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Preface

The idea for this book originated in the La Silla observatory where two of the
editors were doing phase-resolved spectroscopy of some cataclysmic variable
stars using the NTT. We realized that although indirect imaging techniques
such as eclipse mapping and Doppler tomography had been around for more
than a decade and had provided some of the most interesting discoveries, no
book existed which covered these techniques. Moreover, no colloquium had ever
been organized specifically on these topics. The implementation of tomographic
methods in astrophysics, in order to probe structures on angular scales of micro-
arcseconds, started about 15 years ago with the development of the eclipse map-
ping method. This method is able to reconstruct light distributions in eclipsing
binaries by exploiting the regular obscuration of the light source by one of the
binary components. A similar approach to regularised data fitting lead to a va-
riety of related methods in order to resolve light distributions of the accretion
flows in binaries, the surface structures of stars and the inner regions of active
galaxies. The scientific output of these methods is considerable and they are
increasingly becoming versatile tools for a wide community of researchers.

A specialised workshop seemed highly desirable, so we decided to organise
the first international workshop on astrotomography. The idea of the meeting,
which took place in Brussels in early July 2000, was to bring together researchers
sharing an interest in applying indirect imaging methods in astronomy, and to
compare the methods used in different fields. During the meeting, a large amount
of time was devoted to extensive reviews of the various reconstruction techniques.
In conjunction with the reviews, short contributed talks highlighted recent re-
sults and developments. Due to the small number of participants, 60, there was
plenty of opportunity for discussion and interaction. Moreover, we wanted that
the proceedings of this meeting could be used as a handbook on these methods.
The reviewers were therefore asked to provide extensive accounts of their field.
The proceedings thus consist of 13 reviews of about 25 pages each as well as
15 contributed talks of 6~8 pages. A wide range of topics are discussed, mostly
on the properties of accretion flows in semi-detached binary systems contain-
ing a compact stellar remnant. Other topics include the surface and magnetic
field structure of single stars, the shock waves of Mira stars, the accretion flows
around black holes in binaries and active galactic nuclei and the structure of
Algol systems. The large variety of subjects covered is a clear illustration of the
importance that indirect imaging techniques have gained in astrophysics. A new



VI

generation of optical telescopes and spectrographs is coming on-line which will
push the possibilities of indirect imaging even further. In conjunction with that,
specialised instruments and projects on existing telescopes will deliver data sets
with high time and wavelength resolutions tailored for accurate mapping ex-
periments. We hope that these proceedings will provide a helpful overview for
any researcher interested in such techniques. With the same spirit of producing
more than just proceedings, we also include a list of some useful resources on
the Internet. We also hope that the web page of the workshop will be kept alive
and become a useful reference on astrotomography.

We would like to thank all the participants for making this workshop a suc-
cess, and in particular all the contributing review authors for having generously
agreed to come to the meeting at their own expense, and for their efforts in
providing a balanced set of review papers. Many thanks to all the members of
the local organising committee for the hard work before, during and after the
workshop. The Brussels Planetarium is thanked for providing us with a meeting
venue and excellent support. We also wish to thank the Director of the Royal
Observatory of Belgium, Prof. Paul Paquet, for his efforts. Rob Hynes provided
us with a superb ‘scientific impression’ of an interacting binary that featured on
the workshop poster and various other locations. Finally, we are grateful for fi-
nancial support from project G.0265.97 of the Research Programme of the Fund
for Scientific Research — Flanders (F.W.O. — Vlaanderen).

Brussels, Southampton, Henri Boffin,
November 2000 Danny Steeghs,
Jan Cuypers

Workshop webpage: http://www.astro.oma.be/DopplerWorkshop/
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Some Useful Resources on the Internet

e http://www.astro.oma.be/DopplerWorkshop
The web page of the workshop in which updated information will be avail-
able as well as useful links to astrotomography resources.

e http://www.astro.soton.ac.uk/~trm/software.html
Software from Tom Marsh, including doppler, for doppler imaging of accre-
tion discs, molly for 1D spectrum analysis, and pamela, for reduction from
2D to 1D astronomical spectra.

e http://ibm-2.MPA-Garching.MPG.DE/~henk/
Henk Spruit preliminary web page, containing his fast Doppler mapping pro-
gram.

e http://star-www.st-and.ac.uk/~kdh1/
The minimalist web page of Keith Horne.
In http://star-www.st-and.ac.uk/schedar/kdhl/doptom/doptom.html,
a paper about Doppler Tomography can be found as well as the source code.

e http://sunkl.asu.cas.cz/~had/korel.html
KOREL is a code for spectra disentangling using Fourier transforms, avail-
able from P. Hadrava.

e http://www.astro.soton.ac.uk/~trm/doppler_table.html
Up-to-date list of publications using Doppler Tomography, maintained by
Tom Marsh.

e http://www.astro.univie.ac.at/~kgs/research.html
Home page of the stellar activity working group of the Institute for Astron-
omy at the University of Vienna. Includes an impressive collection of Doppler
images of stars.

e http://www.shef.ac.uk/~phys/people/vdhillon/
Home page of Vik Dhillon with some online presentations, including the one
he gave in Brussels.

e http://www.astro.virginia.edu/people/faculty/mtr8r/index.html
The web page of Mercedes T. Richards with information about doppler to-
mography of Algols and hydrodynamic simulations of mass transfer.

e http://star-www.st-and.ac.uk/~acc4/coolpages/imaging.html
Mapping starspots of A. Collier Cameron with the slides of his presentation
in Brussels and some eclipsing binaries star mapping movies.
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Internet Resources

http://webast.ast.obs-mip.fr/people/donati/
The animated homepage of J.-F. Donati.

http://www.shef.ac.uk/~phys/people/vdhillon/ultracam/
ULTRACAM is an ultra-fast, triple-beam CCD camera which has been de-
signed to study one of the few remaining unexplored regions of observational
parameter space — high temporal resolution. The camera, which has recently
been funded in full (292 k) by PPARC, will see first light during 2001 and
will be used on 2-m, 4-m and 8-m class telescopes in Australia, the Canary
Islands, Chile, Greece, South Africa and Spain to study astrophysics on the
fastest timescales. ULTRACAM is a project of V. Dhillon and T. Marsh.

http://astro.esa.int/SA-general/Research/Detectors_and_optics/
detectors_scam.html

S-Cam is the prototype of a cryogenic camera for ground-based astronomy,
based around a 6x6 array of Ta—Al superconducting tunnel junction (STJ)
devices, photon-counting array detectors with intrinsic energy resolution.
The detector presently provides individual photon arrival time accuracy to
about 5 us, and a wavelength resolution of about 60 nm at 500 nm, with

each array element capable of counting up to ~5000 photons s~!.

http://www.astro.soton.ac.uk/~rih/binsim.html
Rob Hynes’s binary star visualisation.
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Abstract. I review the method of Doppler tomography which translates binary-star
line profiles taken at a series of orbital phases into a distribution of emission over the
binary. I begin with a discussion of the basic principles behind Doppler tomography,
including a comparison of the relative merits of maximum entropy regularisation versus
filtered back-projection for implementing the inversion. Following this I discuss the
issue of noise in Doppler images and possible methods for coping with it. Then I
move on to look at the results of Doppler Tomography applied to cataclysmic variable
stars. Outstanding successes to date are the discovery of two-arm spiral shocks in
cataclysmic variable accretion discs and the probing of the stream/magnetospheric
interaction in magnetic cataclysmic variable stars. Doppler tomography has also told us
much about the stream/disc interaction in non-magnetic systems and the irradiation of
the secondary star in all systems. The latter indirectly reveals such effects as shadowing
by the accretion disc or stream. I discuss all of these and finish with some musings on
possible future directions for the method. At the end I include a tabulation of Doppler
maps published in refereed journals.

1 Introduction

Many rapidly rotating single and binary stars change little during the course of
a single rotation or orbit. The spots on single stars can persist for many days,
while cataclysmic variable stars may stay in outburst for over 100 orbits and in
quiescence for ten times longer still. However, for the observer, orbital rotation
can cause considerable variability both in flux and spectra. This arises from
a combination of changes in aspect angle and visibility, caused by geometrical
effects, and the rotation of all velocity vectors with the binary orbit. These effects
are a blessing and a curse: without them we would know considerably less than
we do about such stars, however the complex variability can be hard to interpret.

The method of Doppler tomography was developed to unravel the emission
line variations of cataclysmic variable stars (CVs) [48]. CVs are short period
binary stars, with orbital periods typically between 1.5 and 10 hours, which are
beautifully set up to allow us to study accretion. The stellar components of the
binary, a white dwarf and a low-mass main-sequence star, are faint, and their
semi-detached configuration means that the geometry is entirely specified by the
mass ratio and orbital inclination alone. Unfortunately, CVs are far too small
to be resolved directly — they typically subtend < 10~* seconds of arc at Earth
— and we can learn nothing of their structure from direct imaging. Instead we
must turn to more indirect methods. Two key methods are “eclipse mapping”,

H.M.J. Boffin, D. Steeghs, and J. Cuypers (Eds.): LNP 573, pp. 1-26, 2001.
(© Springer-Verlag Berlin Heidelberg 2001
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introduced by Horne [39] and reviewed in this volume by Baptista, and “Doppler
tomography”, the subject of this chapter. Eclipse mapping relies on the geomet-
rical information contained in eclipse light curves; Doppler Tomography uses the
velocity information contained in Doppler-shifted light curves,

In this paper I detail the principles behind Doppler tomography and hope to
give the reader a full picture of what is now a widely-applied tool in the field. I
follow the fundamentals with a short section on accounting for stochastic noise,
which has usually been ignored to date, before finally moving onto a survey of
results. Although I will attempt to be as self-contained as possible, the subject
has become too large to cover every application of Doppler tomography and so |
instead focus upon cataclysmic variable stars. [ start this endevour with a potted
history of the development of Doppler tomography.

2 History

Although not restricted in application to CVs, since Doppler tomography was
developed for CVs and has so far mostly been applied to them (with several hon-
ourable exceptions covered elsewhere in this volume), for completeness | start by
describing our standard picture of CVs. Fig. 1 shows a schematic representation
of our model of non-magnetic CVs with a white dwarf surrounded by a flat disc,
orbiting a tidally-distorted main-sequence star. In addition a stream of matter
flows from the main sequence-star and hits the disc in a spot. All of these com-
ponents, as well as others, have been seen in Doppler images. In eclipsing CVs,
as seen in Ilig 1, the main-sequence star occults the accreting regions allowing
us to locate the chief sources of emission. It was precisely this that led to the

S

Fig. 1. A schematic illustration of a cataclysmic variable viewed at four orbital phases.
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development of the standard model in the early 1970s [89,72]. In systems with
compact emission sources, the sharp ingress and egress features during eclipse
allow the source location to be pin-pointed, and thus, for instance, it is possible
to determine the binary mass ratio from the observed position of the gas stream
impact [73,94]. What about more diffuse emission — the disc for instance? An
obvious possibility is to fit a parameterised model of the disc emission to light-
curves. However this is plagued by our lack of good a priori models. For instance,
a symmetric distribution following a power-law in radius is a simple and obvious
choice for modelling discs, but are discs really symmetric and what if they do
not follow power-laws? These problems were solved by Keith Horne who during
his thesis work introduced the powerful idea of regularised fitting to the study of
CVs [39]. Horne modelled the accretion regions with a grid of many independent
pixels, effectively giving a model of great flexibility. To escape the degeneracy en-
gendered by such an approach, Horne selected the image of “maximum entropy”
where the entropy S is given (in the simplest case) by

M
S:—Zpilnpi. (1)
i=1
Here p; is given by
I;
bi= =3 > (2)

> j=1 I
where I; is the image value assigned to pixel ¢. This is the method of eclipse
mapping.

In eclipse mapping a one-dimensional light curve leads to two-dimensional
map. Emission lines on the other hand, as I will explain, contain the extra
dimension of velocity and so can give better constrained images (albeit with some
disadvantages). Horne realised that the formation of the line profile from a disc
was analogous to the formation of medical X-rays used in computed tomography
to image the human brain. This led to the development of Doppler tomography
[48], implemented in the first instance in a way analogous to eclipse mapping,
using maximum entropy regularisation.

Since that time, and following articles focussing upon the more accessible
filtered back-projection inversion [40,62], the use of Doppler tomography has
exploded, with over 100 refereed publications making use of it or containing
theoretical simulations of Doppler images (Fig. 2). Doppler maps have been
published for some 16 dwarf novae, 13 AM Her stars, 11 DQ Her stars, 16 nova-
like variables and 5 black-hole systems, along with other types such as Algols and
Super-Soft sources. Doppler tomography is approaching the status of a standard
tool; I now begin discussion of its underlying principles.

3 The Principles of Doppler Tomography

Doppler tomography arose from a desire to interpret the emission-line profile
variations of accretion discs. Past papers on tomography have started by de-
scribing the formation of the double-peaked profiles from discs [48]. However,
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Fig. 2. Numbers of refereed publications using Doppler tomography versus year of
publication.

the existence of a disc is not necessary for Doppler tomography. For instance,
one of the most spectacular applications of tomography has been to the AM Her
stars or polars [67], systems in which the white dwarf has such a strong magnetic
field that there is no disc. Therefore, in this instance, I will attempt to describe
tomography from a more general perspective.

The key to tomography is first to consider a point-like source of emission
in a binary. Assuming this has a motion parallel to the orbital plane of the
binary, line emission from such a source will trace out a sinusoid around the
mean velocity of the system. Assuming one observed such a sinusoid, one could
associate it with a particular velocity vector in the binary, depending upon its
phase and amplitude. The trick of tomography is to cope with any number of
such sinusoids, even when they are so overlapped and blended that one cannot
distinguish one from another. To understand how this is possible, it is helpful to
think of profile formation as a projection in the mathematical sense of integrating
over one dimension of an N-dimensional space to produce an N — 1 dimensional
space.

3.1 Profile Formation by Projection

A given point in the binary can be defined by its spatial position, but, more
usefully in this case, also by its velocity (V5,V,). One must be a little careful to
define this velocity which is relative to the inertial rather than rotating frame.
Inertial frame velocities are always changing as the binary rotates, and so in
order to define unique values of V, and Vj;, they are measured at a particular
orbital phase. Conventionally this is taken to be when the inertial frame lines up
with the rotating frame. In the case of CVs it is usual to define the z-axis (in the
rotating frame) to point from the white dwarf to the mass donor, and the y-axis
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to point in the direction of motion of the mass donor. With this convention, and
defining orbital phase zero to be the moment when the donor star is closest to
us, the radial velocity of the point in question at orbital phase ¢ is

Vr =7 — Vycos2m¢ + V, sin 27¢, (3)

where v is the mean or systemic velocity of the star. The use of a single value
of v is equivalent to assuming that all motion is parallel to the orbital plane as
mentioned above.

With these definitions, an “image” of the system can be defined as the
strength of emission as a function of velocity, I(V;,V,). That is, the flux ob-
served from the system that comes from the velocity element bounded by V,, to
Ve + dVy, Vy to V,, + dV,, is given by I(V,,V,) dV, dV},. I will refer to this as an
“image in velocity space” or more simply a “velocity-space image”. The relation
of this image to the conventional image will be discussed below.

The line flux observed from the system between radial velocities V and V +
dV at orbital phase ¢ can now be obtained by integration over all regions of the
image that have the correct radial velocity:

/ h / C WV V)lg(V — Vi) dV] Vi v, (@)

where g is a function (of velocity) representing the line profile from any point
in the image, including instrumental blurring. I assume here that g is the same
at every point, although it is possible to allow it to vary. The velocity width
is divided out to obtain a flux density of course, and so the line profile can be
expressed as

f(V,) = /_ h /_ T IV V)g(V — Vi) dVa v, (5)

Ideally g is narrow, best of all a delta function, thus this equation picks out all
regions of the image close to the line

V =Vr =~ —Vzcos2mp + V, sin 2m¢.

This is a straight line in V;;, V}, coordinates. Different values of V' define a whole
family of parallel straight lines across the image, with a direction dependent upon
the orbital phase. With the definition of velocity and orbital phase described
above, orbital phase 0 corresponds to a collapse in the positive V,, direction,
phase 0.25 corresponds to the positive V,, direction, phase 0.5 to the negative V,
direction etc, with the angle rotating clockwise. Thus the formation of the line
profile at a particular phase can be thought of as a projection (or collapse) of
the image along a direction defined by the orbital phase. Note that if this model
is correct, two line profiles taken half-an-orbit apart should be mirror images of
one another. The extent to which this is not the case is one measure of violations
of the basic assumptions made.
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Fig. 3. A model image and the equivalent profiles formed by projection at angle ap-
propriate to orbital phases 0.25 (right-most profile) and 0.5 (lower profile).

Fig. 3 shows a pictorial representation of this process for two projection
angles. The artificial image has been created with a spot which can be seen to
project into different parts of the profile at different phases. Tracing back from
the peaks along the projection directions leads to the position of the original
spot. This is in essence how line profile information can be used to reconstruct
an image of the system.

A series of line profiles at different orbital phases is therefore nothing more
than a set of projections of the image at different angles. The inversion of pro-
jections to reconstruct the image is known as “tomography”, the case of medical
X-ray imaging being perhaps the most famous, although it occurs in many other
fields too. I now look at the two methods that have been applied in the case of
Doppler tomography.

3.2 Inversion Methods

The mathematics of the inversion of projections dates back to the work of Radon
in 1917 [60]. If one knows the function (in my notation) f(V,¢) for all V' and
¢, a linear transformation — the Radon transform — can produce the desired
end product, I(V,V,). In reality, things are not so easy, and we never have
the luxury of knowing the line profiles at all orbital phases, although one can
get close in some cases. With the advent of fast computers and the develop-
ment of medical imaging, interest in the implementation of Radon’s transform
increased greatly in the 1970s, and one particular method, that of “filtered back-
projection” found favour [63]. The original paper on Doppler tomography used
an alternative method inherited from eclipse mapping, that of maximum entropy
regularisation. In this section I describe these two methods, which are both in
use today. Each has its pros and cons, which I discuss at the end of the section.
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Filtered Back-Projection. The mathematical inversion of Eq. 5 is detailed
in the Appendix A. The process can be summarized in the following two steps.
First the line profiles are filtered in velocity to derive modified profiles, f (V, ).
The filter is applied through a Fourier transform, multiplication by |s|/G(s),
where G(s) is the Fourier transform over V of g(V) and s is the frequency in
inverse velocity units, and finally an inverse Fourier transform. It can be applied
to one spectrum at a time and is a fairly fast process.
The second step is that of back-projection:

0.5

IV, V) = i f(y = Vi, cos 2w + V, sin 21, ¢) dob. (6)

An intuitive understanding of back-projection is extremely useful when trying
to make sense of Doppler maps. There are two ways of imagining the process
(see Fig. 4). The first one is perhaps the most obvious from Eq. 6 which implies
that each point in the image can be built by integration along a sinusoidal path
through “trailed” spectra (spectra viewed in 2D form with axes of phase versus
velocity). The particular sinusoid is exactly that which a spot at the particular
place in the image would produce in the trailed spectrum. This view is illustrated
on the left of Fig. 4.

However, back-projection is named for another, perhaps more useful, way of
regarding this operation shown on the right of Fig. 4. In effect, Eq. 6 means that
the image is built up by smearing each filtered profile along the same direction as
the original projection which formed it. This way of looking at back-projection
shows very clearly why small numbers of spectra cause linear artifacts in Doppler
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Fig. 4. Two view of back-projection: on the left are paths of integration through trailed
spectra (spectra plotted as greyscale images with time running upwards and wavelength
from left to right). A track close to a sinusoidal component gives a spot in the final
image. On the right three profiles are smeared back along their original projection
directions to give a spot.
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maps, and one should always be wary of such features. Similarly, any anomalies,
such as unmasked cosmic rays, dead pixels, flares or unmasked eclipses are liable
to cause streaks across Doppler maps.

If the local line profile (V') is gaussian then so too is G(s), dropping to zero
at large s. Thus the filter |s|/G(s) will strongly amplify high frequencies, and the
image will be corrupted by noise. This may be familiar when it is realised that
division by G(s) is just the standard (and noise-sensitive) Fourier deconvolution;
the presence of |s| in this case only exacerbates the problem. One can just remove
the G(s) term and thus make no attempt to de-convolve the image. Typically
one goes further still and the filter applied is |s|WW (s), where W (s) is a (typically
gaussian) “window” function to cut off high frequencies and therefore limit the
propagation of noise into the final image. The penalty for this is that the final
image is a blurred version of the true image. A similar trade-off will become
apparent in the maximum entropy inversion which I turn to now.

