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This paper reports on progress we have made in modelling cosmic X·ray sources 
on supercomputers. The results we present are meant to serve as an example 
for the fact that sophisticated visualization techniques playa crucial role in 
scientific computing. Among the graphical methods we demonstrate, raytracing 
in curved space-time and a physically motivated 3D-volume rendering algorithm 
might be of interest to the graphics community in general. 

1. Introduction 

In a clear night we can observe with the naked eye several thousands of objects in the sky. 
A modern telescope like the one at Mount Palomar Observatory reveals millions of stars , 
nebulae and galaxies. Together with observations in 'he radio, UV, X-ray, and "I-ray band 
of the electromagnetic spectrum, astronomers have collected over the years a huge amount 
of data which serves as a basis for the more theoretically oriented astrophysicists like us to 
develop theories in order to explain the physics that is going on up there. However. the closer 
tbe predictions of the models are to match the observations, the more complex the models 
become, which for many astronomical objects leads to thE" situation that one can only solve 
their underlying equations with the help of modern supercomputers. Fortunately, our group 
has fairly good access to the Cray-2 of the nearby University of Stuttgart, and we use this 
facility extensively to simulate various aspects of certain astrophysical objects. Without 
really having been aware of the activities already going on in the field of VlSualisation 
in Scientific Computing, tbe huge amount of data produced by the supercomputers, the 
problems in steering such long· run simulations efficiently, and the need to communicate 
our results to other scientists automatically forced us into developing graphical methods 
to deal with these issues. By now, baving learned that ViSC is becoming a research area 
of its own right, we find our needs as well as our problems so accurately described in the 
SIGRAPH Report on ViSC [IJ . that we were encouraged to present some of our results to 
the graphics community. 

2. X-Ray pulsars 

In order for the non-astrophysics reader to be able to appreciate our color pictures we 
also have to describe the physical scenario (Fig. 1) to some detail. The cosmic objects we 
concentrate on in this article are the X·ray pulsars which are the strongest X-ray sources 
in ollr milky way. An X·ray pulsar actually is a close binary system, which means that it 
consists of two stars which circle around each other at a relatively small distance. One of the 
two components is a normal star (e.g. like our sun), the other one is a fast rotating neutron 
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PiS. 1: The physical co.mponents or an X-r"1 pulaar ; a binary aystem, an accretion dilk, an ac<:retion 
column together with an obae~d light curve 

star. A neutron star is a very compact object with a radius of oo1y about 10 kID , but a mass 
of about one solar m . Like the earth , a neutron star exhibits a magnetic dipole field , 
this field , however, is IOU times strong r than that of the eartb. As we will understand 
later on , the neutron star emits intensive X-rays from an a.rea close to its magne~ic poles. 

ince tbe magn tic axis of the neutron star is in general not aligned with its rotational axis, 
the ob rver on earth sees the X-ray emi ion pulsed at the rotational frequency. From the 
light curve which is the ~mporal resolution of the observed radiation inten ity one can also 
derive other details of the system like the distance between the objecu and the various 
angles of inclination. 

3. Accretion disks 

The enormous mass density of about 500 million tODS per cm3 inside the neutron star pro
duces a v ry strong gravitational field around it. This field not only deforms the companion 
star, but even pulls matter (rom it which then falls towards the neutron star. However, be
cause of the conservation of angular momentum this matter will not directly hit the neutron 
star surface but will form a thin accretion disk around it. It is easily conceivable from the 
schematic scenario in Fig. 1 that for certain geometrical situations not oo1y the compan
ion star but also the accretion disk will hide the X-ray emission area .from tbe terrestrial 
observer and will influence the X-ray light curve of the object. Furthermore, due to the 
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FIc. 2: CoDtour plot of the particle density of a Fig. 3: Some velocity vectors correspoDdiDg to 
model accretioll disk the particles iD Fig. 2 

viscous frictio.n in the accretion disk, the disk itseU will be hot and will contribute to the 
radiation of the system in the visible part of the spectrum. Therefore, in order to be able to 
model the observational data, a detailed knowledge of the accretion disk is required and we 
try to gain a deeper understanding of the related phenomena by simulating the formation 
of accretion disks with the help of a computer. 

