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Abstract. A new genetic eclipse mapping method GEM is presented. A genetic algorithm was used to reconstruct accretion
disks with the Double Dataset eclipse mapping method. With the
introduction of “Black Sheep” into the evolution, an increase of
the speed of evolution by a factor of ten was reached. By applying the new algorithm to test data and to observational data the
robustness and reliability of this new tool could be confirmed.
Despite the high amount of computing time, the fitness of GEM,
to be used as a reconstruction tool in the eclipse mapping algorithm, compares advantageously with the traditionally used
maximum entropy package MEMSYS. The reconstructions are
of high clarity and, less influenced by faulty data, not user–
biased and do not require the use of an user–supplied default
image. Applying this new algorithm to a dataset of the cataclysmic variable IP Peg a rough fingerprint of a spiral arm is
found in the position coordinate representation of the quiescent
accretion disk. This phenomenon is discussed and compared
with previous works.
Key words: methods: numerical – stars: novae, cataclysmic
variables – accretion, accretion disks – stars: individual: IP Peg

1. Introduction
When C.R. Darwin went aboard the MS Beagle, this was the
starting point of one of the most exciting changes of mankind’s
perception of the world and its creation by introducing the principle of natural selection (Darwin 1859).
This principle is easy to code and represents the central part
of all optimization-programs called evolutionary algorithms.
The genetic algorithms (hereafter GAs) are a subset of these
(Baeck 1996). GAs are not common in astrophysics and other
sciences, despite their robustness and easy application. GAs can
be applied to every optimization problem, linear or not.
In this paper a genetic algorithm to solve an inverse problem
is presented. I used the slightly modified and problem adapted
GA PIKAIA, created by Charbonneau (1995) as a basic tool for
my genetic eclipse mapping algorithm GEM. This algorithm is
applied instead of the maximum entropy optimizer MEMSYS
(Skilling & Bryan 1984) to perform the eclipse mapping (see
Horne 1985, for a description of the eclipse mapping algorithm).

In Sect. 2 a short description of the genetic algorithms, eclipse
mapping and Doppler tomography is given. The GEM algorithm
is discussed in Sect. 3 and methods of acceleration of evolution
are presented in Sect. 4. The application of GEM to test data as
well as to observations is outlined in Sects. 5 and 6. A discussion
and an outlook in Sect. 7 complete the paper.

