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The three-dimensional gas dynamic simulations of flow structure in binaries show the formation of the
precessional spiral density wave in inner parts of a cold accretion disc. The precessional wave model
is able to explain all types of observed superhump.
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1. Introduction

Superhumps are the modulations of light curves of binary systems with periods that differ
from orbital periods by several per cent and are observed mainly during superoutbursts in SU
UMa systems. The main observational features of superhumps have been described in [1].

As a rule, five types of superhump observed in cataclysmic variables can be distinguished [2].

(i) Positive (or ordinary) superhumps have a period that is a few per cent longer than the
orbital period. Such superhumps were first observed in SU UMa during a superoutburst.

(ii) Orbital superhumps represent modulations of luminosity with the orbital period.
(iii) Permanent superhumps have the same features as positive superhumps but are observed

in stars that lack superoutbursts.
(iv) Late superhumps are observed after the end of a superoutburst and have the same velocity

as the positive superhump but are shifted by half a period relative to the latter.
(v) Negative superhumps have a period that is several per cent shorter than the orbital period.

Such superhumps were first discovered during the monitoring of systems with permanent
superhumps. Various researchers have put forward different models to explain the super-
hump phenomenon (a brief description of various models and their problems have been
given, for instance, in [1]).

The qualitative analysis and three-dimensional gas dynamic simulations of the flow structure
in semidetached binaries for low gas temperatures (approximately 104 K) enabled us to identify
characteristic features of the structure of cold accretion discs [3–5]. In general, the flow
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structure is qualitatively the same as for high gas temperatures [6–8]. The gas dynamic structure
of the flow is governed by the stream of matter from the inner Lagrange point, the accretion
disc, the circumdisc halo and the circumbinary envelope. The computations indicate that the
solution for the cold disc displays the same following qualitative features as in the case when
outer parts of the disc are hot: the interaction between the stream and the disc is shockless, a
region of enhanced energy release formed by the interaction between the circumdisc halo and
the stream is located beyond the disc, and the shock wave that is formed is rather extended
and can be considered as a ‘hot line’. However, a reduction in the gas temperature leads to
several differences as well. The cold accretion disc becomes considerably denser (compared
with the matter in the stream) and thinner, and its shape becomes nearly circular rather than
quasi-elliptical. The second arm of the tidal spiral shock is formed.

Considering the influence of the stream on the dense inner parts of the disc to be weak and
taking into account the fact that all the shocks (the hot line and the two arms of the tidal shock)
are located in outer parts of the disc, we can distinguish the following additional element of
the flow structure in the cold case: the presence of an inner region of the accretion disc where
the influence of the gas dynamic perturbations noted above is negligible. The formation of
such a region enables us to treat this zone simply as a slightly eccentric disc immersed in
the gravitational field of the binary. It is known that particles revolving around one of the
binary components will precess owing to the influence of the companion. This precession is
retrograde, and the rate of the precession decreases as the particle approaches the accretor. For
the accretion disc the orbits must be replaced by flow lines. If the orbits precess in such a way
that the precession of distant flow lines tends to be faster, these distant flow lines will constantly
overtake those with smaller semimajor axes. Since the flow lines in a gas dynamic disc cannot
intersect, an equilibrium solution is established with time and all the flow lines begin to precess
with the same angular velocity, i.e. to display a rigid-body rotation. Accordingly, distant flow
lines must turn through a larger angle opposite to the direction of the rotation of the disc
material, since the precession is retrograde. It is obvious that such a solution should contain
spiral structures. In particular, because of the non-uniformity of the motion along the streamline
and the formation of a maximum density at the apastron, the curve connecting the apastrons
will form a spiral density wave. The idea of the formation of spiral patterns in the accretion
disc was considered by Lyubarskij et al. [9] and was later confirmed by Ogilvie [10].

The presence of the density wave, together with the fact that the velocity of the particles
increases after passing the apastron, leads to an increase in the radial component of the mass
flux due to the increases in both the density and the radial velocity component. The increase
in the radial component of the mass flux behind the wave increases the accretion rate in the
region where the precessional wave approaches the accretor. The increase in the accretion rate
due to the density wave explains both the development of a superoutburst and the appearance
of superhumps of different types.