Physically, the matter of the accretion disk is well described by hydrodynamic equations 
where the only external forces are the gravitational attraction of the two stars and the 
in ernal forces are the pressure gradi nt and a viscous interaction. The equations are solved 
by mean of a numerical method called particle simulation in which many real particles are 
grouped together to form a m ive pseud()-particle. We then follow the trajectory of each 
pseudo-particle by integrating its properly scaled equation of motion . The viscosity term is 
modelled by assuming that at each time step the velocities of the pseud()-particles within 
a certain neighbourhood are redistributed in such a way that the deviations from tile local 
mean velocity are reduced . Altllough this method allows us to simulate the system with 
much I particles than ther are in reality (on tile order of l02b) we still need more than 
1 Q4 pseud()-particles to acl:tieve the desired accuracy, wllich leaves us with a problem which 
is tractable only on current supercomputers. 

For numerical reasons the simulation was carded out witll a white dwarf as the accreting 
object instead of a 1000 times smaller and much faster rotating neutron star. Binary systems 
of trus type are called cataclysmic variables. We start our computation without ·a disk and 
let particles tream through the intedor Lagrange point at a constant rate. After a few 
orbital periods oC the stars (typically several hours in real time as well as in Cray-2 CPU 
time) a stationary disk has formed which means that the same amount of matter which 
feeds the accretion disk from the companion star leaves it at its inner edge to Call onto 
th neutron star. Traditionally, the results of such a simulation would be presented as 
contour plots of the computed particle density, possibly enhanced by some representative 
velocity vectors as shown in Figs. 2 and 3. However, trus Corm of presentation does not 
give a realistic impression of the disk because, even if one could zoom in on it with a 
telescope, the variations in density are not a directly observable quantity. Furthermore a 
pile of contour plots does not appear to be an adequate means oC monitoring the state of 
a very expensive computation because in practice it is usually only available long after the 
simulation run has finished . 

A much more suggestive way of visualizing the computed accretion disk is shown in Figs. 4" 
and 5". We place the two-dimensional disk in relation to the other objects in the scene let
ting the colour coding represent the local temperature which is calculated from the viscous 

• See page 546 for Figures 4 and 5. 
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Fig. 6: The light curve resulting from Ihe accretion disk in Fig. 5 
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heating in the disk . We also try to get as many of those pictures and as soon as possible on 
to our workstations in order to understand the complex dynamics involved in the formation 
process and in order to be able to react promptly on unexpected simulation results. This 
procedure is still a long way from the desirable realtime visualization of supercomputer 
simulations, but we are currently involved in a networking research project to develop a 
remote procedure call mechanism which is adequate to close this gap. Since the presented 
pictures actually display what one would see (if one would be able to see more than just 
the visible part of the electromagnetic spectrum) . a simple but correct way to compute the 
light curve of the total radiation coming from the disk itself is to sum up over its visible 
pixels on the screen (Fig. 6) . 

4 , Radiation hydrodynamics 

A detailed analysis of Fig. 5 reveals a hot spot where the particle stream coming from 
the companion star hits the accretion disk as well as a hot region at the inner border of 
the disk. In the case of an X-ray pulsar the inner edge of the accretion disk is coupled to 
the pulsar magnetosphere which forces the accreting particles to follow the magnetic field 
lines. When they finally hit the surface of the neutron star at the magnetic poles the strong 
gravitational field bas accelerated them to velocities of up to one balf of the speed of light 
and the strong magnetic field has channeled them in such a way that about 100 billion tons 
per second fall onto a region of only a few Icm2

• During the sudden deceleration shortly 
above the neutron star surface the huge amount of kinetic energy is converted to radiation 
and results in a hot spot at the bottom of an accretion column where temperatures of about 
100 million degrees produce an X-ray emission of about 1030 Watt which is more than 1000 
times the energy that our sun radiates in the whole spectrum. Since both magnetic poles 
circle around the rotational axis the X-ray beams are observed as pulses each time they 
wipe across the earth. 
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Fig. 9: Photon traj~ctories from tb~ neutron star 's surface to a distant observer 

In order to explain the resulting light curve like the one in Fig. lone has to model how 
the radiation is produced in the accretion column and how it can pass through the hot 
and magnetized plasma which moves with relativistic speed. On the one hand the infalling 
plasma drags along the generated X-ray quantas forcing them to leave the column primarily 
in direction towards the neutron star surface. On the other hand the plasma itself is decel
erated by the enormous radiation pressure. Thus, one has to solve the complicated problem 
of spectral radiative transfer in fast moving media selfconsistently with the hydrodynamics 
of the infalling plasma. umerically this leads to an iterative procedure with the solution of 
an eUiptic partial differential equation in each step which again requires the computational 
power of a modern vector computer. 

