (in
continuum) layers of the models. Therefore, a line-driven wind
has to arise from the BL surface, which is similar to the line-
driven winds from hot stars (Castor et al. 1975; Kudritzki &
Puls 2000). This kind of wind also exists for CV accretion disks
(Drew & Verbunt 1985; Prinja & Rosen 1995; Proga et al. 1998).
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2.2.1. Line-driven wind approach

Here, we are not interested in the properties of the wind itself,
because it probably effects only the strongest spectral lines but
not the continuum or moderate and weak spectral lines. In pre-
vious works (Ibragimov et al. 2003; Suleimanov et al. 2013),
where hot WD model atmospheres were computed, the gas pres-
sure was artificially fixed to 10% of the total pressure at the up-
per layers, where grad > gz. The condition Pgas = 0.1P was cho-
sen because it was approximately correct at those atmospheric
layers, where grad ≈ gz. This condition physically means that
we assume some artificial wind velocity law that satisfies the
imposed condition. Unfortunately, this simple approach is not
working for the BL case because gravity gz depends on the verti-
cal coordinate z (it is constant for ordinary stellar atmospheres).
Therefore, we develop another simple hydrodynamic approach
which takes into consideration an expansion of the upper ring
layers. This approach is not self-consistent as we do not include
effects of motion in the radiation transfer. Thus we consider a
hydrodynamical model for the ring upper layers but the radi-
ation pressure force governing this expansion is computed for
a formally static medium. This approach allows computing the
model emergent spectra but the obtained wind properties such as
the local mass-loss rate and wind-velocity distributions are not
completely correct and cannot be considered as reliable results.

The considered approach is based on Euler’s equation

d
dz

(ṁv + Pg) = −ρ(gz − grad), (27)

where ṁ is the local mass-loss rate ([ṁ]= g s−1 cm−2) and v is
the gas velocity at given z. This equation can be rewritten as

ṁ

(
1 − a2

v2

)
dv
dz
= −ρ(gz − grad) − ρda2

dz
, (28)

where a is the sound speed connected with gas pressure and mat-
ter density by

Pg = ρa
2. (29)

Here we used the continuity equation for the plane 1D motion

ṁ = ρv. (30)

It is well known (see, e.g. Mihalas 1978) that a correct solution
of Eq. (28) has to pass through a singular point with |v| = a,
where the left and the right side of the equation vanish simulta-
neously. Therefore, these two conditions must be fulfilled in the
singular point:

a2 = v2, (31)

and

da2

dz
= −(gz − grad), (32)

or

C =
da2

dz
+ (gz − grad) = 0. (33)

We suggest the following scheme to compute a model of the
BL ring with a line-driven wind. We take the model computed
without lines as an initial model and solve the radiation-transfer
equation with spectral lines taken into account. As a result we

obtain that the radiative acceleration grad is greater than the cur-
rent gravity at the upper layers. At this stage we have the gas
pressure Pg(m) and the gas density ρ(m) distributions from the
continuum model, and the radiative acceleration grad(m) and the
gas temperature T (m) distributions after the first temperature-
correction iteration. The geometrical depth scale z(m) and cor-
responding gravity gz are connected with the gas density of the
initial (continuum) model. Using these distributions we can find
the sound-speed distribution a(m) and its derivative da(m)/dz,
and then find the depth mc where Eq. (32) is satisfied. We know
at this depth the wind velocity must be equal to the sound
speed a(mc). Therefore, we can evaluate the local mass-loss rate

ṁ = ρ(mc) a(mc)/2 (34)

using the continuity Eq. (30). Here we have taken into account
that the correct gas density ρw in the singular point for the model
with the wind must be half of that in the hydrostatic model ρst,
see Eq. (27)

ṁa + ρwa2 = ρwa2 + ρwa2 = ρsta
2. (35)

Using this mass-loss rate ṁ we solve two ordinary differential
equations

dPw

dz
= −ρ(gz − grad) (36)

and

dm′

dz
= ρ, (37)

where Pw = ṁv+ ρa2, on a new fine and equidistant geometrical
depth grid z (50 000 points) from the midplane (z = 0) up to
the surface (m′ = Σ0/2) with the boundary conditions v = 0,
m′ = 0, and Pw(0), ρ(0) = Pw(0)/a(0)2 at the midplane, using
the shooting method. The current gas density is calculated using
the current Pw

ρ =
Pw

2a2
±

√( Pw

2a2

)2

−
( ṁ

a

)2

· (38)

The plus sign is used for wind velocities below the sonic point
and the minus sign in the supersonic part of the model. The wind
velocity is found using the continuity Eq. (30). The necessary
current values of the grad(m′) and da2(m′)/dz = ρd a2(m′)/d m′
are found using a spline interpolation in the dependencies
grad(m) and da2(m)/dm known from the previous iteration, tak-
ing m = Σ0/2 − m′.

