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Preface 1

Preface

Two years ago, in November 2000, we organized the first meeting of postgraduate 
students in astronomy and astrophysics.

The success of this meeting motivated us to organize the second meeting 
in January 2002. According to our original intention it seems we have been 
able to start a tradition. Being one of the organizers and participants of these 
meetings, it is a great pleasure, honour, and satisfaction fór me to present this 
proceedings.

We think that this conference was a good occasion fór the young researchers 
in astronomy and astrophysics to present and discuss their researches and re­
sults.
The speakers gave their talks covering the following areas of astronomy:

• Application of (Magneto)hydrodinamics to Astrophysical Problems

• Celestial Mechanics

• Extragalactic Astronomy

• Interstellar Matter

• Variable Stars

We alsó hope that the readers of this volume will find interesting and useful 
ideas fór their future works.

We are grateful to the Department of Astronomy of the Eötvös University, to 
the Hungárián Astronomical Foundation/IBVS and to the National Federation 
of PhD Students fór their financial support.

Zsolt Sándor
Organizing Committee
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A POSSIBLE MODEL FÓR THE FÁST SOLAR 
TACHOCLINE

Emese Forgács-Dajka
Eötvös Loránd University, Department of Astronomy 

H-1518 Budapest, P.O.Box 32., Hungary 
E-mail: E. Forgács-DajkaQastro . elte.hu

Abstract

One possible scenario fór the origin of the solar tachocline, known as 
the “fást tachocline”, assumes that the turbulent diffusivity exceeds r) > 
109cm2/s. In this case the dynamics will be governed by the dynamo- 
generated oscillatory magnetic field on relatively short timescales. Here, 
we present detailed numerical models fór the fást solar tachocline with 
all components of the magnetic field calculated explicitly, assuming axial 
symmetry and a constant turbulent diffusivity 7? and viscosity u.
Keywords: Sun: interior - MHD - tachocline

1. Introduction

The existence and properties of the tachocline have been known from helioseis- 
mic studies, recently reviewed by Corbard et al. (2001). The tachocline is known 
to be extremely thin (Corbard et al., 1999; Charbonneau et al., 1999; Basu & 
Antia, 2001).
The extreme thinness of the tachocline implies a strongly anisotropic transport 
of angular momentum. Several different mechanisms have been proposed fór 
this transport, bút it is now widely believed that the magnetic field is instru- 
mental in its origin (Gilman & Dikpati, 2000; Gilman, 2000).
Depending on the value of the magnetic diffusivity, this magnetic field may 
either be a. weak permanent, primordial field pervading the solar interior, or 
the strong oscillatory field generated by the solar dynamo. It follows that fór 
T) < 108cm2/s the dynamo field cannot penetrate the tachocline, and we can 
expect the tachocline to be pervaded by the internál primordial field. On the 
other hand, fór 7? > 109 cm2/s the tachocline dynamics should be governed by 
the dynamo field. As the associated diffusive and Lorentz timescales are alsó 
very different, these two cases basically correspond to the case of “slow” and 
“fást” tachocline, discussed in the literature (see esp. Table I in Gilman, 2000; 
Brun, 2001).
The case of a slow tachocline has been studied extensively in recent years by 

elte.hu


8 E. Forgács-Dajka

a number of authors (MacGregor & Charbonneau, 1999; Rüdiger & Kitchati- 
nov, 1997; Garaud, 2001). The alternative case of a fást tachocline, in con- 
trast, has received much less attention. This is so despite that several authors, 
(e.g. Gilman, 2000) noted that the tachocline is more likely to be dynamically 
coupled to the convective zone than to the radiative zone, and that a part 
of the tachocline is known to overlap with the strongly turbulent convective 
zone, especially at higher latitudes. Faced with this situation, in a recent paper 
(Forgács-Dajka & Petrovay (2001), hereafter FDP01) we considered the case of 
a turbulent tachocline with a turbulent diffusivity of about 10^ cm^/s, pervaded 
by an oscillatory dipólé field.
In the present paper we will include a self-consistent calculation of the poloidal 
field.