Maximum Entropy Inversion. In the original paper presenting Doppler to-
mography, the focus was upon an alternative to filtered back-projection using
maximum entropy regularisation [48]. This stemmed in part from the earlier de-
velopment of eclipse mapping but also because I originally developed Doppler
tomography in spatial coordinates in which the projection becomes one over a
set of curves rather than straight lines [47]. However, velocity space is nearly
universally used now, and the linear inversion has become more commonly used
on the whole. Is another inversion method useful? I think the answer is yes, and
will discuss why in detail below. First of all, I describe the maximum entropy
method in some more detail.

The application of maximum entropy to Doppler tomography is very similar
to the eclipse mapping case: a grid of pixels spanning velocity space is adjusted to
achieve a target goodness-of-fit, measured by x2. In general there are an infinite
number of such images and so the image of maximum entropy is selected. A
refined form of entropy which measures departures from a “default” image [39]
is used:

M
S:—Zpiln&. (7)
i=1 di
Here all symbols are as before with the addition of
D,
% = = = (8)
Zj:l Dj

where D is the default image. The default image is important in eclipse mapping
(see Baptista, this volume) but less so in Doppler tomography. Usually a moving
default is used, computed as a blurred version of the image. This constrains the
map to be smooth on scales shorter than the blurring, but fixed by the data
alone on larger scales. For reasonable data, the choice of default appears to have
little effect. Indeed, it would be my guess that neither does the form of S, and
that its most important role in this case is to allow a unique solution to be found.
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Relative Merits of the Two Inversions. Table 1 compares the Maximum
Entropy Method (MEM) and Filtered Back-Projection (FBP) inversion meth-
ods; plus and minus signs indicate pros and cons respectively. First of all, x2 in

Table 1. Comparison of maximum entropy and filtered back-projection for Doppler
tomography.

Characteristic MEM FBP

Controlling parameter X2 FWHM of noise filter
Processor time — (22 sec)” + (0.7 sec)
Comparison with data  ++ ——

Consistency of noise level —* +

Flexibility ++ ——

1100 by 100 image, 100 by 50 data, 300 MHz Pentium II.

the maximum entropy method (MEM) is identified as the equivalent of the win-
dow filter in the filtered back-projection (FBP). For instance a low x? forces the
image to become highly structured in order to fit the data better. Conversely,
a high x? allows the image to become smooth and blurred. Next I compare
processing time, which is perhaps the major disadvantage of MEM. In the ex-
ample given, MEM took 30 times longer than FBP. Even so, for single images
the absolute amount of time taken is not large, especially when compared with
the steps taken to get the data in the first place, although it can become more
significant when trying to estimate noise, as I will discuss later. Nevertheless, I
still regard it as a relatively minor disadvantage, and award a single minus. The
next entry “Comparison with data” refers to the central role that x2 plays in the
MEM reconstructions which allows one to compare the predicted data directly
to observations. Filtered back-projection does not try to achieve a good fit to
the data, leaving one uncertain as to how much better the fit could have been;
I regard this as a significant disadvantage of the method.

Propagation of noise into MEM images can be problematical when one is
comparing, say multiple datasets. The reason is that if one sets the same y?
level for each inversion, in one case this might be easy to reach and a rather
smooth looking map is the result, while in the next may have a hard time
reaching the desired level at all, resulting in a noisy map. FBP on the other
hand seems to give an images of similar appearance for the same window filter.
It was for this reason that Marsh & Duck [52] used FBP in their tomography
of the DQ Her star, FO Aqr. It is possible that this problem could be fixed by
iterating towards a fixed entropy and minimising x2. While this may seem a bit
ad hoc, it may provide a more accurate representation of how one actually sets
x? in practice: it is rather rare to achieve statistically acceptable values of 2
for data of reasonably good signal-to-noise ratio, and often x? is set so that the
image is neither too smooth nor too corrupted by noise.

Flexibility, the final entry in Table 1, is another major plus point of MEM.
For instance, it is very easy to adapt it to the common case of blended lines
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[48,53]. Steeghs (this volume) presents a nice extension of MEM to allow for
variation of flux with orbital phase. Another more minor example of this is that
it is easy in MEM to mask out bad data without the need to interpolate.

For straightforward cases, I think that there is relatively little to choose
between the two methods, although the speed of the filtered back-projection
may be advantageous when many maps are being computed. MEM has the edge
in difficult cases where modifications of the standard model are needed.

3.3 Noise in Doppler Images

In the penultimate part of this section, I look at the propagation of noise into
Doppler maps. To an extent Doppler images carry their own uncertainty esti-
mates in the degree of fluctuation that one sees in the background, and perhaps
this has motivated the lack of a more rigorous treatment to date. Moreover, it is
often the case, as I remarked above, that Doppler tomography cannot achieve a
good fit to the data, and one must assume that systematic errors are dominant.
However, there is still a need to understand noise, with a common case being the
question of the reality of a certain feature. Appealing to the level of background
noise is not always good enough — for example, any map will have a highest
point, but how is one to judge whether it is significant?

It has been said that noise cannot be propagated into Doppler maps [84]. It
is in fact straightforward to do so. However, the important point to understand
is that noise in Doppler images is correlated. In more detail it is correlated on
short scales but less so on large scales. This correlation means for example that
single pixel variances are more-or-less useless in defining the amount of noise
on a Doppler image. The correlation is positive on short scales and so Doppler
maps are effectively noisier than an uncorrelated image with the same variance
per pixel; the difference is significant.

One of the best ways to appreciate the correlation is to view animations
running simulated images in movie form. Since this is not possible in print, I
illustrate the consequence by plotting the scatter in circular apertures in Fig. 5
In this figure, although the RMS scatter of the uncorrelated images was adjusted
to match the MEM images pixel-by-pixel, the scatter at first grows more quickly
with radius in the FBP and MEM images, leading to an RMS about 3 times
larger at large radii. This illustrates the positive correlation at small separations.
Ignoring this correlation would lead to a very significant underestimate of the
true noise. In this case for radii larger than & 4 pixels, all three lines are roughly
parallel, demonstrating the weak correlation on large scales. The final point is
the very similar behaviour of the FBP and MEM plots: the two methods lead
to a very similar propagation of noise into the image.

The exact pattern of noise is dependent upon the controlling parameter, x?2
or the filter FWHM. While driving down x? may force a better fit and higher
resolution, a penalty is paid in increased noise. Fig. 6 shows this effect. In this
case as x2 is lowered from 1.1 to 0.9, the noise at the smallest scales increases
by a factor of two; large scales are almost unaffected. Very similar behaviour is
seen for different filter widths for filtered back-projection.



Doppler Tomography 11

0.1

RMS scatter in circle

0.01

1 10
Radius (pixels)

Fig.5. The figure shows the RMS scatter in simulated Doppler images measured in
circular apertures, as a function of the aperture radius for three sets of simulations.
The solid line shows results of MEM inversions with x? = 1.0; the dotted line shows
the FBP results with a filter of FWHM = 1.0 in terms of the Nyquist frequency; the
dashed line shows what the result would have been if the noise were uncorrelated with
the same variance per pixel as the MEM simulations.
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Fig. 6. The figure shows the RMS scatter in MEM simulations measured in circular
apertures for x? = 0.9 (solid line), 1.0 (dashed), and 1.1 (dotted).

Figures 5 and 6 were made by adding noise to a simulated dataset and then
reconstructing images. A similar method was employed by Hessman & Hopp
in their analysis of GD 552 [35]. In practice, the “bootstrap” method [15] is
preferable. In this technique, real data are used to generate artificial data by
randomly selecting, with replacement, N new points from N old points. The
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beauty of this method is that it automatically accounts for the true statistics
of the data and one is not adding extra noise. Consider then an image with a
feature one wants to characterise. As long as an explicit measurement of the
feature can be devised, then multiple bootstrap runs can be used to generate an
uncertainty as well.
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Fig. 7. The panels show an initial test map (upper-left), the equivalent trailed spectrum
with noise added (upper-right), the reconstructed image (lower-left) and finally the
lower-right panel shows contours encircling regions of the reconstruction above 99% of
the 1000 trials (dashed) and 100% of them (solid).

As an example of how one might use the bootstrap method, consider an image
showing evidence for a bright-spot, with some question as to the significance of
the feature (Fig. 7). First one needs a method of measuring the strength of such
a feature. The method I use here is first to subtract off the symmetric part of the
image and then to measure the flux in a circular aperture centred on the spot.
I then use the following procedure to determine the significance of the feature:

1. Generate a large number (~ 1000) of new datasets from the original data by
bootstrap resampling (a fast procedure).
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2. Compute maps for each of these in the same manner as for the true map
(here the CPU penalty of MEM is paid in full).

3. Subtract the true map from each boot-strapped map to obtain difference
maps.

4. Measure the flux of each difference map in the same way as before i.e. by
subtracting the symmetric part of each image and computing the flux in a
circular aperture.

5. Finally, rank the observed flux relative to the fluxes measured from the
difference maps.

This procedure generates a set of values showing the stochastic noise level in the
circular aperture. If carried out for apertures centred on every pixel in the image,
one can generate a “significance map” which shows the fraction of fluctuation
values that the observed value exceeds. The result of such a scheme is shown
in Fig. 7 where an artificial image shown in the top-left led, after the addition
of gaussian noise, to the trailed spectrum shown in the top-right. The “true
map” referred to above is displayed in the lower-left and shows evidence for a
spot in the upper-left quadrant. Carrying out the bootstrap computations with
1000 trials leads to the significance map of the lower-right. This shows that the
region of the spot is higher than all 1000 of the simulated datasets, whereas no
other part of the image is. In this case the circular aperture used has a radius of
200km s~! , and so can be fitted ~ 100 times over into the image. Taking these
to be independent, then there is ~ 10% chance that one region will exceed all
1000 trials. More trials would be needed to establish the reality of the feature
more firmly, but the principle is clear.

Similar measurements are easily imagined, for instance, one could perhaps
fit the position of the spot [35], and subsequently obtain uncertainty estimates
from bootstrapping. All that is necessary is that the measurement is precisely
defined and applied in the same way to the true and bootstrap maps.

3.4 Axioms of Doppler Tomography

Doppler tomography rests on certain approximations to reality that are, at best,
only partially fulfilled. Violation of these approximations does not mean that the
resulting maps are useless, but everyone who carries out Doppler tomography
should be aware of its limitations. Thus in this final part of this section, I list
the “axioms” that underly the method:

1. All points are equally visible at all times.

The flux from any point fixed in the rotating frame is constant.
All motion is parallel to the orbital plane.

All velocity vectors rotate with the binary star.

The intrinsic width of the profile from any point is negligible.

Clg= Lo

Exceptions exist to each of these. For instance, emission on the mass donor vio-
lates the first axiom, while outbursts clearly contravene (2). Doppler tomography
is an interpretation of the data within a specific model of binary systems and
only applies inasmuch as the model itself does.
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4 The Application of Doppler Tomography to CVs

I now move on to discuss Doppler tomography in the context of cataclysmic
variable stars. I will mainly focus upon results, but before doing so I consider
the interpretation of Doppler maps in the case of CVs.

4.1 Understanding Doppler Maps

On the basis of the standard model presented in section 2 one can easily predict
the locations of the various components in velocity-space; Fig. 8 shows some
of the key components of a CV represented in velocity space. The donor star

1000
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X

Fig. 8. A schematic of some key components in velocity coordinates.

is assumed to co-rotate with the binary, which means that it appears with the
same shape in velocity as it does in position coordinates, although rotated by 90°
owing to the relation v = £2 A r between velocity and position for “solid-body”
rotation. This reassuring property is somewhat misleading, since the disc, which
is very definitely not co-rotating with the binary, ends up being turned inside
out so that the inner disc is at large velocities while the outer disc appears as a
ring at low velocity. The gas stream is plotted twice: once with its true velocity
and once with the velocity of the disc along its path; one can also imagine
intermediate cases. The positions of all these components is fully specified if the
projected orbital velocities of the two stars, K; and K5, and the orbital phase
are known. The overall scale is set by K; 4+ Ks; their ratio, which is the mass
ratio ¢ = K1/Ks = My /My, defines the detailed shape of the stream and Roche
lobe. The orbital phase sets the orientation of the image, and if it is not known
the image will be rotated by an unknown amount relative to the “standard”
orientation shown in Fig. 8. This is not uncommon: for instance if the orbital
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phase is based upon emission line measurements, it is typically delayed by 0.05
— 0.1 cycles with respect to the true ephemeris. This causes an anti-clockwise
rotation of the image by an equivalent number of turns. The published map of
LY Hya [78] is a nice example of this phenomenon.

Although velocity coordinates simplify the picture of line profile formation,
it is simple enough to invert into position coordinates — indeed this is how I
originally computed Doppler images [47]. All that is required is a specification of
the velocity at every point in the system. However, I abandoned this approach
for two reasons. First, the translation between velocity and position is often not
known. In fact, perhaps it is never known, given that it is likely that deviations
from keplerian flow occur. This means that position maps would require recom-
putation each time system parameters were updated. Second, the same place
in the system can produce emission at more than one velocity. This is not an
abstract possibility, but happens in almost every system that has been imaged.
There are many examples of bright-spot emission from the gas stream while the
disc at the same location produces emission at a completely different velocity. If
such data is imaged into position coordinates on the basis of keplerian rotation, a
spot of emission would be produced at a spurious location in the disc. Sticking to
velocity coordinates is a reminder of these potential difficulties of interpretation.
Only in eclipsing systems is there potential for disentangling such effects.

While we cannot translate the data into position space, there is no difficulty
in translating any theoretical model into velocity coordinates. Indeed, ideally,
the theory—data comparison should be made by predicting trailed spectra, doing
away with the need for Doppler maps altogether. However, Doppler maps still
have a role in that theoretical models are not good enough to predict all the
peculiarities of real systems, and comparison is easier in the half-way house of
velocity space.

The idea of translating to velocity space also applies to how one should think
about Doppler maps. Rather than trying to translate features of maps mentally
from velocity to position coordinates, one should try to think of various com-
ponents and imagine where they would appear in velocity space. The difference
may seem slight, but it is a significant one. With that said, I now turn to look
at some results.

4.2 Doppler Imaging Results

There are now a large number of examples of Doppler tomography, covering CVs
along with other types of binary as well, such as Algols and X-ray transients, the
latter being very similar to CVs in many ways [51,8]. Rather than spend space
covering these in detail when the original references do so already, as do other
contributions in this volume, I have decided to devote this section mainly to
highlights based upon a literature survey of as many published Doppler images
as I could find. The results of this survey are tabulated in Tables 2, 3 and 4
contained in Appendix B where I list systems with published maps, which lines
were mapped, the spectral resolution, the outburst state and some indication of
the appearance of the maps.



16 T.R. Marsh

Spiral Shocks. The discovery by Steeghs et al. [77] of spiral shocks in the dwarf
nova IP Peg is perhaps the most significant result from Doppler tomography
applied to CVs. These shocks appear to be present in all outbursts of IP Peg,

He II 4686 Doppler image model data
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Fig. 9. Spiral shocks in IP Peg [27].

including (with hindsight!) pre-discovery outburst data [50]; Fig. 3 shows one
example. There is corroborating evidence from other systems such as SS Cyg
[76], V347 Pup [82] and EX Dra [42], although none of these are as convincing
as IP Peg (Steeghs, this volume).

Stream Emission in Polars. Beautiful work by Schwope (this volume) and
others [66,67,30,68,71] has revealed the gas stream in the polar class of cata-
clysmic variables in which the white dwarf is magnetically locked to the mass
donor star. Although initially ballistic, there is evidence for the influence of the
field upon the stream and some emission from the gas as it hurtles down towards
the white dwarf (see Fig. 10). Such work has tremendous scope for teaching
us about the stream/magnetosphere interaction. Changes in the appearance of
maps between high and low states have been seen in HU Aqr [67] and further
observation of differing states should tell us how the plasma/field interaction
varies with accretion rate.

Bright-Spots. Many systems show bright-spots in Doppler maps, classic cases
being WZ Sge [75] and GP Com [53]. The locations of the spots are interesting.
In some cases they line up with the stream’s velocity [50], while others are closer
to the disc’s velocity [93]. Still others adopt a position half-way between the
disc and stream velocities [49,75] (see also Fig 11). There is some evidence for
extended cooling following the spot [75] and there is potential for examining this
with lines of differing excitation.

Emission from the Secondary Star. Many Doppler maps show emission
from the secondary star [50,49,23,57,66]. Some of this may be related to magnetic
activity of these rapidly rotating stars, but there is little doubt that much of it
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Fig. 11. The peculiar bright-spot of U Gem observed in January 2000 (Unda et al. in
prep).

is caused by irradiation by the inner disc. The disc systems are interesting in
this respect since one can expect the disc to cast a shadow over the equator of
the mass donor. This seems indeed to be the case [28,57] and perhaps has the
potential to tell us about the vertical structure of the disc.
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Missing Discs in Novalikes. Nova-like variable stars are thought to be classic
examples of steady-state systems. Spectroscopically however they have proved
hard to understand. A particular peculiarity of these stars is that it is often
difficult to see any sign of a disc in these systems. Instead the Doppler maps are
often dominated by a single structure-less blob. This blob tends to be located
in the lower-left quadrant of the map for the Balmer and Hel lines, but rather
closer to the expected location of the white dwarf for Hell. Several explanations
for these phenomena have been proposed but none of them are compelling in my
view.

5 The Future of Doppler Tomography

The future development of Doppler tomography splits into extensions of the
method and the acquisition of further datasets. Dealing first of all with the
latter, it is evident from Tables 2, 3 and 4 that there are several areas where
improvements are possible. For instance more lines could be covered, especially
metal lines (e.g. Call), ultraviolet and infra-red lines. Ha has received relatively
little attention, but when it has been looked at, often appears peculiar [81,76]. In
the case of dwarf novae, the discovery of spiral shocks makes extended coverage
of outbursts of considerable interest.

Multi-epoch tomography is probably the most gaping hole because it is hard
to make a coherent picture of the many one-off maps that have been published
to date. The resolution of maps published to date is poor or moderate in many
cases, limiting their usefulness. The ultimate limit is set by thermal broadening,
but we are very far off this in most cases, especially for heavy elements. Pushing
to high resolution is not trivial because of the concomitant need to shorten the
exposure time owing to smearing, but it is thoroughly feasible. Exposures of
length ¢ can be thought of as blurring the image by a rotation of

ot
360 Iz

where P is the orbital period. For a feature a speed K from the centre of mass,
this will match the spectral resolution AV when
t 1 AV

P o K
Thus if AV is lowered by a factor of two, the exposure time must also be reduced
by a factor two. As a concrete example, consider trying to image the mass donor
in a system where Ko = 400km s~! . Typical equatorial velocities in CVs are
~ 100km s~! , so we may attempt to obtain data with AV = 10km s~! . We
would then need A¢p =t/P < 0.004, equivalent to ¢t < 30s for a system of P = 2
hours. For many CVs, this will require 8m-class telescopes.

Various extensions are possible, and have already been developed in some
cases. Standard Doppler tomography does not treat the geometry of the donor
star correctly. It is straightforward to fix this [64]. Bobinger et al. [3] describe a
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method for simultaneous Doppler and eclipse mapping of emission lines in which
a single image is computed to fit both spectra and light curves of the lines, with
a keplerian velocity field used to translate between position and velocity space.
It is difficult to evaluate whether the spectra or fluxes dominate the final maps,
but it is clear that spectral information does alleviate the degenerate nature
of eclipse mapping. Of course, the need to assume a particular velocity field
is a disadvantage. An attempt has been made to avoid this by simultaneously
adjusting a spatial image and a position—velocity map to fit spectra of eclipsing
systems [1]. In this method, spectra out of eclipse serve to fix the velocity space
image as usual, which is then translated to position space through the eclipse
information. The technique was able to recover a V o R™/2 relation from
spectra of V2051 Oph, but as developed it could not handle the difficult case of
the same place producing emission at more than one velocity. Finally, Steeghs
(this volume) describes a new modification which allows orbital variability to be
included in Doppler images. As this is so common, it has considerable potential.

6 Conclusions

I have reviewed the principles and practice of the analysis method of Doppler
tomography which helps the interpretation of the complex line profile variations
from close binary stars. The key discoveries from the application of this tech-
nique are the spiral shocks in outbursting dwarf novae and the stream/magnetic
field interaction in the polar class of cataclysmic variable stars, but Doppler to-
mography has taught us much about the stream/disk interaction and irradiation
of the donor star too.

For the future, efforts need to be made to acquire multi-epoch datasets for
tomography as these are wholly lacking at present. Following that higher spectral
and temporal resolution data are needed to exploit tomography to its limit.
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Appendix A
In this appendix I show that, as stated in section 3.2, Eq. 5 can be inverted

by application of the filter |s|/G(s) followed by the back-projection of Eq. 6. I
define the Fourier transform F'(s) of a function f(z), and its inverse by

s) = /OO f(x)e 2™ d.
x) = /OO F(s)e™™* ds.