The result of these calculations (details can be found in [2)-[5]) is, for each point on a grid 
covering the surface of the accretion cylinder, the intensity of the radiation of a certain 
energy which leaves the column there in a specific direction (which is also discretized in 
two angles). This three-dimensional array is again visualized in such a way that it shows 
what an observer would actually see if he could zoom in on the accretion column with a 
high resolution X-ray telescope (Fig. 7" ). In this special case our approach , which appeals 
to the scientific intuition , led us to gain additional physical insight. Only by being puzzled 
by a black screen , which we got when looking at the accretion column from stee'p angles, the 
question arose what happens to X-ray photons which do not reach the observer because they 
hit the neutron star surface. The answer is that they get reprocessed there and reemitted 
isotropically which leads to a halo-component around the accretion disk (Fig. 8" ). Again , 
we compute model light curves by summing up the visible pixels for the various rotational 
phases and it turns out that the halo-component plays an important role here. 

5. Relativistic light deflection 

A further complication in modelling the observed light curves results from the fact that 
there are phases where we can see both emission regions at the same time although the mag
netic poles are located exactly in opposite direction on the neutron star surface. This is an 
implication of General Relativity: if a massive object becomes as compact as a neutron star, 
the structure of space-time in its vicinity is described by a curved, rather than Euclidean 
geometry. According to General Relativity, photons follow the so-called null geodesics in 
the given metric of space-time. In a curved space-time these paths differ significantly from 
the straight lines in Euclidean flat space. As a result, light rays which are emitted near 

• See page 546 for Figures 7 and 8. 
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Fig. 10: Neutron star wtlh spherical grid in Euclidean 8at spa« (1.(t) and in cur""d space·tim. 
(right ) (or different angles o( inclination 

the surface of a neutron star will not follow a straight line but will be deflected by more 
than 45°. The amount of deflection is determined by the ratio p = T . ITs of the neutron 
star's radius T. to its Schwarzschild radius TS = 2GM. lc2 , where G, c, and M. denote the 
gravitational constant , the speed of light in vacuum, and the star's mass. Smaller values of 
p mean a more compact star and consequently a stronger light deflection . In the follOwing , 
we will always use p = 2, which corresponds to a neutron star with a mass of about 1.5M 0 
(solar masses) and a radius of about 9 km . 

Fig. 9 shows the paths of photons as they travel from the neutron star 's surface to an 
asymptotically distant observer, compared to the straight rays of flat space. As a conse
quence of the light deflection the field of view is stretched and photons emitted on the 
back side of the star can reach the observer. In order to compute the displayed trajectories 
we use a raytracing technique for non-perspective views. For each pixel on a hypothetical 
screen at the distant observer we determine the location on the surface of the star where 
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Fig. 11: Rotaung neutron s~ with antIpodal hot spots 
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the corresponding light ray has been emitted . nfortunately, the equation describing the 
light path cannot be written in closed form as in Oat space. Rather, we have to numerically 
compute a (one-dimensional) integral along the path which is a problem that is somewhat 
analogous to tracing a light ray in a medium with a continuously varying index of refraction. 

The effects of the relativistic Light deOection are visualized in Fig. 10. They show a star 
that has a spherical coordinate grid mapped onto its surface as it appears in Oat space on 
the left ide and in curved space-time on the right side for various angles of inclination of 
the polar axis with respect to the line-of-sight. The grid lines have a width of 3° and are 
evenly spaced at fj.iJ = fj..p = 15° , lines of iJ = 90° or <p = n· 90° are shown with double 
width for ease of visualization . The pictures in Fig. 10 have been computed in two steps: 
First. any pair of neighbouring points was checked for whether a line of the coordinate 
grid passes between the points. Lf this is the case, the point closest to the line was set. 
In the second step . the lines were given the width mentioned above, and the points on 
the screen that correspond to a point on the star lying on such a broadened Line were set. 
These broadened lines give the picture a much more ' realistic ' appearance, aad they also 
contain some information about the physics of the situation (d. [6]). However, the second 
tep alone would not be sufficient to obtain a satisfactory picture , since it might miss lines 

which appear very narrow due to geometric reasons. Therefore, the first step is necessary to 
ensure that all visible lines will be shown completely in the picture. This procedure requires 
around 500 seconds of CPU time on a CRA Y-2 to compute one picture with a resolution 
of 2400 x 2400 points for output on a laser printer. 

