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The structure and the thermodynamics of the non-magnetic boundary layer (BL) of accretion
disks has been an outstanding problem in the field of theoretical astrophysics for years. The BL is
a ubiquitous phenomenon that appears in a variety of astrophysical situations and systems where
non-magnetic accretion occurs, i.e. where an accretion disk (AD) is present. The AD is an effi-
cient mechanism to transport matter from the exterior of the disk to the gravitating center. Here,
at the inner edge of the AD, the circulating matter comes upon the surface of the central object
and is decelerated to match the object’s rotation rate. During this process, an enormous amount
of energy is released from the tiny BL region. This in turn generates hard radiation which can be
clearly identified in the observed spectrum of the object. We perform numerical hydrodynamical
simulations in order to calculate the luminosity and the spectrum of the BL and its dependence
on parameters like the mass, rotation rate or mass accretion rate of the central white dwarf (WD).
Therefore, we treat the problem in the one-dimensional, radial slim disk approximation. We
employ a classical a-viscosity to account for the turbulence and include cooling from the disk
surfaces as well as radial radiation transport. To account for the high temperatures in BLs around
WDs, we also consider the radiation energy in a one-temperature approximation. We find that
1D models of the BL are well suited if one is interested in the radiation characteristics of the BL.
The BL luminosity directly depends on the varied parameters which makes it possible to draw
conclusions about real systems by comparing observations with our synthetic models. Ambigu-
ities concerning different models with identical luminosities can be mitigated by regarding the
emitted spectrum. We therefore present a method to gain information about a system by probing
the radiation of the BL.
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1. Introduction

Cataclysmic variables (CVs) are binary systems which are of great interest within the context
of accretion physics since one of their main features is the mutual exchange of mass (Paczynski
1971). This leads to the formation of an accretion disk around a roughly solar mass white dwarf
(WD) which is fueled by the Roche lobe overflow of the lighter main sequence companion star
(Warner 1995; Giovannelli 1985). The accretion disk is an efficient mechanism for the matter to
get rid of its angular momentum and travel towards the central WD. During this journey, energy is
released due to the fact that the matter is falling deeper into the gravitational potential of the WD
(e.g. Shakura & Sunyaev 1973; Lynden-Bell & Pringle 1974; Pringle 1981; Verbunt 1982). Over
the whole extent of the disk, about one half of the accretion energy, which is given by

MM

L’dCC R*

(1.1)

(G,M,,M and R, are the gravitational constant, WD mass, mass accretion rate and radius) for non-
rotating stars, becomes available. The other half of the energy specified by Eq. (1.1) is stored in
terms of kinetic energy of the gas which rotates with Keplerian velocity Qg = Gr—ﬂf near the surface
of the WD. In order to match the rotation rate of the WD, which is in general much slower or
even zero, the gas must be strongly slowed down before it can settle on the stellar surface. During
this deceleration, an enormous amount of energy is released in a spatially confined region which
is called the BL and has a radial extent of around one percent of the stellar radius for the case of
a WD. The resulting UV and soft and hard X-ray emission of these hot BLs has been observed
in several CVs (e.g. Cordova et al. 1981a,b; Cordova & Mason 1984). Depending on the mass
accretion rate of the WD, the BL can either be optically thin (M < 10~'°M, /yr, Warner 1987) and
the radiation will be dominated by soft and hard X-rays (e.g. Mukai & Patterson 2004; Pandel et al.
2003, 2005, King & Shaviv 1984; Shaviv 1987; Narayan & Popham 1993; Popham 1999), or it can
be optically thick and emit thermal radiation (see e.g. Cordova et al. 1980; Mauche 2004).

