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Abstract

:

A three-dimensional numerical model has been developed to study the flow structure in close binary systems with a magnetic field. The model uses a system of equations of modified magnetic hydrodynamics, which allows describing all the main dynamic effects associated with the magnetic field. It takes into account the processes of radiation heating and cooling, heating due to current dissipation, as well as magnetic field diffusion. The model allows calculations in a wide range of magnetic field values. Comparison of the calculation results with observational data confirms the reliability and high efficiency of the model. The paper presents the calculation results of the flow structure in a typical intermediate polar. It is shown that an accretion disk is formed in such a binary system, which has the following characteristic features: “hot line”, tidal shock waves, precession density wave, magnetospheric region, and accretion columns. In this case, the magnetic field in the disk is predominantly toroidal. The paper also presents the results of calculations for typical polars. In such systems, instead of an accretion disk, a collimated stream of matter is formed, moving along the magnetic field lines to the magnetic poles of the white dwarf. It is shown that in synchronous polars, variations of the mass transfer rate lead to a change in the spatial configuration of the flow. In asynchronous polars, changes in the flow structure for different phases of the beat period are observed as well as the processes of switching the flow between the magnetic poles of the accretor. Numerical calculations of the asynchronous system are performed under the assumption of the dipole configuration of the magnetic field for different values of the dipole offset relative to the center of the white dwarf. The paper presents a method for estimating this offset from observational light curves.
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1. Introduction


The paper discusses the objects belonging to the subclass of magnetic cataclysmic variable stars, in which the compact component has a magnetic field of a certain magnitude. Magnetic cataclysmic variables (mCV) are close binary systems consisting of a low-mass star of the late spectral class (K or M)–a red dwarf (donor, secondary component) and its companion–a white dwarf (accretor, primary component). When, during evolution, the secondary component fills its Roche lobe, the matter begins to flow into the inner Roche lobe of the white dwarf (see, for example, [1]). This process becomes possible due to the fact that at the inner Lagrange point   L 1  , the pressure gradient is not balanced by the gravity force. The magnetic field of the white dwarf has no noticeable effect on the outflow of matter from the donor, which depends primarily on the density and velocity of the flow at the inner Lagrange point but significantly determines the geometry of the flow in the magnetosphere of the primary component.



The geometry of the matter flow after it leaves the inner Lagrange point will be determined by two main factors–the mass transfer rate and the strength of the magnetic field of the accretor. The first factor, along with the acting forces in the rotating binary system (Coriolis force and centrifugal force), contributes to the deviation of the flow away from the direction to the white dwarf. In addition, the increase in the mass transfer rate leads to the elongation of the ballistic part of the jet trajectory.



The magnitude of the accretor magnetic field B affects the behavior of the matter flowing from the donor near the accretor. Depending on this value, two characteristic flow configurations are possible, which determine the separation of magnetic cataclysmic variables into polars and intermediate polars.



In the intermediate polars [2], the magnetic field turns out to be weak enough (  0.01 ⩽ B ⩽ 1   MGs) to capture matter immediately after it has left the inner Lagrange point, so in such systems, an accretion disk is formed in the outer part of the accretor Roche lobe to the boundary of its magnetosphere. In the inner part of the magnetosphere, where the disk matter significantly loses its angular momentum, the flow movement already occurs along magnetic field lines to the vicinity of the magnetic poles [3]. Intermediate polars, due to the low magnetic field strength, are characterized by a significant asynchronism of the accretor’s proper rotation with respect to the orbital motion of entire system [4]. This leads to different disk configurations and accretion modes. In particular, with a sufficiently fast rotation of the white dwarf, the complete disappearance of the accretion disk is possible (the so-called <<superpropeller>> mode): the matter flowing from the donor is forced out by the centrifugal force of the accretor into the vicinity of the external Lagrange point   L 3  , from where it irrevocably leaves the binary system.



With an increase in the magnetic field strength in the polars [1] (  B ⩾ 10   MGs), the Alfven radius of the accretor (the effective radius of its magnetosphere) increases, which becomes comparable to the inter-component distance in these binary systems. This means that the magnetic field is able to control the donor’s outflow matter already in the vicinity of the Lagrange point   L 1  . Therefore, a collimated jet is formed in the polars instead of a disk. A strong magnetic field also contributes to the synchronization of the rotation of the accretor with the orbital period of the polar [5,6]. Even at the evolutionary phases of flare activity, asynchronism does not exceed   2 %   [7]. To date, about 100 synchronous and only seven asynchronous polars are known. Synchronism in these binary stars means that the position of the accretor’s magnetic poles relatively to the donor (point   L 1  ) is constant, so the flow configuration mostly corresponds to unipolar accretion. However, with the specified amount of asynchronism, the process of switching the flow from one magnetic pole to another can occur in the system. In addition, with a significant value of the mass transfer rate, a configuration of bipolar accretion is possible. The fallout of matter in the polars, as well as in the intermediate polars, occurs in the vicinity of the magnetic poles of the white dwarf in the form of accretion columns.



The paper is organized as follows. The second section describes the numerical model we use. The third section represents the results of numerical calculations of the flow structure for polars and intermediate polars. The fourth section is devoted to the description of the methodology for estimating the configuration of the magnetic field from observational light curves. In conclusion, the main inferences of the paper are briefly discussed.




2. Numerical Model


The first numerical simulations of the influence of magnetic field on the flow structure were carried out in the early 1990s. Due to the high complexity of the problem, these investigations had a number of limitations and simplifications. So, for example, in the works [4,8,9,10], the quasi-particle method was used to simulate the flow structure in mCV. It has been shown that the flow structure in intermediate polars, depending on the configuration of the magnetic field, can include both the accretion disk, similar to disks in non-magnetic cataclysmic variables, and accretion flows held by a magnetic field. However, these calculations did not take into account a number of important effects, such as the influence of gas and magnetic pressures, heating–cooling processes, the generation of a magnetic field in the disk, and others.



Accretion processes in the magnetosphere of a white dwarf have been studied more thoroughly. In the works [11,12,13,14], the results of three-dimensional numerical simulation of plasma accretion on a gravitating object with a dipole-type magnetic field, whose axis does not coincide with axis of the orbital rotation, are presented. These works enabled to study in detail the flow structure in the central object region, where the magnetic field plays a dominant role; however, the computational domain of the model included only a small neighborhood of the accretor star.



Another approach to modeling the flow structure in the binary stars under consideration is the smoothed particles hydrodynamics (SPH). Using this approach, in the work [15], a system was investigated, where the axis of the accretor’s proper rotation, the orbital axis and the axis of the magnetic dipole had different directions. Here, the influence of the magnetic field was taken into account by introducing a model external force.



Of particular interest are the investigations of mCV with a fast rotating white dwarf. The study of the interaction of white dwarf magnetic field and a jet of matter flowing in its Roche lobe was carried out until recently under a number of simplifying assumptions [9,16]. In particular, the jet was modeled as a superposition of diamagnetic clumps, which were considered as test particles during the calculations. At the same time, the deformation and heating of the clots were not taken into account. The dispersion of the velocities of outflow matter within the framework of this approach was interpreted in terms of the differences of test particles in masses, radii, and trajectories of their movements in the Roche lobe of the white dwarf. The reasons leading to fragmentation of the initial jet into clots were not considered.