2. Equations

The time evolution of the velocity field v and magnetic field B are governed by 
the Navier-Stokes and induction equations. We write these in a frame rotating 
with the fixed internál rotation rate Qo:

ötv + (v • V) v = V Q|Do x r|2 - v) - 2(Q0 x v)

1 / B2\ 1 1
—V ( P + —(B • V)B -|—V • f,p \ 8tt J ánp p (1)

and
ö(B = Vx(vxB)-Vx (t?V x B), (2)

where r is the radius vector, r is the viscous stress tensor, 7/ is the (turbulent) 
magnetic diffusivity, V is the gravitational potential and p is pressure. These 
equations are supplemented by the constraints of mass and magnetic flux con- 
servation.
We assume spherical geometry and axisymmetry in all our calculations. The 
velocity and magnetic fields can be written as

v = v(r, 6, t)r sin 0e^ (3)

B = B(r, 0, + V x pl(r, 0, , (4)

where B(r, 0, t) and A(r, 0, t) represent the poloidal components of the magnetic 
field and of the vector potential, respectively; 0, t) = Q - Qo is the residual 
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angular velocity, is the azimuthal unit vector and the meridional circulation 
is neglected.
The evolution of the poloidal magnetic field is, in contrast, self-consistently 
calculated by integrating equation (2) as usual:

<M + 1 n(vm • V)(rsin#A) = í? (V2
r sin 0 \

1
r sin# A. (5)

The computational domain fór the present calculations consists of just the upper 
part of the radiative interior, between radii r;n and rbcz> where rbcz is the radius 
of the bottom of the convection zone. Fór the integration of equations we use the 
following boundary conditions. At the pole and the equator axial and equatorial 
symmetry is required fór w, and dipólé symmetry fór the magnetic field:

dgu = B = A = 0
dgu = B = dgA = 0

at # = 0, 
at # = 7t/2. (6)

The bottom of our box is supposed to be a rigidly rotating perfect conductor — 
a good approximation fór the solar interior. The rigid rotation speed is fixed at 
the observed rate Q0/2tt = 437 nHz. Thus, the lower boundary conditions are:

u> = B = A = 0 at r = Fin (7)

At the upper boundary of our domain, i.e. at the bottom of the convective zone, 
we use the following boundary conditions:

W — ílbcz Ho

A = Ao sin # COs(Wcycí)
B = 0

at r = rbcz, (8)

The physical assumptions behind these conditions are the following. Fór w we 
suppose that the rotation rate can be described with the same expression as in 
the upper part of the convection zone. In accordance with the observations of 
the GONG network, the expression used fór Qbcz is

— = 456 - 72 cos2 3 - 42 cos4 # nHz. 
2?r

(9)

Our upper boundary condition on the poloidal field is the simplest possible 
representation of the poloidal component of the solar dynamo field, a dipólé 
oscillating with a period of 22 years. The factor Ao fixes the poloidal field
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Figure 1: Spreading of the differential rotation intő the radiative interior fór 
r) = v = 1010cm2/s. Left-handpanel: contours of the time-average of the angular 
rotation rate w(r, ö, t) under one dynamo period. Equidistant contour levels are 
shown, separated by intervals of 100nHz/Qo, starting from 0 towards both non- 
negative (solid) and negative (dashed) values. Right-hand panel: normalized 
differential rotation amplitude Aw at different latitudes as a function of radius. 
The peak amplitude of the poloidal magnetic field is Bp ~ 2570 G.

amplitude. Finally, the upper boundary condition chosen fór the toroidal field 
assumes that the toroidal field is negligible in the convective zone compared to 
its value in the tachocline. Such a hypothetical situation is in line with current 
thinking in dynamo theory, and it may be a natural consequence of buoyancy- 
driven instabilities effectively removing any toroidal flux from the convective 
zone.
The initial conditions chosen fór all calculations are

w(r, 9, t = 0) = nbcz - Qo 
w(r,9,t = 0) = 0
B(r,0,í = O) = O

at r = rbcz
at t < rbcz

(10)
A(r, 9, t = 0) = Aq sin 9
A(r,9,t = 0) = 0

at r = rbcz 
at r rbcz



A possible model fór the fást solar tachocline 11

Figure 2: Left-hand panel: The thickness of the tachocline at different latitudes 
as a function of time fór the case in Figure 1. Right-hand panel: Latitudinal 
variation of the mean tachocline thickness fór the case in Figure 1. A vertical 
dashed line indicates the poleward limit of reliable helioseismic data.