2. Three-dimensional gas dynamic modelling of cold accretion discs

To investigate the possible existence of a spiral precessional wave in the inner regions of cold
accretion discs, we performed a three-dimensional gas dynamic simulation of the disc structure
for the case when radiative cooling reduces the gas temperature to approximately 104 K [4, 11–
13]. The results are presented in figure 1. Figure 1(a) shows the density distribution and velocity
vectors in the equatorial plane for the steady-state solution. Figure 1(b) presents the bird’s-
eye view of the radial flux of matter in central regions of the disc for the same time. The
precessional spiral wave in the inner part of the disc is clearly visible. These simulations were
made for a binary with characteristics close to those of the dwarf nova IP Peg. The computation
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results show that the precession of the inner spiral wave is retrograde and the velocity of its
revolution in the inertial frame is about 0.13 of a revolution per binary orbital period. The
distribution of the radial flux of matter in the disc shows that, starting from the outer radius
of the wave, this flux increases as it approaches the accretor and reaches a maximum that is
more than an order of magnitude higher than the flux in regions of the disc outside the wave.

Figure 1. (a) Contours of density and velocity vectors in the central parts of the disc (in the equatorial plane of the
binary); (b) bird’s-eye view of the radial flux of matter in the central parts of the disc.
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Thus, the accretion rate will be enhanced by a factor of more than 10 owing to the formation
of this wave.

Our numerical modelling [14, 15] has shown that precessional density waves can form in
the accretion discs of systems with large component mass ratios, up to q = 0.93.

3. Connection between superhumps and precessional waves

The precessional spiral wave model is able to explain all types of observed superhump. The
main observational features of positive superhumps are the direct consequence of the formation
of a precessional spiral wave in the disc, as has been explained in [11]. The increase in the
accretion rate behind the wave is spatially localized in the azimuth, so that matter approaches
the surface of the accretor within a fairly compact zone. As the outburst develops, both heating
of the gas and the difference of the rotational velocities of the accretor and wave will increase
this impact zone, forming a closed belt. However, in any case, the system will have a core
in the region of energy release, where the accretion rate will be enhanced. This core is fairly
compact and is located at the accretor surface, so that it will be eclipsed at some orbital phases.
The detection (formation) of the superhump occurs when the core emerges from eclipse and
is oriented towards the observer. The core is associated with the precessional spiral wave, and
its rotational velocity is determined by the velocity of the wave.

According to current theory, positive superhumps can only appear in binaries with tidally
unstable accretion discs. Simulations show that the tidal instability can only occur if the disc
radius exceeds a certain value, the 3:1 resonance radius. This implies that eccentric discs (which
generate superhumps according to current theory) can exist only in cataclysmic variables with
small mass ratios: q = M2/M1 ≤ 0.33. There are binary systems with superhumps where the
mass ratio is well above the critical value, namely U Gem and TV Col. The mass ratio for U
Gem is equal to 0.36–0.47 and the estimates of the mass ratio for TV Col show that q can be
as much as 0.6–0.9. The precessional wave is formed even in systems with large mass ratio
[12–15], and this mechanism can be useful for interpretation of superhumps in systems with
different mass ratios.

The orbital superhump can be explained by the release of energy in stationary shocks in
the disc and circumdisc halo, such as the ‘hot-line’ and tidal shocks; the existence of tidal
shocks is not precluded in the precessional wave model. Permanent superhumps can also be
explained, if the mass-transfer rate in the system is high enough to sustain a high accretion
rate owing to a prolonged existence of the precessional spiral wave.

In some SU UMa stars, both normal orbital humps and a modulation with the superhump
period shifted in phase by approximately 180◦ are observed after the end of a superoutburst.
This phenomenon is known as the late superhump. Our model can explain the formation of
the late superhump as follows [11].

(i) The precessional spiral wave forms in the region of the apastrons of the eccentric flow
lines.

(ii) During the superoutburst, the accretion of matter forms an empty zone in the inner part
of the disc (or, more precisely, a zone of reduced density), which is non-circular in shape;
it is elongated where the wave passed and closer to the accretor on the opposite side (in
the region of the flow-line periastrons).

(iii) After the disappearance of the wave and the completion of the superoutburst, the accretion
disc has been replaced by an elliptical ring of matter, with the periastron of the ellipse
shifted in phase by about 180◦ compared with the former location of the wave (or, in
other words, compared with the superhump phase).
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Figure 2. Formation of a negative superhump. The positions of the precessional wave (W) and bright (hot) spot
(H) are shown for three different times. The directions in which the wave and leading edge of the superhump move
are shown by arrows.

(iv) After the completion of the superoutburst, the transport of angular momentum and,
consequently, accretion are due to viscosity, i.e. processes with uniform azimuthal
distributions. Therefore, matter that loses angular momentum axisymmetrically will reach
the surface of the accretor more readily if it was initially closer to the accretor, i.e. in the
region of the periastron of the elliptical ring. This results in the formation of the late super-
hump, which will manifest itself as a brightness modulation with the superhump period
but shifted in phase by about 180◦. The lifetime of the late superhump is determined by
the timescale for circularization of the flow lines in the disc.