Usually, the necessary conditions Eqs. (28) and (32) are not
satisfied at the sonic point for the first tried initial condition
for Pw(0). Therefore, we find the necessary Pw(0) with the di-
chotomy method. Usually, the correct initial value of the gas
pressure at the midplane differs by a few percent from the gas
pressure at the midplane found in the previous iteration. We
adopt the two following numerical convergence criteria at the
singular point

a − |v|
a
< 10−2,

C
gz
< 10−2·

After obtaining the solution, all quantities are interpolated on
the model atmosphere column density grid m (98 points) which
is used for the radiation transfer solution. Therefore, we have

A55, page 7 of 14



A&A 571, A55 (2014)

a new distribution of the gas pressure Pg = ρa2 with the line-
driven wind taken into account which is in accordance with the
radiative acceleration grad. Then we find a new gas density dis-
tribution using the new Pg and the temperature distribution ob-
tained after the temperature-correction iteration. For this aim the
ideal gas Eq. (9) is used together with charge and number den-
sity conservation laws. Then the radiation transfer is re-solved
and a new temperature correction is performed. The above de-
scribed procedure to find a new gas-pressure distribution is re-
peated with a new radiative-acceleration distribution. There is
only one difference. The local mass-loss rate is now calculated
(see Eq. (34)) without division by 2 because the current model
takes into consideration the line-driven wind.

This iteration scheme is converging and it is stable. As a re-
sult we get a self-consistent model of the BL ring and its emer-
gent spectrum. Results of calculations for the reference ring
model are presented in Figs. 2 and 3. The emergent spectrum
(Fig. 2, top panel) is similar to hot stellar atmospheres with sim-
ilar effective temperatures (see e.g. Suleimanov et al. 2013) and
shows the same absorption edges as the continuum spectrum to-
gether with a forest of spectral absorption lines. The tempera-
ture structure (Fig. 2, bottom panel) differs significantly from the
gray temperature distribution mainly because of line-blanketing
effects. The final model’s wind velocity law (Fig. 3, top panel)
and the radiation force grad distribution (Fig. 3, middle panel)
are shown together with the sound speed a and gravity gz distri-
butions. The sonic point is seen to be located at the upper ring
layers (m ≈ 10−5 g cm−2) and the corresponding mass-loss rate
is sufficiently low (ṁ ≈ 10−5−10−6 g s−1 cm−2). Formally, the
sonic point is above the formation depths of even the strongest
spectral lines (Fig. 3, bottom panel) and, therefore, the wind does
not affect the spectrum.

2.3. Integral BL spectra

When the computation of all ring model spectra is finished, we
integrate them over the BL radial coordinate with taken Doppler
broadening due to ring rotation into account

Lλ = cos i
∫ Rout

Rin

R dR
∫ π

0
Iλ′(cos i) dϕ

≈ cos i
NR∑
j=1

Rj ΔRj

Nϕ∑
k=1

Δϕk Iλ′(cos i), (39)

where i is the inclination angle of the BL relative to the line of
sight, Iλ(cos i) is the local specific intensity in the direction of
the line of sight, NR is the number of considered BL rings (5 or
20), and Nϕ = 100 is a number of considered ring sectors. Here
λ′ is the Doppler shifted wavelength:

λ′ = λ +
vϕ(R)

c
sin i cosϕ. (40)

The azimuthal velocity distribution vϕ(R) is taken from the 1D
BL model. We note that integration is only performed over the
visible BL part. We assume that we see only a quarter of the total
BL surface, which is situated in front of the WD on the visible
part of the disk, and that the visible part does not depend on the
inclination angle. The change of the projection area of the BL’s
visible part is proportional to cos i. Specific intensities for every
ring model are computed using Eq. (16) for six angles relative to
the normal: 0, 15, 30, 45, 60 and 75 degrees. Therefore, integral
spectra can be computed for these inclination angles relative to
the line of sight. We ignored any relativistic effects because they
are low.