In this paper, we present a recently developed a self-consistent three-dimensional numerical MHD model for calculating the flow structure in close binary stars in the presence of a strong magnetic field [2,17]. This model allows us to eliminate the disadvantages of the above mCV modeling methods and it is based on the approximation of the modified magnetic hydrodynamics [2,17,18,19]. This approximation describes the plasma motion in very strong external magnetic field, and it also takes into account the turbulence of Alfven waves at small magnetic Reynolds numbers (   R m  ≪ 1  ) [20].



It is worth noting that in the accretion jets of mCVs, the propagation velocities of Alfven and magnetosonic waves can be many times higher than the velocity of the plasma itself, and in some cases be relativistic, so the use of a non-relativistic ideal MHD does not give a correct result. During the characteristic dynamic time of the evolution of the slow plasma flow, MHD waves can pass through the accretion jet in the longitudinal and transverse directions many times [21]. Therefore, the plasma dynamics in the jet can be considered in the framework of a modified non-relativistic ideal MHD as some averaged flow against the background of wave MHD turbulence [22,23,24].



A complete system of equations of modified MHD describe all the main dynamic effects associated with the magnetic field: the processes of radiation heating and cooling, the diffusion of the magnetic field due to the dissipation of currents in turbulent vortices, magnetic buoyancy and wave MHD turbulence. In the model, the formation and subsequent evolution of the accretion jet occur naturally as a result of the mass transfer process through the internal Lagrange point. In addition, the model is able to take into account some additional effects in the case of a complex magnetic field. For example, such a field configuration, having a significant quadruple component, has the asynchronous polar BY Cam, which is confirmed by numerous observations [25].



Below are the essential points of the model used. In semi-detached binary systems, the donor star fills its internal critical surface, which can be identified as a Roche lobe in the limited three-body problem. In a non-inertial reference frame rotating with a binary star at angular velocity   Ω = 2 π /  P orb   , where   P orb   is the orbital period of the binary system, around its mass center, the field of forces acting on matter is determined by the Roche potential  Φ  [2]:


  Φ = −   G  M a      x 2  +  y 2  +  z 2     −   G  M d       ( x − A )  2  +  y 2  +  z 2     −  1 2   Ω 2     x − A   M d    M a  +  M d     2  +  y 2   ,  



(1)




where G is the gravitational constant, A is the distance between the accretor and donor centers, and   M a  ,   M d   are the accretor and donor mass, respectively. The first and second terms in the expression (1) describe the gravitational potentials of the accretor and the donor, and the last term is the centrifugal potential relative to the mass center.



The selected reference frame uses a Cartesian coordinate system (x, y, z). Its beginning is located at the center of the accretor (Figure 1).



The donor’s center is located at a distance A from the origin along the x axis. The z axis is directed along the axis of rotation of the binary system:   Ω = ( 0 , 0 , Ω )  . For binary systems, the rotation characteristics are the orbital period   P orb   and the period of proper rotation of the accretor   P spin  , which coincide in the case of synchronous polars. For asynchronous systems, additionally, we introduced the concept of a beat period numerically equal to the time interval between the same mutual phase positions of the donor and accretor. Its value is calculated by the formula:


   1  P beat   =  1  P spin   −  1  P orb   .  



(2)







In our model, the dipole configuration of the magnetic field is considered. The induction of such a field at an arbitrary point in space is described by the following expression:


   B ∗  =  μ  R 3    3 ( d · n ) n − d  ,  



(3)




where   μ =   B a   R a 3   / 2  —magnetic moment,   B a  —characteristic value of magnetic field induction on the surface of a white dwarf obtained from observations;   R a  —accretor radius; R—distance from the center of the magnetic dipole to the observation point of the field; and  n —unit normal vector to the sphere of radius R, which is raised at the field point observation. The unit vector  d  defines the axis of symmetry of the dipole. Its components in the given Cartesian coordinate system can be written as:


   d x  = sin θ cos φ ,   d y  = sin θ sin φ ,   d z  = cos θ ,  



(4)




where the angles  θ  and  ϕ  determine the axis orientation of the magnetic dipole. The first is counted from the positive direction of the z axis, the second is counted from the positive direction of the x axis counterclockwise (against the orbital rotation of the binary system) (see Figure 1). In the case of a synchronous polar, the angle  ϕ  is constant in time and is equal to the initial value   ϕ 0   corresponding to the dipole position at the zero phase of the orbital period. For an asynchronous system, this angle already depends on time. Its increase with each orbital period occurs according to the following law:


  ϕ =  ϕ 0  +  Ω beat  t ,  



(5)




where    Ω beat  = 2 π /  P beat   ,   t =  P orb  · N  —current time, and N—number of orbital periods from the zero phase of the beat period. The angle  θ  in the systems under consideration always remains constant.



It should be noted that the magnetic field   B ∗  , given by the Formula (3), is irrotational:


  ∇ ×  B ∗  = 0 .  



(6)







However, depending on the binary system under consideration, it will be stationary for a synchronous polar


  ∂  B ∗  / ∂ t = 0  



(7)




and non-stationary for asynchronous polar


  ∂  B ∗  / ∂ t ≠ 0 .  



(8)







The irrotational nature of the magnetic field allows it to be partially excluded from the corresponding equations describing the structure of the MHD flow [2,26,27,28]. This makes it possible to avoid the errors accumulation by operations with large numbers during the calculation process. This technique consists of representing the total magnetic field  B  as a superposition of the proper field of the accretor   B ∗   and the field  b , which are induced by electric currents in the accretion flow and the envelope of the binary system:


  B =  B ∗  + b .  



(9)







At the same time, in the difference scheme of numerical calculation, only the magnetic field disturbance  b  is calculated. This splitting of the magnetic field is often used in the simulation of MHD accretion (see, for example, [11,12,13,14]).



In the case of asynchronous rotation of the accretor, the change in the field components over time is described by the following equations [2,17]:


    ∂ B   ∂ t   =   ∂ b   ∂ t   +   ∂  B ∗    ∂ t   ,  



(10)






    ∂  B ∗    ∂ t   = ∇ ×   v ∗  ×  B ∗   .  



(11)







Here,    v ∗  =  Ω beat  ×  ( r −  r a  )   − magnetic lines velocity, vector    Ω beat  =  ( 0 , 0 ,  Ω beat  )   . The time change of the  b  component occurs according to the induction, as shown in Equation (14).



The following system of equations is used to simulate the flow structure within the modified MHD:


    ∂ ρ   ∂ t   + ∇ ·  ( ρ v )  = 0  



(12)






       ∂ v   ∂ t   +  v · ∇  v = −   ∇ P  ρ  −   b × ( ∇ × b )   4 π ρ   − ∇ Φ + 2  ( v × Ω )  −    ( v −  v ∗  )  ⊥   t w       



(13)






    ∂ b   ∂ t   = ∇ ×  v × b +  ( v −  v ∗  )  ×  B ∗  − η  ( ∇ × b )    



(14)






  ρ    ∂ ε   ∂ t   +  v · ∇  ε  = − P  ( ∇ · v )  +  n 2   ( Γ − Λ )  +   η   ( ∇ × b )  2    4 π   ,  



(15)




where  ρ —density,  v —velocity, P—pressure,  ε —specific internal gas energy, n—concentration,  Γ  and  Λ —radiation heating and cooling functions. The term   2 ( v × Ω )   in the equation of motion (13) describes the Coriolis force, and the presence of the term   ∇ Φ  –the Roche gradient–is due to the fact that the selected non-inertial reference frame rotates together with a binary system. The last term in Equation (13)     ( v −  v ∗  )  ⊥  /  t w    describes the effective electromagnetic force acting on the flow velocity component transverse to magnetic force lines (symbol ⊥) [29,30,31,32]. This force is similar to the friction force between the components of a plasma consisting of several types of particles (see, for example, [33,34]).