For nearly 50 years now, it has been the goal of many astrophysicists to theoretically repro-
duce the BL. There have been several approaches to accomplish this task, one of the first being
stationary calculations or timescale estimates (Lynden-Bell & Pringle 1974; Pringle 1977; Tylenda
1977, 1981; Pringle & Savonije 1979; Regev 1983). With increasing computational power, the era
of numerical hydrodynamics was introduced and the first evolutionary calculations have been per-
formed (Robertson & Frank 1986; Kley & Hensler 1987; Kley 1989a,b, 1991; Godon et al. 1995).
The latter authors used a one-dimensional approximation of the BL, which is still a viable approach
for certain aims. The gas is assumed to be slowed down in the midplane of the disk before it is
spread on the surface of the star. Within this model, considering only the radial dependence of
the physical variables, is then sufficient for the calculation of the total radiation emerging from the
BL. A modern version of this approach has been presented in Hertfelder et al. (2013) where we
included a quasi-two-dimensional radiation transport and special treatment for the radiation field.

Some questions about the BL cannot be answered by the 1D approximation of the BL and
therefore, multidimensional models have been pursued as well. Among the first full radiation
hydrodynamical simulations were the efforts by Kley (1989a,b, 1991), who did two-dimensional
r-9¥-simulations assuming axisymmetry. Those simulations are apt to investigate the structure of
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the BL and the fate of the disk material, i.e. the meridional spreading and the mixing with the
stellar material. With the availability of large compute clusters and parallel hydrodynamics codes,
simulations of this kind nowadays feature amazing numerical resolutions and long evolution times,
while including sophisticated physics and an advanced treatment of radiation (see Hertfelder &
Kley 2017, in preparation). However, two-dimensional simulations in the disk plane (r-¢) were
of great interest in the recent years. In order to slow down the gas in the BL, some mechanism of
angular momentum (AM) transport must be present. In wide parts of the disk, this is done by the
magnetorotational instability (MRI), which creates turbulence that acts like a genuine viscosity on
macroscopic scales. In this case, the viscosity can be considered using the classical a-prescription
by Shakura & Sunyaev (1973). In the BL, though, the source of the observed AM transport is still
a matter of ongoing research. Recent simulations revealed the existence of a supersonic instability
in the BL, which excites acoustic waves that are able to transport AM and mass (see Hertfelder
& Kley 2015, for details). Full three-dimensional simulations have been done sporadically (e.g.
Armitage 2002), however, the computational costs for highly resolved models are immense and the
simulation times are very long.

In this work, we focus on the BL around a solar mass WD in a cataclysmic variable system. We
extent the study presented in Hertfelder et al. (2013) and analyze the luminosity and the compound
black body spectrum of the BL as a function of important system parameters such as the mass
accretion rate and the stellar rotation rate. Detailed spectra, that also take the vertical structure into
account, have been presented in Suleimanov et al. (2014).

2. Model & Physics

The problem is approached in a one-dimensional approximation in a cylindrical coordinate
system (r, @, z). For this purpose, the Navier-Stokes equations have been integrated in the vertical
direction and derivatives with respect to the azimuthal direction ¢ have been dropped due to the
assumption of axisymmetry. This approximation is called the thin disk approach and the variables
depend only on radius and time (r, ). The mass density p is replaced by a vertically integrated
surface density X which can be derived by

zz/w pdz =V27p(z=0)H, 2.1)

where we assumed a Gaussian profile for p in the vertical direction. H is the pressure scale height
and thus a measure for the height of the disk. Assuming hydrostatic balance and an isothermal
equation of state in z-direction, it reads
Cs
H=—"
Q'

where c; is the sound speed. In the radial direction we use the ideal gas law for the pressure.

2.2)

Since radiation pressure and energy are not negligible due to the high temperatures in the
BL, we employ the one-temperature radiation transport (see e.g. Flaig et al. 2010), where the two
equations for the gas and the radiation energy density are added up. We then propagate the total
energy, consisting of gas and radiation energy, in time. This approach is a good approximation for
optically thick regions (e.g. Kuiper et al. 2010) and justified since the BLs we are regarding here
are optically thick. The radiation energy equation is closed by employing the flux-limited diffusion
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approximation (FLD; Levermore & Pomraning (1981); Levermore (1984)) for the radiative flux
F and we adopt the formulation by Levermore & Pomraning (1981) for the flux-limiter A. The
opacity K is determined using Kramer’s law,

K=5x10**pT 33 [cm?g™!], (2.3)

with a lower threshold given by Thomson scattering. The disk can cool vertically via a blackbody
radiation of temperature Ti¢, which is calculated from the midplane temperature 7 by using a
generalization of the gray atmosphere for the optical depth in the vertical direction (Hubeny 1990).
The exact equations for our model can be found in Hertfelder et al. (2013).