Fig. 4. Spectra of the BL model M = M�, ωWD = 0.8ωK for three incli-
nation angles relative to the line of sight. The corresponding blackbody
approximations are shown by dashed curves.

Fig. 5. Detail of the integral emergent fluxes of the same BL model as
in Fig. 4 computed for i = 0◦ (rotation does not affect the spectrum, thin
black curve), and 15◦ (thick red curve).

3. Results

Using the method presented above, we computed spectra of sev-
eral BL models. Examples of the integral reference BL model
spectra for three angles are shown in Fig. 4. These spectra are
calculated using the BL model partitioned in 20 rings. The spec-
tra show broad absorption and quasi-emission features. The ab-
sorption features arise due to rotational broadening and blending
as a result of many absorption lines at this place of the spectrum.
The quasi-emission features are continuum sections with a low
amount of absorption lines. These statements are illustrated by
Fig. 5, where a narrow section of the integral spectra computed
for i = 0◦ and 15◦ are shown. In Fig. 4 the spectra computed in
blackbody approximation are also shown. We focus attention on
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Fig. 6. Comparison of the spectra of the same BL model (see Fig. 4)
computed using five (dotted curve) and twenty (solid curve) rings.

the fact that the atmosphere-model intensities compared to the
blackbody spectra are different for low and high inclination an-
gles. This is the result of different limb-darkening laws for the
ring atmospheres (the intensity is mainly concentrated along the
normal) compared to the isotropic blackbody radiation.

We investigated the importance of the number of rings to
describe the model spectra. In addition to the spectrum of the
BL reference model presented above, we computed the spectrum
of the same model using five rings. A comparison of both spec-
tra is shown in Fig. 6. The difference is significant at wavelengths
longer than 120−130 Å, but the spectra are almost identical at the
shorter wavelengths. Our work was particularly motivated by the
Chandra X-ray spectrum of SS Cyg in outburst (Mauche 2004).
The grating spectra cover the wavelength range 10−130 Å, there-
fore, to model the observed BL spectra five rings are sufficient.
Moreover, even the hottest ring spectrum alone can approximate
the integral BL spectrum with a relatively good accuracy (see
Fig. 7). All BL spectra of the two grids described above were
computed using five rings.

It is important to explore the dependence of the BL model
spectra on the BL parameters. For this purpose, we computed
spectra of two model grids. In the first one we fixed the relative
WD angular velocity ωWD = 0.8ωK and investigated how the
spectra depend on the WD mass MWD. In the second set we fixed
the WD mass MWD = M� and varied the relative WD angular
velocity. The obtained results are described below.

A comparison of the computed integral BL spectra for var-
ious parameters is shown in Figs. 8−10. The basic differences
of the presented spectra are determined by differences in the
BL model effective temperatures (see e.g. Fig. 8, top panel). The
radial widths of all the computed models are similar (see the
same figure and Hertfelder et al. 2013), but the luminosities can

Fig. 7. Comparison of the BL model spectrum from Fig. 4 (solid curve)
with the spectrum of the hottest ring (dotted curve) normalized to the
flux at 100 Å.

Fig. 8. Effective temperature distributions (top panel, the temperatures
of the considered rings are marked by dots) and model spectra (bottom
panel) for the models with different angular velocities (0.2, 0.4, 0.6 and
0.8ωK) and fixed WD mass (MWD = M�).
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Fig. 9. Spectra of the same models as in Fig. 8 in the observed wave-
length range. The spectra in the top panel are normalized to the ωWD =

0.6ωK model spectrum at 100 Å.

Fig. 10. Comparison of BL model spectra for three WD masses (0.8, 1,
1.2 M�) and fixed relative angular velocity (ωWD = 0.8ωK). The spectra
in the top panel are normalized to the MWD = M� model flux at 100 Å.

change more significantly. So, the BL effective temperatures di-
rectly connect with the BL luminosities, which are defined by
mass accretion rate Ṁ, WD mass, and relative WD angular ve-
locity ωWD/ωK (Kluźniak 1987; Kley 1991):

LBL =
1
2

GMWDṀ
RWD

(
1 − ωWD

ωK

)2

· (41)

All the models considered here have a fixed mass accretion rate.
Therefore, luminosities and effective temperatures of these mod-
els only depend on WD masses and relative angular velocities.
Both of them increase with the WD mass and decrease with the
relative angular velocity. Higher BL effective temperatures have
to correspond to harder spectra and higher ionization degree of
the matter.