In the induction Equation (14), the term   η ( ∇ × b )   takes into account the diffusion of the magnetic field, where  η  is the total coefficient of magnetic viscosity.



The energy Equation (14) includes two additional sources:    n 2   ( Γ − Λ )    describes the effect of radiative heating and cooling [35,36,37,38], and   η   ( ∇ × b )  2  / 4 π   determines heating due to current dissipation (the work of a friction force with a magnetic field).



The numerical model uses a linear approximation of the functions of heating  Γ  and cooling  Λ  from the temperature T in the vicinity of its equilibrium value   T ∗   corresponding to the effective temperature of the white dwarf   T a  :


  Γ =  Γ ∗  +  Γ ∗ ′   ( T −  T ∗  )  ,  Λ =  Λ ∗  +  Λ ∗ ′   ( T −  T ∗  )  ,  



(16)




where    Γ ∗  =  Λ ∗   ,   Γ ∗ ′   and   Λ ∗ ′   are some constants whose values are set individually for a specific polar. When calculating the difference   Γ − Λ  , the values   Γ ∗   and   Λ ∗   are reduced.



Investigating the flow structure in close binary stars under consideration, we used two types of numerical models–stationary and non-stationary. The first one is a sequence of numerical solutions in which the relative position of the donor and accretor at a certain point in time is fixed. In our model, entering of the numerical solution into the stationary mode occurs during at least two orbital periods. The parameters of the stationary model are described by Equations (6) and (7). Additionally, when applying the system of Equations (12)–(15) to the calculation of the flow structure in stationary mode, the magnitude of magnetic lines velocity   v ∗   should be taken equal to zero.



In the non-stationary model, which is usually used for asynchronous and intermediate polars, numerical solutions are obtained with continuous proper rotation of the accretor, which corresponds to the real system as much as possible. This allows us to record changes in its flow structure at very small time intervals. The parameters of the non-stationary model are described by the Equations (5), (6), (8), (10) and (11).



The density, internal energy and pressure are related by the equation of state of an ideal gas:


  P = ( γ − 1 ) ρ ε  



(17)




where   γ = 5 / 3   is the adiabatic index.



Our model takes into account several mechanisms of magnetic viscosity. The magnetic viscosity coefficient   η w  , describing the effect of wave MHD turbulence, is determined by the following expression:


   η w  =  α w     l w   B ∗     4 π ρ    ,  



(18)




where   α w   is a dimensionless coefficient characterizing the efficiency of wave turbulence, and    l w  =  B ∗  /  | ∇  B ∗  |    is a characteristic spatial scale of wave pulsations. In this model, the value of   α w   is assumed to be 1/3, which corresponds to the isotropic turbulence [39].



For intermediate polars, the total diffusion coefficient of the magnetic field  η  is determined by three factors [5,40]


  η =  η T  +  η B  +  η w  ,  



(19)




where   η T  —the diffusion coefficient due to the dissipation of currents in turbulent vortices


   η T  =  α T    c s 2   ω K   ,  



(20)




  α T  —the Shakura–Sunyaev dimensionless parameter [41], characterizing the turbulent viscosity in the accretion disk,   c s  —the speed of sound,    ω K  =   G  M a  /  r 3     —angular velocity of the Keplerian rotation of the disk; diffusion coefficient due to the buoyancy of the toroidal magnetic field tubes generated in the disk as a result of differential rotation


   η B  =  α B     c s   |  b ϕ  |     ω K    4 π ρ     ,  



(21)




  α B  —the efficiency coefficient of magnetic buoyancy. In the calculations below, the values    α T  = 0.01  ,    α B  = 0.1   were used.



For polars, the diffusion of the magnetic field due to the re-connection of its lines and magnetic buoyancy is negligible. Therefore, the only sufficient source of this diffusion is the wave MHD turbulence, i.e.,   η =  η w   . Then, the last term in the energy of Equation (15) can be written as follows:


   η  4 π     ( ∇ × b )  2  =   ρ   ( v −  v ∗  )  ⊥ 2    t w   .  



(22)







The relaxation time scale   t w   for the transverse velocity component is determined by the expression:


   t w  =   4 π ρ  η w    B ∗ 2   .  



(23)







The numerical model uses the following initial and boundary conditions. In the envelope of the donor star, the normal velocity component with respect to its surface   v n   was set equal to the local speed of sound   c s  , corresponding to the effective temperature of the donor   T d  . The gas density in the donor envelope   ρ (  L 1  )   is determined from the expression for the mass transfer rate through the internal Lagrange point   L 1  :


   M ˙  = ρ  (  L 1  )   v n  S ,  



(24)




where the cross-sectional area of the jet S from the donor is calculated by the formula [2,42]:


  S =   π  c s 2    4  Ω 2     g y   ( q )   g z   ( q )  ,  



(25)




where    g y   ( q )    and    g z   ( q )    are dimensionless parameters depending on the mass ratio   q =  M d  /  M a    components of the binary system and defining, respectively, the major and minor semi-axes of the elliptical cross-section of the jet. The accretor is defined by a sphere with a radius of   R a  , at the boundary of which free flow conditions were set. Constant boundary conditions were set at the outer boundaries of the computational domain: density    ρ b  =  10  − 8   ρ  (  L 1  )   , temperature    T b  =  T ∗   , magnetic field    b b  = 0  . Free expiration conditions were set for the velocity   v b  : when the velocity is directed outward, symmetric boundary conditions   ∂  v b  / ∂ n = 0   were used, and when the velocity is directed inward, the conditions    v b  = 0   were used. Initial conditions in the computational domain were density    ρ 0  =  10  − 8   ρ  (  L 1  )   , temperature    T 0  =  T ∗   , velocity    v 0  = 0   and magnetic field    b 0  = 0  .



The result of the numerical solution of Equations (12)–(15) is the spatial distribution of the physical characteristics of a binary star (density, pressure, velocity, magnetic field strength) over the calculated domain. Based on this distribution of values, it is possible to form a visual pattern of the flow structure in the systems under consideration, for example, by density, which is shown in Section 3.




3. Calculation Results


3.1. Intermediate Polar


The system EX Hydrae (EX Hya) [43,44], which is one of the closest (distance about 65 ps) and brightest (magnitude−   9.6 m   ) cataclysmic variables, was chosen as an object for modeling the flow structure in intermediate polars. The initial parameters of the model are given in Table 1.



Figure 2 shows the density distribution in the equatorial plane (  x y  ) of the binary system. The resulting solution demonstrates the state of the intermediate polar with a stationary cold (disk temperature is close to the equilibrium temperature    T ∗  =   10,460 K) accretion disk formed during the calculation time equal to forty orbital periods.



Let us note essential features of the flow morphology, which are presented in the figure. In the intermediate polars, as a result of the mass transfer process, in addition to the accretion disk itself, a disk halo and a common inter-component envelope of the binary system [17,45] are formed. The jet flowing from the inner Lagrange point   L 1   primarily interacts with the halo of the disk in the form of an oblique impact collision. The halo is located outside the disk and has a complex shape. The collision of flows leads to the formation of two shock waves and a tangential gap between them. All this shock structure is located outside the disk and has a complex shape. In this case, the collision of the jet directly with the disk is unstressed. Due to the fact that the distant parts of the halo have a low density, the shock wave caused by their interaction with the jet lies along the edge of the accretion disk. As the gas density in the halo increases, the shock wave bends and eventually occupies a position along the edge of the disk. In Figure 2, a corresponding formation is visible along the edge of the disk at the point where the jet enters it. This area of impact has a sufficiently large extent and can be called a “hotline”. At the point of interaction, the halo gas and the jet gas pass through shock waves corresponding to their flow, mix, and this matter moves along the tangential gap between the two shock waves. In the future, the disk itself, the halo, and the inter-component envelope are formed from this matter.