The partial differential equations are discretized on a fixed Eulerian grid using finite differ-
ences. For the time propagation, a semi-implicit-explicit scheme is employed since some source
terms, especially the viscous ones, require an implicit treatment so that the time step is not restricted
too severely. The code (see also Hertfelder et al. 2013) maintains a formal second-order accuracy in
time and space and uses a multi step procedure for the time integration (operator splitting), which
is controlled by the CFL condition that limits the largest possible time step.

The boundary conditions are implemented such that the disk is fed from the outer radius with
a constant rate M. We impose Keplerian rotation at the outer edge and stellar rotation £, at the
inner edge. For the other variables, we assume zero gradient boundary conditions. The models are
started from initial profiles given by the disk solution by Shakura & Sunyaev (1973) which have
been interpolated to the stellar surface.

2.1 Model Parameters

We focus on the BL around a WD in a cataclysmic variable system. Accordingly, simulations
for a WD with 0.6,0.8 and 1.0 solar masses have been performed. We assumed different values
for the mass accretion rate M that range from 10~'° up to 10~® solar masses per year. As can be
seen from Eq. (1.1), another crucial parameter for the luminosity of the BL is the stellar radius R,.
For WDs, mass and radius are not independent but connected via an inverse relation; i.e. the larger
the stellar mass, the smaller the radius. We use the relation from Nauenberg (1972) to determine
the exact value of R.. The stellar rotation rate also plays an important role for the luminosity of
the BL. We varied it between 0.0 and 0.9Qk (R..), which corresponds to non-rotating up to nearly
break-up velocity. The parameter for the o-viscosity was taken to be 0.01 throughout.

3. Results

3.1 The general structure of the BL.

We will begin our discussion of the results by first presenting the basic properties of the BL.
For this purpose we adduce the case with M, = 0.8M, and M = 10~8M_, /yr as a standard model
and basis for the parameter variations.

Figure 1 shows the dynamical structure of the BL. On the left hand side, the angular velocity
divided by the Keplerian angular velocity is depicted in the region between the stellar surface and
the disk. Viewing the situation from the outside to the inside, the gas initially rotates with Keplerian
velocity in the disk due to the force balance of gravitational and centrifugal forces. There is a small,
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Figure 1: Angular velocity Q = v, /r in terms of the Keplerian angular velocity (left panel) and radial Mach
number Ma = —v, /¢ (right panel) as a function of the radial coordinate in units of R,. The different colors
denote the different stellar rotation rates Q. which can be inferred from the left panel at r = 1.

additional pressure support since the temperature decreases with increasing radius and thus the gas
may rotate sub-Keplerian. This situation changes when the pressure gradient is pointing inwards as
we come closer to the BL. Then, the gas rotates slightly super-Keplerian. When entering the BL,
the gas reaches the maximum rotational velocity, a point which is called the zero-torque point, since
no viscous torques exist at this point due to the vanishing gradient of Q. Going further inwards, the
gas is decelerated smoothly down to the velocity of the stellar surface. Here, it is mainly stabilized
by pressure support. The region between the stellar surface and the maximum of Q is denoted by
the dynamical BL width and there is a tendency for an increasing BL width with increasing stellar
rotation rate.

The radial or infall velocity of the matter is reflected by the Mach number shown in the right
panel of Fig. 1. Approaching the BL from the outside, the infall velocity of the gas increases and
reaches its maximum at the zero-torque point before it drops rapidly to almost zero at the surface of
the star. Thus, there is no shocking of the gas at the stellar surface. The increasing radial velocity
is due to the loss of angular momentum caused by friction in the disk and the slower the star spins,
the higher is the infall velocity. Apparently no supersonic infall velocities are reached, which is an
important issue in connection with the causality (see e.g. Pringle 1977; Popham & Narayan 1992;
Kley & Papaloizou 1997). In general, we do not find supersonic infall velocities in any of our
models for small values of a.