The existence of luminosity modulations whose period is shorter than the orbital period,
i.e. of negative superhumps, can also be plausibly explained in this model [14]. In the model,
the superhump radiation arises from a relatively compact region near the surface of the accretor,
into which matter flows along the precessional wave. If the bright spot arising in this region is
located above the accretor surface (i.e. the rotation of the accretor does not influence the motion
of the spot) and has a tendency to spread out owing to diffusion, the leading edge of the spot may
be observed somewhat earlier after each rotation of the system (figure 2), creating a modulation
with a period shorter than the orbital period. The fact that the observed periods of negative
superhumps do not display significant scatter can be taken to justify the assumption that energy
release occurs above the surface of the accretor. The necessary rate of diffusional spreading can
be estimated using the observed period. Our estimates [14] show thus that this model with the
diffusional spreading of the spot can adequately explain the observed negative superhumps.

4. Conclusions

Let us briefly summarize the basis of the proposed mechanism for the superoutbursts and
superhumps in binaries of SU Uma type:

(1) Between superoutbursts, an accretion disc is formed in the system and, as its mass grows,
it becomes denser compared with the matter flowing from the inner Lagrange point, and
its inner regions become impervious to gas dynamic perturbations.

(2) A precessional spiral wave is generated in the inner parts of the disc after the gas dynamic
perturbations become negligible.
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(3) The formation of this spiral density wave is accompanied by a substantial (up to an order
of magnitude) increase in the accretion rate and, consequently, by the development of a
superoutburst.

(4) The compact size of the inner zone of energy release can explain the appearance of the
superhump.

In summary, we conclude that the precessional wave model is able to explain all types
(positive, orbital, permanent, late and negative) of observed superhumps.

Acknowledgements

The work was supported by the Russian Foundation for Basic Research (projects 05-02-
16123, 05-02-17070, 05-02-17874, 06-02-16097 and 06-02-16234), the Program for Support
of Leading Scientific Schools of Russia (grant NSh-162.2003.2), and the basic research pro-
grams ‘Mathematical modelling and intellectual systems’ and ‘Origin and evolution of stars
and galaxies’ of the Presidium of the Russian Academy of Sciences.

References
[1] B. Warner, Cataclysmic Variable Stars (Cambridge University Press, Cambridge, 1995).
[2] D. O’Donoghue, New Astron. Rev. 44 45 (2000).
[3] D.V. Bisikalo, A.A. Boyarchuk, P.V. Kaygorodov et al., Astron. Rep. 47 809 (2003).
[4] D.V. Bisikalo, A.A. Boyarchuk, P.V. Kaygorodov et al., Astron. Rep. 48 449 (2004).
[5] D.V. Bisikalo, P.V. Kaygorodov, A.A. Boyarchuk et al., Astron. Rep. 49 701 (2005).
[6] D.V. Bisikalo, A.A. Boyarchuk, V.M. Chechetkin et al., Mon. Not. R. Astron. Soc. 300 39 (1998).
[7] D.V. Bisikalo, A.A. Boyarchuk, O.A. Kuznetsov et al., Astron. Rep. 44 26 (2000).
[8] A.A. Boyarchuk, D.V. Bisikalo, O.A. Kuznetsov et al., Mass Transfer in Close Binary Stars (Taylor & Francis,

London, 2002).
[9] Yu. E. Lyubarskij, K.A. Postnov and M.E. Prokhorov, Mon. Not. R. Astron. Soc. 266 583 (1994).

[10] G.I. Ogilvie, Mon. Not. R. Astron. Soc. 325 231 (2001).
[11] D.V. Bisikalo, A.A. Boyarchuk, P.V. Kaygorodov et al., Astron. Rep. 48 588 (2004).
[12] D.V. Bisikalo, A.A. Boyarchuk, P.V. Kaygorodov, et al., in The Astrophysics of Cataclysmic Variables and

Related Objects, ASP Conference Series, volume 330 (Astronomical Society of the Pacific, San Francisco,
California, 2005), pp. 383–384.

[13] D.V. Bisikalo, A.A. Boyarchuk, P.V. Kaygorodov et al., in Interacting Binaries: Accretion, Evolution, and
Outcomes, AIP Conference Proceedings, volume 797 (American Institute of Physics, New York, 2005), pp.
295–300.

[14] P.V. Kaygorodov, D.V. Bisikalo, O.A. Kuznetsov et al., Astron. Rep. 50 537 (2006).
[15] D.V. Bisikalo, A.A. Boyarchuk, P.V. Kaygorodov et al., Chin. J. Astron. Astrophys. 6 (Suppl. 1) 159 (2006).

Dmitrij Bisikalo