3. Results and discussion

We present results fór a case with Prm = 1, r/ = v = 1010cm2/s, and no merid- 
ional circulation. This case corresponds to that computed in FDP01, except that 
the poloidal field is now nőt prescribed throughout the volume, bút explicitly 
calculated. The results are shown in Figure 1. In the left-hand panel we plotted 
the contours of the time-average of the angular rotation rate, which is defined 
as w(r, 0) = Jt+ cyc w(r, 0, t) dt. In the right-hand panel the differential 

rotation amplitude Aw is defined as Aw = w(r, ö, t) — f^2 u>(r, 6, t) sinödö and 
Aw = u(r,0) — f0 aj(r,9) sinödö. The thickness of the tachocline will be de­
fined throughout this paper as the scale height of Au> (i.e. the depth from the 
top of our domain where Au is reduced by 1/e). By “mean thickness”, in turn, 
we will refer to the scale height of Aw.
The results shown in Figure 1 are in accordance with those in FDP01. In 
particular, we confirm that an oscillatory poloidal field with dipolar latitude 
dependence at the tachocline-convective zone boundary is able to confine the 
thickness of tachocline.
In order to find the right value of confining field strength Bcont we experimented 
with many different field strengths, however, in this paper we only present re­
sults computed with B = Bconf (cf. FDP01 fór calculations with other field 
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strengths). The value of the confining field strength is found to be 2570 G for 
the reference case, it is in line with in FDP01.
The detailed dynamics of the Solutions indicates that the thickness of the tacho- 
cline, in generál, increases with latitude, and it alsó shows a strong dependence 
on cycle phase (Figure 2). In particular, the tachocline tends to be significantly 
wider at higher latitudes on the mean, while it is alsó more time-dependent near 
the poles (Figure 2 left-hand panel). While the relatíve shortness of seismic data 
sets does nőt permit firm conclusions about the cycle dependence of tachocline 
properties yet, the overall form of the mean thickness-latitude relation (Figure 2 
right-hand panel) is in good qualitative agreement with the available helioseis- 
mic Information (cf. Figure 9 in Basu & Antia, 2001).
Computer animations illustrating the time development of somé of our Solutions 
can be downloaded from the following web site: http: //astro. elte. hu/kutat/ 
sol/fastl/fastle.html
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Numerical Simulations of Blinker Events

Dániel Marik1,2 and Róbert Erdélyi2
1 Eötvös Loránd University, Department of Astronomy 

H-1518 Budapest, P.O.Box 32., Hungary 
2Sheffield University, Department of Applied Mathematics 

Hounsfield Road, Hicks Building S3 7RH, UK
E-mail:1 dmar ikOastro. elte. hu,2 RobertusQshef f ield .ac.uk

Abstract

The transition region blinkers are one of the most controversial phe- 
nomena in the lower solar atmosphere observed in the pást five years. 
According to our model these small-scale bright intensity enhancements 
may play a significant role nőt only in the solar transition region bút even 
in the solar wind acceleration and the solar atmospheric plasma heating. 
They were mainly found, e.g., in He I (584.33 Á), O III (599.52 Á), O IV 
(554.52 Á), O V (629.73 Á) and Mg IX (368.06 Á), respectively (Harrison, 
1997). Their typical parameters are: the mean lifetime is approximately 
16s, the intensity enhancement ratios are around 1.8, and the appearing 
frequency on the whole solar surface is at 1 —20s-1. Blinker events appear 
to be increases in density or filling factor rather then to be increases in 
temperature. Most of the blinkers have repetitive natúré and high per- 
centage of these events Occur above regions where one magnetic polarity 
dominates.