The thermal structure of the BL is illustrated in Fig. 2 with the surface density X (see Eq. 2.1)
on the left hand side and the effective temperature on the right hand side. The color coding is
analogue to Fig. 1). The plot of the surface density shows that the BL is heavily depleted of gas, ¥
decreases by almost two orders of magnitude compared to the disk. The BL can thus be seen as a
bottleneck, where the matter has to squeeze through in order to reach the surface of the star. This
notion is in accordance with the behavior of the radial velocity: The smaller the surface density
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Figure 2: Surface density X (left panel) and effective or surface temperature T (right panel). The different
colors represent models with different stellar rotation rate and match those of Fig. 1.

becomes, the greater the radial velocity is in order to maintain a constant mass accretion rate,
M = —27r¥v,. 3.1)

Equation 3.1 can directly be derived from the conservation of mass. Furthermore, the depletion of
mass in the BL depends on the stellar rotation rate and is most severe for a non-rotating star. This
does not apply for the disk where all models have about the same density. The rapid increase of ¥
at r =~ 1 marks the beginning of the WD.

Although the physical model presented here is one-dimensional in nature, we can calculate a
surface temperature from the midplane temperature by using an appropriate approximation for the
vertical structure (see Sec. 2). Tegr then represents the temperature of the disk and BL at an optical
depth of T ~ 1 and thus determines the radiation emerging from the system. Figure 2 shows that the
surface temperature increases tremendously in the BL, reaching up to almost 350000 Kelvin. This
peak is due to the strong shearing in the BL where the gradient of Q is large (see Fig. 1) and a great
deal of heat is produced through friction. With increasing stellar rotation rate, the maximum value
of Tesr in the BL shrinks, since the shearing becomes less intense. In the disk, there is no difference
between the presented models. The surface temperature shows a second peak at r =~ 1.41 with
Teir = 67152 Kelvin which is in perfect agreement with the disk solution by Shakura & Sunyaev
(1973). Although the region where the energy is produced has a radial extent of only about one
percent of the stellar radius, the major peak of Z¢¢ spreads over almost 10 percent. The reason is the
radial diffusion which transports energy through the disk and the resulting region has been named
the thermal BL (Regev & Bertout 1995; Popham & Narayan 1995). It is the area from which the
BL radiation that can be observed escapes.

3.2 The width of the BL

Table 1 shows the width of the dynamical BL for the reference model. It is defined to be the
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® Ar[R]
0.0 0.0071
0.1 0.0071
0.2 0.0071
0.3 0.0071
0.4 0.0072
0.5 0.0076
0.6 0.0081
0.7 0.0089
0.8 0.0112
0.9 0.0182

Table 1: Width of the boundary layer for the standard model with M, = 0.8M,, M = 10~3M_, /yr and stellar
rotation rates @ = Q. /Qg (R.) spanning from 0.0 up to 0.9. By definition, the BL ranges from the surface
of the star to the point where dQ(r)/dr =0, i.e. where it has a maximum.

region ranging from the stellar surface, which is at r ~ 1 in our simulations, to the zero-gradient
point where dQ/dr =0, i.e. the angular velocity has its maximum. This point is not identical with
the maximum point of the curves in the left panel of Fig. 1. The width of the BL around a WD
is extremely small with values of less than one percent of the stellar radius in most cases. Only
for fast rotating WDs is the BL. becoming significantly wider. The reason for the narrow BL is
the large value of M, /R, for WDs which have a mass comparable to our sun but a radius of only
a hundredth of the solar radius. This fraction appears in the gravitational force which is, among
other parameters, responsible for the temperature and surface density of the disk and the BL. The
width is in general governed by the viscosity, which in turn depends on the surface density and the
temperature if we employ a o-prescription. Thus, the high ratio of stellar mass and stellar radius in
WDs leads to very thin BLs, as opposed to young stars, for instance. This is one of the reasons why
BL simulations of WDs are demanding from a computational point of view, since a high numerical
resolution has to be applied in order to resolve this small area sufficiently.

