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•  Waves are excited in the disc 
•  More waves  
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m=1, n=1 

m=2, n=1 

m=1, n=0 

m=2, n=0 
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Real and imaginary parts Amplitude of the wave 
Tightly wound spiral 
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Real and imaginary parts Amplitude of the wave 
More relaxed spiral 
Maximum at OVR 
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•  Waves are excited by tilted rotating magnetosphere with the 
dipole field    
•  Disc is dense, corona has 100 times lower density 
•  Disc and corona are in initial equilibrium (Romanova et al. 2002)  
•  Use Godunov-type code  
•  Viscosity is incorporated into the code,  α - type viscosity 
(Shakura & Sunyaev 1973). It helps to support slow accretion during 
long time 
• “Cubed Sphere” grid 61x61x140 
(Koldoba et al. 2002, Romanova et al. 2003) 



Initial setup: 

Inner part of the simulation  
region; but  Rmax =30-50R* 

“CS” has advantages over  
Cartesian and spherical grids 

Cubed sphere grid 
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I. Magnetosphere corotates 
with the inner disc 

Fast rotation Slow rotation 

II. Magnetosphere rotates 
slower than the inner disc 

rcr   - corotation radius, where ΩK=Ωstar 
rm   - corotation radius, where B2/8π=ρ v2+p 



Bending wave Density waves 



Bending wave Density waves 3D side view 3D face view 

Romanova, Ustyugova, Koldoba, Lovelace 2012, MNRAS, submitted 

A high-amplitude bending wave (a warp) forms and  
corotates with the star 

Maximum amplitude of the warp is at the OVR as predicted by the theory  
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•  One-armed bending wave corotates with the star, max. at OVR  
•  Two-armed density waves  
•  Corotating warp has been predicted by Terquem & Papaloizou 2000 
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• Dips in light curve of young star AA Tau 
•  Time interval – about period of the star 
(Alencar et al. 2010) 

•  Empirical model of obscuration of 
stellar light by the tilted disc 
(Bouvier et al. 2007) 

 About 28% of classical T Tauri stars stars have dips  
(Alencar et al. 2010) 
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•  Amplitude of the warp can be large, 30%  
•  Observations show possible diminishing of light in T Tauri stars 
Bouvier et al. 1997, 2003, 2007; Alencar et al. 2012 



Bending wave Density waves 3D view 

Romanova, Ustyugova, Koldoba, Lovelace 2012 

•  Bending waves propagate to large distances 



Romanova, Ustyugova, Koldoba, Lovelace 2012 

•  Bending waves propagate to large distances 
•  Density waves strongly decrease their amplitude  



Lovelace, Turner, Romanova 2009 

•  Star rotates slower than the inner disc 
•  Angular velocity has a maximum (non-Keplerian disc) 
•  Trapped waves can form 
•  Similar to Rossby wave 

Maximum in the angular  
velocity distribution 



Lovelace et al. 2009 



Romanova et al. 2012 

Trapped density wave in the inner disc 

Trapped density wave predicted 
by the theory (Lovelace et al. 
2009) in clearly seen in the PSD 



SAX J1808.4-3658 (Wijnands et al. 2003) 

νstar QPOs 



Romanova et al. 2012 

Inner warp, r<rcr Outer warp, r<rcr 

In accord with  
the theory ! 



Romanova et al. 2012 

Inner warp, r<rcr Outer warp, r<rcr 

In accord with  
the theory ! 



Romanova et al. 2012 

•  Frequency of oscillations can be as low as Keplerian at the 
edge of the disc, or even lower 
•  It is amazing, how easy is excitation of bending waves 
•  May influence to formation of planets ? 



Romanova, Ustyugova, Koldoba, Lovelace 2012 

Warp forms and rotates slower than the magnetosphere 



1.  We investigated waves in the disc excited by tilted rotator 
2.  In cases where magnetosphere and inner disc corotate, a 

large warp forms which corotates with the star 
3.  In case of slowly-rotating star, a large warp does not form, 

or it may form but rotate slowly 
4.  In case of slowly-rotating star, there is a maximum in the 

angular velocity distribution, and trapped density waves 
were predicted (Lovelace et al. 2009) 

5.  Such waves were detected in our simulation 
6.  The whole disc may  experience low-frequency bending 

oscillations 
7.  Usually, bending oscillations are excited very easily. They 

may possibly influence to formation of planets. 
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