Our computations confirm these qualitative conclusions.
Emergent spectra of the BL models around a solar mass WD
with various relative angular velocities are shown in Fig. 8. The
effective temperatures increase with decreasing WD relative an-
gular velocity, and the emergent spectra become harder. As a
result, the photo-absorption edges and the intensities of quasi-
absorption and quasi-emission features are changing. In partic-
ular, the position of a notable spectral short-wavelength roll-off
shifts from 60 Å in the spectrum of BL model around the fastest
rotating WD up to 25 Å in the spectrum of the BL model around
the slowest rotating WD. The same spectra in the 15−130 Å
wavelength band on a linear flux scale are shown in Fig. 9. The
spectra, which are normalized at 100 Å, are also shown in the top
panel of the same Figure to emphasize the changes in the spec-
tral shapes.

We note that some ring models (near the minimum of the
surface density distribution) of the BL model around the non-
rotating WD (MWD = M�, ωWD = 0) did not converge and a cor-
responding integral BL model spectrum was not computed. The
reason is that these rings are effectively optically thin (τeff,ν =∫ Σ0/2

0

√
σe(σe + kν) dm < 1) over a wide wavelength range. We

can see that the average Rosseland opacities for the hottest rings
for the BL models around slowly rotating WDs are close to pure
electron scattering and the input of the “true” opacity kkr is neg-
ligible, because τ0 ≈ σeΣ0/2 (see Table 1). Possibly, the similar
effect may exist for other BL models around non-rotating WDs.
It could be less important for the BL around WDs with lower
masses and could be reduced for lesser mass accretion rates.

The difference between BL spectra computed for the fixed
WD relative angular velocity but various WD masses are quali-
tatively similar (Fig. 10). The spectrum of the BL model around
the heaviest WD is harder than the spectra of BL models around
less heavy WDs.

4. Comparison with observations

As mentioned in the introduction, there are only four dwarf no-
vae with observed soft X-ray/EUV radiation in outbursts, which
can be associated with optically thick BLs. One of them is
SS Cyg (Mauche 2004; Suleimanov et al. 2013). Fitting the spec-
trum gave effective temperature estimations of 190 (250) kK and
a bolometric BL luminosity 18(5) × 1033 erg s−1 for an as-
sumed distance of 160 pc. The bolometric disk luminosity of
SS Cyg at the peak of the outburst, LD ≈ 1035 erg s−1, was
estimated by Mauche (2004) using the same distance and the
data published by Polidan & Holberg (1984). We note that the
soft X-ray spectrum of SS Cyg was obtained by Chandra at
the outburst peak, too. The corresponding mass accretion rate
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Table 4. Parameters of the strongest emission lines, preliminarily iden-
tified in the subtracted spectrum.

λ, Å Ion Transition g f

49.12 S IX 2p4 3P2−3d 3Do
3 1.12

65.7 Al IX 2p3 2P3/2−3d 2D5/2 1.33
76.77 Mg VIII 2p3 4So−3d 4P 4.7a

80.5 Si VI 2p5 2Po−3d 2P 2.3a

83.97 Mg VII 2p2 3P−3d 3Do ∼7b

85.41 Mg VII 2p2 1D−3d 1Fo 4.23
88.1 Ne VIII 2s 2S−3p 2Po 0.6a

98.26 Ne VIII 2p 2Po
3/2−3d 2D5/2 2.28

106.14 Ne VII 2p 3Po−3d 3D 4.3a

107.94 Al V 2p5 2Po
3/2−3d 2D5/2 1.4

Notes. Part of them could be blends with other lines. Data were taken
from the CHIANTI database (Dere et al. 1997). (a) Doublet, the g f val-
ues are summed. (b) Triplet, the g f values are summed.