With increasing stellar rotation rate, the temperature in the BL decreases, since the gas retains
more and more of its angular momentum and less kinetic energy is released. Although a colder
BL should be thinner than a hot one (one can think of the heat puffing up the BL), we observe the
opposite, namely an increasing BL. width (see Table 1). The reason is that the depletion of mass
in the BL depends on the rotation rate as well (see Fig. 2, left panel), and X is larger for high Q.,.
The complex interplay of surface density and midplane temperature arranges it such that the BL.
becomes wider. The thermal BL, however, is about ten times larger and diminishes in size with
increasing stellar rotation due to the decreasing energy release in the BL.

Figure 3 visualizes the width of the dynamical BL as a function of the WD rotation rate and
mass for three different values of the mass accretion rate M. We will first refer to the graph on
the left hand side, where the marker colors correspond to the mass accretion rate and the line color
represents the mass of the WD. The reference model is shown with cyan markers and a green dashed
line. As has been discussed in connection with Table 1, we recognize a clear trend for an increasing
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Figure 3: The width of the dynamical BL as a function of the WD rotation rate (left panel) and the WD mass
(right panel) in units of the WD radius R,.. The marker color represents the mass accretion rate of the WD in
both plots where cyan equals 10~8, magenta 10~ and yellow 10~'° solar masses per year. On the left hand
side, the line color illustrates the mass of the WD with blue, green and red being 0.6,0.8 and 1.0M. On the
right hand side, the line color tells the rotation rate of the model and blue, green and red correspond to 0.2,
0.7 and 0.9Qk (R..), respectively.

BL width with growing stellar rotation rate. This is, however, not the case in some other models
considered in Fig. 3. Especially for lower values of the mass accretion rate, the BL might shrink
in width before it is getting larger with increasing stellar rotation rate. Consider, for instance,
the bottom red line with yellow markers, which corresponds to 1.0M, 10~ M, /yr, where this
behavior is visible. The reverse of the trend is due to the complex interplay of surface density
and midplane temperature, which has been mentioned before. Depending on the specific choice
of parameters, the BL is either growing continually with increasing rotation rate, or it is shrinking
slightly in the beginning before it is widening again. It is impossible to give a general answer to
this issue, however, there seems to be a tendency for models with low mass accretion rate and high
stellar mass to adopt the latter behavior. Apart from this detail, all models show a similar overall
trend: The width is increasing slowly in the beginning and more severely for high stellar rotation
rates. Thus, if one is able to identify the width of a BL (e.g. from the radiation characteristics), it
helps to distinguish between fast rotating WDs but not between low or non-rotating ones.

The right panel of Fig. 3 shows how the mass of the WD influences the width of the BL.
Again, the mass accretion rate is visualized by the differently colored markers. We have picked
three stellar rotation rates for each mass accretion rate and WD mass, given by 0.2 (blue line),
0.7 (green line) and 0.8 (red line) times the breakup velocity. Clearly, the BL is shrinking with
increasing WD mass. The reason is the increasing gravitational pull, which is enhanced even more
by the inverse mass-radius relation for WDs. It arranges it so that the surface density is decreasing
and the temperature is increasing with growing WD mass and the width is decreasing, finally. The
width of the thermal BL is increasing with M., on the other hand, although only weakly. This is due
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Figure 4: The width of the dynamical BL as a function of the WD mass accretion rate in units of solar
masses per year. The marker color represents the mass of the WD and cyan, magenta and yellow correspond
to 0.6, 0.8 and 1.0 solar masses, respectively. The line color indicates the rotation rate of the model such
that blue, green and red correspond to 0.2, 0.7 and 0.9Qk (R.), respectively.

to the fact that more energy is released with increasing WD mass which is distributed on a wider
area. It seems that the dependence on the stellar mass is approximately linear in a logarithmic
plot. Thus, as a rule of thumb, we infer that the width of the BL is decreasing exponentially with
increasing WD mass.