Another characteristic element of the flow structure under consideration is the two-arm spiral waves [46], which arise due to the tidal action of the donor star. These waves consist of two separate arms located on the outer edges of the accretion disk, and both arms do not fit the accretor but are located in the outer parts of the disk. This element of the flow forms a region of the disk associated with a gas-dynamic disturbance.



Shock waves (“hotline” and two-arm tidal waves) are located in the outer part of the accretion disk. The inner parts of the disk turn out to be gas-dynamically undisturbed. Consequently, in these parts, the gas particles will rotate around the accretor in elliptical orbits. A system of elliptical orbits of these particles with different eccentricities will form in the disk. The influence of the secondary component will lead to the retrograde precession of these elliptical orbits, when the major semi-axis of each orbit rotates in the direction opposite to the orbital motion [1]. Since the current lines cannot intersect in the gas-dynamic solution, the resulting ellipses will nest into each other (i.e., the major semi-axes will lie on the same straight line) and will rotate at the same angular velocity. If we trace the mutual motion of gas particles along these orbits, we obtain a spiral density wave, which is observed in the figure. The precession rate of this structure lies in the range between the precession rates of the outer and inner orbits. The results of calculations show that the precession wave is moving slowly in the reference frame of a remote observer, while in a non-inertial reference frame, the period of its revolution slightly exceeds the orbital one. Since particles with more elongated orbits acquire a higher velocity in the direction of the accretor in the corresponding part of the orbit compared to particles whose orbit has a small eccentricity, the precession density wave is accompanied by an influx of matter in the radial direction to the white dwarf.



In Figure 3, a three-dimensional picture of the flow near the accretor surface is presented. The upper panel of the figure represents a general view of the binary system. All the same flow elements that were described above for the two-dimensional solution are observed here. Additionally, we note that beside the magnetic field of the accretor, the magnetic field of the disk plays an essential role in the system, which by its nature is predominantly toroidal [47]. The magnetic field lines of the accretor shown in black have a distorted character in the outer part of the disk, which is due to the differential rotation of the latter. The superposition of the magnetic fields of the white dwarf and the disk forms a rather complex picture of the general field in the system.



The lower panel Figure 3 illustrates the flow structure in the region of the magnetosphere of white dwarf.



From the inner part of the disk, matter is captured by the magnetic field of the star and moves along its force lines toward the vicinity of the magnetic poles. As shown in works [48,49], the matter accretion to the surface of the primary component occurs in the form of columns. Due to the fact that the axis of the dipole in the polar under consideration lies in the plane of accretion disk (in the orbital plane of the binary system), an axisymmetric matter accretion to the magnetic poles is observed. Vacuum regions have formed in the area of the accretor’s magnetic equator. Their formation is caused by the fact that the magnetic field does not allow matter to penetrate into these regions, since in the area of the magnetic equator, magnetic force lines pass predominately along the surface of the star.




3.2. Synchronous Polar


A typical object V808 Aur was chosen as an illustration of the flow structure in a synchronous polar. It is known from observations that this binary system can be in four states of activity: high, medium, low and very low [50]. To study the flow structure, we performed four numerical calculations for the polar using a stationary model corresponding to the listed states. Their parameters are presented in Table 2.



Each calculation variant has initial data given in Table 3 [51,52,53,54,55,56,57,58,59,60,61].



In Figure 4, numerical solutions for Variants 1 and 2, and in Figure 5–for Variants 3 and 4 are presented.



Let us note the general features of the resulting flow structure. It can be seen from the presented figures that with a given arrangement of the accretor magnetic poles relative to the orbital plane of the polar, flow geometry has an essentially three-dimensional nature. At the ballistic part of the jet trajectory, the matter moves in the orbital plane of the polar, and reaching the boundary of accretor magnetosphere, it begins to rise above it and is directed along the magnetic force lines to the magnetic pole of the white dwarf. In addition, the unipolar accretion regime prevails in this system. In general, this regime depends on the mass transfer rate and magnetic field strength as well as on the location of the magnetic poles relative to the inner Lagrange point. In the synchronous polar V808 Aur, a given combination of these parameters leads to the fact that the donor matter, leaving the vicinity of the inner Lagrange point   L 1  , accretes mainly to the north magnetic pole of the white dwarf. From the analysis of the full pattern of the flow, it follows that accretion of matter to the south magnetic pole also takes place in the binary system. We assume that in this case, the source of the matter is the common envelope of the binary system. Its presence is due to the fact that based on the boundary conditions of the numerical model, the density of matter at the edges of the computational domain is not zero. Physically, the formation of a common envelope can occur due to two sources: the scattering a part of flow from the inner Lagrange point   L 1   and the outflow of matter from the outer Lagrange point   L 2   under the action of a dissipative process.



The figures also show an increase in the ratio of accretion to the north and south magnetic poles with a decrease in the state of the system (a decrease in the mass transfer rate). However, it should be taken into account that this effect has no physical basis but is associated with the peculiarities of the flow structure synthesis. Since each variant of the calculation has a proper value of the mass transfer rate, and hence, the density at the point   L 1  , as an initial parameter, then with the same density scale used in the figures, a larger density gradient will be displayed with a decrease in the mass transfer rate, which leads to an apparent increase in the accretion rate to the south pole. In fact, the ratio of accretion rates to both poles for all calculation variants may differ by no more than 10%.



Let us now consider the geometry of the flow for various variants of numerical calculation. Their comparison shows that at a fixed value of the magnetic field strength, with an increase in the mass transfer rate, the jet deviates more strongly from the direction to the magnetic pole as a result of the action of inertia and Coriolis forces. In addition, the heterogeneity of the flow structure is noticeable: the jet consists of several layers, the density of which decreases from the center to the edge. As a result, the denser central layers of the current move along the ballistic part of the trajectory most of the time, while the less dense boundary layers are more quickly captured by the magnetic field of the white dwarf. This leads to a noticeable broadening of the flow at the boundary of the magnetosphere.



At the high polar state (Figure 4, upper panel), the ballistic part of the jet trajectory significantly prevails over the magnetic one, which is observed in the form of a strong bend of the flow line. The differentiation of the flow by density is also significant. This should lead to an increase in the area of the hot spot at the accretion point. The medium state of the polar (Figure 4, lower panel) is characterized by the equality of both parts of the jet trajectory, while the width of the jet at the boundary of the magnetosphere of the white dwarf decreases slightly, which indicates the alignment of the average flux density.



At the low polar state (Figure 5, upper panel), the same structures are presented as were noted in Variants 1 and 2; however, the following flow feature can be observed in the resulting solution. At a specific distance from the Lagrange point   L 1  , the jet splits into two separate streams, which then merge again into one common stream ending at the magnetic pole region. The observed flow pattern is a confirmation of the hypothesis about the formation of a hierarchical magnetosphere in polars, expressed in [62], and is a consequence of the heterogeneity of the jet matter by density. Less dense layers of the flux are captured by the magnetic field at a greater distance from the accretor star and fill the outer regions of the magnetosphere. At the same time, the denser inner layers of the flux are deflected by the magnetic field at a smaller distance from the star, penetrating into the deep layers of the magnetosphere. Thus, depending on the density, each layer of the flow follows the magnetic pole along the proper magnetic line, which leads to the separation of the initially single current into many discrete flows. It is worth noting that due to insufficient spatial resolution, the calculations performed in [62] did not allow us to detect the described effect. In this study, a difference MHD scheme with a lower numerical viscosity is used, thanks to which a solution with a large number of details is obtained.