The frequency s here is measured in cycles per unit z. Now take the Fourier
transform over V' of the line profile equation, 5:

Fis.o)= [ o) av 9)
/ / I(V,, V) /oo g(V —Vg)e 2™V avdv,dv,  (10)
/ / I(V,,V,)e ™Vr 4V, dV,. (11)

Dividing through by G(s), multiplying by |s| and taking the inverse Fourier
transform gives the filtered line profiles

f(V (b) /OO | |FES) )6227r5Vd

/ / VI,V/ |sle= 2 V=VR) ds dV, dV,. (12)

Finally, back-project these filtered profiles according to Eq. 6, that is compute
the integral

0.5

f(Vr, ¢) do,

0

where
Ve =7 — Vg cos2m¢ + V, sin 2. (13)

Putting dashes on various symbols to avoid confusion later, then the back-
projection integral becomes

0.5 0.5
f(Vr,¢)d¢ = / / Vi, Vy / / sle” 27 (Va=Vi) ds dg AV, dV)
0
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/ / I I’ y / / —127'rs (VR—V%) ded)dV’dV’
]

I1(Vy, V). (14)

oo o0

[
8
EE

)6(Vy = Vo)o(V, = V,) dV, dV,
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8

The third line above follows from the second after transforming from polar coor-
dinates s and ¢ to cartesian s, = scos2m¢ and s, = ssin 27, and using Egs. 13
so that

1 o] o] o'e]
/ / Se—iQﬂ'S(VR—Vj/%) dsdp = / / e—iQTr[—(Vz—Vé)sm-i-(\/y—Vy’)sy] ds,, dsy
0 0 —o0 J —o0

and then the integrals over s, and s, separate to give the two Dirac J-functions
of the penultimate line of Eq. 14 since

5(33) — / eiiQTrsx ds.

This justifies the assertions of section 3.2.
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Appendix B

Table 2. Doppler maps of CVs and X-ray novae published in refereed journals as of
September 2000.

Object Type  State Res. Line(s) Features Ref.
km s~ !

V616 Mon BH Q 80 Ha, 6 1; 2a; 3 51
GU Mus BH Q Ha 3 9
V2107 Oph  BH Q 120 Ha 1;3 25
V518 Per BH (0] 100 (HB); He, 8, Hell 1; 27, 3 5
35 (Ha)
" " Q 120 Ha 1 26
QZ Vul BH Q 200 Ha 1; 2a 6
” " Q 120 Ha 1; 2a 24
AR And DN Q, 0 180 (Q); Ha (Q); HBy 1;7 69
130 (O) (0)
AE Aqr DN F 50 Ha 2b; 7 90
VY Aqr DN Q 300 P3 17; 2b 46
OY Car DN O 80 HpB 1;2o0r4; 3 23
AT Cnc DN SS 140 Ha 2: 7 58
EM Cyg DN SS 35 Ha 1; 3 59
SS Cyg DN O 35 Ha, 8, v, Hel, 1; 3; 47,6 76
Hell
EX Dra DN ? 80 Ha, Hel, Hell 2ab; 3 2
4 DN Q, 0 100 - 250 Ha -6, Hel, 1; 2b 43
CII
" DN o) 35 Ha, 3, Hel, 134 42
Hell
U Gem DN Q 170 HB, Hel, Hell 1; 2a; 3 49, 44
V2051 Oph DN Q 170 HpS, Hel 1; 7 44
IP Peg DN Q, O 150 HpA, ~, Hell 1; 2ab; 3; 4 50
4 " Q 170 HB 17 44
" " Q 140 Ha 1;3 22
" " O 35 Hea, Hel 1; 3; 4; 6 76
” ” (0] 35 Ha, Hel 1;3; 4 7
" " Q 70 Ha, 8, v 1; 2a, ¢; 3 93, 3
" " 0 54 Hell, Hel, Mgl 1; 3; 4; 6 27, 28
” ” (0] 100 Hell, Hel, 1;3; 4 57
MglI, CII
KT Per DN 200 HB 1 61
WZ Sge DN Q 170 HB, Hel 1; 2a 44
" DN Q 90 Ha 1; 2a 75
4 DN Q 300 P3 1; 2b 46
CU Vel DN Q 320 Ha 1 55

(See end of Tab. 4 for notes)
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Table 3. Doppler maps of CVs and X-ray novae published in refereed journals as of
September 2000.

Object Type State Res. Line(s) Features Ref.
km st

GD 552 DN? Q 70 Hp 1; 2 35

LY Hya DN Q 120 HB, v, § 1;2 78

GP Com IBWD - 70 Hel, Hell 1;2; 6 53

FO Aqr 1P - 80 Hell 2a; 37 52

" P - 80 Hell 347

BG CMi P - 115 Hg, Hell 2 33, 34f

PQ Gem IP - 115 HB, Hell 2 33, 34

EX Hya P - 170 Hp 1; 2a 44

" P - 65 Hp 341

AO Psc P - 80 Hell 341

V405 Aur 1P - 50 Ha, 3, Hel, 1; 2b, d 83
Hell

” " - 120 Ha,y, Hell 2b, d 85

RX0757+63 P - 280 Hp 1; 2a 87

RX1238-38 1P — ? HpB 34F

RX1712-24 1P - ? Hell 34F

DQ Her N - 170 HB, Hel, Hell 1; 6 44

" " - 120 Hy, Hel, Hell, 1;3 54
Call

BT Mon N - 170 HB,y, Hell  2b; 6; 7 44, 92

" " - 100, blue; Ha,3, Hel, 2b; 6 74

36, red  Hell

GQ Mus N - 220 Hell 1; 3 16

CP Pup N - 170 HB, Hell 1 44, 91

PX And NL - 90 Ha 1; 2b 31

” ” - 45 Balmer, Hell 2b, c; 7 79

V1315 Aql NL - 65 HB, Hell 2b; 6; 7 11

" " - 170 HB, Hel, Hell 2b; 6; 7 44

" " - 115 HB, Hell 2b; 6; 7 32

UU Aqr NL - 170 HB 1; 2ab 44, 45

” ” - 115 Ha,B3,y, Hel, 1;2ab 38
Hell

V363 Aur NL - 170 HB, Hell 2be; 7 44

WX Cen NL - 130 Hpj, Hell 1; 3,7 18

AC Cnc NL - 170 Hp3, Hell 2bd; 6; 7 44

V795 Her NL - 60 HpB 1 20

" " - 70 Ha,B,v, Hel, 1 7
Hell

BH Lyn NL L 75 HB~,5, Hel  2b,c; 7 12

4 " - 120 HB 1; 2¢ 37

For codes see Table 4.
fThese maps were computed on the spin phase of the white dwarf rather than the
standard orbital phase and thus I have not attempted to describe their features.
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Table 4. Doppler maps of CVs and X-ray novae published in refereed journals as of
September 2000.

Object Type State Res. Line(s) Features Ref.
km s~ !
BP Lyn NL 120 Ha,B8,y 1; 2ad 36
" " 80 Ha, Hel 1; 2bc; 3 81
V347 Pup NL - 120 Balmer 1; 3; 47 82
" " - 120 HB 2ab; 6 19
LX Ser NL - 170 Hg, Hel, Hell 2a, b; 6 44
SW Sex NL - 170 Hpj3, Hel 1; 2a; 6 44
” ” - 75 HB,v,0, Hel, 1; 2a; 6 14
Hell
VZ Scl NL - 170 HB 2ab; 7 44
RW Tri NL - 170 Hp, Hel, Hell 1,3 44
" " H 50 HB,y 3 80
DW UMa NL - 170 HB, Hel, Hell 2b; 6 44
" " L 75 Balmer 3 13
UX UMa NL - 170 HpG, Hell 1; 6 44
HU Aqr P H 110 H~, Hell 3;5 66, 30
AM Her P H 130 NV, SilV, CIII 2b; 3; 7 21
(V)
V884 Her P H 200 Ha,3, Hel, 2ab 29
Hell
BL Hyi P H 160 Hea, Hel 2a 56
ST LMi P - 70 Nal, Call 3 70
" " L 350 Nal 3 41
V2301 Oph P H 80 Ha,B,v, Hel, 3; 57 71
Hell
VV Pup P H 90 Ha 3;5 17
MR Ser P - 70 Nal, Call 3 70
QQ Vul P H 70 Nal, MglI, 3 10
Hell, CI
" ” H 100 Hell 3,5 68
AR UMa P M 100 Ha,3, Hel, 3,5 65
Hell, Mgl, Nal
RX0719+65 P H 300 Hp, Hell 2ab; 7 86
RX1015+09 P H ? Hell 3;5 4
RX2157+08 P H 180 HpE, Hell 3 88
Notes:

References are amalgamated when they refer to the same data.

Type codes: BH = black-hole system; DN = dwarf nova; N = old nova; NL = nova-like variable;
IBWD = interacting binary white dwarf; IP = intermediate polar; P = polar.

State codes (where relevant): Q = quiescence; O = outburst; SS = stand-still; F = flaring; H = high;
L = low; M = middle.

Feature codes: (1) Ring (which may be from a disc), (2) Spot, (3) Secondary star, (4) Spiral shocks,
(5) Gas stream, (6) Low velocity emission, (7) Little structure or low signal-to-noise.

Type (2) = “spot” does not necessarily imply stream/disc impact,but just refers to the appearance
of the image. Entries such as 2a refer to the quadrant the spot is located in (if the orbital phase
is known). The quadrants start at the upper-left with “a”, and then go anti-clockwise from there.
A combination such as 2ab implies a spot located on the boundary of the upper-left and lower-left
quadrants. Type (6) = “low-velocity emission” refers to such features as the slingshot prominences
seen in IP Peg [76] and the emission at low velocities commonly seen in nova-like variables.
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Abstract. We present high resolution spectra of the AM CVn helium binary GP Com
at two different wavelength ranges. The spectra show the same flaring behaviour ob-
served in previous UV and optical data. We find that the central spike contributes to
the flare spectra indicating that its origin is probably the compact object. We also de-
tect that the central spike moves with orbital phase following an S-wave pattern. The
radial velocity semiamplitude of the S-wave is ~10km s~ which lies very close to the
white dwarf. The Stark effect seems to significantly affect the central spike of some of
the lines, suggesting that it forms in a high electron density region. This again favours
the idea that the central spike originates in the white dwarf. We present Doppler maps
obtained for the emission lines which show three clear emission regions.

1 Helium Rich Binaries

GP Com belongs to a group of binaries called AM CVn systems. In these bi-
naries, a white dwarf accretes material from the stripped-down core of a giant
star. Only 6 known systems belong to this group although they are predicted to
have a space density about a factor of 2 higher than that of cataclysmic variables
(CVs) of which some 700 are known [14]. They show properties similar to those
of CVs but with some peculiarities, for instance ultra short orbital periods —
between 15 and 46 min — which indicate that the two stars are very close to-
gether, and a complete lack of hydrogen in their spectra. Some of the systems
show strong flickering indicating the presence of mass transfer. AM CVn and
EC 15330 show only absorption lines. These lines have large widths indicating
either rapid rotation, or pressure broadening by compact stars. CR Boo, CP Eri
and V803 Cen show absorption lines when they are bright and emission lines
when faint. This absorption/emission line behaviour has been compared to that
of CVs, as most of them show emission lines when in quiescence and absorption
lines when in outburst. GP Com only shows emission lines and therefore could
be considered as always being in quiescence. For a summary of the properties of
AM CVn systems see [15].

2 GP Com’s Spectra

We took spectra of GP Com in two wavelength ranges, A\6600 — 7408A and
A4253 — 5058A with the 4.2m William Herschel telescope during two consecu-
tive nights. For details on the observations and their reduction see [8].

H.M.J. Boffin, D. Steeghs, and J. Cuypers (Eds.): LNP 573, pp. 27-32, 2001.
© Springer-Verlag Berlin Heidelberg 2001
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The average spectrum of GP Com consists of strong emission lines, mainly
He1, on a weak continuum, see the top panels of Figs. 1 and 2. The spectra
look very similar to previously published spectra [9,4], but the intensity of the
central spike is stronger indicating that GP Com shows long term variability.
The emission lines consist of a double-peaked profile superposed with a narrow
line component that moves between the red and blue peaks with orbital phase,
and a central narrow spike near the rest wavelength. The central spike seems to
be independent of the double peaks, which are associated with an accretion disc
around the compact object [11]. The narrow line component probably has its
origin in the region of impact between the accretion stream and the accretion
disc, i.e. the bright spot [9]. The origin of the central spike has been a puzzle
for a long time. It was suggested that it came from a surrounding nebula [9] but
subsequent searches were unsuccessful [12]. The central spike seems to participate
in the flaring activity shown by GP Com which would suggest that it is associated
to the compact object [4]. We present results that encourage us to suggest that
its origin is the compact object in the binary and not a surrounding nebula.

2.1 Flares

GP Com shows strong flaring activity at UV [7] and optical [4] wavelengths
probably driven by X-ray variability. By using the method described in [4] we
obtain the characteristic flare spectra of GP Com for both wavelength ranges,
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Fig. 1. The panels show the mean GP Com normalised spectrum (top) and the flare
spectrum (bottom)
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Fig. 2. Same as for Fig. 1 but for a different wavelength range

see bottom panels of Figs. 1 and 2. The first thing we notice is that the central
spike is not present in the flare spectra for most emission lines but it is strong
for He11\4686 A and present, although weak, for He1 4713 A. We are certain
that the central spike contributes to the flare spectrum of GP Com and therefore
suggest that it must have its origin somewhere in the binary and not in a nebula
around it. Another important feature of the flare spectra is that lines are slightly
broader than in the mean spectra, indicating that they are formed mainly in the
regions of the disc that rotate faster, i.e the inner regions, whereas the lines that
contribute to the mean spectrum are formed in lower velocity regions.

2.2 Central Spike

When we plot all the spectra together versus orbital phase we notice that the
central spike behaves like an S-wave with a radial velocity semiamplitude of
about 10kms~!. This S-wave completes a whole cycle in an orbit indicating
that its origin is somewhere in the binary and not in a nebula around it (as
that would produce a stationary peak). We carried out multi-gaussian fittings
to the profiles of the lines and fitted the velocities associated with the gaussian
corresponding to the central spike by the v — Vx cos 2m¢ + Vi sin 2m¢ function.
The parameters of the fit are shown in table 1. We could not fit He1 4388 A and
He1M\922 A accurately as the central spike is double peaked. The radial velocity
semiamplitudes measured range between ~6-12kms~! similar to the ~10kms™!
semiamplitude measured by [9] and [4]. The systemic velocity v is ~40kms~!
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for most lines apart from He11 AM686 A with ~20kms~! and He1A5015 A with
~8kms~1.

A systemic velocity of the order of ~35kms~! could be the result of gravita-
tional redshift of light emitted by a ~0.6 M® white dwarf. However, to produce
a redshift of only 8 kms ™!, the He1A5015 A line should form at a radius 4 times
larger than that of the white dwarf, which seems highly unlikely. We do not yet
have an explanation for the different systemic velocities observed.

Table 1. Velocity parameters of central spike measured after fitting the profile of the
line with multiple gaussian functions

Line v Vx Vy
kms™! kms™! kms™*

HerA4388A - - -
HerM4471 A  49.02 £0.18 6.24 £0.27  0.39 + 0.06
HemA4686 A 20.42 & 0.27 10.46 + 0.40 0.91 %+ 0.09
HerM713A 3825 +0.29 11.46 4+ 0.43 1.84 4+ 0.13
HerA4922A - - -
He1A5015A  7.64 +0.33 855+ 0.47 0.89 & 0.12
He1A6678 A 42,98 +0.23 10.33 + 0.35 -0.67 + 0.07
He1A7065A  46.20 £ 0.24 6.56 £ 0.35 -1.10 + 0.11
HerA7281A 42,59 £ 0.43 10.70 + 0.63 -0.35 & 0.11

3 Doppler Maps

We modified the orbital ephemeris given by [4] so the modulation of the central
spike corresponded to the motion of the white dwarf in the binary. Using the
maximum entropy technique we obtained Doppler maps for the emission lines
and show them, for 4 of the lines, in Fig. 3. For maps of all the lines see [§].
The top panels present the spectra binned in orbital phase and plotted twice.
The central spike is the strongest feature in almost all the lines. In some cases it
appears to be double-peaked (He1A\4388 A and He1A4922 A) which we suggest
is the result of Stark broadening. The Stark effect does not affect helium lines in
the same way as hydrogen lines. In hydrogen the effect is symmetrical whereas
in helium it results in some forbidden transitions being allowed. What we believe
we are seeing is two of those forbidden transitions which happen to lie very close
to He1 M4388 A and \4922 A see [1-3] for details. This indicates that the central
spike must form in a high electron density region, which favours the white dwarf
as its origin.
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Fig. 3. Trail spectra of 4 helium emission lines (top), Doppler maps calculated from the
spectra (middle) and spectra computed back from the maps (bottom). The donor

star, the gas stream velocity and the Keplerian velocity along the stream are also
plotted on the Doppler maps. The position of the white dwarf is marked by a cross

Also clear in the trails are the two peaks equidistant from the rest wavelength
that correspond to the accretion disc, and a sinusoidal component that moves
between the two peaks. The middle panels are the Doppler tomograms obtained
using MEMSY'S techniques [28] (Marsh, this volume). The emission in the centre
of the map, therefore at low velocities, corresponds to the central spike. The
red and blue peaks of the lines map into a ring around the centre of mass
that corresponds to the accretion disc. The sinusoidal component maps into an
emission region on the top left quadrant of the map. This is the position in
the map where we expect to find any emission coming from the bright spot.
We observe that the bright spot shows a complex structure, stretched along the
accretion disc, for some lines. This behaviour had been observed previously [4].
When Marsh [4] measured the radial velocity of the spot at different orbital
phases, he realised that it moved in a semi-sinusoidal fashion, the values of the
velocity always being between the radial velocities of the stream and the disc at
the bright spot position. The bottom panels of Fig. 3 present the trails of the
spectra computed back from the Doppler maps. The agreement between the real
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and computed data assures us that the structures seen in the maps are real and
not artifacts.

One last thing to notice in the He1A5015 A and He1A7065 A maps is that
the disc appears to be slightly elliptical. The reason for this is not clear to us.

4 A Few Puzzles Still

Although we can explain some of the behaviour observed in GP Com, there are
still several peculiarities we do not fully understand. Why is the central spike
redshifted by different amounts for different lines? We notice in some of the maps
that the accretion disc seems elliptical: is that real? And if so, why? Why do
only the inner regions of the disc contribute to the flaring? What is causing the
flaring? What is causing the long term variability observed on this source? What
does the fact that Stark broadening affects the lines so much indicate?
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Abstract. We present Doppler maps of Ha (6562.76A) emission of 4 well-known dwarf
novae, SS Cyg, AH Her, EM Cyg and V426 Oph. All 4 systems were in quiescence during
our observations. All of them have visible mass donor stars allowing us to establish
precise orbital phases. None of them show what is often thought of as the classic
pattern of symmetric disc plus bright-spot at the gas stream/disc impact. Instead they
have regions of emission at low velocities in the area below the point representing
the velocity of the white dwarf. In addition, emission with a velocity consistent with
an origin on the heated face of the mass donor can be seen. We consider possible
explanations for these peculiar images.

1 Long-Period Dwarf Novae

Using Doppler tomography to obtain maps of the emission from the accre-
tion discs in cataclysmic variables (hereafter CVs) has now been widely accepted
as a technique to analyse these systems [4], Marsh, this volume. CVs are binary
stars in which one of the stellar components, a main-sequence star like our Sun, is
overfilling its Roche lobe and losing material onto its companion, a white dwarf,
through the inner Lagrangian point. Dwarf novae are a sub-group of CVs. They
spend time in two distinct states; one when the disc is bright (outburst), and
the other when the disc is dim (quiescence). The change in brightness of the
system from one state to the other is of the order 2-5 magnitudes. These objects
have periods ranging from less than an hour to a few days, however most of
them are gathered in two distinct groups, one with ~ 1 < Py, < 2.2hr and the
other with P,p > ~ 3hr. Long-period dwarf novae belong to the second group.
They generally have a K or M spectral-type mass donor. The larger mass donors
manifest themselves in the spectra through a set of absorption lines, which are
broadened compared to those in field stars of similar spectral type due to the
high rotational velocities (~ 100km s=! ). These lines can be used to derive
accurate orbital parameters for the mass donor, and therefore, the binary.

Four long-period dwarf novae (Py;1, > 6 hr) were observed over a full orbital
period whilst in their quiescent state with the 2.5 m Isaac Newton Telescope on
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the island of La Palma. All four objects are double-lined spectroscopic binaries.
Spectra with a width of 400 A centred on ~ 6450 A were obtained. Each exposure
was a few hundred seconds in duration so that orbital smearing was minimised.
Covering this wavelength range ensured that the Ha emission line and absorption
lines from the mass donor were observed. The He I line at 6678A was unfortu-
nately just out of range. Figure 1 shows the average spectrum of SS Cyg as an
example.