2. Methods and improvements
2.1. Genetic algorithms
Genetic algorithms are not a new invention. First papers were
published, describing the application of GAs in astrophysics
(Hakala 1995; Charbonneau 1995; Charbonneau & Knapp
1996). Especially the article of Charbonneau (1995) is recommended for a good introduction into GAs and various examples
of applications (see also Holland 1962 and Davis 1991). In recent years GAs were applied to problems in helioseismology
(Charbonneau et al. 1998), spectral decomposition (McIntosh
et al. 1998) and coronal modelling (Gibson & Charbonneau
1998).
GAs mimic life in the computer. First a problem has to be
parameterized. This parameter set can now be regarded as an individual. Then many individuals play the game of life, evolving
closer and closer towards the optimum solution for the problem. The general principles of GAs, like selection of parents,
crossover, mutation and the en– and decoding of individuals are
very well described by Charbonneau (1995) and Charbonneau
& Knapp (1996) and the reader is recommended to read the
appropriate sections in these articles.
The advantage of a genetic algorithm is its ability to explore
the total parameter space with high efficiency. But contrary to
Monte Carlo methods, the information of a good random result
is kept in the population in genetic form and passed on to the
next generation through heredity. Because of the effective exploration of the parameter space, the global optimum is found
with high probability and the risk to end up in side extrema is
very low compared with “classical” optimizers (Charbonneau
1995). Although genetic algorithms are less efficient than classical local methods, such as for example conjuate gradients, the
result does not depend on the starting points and is not userbiased (McIntosh et al. 1998).
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2.2. Eclipse mapping and Doppler tomography
Cataclysmic variable stars (CVs) are close binary systems, containing a late main-sequence star and a white dwarf primary star.
Material is transferred from the Roche-lobe filling secondary
star towards the primary star by means of a gas stream. Due to
conservation of angular momentum an accretion disk is formed,
where the action of viscosity allows the material to slowly spiral inward towards the primary star. A hot spot is formed on the
disk at the stream impact region. Most of these binary systems
undergo outburst states which vary in duration and brightness.
Dwarf novae are a subgroup of CVs showing quasi-periodic
outbursts, at intervals of tens to hundreds of days, during which
they brighten by several magnitudes.
Two different methods have been developed to investigate
CVs, namely eclipse mapping and Doppler tomography. The
eclipse mapping method allows to get a spatial reconstruction
of the intensity distribution of accretion disks from light curves
(Horne 1985, 1991,1993,1995; Horne & Cook 1985; Horne &
Marsh 1986; Baptista & Steiner 1993; Rutten et al. 1992a,b;
Rutten & Dhillon 1994; Bobinger et al. 1997,1999).
Doppler tomography (Marsh 1988; Marsh & Horne 1988;
Horne 1991) reconstructs the intensity distribution of the accretion disk in velocity coordinates. Doppler maps are computed
from trailed spectra and are able to resolve and separate the
intensity distribution of the individual components in a semi–
detached binary system, like secondary, hot spot and disk in
velocity coordinates. Both methods are now established as standard applications to investigate the accretion dynamics in disks
of cataclysmic variables. The classical eclipse mapping uses the
maximum entropy fitting package MEMSYS (Skilling 1981;
Skilling & Bryan 1984) to compute a maximum entropy reconstruction of an accretion disk, using an one dimensional light
curve as input dataset. In a cataclysmic variable with a sufficiently high inclination, the accretion disk and all related light
sources like the hot spot, the white dwarf or any emitting structure in the disk undergo a periodical eclipse by the secondary
star, creating an unambiguous feature in the light curve. The
eclipse mapping method reconstructs the intensity distribution
of the accretion disk on a two-dimensional grid, in order to fit the
observed data within a maximum allowed χ2 deviation, called
CAIM1 . MEMSYS is thereby varying the intensity of the pixel
grid until the χ2 of the model reaches CAIM. Then the pixel
values are varied to maximize a defined image entropy, holding
the constrained χ2 = CAIM. The image entropy is maximized
with respect to a default image. The influence of the default image to the reconstruction is discussed in Bobinger et al. (1999).
Contrary to the classical eclipse mapping, I used a polar grid
and a concave disk with an outward facing rim. This rim consists of three pixel rows and allows to reconstruct anisotropic
light sources, like the hot spot, which produces phase dependent
intensity variations in the light curve like the hump.
The method was also enhanced to the so-called Double
Dataset eclipse mapping (Bobinger et al. 1999). In addition to
the light curve, simultaneously recorded trailed spectra are used
1

In this paper the reduced χ2 value is used, i.e the χ2 divided by N .
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as a second dataset. By assuming a Keplerian velocity field for
the disk, it is possible to reconstruct accretion disks nearly free
of artifacts. For details see Bobinger et al. (1997), Rutten (1998)
and Bobinger et al. (1999).
3. Genetic eclipse mapping
The difference between the Double Dataset eclipse mapping
(Bobinger et al., 1999) and the genetic eclipse mapping GEM
is the use of the slightly modified genetic algorithm PIKAIA2
(Charbonneau 1995) instead of MEMSYS (Skilling & Bryan
1984). The accretion disk population is encoded as follows:
Each disk consists of 612 surface elements3 . To all of these elements an intensity value is assigned. All the intensity values are
normalized to the interval [0;1] and encoded to the sixth digit.
For example the value 0.123456 would become the digit–string
(1, 2, 3, 4, 5, 6). So every disk could be regarded as a single cell
individual with 612 chromosomes and six genes per chromosome, encoded in base 10. The crossover and mutation operators where therefore applied for every individual to all of its 612
chromosomes separately. The standard PIKAIA would use one
gen-sequence, i.e. one chromosome of length 612 × 6 = 3672
and applie the crossover and mutation operators therefore for
each individual only one time. Trial runs turned out a higher
speed for using the multi-chromosome crossover and mutation,
than for the standard single-point crossover and mutation (the
dependence of performance-speed from the size of the problem
remains to be investigated. For smaller problems, the singlepoint crossover and mutation might be better (Charbonneau
1999, priv. comm.).
The fitness of each individual is calculated by the following
formula, called Fitness–Function (hereafter FF):
Fi =