We have developed a simple physical model of blinkers based on the 
process of magnetic reconnection (Priest, 1982). In the present paper 
we show our results of solving the fully nonlinear, time-dependent, dissi- 
pative, radiative 2-D MHD equations using a staggered mesh. By setting 
the initial parameters describing blinkers we found propagating jets with 
similar properties found by observations.
KEYWORDS:5un: transition region - blinker - magnetic reconnection

1. Introduction

There are numerous observaions about blinkers produced by the Coronal Diag- 
nostic Spectrometer (CDS) of the Solar and Heliospheric Observatory (SOHO). 
The most frequently investigated lines are He I, formed at 2 ■ 10 'K (chromo- 
spheric line), 0 III, 0 IV, and 0 V formed in the transition region at 105K, 
1.6 ■ 105K and 2.5 • lO5^, respectively and Mg IX, Mg X formed at 10f‘A' and 
1.2 ■ 106K.

ac.uk
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Blinkers are best detected in the O V line and are found to occur in both the 
active and quiet region of the Sun. The typical behaviour of the active-region 
blinkers are very similar to the quiet-region blinkers (Parnell et al., 2001). In 
order to understand the problem of blinker events we recall somé data obtained 
by (Bewsher et al., 2001) considering only the quiet region blinkers.

The mean lifetime of a blinker event is approximately 16 minutes, the mean 
rise and fali times are at around 8 minutes and the intensity enhancement ratios 
are around 1.8. The frequency of blinker events on the whole Solar surface 
is at around 1 - 20 s-1. Futhermore there are evidences that blinker events 
appear to be increases in density or filling factor rather than to be increases in 
temperature. Most of the blinkers have a repetitive natúré bút according to a 
Fourier and wavelet analysis no evidence of any periodic behaviour in blinkers 
can be found.

The statistical analysis of blinkers alsó shows that the distribution of blink­
ers is nőt uniform, they are located in regions of strongest emission in the 
chromospheric and transition region lines. In addition almost the totál number 
of blinkers occur above well defined strong magnetic fragments and approxime- 
tely 75% of this events can be found above regions where only one polarity 
dominates.

Our basic idea to model blinker events is the phenomena of magnetic recon- 
nection. In the present study our aim is to investigate the reconnection jects 
caused by the process of magnetic reconnection in a 2D physical environment 
representing the solar transition region. Magnetic flux cancellation is initiated 
by a localized increase of the magnetic diffusivity in the current concentration.

2. Basic Equations and Initial State

In the present case we are considering the atmospheric solar plasma as an ideál 
gas in the presence of magnetic field. Fór simplicity, the effect of gravity is 
neglected. The governing equations of a 2D dissipative, radiative MHD are can 
be seen in, e. g., (Roussev et al., 2001a).

We consider the initial magnetic field configuration as follows

B^O,^); By = Bq tanh ( C-y- ) , 
\ ^0/

where Lo and Bo are the typical values of a length scale and magnetic field 
strength, respectively, and C is a constant. (In our calculation the y axis is 
perpendicular to the solar surface.) Futhermore the initial equilibrium velocity 
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is assumed to be zero throughout the computational domain. The totál pressure 
balance can be considered as

B2 B2
— + P = -^- + P0 = const.

where P is the kinetic gas pressure. We initially assume a uniform kinetic gas 
pressure distribution in the y-direction and, as a result, the thermal energy 
e = Pl^ — 1) is alsó uniform in the y -direction. To represent the transient, 
region we use the following expression fór the density stratification in the y 
-direction:

Q(y) = 00 1 + Ap < 1 — tanh £ / X-r-^y + ys)
■oo

where Qo represents a typical value of the mass density in the low density region; 
2Ap means the jump in density across the transition region; e is a steepness 
paraméter; and ys is a shifting paraméter. In the x direction we use the following 
form of the mass density distribution:

p(x) = £o

where ö is a free paremter (one over the polytropic index). Finally, we alsó 
assume an energy balance in the entire physical domain fór the initial State: 
S(x,y) - Vq(x,y) - Lr(x,y) = 0 at t = 0, where S, q and Lr are the volumetric 
heating rate, the heat flux and the radiative loss, respectively.

In order to characterize the diffusion of the magnetic field we can initiate a 
localized magnetic diffusion as follows

Vloc = rjoF^ exp ]--^[x2 + (y + y0)2]

where F(t) is a function of time, a is a steepness paraméter, y0 is a shifting 
coefficient and t/0 is defined as % = VA0L0/Rm (Rm is the magnetic Reynolds 
number, VAo is the Alfvén speed given by VA0 = Bo/ y/öö).