- b SS Cyg

Ca I/Fe I

A6495

Cal ‘
Cal

normalised Flux
0.5
T
=
e,

I R R R R I R R R R I R R R R I R
6300 6400 6500 6600

Wavelength (&)

Fig. 1. Average spectrum of SS Cygni

Like all dwarf novae in quiescence, Fig. 1 has prominent Ho emission (mainly
from the accretion disc), with a width of thousands of km s~! . Between wave-
lengths 6400 & 6540 A the absorption lines from the mass donor can be seen.
These have widths of ~ 100km s~! and can be used to determine the ra-
dial velocities for the mass donor. Producing radial velocities in this way allows
accurate orbital phases to be derived from the amplitude of the motion, and
measurement of the projected rotational broadening of the lines allows a value
of the mass ratio, ¢, to be calculated without having to depend on any measure-
ments made using emission lines — inherently error-prone. The radial velocities
calculated for each spectrum (using a cross-correlation method involving radial-
velocity standard stars [10]) were fit with a sinusoid of the form

27(t — to)
Porb } (1)

where 7y is the centre-of-mass velocity of the binary, K is the semiamplitude of
the sine curve, and ty is the HJD at the zero phase point, and then the best fit
radial velocity curve was deduced. All the orbital periods were fixed at previously
determined values.

An example of the results of this process, using the absorption lines in order
to obtain an accurate radial velocity curve for each object, is shown in Fig. 2.
Following this procedure enabled accurate orbital phases to be determined for
the construction of the Doppler maps.

V =~v+4 Ksin
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Fig. 2. The radial velocity curve obtained for SS Cygni, showing the data points and
the fit (full line)

2 The Ha Doppler Maps

Doppler maps are basically images in velocity space. Reconstructing the image in
velocity space means that no assumptions have to be made about the nature of
the velocity field in the binary, and so emission from the gas stream and red star
(neither of which are expected to obey a Keplerian relation) can be identified.
The frame of reference used for the basis of the coordinate system is one which
co-rotates with the binary. Since the mass donor is synchronously rotating with
the binary, the shape of its Roche lobe is conserved during the transformation to
velocity space, and so any emission sites due to the mass donor become obvious,
appearing as spots at velocities equivalent to its semiamplitude on the positive
y-velocity axis, in the top-centre of the image.

We would expect a ‘classic’ Doppler map at Ha to have an annulus of emission
centred on the velocity of the white dwarf, due to the double-peaked line emission
from the rotating accretion disc [3]. Then, if emission from the mass donor
is significant, we see a spot at the velocity of the mass donor, as explained
previously. A bright-spot, forming where the gas stream hits the outer edge
of the disc, will be seen in the top-left quadrant of the map somewhere along
the velocity path calculated for the stream. In the Doppler maps plotted here,
the lower path from the mass donor indicates the direct velocity along the gas
stream, and the upper path represents Keplerian velocities. The points marked
onto those paths are at 0.1 Ry, intervals. In addition, on the Doppler maps we
have plotted a circle at the Keplerian velocity of the outer disc edge, if the disc
had a radius of 0.8R,. This velocity was calculated using the equation

va = En(Kn + K () 2)

Td
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where vy is the Keplerian velocity at radius r4 in the disc expressed as a function
of the binary separation, a. Kr and Ky, are the radial velocity semiamplitudes
of the mass donor and white dwarf respectively.

g

T

0.5

Phase

L U L

T
|
T

T
1
y
1

500

S |
T T T T T
L U T UL
I e (| oo

Velocity (kmsgl)
—-500 O

0.5

LI B B 4 T
U LR
N R i

Phase
f———————

TN

|
ol 1 R WP s sl )

] [ Wy ¢ &

T

y
+

PRI i coa e b b b b e e e b 1 il -

—-500 0 500 -500 0 500 -500 O 500 =500 O 500

Velocity (kms™ ') Velocity (kms™!) Velocity (kms™ ') Velocity (kms™ ')

Fig. 3. Ha Doppler maps of the four dwarf novae. From top to bottom: Reconstructed
data, Doppler map and trailed spectrum.

Figure 3 is a plot of all four of the Ha Doppler maps (centre panels), brack-
eted by the observed trail (bottom panel) and the trail reconstructed from the
Doppler map (top panel) using a MEMSYS implementation (Marsh, this vol-
ume). The appearance of the reconstructed trail is a good indicator of how well
the maximum-entropy method fitted the data. The Doppler maps will be dis-
cussed in turn, from left-to-right in the figure.

2.1 EM Cygni

EM Cyg shows the most ‘normal’ Doppler map at the Ha wavelength. The
Doppler map of EM Cyg is the closest to what would be expected from a dwarf
nova in quiescence. There appears to be evidence of a ring-like formation, how-
ever most of this emission is at sub-Keplerian velocities (as indicated by its
position inside the circle which marks the calculated outer-disc edge). Errors on
the system parameters do not resolve this sub-Keplerian behaviour. From [5] the
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system appears to be at, or coming down from a standstill to, a quiescent level at
the time of the observations. There appears to be some emission situated on the
hemisphere of the mass donor facing the white dwarf. There is also absorption
at the inner Lagrangian point. This is a systematic effect due to the presence of
an extra source of absorption in He, most likely an additional late-type star [6].
The trailed spectrum in the bottom panel of Fig. 3 show clearly the ‘Z-wave’
effect caused by the disc eclipse around phase zero. The outer disc appears at
around 300km s~' , which indicates a radius larger than the Roche lobe of the
white dwarf, which is impossible. Of course, if the Ha emission is not confined to
the plane of the binary then this may well explain why we are observing emission
at apparently sub-Keplerian velocities in the Doppler map.

2.2 V426 Ophiuchi

Column 2 shows the results for V426 Oph. This system has been classified as
a dwarf nova of the Z Cam sub-type [7], however questions have been raised
as to whether it belongs to the magnetic group of CVs instead [9] [1]. There is
no indication in the literature that any eclipses occur. However, in the trail of
the actual data, around phase 0 there appears to be an eclipse. The Doppler
map (as can be seen in the middle panel) has no real evidence for the annular
signature of an accretion disc. There is a general emission background apparent
out to ~ 700km s~! . Superimposed on top of it is a sausage-shaped region of
enhanced emission apparently situated between the inner Lagrangian point and
the centre of the white dwarf. Slingshot prominences [8] have been suggested
as an explanation for emission in this location, however the idea was used to
explain features in outburst-state Doppler maps. At high negative velocities on
the Doppler map (lower-left quadrant), emission is present at velocities which
could indicate stream overflow and appear to agree with the theory.

2.3 SS Cygni

SS Cyg is one of the well-studied dwarf novae, due to its brightness. Column 3 in
Fig. 3 shows the data, map and reconstructed data, in that order from bottom
to top. The first thing to notice is that there doesn’t appear to be the expected
emission distribution from an accretion disc. There is instead two spots of emis-
sion, one located at the mass donor, and the other at apparently sub-Keplerian
velocities moving in phase with the white dwarf. The two spots can be seen as si-
nusoidal components in the trailed data. One sine wave starts around zero veloc-
ity and moves to positive velocities, with a semiamplitude of around 150 km s~!
— this behaviour pins it’s origins to the mass donor. The other sine wave starts
out at negative velocities, reaches a maximum and moves back towards zero
velocity which it appears to reach around phase 0.5, with a semiamplitude of
~ 350 — 400km s~! . Horne [2] proposed that this type of Doppler map would
appear due to the presence of a magnetic propeller — allowing blobs of gas to be
ejected from the system due to the interaction between the angular momentum
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of the gas and a magnetic field on the inner accretion disc. Could it be that the
low velocity material in the Doppler map is an indication of this effect?

2.4 AH Herculis

Finally, column 4 shows the results from AH Her. The Doppler map is similar
to that for SS Cyg. There are two S-waves visible in the trailed spectra, in
anti-phase with each other. The reconstructed data shows enhanced emission at
phases 0 & 0.5; the observations only show it at phase 0.5, when we see the side
of the mass donor facing the white dwarf, and it does appear on the sine wave
attributable to it, indicating an origin there. This sine wave does map onto the
Doppler image as an emission region at velocities equivalent to the hemisphere
of the mass donor facing the white dwarf. As in SS Cyg, there is an emission
region in the bottom-centre of the Doppler map, but in AH Her it spills over
into the bottom-left quadrant of the map. The semiamplitude of its motion is
again ~ 350km s~! and it is phased with the accretion disc/white dwarf.

3 Conclusions

Four Ha Doppler maps of dwarf novae with orbital periods greater than six hours
have been presented. None of them show the classic disc-emission/bright-spot
pattern we would expect from these objects. Various reasons have been given
for the appearance of these Ha maps. There is a possibility that emission out
of the binary orbital plane exists which would affect the Doppler images. Why
are these Doppler maps so different to what is expected, and observed in other
spectral lines, for objects like these in quiescence?
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Abstract. Quiescent Doppler tomography of the newly discovered deeply-eclipsing
SU UMa system IY UMa reveals properties of the region where the accretion stream
from the donor impacts the edge of the disc. A very strong bright spot is produced
and the Keplerian disc emission in the impact region is disrupted or obscured. The
differing properties of Ha, HG and He I emission will allow physical parameters of the
converging flow region to be studied.

1 Introduction

I'Y UMa was observed for the first time with a superoutburst in January 2000
identifying it as a SU UMa type dwarf nova cataclysmic variable [11] with or-
bital period 1.77 hours. It exhibits deep eclipses, with the eclipse of the white
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Fig. 1. Example orbital lightcurve of I'Y UMa close to quiescence. Note the strong
orbital hump as the stream-disc impact region comes into view, the eclipse of this
region and the eclipse of the white dwarf. Taken from [7]
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dwarf and the stream-disc impact region being clearly identifiable in quiescence
(Fig. 1); this behaviour is similar to that of the other eclipsing SU UMa systems
QY Car [8] and Z Cha [12]. The orbital parameters have been estimated [6] as
Myg =0.93 £ 0.14Mg, Myonor = 0.12 £ 0.03M and inclination ¢ = 87° £ 3°.

2 Spectroscopy

2.1 Observations

We obtained 3 orbits of coverage on 19th March 2000 using ALFOSC on the
Nordic Optical Telescope in La Palma. There are 80 spectra with resolution
~4A covering wavelength range 3900A to 6850A.

2.2 Average Spectra

Figure 2 shows average spectra covering different sections of the orbit. The top
spectrum (a) is out of eclipse data; the middle spectrum includes phases where
the disc is eclipsed but the white dwarf is not; (c) is the average during white
dwarf eclipse. The spectra show double-peaked Balmer, He I and Fe I emission,
the double-peaked structure signalling that this emission comes from the accre-
tion disc. There are also strong broad Balmer absorption wings in HG, Hy and
H¢ in spectra (a) and (b) which only disappear during white dwarf eclipse (c),

Average NOT spectra of IY UMa from 19 March 2000
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Fig. 2. Average spectra of IY UMa on 19th March 2000
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telling us that these features come from close to the white dwarf, if not from the
white dwarf itself. There is also deep core absorption clearly seen in H§, He I
and Fe II. These features are almost identical to those seen in OY Car [2]. Z Cha
also shows very similar features in quiescence [4].

2.3 Systemic Velocity

The radial velocity of the Ha line was measured for each spectrum by fitting
a double gaussian profile and using the velocity of the midpoint. A sinusoid
of the form V = V) — Visin2n(¢ — ¢o) was fitted to those velocities outside
eclipse. We obtain systemic velocity Vo = 15.8 + 1.3 km s~!, velocity amplitude
Vi =100.4+1.4km s~ ! and ¢ = 0.11940.003. The large phase shift, ¢¢ relative
to white dwarf mid-eclipse, tells us that the emission does not follow the motion
of the white dwarf and so V; cannot be treated as the white dwarf velocity. This
phase shift is the same as that seen in the unusual dwarf nova WZ Sge [5] and
also similar to those in SU UMa systems OY Car (measurements summarized
n [2]) and Z Cha [4]. Similar phase shifts are seen in quiescent low mass X-ray
transients e.g. V616 Mon [1].

2.4 Trailed Spectra

In Fig. 3 we show trailed spectra of He, HB and He I 5876A. In all three lines
we see the eclipse beginning in the blue and ending in the red as first the side of
the disc coming towards us and then the side of the disc moving away is occulted
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Fig. 3. Phase-folded, velocity-binned and continuum-subtracted trailed spectra. Black
corresponds to the maximum flux, while white is the continuum level. Absorption
(values below continuum) are displayed in white
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by the donor star. In Ha we clearly see the double-peaked emission component
from the disc, with average peak-to-peak separation in the phase range 0.4-0.6
(where the bright spot is on the far side of the disc and so will have minimal
effect on the measurement) of 1440 km s~! corresponding to a radius of 0.45a
assuming a Keplerian velocity field (a is the orbital separation). There is also a
strong S-wave component corresponding to a localized region of emission. The
S-wave is weakest around orbital phase 0.5. The structure in HS is very similar,
except that the disc emission is fainter compared to the S-wave. He I shows
very little evidence of disc emission, but again exhibits a strong S-wave which
is weakest around phase 0.5. Without the complication of the disc component,
we see that the brightness of the S-wave closely follows the orbital hump in the
continuum lightcurve. The He I emission reveals that the eclipse of the S-wave
is late, placing it in the correct region of the disc to be the stream-disc impact
region. The strong low velocity absorption is present.

2.5 Doppler Maps

We used the Fourier-filtered back-projection method [3] to obtain maps of the
velocity-space distribution of emission in each line, shown in Fig. 4. Only out-
of-eclipse spectra were used to generate the Doppler maps, since occultation by
the donor star violates a core assumption of the Doppler tomography method,
which assumes that all regions have the same visibility at all orbital phases.
The Ha map (Fig. 4a) shows a ring of disc emission with Keplerian velocities
corresponding to locations within the tidal radius. The stream-disc impact should
be seen between the two arcs corresponding to the stream trajectory and its
Keplerian velocity in the top left of the map, but there is no significantly brighter

Ha HB He I 5876A

a 1
v, (10° km s7)
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Fig. 4. Fourier-filtered back-projections. Black corresponds to the maximum flux in
each map, while white is the continuum level. Absorption (values below continuum)
are displayed in white. The small teardrop shape shows the velocity of the donor star,
the arc with unfilled circles shows the velocity along the stream trajectory with circles
denoting steps of 0.1a along the stream. The arc with solid circles is the Keplerian
velocity along the stream trajectory. The circle is the Keplerian velocity at the tidal
truncation radius
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region here in the Ha map. The disc emission just to the left of the donor star
is very much weaker than elsewhere. Assuming a Keplerian velocity field, this
corresponds to weaker emission from the region of the disc marked with a thick
black outline in Fig. 1, and is coincident with the stream-disc impact. We do
not expect a Keplerian velocity field where the stream and disc merge, and any
underlying Keplerian emission could be obscured by an optically thick region
around the impact. It is therefore no surprise that we see weaker disc emission
in this velocity region. At low velocities (less than ~500 km s~1) we see strong
absorption. This absorption is of similar strength to the disc emission.

The HfS map (Fig. 4b) again shows the Keplerian emission from the disc and
the strong low-velocity absorption. Most notable, however, is the bright spot
located exactly where we expect to see the stream-disc impact. Combined with
spatial information provided by the late eclipse of the S-wave which corresponds
to this hot spot, and the fact that the variation in brightness of the S-wave also
closely follows the orbital hump, we conclude that this emission is coming from
stream-disc impact. The position along the stream trajectory at which the Hf3
bright spot is brightest corresponds to the grey region in Fig. 1, just within the
disc radius deduced from the peak-peak separation of the Ha disc emission.

The He I 5876A map (Fig. 4c) shows no disc emission at all. It has the strong
low-velocity absorption and also the bright spot due to the stream-disc impact.

The behaviour of the Ha and Hf maps is the same as that seen in WZ Sge [9]
and also very similar to that in HE 1047 [10]. The strong disc component in both
lines, and the increase in the relative strength of the stream-disc impact to the
disc in HQ is seen in both of the systems, while the weaker region of disc emission
in Ha between the hot spot and donor is seen in WZ Sge but not in HE 1047.

Fig. 5. Spatial geometry interpreted from Doppler map. Stream from donor star (with
circles at separation 0.1la marked along it) first impacts disc at hot spot (grey region).
Circle marks radius at which Keplerian velocity is equal to half the Ha peak separation
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2.6 Conclusions

The deeply-eclipsing dwarf nova IY UMa has average optical spectra during
quiescence similar to those of the two similarly high inclination dwarf novae
OY Car and Z Cha. Time-resolved spectroscopy and the method of Doppler
tomography reveals ‘classic’ accretion flow behaviour in this system. The stream
from the donor star impacts the edge of the Keplerian accretion disc, dissipating
its energy in a fairly concentrated region (the bright spot seen in Figs. 4b and
4c). This stream-disc impact disrupts and/or obscures the Keplerian emission
leading to the weak disc emission in the top left of Fig. 4a.
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Spiral Waves in Accretion Discs — Observations
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Abstract. Ireview the observational evidence for spiral structure in the accretion discs
of cataclysmic variables (CVs). Doppler tomography is ideally suited to resolve and
map such co-rotating patterns and allows a straightforward comparison with theory.
The dwarf nova IP Pegasi presents the best studied case, carrying two spiral arms
in a wide range of emission lines throughout its outbursts. Both arms appear at the
locations where tidally driven spiral waves are expected, with the arm closest to the
gas stream weaker in the lines compared to the arm closest to the companion. Eclipse
data indicates sub-Keplerian velocities in the outer disc. The dramatic disc structure
changes in dwarf novae on timescales of days to weeks, provide unique opportunities
for our understanding of angular momentum transport and the role of density waves
on the structure of accretion discs. I present an extension to the Doppler tomography
technique that relaxes one of the basic assumptions of tomography, and is able to map
modulated emission sources. This extension allows us to fit anisotropic emission from,
for example, spirals shocks, the irradiated companion star and disc-stream interaction
sites.

1 Accretion Discs and Angular Momentum

The energetic phenomena associated with a wide range of accreting systems rely
on the efficient conversion of potential energy into radiation and heat. In close
binaries, the deep potential well of the compact object leads to mass transfer and
accretion once the companion star evolves and Roche lobe overflow commences.
The efficiency of accretion is proportional to the compactness, M/R, of the
accreting compact star with mass M and radius R. As matter spills over near the
first Lagrangian point, it sets off on a ballistic trajectory towards the accretor. Its
potential energy is converted into kinetic energy, but its net angular momentum,
due to orbital motion of the mass donor, prevents a straightforward path to
the accretor. The natural orbit for such matter is a circular Keplerian orbit
corresponding to its specific angular momentum. Instead of dumping material
directly onto the compact star, the primary Roche lobe is slowly filled with a near
Keplerian disc. Angular momentum needs to be dispersed within this accretion
disc in order to allow gas to spiral inwards towards the compact star [7].

It is the detailed process of angular momentum transport that determines the
structure of this accretion disc and therefore the rate at which gas, supplied from
the mass donor, is actually accreted by the compact object. Although so funda-
mental to the process of accretion through discs, our understanding of angular
momentum dispersal is very limited. We can roughly divide the possible physical
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mechanisms that may provide the required angular momentum transport into
two classes. Those that work on a local scale and exchange angular momentum
among neighbouring parcels in the disc, and those that rely on global, large scale
structures in the disc. The local processes are commonly referred to as ‘viscous
processes’ even though it was clear that the molecular viscosity of the accretion
disc material itself was many orders of magnitudes too small [14]. Viscous in-
teraction in the sheared Keplerian disc allows some material to spiral inwards,
losing angular momentum, while excess momentum is carried outwards by other
parts of the flow. In the famous a-parameterisation of Shakura & Sunyaev [22],
this viscosity was replaced by a single dimensionless constant, which allows one
to solve the structure equations for thin, viscously heated accretion discs [19].

A very different way of transporting the angular momentum is via density
waves in the disc. In self-gravitating discs, the ability of density waves to trans-
port angular momentum is a direct result from purely gravitational interaction
between the wave and the surrounding disc material [31,4]. Waves of this type
can still transport angular momentum in the absence of self gravity, provided
some mechanism exists that exchanges momentum between the wave and the
fluid. Sawada et al. [21] conducted numerical simulations of mass transfer via
Roche lobe overflow of inviscid, non self gravitating discs, and witnessed the de-
velopment of strong spiral shocks in the disc which were responsible for the bulk
of the angular momentum transport throughout the flow. Such trailing spiral
patterns are the natural result of a tidal deformation of the disc that is sheared
into a spiral pattern by the (near) Keplerian rotation profile of the disc material
[20].