χ2i

1
,
+ λ × Gi

(1)

whereby Fi is the fitness value for individual i. The χ2i measures
the deviation between the data produced by the individual i and
the data to fit. Gi is a value that denotes the granulation of the
individual i. A sum over all geometrical means of all neighbors
of all pixels to calculate the Gi value is used. This value gets
lower the smoother the disk is, and plays a similar role as the
entropy in MEMSYS. But contrary to MEMSYS this Gi value
is independent of a default comparison image! The influence of
the default image to the reconstruction performed with MEMSYS is discussed in Bobinger et al. (1999). By construction the
Gi value is lower for one pixel with a certain intensity than
for two pixels with half the intensity. The effect is that structures are concentrated as much as possible, but the χ2 constraint
is respected. But here other methods are possible, including a
default dependent entropy like in MEMSYS.
2
PIKAIA was run with its default settings. See Charbonneau &
Knapp (1996) for details for example concerning the variation of the
mutation rate.
3
34 azimuthal sections, 15 radial sections plus 5 sections for the
rim, also divided into 34 azimuthal sections.
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Table 1. Representative journal of catastrophes: χ2final is the χ2 value at the end of the run. Ncat denotes the number of catastrophes applied and
∆gen the number of generations between the catastrophes. Ngen and Npop are the total number of generations and the number of individuals
in the population respectively. NBS is the number of “Black sheep”. All catastrophes were run with PIKAIA’s default settings, but with
multi-chromosome crossover and mutation (details in the text).
Catastrophes:
χ2final
Ncat
∆gen
Ngen
Npop
Comments

No Catastrophe

Part. Random Reinitialisation

Increase of Genetic Variation

“Black Sheep”

644.5
–
–
2000
128

559.6
3
500
2000
128

541.0
3
500
2000
128

3.6
–
–
2000
128

–

60% Replacement

20% Variation

NBS = 28, 10% Variation

The λ parameter is calculated in each generation anew (like
in MEMSYS in each iteration step (Skilling & Bryan 1984). Its
aim is to give about the same level of influence to both attributes,
the χ2i (ability of an individual to fit the data) and the Gi (less
and concentrated structures on the disk–individual surface). An
example will illustrate the idea behind it: Imagine nature having the job to create a fast-swimming thing. It might be a better
way to create an animal that has both attributes at the same
time during the evolutionary process, because something that is
fast, is not necessarily a good swimmer (swallow, cheetah) and
something that is swimming well might not be fast (coconut, jellyfish)! In the FF the normal phenotype parameters are rescaled
to their “true” values and the corresponding light curve and
trailed spectra for each individual are calculated. From this the
global data–χ2i and the surface intensity granulation value Gi
for each individual are calculated, from which the fitness Fi for
the individual is determined. When the χ2i value of an individual
is lower than or equal to the CAIM target value, the χ2i value
was set to CAIM, leaving the Gi value as only operating fitness criterion. So when the χ2 target CAIM was reached, only
the granulation was improved during the following generations
(see also the captions of Figs. 3 and 4). The question when to
terminate the evolution is discussed in Sect. 7.
4. Catastrophes and other Black Sheep
To make life more realistic to the accretion disk population,
catastrophes and “Black Sheep” were introduced.
In earth’s history several serious catastrophes happened. A
big meteor impact near the coast of America is supposed to have
caused the extinction of the dinosaurs. What was a catastrophe
for the dinosaurs was an opportunity for the mammals. It is also
supposed, that the magnetic field of our earth has reversed polarity several times. The last time this happened, coincided with the
erectness of some primates. All these catastrophes are discrete
catastrophes which lead to a jump in the evolutionary process.
Black Sheep are a special case of catastrophes, i.e. individuals not completely in conformity with the common trends and
customs. They are acting in each generation like a permanent
catastrophe.
The above mentioned catastrophes are a good way to bring
additional variation into the population beside the natural mutation. They inspired the following “software-catastrohes”:

– Partial Random Reinitialisation Catastrophe (Meteor)
A big amount of the population (for example 60%) is randomly replaced by a new random population (but in contrast
to reality, elitism4 still works in the algorithm). This catastrophe is nothing more than a partial random re–initialisation
of the population.
– Increase of Genetic Variation Catastrophe (Magnetic
Field)
All genetic information (i.e. every surface element) in the
total population is varied by a random generator within certain limits (for example ±20%). The global shape of the
individuals is preserved, but they get locally noisy.
– “Black Sheep” Catastrophe
Black Sheep are created in every generation anew and are
therefore a permanent catastrophe. They are randomly distorted copies (for example 10%) of the fittest individual. So
they are similar to the Magnetic Field catastrophe but apply only to the nearest neighborhood of the fittest individual
(mutate-best-replace-worst). They can be regarded as a sort
of “fitness gradient patrol” around the current optimum (i.e.
around the fittest individual).
Some trial runs were made to test the influence of catastrophes to the speed of evolution. For the test an artificial dataset,
described in Sect. 5, was used. Because of the high amount of
computational time, the trial runs were stopped after 2000 generations. In every case a relatively small population of 128 individuals was used. Each discrete catastrophe was applied three
times per run, i.e. each time after 500 generations. The Meteor
impact was simulated by randomly replacing 60% of the population. The reversing of the Magnetic Field was simulated by
varying the genes of all individuals in their phenotype representation randomly within 20%. Black Sheep, as a permanent
catastrophe, were created by replacing the 28 worst individuals
with images of the fittest individual, which was varied in its
genes randomly by 10% in every generation.
Table 1 shows a representative listing of the catastrophes
and their influence. In the first line the reached χ2 value is presented. All catastrophes had a good influence on the evolution
which can be seen from the lower χ2 values compared with the
4

Elitism means, that the current fittest individual is preserved and
enters the next generation unchanged.
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The Figs. 1 and 2 present the evolution of fitness (——–),
G (-...-...-) and χ2 (-.-.-.-) of the fittest individual in the population during 2000 generations. Both plots have the same scales,
whereby the abscissas are logarithmic. The final χ2 values are
listed in Table 1.
5. Application to test data

Fig. 1. Representative trace of the evolution when no catastrophe has
occurred. Fitness (——–), granulation G (-...-...-) and χ2 (-.-.-.-) of
the fittest individual in the population are plotted over the generation
number. The abscissas are scaled logarithmically. The final values of
χ2 , granulation G and Fitness of this “first” individual are listed in
Table 1. χ2 and granulation G are basically decreasing with roughly
constant logarithmic “evolution–speed”.

Fig. 2. Representative trace of the evolution when Black Sheep as permanent catastrophe are applied. Fitness (——–), granulation G (-...-...-)
and χ2 (-.-.-.-) of the fittest individual in the population are plotted over
the generation number. The abscissas are scaled logarithmically. The
final values of χ2 , granulation G and Fitness of this “first” individual
are listed in Table 1. Note that the granulation is rising during the first
350 generations, while the χ2 value is dropping with a highly increased
speed, compared with the “no–catastrophe” case, presented in Fig. 1.

final χ2 value when no catastrophe occurs (first column). It is
obvious that the Black Sheep seem to be the “best” catastrophe.
And indeed, the speed of evolution is accelerated by about a factor of 10! To reach χ2 = 1 with no catastrophes about 100000
generations were needed, whereby only 10000 generations were
necessary by applying Black Sheep.