This model represents the physical situation when two magnetic flux tubes of 
opposite polarity are pushed together and are in contact due to their foot-point 
motions.

3. Numerical Method

We have used a 2D compressible MHD code based on staggered meshes (Nord- 
lund et ah, 1995). The MHD equations are solved in a 2D domain using non- 
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uniform staggered grids. The grids are stretched in the x-direction to better 
resolve the region around the current concentration. In the y-direction, how- 
ever, there is no stretching applied since we need high resolution all the way 
through in that direction. The MHD code conserves mass, momentum, energy 
and magnetic field divergence.

4. Simulation and Results

When the localised magnetic diffusion paraméter is switched on the magnetic 
field on either side of the current concentration starts reconnecting. This process 
changes the topology of the magnetic field and the magnetic flux is advecting 
intő the so-called X-point along the o:-axis, and is beeing expelled from the 
diffusion region through two reconnection jets along the y-axis of the domain. 
We can see in Fig. 1. there is a blue shifted jet propagating towards the high 
temperature region reaching a higher velocity and there is a red shifted jet 
moving towards the high density region.

Figure 1: Time evolution of the density distribution representing the evolution of 
the two jets. The reál times of the images are Os, 240s, 275s from left to right, 
respectively. Domain size: [4.5Lo,4.5Lo] in the y-direction and [1.5Lo,1.5Lo] in the 
z-direction, where Lo = 3000 km.

The same code was applied to simulate explosive events (Roussev el al., 
2001c). Explosive events have different properties from blinker events. Fór 
example they are smaller and their lifetime is much shorter. The characteristics 
of maximum jet velocity profile is rather different, because explosive events have 
maximum jet velocity around the Alfvén speed. We do nőt have reliable data 
about blinker jet speeds. According to previous spactral studies it is predictable 
to be around 20 km/s (?) (Harrison et al., 1999).
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Figure 2: The ’crude’ (long dashed) and the integrated (dotted) velocity profiles 
obtained from the same simulation as we can see in Fig. 1. V™* is in Alfvén speed 
units (Vxo = 1-293 • 107 cm s-1).

In order to obtain Solutions similar to blinker events we need to find the 
appropriate initial parameters. The most important parameters are rjo, tri, 
tend, Nq, ys, and yo. We alsó have to take intő account several requirements, 
fór example: the evolving jets must show density enhancement effect rather 
than temperature enhancement. The maximum velocity of the jets must be less 
than 20 km/s. We alsó have to consider the duration and the rising time of the 
blinkers.

4.1. Velocity profile

In the recent work we are focusing on the velocity profile of the outwards propa- 
gating jets. Although there is no accurate data about the maximum jet velocities 
it is predicted to be around 20 km/s. Before we determine the maximum veloc­
ity caracteristics fór the jets we have to consider the following problems: (i) a 
CDS pixel overlaps a 1.7 x 4 domain which actually corresponds to a whole 
blinker area on the surface of the Sun. Hence, we observe an averaged image 
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from the whole blinker surface; (ii) the exposure time is 10 sec.; (iii) images are 
averaged over the whole depth of the domain. Taking intő account these facts 
we have to take mean values of the velocity along the x-axis at every points of 
the y-axis. In our calculation the domain along the x-axis was [0.21Lo,0.21Lo] 
symmetric about the y-axis. This domain on the solar surface corresponds ap- 
proximately to 1.7 . The next step is to take a mean value along the y-axis 
and finally we have to integrate the velocity profile in time fór every 10 minutes 
interval. The difference can be seen in Figure 2 between the ’crude’ and the 
integrated velocity profile.