The solution in Variant 4 (Figure 5, lower panel) is characterized by the complete absence of the ballistic part of the jet trajectory. Leaving the inner Lagrange point, the matter is almost immediately captured by the accretor’s magnetic field and directed along the force lines to its magnetic pole.




3.3. Asynchronous Polar


As an illustration of the flow structure in this type of binary systems, the results of a study for the typical asynchronous polar CD Ind are presented. A feature of this binary system is the configuration of the magnetic field of a white dwarf with an offset dipole. The magnetic dipole intersects the rotation axis of the accretor, while the center of the dipole is shifted along it below the orbital plane by an amount of   0.5  R a   . MHD modeling of this polar [63] revealed two characteristic modes of the flow accretion during the beat period of the system due to the asynchronous rotation of the white dwarf. Within this period, the alternation of modes occurs twice. The first mode is performed if the jet matter accretes to the one of magnetic poles of the primary component. Its duration is 0.4  P beat  . The second accretion mode is realized in the processes of flow switching between the magnetic poles, and its duration does not exceed 0.1  P beat  . In this case, the actual switching occurs in a time of about one orbital period [64].



Based on these time relations, we performed two types of numerical calculations of the flow structure. In the first, a stationary model was used, as we do it for a synchronous polar. It made it possible to obtain a general pattern of the flow in the polar during the beat period of the system. To study the fleeting processes of switching the flow between the magnetic poles of the accretor, the second type of calculations was applied within the framework of a non-stationary model, which took into account the proper rotation of the primary component. This made it possible to study the dynamics of the flow in these processes in a more detailed manner.



The results of numerical calculations of both types are given below. In all cases, the initial parameters of the CD Ind polar were used, which are summarized in Table 4 [4,8,9,10,16,65,66,67,68,69,70,71,72].



To study the general pattern of the flow structure, ten variants of numerical calculation of the first type were performed, corresponding to different phases of the beat period, with a phase step of 0.1. The resulting solutions are shown in Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10. For a visual representation of the flow structure at each phase, the orbital position of the system was distinguished, in which the characteristic details of the flow are clearly visible. So, for phases 0.0–0.4, the orbital phase 0.3 is selected. In this position, it is possible to see the separation of the jet between the poles of the accretor at phase 0.1 and also to follow the change in the trajectory of matter motion during the asynchronous rotation of the accretor. In addition to the flow of matter from the point   L 1  , in Figure 6, Figure 7, Figure 8, Figure 9 and Figure 10, we can see the accumulation of matter in the plane of the accretor’s magnetic equator due to the effect of a magnetic trap, and an additional flow of matter from the common envelope of the binary system, which creates a secondary, much weaker than the main, accretion zone. Therefore, at all phases of the beat period, the accretion of matter can always be observed in the vicinity of both magnetic poles, whereas the main jet, except switching moments, flows only to a single pole.



The density of the jet matter near the inner Lagrange point   L 1   for the mass transfer rate    10  − 9    M ⊙   /year is   ρ  (  L 1  )  = 1.92 ×  10  − 7     g/cm   3  . In the vicinity of the beat period phases 0.0 and 0.5, i.e., when the accretion zone is located at a significant angle to the donor, the Coriolis force increases the length of the ballistic part of the jet trajectory relative to its magnetic part. On the contrary, in the case of the maximum convergence of the magnetic poles with the point   L 1   at phases 0.3 and 0.7, the jet matter is almost immediately captured by the magnetic field of the primary component and rushes to its surface. Therefore, the ballistic part of the trajectory turns out to be the shortest.



It can be seen from the figures that the asynchronous system has the same characteristic flow element that was described for the synchronous polar: the inhomogeneity of the jet cross-section by density. Due to the sufficiently high value of the mass transfer rate, the splitting of the flow into several separate flows does not occur here. Instead, there is a slight broadening of the jet at the boundary of the magnetosphere. Taking into account such a flow pattern is important, since it can affect the results of analysis and interpretation of observational data.



The analysis of calculation results of the first type shows that the flow switching between the magnetic poles is observed at phases   0.0 ÷ 0.1   (switching from the south pole to the north one ) and   0.5 ÷ 0.6   (switching from the north pole to the south one) of the beat period. For a detailed study of the flow structure in these processes, numerical calculations of the second type were performed in these phase intervals. At given values of   P orb   and   P beat   for CD Ind, each process calculation covers approximately 10 orbital periods of the system.



In Figure 11 and Figure 12, the results of calculations for the process of switching the flow from the south magnetic pole to the north and in Figure 13 and Figure 14 for the process of switching the flow from the north magnetic pole to the south are presented. Calculations have shown that qualitatively, the flow structure in both switching processes has similar elements. However, due to a change in the orientation of the axis of the magnetic dipole, when the switching direction is reversed, a corresponding change in the plane of the flow of matter in the region of the magnetosphere of the accretor should be expected, which is observed in the presented figures. At the same time, on the ballistic part, the jet moves along a constant trajectory. On the other side, our quantitative estimates of the flow dynamics revealed significant differences in the parameters of the motion of matter in both processes (individual accretion rates for each magnetic poles, local switching times etc.), but their consideration is beyond the scope of this study. They are given in more detail in our recent work [64].



The figures demonstrates four characteristic phases of the switching process: Phase 1–the beginning of switching (Figure 11, upper panel, Figure 13, upper panel), Phase 2–the moment of formation of the arch of matter in the magnetosphere of the accretor (Figure 11, lower panel, Figure 13, lower panel), Phase 3–the moment of accumulation of matter in the arch and an increase in its volume (Figure 12, upper panel, Figure 14, upper panel), and Phase 4–completion of switching (Figure 12, lower panel, Figure 14, lower panel). The characteristic features of the flow structure for both switching processes are described below, since they have a qualitative similarity; however, the designation of the magnetic poles is given for the first switching process (from south to north pole).



Phase 1 corresponds to the 1st orbital period from the zero phase and is characterized by the mode of unipolar accretion of the jet to the south magnetic pole. Due to the position of the dipole axis indicated in the figure, the ballistic part of the jet trajectory at a given mass transfer velocity has a much longer length than the magnetic one.



At the Phase 2 coinciding with the 5th orbital period, two characteristic features in the flow structure can be observed. Firstly, it is worth noting that the re-locking of the jet to the other pole does not happen instantly: for a while, the system sets the mode of bipolar accretion. Depending on the current position of the poles relative to the inner Lagrange point, the flow is divided into two streams of different densities at the boundary of the magnetosphere of the star, which looks like an arch of matter. Compared to unipolar accretion (Figure 11, upper panel), at the moment of arch formation, the trajectory of the jet changes. The length of its ballistic part decreases to the upper boundary of the magnetosphere, and the magnetic part is formed by two flows: less dense layers form accretion near the north magnetic pole, and denser layers near the south pole.