In order to test the GEM algorithm, a model accretion disk map
was created. This map has increasing intensity towards the center and a hot spot at the rim near the impact region of the gas
stream. To test the feasibility of the reconstruction algorithm to
non-axisymmetric light sources, a second spot was added onto
the disk. From this artificial disk a light curve was calculated and
Gaussian noise was added to simulate real data. This light curve
was then used as input data to the GEM algorithm to reconstruct
the original map. From this map a trailed spectrum was also calculated, by assuming a Keplerian velocity field, to transform the
map from position coordinate representation into trailed spectra.
Also Gaussian noise was added to the spectrum to simulate real
data. Doppler tomography now allows to calculate the intensity
distribution of the original map in velocity-coordinates by using
this trailed spectra as input data. Fig. 3 shows in four sub-panels
the artificially created map (B), the derived light curve (A),
the trailed spectra (C) derived from the map (b) and finally the
Doppler-map (D) calculated from the trailed spectra, assuming
a Keplerian velocity field for the disk. The arrows between the
panels should clarify the data-flow. Fig. 4 shows the GEM reconstruction of the original map, using the light curve (Fig. 3A)
and the trailed spectra, derived from the map in Fig. 3B, under
the assumption of a Keplerian velocity field, as a double dataset
(see also Bobinger et al. 1999). In Fig. 4 the fittest individual
of the population is plotted. The quality of the reconstruction is
good and comparable to the reconstruction quality reached by
using a maximum entropy algorithm as an optimizer (see Fig. 5
of Bobinger et al. 1999). The slight “granulation” in the map
(Fig. 4B) reflects the genetic variation of the population, which
makes it fit to survive and allows the population to evolve away
from side–extrema.
6. Application to observational data
6.1. The dataset
During an observing campaign in August 06–09 1994 simultaneous spectroscopy at the 3.5m and spectrophotometry at the
2.2m telescopes at the German-Spanish Astronomical Center,
Calar Alto, Spain, were performed, to obtain data from the cataclysmic variable IP Peg during quiescence. From the trailed
spectroscopic dataset the Hγ , Hβ and Hα Balmerlines were
extracted. The spectrophotometric data were recorded with the
MEKASPEK device of the Universitäts-Sternwarte München
(Mantel & Barwig 1993; Mantel et al. 1993,) and enabled us
to extract photometric light curves of the Balmer lines Hγ , Hβ
and Hα . Data acquisition and the reduction methods used are
described and explained in detail in Wolf et al. (1998), Šimić
et al. (1998) and Bobinger et al. (1999). For a discussion about
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Fig. 3. Original test map: (A) light curve between phase -0.2 and +0.2. in arbitrary units, derived from the map displayed in (B). (B) Intensity
distribution of the test map in position-coordinate representation. The dashed circle represents the outer disk radius. Pixels outside the dashed
circle belong to the rim and are folded upward for plotting reasons. Also the Roche lobe and the gas stream trajectory are plotted. The unit is
the distance between the white dwarf and the inner Lagrangian point L1 . (C) Trailed spectra derived from the map in (B), assuming a Keplerian
velocity field. (D) Doppler map, reconstructed from the trailed spectra shown in (C) with a Fourier filtered back projection algorithm. A schematic
overlay marks the Roche lobe of the secondary as well as the ballistic trajectory which originates from the L1 point. Additionally plotted is a
second trajectory which represents the velocity of the disk along the path of the gas stream (upper trajectory).

the secondary see also Wolf et al. (1998) and Bobinger et al.
(1999). These articles also contain a detailed description and
discussion of the geometry used for reconstruction.
6.2. The results
The original trailed spectra and the Hγ , Hβ and Hα emission
line light curves as input dataset were used, to reconstruct the
accretion disk of IP Peg in these emission lines. Panels A show
the smoothed (boxcar filtered) Balmer line light curves derived
from the MEKASPEK dataset and the fit (solid line) to the data.
In panels B the fittest individuals of the GEM reconstructions
are plotted, panels C present the trailed spectra derived from the
fittest individuals shown in panels B. In panels D the Doppler

maps, derived from the trailed spectra in panels C, are presented.
For all GEM reconstructions between 50000 and 60000 generations were necessary. The χ2 target CAIM was reached in all
cases within the first 25000 generations. The remaining generations were used to improve the smoothness of the population
(see Sect. 7 for a discussion about the termination of the evolutionary process).