Unfortunately we cannot simulate blinker effects longer than 8 minutes this 
time, because a simulation of an 8 minutes event takes approximately two days. 
Another problem is that 80-90 % of the blinker events belong to unipolar mag- 
netic field dominated areas. Hence this may suggest blinkers are nőt results of 
magnetic reconnection unless there is a tilt in the unipolar magnetic field. This 
latter requires observational proof.
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Abstract

Selected results based on the application of amplitude equation formálisra 
are presented. By means of this simple and very generál description of 
dynamic Systems, RR Lyrae pulsation and evolution can be treated col- 
lectively, despite the rather different timescales involved. The formálisra 
and the majority of the results are applicable to Cepheids, too.
Keywords: RR Lyrae, convection, pulsation, hydrodynamics, stellar evo­
lution

1. Introduction

Evolution and pulsation set two different timescales in most of the pulsating 
variable stars across the Hertzsprung-Russel Diagram. In the case of RR Lyrae 
stars the typical period is 0.5 day, hence the dynamical timescale is roughly 
10-3 yrs. Stellar evolution across the horizontal branch takes approximately 
100 millión years, so the difference between the evolutionary timescale and the 
dynamical one is at least 10 orders of magnitude. This renders collective mod- 
eling of pulsation and evolution almost impossible.

Fifth-order amplitude equations provide key ingredient to reduce the amount 
of costly and time-consuming hydrodynamical calculations. The formalism is 
alsó capable to describe phenomena that occurs on intermediate timescales (e.g. 
mode-switching, see Section 4.2).

2. Hydrodynamics

We use a 1-D hydrocode including turbulent convection, tailored to follow radial 
stellar pulsations. Equations and the method of treating turbulent convection 
can be found in Kolláth et al. (2002), Kolláth & Buchler (2000) and Buchler 
& Kolláth (2000). It should be noted that eight dimensionless parameters nőt 
defined by the theory are present in the equations, and the calibration does 
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nőt seem to be a straightforward task. We have circumvented the problem by 
setting the parameters to reproduce reasonable amplitudes and periods (Kolláth 
et al., 2002).

3. Amplitude equations

Amplitude equations may be applied to any dynamical system in which relative 
growth-rates of the excited modes are small and the pulsations are sufficiently 
weakly nonlinear so that an expansion in the amplitudes is justified. These 
conditions are valid fór both Cepheid and RR Lyrae stars.

During the following discussion we are considering only fundamental (F) 
and first overtone (ol) modes. The appropriate amplitude equations fór the 
nonresonant case are (Kolláth et al., 2002):

áo = ao(ob + Qoo|ao|2 + Qoi |«i |2 + So lao |2 |ai |2 + Roo|ao|4 + Roi |ai |4) (1)

ói = a^a-i + Qio|ao|2 + Qn lai |2 + 5] |ao|2|ai |2 + Rio|ao|4 + Rii|ai|4) (2)
where aj are complex amplitudes of the two modes, aj denote the linear 

eigenvalues fór an assumed eat dependence, k is the growth-rate, t? is the relative 
growth-rate, P is the period, Qjk, Sj and Rjk are the complex nonlinear coupling 
constants.

„ 2tt
aj = Kj + j-, Pj = ~; T)j = 2KjPj (3)

Qjk — Qjk + ÍQjki Sj = Sj + isj', Rjk = rjk + ifjk (4)
With the notations of Eqs. (4) and assuming aj(t) = Aj^e^AQ one can 

separate equations fór reál amplitudes (Aj) and phases (0,). One alsó notes 
that all these equations can be expressed in terms of A$ and A^. The constant 
amplitude Solutions of Eq. (1, 2), the so-called fixed points are therefore obtained 
from solving the equations

«o + 9oo Ag + <7oM2 + + rooAo + rOi Aj = 0 (5)

Ai = 0 (6)
ki + Qio^o + 9iMi + sMo712 + OoAq + m Al = 0 (7)

A) = 0 (8)
pairwise between Eq. (5,6) and Eq. (7,8).
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4. Pulsation and evolution

Fifth order amplitude equations (Eq. 1,2) are fitted to the instantaneous ampli- 
tudes and phases coming from the hydrodynamical results. Although amplitude 
equation coefficients are related to stellar parameters, it is impractical to dérivé 
them directly and therefore we rely on the fitting procedure, that provides them 
precisely and in a smooth way.