Ṁ ≈ 1.5 × 10−8 M�/yr, which was used for the computation
of all the BL models in this work, was obtained using this lu-
minosity for the adopted WD parameters, MWD = M� and
RWD = 5.5 × 108 cm. The corresponding ratio of BL luminosity
LBL to disk luminosity LD is 0.18 (0.05). These values corre-
spond to the fit of the spectrum by a hot stellar atmosphere that
is close to Eddington limit (with log g = 6.2, Suleimanov et al.
2013), and the values in brackets were obtained using blackbody
fits with broad absorption lines (Mauche 2004). The recent de-
termination of SS Cyg’s distance by Nelan & Bond (2013) gave
a lesser value, ∼110 pc instead of ∼160 pc. It reduces the disk
and the BL luminosities mentioned before, but does not change
their ratio. The low value of LBL/LD supports the hypothesis
about a fast WD rotation in SS Cyg (Mauche 2004). In the ul-
traviolet spectrum of this CV in quiescence the absorption lines,
which are in principle available to determine the WD’s projected
rotation velocity, were not found (Sion et al. 2010). The most
probable reason for this finding are strong emission lines in the
UV spectrum of SS Cyg in quiescence (Long et al. 2005), which
could mask absorption lines in the WD spectrum. But it is neces-
sary to keep in mind that the BL luminosity estimations are very
model dependent and have large uncertainties.

We compare our BL model spectra to the observed Chandra
spectrum of SS Cyg (Mauche 2004), using the well known nor-
malization for converting the calculated spectra to the spectrum
at Earth

fλ =
Lλ
d2
, (42)

where d is the distance. A relatively good fit was obtained for the
model spectrum of a BL with parameters MWD = M�, ωWD =
0.8 ωK for the distance d ≈ 107 pc and the absorption by the
neutral interstellar medium with NH ≈ 7 × 1019 cm−2 (Fig. 11).
We see that the model spectrum describes some prominent fea-
tures in the observed spectrum, but there are also some additional
features. The subtracted (observed minus BL model) spectrum
(Fig. 11, bottom panel) is very similar to a spectrum of an opti-
cally thin hot plasma with a strong emission continuum of NeVII
and numerous broad emission lines. Part of them are identified
(see Fig. 11 and Table 4) as spectral lines with great g f values.
It is most probable that the difference spectrum is due to an
optically thin outflow, which is projected on the cool WD and
the accretion disc, see Fig. 12. We also show in the bottom of
Fig. 11 the absorbed (with the same NH) spectrum of the homo-
geneous slab computed in LTE approximation with temperature

Fig. 11. Top panel: comparison of the observed SS Cyg soft X-ray spec-
trum (solid curve) with the BL model spectrum for a 1 M� WD and
relative angular velocity ωWD = 0.8ωK (dashed curve). Bottom panel:
subtracted (observed minus BL model) spectrum (solid curve) together
with the homogeneous slab model spectrum (dashed curve). The emis-
sion continuum of Ne VII below 60 Å and the strongest identified emis-
sion lines are marked.

T = 160 kK, density ρ = 10−7 g cm−3, and surface density
ΣW = 6 × 10−2 g cm−2. The corresponding geometrical thick-
ness of the slab is 6 × 105 cm. The spectrum is computed by
the short characteristics method and broadened using a Gauss
function with σ = 0.2 Å. This model slab spectrum cannot fit
all the emission details correctly, because the real outflow has
to be strongly inhomogeneous, and, probably, the LTE approxi-
mation is not correct there. But it reproduces the general shape
of the subtracted spectrum supporting our hypothesis. We found
that the emission area of this slab is approximately four times
greater than the visible model BL area. If we assume that the
obtained density of the slab is correct for the averaged density
of the outflow, we can estimate a total mass loss rate of ṀW ∼
ρvescS BL ∼ 10−7 g cm−3 × ∼ 108 cm s−1 × ∼1016−1017 cm2

∼1017−1018 g s−1. This guess is very crude, but, nevertheless, it
is comparable with the mass accretion rate, and, therefore, fu-
ture BL models have to be computed with mass loss taken into
account.

