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Есть три типа ударных волн в 
аккреционных дисках ТДС: 

• отошедшая ударная волна, 

• “горячая линия”, 

• приливная спиральная волна.

Как мы можем их увидеть?



IP Peg (V фильтр)



IP Peg (H фильтр)



                              χ2 для IP Peg 
___________________________________
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Hubble Space Telescope - Mason, Drew, and 
Knigge (1997)   



   

   

















Another indirect way 
is using of 3D  gas 
dynamic simulations 
alongside with  the 
Doppler  tomography 
technique. 

This approach 
allows us to identify 
the main features of 
the  flow on Doppler 
maps. 



trailed spectra



How can we proceed trailed 
spectra?

Doppler Tomography

Marsh & Horne 1988, 
MNRAS,235,269



I(VR ,φ) = ∫ ∫ I(Vx ,Vy)
            × δ(VR + Vxcos2πφ − Vy sin2πφ)   
            × dVx dVy

I(VR ,φ)  →  I(Vx ,Vy)

Radon transformation
 (J.Radon, 1917)



I(VR ,φ)  →  I(Vx ,Vy)



WhatWhat  is the Doppler map?is the Doppler map?

Doppler map (if exists) is an intermediate
representation between physical structure
of the flow (which should be revealed) and
trailed spectrograms (which are observed)



Space and velocity coordinate 
frames



Observational Doppler maps

I(VR ,φ)  →  I(Vx ,Vy)
is the ill-posed problem

I(Vx ,Vy)  →  I(x,y,z)
generally has no solution





The bow shock tidally induced spiral 
shock and the “hot line” are at rest in a 
coordinate frame rotating with the 
orbital period of the binary, and they 
should be seen in Doppler tomograms.







3D gasdynamic simulation (outburst state)

ρ(x,y)

I(x,y)





Indeed, during the outburst the bulk of  
emission comes from two arms of the spiral 
shock.

Morales-Rueda, Marsh & Billington 2000



3D gasdynamic simulation (quiescent state)

ρ(x,y)

I(x,y)





Wolf et al.1998
The bulk of  emission comes from the shock wave along the stream edge 
(“hot line”) – zone “A”, from  the dense zone “C” near the apastron of the 
elliptic disc, and from  the arm of the tidal shock – zone “D” .
.



SS Cyg

• Mwd=0.97M☉

• Msec=0.56M☉

• P=6.6h
• A=2.05R☉
• 12m to 8m



Raw spectrum







Распределение плотности и векторов скорости в 
орбитальной плоскости системы SS Cyg



Распределение интенсивности в орбитальной плоскости 
системы SS Cyg



Синтетическая доплеровская 
карта



Hγ



Наблюдения волн Наблюдения волн 
плотности в плотности в 
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L. Morales-Rueda, 
T.R. Marsh, 
I.Billington, 
Mon. Not. R. Astron. 
Soc. 313 (2000) 454.

Light curves 
obtained 
during the 
outburst of 
the dwarf 
nova IP Peg (5 
and 6 days 
after the 
outburst)

An extended maximum of surface density in the  one-armed spiral 
wave looks like some  dense formation (“blob”). Therefore for a 
large inclination  angle it can give  the variation of the uneclipsed 
part of the light curve.  Comparison with observations shows that 
the period of the density wave rotation is in agreement with typical 
periods of the light curve variations observed in cataclysmic binary 
stars.



Как мы можем увидеть 
прецессионную 

спиральную волну?







Это традиционное опре-
деление обычно допол-
няется требованием 
наличия сверхгорбов с 
периодом, как правило, 
на несколько процентов 
большим орбитального.

Звезды типа SU UMa  –
это карликовые новые 
с периодом короче 3 
часов, которые пока-
зывают наличие супер-
вспышек.



 В невозмущенных частях формируется прецессионная 
спиральная волна плотности, сопровождаемая 
существенным увеличением скорости аккреции. Увеличение 
темпа аккреции приводит к развитию супервспышки.