In this review I aim to give an overview of the observational efforts to study
such spiral structures in the discs of cataclysmic variables (CVs). Tomography
is ideally suited for the study of disc structure, and the detection of a spiral
structure in the disc of IP Pegasi [27], 11 years after the work by Sawada et
al., triggered a renewed interest into such models. H. Boffin, in this volume,
will focus on the theoretical side of the issue and the comparison between the
observations and numerical simulations of spiral waves in discs.

2 Prospect for Detecting Spiral Waves in Discs

Tidally generated spiral waves are the result of tidal torques of the companion
star on the orbiting disc material. Initially triggered at the outer edge of the
disc, where the tidal interaction between the disc and the companion star is
strongest, they take the form of trailing spirals because the azimuthal velocity
of the disc material is supersonic and increases monotonically with decreasing
distance from the compact object (vy o 7,71/2). Both the density as well as the
disc temperature are much higher at the location of the spirals, and continuum
and line emission from such spirals can thus be expected to be in clear contrast
with the surrounding areas of the disc. This contrast depends on the density
contrast in the wave, i.e. the strength of the shock, as well as local radiative
transfer conditions.
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Fig. 1. Top; the observed Ha and Hel emission line profiles during the early stages of
an IP Pegasi outburst. The maximum entropy Doppler tomograms (second row) reveal
a prominent spiral pattern in the disc as well as secondary star emission. Third row
of panels are the predicted line profiles given the calculated maps. Bottom row is a
contour plot of the Doppler tomograms. From [27].

Although predicted in the 80s, observational evidence for spirals relies on the
ability to spatially resolve the accretion discs in interacting binaries. Indirect
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imaging methods are thus required to search for such global disc asymmetries.
Since the wave pattern is a co-rotating structure close to the orbital plane,
Doppler tomography of strong emission lines is the ideal tool at hand. Although
providing an image of the line emission distribution in velocity space, and not
spatial coordinates, spirals should be readily identified as they maintain their
spiral shape in the velocity coordinate frame.

Since the application of Doppler tomography to the discs in CVs (Marsh,
this volume), a range of objects have been imaged, showing a rich variety of
accretion structures, but no clear evidence for spiral arms in the accretion discs.
This was part of the reason that the interest in spiral waves diminished after
a series of landmark papers in the late eighties [23,24], and a solution to the
angular momentum puzzle was sought in local magneto-turbulent processes [1].
In 1997, however, convincing observational evidence for tidally driven spirals in
the disc of a CV was found for the first time.

3 IP Pegasi in Outburst

As part of a programme to study the disc evolution of the dwarf nova IP Pegasi
through Doppler tomography, the system was observed just after rise to one of
its outbursts. Although such outbursts occur regularly and have a characteristic
recurrence time, one cannot predict them accurately. Obtaining scheduled tele-
scope time during such outbursts is therefore not straightforward. For IP Pegasi,
the average recurrence time for outbursts is 88 days, with a considerable RMS
variation of 18 days [25].

When a Doppler map was constructed of the hydrogen and helium emission
from IP Pegasi, a surprising emission pattern was found [27,28]. The accretion
disc was far from symmetric, instead disc emission was dominated by a two armed
pattern in the lower left and upper right quadrants of the Doppler map (Figure
1). The spiral arm velocities range between 500 and 700 km/s, corresponding
to the outer regions of the accretion disc. The emissivity contrast between the
spirals and other parts of the disc, is about a factor of ~3 for Ha, and ~5 in the
case of Hel6678 emission. There is no evidence for line emission from the bright
spot. The spiral arm in the lower quadrant, closest to the secondary, extends
over an angle of ~100°, and is weaker than the arm in the opposite quadrant.
Strong emission from the irradiated secondary star is also present, producing
the prominent S-wave at low velocities.

The location of this pattern corresponds closely to the radii and azimuths
where tidally driven spiral waves are expected. Although the Doppler map is in
velocity coordinates, and not Cartesian position coordinates, a spiral pattern in
position space corresponds to a spiral pattern in velocity space. In Figure 2, a
simple disc model is shown containing an accretion disc around the white dwarf
with a purely geometrical spiral pattern and a Keplerian velocity field. The two
armed trailing spiral in position coordinates, maps into a similar two armed
pattern in velocity space. Although this model is a purely geometric pattern,
the location of the spiral roughly corresponds to the location in the disc were
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Fig. 2. A simple model of a disc carrying a two armed spiral pattern. Bottom right
the distribution of emission in XY coordinates, bottom left in Doppler coordinates and
top is the predicted line profiles from such a disc. From [27]

tidally driven waves are expected from model simulations. Even such a simple
model already captures most of the structure we observe in IP Pegasi, indicating
that most of the disc emission in IP Peg during outburst is indeed localised in a
two armed pattern.

Let us look at the main signatures of spiral arms in the observable line profiles
based on our simple model. In Figure 3, the velocity and emissivity of the model
disc is plotted as a function of azimuth in the Doppler tomogram. Azimuth 0
corresponding to the positive V,, axis, increasing clock wise. The defining feature
of a trailing spiral is the change in velocity as a function of azimuth in the
tomogram. This corresponds to a change in radius R as a function of azimuth 6 in
position coordinates that is determined by the opening angle of the spiral, dR/df.
The velocity field of the disc relates this geometrical opening angle to a particular
velocity-azimuth relation in the Doppler map. In the spiral arm dominated line
profiles, this produces a regular motion of the double peaks, since azimuth in
position coordinates translates to orbital phase in the observed spectrogram.
Near orbital phases 0.25 and 0.75, the two arms cross over, producing a sudden
jump in the position of the double peaks. For a symmetric Keplerian disc on the
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Fig. 3. The azimuthal dependence of a two armed spiral produces a periodic variation
in the velocity and emission strength of the spiral as a function of azimuth. The features
near azimuth zero are due to the presence of companion star emission, which is also
present in the observed data.

other hand, the line profile is symmetric and the velocity of the double peaks
correspond to the velocity of the outer edge of the disc. This results in a constant
double peak separation as a function of orbital phase and a circular disc image in
the Doppler map. With a two armed spiral, the double peaks move, varying their
separation considerably and sharply across the binary orbit in a particular way.
Although an identification in Doppler maps is perhaps more straightforward,
spirals may thus also be identified in the observed line profiles directly.

A week later, during the same outburst, more spectroscopy was obtained
before the decline of the outburst had started. The Doppler image (Figure 4)
shows that the spiral pattern persists throughout the outburst, and the secondary
star now makes a considerably larger contribution (from 6% to 10%) to the line
flux. The arm in the upper right quadrant is still stronger, and the location of
the arms have not changed, although the upper right arm appears shorter. To
highlight the spiral arms in the line profiles, the S-wave of the secondary star was
subtracted from the data in the following manner. A Roche lobe shaped mask
was used to select all the emission from the secondary, which was then projected
in order to produce the trailed spectrogram of the red star emission. This was
subtracted from the observed data, and a Doppler image of the disc emission
only was constructed (Figure 4, right). The dramatic phase dependence of the
double peaks is now clearly visible, and is directly related to the two spiral arms
in the disc. This also confirms that the presence of a strong S-wave due to the
mass donor does not distort the reconstructed disc structure, since they occupy
different locations in the velocity plane.
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Fig. 5. Ionised helium from the disc in IP Pegasi during the November 1996 outburst.
The familiar spiral arms are present also in this line, together with emission from the
front side of the secondary. Subtracting the symmetric component from the Doppler
map, highlights the two armed spiral (bottom). Observed and predicted data are in
the top left and bottom left panel respectively.

3.1 Ionised Helium from the Disc

In a different outburst Harlaftis et al. [11] secured a whole orbit, including eclipse,
of IP Pegasi with high spectral (40 km/s) and phase resolution (0.01). This time,
the outburst started two days before the observations, and the Hell emission line
at 4686A was observed to provide a comparison with the previously observed
Ha and Hel emission patterns. The trailed spectrogram of Hell (Figure 5), again
shows the familiar behaviour of the double peaks from the disc, leading to a two
armed spiral in the Doppler tomogram. A very similar emission pattern from
the disc was also present in the nearby Bowen blend consisting of CIII/NIII
emission and the Helium I line at 4471A. The symmetric component of the map
was calculated, using the velocity of the white dwarf as the centre of symmetry,
and subtracted in order to highlight the location of the two arms (Figure 5,
bottom right).

In order to characterise the properties of the spirals quantitatively, we de-
termined the position of the two spiral arms as a function of velocity in the re-
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Fig. 6. Tracing the spiral arms in the Doppler map through cross correlation with a
Gaussian. Two radial slices through the Doppler map are plotted in the right panel,
revealing the radial extent and position of the spiral arms. The instrumental profile
(lowest curve) is plotted for comparison. The fitted positions of the spiral arms in the
velocity plane are shown in the left panel. Circles deno te the maximum/minimum
velocity of the spirals and the two lines indicate the azimuth of the two slices plotted
on the right.

constructed tomogram. A slice through the map, starting from the white dwarf
at V, = —137 km/s, was made for each azimuth in order to extract the radial
profile. Each radial profile was then cross correlated with a Gaussian in order to
determine the velocity of the spiral at that particular azimuth. Figure 6 plots
the fitted positions of the spirals in the velocity plane together with two radial
slices across the map. The two spirals can be traced for almost 180 degrees, and
the velocity of the arms varies from 495 km/s to 780 km/s, indicated by the two
dashed circles. Near the azimuths where the spiral cross over, the fitting assump-
tions break down as there is a sudden transition between the velocity of one arm
and the next. Unfortunately, the contrast of the arms is too low to follow this
switching with our cross correlation method, or a double Gaussian. The widths
of the arms are significant, and even change as a function of azimuth. We are
thus resolving an intrinsically broad feature. Such an analysis will clearly profit
from even higher resolution and signal to noise data since at peak intensity the
width of the arm is comparable to our resolution element, and the maximum
entropy constraint will tend to broaden features as much as is allowed by the
signal to noise of the data.

A tidally distorted disc will not have a pure Keplerian velocity field, and
we will see later that the observations indeed indicate this is not the case in
IP Pegasi. However, we can estimate the radii corresponding to the velocity of
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the spirals under the assumption of Keplerian velocities. The arms then cover
a substantial part of the disc, between 0.3 and 0.9 times the distance to the L,
point, with the strongest emission from the outer regions. The dynamics of the
majority of the accretion disc material are thus affected by the presence of these
spirals.
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Fig. 7. Measurements of the phases of half depth across the Hell eclipse are denoted
by asterisks. Horizontal, dashed lines are the average post-eclipse half depth (top),
pre-eclipse half-depth (bottom) and mid-eclipse. The orbital phases are based on the
conjunction of the white dwarf.

The eclipses of the lines are also affected by the large accretion disc asym-
metry. In Figure 7, the eclipse of the Helium II emission line is plotted. For
each velocity bin, the orbital phases where half the light is eclipsed are marked
by asterisks. The outer disc on the blue-shifted peak is eclipsed first, followed
by emission at higher, blue-shifted velocities. After the blue side of the disc is
covered, the red-shifted is emission is progressively eclipsed, and during egress,
the situation reverses. This is the classical pattern of the eclipse of a pro-gradely
rotating disc, where the disc velocity increases with decreasing radius. A strictly
Keplerian accretion disc would result in a smooth eclipse, symmetric around or-
bital phase 0. Mid-eclipse for the disc emission from IP Peg occurs considerably
earlier (orbital phase 0.987) compared to the continuum, and most of the light is
eclipsed well before white dwarf ingress. A large asymmetry in the outer disc is
thus corroborated by the eclipse. The distorted disc eclipse is a combination of
the spiral asymmetry as well as deviations from Keplerian velocities. Although
these eclipse phases are not fitted by Doppler tomography codes, high quality



Spiral Waves in Accretion Discs — Observations 55

eclipse data has the potential to reveal departures from Keplerian velocities and
disentangle these two effects.

Eclipse mapping of this data in both the lines and continuum, reveals the
presence of a two armed asymmetry in the outer regions of the disc, at the
azimuths corresponding to the spiral arms in the Doppler maps [2] (see also
Baptista, this volume). The velocities of the spirals as derived from the emission
lines, can be compared with the position of the spirals from the eclipse map.
This indicates that velocities near the spirals deviate considerably from the local
Keplerian value. The two imaging methods thus nicely complement each other
and both support a tidal interpretation of the spirals.

Apart from the data sets discussed here, Morales-Rueda et al. [18], also re-
covered prominent spiral waves in the disc of IP Pegasi during outburst in a
range of emission lines. The disc structure during their observations, about 5
days after the start of the outburst, is very similar to the Doppler maps pre-
sented here, with a slightly stronger arm in the upper right quadrant. They also
note the shifted emission line eclipses and shielding of the irradiated companion
star by the geometrically thick disc.

Doppler tomography of IP Pegasi during outburst thus invariably shows the
presence of spiral shaped disc asymmetries. The two armed spiral dominates the
disc emission from the start of the outburst maximum and persists for at least 8
days, corresponding to about 50 binary orbits. The spirals are present in a range
of emission lines from neutral hydrogen to ionised helium, the latter indicating
that the gas concerned has to be hot, although it is not clear if we are looking at
direct emission from the shock, or recombination emission from the spiral arms.
The asymmetry between the two arms that was observed in the discovery data, is
also present at other epochs and in other lines. The disc structure is co-rotating
with the binary, and corresponds to the velocities were tidally driven spiral arms
are expected. A more detailed comparison between theory and observations is
discussed by Boffin, this volume. We shall see that the observed properties of
the spirals fit recent hydro-dynamical simulations of such discs in detail [26].

Although the disc emission of the different data sets is in general terms the
same, differences between the various data sets should tell us something about
the evolution of the spiral across the outburst (and therefore their origin). In
addition, comparing lines with different excitation potential allows us to inves-
tigate the physical conditions of the emitting gas directly. Unfortunately, the
various data sets have been obtained with different telescopes and instruments,
different resolutions, and different orbital phase coverage. Disentangling those
systematic effects from true variations of the spiral in various lines is therefore
not straightforward. Ideally one would observe a range of emission lines simulta-
neously with the same instrumental setup, while covering a substantial part of
the disc outburst to study its evolution. As a first step, we have obtained echelle
spectroscopy of IP Pegasi during a recent outburst with the NTT (Steeghs &
Boffin, in preparation). Covering a large part of the optical spectrum at high
resolution, ensures that we will be able to compare the properties of the spiral
among a large set of emission lines, obtained under identical circumstances. Fig-
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Fig. 8. Comparing the properties of the spirals in two emission lines from the same data
set. The position and intensity of the spirals were traced as a function of azimuth in the
Ha (thick line) and Hel6678A tomograms constructed from NTT echelle spectroscopy
during the August 1999 outburst of IP Peg. The intensities are normalised with respect
to the maximum emissivity values of each line.

ure 8 compares the properties of the spirals between just two lines covered, and
indicates a very similar position for the spirals in terms of velocity as a function
of azimuth for the Hoao and HeI6678A lines. The intensity modulation, on the
other hand is significantly different.

4 The Quiescent Disc

In stark contrast with the prominent spiral waves observed during outburst,
Doppler mapping of IP Pegasi during quiescent epochs does not reveal such
features [15,13,10,33]. Although significant disc asymmetries are observed even
during quiescence, it is clear that the open spiral pattern the disc carries in
outburst is not present. The disc radii of dwarf novae are expected to vary
significantly across the outburst cycle. In the disc instability picture, a dwarf
nova disc is in a cool state during quiescent phases, when most mass transferred
from the mass donor is not accreted by the white dwarf. The disc density builds
up until a radical opacity change due to the ionisation of hydrogen flips the disc
from a neutral, cool state to a hot, ionized state. Angular momentum transport
in this hot state is increased by a factor of 10 or so, which results in a rapid
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expansion of the disc at the onset of the outburst. During outburst, the disc
is depleted as more mass is accreted than is transferred from the mass donor,
until the density in the disc drops below the critical value again and the system
returns to quiescence.

Disc radius variations are indeed observed in dwarf novae, and the disc in IP
Pegasi fills between half of the primary Roche lobe during quiescence up to most
of the Roche lobe during outburst [56,32,25]. Tidally driven waves are thus much
more likely to have an effect on the disc in outburst, since the tidal torques are
a steep function of the distance to the secondary star. The fact that spirals are
not prominent in quiescence, is therefore what one expects if they are due to the
tidal torques of the companion star [26]. The detailed properties of the spirals
depend upon disc temperature, radius and the mass ratio of the binary. The
most likely discs carrying prominent open-armed spirals are thus dwarf novae in
outburst and the nova-like variables, where the disc is always in the hot, ionised
state. Dwarf novae are likely to display highly variable spiral arm structures,
depending on the state of the system, whereas nova-like variables would provide
a more persistent tidal pattern since large disc radius variations are relatively
rare.

Marsh, this volume, has compiled an up to date overview of all the systems
for which Doppler maps have been published. One would perhaps expect that
such spirals should have been found before if they are a common phenomenon.
The number of Doppler maps of dwarf nova in outburst are very rare. And even
in quiescence, some well known systems have not yet been mapped using good
quality data. Unfortunately, in the case of nova-likes were one would have the
potential of observing a persistent spiral pattern, Doppler mapping has shown
complicated emission geometries. In those systems, line emission is not domi-
nated by a disc component, instead prominent spots dominate the tomograms
whose interpretation is unclear. However, IP Pegasi is no longer the only system
with evidence for distortions of a spiral nature. The next section will discuss a
small number of other systems which display very similar disc behaviour.

5 Disc Asymmetries in Other Systems

5.1 EX Dra

The dwarf nova EX Dra was the second object to show similar disc behaviour.
This is another eclipsing system above the period gap and is in many ways very
similar to IP Pegasi [3,6]. Joergens et al. [12] present Doppler images of EX Dra
during outburst, and the similarity of the Doppler maps with those of IP Pegasi
is obvious (Figure 9). Although perhaps not as convincing as in IP Pegasi in
all the mapped lines, the disc carries a two armed asymmetry during outburst
in the same quadrants of the Doppler map. The appealing characteristic of this
object is its very short outburst recurrence time. Although its orbital period and
mass ratio is very similar to IP Peg, EX Dra’s outbursts recur every 23 days,
and catching such a system in outburst is thus more likely. It would be an ideal
target for a longer campaign, with the prospect of securing the disc evolution
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Fig.9. Doppler tomography of EX dra in outburst [12]. Left the observed Hel
6678A emission and its tomogram on the right. Apart from the irradiated secondary,
the disc contains a two armed asymmetry with a shorter arm in the top right and a
more extended arm in the lower left quadrant.

across the whole outburst cycle, and performing time lapsed tomography in
order to construct a movie of the accretion disc along its outburst cycle. A
photometric campaign lasting over 6 weeks was conducted during the summer of
2000, just after this workshop. Although no Doppler tomography will be possible,
two outburst cycles were covered, and eclipse mapping methods will reveal the
development of disc asymmetries and radial temperature variations.

5.2 U Gem

U Gem is one of the brightest and best studied CVs, reaching a magnitude of
V~8.5 during outburst. Surprisingly, no outburst Doppler tomography of this
system was available until very recently, Groot observed the system during the
March 2000 outburst [17]. Figure 10 shows the Hell tomogram of U Gem in
outburst, revealing a prominent two armed spiral pattern. The spirals are strong
even towards the late phases of the outburst maximum, and weaken once decline
sets in. This supports a tidal interpretation for these structures since the spirals
are there when the disc is hot and large, but weaken once the disc shrinks back
towards quiescence like in IP Pegasi. The rise and decline phases of the outbursts
are particularly useful for testing the tidal interpretation of spiral waves. During
those phases the spiral arm geometry will change dramatically, and the exact
nature of the evolution will tell us if indeed the spirals behave as tidally driven
spirals would do, and how they affect the angular momentum exchange in the
accretion disc.
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Fig. 10. Doppler tomogram of the Hell 4686A emission from U Gem in outburst [17].
Two striking spiral arms are revealed, matching the properties of a tidal spiral pattern.

5.3 SS Cyg

During outburst, SS Cygni is the brightest CV in the sky, with an almost contin-
uous light curve available for the last 100 years thanks to amateur astronomers.
Its outburst history has been well studied and compared with disc instability
predictions [5]. Phase resolved spectroscopy reveals emission from the secondary
star as well as a distorted accretion disc, both in quiescence and outburst [16,17].
Doppler tomography during outburst revealed enhanced emission from the disc
in the top right and lower left quadrant of the tomograms in the Balmer, Hel
and HelI lines [29]. MEM maps of two emission lines are presented in Figure
11. Again, the disc has a two armed asymmetry, but on the other hand differs
significantly from a simple two armed spiral pattern. SS Cyg is an intermedi-
ate inclination system, and our line of sight thus penetrates deeper into the
disc atmosphere, producing broad absorption wings from the optically thick disc
during outburst. This may complicate the comparison between models of spiral
arms and the line emission from them because of more intricate, and poorly
understood, radiative transfer conditions in the vertically stratified disc. How-
ever, these differences need an explanation and given the brightness of SS Cyg,
justifies high resolution phase resolved spectroscopy of this system in quiescence
and outburst.
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Fig. 11. Two other cases of distorted accretion discs with a two armed asymmetry. Left
the Hell and Hel emission of SS Cygni during outburst, right two panels the eclipsing
nova-like V347 Pup.