Finally, we investigate the dependence on the mass accretion rate of the WD and consider
Fig. 4 for this purpose. Shown here are the same nine models as in Fig. 3. There is a clear trend for
the BL width to grow with increasing mass accretion rate. Again, this is influenced by the surface
density and the temperature which are both growing drastically with increasing mass accretion
rate since a higher M means that more mass accumulates in the disk. Accordingly, the energy
dissipation through shear is enhanced and leads to a higher disk temperature. The same holds for
the effective temperature and thus the width of thermal BL is growing even more drastically than
the dynamical BL. For high stellar rotation rates (red line), the trend is almost linear in the double
logarithmic plot of Fig. 4. With decreasing stellar rotation rate, however, the trend seems to deviate
slightly from linear. Therefore, while the BL width increases exponentially with the logarithm of
the mass accretion rate for high stellar rotation rates, it does only roughly so for lower rotation
rates. We note that the width of the BL is in all cases given in units of the stellar radius, which
depends on the stellar mass.

3.3 The luminosity of the BL.

The luminosity of the BL is of great importance when comparing the results of our simulations
with real observations. In our model, the BL and the disk radiate like a black body at each surface
point with a temperature that is given by the effective temperature Ti¢. Therefore, the luminosity
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Figure 5: The luminosity of the BL as a function of the WD rotation rate. The luminosity is normalized to
the total accretion luminosity Lycc = GM M /R.. The left hand side visualizes the total luminosity of the BL
and square fit to the data points. In the right hand side picture, only the X-ray luminosity (0.1 to 10 keV) is
taken into account and plotted along with a cubic fit to the data.

of one ring is given by

21 rlR
Li=2 / / o Ty ; rdrdo, (3.2)
0o Jit ’

where the factor 2 comes from the two sides of the disk and 7R means the left and the right limit
of the individual ring. The total BL luminosity is then obtained by summing up all rings up to the
point where the disk starts. The end of the BL and the beginning of the disk, respectively, is derived
by comparing the effective temperature of our models with the surface temperature given by the
standard solution of the accretion disk by Shakura & Sunyaev (1973):

. 1/4
o (| (k)] (33)
8nric r '
The disk of our models is perfectly described by the standard solution and especially Eq. 3.3 and

thus we define the thermal BL to extent up to the point where T ¢ comes to within five percent of
the standard solution.

T(r)=

Figure 5 visualizes the luminosity as a function of the stellar rotation rate for the reference
model with 0.8M, and M = 10~8M, /yr. With increasing stellar rotation rate, the luminosity of the
BL decreases drastically. This is due to the fact that almost all energy which is released in the BL
originates from the difference in kinetic energy of the gas just outside the BL and at the surface of
the WD. The faster the star spins, the less the gas is slowed down and less energy becomes free and
contributes to the observed luminosity. Thirty years ago, there has been a debate about the relation
that ties the luminosity of the BL to the stellar rotation rate (see e.g. KluZniak 1987; Kley 1991;

10
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Figure 6: The total luminosity of the BL as a function of the stellar mass M, and mass accretion rate
M. The green data points visualize the luminosity for the three different mass accretion rates 107'9,10~°
and 10~8M_, /yr and the blue data points correspond to the mass dependence of the luminosity. The WD is
non-rotating in the left panel, Q.. = 0.0Qx (R.), and has a rotation rate of Q, = 0.5Qk (R, ) in the right panel.

Popham & Narayan 1995), however, the consent has been to utilize

P S p—— 2
2acc QK(R*)

as a formula. The functional dependence of Eq. (3.4) almost perfectly describes the data as can be