В рамках механизма пред-
полагается, что за время 
между супервспышками в 
системе формируется акк-
реционный диск, который 
по мере накопления 
вещества становится 
более плотным по 
сравнению со струей 
вещества из L1 и его 
внутренние части 
перестают испытывать 
газодинамические
возмущения. 



Ретроградная прецессия волны плотности со скоростью порядка
нескольких сотых оборота за один орбитальный период, а также 
компактность  центральной области энерговыделения  объяс- 
няют появление сверхгорба и его наблюдаемые характеристики.





3D gas dynamic simulations of 3D gas dynamic simulations of 
the interaction between the the interaction between the 

exoplanet WASP-12b  and its exoplanet WASP-12b  and its 
host star host star 



The discovery of first exoplanets was announced in 1992. The first 
known exoplanet near the main sequence star Peg51b was discovered by 
Mayor and Queloz in 1995. So far, the existence of nearly 700 planets 
orbiting more than 500 stars has been confirmed. The spacecraft Kepler 
has found more than 2000 exoplanet candidates. GAIA, whose launch is 
planned for 2013, is expected to find up to 10000 exoplanets. 



In the sense of the further investigation of the planet parameters the 
most prospective planets are those having the smallest angles between 
the orbital plane and the line of sight that allows us to observe the planet 
moving over the limb of the star. This effect is called the transit of the 
planet. Today we know 230 transiting exoplanets in 196 planetary 
systems.



Indeed, photometric and spectroscopic observations of the transits 
combined with the measuring of the radial velocities of the star allow 
one to determine the mass of the planet and its radius. 
This also allows observing the absorption spectra of the upper layers 
of the planet's atmosphere that are used to derive the information about 
its structure and composition.



The majority of the known transiting planets are "hot Jupiters". The term 
"hot Jupiter" appeared short after the planet Peg51b had been 
discovered. Now this term is used to describe planets, having masses 
comparable with the mass of Jupiter and semi-major axes shorter than 
0.1 a.u. These objects have well observable atmospheres, short orbital 
periods (~ several days), and relatively deep transits. These features 
help us to determine physical properties and chemical composition of 
the atmosphere using existing ground-based and space instruments. 





HST transit observations in the near-UV (Fossati et al., 2010a), performed 
in 2009, made WASP-12b one of the most “mysterious” exoplanets, 
because they showed an early-ingress, that can be explained by the 
presence of optically thick matter, located ahead of the planet at a 
distance of 4 - 5 planet radii.



WASP-12b was observed in 2009 in the near-UV with the Cosmic Origins 
Spectrograph (COS) on board of HST (Fossati et al., 2010a). The observed 
spectral range was 2540-2810 Å, divided into three bands of 40 Å each. 
Analysis of the COS light curves showed that the transit, in two of the 
three observed spectral regions, is considerably deeper than in the visible. 
Besides, an early ingress was also discovered.



Star

Planet

L1 point
Roche lobe

So far, two explanations for the optically thick matter ahead of the planet 
have been proposed. 

The first explanation is based on mass transfer from the planet to the star 
(Lai et al., 2010; Li et al., 2010). Indeed, the distance to L1 point is only 1.85 
Rpl, and the upper atmosphere exceeds the Roche lobe. The natural result 
of the outflow through the vicinity of the L1  point is the formation of an 
accretion disk surrounding the star, as for close binaries. 
 



If the accretion disk is 
axisymmetric it does not 
produce any effect on the 
transit shape. However, in the 
region where the stream 
interacts with the disk an 
extended shock wave forms 
(Bisikalo et al., 2002, 2003), 
which can be seen in 
observations. This hypothesis 
was used by Lai et al. (2010). 
The authors supposed that the 
stream from L1 itself and/or the 
region of the stream-disk 
interaction can cause the early 
ingress.