At Phase 3, the arch of matter formed at the previous stage undergoes changes. At the 9th orbital period, its outer radius still coincides with the upper boundary of the magnetosphere, and the inner one decreases, which together lead to growth of the volume of the arch. This circumstance indicates the moment there is an accumulation of matter in the flow structure. It can also be seen from the figure that part of the flow in the arch to the north magnetic pole has a significant broadening and a pronounced heterogeneity in density. The flow of matter in this region is determined by the same factors that were considered above for the synchronous polar.



At the final stage of switching (Phase 4), corresponding to the 13th orbital period, the destruction of the arch of matter in the magnetosphere of the accretor occurs as does the formation of accretion to the north magnetic pole. At the same time, the geometry of the flow to this pole, noted at the previous phase, is preserved. The broadening of the jet in the region of the magnetosphere of the white dwarf is still determined by the inhomogeneity of the flow in density as well as the deflection of the jet as a result of the Coriolis force. From the comparison of the figures (Figure 12, lower panel, and Figure 11, upper panel), it can be concluded that at Phase 1, the broadening of the jet had a smaller value relative to the width of the flow at this Phase 4. This may be due to the greater distance of the south magnetic pole from the inner Lagrange point in relation to the north one; as a result, it has a weaker effect on the movement of matter in the magnetosphere.



Note another feature of the flow observed in the numerical solutions obtained (Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14). The figures show the formation of a matter belt on the surface of a white dwarf along the line of the magnetic equator. Unlike a similar structure, which is formed above the surface of the primary component and is caused by the effect of a magnetic trap, the material for the creating of this belt is the matter, which is already accreted on the star. Due to the offset of the dipole axis, part of the closed magnetic field lines in the lower part of the equatorial plane lock the matter above the surface of the white dwarf. The same part of the field line in the upper part of the equator closes inside the star, so the retention of matter on the surface does not occur. In the case of the central position of the dipole, as it was shown for the synchronous polar, the field lines in the vicinity of the equator are always hidden inside the accretor; as a result, the accumulation of matter on its surface is not observed.





4. A Method for Estimating the Configuration of the Magnetic Field of a White Dwarf from the Light Curves


Based on the results of numerical calculations of the asynchronous polar CD Ind, bolometric light curves were constructed, which are shown in Figure 15. The technique we use for the synthesis of light curves is described in detail in [73]. In the figure, the red dotted line highlights the 9th orbital period, which accounts for the actual moment of switching the flow between the poles. In addition, the curve points corresponding to hot spots are marked for this period.



The analysis of these curves showed that in the binary system with an offset dipole (by offset value of   z = − 0.5  R a   ), the luminosities differ significantly, by a factor of about 2, during periods of unipolar accretion. At the moments of accretion switching, rapid fluctuations in luminosity can differ by a factor of 3.5 depending on the direction of the process. The revealed dependence suggests that from a comparison of observational and synthetic light curves, it is possible to develop a method for estimating the magnitude of the dipole displacement by the difference in luminosities of the northern and southern hot spots at the moments of accretion switching. The feature of this method is that the displacement of the dipole axis obtained from the light curves will correspond exactly only to the binary system for which the estimation was performed. The application of the method to other asynchronous polars is possible only at a qualitative level, since the specific quantitative ratios of the luminosities of the spots at the switching time will be determined by the parameters of the system under study.



In order to demonstrate the application of the described method to the CD Ind polar, 11 numerical calculations were performed for various values of the dipole displacement. The dipole center was shifted only along the axis of rotation of the white dwarf (along the z axis). Since at the extreme points (at the geographical poles of the star), the magnetic field of the dipole will tend to infinity, in order to avoid uncertainty in the calculations, the maximum offset values were limited to 0.9 and −0.9, respectively.



Figure 16 and Figure 17 show a family of synthetic bolometric light curves of the CD Ind polar at the moment of pole switching for different values of the dipole displacement. Note that when constructing these curves, the angles at which the Earth observer sees hot spots were taken into account. Therefore, the ratio of the radiation fluxes from the spots both in the mode of unipolar accretion and at the moment of switching will differ from the ratio of the maximum fluxes corresponding to the radiation along the normal vector to the plane of the spot. However, this does not have a noticeable effect on the qualitative estimating of the dipole displacement.



The analysis of the presented light curves revealed the following features.



At the given orientation angles of the magnetic dipole  θ  and  ϕ , the position of the hot spot on the equator of the white dwarf corresponds to a displacement of +0.34 for the southern spot and −0.34 for the northern one. In this position, the spot passes as close as possible to the inner Lagrange point, which provides the highest value of the accretion rate and radiation flux. Indeed, in the above figures, the maximum of the radiation flux in the vicinity of the switching moment is achieved on panels showing the light curves for the displacement values of −0.3 and +0.3. When switching from the south magnetic pole to the north, the displacement of the dipole −0.3 corresponds to the greatest flux from the north spot, and the displacement +0.3 corresponds to the greatest flux from the southern spot. For reverse switching, the pattern changes to the opposite.



At the boundaries of the calculation range, i.e., for the displacement values −0.9 and +0.9, there is a significant difference in the luminosities of the spots, which is associated with a sharp increase in the magnetic field strength in the spots, both its absolute value and the ratio of values for both spots. In addition, the angle of hot spots position relative to the observer in the case under consideration is rapidly approaching   90 ∘  , which also contributes to a strong difference in radiation fluxes. Numerical simulation of the flow structure for these displacement values showed that the duration of the magnetic pole switching processes increases by about one orbital period compared to the central positions of the dipole. A strong magnetic field keeps the matter in the arch longer, and the subsequent accretion of the accumulated matter proceeds more smoothly.



Of particular interest is the appearance of the light curve at the central location of the dipole (  z = 0  ). In this position of the magnetic axis, both magnetic poles have the same field strength and therefore presumably should cause symmetrical accretion. However, on the corresponding light curves (see Figure 16 and Figure 17), there is a slight difference in flows in the area of unipolar accretion, and the south magnetic pole looks more <<strong>>. First of all, the difference in the luminosities of the spots for this dipole displacement is due to the presence of the Coriolis force. Due to the deviation of the jet away from the accretor at the moment of switching the flow from the south pole to the north, most of the matter is directed to the first. When switching back from the north pole to the south, a similar appearance of the light curve is observed at a displacement value of −0.1. The zero offset here is somewhat different from the previous case. It can be seen from the light curve that immediately before switching, a small accumulation of matter occurs in the vicinity of the north pole (in the previous switching, the accumulation of matter takes place only at the moment of the pole change, and does not precede it), which then quickly falls out to the south pole and enables greater brightness of the southern hot spot compared to the northern one.



From the obtained light curves, it is possible to estimate the ratio of radiation fluxes of hot spots at the moment of switching, which coincides with the 9th orbital period. The position of the hot spots on the light curve for each switching is shown in Figure 15. In order to obtain comparable values of the desired ratio, a larger value of the flow was chosen as the divisible one. Thus, to switch from the south pole to the north one, the ratio of the flows of the northern spot to the southern   N / S   is calculated, and when switching back−the southern spot to the northern   S / N  .



The revealed dependence is clearly shown in Figure 18.



The plots show the symmetry of the ratios for hot spots luminosities at both switching processes in the range of dipole displacements from −0.1 to +0.1. Further displacement of the dipole downwards for switching from the south pole to the north (curve SP1) and up for switching from the north pole to the south (curve SP2) demonstrates an increase in the ratio of flows by a factor of about 2. This indicates that an increase in the magnetic induction of the south pole leads faster to an increase in the luminosity of the corresponding hot spot. However, at the maximum displacements of +0.9 and −0.9, the ratio of the radiation fluxes of hot spots becomes comparable. This is due to an exponential increase in the magnetic field strength as the magnetic poles approach the center of the dipole and a rapid increase in the angle of inclination of the spots. Large values of the dipole displacement in real polars have not yet been detected, but the modeling of such situations is undoubtedly of interest for understanding the physics of matter accretion to a white dwarf in critical cases. At the same time, these displacements are easily detected by the observational light curves based on the proposed method.