5.4 V347 Pup

The accretion discs of nova-likes are in many ways regarded as dwarf nova in
permanent outburst, since the high mass transfer rate in the disc keeps the
disc gas ionized and stable against thermal disc instabilities. Unfortunately the
properties of the emission lines of these systems remains a puzzle. The atlas of
Doppler maps from [13] contains many nova-like systems, for which evidence for
an accretion disc is absent in most cases. One of the few nova-likes that appears
to reveal a clear signature of an accretion disc is the eclipsing nova-like V347
Pup [30]. Doppler mapping revealed the presence of an accretion disc, containing
a two armed asymmetry. However, the properties of some of the emission lines
at a different epoch several years later were quite different (Steeghs et al., in
preparation). The Balmer lines were dominated by a spot of emission in the
lower left side of the tomogram rather than the disc, a typical feature of nova-
like variables. However, the Hel emission (Figure 11) appears to be originating
from the disc only, and displays a two armed asymmetry like that was observed
in the Balmer lines by Still et al. [30] The opportunities to investigate the tidal
structures of a high mass transfer rate accretion disc are ideal in this eclipsing
object, and follow up NTT data is under investigation.
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5.5 A Systematic Picture?

Phase resolved spectroscopy of CVs in outburst, suitable for Doppler mapping
of the accretion disc, is still limited to a small number of objects. It is very
encouraging that on the occasions that such data are available and can be com-
pared, very similar accretion disc distortions are seen. This suggests a common
physical cause for these large scale asymmetries and tidally driven waves appear
to offer the most likely explanation. It is interesting to note that all the dwarf
novae that have indicated spiral-type distortions are long period systems above
the period gap. One does expect the structure of the spiral arms to depend on
the mass ratio of the binary, with higher mass ratio binaries corresponding to a
heavier secondary star that induces stronger tidal torques. On the other hand
selection effects work against us since the outburst of the short period systems
are usually short, and suitable outburst spectroscopy of short period dwarf novae
during outburst maximum is extremely rare. Tomography of OY Car in outburst
[9], reveals an extended arm on the side of the gas stream impact, but not a two
armed spiral pattern. Limited resolution and signal to noise in this case prevents
a strong case for or against spirals in SU UMa systems.

The important question is whether spiral waves affect the structure of accre-
tion discs under a wide range of conditions, or are merely a dynamical side effect
of the expanding disc during dwarf novae outbursts. Clear progress requires a
more balanced observational picture covering the observational parameter space
in terms of orbital periods, mass ratios, outburst behaviour, etc. This relies on
our ability to obtain a considerable number of data sets of outbursting dwarf
novae, in particular during the rise and decline phases. Flexible, or even robotic,
scheduling of telescope time would be highly beneficial to such projects.

Doppler tomography has proven to be an invaluable tool for the discovery
and study of spiral waves in the discs of CVs. With better resolution and signal
to noise data becoming available with large aperture telescopes, however, there
is also room for improvements to the technique itself. In the next section I
describe an extension to the Doppler tomography technique that aims to improve
our ability to fit to data sets containing anisotropic emission sources, a rather
common situation.

6 Modulation Mapping

Doppler tomography provides a velocity resolved image of the accretion flow in
the corotating frame of the binary. Since it relies on only a few basic assumptions,
such images can be recovered in a model independent way. They then provide a
perfect frame in which to compare data with models. One of those assumptions
is that the flux from any point fixed in the rotating frame is constant (Marsh,
this volume). However, observations show the presence of anisotropic emission
sources, that modulate their emission as a function of the orbital phase. Some
general examples are the irradiated front of the mass donor, the hot spot, and the
anisotropic emission from spiral shocks. Doppler tomography can still be used
in that case, since the Doppler map serves to present a time averaged image
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of the distribution of line emission. However, one will not be able to fit the
data very well, and the phase dependent information contained in the observed
line profiles is lost. The remainder of this review will present a straightforward
extension to the Doppler tomography method that tries to remove the above
mentioned assumption from tomography.

6.1 Extending Doppler Tomography

Rather than assuming that the flux from each point in the binary frame is
constant, I include modulations of the flux on the orbital period. The line flux
from each location (in terms of its position in the V,V,, plane of the tomogram)
is not just characterised by the average line flux, but also the amplitude and
phase of any modulation on the orbital period (Figure 12). We thus have two
additional parameters to describe the line flux form a specific velocity vector.
The flux f from a modulated S-wave as a function of the orbital phase ¢ can be
written as;

flo)= Loy + 1oos cos ¢+ I sin ¢

where 14,4 is the average line flux for the s-wave, and I.,s and I, the cosine and
sine amplitudes (Figure 12). In other words, the amplitude of the modulation
is \/12,, + I2,,, and its phase is tan™!(I.os/Isin). The velocity of the S-wave is
defined in terms of the vector V' = (V,,V,) in the usual manner (Marsh, this
volume);

v(¢) =y — Vycos2mp + V, sin2m¢

With « the systemic velocity of the binary. In this prescription, we need three
images describing the values of I,yg,/cos and I, for each velocity (V,V,) in-
stead of the conventional one describing /4,4. In other words the projection from
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Fig. 12. A spot that modulates its emission across the orbital phase is not only char-
acterised by its position in the V,V, plane but also the amplitude and phase of its
modulation. Two additional velocity images are used to store the cosine and sine am-
plitudes of such S-waves. All modulations on the orbital periods can then be described
as the sum of the image values in the three velocity images.
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Doppler map to trailed spectrogram is then;
F(v,9) = / (Tawg(Va, Viy) + Teos (Vi V) €08 ¢ + Lgin, (Vi, V) sin @) g(V —v)dV,dV,,

with g(V — v) describing the local line profile at a Doppler shift of V' — v, which
is assumed to be a Gaussian convolved with the instrumental resolution.

Keith Horne implemented a similar extension to the filtered back-projection
code. However, cross talk among the three terms results in significant artifacts in
the back-projected maps. I choose to implement the extension using a maximum
entropy optimiser in order to reconstruct artefact free images. Since the entropy
is only defined for positive images, and the cosine and sine amplitudes can be
either positive or negative, the problem was implemented using 5 images to
characterise the data. One (positive) average image, and two (positive) images
for both the cosine and sine amplitudes. For those two images one image reflects
positive amplitudes, the other negative amplitudes. The image entropy for each
image is defined in the usual manner relative to a running default image, and the
data is fitted to a requested x? while maximising the entropy of the 5 images.

6.2 A Test Reconstruction

In order to test the method, and check for possible artefacts, fake data was gen-
erated and noise was added to that data to see how well the input images can
be reconstructed by the code. In Figure 13, I show an example of an input data
set consisting of a constant emission from a disc as well as various anisotropic
contributions from 3 spots. The large modulation of the S-waves corresponding
to the spots results in a trailed spectrogram that cannot be fit using the con-
ventional Doppler tomography technique. However, using the above described
extension, the modulation mapping code is able to fit the input data to a 2
of 1, without introducing any spurious features in any of the images, or leaving
systematic residuals to the fit. As expected, the higher the signal to noise of the
input data, the more reliable and accurate the reconstruction is. Most impor-
tantly though, there is no cross-talk between the various images. A series of tests
were performed to confirm that the problem is well constrained and that maxi-
mum entropy ensures that no image structure is added unless the data dictates
it. Two different types of default were used. For the average image, the default
is set to a Gaussian blurred version of the average image after each iteration,
while for the modulation images we have tried both Gaussian blurring as well
as steering the images to zero. Both converge easily to the maximum entropy
solution. Of course this method suffers from the same limitations as Doppler to-
mography with regards to errors in the assumed systemic velocity of the binary,
limited image structure due to poor signal to noise, and artefacts due to limited
phase sampling.

6.3 Application to Real Data

As an example of applying the method to real data, we use the previously dis-
cussed data of SS Cygni during outburst (Figure 11). Figure 14 looks at the
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Fig.13. A fake data set in order to test the reliability of modulation mapping. Top
row plots the input images consisting of emission from a ring and various discrete
modulated spots. The data corresponding to those images is plotted in the lower left
panel (with random noise added). Middle row are the reconstructed images, bottom
rows compares observed and predicted data, together with a plot of the normalised
residuals.

residuals between predicted and observed data when conventional MEM Doppler
tomography was applied to the Hel emission line data. Although recovering the
general features in the data, such as the S-wave from the irradiated secondary
and the two armed disc asymmetry, residuals are significant and the best x? that
can be achieved is 3.2. In particular the anisotropic emission from the secondary
star and parts of the disc leave large residuals due to their phase dependence.
Doppler tomography tries to reproduce this phase dependence as best as it can,
but is fundamentally unable to describe such emission sources adequately.

If the same data is passed to the modulation mapping code, a much better fit
to the data can be obtained (Figure 15). The x? value of the fit is 1, as good as
one may expect, and leaves much reduced systematic residuals between data and
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Fig. 14. The result of Doppler tomography of SS Cyg in outburst. The observed trailed
spectrogram of Hel6678 is on the left, the predicted data of the reconstructed tomogram
in the middle panel. The tomogram itself was shown in Figure 11. Significant residuals
(right panel) exist due to the anisotropic emission from the secondary st ar and parts
of the disc.

fit. The structure of the average image is very similar to that obtained with the
conventional method, indicating that the majority of the emission is relatively
unmodulated. In the two modulated images, one can identify in particular the
emission from the secondary and some areas of the disc. However, the two images
tell us not only where the modulated emission is coming from, but also the phase
of the modulation. The secondary star emission shows a left-right asymmetry
in the cosine image, and a front-back asymmetry in the sine image, indicating
that the emission is indeed beamed away from the Roche lobe surface. Although
one ideally applies Roche tomography in order to model the contribution of the
secondary, modulation mapping ensures that strong anisotropic S-waves origi-
nating from the mass donor are fitted well, and that they do not leave artefacts
or limit the goodness of fit that can be achieved.

Obvious other emission sources where the phasing and beaming of the emis-
sion can be quantified with this method are the emission from the bright spot,
and emission from anisotropic spiral shocks. In SS Cygni, the emission from the
disc seems to be only weakly modulated (Figure 16), which may not be too sur-
prising because of its low orbital inclination ¢. Shear broadening, for example,
leads to anisotropic emission and is and proportional to cos ™! i. Its effect is thus
considerably reduced for inclinations below 60° [26]. Work is in progress to apply
this method to the emission of the spirals in IP Peg and other objects in order
to quantify the anisotropy of the emission from the spiral shocks.

Modulation mapping provides a straightforward extension to Doppler tomog-
raphy, with a wide range of applications. The code as such does not need to make
any assumptions about the nature of the modulations, except that the period
of modulation is the orbital period. It thus relaxes one of the fundamental as-
sumption of Doppler tomography, in order to make the technique more versatile.
Many data sets already exist that could benefit from this extension, but it will
be of particular use for the high resolution data sets that will be obtained with
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the new large aperture telescopes. An even more general prescription can easily
be envisaged that attempts to model modulations on other periods as well.



Spiral Waves in Accretion Discs — Observations 67

7 Conclusions

Doppler tomography of the dwarf nova IP Peg has revealed a remarkable two
armed spiral structure in its accretion disc that dominates the emission from a
range of emission lines over a large range of radii. The pattern is observed from
the start of the outburst up to the later stages of the outburst maximum, and
is fixed in the binary frame. Its location in the tomograms fits remarkably well
with the two armed spiral shocks that are expected to be generated by the tidal
torques of the companion star. A tidal origin is also supported by the fact that
the structure is corotating with the binary for at least 50 orbital periods, and
the fact that the asymmetry is not visible during quiescence, when tidal torques
on the much smaller accretion disc are significantly reduced.

In order to appreciate the relevance of tidally driven spiral waves for the
structure of accretion discs in general, a more varied observational picture is
required, spanning a range of objects and source states. Since the detection of
spirals in IP Pegasi, a handful of other systems have displayed very similar disc
structures, but a systematic picture is still difficult to extract. A second impor-
tant restriction of the current data sets, is the limited coverage we have of each
outburst. In the CV sub-class of dwarf novae we have a truly unique opportunity
to track the evolution of the disc in real-time through time-lapsed tomography.
What is needed is a focused campaign that aims to obtain spectroscopy across a
significant fraction of the outburst cycle. Such a data set would be an extremely
valuable test bed for both disc instability models as well as the question of angu-
lar momentum transport associated with density waves. Although the observed
spirals appear to fit to detailed simulation in surprising detail, it is still not clear
what the impact of such prominent spiral arms is on the angular momentum
budget of the disc and how it relates to the local shear viscosity. This requires
improved observations and realistic simulations in order to test quantitatively
the impact of such waves (Boffin, this volume).

I also discussed an extension to Doppler tomography, with the aim of map-
ping modulated emission sources in emission line data. This is a rather common
situation and will not only benefit the observational study of spiral waves, but a
range of other emission sources commonly observed. I demonstrated that arte-
fact free reconstructions can be calculated from phase resolved spectroscopy
using maximum entropy regularisation.
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Spiral Waves in Accretion Discs — Theory
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Abstract. Spirals shocks have been widely studied in the context of galactic dynamics
and protostellar discs. They may however also play an important role in some classes
of close binary stars, and more particularly in cataclysmic variables. In this paper, we
review the physics of spirals waves in accretion discs, present the results of numerical
simulations and consider whether theory can be reconcilied with observations.

If, in the course of the evolution of a binary system, the separation between
the stars decreases, there comes a point where the gravitational pull of one of the
stars removes matter from its companion. There is mass transfer, through the
so-called Roche lobe overflow. This is what is believed to happen in cataclysmic
variable stars (CVs; see Warner [40] for a review). In these, a white dwarf primary
removes mass from its low-mass late-type companion which fills its Roche lobe.
In this particular case, the decrease in the separation is due to a loss of angular
momentum by magnetic braking or by gravitational radiation.

1 Roche Lobe

Consider a binary system with a primary white dwarf of mass M7, and a com-
panion of mass M> with a mean separation a. We can define the mass ratio,
q = My /Ms, which, for CVs, is generally smaller than 1. From Kepler’s law, the
orbital period, Py, is then:

472a3
RV RY (1)
G(Ml + Mg)

G being the gravitational constant, and the masses being expressed in unit
of the solar mass.

In the reference frame rotating with the binary and with the center of mass
at the origin, the gas flow is governed by Euler’s equation:

2 _
Porb_

a—v—s—(v-V)v:—V@r—wav—lVP, (2)
ot p

where w is the angular velocity of the binary system relative to an inertial
frame, and is normal to the orbital plane with a module w = 27/P, p is the
density and P is the pressure. The last term in the right hand side of this
equation is thus the gas pressure gradient, while the second is the Coriolis force.
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Here, @,. is the Roche potential, and includes the effect of both gravitational and
centrifugal forces :

G G L, 3)

S - -
" lr—ri| |r—ra| 2

where 71,72 are the position vectors of the centres of the two stars. The
equipotential surfaces of @, are shown in Fig. 1. It can be seen that there is a
particular equipotential which delimits the two Roche lobes of the stars. The
saddle point where the two lobes join is called the inner Lagrange point, L.
These Roche lobes are the key to understanding mass transfer in close binary
systems. Indeed, if one of the two stars fills its Roche lobe, then matter can
move into the Roche lobe of its companion and be gravitationnally captured by
it. Mass transfer occurs via the so-called Roche lobe overflow mechanism. The
size of the Roche lobes, Ry1 and Ry, in unit of the separation is only a function
of the mass ratio, Rrs = a f(¢) and Rp; = a f(¢7') , where an approximate
value for f(q) is given by

0.384+0.20logg (0.3 < ¢ < 20),

1/3 4
0.462 (ﬁ) (0 < q<0.3). @

f(q)={

From Eq.(1) and (4), one can see that the mean density of a star which fills
its Roche lobe is a function of the orbital period only [40]:

57— gem ®)

if Py is expressed in hours. Thus, for the typical orbital periods of CVs, from 1
to 10 hours, the mean density obtained is typical of lower main-sequence stars.

2 Disc Formation

Matter which is transfered through the L point to the companion has a rather
high specific angular momentum with respect to the later, b3w. Here, by is the
distance of the inner Lagrangian point to the centre of the primary and can be
obtained with the following fitted formula :

by = (0.500 — 0.227log q) a. (6)

Once the gas comes close to the primary, it will mainly feel its gravitational
force and follow a Keplerian orbit, for which the circular velociy is given by

vg(r) = ; (7)

r

and the associated angular momentum, r vy(r). If we equal this to the angular
momentum of the gas transfered through the Roche lobe, we can define the
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Fig. 1. Roche equipotentials in a binary system with a mass ratio, ¢ = 0.1. The Roche
lobes are shown with the heavy lines. The primary is in the middle

circularization radius Reire = (1 + ¢)(b1/a)*a. Gas coming from the companion
will thus form a ring of radius approximately Rgic, provided this is larger than
the radius of the accreting object. For cataclysmic variable stars, we typically
have P,, = 1 — 10 hours, M; ~ Mg and ¢ < 1. Therefore, a < 3Rs and
Reire = 0.1 — 0.3 a. By comparison, the primary white dwarf has a radius about
0.01 Rg. Thus, in non-magnetic CVs, the mass transfer will always lead to the
formation of such a ring. This ring will then spread out by viscous processes:
because energy is lost, the gas will move deeper into the gravitational well until
it reaches the primary and accretion will occur (see [6]). To conserve angular
momentum, the outer part will have to move further away. An accretion disc
forms. The formation of an accretion disc is pictured in Fig. 2 as obtained from
numerical simulations.

In principle, the disc could expand forever. In a binary system, this is not
possible however because of the torque exerted by the companion. The radius
of the disc is therefore limited by the tidal radius, where the tides induced by
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Fig.2. The formation of an accretion disc by Roche lobe overflow. The low mass
transferring secondary is at the left. Mass flows through the inner Lagrange L; point
towards the white dwarf primary

the secondary star truncate the disc. The angular momentum is then transferred
back to the orbital motion. Paczynski [24] has computed the maximum size of a
disc in a binary system by following the orbits of a set of particles and deriving
the largest non-intersecting orbit. This orbit would represent the maximum size
of an accretion disc, when neglecting the effect of viscosity and pressure. This is
called the disc’s tidal truncation radius. Typically, the disc radius is limited to
0.7-0.9 the Roche lobe radius.

3 Viscosity

As we have seen, viscous processes are at play to explain to formation of accretion
discs. It is this viscosity which will also ensure that matter transfered by the
companion can be accreted onto the primary. In the thin disc approximation,
i.e. when the disc half thickness H is much smaller than the radius r at each
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radius, H/r < 1, and in a steady state,

= % [1 - (%)UQ] , (8)

where v is the effective kinematic viscosity, X the surface density and M the
mass accretion rate (e.g. [6]). The origin of this viscosity is as yet unknown.
Shakura & Sunyaev [32] used a parametric formulation to hide in a parameter,
«, our lack of knowledge:

v = acH, 9)

with ¢s being the sound speed. Note that in the thin disc approximation,

H ¢ 1
2056 _ & (10)

with M the Mach number in the disc. In the framework of the turbulent viscosity
mechanism, the Shakura & Sunyaev prescription can be understood in writing
the kinematic viscosity as the product of the turbulent velocity, vy and the
typical eddy size, leq: v ~ vileq- The eddy size cannot be larger than the disc
scale height, thus loq < H. Moreover, in order to avoid shocks, the turbulent
velocity must be subsonic, vy < ¢s. Thus, o must be smaller or equal to 1. There
is no reason however for a to be constant throughout the disc.

By using Eq. (8) and the direct relation between the mass accretion rate and
the luminosity of the disc, it is possible to have an estimate of the amount of
viscosity present in the accretion disc of cataclysmic variables. In a typical dwarf
nova, the disc is observed to brighten by about five magnitudes for a period of
days every few months or so. According to the thermal instability model, which
is the most widely accepted model to explain these outbursts, the disc flips
from a low accretion, cool state in quiescence to a high accretion hot state at
outburst (e.g. [39]). It is therefore generally believed that « ~ 0.01 in quiescent
dwarf nova, while « is typically 0.1-0.3 in dwarf novae in outburst or in nova-
like stars. This is clearly too large by several order of magnitudes for standard
molecular viscosity. More serious candidates are therefore turbulent viscosity,
magnetic stresses and the Balbus-Hawley and Parker magnetic instabilities.

Although the common mechanims invoked for this anomalous viscosity are
thought to be local, hence the Shakura & Sunyaev prescription, it may be pos-
sible that some global mechanism is acting as a sink for angular momentum. In
this case, one could still use the above prescription if we now use an effective «
parameter. This will be the case for spiral shocks which we will discuss in the
rest of this review.