LgL = 3.4

seen from the fit (red curve) in Fig. 5. However, we found from our simulations that the prefactor
of 1/2 is too low and the fit yielded a value of 0.51 for the reference model. This has to do with the
definition of the inner disk radius and thus small variations are possible due to different setups.
On the right hand side of Fig. 5 we display the X-ray luminosity of the BL for the energy
band between 0.1 and 10 keV. In order to derive Lpp x ray, We assume Planck’s law for every
ring with the temperature To(r) and integrate over the solid angle and the disk area to obtain the
spectral luminosity of the BL. We can then confine the energy interval of interest and calculate the
luminosity of that band. For our reference model, the X-ray luminosity of the BL around a non-
rotating WD amounts to roughly 40% of the total BL luminosity and drops very fast for increasing
stellar rotation because only very high effective temperatures significantly contribute to the X-ray
band. The drop is considerably faster than that of the total luminosity and goes with the third power
of the stellar rotation rate. Thus, we postulate as a rule of thumb for the X-ray luminosity of the

BL the law: 5
Q,
L =02(1————
e < QK<R*>>

The prefactor might also depend on other parameters of the system. The functional dependence,

(3.5)

however, seems to be solid for the cases we simulated within this study.
In Figure 6, we verify the dependence of the luminosity on the WD mass and mass accretion
rate, which is given by Eq. (1.1). The green data points and connecting dashed line refer to the
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Figure 7: Spectral luminosity L, for the reference model (0.8M,,10~8M_, /yr) and a stellar rotation rate of
0.0 (blue), 0.3 (green), 0.6 (red) and 0.9Qk (R,) (cyan). The black dashed line indicates a fit with a single
temperature Planck law.

three different mass accretion rates of 107,107 and 10~® solar masses per year. In the double
logarithmic plot the data points lie on one straight line which means that indeed Lgy, o< M, inde-
pendent of Q.. Both plots of Fig. 6 differ only in stellar rotation rate. In the left hand side plot, the
WD is non-rotating and on the right hand side it rotates with 50% of the breakup velocity. The data
points for the three different WD masses 0.6,0.8 and 1.0M, are situated also on a straight line,
though in a semi logarithmic representation. This means that there seems to be a rather weak ex-
ponential dependence between BL luminosity and WD mass. We note that mass and radius are not
independent due to the mass-radius relation for WDs. Therefore, the exact dependence on stellar
mass is rather given by the relation M, /R,, which depends on the mass-radius relation. However,
for the small mass spectrum observed in WDs, a good first approximation is a linear increase in
luminosity with increasing stellar mass.

Finally, in Fig. 7 we show the spectrum of the BL of the reference model which has a 0.8
solar mass WD and a mass accretion rate of 10~8 solar masses per year. The spectral luminosity is
obtained by imposing Planck’s law with temperature ¢ for each ring of the BL and subsequently
adding them up while taking into account the area of the ring. In the graph, four different stellar
rotation rates, 0.0 (blue), 0.3,0.6 and 0.9Qk(R.) (cyan) are presented. The spectrum becomes
considerably harder with decreasing stellar rotation rate which is in accordance with the discussion
of the effective temperature shown in Fig. 2. The high energetic part of the spectrum stems from
the hottest parts of the thermal BL, i.e. where the maximum of the effective temperature is located.
The dashed black line in Fig. 7 indicates a black body fit to the spectrum of the non-rotating WD.
To this purpose we tried to approximate the compound BL spectrum by a single temperature Planck
law which gives a rough estimate of the shape of the spectrum. In this case, the fit yields a black
body temperature of approximately 270000 Kelvin. This temperature can then be compared with
black body fits of real observations.
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4. Summary and conclusion

In this study, we have presented elaborate one-dimensional simulations of the BL around a WD
in a cataclysmic variable system. We employed the thin disk approximation where axisymmetry
is assumed and the disk is vertically integrated. The novelty of our model involves the detailed
treatment of radiation in that radiation transport in the radial as well as in the vertical direction has
been implemented and that the radiation energy has been propagated in time along with the thermal
energy. For the purposes considered within this study the 1D approximation is sufficient and,
together with observationsi, our results can help to identify system parameters of CVs like SS Aur
(Nabizadeh, Balman, Hertfelder 2017, in preparation). There are, however, questions which involve
the structure, the mixing or instabilities in the BL that can not be answered withing the realm of
the 1D model presented here. One must then perform two- or higher dimensional simulations (e.g.
Hertfelder & Kley 2017, in preparation).