5. Conclusions


The paper presents the results of numerical calculations of the flow structure in magnetic cataclysmic variables−synchronous and asynchronous polars and intermediate polar. To study the flow structure in these objects, a three-dimensional numerical model is used. It is based on the approximation of modified magnetic hydrodynamics, which describes the dynamics of plasma in a very strong external magnetic field. Such a model, unlike previously used approaches, makes it possible to fully take into account a number of dynamic effects associated with the presence of a magnetic field. Since the calculation domain completely includes the Roche lobes of the accretor and the donor, the model makes it possible to form a natural outflow of matter from the donor envelope in the vicinity of the inner Lagrange point as well as to provide all the necessary material to determine the synthetic characteristics of the polars. For the numerical solution of the equations of magnetic hydrodynamics, the Roe–Osher–Einfeldt difference scheme is used in this work, which has a much lower numerical viscosity. This makes it possible to obtain solutions with a higher spatial resolution. In addition, the calculation domain contains an adaptive grid with a step exponentially decreasing toward the center of the accretor, which also contributes to an increase in the resolution of the scheme. Thanks to these properties of the model, it was possible to study in detail the accretion of matter on the surface of the primary component as well as to identify the characteristic features of the geometry of the matter flow in binary systems.



The results of the MHD simulation of the flow in the intermediate polar EX Hya show the formation of a flow structure with well-known features. In this binary system, a stationary cold accretion disk is formed, with which the jet interacts in an unstressed manner. In addition to the disk, there is a disk halo and a common interstellar envelope in the system. With these elements of the structure, the interaction of the jet has an oblique shock character; as a result, an extended shock wave is formed on the outer boundary of the disk−<<hotline>>. There is a pronounced spiral density wave in the disk itself, which contributes to a noticeable movement of matter along the radius of the disk. In the region of the magnetosphere of a white dwarf, matter from the inner parts of the disk moves along the magnetic field lines of the star, while accretion of matter on the surface of the star occurs in the vicinity of the magnetic poles in the form of columns. In the area of the magnetic equator, a vacuum region appears near the surface of the accretor, where the disk matter does not penetrate, since it cannot move across magnetic lines.



The study of the flow structure in the synchronous polar V808 Aur confirmed an unambiguous correspondence between the state of polar activity and the value of the mass transfer rate. In addition, the simulation showed that variations in the rate lead to noticeable changes in the geometry of the flow: an increase in the mass transfer rate causes the elongation of the ballistic part of the jet trajectory; as a result, it deviates more strongly from the direction to the accretor.. In the high and medium polar states, this leads to a noticeable broadening of the jet at the boundary of the magnetosphere, and the flow itself has a density gradient in the radial direction. In a very low state, the matter flowing from the   L 1   point almost immediately begins to be controlled by a magnetic field. As a result, its flow occurs along the nearest magnetic lines. Therefore, the accretion zone on the surface of the white dwarf is located closest to the north magnetic pole.



For an asynchronous CD Ind polar having a magnetic field configuration with a displaced dipole, two types of numerical calculations were performed at a fixed value of the mass transfer rate—using stationary and non-stationary models. In the first case, it was possible to obtain a general pattern of the flow structure depending on the phase of the beat period. Taking into account the similarity of the modeling conditions with the synchronous polar, the revealed variations in the flow geometry are only caused by the asynchronous rotation of the accretor and not the mass transfer rate.



In addition, during the calculations, it was found that in the CD Ind system, the flow between the magnetic poles switches twice in the beat period, within the configuration of the accretion jet changes dramatically. At the beginning of this process, one magnetic pole is active, to which accretion goes, and at its end, another magnetic pole becomes active. At the same time, due to the displaced center of the dipole relative to the center of the star, as well as due to the inclination of the dipole relative to the axis of rotation, this process occurs in an asymmetric manner in time. To identify the dynamics of the flow in these processes, a non-stationary model was used, which takes into account the proper rotation of the accretor.



Qualitative changes in the flow structure were revealed in the processes of switching the flow from one magnetic pole to another. One of the characteristic elements of the flow in the magnetosphere region is an increase in the cross-section of the jet at the beginning of the magnetic part of the trajectory. This change in structure is due to the density gradient of the matter flowing from the donor. Another characteristic feature of the structure is the formation of an arch of dense matter in the inner region of the white dwarf magnetosphere facing the donor. The formation of this element occurs for about five orbital periods, after which its inner radius begins to decrease. Together, this leads to an increase in the volume of the arch, which can be interpreted as a process of short-term accumulation of jet matter in the magnetosphere. At the 9th orbital period, a rapid destruction of the arch of matter occurs due to the separation of the jet from the previous magnetic pole and the formation of a new unipolar accretion. It is worth noting that the actual switching processes have different durations: the jet opening away from the south pole occurs in half of the orbital period and away from the stronger north pole—approximately within one orbital period.