7. Discussion and outlook
The GEM reconstructions in position coordinates (Figs. 5B, 6B,
7B) show more structure as their MEMSYS counterparts in the
paper of Bobinger et al. (1999). The MEMSYS reconstructions
are smoother and look locally different especially in Hγ and Hα
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Fig. 4. Genetic Double Dataset Reconstruction of the original map, shown in Fig. 3B, using the light curve and the trailed spectra shown in
Fig. 3A,C as the input dataset. (A) in this plot shows the input data and the fit to the light curve (solid line). (B)shows the reconstruction in
space-coordinate representation. (C) presents the trailed spectra, derived from the map in (B) under the assumption of a Keplerian velocity field.
(D) visualizes the corresponding Doppler-map in velocity-coordinates. The genetic reconstruction was stopped after 40000 generations. χ2 = 1
was reached about during the first 10000 generations. During the remaining 30000 generations, only the attribute “granulation” was optimized.

(The reader is encouraged to compare the results with the numerical simulations of Makita et al. 1998). The Doppler maps, derived from the reconstructions, are a valuable criterion to judge
the quality of the reconstruction. They only have to be compared with the original Doppler maps derived directly from the
observed trailed spectra.
In order to visualize the different reconstruction qualities,
all Doppler mapping results are plotted in Fig. 8. The Doppler
maps derived from the original trailed spectra (taken from Wolf
et al. 1998) are plotted in the top row (Hγ , Hβ and Hα from left
to right). In the second row from top, the Doppler maps derived
from the Double Dataset GEM reconstructions are shown (this
paper). The third row from top shows the Doppler maps derived
from the Double Dataset MEMSYS reconstruction (taken from
Bobinger et al. 1999). In the bottom row the Single Dataset
MEMSYS reconstruction (from Wolf et al. 1998) are presented.

Taking the top row as a benchmark for quality, the Double–
Dataset reconstructions are superior than the reconstruction
where only the light curve was used as input dataset. But the
MEMSYS and the GEM reconstructions show internal differences, depending on the optimizer used. The first is the different
χ2 handling. MEMSYS is a gradient algorithm. It calculates not
only the entropy gradient, but also a χ2 gradient map. This χ2
gradient map is very sensitive incorrect error estimates. The error bars in the trailed
√spectra were derived from photon statistics,
i.e. the error is ∝ countrate. If a erroneous spectrum has a
low count rate, then its corresponding error is also low. But low
error means high weight for MEMSYS. The algorithm will try
to make the fit closer to this wrong data points than to the correct
ones. GEM has the advantage to work with a global χ2 number
and ignores wrong data points automatically. The second difference is the user bias of the MEMSYS results. This user bias
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Fig. 5. Genetic Double Dataset reconstruction in Hγ , using the light curve and the trailed spectra as input dataset. The fittest individual of
the population is plotted. The arrows between the panels clarify the data-flow. (A) shows the input data and the fit to the light curve (solid
line). (B) shows the reconstruction in position coordinate representation. The dashed circle represents the outer disk radius. Pixels outside the
dashed circle belong to the rim and are folded upward for plotting reasons. Also the Roche lobe and the gas stream trajectory are plotted. The
unit is the distance between the white dwarf and the inner Lagrangian point L1 . (C)presents the trailed spectra, derived from the map in (B)
under the assumption of a Keplerian velocity field. Missing phase–ranges due to data gaps are marked with white empty rows. (D) visualizes
the corresponding Doppler map in velocity coordinates. A schematic overlay marks the Roche lobe of the secondary as well as the ballistic
trajectory which originates from the L1 point. Additionally plotted is a second trajectory which represents the velocity of the disk along the path
of the gas stream (upper trajectory).