The parameter study we presented here comprises models of the BL around WDs of the masses
0.6,0.8 and 1.0 solar masses and thus covers the typical mass range of WDs in CVs. For each mass,
three mass accretion rates, viz. 10719107 and 10~® solar masses per year, were considered.
Finally, for every M,-M combination, ten stellar rotation rates were imposed, spanning the whole
domain from a non-rotating up to a nearly at break-up velocity rotating WD. Thus, we have run 90
models in total which gave us a good starting point for a thorough parameter study. As a reference
model we took the simulation with 0.8M,, and 10~8M_, /yr and started by discussing the basic
properties of a non-magnetic BL.!

The BL connects the disk in which the gas is moving with Keplerian velocity with the stellar
surface that in general rotates with a lower velocity and thus the gas looses a good part of its
angular momentum and kinetic energy in this region. Our simulations show that the BL takes the
form of a bottleneck in order to accomplish this task: The radial infall velocity increases drastically
due to the loss of the stabilizing angular momentum and simultaneously the surface density drops
considerably in order to maintain the constant mass flux. During the deceleration of the azimuthal
velocity component a great deal of energy comes free which is responsible for the sudden rise of the
effective temperature in the BL. Temperatures of up to almost 350000 Kelvin are reached for the
non-rotating WD of the reference model. Since the energy originates from the deceleration process,
consequently with increasing stellar rotation the maximum temperature of the BL. decreases more
and more rapidly.

The width of the BL is one of the important parameters that we deeper looked into. At first, we
have to distinguish between the terminologies of the dynamical and the thermal BL. The dynamical
BL orients itself to the behavior of the angular velocity only and the width is defined to be the
region from the stellar surface up to the maximum of Q(r). With increasing WD rotation rate, the
width of the dynamical BL in general increases as well. However, depending on parameters like
stellar mass and mass accretion rate, it is not an uncommon phenomenon that it first shrinks before
growing perceptibly. For variations in M, and M, the situation is clear: With increasing mass or
decreasing mass accretion rate, the dynamical BL becomes considerably thinner. The dynamical
width is an important parameter since it defines the region where the energy which is later radiated

'Due to the high number of simulations it is not possible to include data such as the BL luminosity for each model
in this paper. However, numbers not presented here can naturally be requested by email to the author.
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away is produced. The more confined this region is, the harder the radiation will be. However,
in this context it is more convenient to refer to the thermal BL. The radiation produced in the
dynamical BL is distributed through radiative diffusion in the radial direction before it can escape
from the system. The region where the heat spreads is denoted as the thermal BL and with a radial
extent of ~ 10% of the stellar radius it is roughly ten times as wide as its dynamical counterpart.
In contrast to the dynamical BL, the thermal BL becomes smaller with increasing stellar rotation
rate. Its width directly influences the spectrum of the BL.

The most important parameter when comparing one-dimensional BL simulations with obser-
vations is the luminosity. We confirmed that indeed the BL luminosity decreases quadratically with
increasing stellar rotation rate Q.. An interesting result arises when considering the X-ray band
of the BL Iuminosity only: In this case, we observe a cubic dependence on the stellar rotation
rate. One problem that arises in connection with the BL luminosity is clearly the ambiguity that
different models may yield the same total BL luminosity. For instance, a model with high stellar
rotation rate but also a high mass accretion rate can yield the same luminosity as a model with a
smaller mass accretion rate but also a lower rotation rate. Here, one can step in with the additional
information from the X-ray luminosity and utilize the formula we provided for an estimate of the
system parameters. Another possibility is given by regarding the spectrum of the BL. which will
also help to clear up the ambiguity outlined above.

In the end, we want to learn more about systems that can be observed in space. Thus, by com-
bining the insight gained from theoretical simulations and observation we should be able to learn
more about its parameters. The approach presented here answers these purposes in that it is elabo-
rated enough to come to unambiguous conclusions by comparing the results with observations, but
at the same time it is still fast enough to run a large number of models which are necessary for the
parameter hunt.
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