Synthetic bolometric light curves have shown that luminosities in a system with a displaced dipole differ significantly (by factor of about 2) during periods of unipolar accretion. At the moments of accretion switching, rapid fluctuations in luminosity can differ by a factor of 3.5 depending on the direction of the process. This made it possible for such binary systems to implement a method for determining the configuration of the magnetic field from observational light curves. For example, by the ratio of luminosities of the northern and southern hot spots at the moments of accretion switching, it is possible to estimate the magnitude of the magnetic dipole displacement relative to the center of the white dwarf. Since at the moments of switching, the brightness of the binary system experiences sharper fluctuations compared to the state of unipolar accretion, the accuracy of the estimation of the dipole displacement increases at these moments. Note that the synthesized dependence has a qualitative character, since it is determined by the parameters of a specific binary system.
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Figure 1. The Cartesian coordinate system used in the model. The position of the accretor and the donor, the magnetic axis and the reference direction of the orbital phase, as well as the phases of the beat period for the asynchronous system are shown. 
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Figure 2. Two-dimensional structure of the flow in the area of accretion disk for the intermediate polar EX Hya. The decimal logarithm of the density distribution in units of   ρ (  L 1  )   in the equatorial plane (  x y  ) of the binary system are shown. 
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Figure 3. The result of three-dimensional numerical modeling of the flow structure in the intermediate polar EX Hya. The iso-surfaces of the decimal logarithm of the density in units of   ρ (  L 1  )   are shown. The accretor is represented as a white sphere. The blue vertical line passing through the accretor coincides with its axis of rotation, and the green line coincides with its magnetic one. Black lines with the arrows indicate the magnetic field lines. The upper panel shows a general view of the system, the lower panel represents an accretion area near the surface of white dwarf. 
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Figure 4. The result of three-dimensional numerical modeling of the flow structure in the synchronous polar V808 Aur for Variant 1 (upper panel) and Variant 2 (lower panel). The iso-surfaces of the decimal logarithm of the density in units of   ρ (  L 1  )   are shown. The accretor is represented as a white sphere. The blue vertical line passing through the accretor coincides with its axis of rotation, and the inclined green line coincides with its magnetic one. The binary system is shown at the point of view of an Earth observer at the orbital phase 0.15. 
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Figure 5. The same as Figure 4 but for Variant 3 (upper panel) and Variant 4 (lower panel). 
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Figure 6. The result of three-dimensional numerical simulation of the flow structure in the CD In system for phases 0.0 (upper panel) and 0.1 (lower panel) of the beat period. The iso-surfaces of the decimal logarithm of density in units of   ρ (  L 1  )   are shown. The surface of the accretor is represented as a white sphere. The lines with arrows correspond to the magnetic field lines. The vertical blue line passing through the accretor coincides with its axis of rotation, and the inclined green line coincides with its magnetic axis. The system is shown from the point of view of an Earth observer at the orbital phase 0.3. 
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Figure 7. The same as Figure 6 but for phases 0.2 (upper panel) and 0.3 (lower panel). 
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Figure 8. The same as Figure 6 but for phases 0.4 (upper panel) and 0.5 (lower panel). The system is shown from the point of view of an Earth observer at the orbital phase 0.3 for upper panel and phase 0.7 for lower panel. 
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Figure 9. The same as Figure 6 but for phases 0.6 (upper panel) and 0.7 (lower panel). The system is shown from the point of view of an Earth observer at the orbital phase 0.7. 
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Figure 10. The same as Figure 6 but for phases 0.8 (upper panel) and 0.9 (lower panel). The system is shown from the point of view of an Earth observer at the orbital phase 0.7. 
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Figure 11. The three-dimensional numerical modeling results of the flow structure in the asynchronous polar CD Ind with an offset dipole for the moment of switching from the south magnetic pole to the north one. The iso-surfaces of the decimal logarithm of the density are shown in units of   ρ (  L 1  )  . The flow structure is represented near the accretor. The accretor is indicated as a white sphere. The vertical blue line passing through the accretor coincides with its axis of rotation, and the inclined green line coincides with its magnetic axis. The binary system is at the orbital phase 0.15. The upper panel coincides with Phase 1, and the lower panel coincides with Phase 2 of the switching process. 
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Figure 12. The same as in Figure 11 but for Phase 3 (upper panel)) and Phase 4 (lower panel). 
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Figure 13. The three-dimensional numerical modeling results of the flow structure in the asynchronous polar with an offset dipole for the moment of switching from the north magnetic pole to the south one. The iso-surfaces of the decimal logarithm of the density are presented in units of   ρ (  L 1  )  . The flow structure represented near the accretor. The accretor is indicated as a white sphere. The binary system is at the orbital phase 0.65. The upper panel coincides with Phase 1, and the lower panel coincides with Phase 2 of the switching process. 






Figure 13. The three-dimensional numerical modeling results of the flow structure in the asynchronous polar with an offset dipole for the moment of switching from the north magnetic pole to the south one. The iso-surfaces of the decimal logarithm of the density are presented in units of   ρ (  L 1  )  . The flow structure represented near the accretor. The accretor is indicated as a white sphere. The binary system is at the orbital phase 0.65. The upper panel coincides with Phase 1, and the lower panel coincides with Phase 2 of the switching process.
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Figure 14. The same as in Figure 13 but for Phase 3 (upper panel)) and Phase 4 (lower panel). 
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Figure 15. Bolometric light curves of the CD Ind polar for the magnitude of the dipole displacement −0.5. The upper panel corresponds to switching from the south pole to the north, the lower panel does from the north pole to the south. The value of the flux is indicated in units   10 33   erg/s. The red dotted lines highlight the orbital period corresponding directly to the moment of switching. On the light curves, arrows mark the positions of the northern (N) and southern (S) hot spots. 
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Figure 16. Synthetic bolometric light curves of the CD Ind polar for various values of the dipole displacement at the moment of switching the flow from the south magnetic pole to the north. The flux values are in units   10 33   erg/s. At the top of each panel, the value of the displacement of the dipole center is indicated. 
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Figure 17. Synthetic bolometric light curves of the CD Ind polar for various values of the dipole displacement at the moment of switching the flow from the north magnetic pole to the south. The flux values are in units   10 33   erg/s. At the top of each panel, the value of the displacement of the dipole center is indicated. 
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Figure 18. Dependence of the ratio of the hot spots luminosities on the magnitude of the dipole displacement for the asynchronous polar CD Ind. The curve SP1 corresponds to the flow switching from the south magnetic pole to the north, the curve SP2–from the north to the south. 
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Table 1. The initial parameters for numerical simulation of the intermediate polar EX Hya.
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	Parameter
	Symbol
	Value
	Unit





	Donor mass
	   M d   
	   0.1   
	   M ⊙   



	Accretor mass
	   M a   
	   0.8   
	   M ⊙   



	Donor temperature
	   T d   
	4000
	K



	Accretor temperature
	   T a   
	20,000
	K



	Accretor radius
	   R a   
	   0.01   
	   R ⊙   



	Orbit major semi-axis
	A
	   0.7   
	   R ⊙   



	Inclination angle
	i
	80
	degree



	Orbital period
	   P orb   
	   11.2   
	hour



	Accretor proper rotation period
	   P spin   
	   1.12   
	hour



	Magnetic field induction
	   B a   
	80
	kGs



	Magnetic axis latitude
	  θ  
	90
	degree



	Magnetic axis longitude
	  ϕ  
	60
	degree
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Table 2. A numerical calculation variants for the synchronous polar V808 Aur.
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	Calculation Variant
	State of Activity
	Density Value at    L 1       ρ (  L 1  )   , g/cm    3   
	Mass Transfer Rate    M ˙   ,     M ⊙  / Year   





	1
	High
	   10  − 7    
	   10  − 8    



	2
	Medium
	   10  − 8    
	   10  − 9    



	3
	Low
	   10  − 9    
	   10  − 10    



	4
	Very low
	   10  − 10    
	   10  − 11    










[image: Table] 





Table 3. The initial data of calculations for synchronous polar V808 Aur.
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	Parameter
	Symbol
	Value
	Unit





	Donor mass
	   M d   
	   0.18   
	   M ⊙   



	Accretor mass
	   M a   
	   0.86   
	   M ⊙   



	Donor temperature
	   T d   
	3400
	K



	Accretor temperature
	   T a   
	14,000
	K



	Accretor radius
	   R a   
	   0.01375   
	   R ⊙   



	Orbital major semi-axis
	A
	   0.8   
	   R ⊙   



	Inclination angle
	i
	79
	degree



	Orbital period
	   P orb   
	   1.95   
	hour



	Magnetic field induction
	   B a   
	38
	MGs



	Magnetic axis latitude
	  θ  
	33
	degree



	Magnetic axis longitude
	  ϕ  
	170
	degree
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Table 4. Initial parameters for calculations of the asynchronous polar CD Ind.
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	Parameter
	Symbol
	Value
	Unit





	Donor mass
	   M d   
	   0.21   
	   M ⊙   



	Accretor mass
	   M a   
	   0.7   
	   M ⊙   



	Donor temperature
	   T d   
	3200
	K



	Accretor temperature
	   T a   
	12,000
	K



	Accretor radius
	   R a   
	   0.014   
	   R ⊙   



	Orbital major semi-axis
	A
	   0.735   
	   R ⊙   



	Inclination angle
	i
	70
	degree



	Orbital period
	   P orb   
	   1.84   
	hour



	Accretor spin period
	   P spin   
	   1.82   
	hour



	Beat period
	   P beat   
	   174.5   
	hour



	Magnetic field induction
	   B a   
	11
	MGs



	Magnetic axis latitude angle
	  θ  
	70
	degree



	Magnetic axis longitude angle
	  ϕ  
	90
	degree
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