However, we have to point out that a recent estimation gave
a lesser WD mass in SS Cyg, MWD = 0.81 ± 0.18 M� (Bitner
et al. 2007) instead of 1 M�. We may expect that some BL model
around a slower rotating WD with MWD = 0.8 M� can have
similar effective temperatures (and a similar spectrum) as the
considered BL model with MWD = M� and ωWD = 0.8ωK.
Indeed, we find that the spectra of BL models with parameters
MWD = 0.8M�, ωWD = 0.6ωK and MWD = M�, ωWD = 0.8ωK
are very similar (see Fig. 13). Therefore the spectrum of the BL
model with parameters MWD = 0.8 M�, ωWD ≈ 0.6ωK also has
to fit the observed SS Cyg soft X-ray spectrum in the outburst
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Fig. 12. Scheme of the BL outflow.

Fig. 13. Comparison of the BL model spectra for a 0.8 M� WD and
relative angular velocity ωWD = 0.6ωK (dashed curve) and for a 1 M�
WD and relative angular velocity ωWD = 0.8ωK (solid curve). The flux
of the latter spectrum is multiplied by 2.5.

with d ≈ 170 pc. The ratios LBL/LD are 0.04 and 0.16 for
these BL models, respectively, and they are close to the estima-
tions obtained by Mauche (2004) and Suleimanov et al. (2013).
Therefore, the BL model spectra computed here can fit the soft
X-ray spectrum of SS Cyg in outburst.

The second bright dwarf nova that exhibited a prominent
soft X-ray/EUV flux during outburst is U Gem (Cordova et al.
1984; Long et al. 1996). But the properties of this emission
differ significantly from the case of SS Cyg. A blackbody fit
gives a temperature about 140 kK and a BL luminosity of about
4 × 1034 erg s−1 (for the distance 90 pc, Marsh et al. 1990)
with the corresponding ratio LBL/LD ∼ 0.5 (Long et al. 1996).
The earlier X-ray observations performed by the Einstein obser-
vatory gave similar relations between the blackbody tempera-
tures and the observed fluxes of these CVs’ soft X-ray spectra
(Cordova et al. 1980a,b, 1984).

The estimated rotation velocity of the WD in this CV is very
low (<100 km s−1, Sion et al. 1994) and the derived relative BL
luminosity is in accordance with the expected relative BL lu-
minosity (see Eq. (41)). But all 1D BL models including ours
predict higher effective temperatures for this luminous BL, at
least 200−300 kK, in contradiction with the observed tempera-
ture. This means that the BL emitting area in U Gem is about
5−10 times greater than in SS Cyg, i.e. the BL width can be tens
of percent of the WD radius instead of a few percent. Therefore,
a new BL model is necessary to explain this fact.

A correct theory of optically thick BLs has to explain the
observational properties of both dwarf novae. A possible rea-
son could be the 2D nature of BLs around slowly rotating WDs.
For example, the BL matter can spread over the WD surface

increasing the radiating area (Kley 1991; Fisker & Balsara 2005;
Balsara et al. 2009). Another possible physical mechanism is de-
position of a significant part of BL energy deep into the WD
(Kippenhahn & Thomas 1978; Godon et al. 1995), as it was also
considered for T Tau type stars (Bertout & Regev 1992; Regev
& Bertout 1995), with subsequent radiation of this energy by a
significant part of the WD surface above and below the equa-
torial plane. An additional possibility was suggested by Idan &
Shaviv (1996), who proposed that a significant part of the en-
ergy released in the BL might be carried away by some outflow
(wind).

The EUV spectrum of U Gem in outburst is very similar to
the soft X-ray spectrum of SS Cyg in outburst. It also shows nu-
merous broad absorption- and emission-like features, but a few
strong emission lines are also detected (Long et al. 1996). The
latter probably arise in a strong BL wind and they are visible
due to a higher inclination of U Gem’s orbital plane relative to
the line of sight (i ≈ 70◦, Zhang & Robinson 1987) in com-
parison with the inclination angle of SS Cyg (i ≈ 50◦, Bitner
et al. 2007). The even more inclined SU UMa-type dwarf nova
OY Car (i ≈ 83◦, Littlefair et al. 2008) shows an EUV spec-
trum dominated by prominent emission lines in super-outburst
as presented by Mauche & Raymond (2000). These authors eval-
uated the wind mass-loss rate (≤10−10 M� yr−1) and argued that
this value cannot be explained by a line-driven disk wind. It is
possible that a line-driven BL wind as presented in our calcula-
tions can help to resolve this problem. We suggest that radiation-
driven winds are much more powerful for BLs around slowly
rotating WDs because of much higher effective temperatures at
the same emitting area (see, e.g., Table 2). Therefore, such winds
could be optically thick like the winds of Wolf-Rayet stars (see,
e.g. Nugis & Lamers 2002; Gräfener & Hamann 2005), and the
visible BL photospheres could have much greater emitting areas
in comparison with the expected BL model sizes. This would
lead to significant reduction of the averaged BL effective tem-
perature while saving the bolometric luminosity. This hypothe-
sis can explain the observed properties of the BL in U Gem. We
suggest to call this kind of BLs “photospheric radius expanded”
(PRE) BLs. A detailed BL wind investigation would be neces-
sary to test these ideas.