Fig 11. shows a pair of antipodal hot spots rotating together with the neutron star at 12 
different phases of the rotation. The angle between the center of the hot spot and the axis 
of the star's rotation is chosen to be 45°. The visibility of the hot spots in curved space-time 
is significantly different from the Oat space case: obviously both hot spots will be visible 
at the same time for certain angles of inclination, a fact which dramatically changes the 
shape of the observed light curves. 
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6. Atoms in strong magnetic fields 

In addition to tbe various aspects already mentioned. we also need to know the behaviour of 
matter III SUDDg magnetic fields in order to be able to underatand the cosmic X-ray sources 
lQ detail. For the most simple physical atomic system, tbe hydrogen atom. the effect of a. 
magnetic field of small strength is wen known as the usual Zeeman splitting DC the emission 
lines into three components. For large values of the field strengtb, however. the Lorentz 
force of the exlernaJ magnetic field domina.tes tbe internal Coulomb {orce, changiog the 
atomic structure drastically (for det';'" see [7». 
Quantum mechanically tbe problem Call be described by Schrooinger's equation with a 
Hamilton-operator if, which includes the kinetic energy of the electron, the Coulomb in
teraction between the proton and tbe electron. and the infiuence of the magnetic field . 
Mathema.tically we are dealing with an eigenvalue problem. Tbe eig~nvaJues ar~ tbe ener
gies of tbe eigenslates 'II. which determine the probability dl!tributioD 1""1' ofthe electron . 
A sliUldud metbod for solving such an eigenvalue problem is tbe expansion of lit in a com· 
plete basis where tbe set of coefficients of this expansion l' called the eigenvector. These 
coefficients can be determined approximately by diagonalizing the truncated matrix. For 
tbe case where the strength of the Lorentz force and the Coulomb (orce becomes com· 
parable. these ma.trices can have dimensions up to 225,000 with about lOS Donvanisbing 
elements. The CPU time on the CRAY-2 needed to diagonalit.e such a matrix and to com
pute 100 eigell\'3lues and eigenvectors is only about 100 uUnutes if one CilD use the full 2 
Giga.byte of main memory. From tbe computed eigenvectors the eigenstates can be rebuilt 
and displaytd for deeper JDsights. 
Fig. 12 sboW!. a tradiliona.l wa,y of displaying the probability distribution"" a.s a. function 
plot of a. two-dimensional array. HO\o\'enr. since"" i5 a tbr~dimensional (unction. it takes 
se .. -eral projections and a lot of imagination to regain tbe full information. In order to obtain 
a correct impression of tbe probability distribution of tbe eigenstate! in tbe real three 
dimensional space \\o;th only one picture, we use the method of line-o(-sight integration (cc. 
18j): The three dimensional scalar field 1'1'12 emits "light" with an intensity proportional 
to tbe numeric values of tbe scalar field, which it penetrates without absorption The 
scalar field is therefore equivalent to an "optically thin self.radiating gaseous nebula" . The 
intensity which a distant observer receives (rom such an object out of a specifi(' direction 
is just the integral along tbe line-of·sight of the intensities emitted towards the observer. 

We used this algorithm to visualize the 5110 state of a. hydrogen a.tom for different magnetic 
field strengths in Fig. 13, Obviously, tbe shape of the hydrogen atom becomes longer and 
thinner with the increase of the magnetic field . In Figs. 14- and 15- the hydrogen atom 
still in a homogeneous magnetic field - lS shown in a highly excited state. Such Rydberg 
atoms are studied because they allow to test the correspoadence prinople which states 
that for high quantum numbers all observable quantities in classical mechanics must have 
their counterparts in quantum mechanics The classical system of an electron and a proton 
is known to show chaotic behaviour under certain circumstances. wbich, if found also in 
quantum systems. could help to describe tbe symptoms of quantum chaos. 

7. Condusion. 

The cosmic objects we told you about in this paper are 50 incredibly far away (millions o( 
light years) that for the near (and probably for tbe far) future there is no chance to get 
pictures o( them which sbow more than just a point of light . The same is true (or objects on 
the opposite side of the physical length scale: No imaging technique is known that can reveal 
tbe internal structure of even the simplest atom. However, wi,h the modelling capabilities 

• See page 546 for Figures 14 and 15. 
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Fi&. 12: Tbree·dimell8lonal plot of tbe probability of preRnce distribution of an H-atom in an excited 
nate 

of supercomputers and the high-resolution color graphics of modern workstations, we are 
able to produce synthetic but physica.lly correct pictures, zoom in on them - and see the 
unseen _ 
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FI,. U : Probability of prnence of the: el«1ron In an nclt~ state of t he H-Mom for IncreasinS 
values of the magnetic field stre:ntth 