4 Spiral Shocks

Although it was already known that accretion discs in close binary systems
can lose angular momentum to an orbiting exterior companion through tidal
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interaction [12,25], it is Sawada, Matsuda & Hachisu [10,11] who showed, in their
2D inviscid numerical simulations of accretion discs in a binary of unit mass ratio,
that spiral shocks could form which propagate to very small radii. Spruit [13,35]
and later Larson [11] made semi-analytical calculations which were followed by
numerous - mostly 2D - numerical simulations [3,7,9,14,15,18-21,26,27,31,37 45].
An historic overview can be found in Matsuda et al. [22].

Savonije, Papaloizou & Lin [28] presented both linear and non-linear calcu-
lations of the tidal interaction of an accretion disc in close binary systems. The
linear theory normally predicts that spiral waves are generated at Lindblad res-
onances in the disc. A m : n Lindblad resonance corresponds to the case where
n times the disc angular speed is commensurate to m orbital angular speed:
L( n
1+g\m
accretion discs in binary systems with extreme mass ratios, Lin & Papaloizou
[13] already observed the spiral pattern. In their case, this pattern was indeed
due to the 2:1 Lindblad resonance which can fall inside the Roche lobe and in-
side the disc if the mass ratio is small enough. However, the typical mass ratios
and disc radius of cataclysmic variable stars does not allow the centre of such
resonances to be in the disc. For the 2:1 resonance to lay inside the disc requires
q < 0.025, a value too small for most cataclysmic variables altough possible for
some low-mass X-ray binaries. The 3:1 resonance can be located inside the disc
for ¢ < 0.33, hence for most of SU UMa stars (see e.g. [43]).

In their study, however, Lin & Papaloizou [13] showed that the resonant effect

is significant over a region
1/3
Ax ~ ( vr ) T, (11)

2
Vg T's

1/3
nf2 = mw, i.e. r = ( )2) a. In fact, in their study of tidal torques on

where r; is the position of the resonance. Using v = acgsH, this leads to Az
cz/ 8, Thus, as also found by Savonije et al. [28], even in CVs with larger mass
ratios, the centre of the 2:1 resonance can still be thought of as lying in the
vicinity of the boundaries of the disc and because the resonance has a finite
width that increases with the magnitude of the sound speed, it can still generate
a substantial wave-like spiral response in the disc, but only if the disc is large,
inviscid and the Mach number is smaller than about 10. For larger Mach number,
more typical of cataclysmic variables, however, Savonije et al. consider that wave
excitation and propagation becomes ineffective and unable to reach small radii
at significant amplitude.

We will look more closely to this later on. As for now, we will follow Spruit
[13] to show why spiral waves can be thought of as an effective viscosity. Spiral
waves in discs have been sudied extensively in the context of galactic dynamics
and of protostellar discs. Such waves carry a negative agular momentum. Their
dissipation leads to accretion of the fluid supporting the waves onto the central
object.

Consider some disturbance at the outer disc edge. As the generated wave
propagates inward, it is being wound up by the differential Keplerian rotation



Spiral Waves in Discs 75

Mach=40 (poooo OODD%M%
",

Fig. 3. Illustration of the fact that the angle of the spiral pattern depends on the Mach
number. In the hot disc (left), the perturbance propagates faster and the spiral is more
open than in the cold disc (right)

in the disc into a trailing spiral pattern (Fig. 3). The wave frequency o for an
azimuthal wavenumber m in the comoving frame is 0 = w — m{2 ~ —md2,
because we can neglect the much lower orbital frequency, w. The conserved wave
action is given by
1 [ pv?
Sw == | —=dV 12

Y2 / o) (12)
where vy, is the amplitude of the wave and the integration is carried out over
the volume of the wave packet. The angular momentum of the wave, given by
j = mSy, is conserved, giving:

. 1 [ pv?
I==5 1

5 | v (13)

Hence, it is negative. This can be understood because the tidally excited spiral
pattern rotates with the binary angular speed which is smaller than the angular
speed of the gas in the disc.

Because of the differential rotation, the amplitude of the wave increases as
it propagates inwards. Indeed, the radial extent of the wave packet, AR, is
proportional to the sound speed, AR « ¢, while the volume of the wave packet
is V =2H x 2rRAR. Now, because j is conserved, Spruit obtains

0 \/2
Uy X ( o ) o r11/16, (14)
prHecs

where in the last approximation, we made use of the relations valid for a thin
disc. The wave therefore steepens into a shock. Dissipation in the shock lead to
a loss of angular momentum in the disc, hence to accretion.

The opening angle of the spirals is related directly to the temperature of the
disc as, when the shock is only of moderate strength, it roughly propagates at
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Fig. 4. Density plots of 2D finite-difference simulations (in the case of a mass ratio of
1) for different value of v = 1.01 (upper left), 1.05, 1.1, 1.2 (lower right). The scale is
logarithmic and the results are shown at about 7 orbital periods [16]

sound speed. This is shown schematically in Fig. 3 for two values of the Mach
number, where we have assumed that the perturbation propagates radially at
a speed of 1.3 times the Mach number [2,10,13]. Thus the angle between the
shock surface and the direction of the orbital motion is of the order tan 6 =
¢s /vy = 1/ M. In the approximation of an adiabiatic equation of state, often used
in numerical simulations, where the temperature soon reaches a value given by
T = 0.5(y — 1)Tyir, with Ty;, being the virial temperature, the angle becomes
1/0.5v(y — 1.). Thus, low v discs will have more tightly wound spirals than large
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v ones. This is indeed was is shown by two-dimensional simulations ([16,22]; see
also Fig. 4).

5 Observational Facts

The most prevalent and successful model to explain dwarf nova outbursts is the
disc instability model based on a viscosity switch related to the ionisation of
hydrogen in the disc. It is an hysteresis cycle, in which the disc switches back
and forth between a hot optically thick high viscosity state - the outburst - and
a cool optically thin low viscosity state - quiescence. The disc radius increases
at outburst and then after maximum, decreases exponentially. In U Gem for
example, a clear increase in the radius is seen at outburst : the radius of the disc
is of the order of 0.4a at maximum and then it decreases on a timescale of tens
of days to 0.28a [40]. While for EX Dra, Baptista & Catalan [1] found the disc
radius to be 0.30a in quiescence and 0.49a in outburst.

Global disc evolution models reproduce the main properties of observed out-
bursts, but only if the efficiency of transport and dissipation is less in quiescence
than during outburst [5]. This seems in agreement with spiral shocks. Indeed,
the tidal force is a very steep function of r/a, hence the spirals rapidly become
weak at smaller disc sizes. Spiral shocks are produced in the outer regions of
the disc by the tides raised by the secondary star. During the outburst, the disc
expands, and its outer parts feel the gravitational attraction of the secondary
star more efficiently, leading to the formation of spiral arms.

Having these general ideas in mind, we can now summarise the results from
observations (see the review by Danny Steeghs in this volume):

e The spiral pattern has been established in several cataclysmic variables for
a wide range of emisson lines

e The spiral arms appear right at the start of the outburst and persist during
outburst maximum for at least 8 days, i.e. several tens of orbital periods

e The structure is fixed in the corotating frame of the binary and corresponds
to the location of tidally driven spiral waves

e During quiescence, the spiral pattern is no longer there but the disc remains
asymmetric

These results can be exactly interpreted in the spiral shock theory. They do not
prove necessarily, however, that spiral shocks are the main viscosity mechanism
in the disc. There is indeed a problem similar to the egg and the hen: who begon?
In order to have well developed spirals, one needs a large disc, which is due to
an increase in viscosity !

6 Numerical Simulations

As can already be seen from Fig. 3 and 4, in order to explain the widely open
spirals seen in the Doppler maps of IP Peg [38], one require a rather hot disc.



78 Henri Boffin

Fig.5. An accretion disc showing spiral arms as obtained by SPH simulations. When
viewed from different angles (i.e. at different orbital phases), the emission-line profile
is different. When these lines are recorded at several orbital phases, one can then
construct a spectrogram which can be inverted, using a maximum entropy method, to
give a doppler tomogram
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Fig. 6. Binary phase-velocity map (spectrogram) and Doppler map corresponding to
the simulation of Fig. 5



Spiral Waves in Discs 79

q=0.5 SPH 2D 180,000 ptels

o bav el i by

Fig. 7. Result of a high-resolution 2D SPH simulation of an isothermal (¢; = 0.05)
accretion disc in a binary system with a mass ratio of 0.5. The density contours are
plotted over the particles positions. The inset shows the variation of the Mach number
with the distance from the white dwarf.

Figure 2 shows for example the results of a 2D numerical simulation, using the
Smoothed Particle Hydrodynamics (SPH) method, of an accretion disc in a bi-
nary system with a mass ratio of 0.5, as observed for IP Peg. Here, a polytropic
equation of state (EOS) has been used with a polytropic index, v = 1.2. In
Fig. 2, we show the different emission lines profiles corresponding to the various
orbital phases for such a disc. Those profiles can then be presented in a trailed
spectrogram as seen in Fig. 6. With numerical simulations, we have the advan-
tage of having all the dynamical information of the flow and we can therefore
easily construct a Doppler map which can then be compared to those observed.
The Doppler map corresponding to this v = 1.2, 2D simulation is also shown
in Fig. 6. Note that we have artificially added a spot at the location of the sec-
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Fig. 8. Reconstructed trailed spectrogram and Doppler map from the numerical sim-
ulation shown in Fig. 7

ondary to allow more direct comparisons with real observations. It is obvious
that even though this simulation was not the result of any tuning, the qualita-
tive agreement between this calculated Doppler map and spectrogram, and the
one first observed by Steeghs et al. [38] for IP Peg is very good. This however
calls for some discussion. Indeed, in simulations using a polytropic EOS, as is
the case here, the disc evolve towards the virial temperature and are therefore
unphysically hot. There is thus an apparent contradiction between numerical
simulations and observations. This was indeed the conclusions of the first few
attempts to model the observed spirals in IP Peg in outburst. For compari-
son purposes, we present in Fig. 7 and 8, the results of a very high resolution
isothermal simulation.

Godon, Livio & Lubow [5] presented two-dimensional disc simulations using
Fourier-Chebyshev spectral methods and found that the spiral pattern resembles
the observations only for very high temperatures. This was already the conclusion
of Savonije et al. [28] who claimed that spirals could not appear in the colder
disc of cataclysmic variables.

We have therefore run another set of simulations, with our SPH code, where
we use an “isentropic” equation of state, instead of a polytropic one. By “isen-
tropic”, we mean a barotropic EOS, P = Kp”, and keeping K constant. The
heating due to the viscous processes is supposed to be instantaneously radiated
away. In this case, the temperature remains always very close to the initial value.
The results of isentropic runs are compared with those of polytropic runs using
v=1.2 and two values for the initial sound speed: 0.1 and 0.04 times the orbital
velocity (Fig. 9). While, in the two polytropic runs, spiral structures are clearly
present with a very similar pitch angle, there is a clear distinction between the
two isentropic runs: the 0.1 case produces well defined spiral arms which are
more tighly wound than in the equivalent polytropic case, while in the 0.04 case,
spiral structure can hardly be seen at all. The difference clearly lies in the Mach
number of the flow: in the polytropic cases, the Mach number is well below 10
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Fig. 9. Comparison between our SPH results for the isentropic and polytropic equation
of state for two values of ¢,=0.1 and c¢,=0.04

for both a sound speed of 0.04 and 0.1, while in the isentropic cases, the Mach
number goes from 20 at the outer edge of the disc to more than 100 inside when
the sound speed is 0.04, but goes from 10 to only 30 when the sound speed is
0.1. Therefore, the observations seem to require a hot disc with a wide spiral.
But, are dwarf novae discs hot or cold ? During quiescence, the disc will have a
temperature of the order of 10,000 K. This corresponds to a sound speed of the
order of 15 km/s, or in our units 0.03. Thus, one should compare observations
with our isentropic case with sound speed 0.04, and we therefore predict that no
spiral should be seen. In outburst however, a dwarf nova will have a temperature
profile corresponding to that of the steady-state solution for a viscous disc (e.g.
[40]), and the temperature will be closer to 10° K, i.e. a sound speed of roughly
45 km/s (in our units, 0.1). In this case, the Mach number will be around 20 and
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one is allowed to compare observations with the isentropic case with a sound
speed of 0.1. Thus, one should clearly expect to see spiral structures in dwarf
novae in outburst but not in quiesence.

Similarly, Stehle (1998) performed thin disc calculations where the full set of
time dependent hydrodynamic equations is solved on a cylindrical grid. The disc
thickness is explicitly followed by two additional equations in a one-zone model,
allowing the disc to be vertically in non-equilibrium. The spatial and temporal
evolution of the disc temperature follows tidal and viscous heating, the latter in
the a-ansatz of Shakura & Sunayev, as well as radiation from the disc surfaces.
The surface temperature is connected to the disc mid-plane temperature using
Kramers opacities for the vertical radiation transport. In this sense, it is a much
more elaborated model than the classical isothermal or adiabatic approximation
for the equation of state. Steeghs & Stehle (1999) use the grid of disc calculations
of Stehle (1998) to construct Doppler tomograms for a binary with mass ratio
q = 0.3 and orbital period P = 2.3 hours. They considered two models, one
more typical of quiescent CVs, with M ~ 15 — 30 and an a-type shear viscosity
of 0.01, and another, representative of outbursting discs, with M ~ 5 — 20 and
a = 0.3. Effective temperature ranged from less then 10* K in the outer part
of the cold disc, to values between 210 and 510* K for the hotter disc. The
cold disc was rather small (due to the low viscosity), varying in radius between
0.55 and 0.65 rpy, while the hot disc is pushed by the increased viscosity to
larger radii of 0.6-0.8 r,;. For the high Mach number accretion discs, they find
that the spiral shocks are so tightly wound that they leave few fingerprints in
the emission lines, the double peaks separation varying by at most 8%. For the
accretion disc in outburst, however, they conclude that the lines are dominated
by the emission from an m = 2 spiral pattern in the disc, resulting in converging
emission line peaks with a cross over near phases 0.25 and 0.75. It has to be
noted that in the simulations of Stehle, it is the presence of a large initial shear
viscosity (in the form of an a-type parametrization) which provide the viscous
transport required to setup a large hot disc in which a strong two armed spiral
patter forms. This remark will take all its relevance in view of the discussion in
Sect. 8.

For example, Godon et al. [5] used a value of o = 0.1, so that viscous spread-
ing was less efficient compared to the simulations of Stehle. As a consequence,
their discs were smaller by up to 50 % compared to the hot disc model of Steeghs
& Stehle, hence the tidal effect was less severe.

7 Angular Momentum Transport

As noted above, the parameter « introduced by Shakura and Sunayev [32] refers
to some local unknown viscosity. In the case of spiral shocks, which is a global
phenomenon, we can still refer to an effective o that would give the same mass
accretion rate in an a-disk model that one finds in numerical simulations.

The standard a-disk theory gives the mass accretion rate in terms of « as
M = 3rac,HY [see Eq. (8) and (9)]. Using Eq.(10), Blondin [2] finds an equation
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for a: 2 0 (0n)
“f =3z (15)
where (v,.) is a density-weighted average of the radial velocity:
(o) = o Zurds
T Ede

It has to be noted that the accretion time scale can be estimated (e.g. [36]) :

1 ’U¢ 2
T ™~ — .
Y a2 \ ey

Thus this time scale can only be followed for rather hot discs with high value
of e and therefore, for cold discs, the evolution can usually be followed until
the wave pattern is staionary but not long enough for the accretion process to
reach a steady state. The wave pattern on the other hand is stable in only a few
sound crossing time.

From his study of self-similar models of very cool discs, Spruit [13] obtains

Qe = 0.013 (%)3/2. As in cataclysmic variables, % < 0.1, this leads to very low
values (10~ — 1073), which was the reason why several people dismissed spiral
shocks as a viable efficient accretion mechanism. Spruit himself, however, in his
paper, insists that this must not be the final word: ” For most common mass ratios
0.1 < g < 1, the forcing by the companion is so strong however that the resulting
spiral shock therefore have a strength much above the self similar value over a
large part of the disc”. In their inviscid - but adiabatic - simulations, Matsuda
et al. (1987) obtained values of the effective a up to 0.1, hence large enough to
explain mass accretion observed in outbursting cataclysmic variables. In fact,
Spruit [13] and Larson [10] obtained a relation between the effective o and the
radial Mach number M, at disc mid-plane. Larson [10], for example, obtains
et =~ 0.07(M?2 — 1)3 for isothermal discs. Note that for an isothermal disc, M?
is equal to the compression ratio. With M,. being of the order of 1.3 to 1.5, this
typically implies values of aeg =~ 0.02 — 0.14. Numerical simulations by Blondin
[2] seem to confirm this, as in his isothermal simulations, values as high as 0.1 are
obtained near the outer edge of the disc. For very cold discs, he even found values
close to 1. The accretion efficiency however decreases very sharply and reaches
value below 1072 in the part of the disc closer than 0.1a. For a hotter disc, if the
value of aeg is about 0.1 in the outer part of the disc, it stays above 0.01 well
inside the disc. Larson [10] goes on to predict that the strength of tightly wound
spiral shocks in a cold, thin disk should be proportional to (cos#)%/2, where 6
is the trailing angle of the spiral wave. Estimating cos 6 =~ 1.5¢;s/vg, Larson [10]

finds an effective o of 52
o~ 0.026 <C> . (16)
Vg

The prediction for an isothermal disk with ¢, = 0.25 is o ~ 3.2 x 1073 #3/4,
orders of magnitude below that found in the numerical simulations (e.g. [2,18]).
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But in these simulations, the spirals are not tightly wound and the formula of
Larson may not be applicable.

Blondin [2], for example, finds that the maximum value of a, found near
the outer edge of the disk, remains roughly independent of sound speed, while
the radial dependence of «(r) steepens with decreasing sound speed. In fact,
because the radial decay of « is so steep, he found steady mass accretion only
for radii above r =~ 0.1a in the coldest disk with an outer Mach number of ~ 32.
A further result of his simulations is the relative independence of spiral waves
on the mass ratio in the binary system. The strength of the two-armed spiral
shocks at their origin near the outer edge of the disk was fairly constant in all of
his models. Blondin believes this has the consequence that, despite all else, one
can be confident that the effective « in the outer regions of an accretion disk in
a binary system is (at least) ~ 0.1.

8 Spirals in Quiescence?

By using results from shearing-box simulations as an input for a global numer-
ical model designed to study disc instabilities, Menou [23] shows that as the
disc goes into quiescence, it suffers a runaway cooling. Hence, in quiescence, the
disappearance of self-sustained MHD turbulence is guaranteed. As accretion is
known to occur during quiescence in cataclysmic variables, another transport
mechanism must operate in the discs. The rapid disc expansion observed during
the outbursts of several dwarf novae is consistent with MHD-driven accretion be-
cause it shows that disc internal stresses dominate transport during this phase
[23]. On the other hand, the same discs are observed to shrink between consec-
utive outbursts, which is a signature that transport is dominated by the tidal
torque due to the companion star, at least in the outer regions of the disc during
quiescence. When looking at a sample of 6 well studied SU UMa stars, Menou
[23] finds an anti-correlation of the recurrence times with mass ratios. This, he
interprets, is evidence that tidal torques dominate the transport in the quiescent
discs. Indeed, the recurrence times of dwarf novae represent the time-scales for
mass and angular momentum redistribution in the quiescent discs. For his small
sample, the correlation is significant for normal and super-outbursts. No correla-
tion is however found for U Gem type dwarf novae but this could be because the
correlation is masked by other effects. Menou [23] proposes thus the concept of
accretion driven by MHD turbulence during outburst and by tidal perturbations
during quiescence.

This is, at first sight, a rather astonishing result. Indeed, we have seen that
the spirals will be more developed and more effective when the disc is hotter
and larger, i.e. in outburst. If the main source of viscosity during quiescence are
the spiral shocks, then one might expect that their contribution during outburst
cannot be negligible. But as stated before, one needs first to make the disc
large for the tidal effect to become more important. The answer may lie - like
always - in a combination of processes. Spiral arms are indeed very good at
transporting angular momentum in the outer part of the disc. But they do not
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succeed generally to penetrate deep into the disc. This is were MHD turbulence
may provide the main source of viscosity. This scenario clearly needs to be further
developed and tested.

9 Spiral Shocks in Other Stellar Objects

Even if spiral shocks are not the main driving viscosity mechanism in accretion
discs, Murray et al. (1998) argue that they could have another observational
consequence in intermediate polars. Indeed, the presence of spiral waves break
the axisymmetry of the inner disc and tells the accreting star the orbital phase
of its companion. This could put an additional variation in the accretion rate
onto the white dwarf, a variation dependent on the orbital period. This could
explain the observed periodic emission in intermediate polars.