5. Conclusions

In this paper we presented the first attempt to compute the soft
X-ray/EUV spectra of optically thick BL models in CVs using
the model stellar-atmosphere method. We used the 1D hydro-
dynamic BL models calculated by Hertfelder et al. (2013) for
three WD masses (0.8, 1, and 1.2 M�) and various values of rel-
ative angular velocity (0, 0.2, 0.4, 0.6, and 0.8 ωK). Two other
parameters, the mass-accretion rate Ṁ = 1.5 × 10−8 M� yr−1

and the viscosity parameter α = 0.01 were fixed. Every BL
model is divided into a few rings, and every ring model along
the z-direction is computed using the model-atmosphere method.
The total BL model spectra are summed over the ring spectra
with Doppler effect taken into account.

The effective temperatures of the considered BL model rings
range from 100 kK to 400 kK. At these conditions hydrogen
and helium are almost fully ionized and highly-charged ions
of heavy elements such as carbon, oxygen, neon, magnesium,
and silicon determine the opacities and the shape of the model
emergent spectra. The local ring spectra with numerous absorp-
tion lines of these chemical elements together with absorption
edges are smeared by the fast ring rotation and the final model
BL spectra show relatively broad absorption- and emission-like
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features, which cannot be identified with any individual absorp-
tion or emission lines. The absorption-like features arise at the
spectral parts with high number densities of strong absorption
lines and/or near blue sides of absorption edges. The emission-
like features arise at spectral parts with a low number densities
of absorption lines and/or near red sides of absorption edges.
An additional smoothing of the spectra due to a finite spec-
tral resolution of X-ray instruments has to be also considered
to form these prominent features. The predominance of spectral
lines in the BL opacities leads to strong BL line-driven winds,
which manifest themselves in EUV observations. We developed
a simple method to treat approximately the influence of a line-
driven wind on the BL model structure. This approach is not self-
consistent and it is not sufficiently correct for an investigation of
the wind properties, but it offers the possibility to compute the
model emergent spectra.

The observed soft X-ray and EUV spectra of the dwarf no-
vae SS Cyg and U Gem in outburst are very similar to the
computed model BL spectra and exhibit numerous emission-
and absorption-like features (Mauche 2004; Long et al. 1996).
Moreover, we reveal that the soft X-ray Chandra spectrum of
SS Cyg in outburst can be fitted satisfactorily by the spectrum
of our BL models with MWD = M�, ωWD = 0.8ωK, and
MWD = 0.8 M�, ωWD = 0.6ωK. with the interstellar absorp-
tion parameter NH ≈ 7 × 1019 cm−2, and the distances ≈107 and
170 pc correspondingly. The ratio of the observed BL luminosity
to the disk luminosity of SS Cyg in outburst is consistent with
the model parameters. The subtracted spectrum is a spectrum
of a hot optically thin plasma spectrum and could be associated
with the outflow from the BL surface with the mass loss rate
∼1017−1018 g s−1, which is comparable with the assumed mass
accretion rate. Therefore, future BL models have to be computed
with the mass loss taken into consideration.

On the other hand, the observed EUV flux properties of
U Gem in outburst are contradicting our model predictions. We
suggest that a powerful radiation-driven wind from U Gem’s BL
could form an extended photospheric BL surface reducing the
averaged effective temperature but saving the bolometric lumi-
nosity. The properties of this “photospheric radius expanded”
BL could be very similar to the observed U Gem BL properties.
Additional extended BL radiation-driven wind investigations are
necessary to proof this hypothesis.
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