comes in, when the starting image has to be defined. When the
starting image is too high (low) at the very beginning, the result
will be also too high (low) in some regions of the reconstructed
disk. Especially in this regions which have week correlations
do the data, for example the outer regions of the disk. A lack of
intensity in the outer regions of the disk can be compensated by
an increase of intensity in the disk rim and vice versa. This user
bias was not found in the GEM reconstructions, as simulations
show. Because of this I take the GEM reconstructions for the
more reliable ones.
One exception is the Hα reconstruction. Because the trailed
spectra dataset in Hα covers only the phase range between 0.42

to 0.9 (less than 50% of the total phase), the light curve fit in
Fig. 7A shows a low quality in the phase range after the eclipse.
The flux level is too low there. Despite their robustness with
respect to wrong data, the GA has difficulties to deal with incomplete datasets. The global χ2 handling, being an advantage
in dealing with wrong data, is now a handicap. MEMSYS reconstructs the Hα light curve very well (see Fig. 9A in Bobinger
et al. 1999), because it is a gradient algorithm and respects all
data points via the corresponding χ2 gradient map. GEM has no
chance to do so, because it has no information about the “local”
χ2 gradients of the data points. Therefore a dataset as complete
as possible is necessary to run GEM properly.
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Fig. 6. Genetic Double Dataset reconstruction in Hβ , using the light curve and the trailed spectra as input dataset. The fittest individual of the
population is plotted. The arrows between the panels clarify the data-flow. (A-D) are described in Fig. 5.

When Steeghs et al. (1997) detected spiral structures in the
accretion disk of the cataclysmic variable IP Peg, the notion
about accretion disks changed. They are not describable by only
one linear (radius–) dimension but need a 3-dimensional description. The feasibility and observability of spiral structures
in accretion discs are discussed in Bunk et al. (1990) and in
Steeghs & Stehle (1998), respectively. A discussion about the
impact of spirals to the standard accretion disk model is given
in Sawada et al. (1987). The origin of these spirals is not completely settled up to now, but one reason might be that they
are tidally induced by the secondary star (Savonije et al. 1994).
Simulations of spiral structures in IP Peg were performed by Armitage & Murray (1998) and Matsuda et al. (1998). Advanced
three dimensional particle simulations of accretion discs, yielding shocks and spirals, were calculated by Yukawa et al. (1997),
Makita et al. (1998) and Boffin et al. (1998) respectively. Comparing the Fig. 2 in Yukawa et al. (1997), Fig. 4 in Makita et al.
(1998) and Figs. 1 and 2 in Boffin et al. (1998) with our Balmer

line reconstructions (especially Hγ , Fig. 5), a moderate concordance can be seen, despite the relatively poor signal to noise
ratio of the dataset used. All simulations made by the previous
mentioned authors show one or two spirals in the disk which
are counterclockwise winding inward. This structures are originating from the impact region of the gas stream (hot spot) and
are forming an annulus–like structure in the inner regions of the
disk (the spirals are wound up more narrow as they go inward).
The second spiral arm, which is rotated by π and therefore originating roughly opposite to the hot spot, leads to an increased
density in the “lower” part of the accretion disk, i.e about at
space coordinates (X; Y ) = (0.0; −0.3) or at velocity coordinates (VX ; VY ) = (+800; 0.0) km s−1 . The bright spot in the
reconstructions at this coordinates (see Fig. 6, Fig. 7 and especially Fig. 5) can be therefore regarded as a rough fingerprint of
such a spiral arm (compare with Fig. 2 in Matsuda et al. 1998).
This raises the hope, that it will be possible to reconstruct spiral structures in space coordinate representation with reliable
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Fig. 7. Genetic Double Dataset reconstruction in Hα , using the light curve and the trailed spectra as input dataset. The fittest individual of the
population is plotted. The arrows between the panels clarify the data-flow. A-D are described in Fig. 5. Note that we could obtain only 50%
phase coverage in Hα .