Savonije, Papaloizou & Lin [28] note that although tidally induced density
waves may not be the dominant carrier of mass and angular momentum through-
out discs in CVs, they are more likely to play an important role in protostellar
discs around T Tauri binary stars, where the Mach number is relatively small.
In GW Ori for example, both circumstellar and circumbinary discs have been
inferred from infrared excesses [17] and the disc response to the tidal disturbance
might be significant. In the same line of ideas, Boffin et al. [4,41,42,44] found
large tidal waves in large protostellar discs being induced by the tidal interaction
of a passing star. In this case, the perturbance might be large enough in these
self-gravitating discs to lead to the collapse of some of the gas, thereby forming
new stars as well as brown dwarfs and jovian planets.

Another class of objects where spiral arms may play a role is X-ray binaries
(see the review by E. Harlaftis in this volume). There also, because the discs are
rather hot, the Mach number is much smaller than in CVs, hence their effect
might be more pronounced. An observational confirmation of this would be most
welcome. The work of Soria et al. [33] is maybe such a first step. These authors
studied optical spectra of the soft X-ray transient GRO J1655-40. They claim
that, during the high state, the Balmer emission appears to come only from a
double-armed region on the disc, possibly the locations of tidal density waves or
spirals shocks.
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Abstract. We perform 2D and 3D numerical simulations of an accretion disc in a close
binary with a mass ratio of 0.5, corresponding to the dwarf nova IP Pegasi. We do not
include artificial nor a-viscosity and supply gas from the inner L1 point. We construct
Doppler maps and artificial trailed spectrograms. In the 2D calculation, the results
agree very well with those observed in IP Peg. In the 3D calculations, the stream from
the L1 point penetrates into the accretion disc. The resulting flow pattern, therefore,
is different from the 2D results.

1 Introduction

Spiral shock waves in an accretion disc were found in two-dimensional numerical
simulation by Sawada, Matsuda and Hachisu [10,11]. Spruit [13] obtained self-
similar solutions of spiral shocks in a semi-analytic manner. Since then, many
researchers have performed numerical simulations and confirmed the presence of
spiral shocks in the accretion disc both in 2D and 3D simulations.

On the observational side, eleven years after the numerical discovery of spiral
shocks, Steeghs, Harlaftis & Horne [14], using the Doppler tomography tech-
nique, found the first convincing evidence for spiral structures in the accretion
disc of the dwarf nova IP Peg during outburst. Since then, spiral structures have
been found successively in other accretion discs: SS Cyg, V347 Pup, EX Dra,
U Gem. (Detailled discussions about the spiral shock model and its history are
written by H.M.J. Boffin and D. Steeghs in this volume.)

The observational rediscovery of spiral structures in accretion discs led to
renewed interest in the topic and several group performed numerical studies to
investigate the observed spiral waves. Godon, Livio and Lubow [5] performed 2D
numerical calculations of the tidal interaction between the companion star and
the disc around the primary, in a cataclysmic variable system with parameters
appropriate for IP Peg, using time-dependent hybrid Fourier-Chebyshev spec-
tral method. They attempted to reproduce the observations of IP Peg. They
found, however, that the spiral pattern resembles the observations only for very
high temperature. Armitage and Murray [1] calculated the evolution of the disc
outburst using Smoothed Particle Hydrodynamics (SPH) scheme to construct
Doppler tomograms. They claimed that the obtained Doppler tomograms are in
close agreement with the observations if the spiral pattern arises as a transient

H.M.J. Boffin, D. Steeghs, and J. Cuypers (Eds.): LNP 573, pp. 88-93, 2001.
© Springer-Verlag Berlin Heidelberg 2001



Spiral Shocks in an Inviscid Simulation of Accretion Flow 89

feature when the disc expands viscously at the start of the outburst. Steeghs
and Stehle [15] used the grid of hydrodynamics accretion disc calculations of
Stehle [16] to construct orbital phase-dependent emission-line profiles of thin
discs carrying spiral density waves. They confirmed that the observed spiral
pattern can be reproduced by tidal density waves in the accretion disc and de-
manded the presence of a large, hot disc, at least in the early outburst stages.

2 Model and Calculations

We calculate 2D as well as 3D flows in a compact binary system with a mass
ratio of 0.5, using the Simplified Flux vector Splitting (SFS) scheme [7]. The
numerical accuracy of the calculations is second-order both in space and in time.
We use almost the same assumptions and conditions as in [7]. Only the region
surrounding the white dwarf is considered. The origin of the coordinates is at the
center of the white dwarf, and the computational region is —0.57 < x,y < 0.57
in 2D and —0.57 < z,y < 0.57 and 0 < z < 0.25 in 3D. The region is divided
into 228 x 228 grid points in 2D and 228 x 228 x 50 in 3D. We assume an ideal
gas, which is characterized by the specific heat ratio 7, assumed to be 1.2 for
2D calculations and, 1.2 and 1.01 for 3D calculations. The gas is injected from
a small hole at the L1 point, which is at * = —0.57,y = 0, and z = 0. In the 3D
calculations, the sound speed of the gas to be injected into the computational
region is 0.02(2a, where {2 is the orbital angular frequency and a is the binary
separation. This value of the sound speed is smaller than in [7], in order to
improve the boundary condition at the L1 point.

The differences between our calculations and previous similar calculations
are the following:

e We do not include any artificial viscosity nor a-viscosity.
e Gas is supplied from the inner L1 point.

3 Results of 2D Calculations

Here, we show the results from our 2D hydrodynamic calculations. Figure 1
shows our calculated Doppler map (a), artificial trailed spectrograms (b), and
calculated density distribution (c). Clear spiral shocks can be seen in Fig. 1(c).
Based on the density distributions in the x-y space, we construct a Doppler map,
showing the density distributions in the velocity space, (v, v,). In constructing
the Doppler map, a contribution due to the companion star is added at its po-
sition. The contribution from the outer region of the accretion disc, r > 0.22, is
omitted in order to avoid the effect of the stream from the L1 point. This con-
tribution is apparently not seen in the observation, conducted during outburst.
The calculated Doppler map and line flux shown in Figs. 1(a,b) agree very well
with observations found in [14].

Here, some remark is necessary. In this calculation, the obtained Mach num-
ber of the flow is always below 10, which means that the disc has a considerably
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Fig. 1. Result of 2D calculations. (a)Top left: calculated Doppler map. The abscissa
and the ordinate depict v, and vy, respectively. (b)Top right: calculated line flux as a
function of the binary phase (ordinate), i.e. artificial trailed spectrograms. The abscissa
represents the radial velocity. (c)Bottom: the density distribution (After [6,8])

high temperature. It is well known, however, both from theoretical studies as
from observations, that the accretion discs of cataclysmic variables have much
lower temperatures with Mach numbers of 20-30. For such high Mach numbers,
spiral shocks would tightly wind, and would therefore not agree with observa-
tions. This problem has been already pointed out [1,5].

We also construct an eclipse light curve. We use an inclination of 80° also
corresponding to the case of IP Peg. There is a little bit of asymmetry in Figure 2,
but the effect of the presence of spiral shocks can not be seen. This effect is not
as clear as seen in [2].
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Fig. 2. Eclipse light curve. The abscissa depicts orbital phase

4 Results of 3D Simulations

Figure 3 presents 3D iso-density surfaces. Spiral structures are clearly seen. Com-
paring these pictures with Makita et al. [7], spiral waves wind more tightly in
the case of v = 1.01 in this simulation because of the lower temperature at the
L1 point. The flow from L1 point does not expand, so that it does not form an
under-expanded jet which was observed in previous results [7].

Figure 4 shows flow patterns at z = 0 (a), that is the orbital plane, and
z = 0.02 (b), by means of the Line Integral Convolution (LIC) method, in the
case of v = 1.2. The stream from the L1 point directly penetrates into the
accretion disc in Fig. 4(a). On the other hand, at z = 0.02, gas from the disc

Fig. 3. 3D view of iso-density surfaces at log p = —4.0. Gray scale of the density in the
orbital plane is also shown. (a)Left: v = 1.01. (b) Right: v = 1.2
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Fig. 4. Flow patterns in the x —y space are shown by means of the LIC method in the
case of y = 1.2 in 3D. (a) Left: 2 = 0 (the orbital plane ). (b) Right: z = 0.02

rotates around the primary star in Fig. 4(b). These pictures show that the stream
from the L1 point penetrates into the accretion disc rather than being blocked
by it and that the rotating gas in the disc collides with this penetrating flow
to form a bow shock [3]. This shock can be called a hot line rather than a hot
spot. Rotating gas overflows the hot line, so that the edge of the hot line may
be seen like a hot spot. This penetration occurs because the L1 stream has a
much larger density than the accretion disc. The density of the accretion disc is
still increasing at the end of these calculations. The penetration, therefore, may
be a transient feature before the disc gas is piled up. (See [4,9] for the detailled
discussion of the effect of penetration.) The penetration is, for example, observed
in the accretion disc of WZ Sge [12].

It is hard to prepare a correct, meaningful Doppler map based on the results
of three-dimensional calculations, since the distribution observed is that on the
photosphere of the accretion disc. The preparation thus requires complex cal-
culations of radiative transfer, which is beyond the scope of the present paper.
Doppler maps based on the density at some z value are a little bit different
from the ones in 2D because of the presence of the penetrating flow [6]. We also
comment that the Mach number in the accretion disc in 3D is again as small as
less than 10.

5 Summary

We performed 2D and 3D numerical simulations with a mass ratio of 0.5, which
corresponds to the dwarf nova IP Pegasi. We obtained the following results:

1. A computer synthesized Doppler map and trailed spectrogram based on 2D
result are compared with observation and a good agreement is obtained.

2. The constructed eclipse light curve shows a small asymmetry. The effect of
the presence of the spiral structure, however, is not seen.
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In 3D, the stream from the L1 point penetrates into the accretion disc rather
than being blocked by it. The gas rotating in the disc collides with this
penetrating stream and forms a bow shock. This shock can be called a hot
line rather than a hot spot. The rotating gas overflows the hot line, so that
the edge of the hot line may be seen like a hot spot.

In 3D, the presence of the penetrating flow makes the structure of the ac-
cretion disc complicated.

The Mach numbers in our accretion discs are less than 10 both in 2D and
in 3D. The discs in our numerical simulation are therefore rather hot com-
pared with what is ordinarily assumed for dwarf novae. This is an important
problem to be solved.
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Imaging the Secondary Stars
in Cataclysmic Variables

V.S. Dhillon and C.A. Watson

Department of Physics and Astronomy, University of Sheffield, Sheffield S3 TRH, UK

Abstract. The secondary, Roche-lobe filling stars in cataclysmic variables (CVs) are
key to our understanding of the origin, evolution and behaviour of this class of in-
teracting binary. We review the basic properties of the secondary stars in CVs and
the observational and analysis methods required to detect them. We then describe the
various astro-tomographic techniques which can be used to map the surface intensity
distribution of the secondary star, culminating in a detailed explanation of Roche to-
mography. We conclude with a summary of the most important results obtained to
date and future prospects.

1 Introduction

CVs are semi-detached binary stars consisting of a Roche-lobe filling secondary
star transferring mass to a white dwarf primary star via an accretion disc or
magnetically-channelled accretion flow. The CVs are classified into a number
of different sub-types, including the novae, recurrent novae, dwarf novae, and
novalikes, according to the nature of their cataclysmic (i.e. violent but non-
destructive) outbursts. A further sub-division into polars and intermediate po-
larsis also made if a CV accretes via magnetic field lines. Figure 1 depicts the
five principal components of a typical non-magnetic CV: the primary star, the
secondary star, the gas stream (formed by the transfer of material from the sec-
ondary to the primary), the accretion disc and the bright spot (formed by the
collision between the gas stream and the edge of the accretion disc). The distance
between the stellar components is approximately a solar radius and the orbital
period is typically a few hours. For a detailed review of these objects, see [44].

1.1 The Nature of the Secondary Stars in CVs

The spectral type and luminosity class of the secondary star in CVs can be
estimated from basic theory, as follows. The mean density, p2, of the secondary

star is given by

Mo
ToRg .
37Ty

where My and Ry are the mass and volume radius (i.e. the radius of a sphere
with the same volume as the Roche lobe) of the secondary star, respectively.
The volume radius of the Roche lobe can be approximated by

R, q 1/3
a 0 7<1+q> 2)

p2 =
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bright spot

white dwarf

gas stream

secondary star

accretion disc

Fig. 1. A non-magnetic CV.

[37], where ¢ = My /M; and a is the distance between the centres of mass of the
binary components. Newton’s generalisation of Kepler’s third law can be written

as
4r2g3 1+g¢
G = M+ My = (), @)

where P is the orbital period of the binary. Combining equations 1, 2 and 3 gives
the mean density-orbital period relation,

pa =105P72 (h) gcm™>, (4)

which is accurate to ~6 per cent [15] over the range of mass ratios relevant to
most CVs (0.01 < ¢ < 1). Most CVs have orbital periods of 1.25 h < P < 9 h,
resulting in mean densities of 67 gcm ™ < pp < 1.3 gem 3. Such mean densities
are typically found in M8V-GOV stars [1] and hence the secondary stars in CVs
should be similar to M, K or G main-sequence dwarfs. With a few caveats, this
prediction is largely confirmed by observation [37],[3].

1.2 Why Image the Secondary Stars in CVs?

Even though we have just shown that most CV secondary stars are similar to
lower main-sequence stars in their gross properties, it is not clear that they
should share the same detailed properties. This is because CV secondaries are
subject to a number of extreme environmental factors to which isolated stars are
not. Specifically, CV secondaries are:

situated ~ 1Rg from a hot, irradiating source (see [40]);
rapidly rotating (v,.o; ~ 100 kms™1);

Roche-lobe shaped;

losing mass at a rate of ~ 1078 — 1071 Mg yr—1;

Ll
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5. survivors of a common-envelope phase during which they existed within the
atmosphere of a giant star, and
6. exposed to nova outbursts every ~ 104 yr.

In order to study the impact of some of these environmental factors on the
detailed properties of CV secondary stars, surface images are required. Direct
imaging is impossible, however, as typical CV secondary stars have radii of
400000 km and distances of 200 parsecs, which means that to detect a feature
covering 20 per cent of the star’s surface requires a resolution of approximately
1 micro-arcsecond, 10000 times better than the diffraction-limited resolution
of the world’s largest telescopes. Astro-tomography is hence a necessity when
studying surface structure on CV secondaries.

Obtaining surface images of CV secondaries has much wider implications,
however, than just providing information on the detailed properties of these
stars. For example, a knowledge of the irradiation pattern on the inner hemi-
sphere of the secondary star in CVs is essential if one is to calculate stellar
masses accurate enough to test binary star evolution models (see section 3.3.4).
Furthermore, the irradiation pattern provides information on the geometry of
the accreting structures around the white dwarf (see section 3.3.4). Perhaps
even more importantly, surface images of CV secondaries can be used to study
the solar-stellar connection. It is well known that magnetic activity in isolated
lower-main sequence stars increases with decreasing rotation period (e.g. [28]).
The most rapidly rotating isolated stars of this type have rotation periods of
~ 8 hours, much longer than the synchronously rotating secondary stars found
in most CVs. One would therefore expect CVs to show even higher levels of
magnetic activity. There is a great deal of indirect evidence for magnetic activ-
ity in CVs — magnetic activity cycles have been invoked to explain variations
in the orbital periods, mean brightnesses and mean intervals between outbursts
in CVs (see [44]). The magnetic field of the secondary star is also believed to
play a crucial role in angular momentum loss via magnetic braking in longer-
period CVs, enabling CVs to transfer mass and evolve to shorter periods. One of
the observable consequences of magnetic activity are star-spots, and their num-
ber, size, distribution and variability, as deduced from astro-tomography of CV
secondaries, would provide critical tests of stellar dynamo models in a hitherto
untested period regime.

2 Detecting the Secondary Stars in CVs

Detecting spectral features from the secondary stars in CVs is not easy. There are
two main reasons for this. First, CVs are typically hundreds of parsecs distant,
rendering the lower main-sequence secondary very faint. Second, the spectra of
CVs are usually dominated by the accretion disc and the resulting shot-noise
overwhelms the weak signal from the secondary star. The result is that, in the
1998 study of Smith and Dhillon [37], only 55 of the 318 CVs with measured
orbital periods had spectroscopically identified secondary stars.
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The best secondary star detection strategy depends very much on the orbital
period of the CV, as this approximately determines the spectral type of the
secondary via the empirical relation

Sp(2) = 26,5 —0.7 P(h), P <4h
+ 0.7+ 0.2
(5)
— 332-25 P(h), P>4h
+31+05

[37], where Sp(2) is the spectral type of the secondary; Sp(2) = 0 represents a
spectral type of GO, Sp(2) = 10 is KO and Sp(2) = 20 is M0. Longer period
CVs therefore have earlier spectral-type secondaries, which generally contribute
a greater fraction (typically >75 per cent) of the total optical/infrared light than
the secondary stars found in shorter period CVs, which usually contribute only
~10-30 per cent [10]. Equation 5 can then be used in conjunction with a black-
body approximation to the wavelength, A, of the peak flux, f,, for a star of
effective temperature Ty,

Amax = 5100/Teg  pm, (6)

to obtain a crude idea of the optimum observation wavelength required to detect
the secondary star in a CV of known orbital period. With Teg ranging from
~6000-2000 K for the G-M dwarf secondary stars found in most CVs, Apax
ranges from ~0.8-2.5 pm, i.e. the optimum wavelength always lies in the optical
and near-infrared. In practice, when observing the secondary stars in longer-
period CVs it is generally best to observe the numerous neutral metal absorption
lines in the R-band around He (e.g. [13]; bottom-right, figure 2), whereas short
and intermediate-period secondaries are best observed via the TiO molecular
bands and Nal absorption doublet in the I-band (e.g. [43]; top-right, figure 2).
If optical spectroscopy fails to detect the secondary star in a CV, as is often
the case in the shortest-period dwarf novae and the nova-likes (which have very
bright discs), it is possible to use near-infrared spectroscopy in the J-band [19]
and K-band (e.g. [10]); the brighter background in the near-infrared is offset to
some extent by the greater line flux from the secondary star at these wavelengths
(e.g. [20]; top-left, figure 2). In addition to absorption-line features, emission-line
features from the secondary star are sometimes visible in CV spectra, especially
in dwarf novae during outburst and novalikes during low-states (e.g. [9]; bottom-
left, figure 2). These narrow, chromospheric emission lines originate on the inner
hemisphere of the secondary star and are most probably due to irradiation from
the primary and its associated accretion regions. The emission lines are usually
most prominent in the Balmer lines, but have also been observed in Hel, He Il
and MgII (e.g. [17]).

2.1 Skew Mapping

If the secondary star is not visible in a single spectrum of a CV, one might
naturally think that co-adding additional spectra will increase the signal-to-
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Fig. 2. Secondary star features in CV spectra. Clockwise from top-left: IP Peg [20],
Z Cha [43], DX And [13] and DW UMa [9].

noise and hence increase the chances of a detection. This is true, but only if
the additional spectra are first shifted to correct for the orbital motion of the
secondary star, as otherwise the weak features will be smeared out. The problem
is that the orbital motion is not known in advance; the solution is to use a
technique known as skew mapping [39].

The first step is to cross-correlate each spectrum to be co-added with a tem-
plate, usually the spectrum of a field dwarf of matched spectral type, yielding
a time-series of cross-correlation functions (CCFs). If there is a strong correla-
tion, the locus of the CCF peaks will trace out a sinusoidal path in a ‘trailed
spectrum’ of CCF's, in which case plotting the velocity of each of the CCF peaks
versus orbital phase allows one to define the secondary star orbit. More often,
however, the CCF's are too noisy to enable well-defined peaks to be measured.
Instead, the trailed spectrum of CCFs is back-projected in an identical manner
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Fig. 3. Skew maps of the old nova BT Mon [38].

to that employed in standard Doppler tomography ([22]; Marsh, this volume) to
produce what is known as a skew map. Any noisy peaks in the trailed spectrum
of CCF's which lie along the true sinusoidal path of the secondary star will re-
inforce during the back projection process, resulting in a spot on the skew map
at (0, Ky), where K is the radial-velocity semi-amplitude of the secondary star.

Figure 3 shows an example of the successful use of the skew mapping tech-
nique applied to the old nova BT Mon [38]. The value of K5 determined from
the skew map (205 kms~!) was used to produce a co-added spectrum which
enabled the rotational broadening and spectral type of the secondary star to
be accurately determined. These system parameters were then used to calculate
the distance and the component masses of BT Mon, which provide fundamental
input to thermonuclear runaway models of nova outbursts. Although a pow-
erful technique which is invaluable in the detection of faint secondary stars in
CVs, skew mapping does not, however, provide surface images. To do this, other
techniques are required, which we shall turn to now.

3 Mapping the Secondary Stars in CVs

The secondary 