This idea is quite reasonable, but a more detailed analysis shows that, 
with such a large degree of the Roche lobe overfilling, the lifetime of the 
planet atmosphere is very short. Indeed, in accordance with equations, 
used in the theory of close binaries the mass loss rate is defined as:

The size of the dense part of the atmosphere is limited by the exobase 
level. For the WASP-12b (ρpl = 2.7·10-14 g/cm, and Tpl = 104 K) the exobase 
calculated in the spherical gravity potential is estimated at a distance of 
1.55 Rpl. The volume Roche radius (i.e. a radius of a sphere that has the 
same volume as the Roche lobe), is 1.37 Rpl. The degree of overfilling is:

 The lifetime of the atmosphere is not longer than several years.



The second possible explanation is the presence of an optically 
thick bow shock region ahead of the planet.

The typical "hot Jupiter" has a very short orbital period and a 
small semi-major axis. This planet, hence, moves in the gas of the stellar 
wind with supersonic velocity. When a gravitating body or body having 
an atmosphere moves with supersonic velocity a bow shock occurs.
When the material of the stellar wind passes through the shock wave it is 
compressed and heated in accordance with the shock adiabat. Then, the 
compressed material of the stellar wind interacts with the material of the 
atmosphere, forming the contact discontinuity. 



Vidotto et al. (2010, 2011a, b) 
have used the bow-shock idea 
to explain the results of the 
observations. However, they 
supposed that the reason of 
this bow shock is the magnetic 
field of the planet, but not its 
atmosphere. Using this idea, 
they performed analytical 
calculations and, using them, 
estimated the magnetic field of 
the planet.  



However, if the positions of 
the shock and contact 
discontinuity are controlled 
by the magnetic field, one 
must see specific features 
in the light curve of the 
system. Naturally, we have 
to see the earlier onset of 
the eclipse in the short-
wavelength part of the 
spectrum due to the 
presence of hot and dense 
material behind the wave 
front. Then, in the gap 
between the magnetopause 
and atmosphere, where 
matter density is low 
luminosity should be 
constant until the main 
eclipse. However, we do not 
observe this effect.



However, if the position of 
the shock and contact 
discontinuity are controlled 
by the magnetic field, one 
must see specific features 
in the light curve of the 
system. Naturally, we have 
to see the earlier onset of 
the eclipse in the short-
wavelength part of the 
spectrum due to the 
presence of hot and dense 
material behind the wave 
front. Then, in the gap 
between the magnetopause 
and atmosphere, where the 
matter density is low the 
luminosity should be 
constant until the main 
eclipse. However, we do not 
observe this effect.



The natural idea that could explain the observations is that the bow-shock is 
located immediately next to the atmosphere (Ionov et al., 2012). It is evident 
that in this case we can neglect the magnetic field.  

Here a question appears,  if it is possible  to get the bow shock with 
observable parameters in a pure gas dynamic solution?



3D gas dynamic equations
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The bow shock formationThe bow shock formation











To determine the position and shape of the contact discontinuity we can 
draw a simple idea of the equilibrium between the dynamic pressure and 
atmospheric gas pressure.



To determine the distance between the 
contact discontinuity and the bow shock 
(bow shock standoff distance) one can use 
empirical formulae (Verigin et al., 
Geomagnetism and Aeronomy 2011).
 

М  — Mach number,
r0   — distance to the contact discontinuity
R0   — curvature radius of the contact  

  discontinuity
b0  — bluntness of the contact discontinuity 

  surface

Bow shock standoff distance:

Equation of the wave surface:



System parameters:
 M* = 1.1 Msun

 R* = 1.1 Rsun

 Mpl= 0.64 MJup

 Rpl = 1.32 RJup

 A = 0,045 a.u.
 P = 3.5d

Atmosphere parameters:
ρ = ρ0exp(-μGM(R-Rpl)/kTRRpl)
ρ0= 3.2·10-14  g/cm3

Т = 5000 ÷ 10000 К

Wind parameters:
n = 1.4·104  cm-3

Т = 1·105 К
v = 100 кm/s

HD 209458b – the first discovered exoplanet, a typical representative 
of “hot Jupiters”. There are the most detailed observational data for 
this planet.