clearity, using datasets with a better signal to noise ratio. To
do this, simultaneous spectro–photometry and spectroscopy at
large telescopes are necessary. The spectroscopic task would
be to record trailed spectra and the spectro–photometry would
provide the possibility to extract the emission lines from the
underlying continuum and to get emission line light curves of
the CV. Such datasets, with high enough signal to noise ratio,
would allow to reconstruct the accretion disks with a high time
resolution and to follow the evolution of the assumed spirals.
This could answer the question as to whether the angular momentum transport in accretion disks is due to viscous processes
or to spirally shaped shock fronts(see Sawada et al. 1986a,b,
1987; Spruit 1989).
Double Dataset eclipse mapping gives better reconstructions, but together with genetic algorithms a further increase
of reconstruction quality is possible. The GEM algorithm turns
out to be very robust and non–sensitive with respect to wrong
data and error bars and is not user biased. The algorithm is easy

to code, no matrix operations had to be carried out, no gradients
to be calculated. The risk to end in a side–extrema is very low
for a “typical” optimization problem.
But there are also some disadvantages: One problem is to
decide when to stop the evolution. Any “classical” (or mathematical) optimizer can reach the top of an extremum exactly.
But when the fitness function depends on different quantities,
such as χ2 and granulation, things are more complicated. For
the χ2 criterion some limit (usually CAIM = 1.0) can be defined. But it is not clear what granulation value is a good one.
It is also difficult at some evolutionary stages to distinguish between granulation and structure. When the evolution is more
advanced, the fitness gradient might be very low. At this evolutionary stages one has to wait a long time (despite the Black
Sheep) to improve the fitness of the population. This leads to
some subjectivity in the reconstruction. The user has to decide
to stop or to go on. But this is the central difficulty in all heuristic
search techniques.
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Fig. 8. Doppler maps reconstructed with a Fourier filtered back projection algorithm. (Hγ , Hβ and Hα from left to right): Top row: Doppler
maps from the original trailed spectra. Second row from top: Doppler maps calculated from the spectra derived from the GEM reconstructions.
Third row from top: Doppler maps calculated from the spectra derived from the Double Dataset MEMSYS reconstructions. Bottom row: Doppler
maps calculated from the spectra derived from the Single Dataset MEMSYS reconstructions. A schematic overlay marks the Roche-lobe of the
secondary as well as the ballistic trajectory which originates from theL1 point. Additionally plotted is a second trajectory which represents the
velocity of the disk along the path of the gas stream (upper trajectory).
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Another point is the high amount of computational time.
With MEMSYS the reconstructions were made in about three
hours CPU time, GEM needed almost three weeks (on a DEC
3000 175MHz Workstation). But highly parallelized computers
could change things in the future. A computer with, for example 500 processors and running a (parallelized) GEM algorithm
would be even faster than MEMSYS today, when each processor calculates one individual of the population (even without
Black Sheep).
To speed up evolution, Black Sheep seem to be a good
method. Black Sheep are surrounding the fittest individual like
an “exploring cloud”, searching for better solutions in the nearest neighborhood of the fittest individual. They act like a rather
strange gradient optimizer5 .
A possible extension of the algorithm will be the Triple
Dataset eclipse mapping. Using the Doppler maps derived from
the original trailed spectra, it should be possible to reconstruct
also the velocity fields (azimuthal & radial) by adding two “velocity cells”. Comparing the top row and the second row of
Doppler maps in Fig. 8 it turns out, that the region around the hot
spot (velocity coordinates (VX ; VY ) = (−600; +400) km s−1 )
is not properly reconstructed. The reason is that the assumed
velocity field, used to transform the map in space coordinate
representation into trailed spectra, is not valid in the hot spot
region. There the velocities of the outer disk and the in-falling
gas stream are mixed. This region also can be expected to be
very turbulent (for a interesting discussion about the hot spot region and their appearance in Doppler maps see Spruit & Rutten
1998). By introducing the velocity cells into the evolutionary
process and by adding the original Doppler maps to the light
curve and trailed spectra as third dataset, this region should be
reconstructed well, yielding the corresponding velocity field.
Such a project needs new datasets with a good signal to noise
ratio, recorded at large telescopes. Complete datasets, covering
a total period, could make “velocity mapping” possible.
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