The simulation results have shown that a bow shock forms near the 
planet. Its location and shape are in a good agreement with analytical and 
semi-analytical estimates. However, they do not correspond to 
observational results. 



Furthermore, there are no any reasonable parameters of the wind and 
atmosphere to deliver the observed location of the bow shock at a 
distance of the head-on collision point of 4-5 planet radii, in the purely 
gas dynamical solution.



What is wrong in our solution? What special is in the WASP-12b planet 
where the bow shock was observed?



It appeared that the WASP-12b, as well as many other “hot Jupiters”, has a 
large radius and its atmosphere exceeds the Roche lobe.



The atmosphere of the WASP-12b significantly exceeds the Roche lobe 
(the upper atmosphere level is shown by the green circle in the right-hand 
panel). This configuration inevitably implies the strong outflow of the 
atmosphere toward L1  and L2  Lagrangian points. Correspondently, the 
atmosphere will not be symmetrical any more.
 



In the simplest case, when gas dynamic effects are absent, one must 
observe the formation of the stream from the L1 point. The stream must be 
turned in the direction of the planet’s motion due to the Coriolis force. 
However, this configuration is not stable. The point is, that in this case the 
rate of the atmosphere outflow must be enormous:

And the lifetime of the planetary atmosphere is not longer than few years.

 



The bow shock can help to stabilize the situation. Indeed, the gas 
dynamic interaction of the atmosphere with the matter behind the 
shock can break the outflow through the L1 and L2 points. 
 



The bow shock can help to stabilize the situation. Indeed, the gas 
dynamic interaction of the atmosphere with the matter behind the 
shock can break the outflow through the L1 and L2 points. 
 



Furthermore, in this case the geometry of the bow shock must be more 
complex. The powerful stream toward the inner Lagrangian point, 
deflected by the Coriolis force in the direction of the planet’s motion, 
gives not only the longer standoff distance but changes the shape of the 
shock. 

 



Furthermore, in this case the geometry of the bow shock must be more 
complex. The powerful stream toward the inner Lagrangian point, 
deflected by the Coriolis force in the direction of the planet’s motion, 
gives not only the longer standoff distance but changes the shape of the 
shock. 

 





Because the planet's atmosphere overfills its Roche lobe WASP-12b's 
envelope has a complex shape. In addition to the central part of the spherical 
atmosphere two “prominences”, directed to the L1 and L2 Lagrangian points, 
develope in the system. These streams leave the planet and are deflected in 
the direction of the orbital motion and against it.
 



Under the action of the dynamic pressure of the stellar wind these flows slow 
down and, then, stop at a distances of ~6 and ~4 planetary radii from its 
center, forming a stationary envelope. 



The planet and its envelope move in the gas of the stellar wind with 
supersonic velocity resulting in a Mach number M=2.14. Thus, the dynamic 
pressure of the stellar wind not only works towards the formation of the 
stationary envelope but leads also to the formation of a bow shock and 
contact discontinuity which delimit the envelope. The wave has a complex 
double-peaked shape.



The planet and its envelope move in the gas of the stellar wind with a 
supersonic velocity resulting in a Mach number M=2.14. Thus, the dynamic 
pressure of the stellar wind not only works towards the formation of the 
stationary envelope but leads also to the formation of a bow shock and 
contact discontinuity which delimit the envelope. The wave has a complex 
double-peaked shape.



The head-on collision point found in the calculations is at the peak of the 
stream from the L1 point. The distance from the planet to the head-on 
collision point, as projected to the stellar limb, is of ~4.5 planetary radii, 
allowing us to explain the observed early ingress.



The heating of the planet envelope by the bow shock allows one to explain 
the fact that the eclipse, in the spectral bands where the early ingress has 
been observed, is two times deeper than the eclipse of the planet itself.
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