This way, hydrodynamical calculations and the amplitude equations reveal 
a great variety of modal selection possibilities. These include

• unstable pulsation : 1 stable (zero) fixed point, Ao = A^ = 0

• single-mode pulsation (F or ol) : 1 stable fixed point, Ao or Ai / 0

• double-mode pulsation : 1 stable fixed point, Ao • Ai / 0

• and even hysteresis (either F or ol; either double-mode or F) : 2 stable 
fixed points) in which case the actual pulsational mode depends on the 
direction of evolution.

4.1. Time independent amplitude equations

Using time independent amplitude equations, evolution throughout the HRD 
can be followed consistently concerning the pulsational States of the star. To do 
so, several model sequences were computed, in which L and M are held fixed and 
Teff is varied, thus mimicking approximately the horizontal branch evolution. 
The modal selection behavior was investigated by the fitted amplitude equations, 
and an example can be seen in Fig. 2.2..

The following tendencies were found at both Z = 10“3 and Z = 10-4:

• The location and the shape of the double-mode region (DMR) is inde­
pendent of metallicity (Szabó et al., 2000). Its width is greater at low 
luminosities and high masses, while gradually vanishes towards high lumi- 
nosity and/or low mass.

• Fairly wide either-or region (EOR) is present at every point of the (mass- 
luminosity-metallicity) paraméter space.

• At high luminosity and low masses, there is an additional fundamental 
mode region next to the EOR, at high temperature. It seems to be a 
common feature at all metallicities. Its existence means, that the fixed
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M

Figure 1: Modal selection of RR Lyrae sequences on the effective temperature - 
stellar mass pláne. Luminosity increases from left to the right L = 40,50,6OL0, 
Z = 10-4. ol: /irst overtone, F/ol: either overtone or fundamental mode, DM: 
pure double-mode, or either double-mode-or-fundamental-mode, F: fundamental 
mode. We call attention to the extra F region at high luminosity and low mass. 
All blue and red edges were computed nonlinearly, except fór F red edge, which 
is linear.

point of the fundamental mode loses it’s stability later, than that of the 
overtone during blueward evolution.

It should be noted that different set of dimensionless parameters can slightly 
shift or distort the apparent regions.

As an application, we mention recent developments on the modeling of 
RR Lyrae fundamental blue edge (Szabó, 2002). Latest results of modal selec­
tion computations fór a broad rangé of metallicities and recent horizontal branch 
evolutionary calculations (Demarque et al., 2000) in hand, we showed that the 
slope of the theoretical blue edge can be much less steeper than previously 
thought (Fig. 3.1.), and thus more consistent with observational constraints 
(compare with Kolláth et al. (2000)). This result emphasizes the importance of 
taking both modal selection hysteresis and evolutionary effects intő account in 
the modeling of classical instability strips.

*

4.2. Time dependent amplitude equations

Application of time-dependent amplitude equations, allowed the consistent de- 
scription of the mode-switching phenomena fór the first time (Buchler & Kolláth,
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Figure 2: Theoretical fundamental blue edges. Triangles show observed RRab, 
dots show RRc stars. Dotted lines show the rangé occupied by previous the­
oretical blue edges, while thick line delineates blue edge computed by taking 
account of modal selection as well as stellar evolution.

2002): At a soft switch (entry to the instability strip at the blue or red edge, 
switch from F to ol pulsation) the nascent mode starts off with infinitesimal 
amplitude and growth-rate. Stellar evolution causes a delay during which pul­
sation amplitude stays negligibly small, bút after which it very rapidly achieves 
its quasi-static value. The delay fór RR Lyrae stars is of the order of 1000 years, 
accounting fór the observed absence of low amplitude pulsators at the vicinity of 
the instability strips. The switching timescale is governed by the evolutionary 
rate of change of the growth rate. Direct hydrodynamical calculations, designed 
to mimic stellar evolution by changing the core characteristics (luminosity, i.e. 
energy-production), showed remarkable agreement with analytic considerations 
(Csubry et al., 2002).

At hard bifurcations (e.g. from double-mode to F during redward evolution) 
the stable fixed point disappears, and the star evolves towards another fixed 
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point. The rate of change of the amplitude is generally nőt infinitesimally small. 
The time-scale of the transition is very long compared to the thermal timescale.
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Abstract

The dynamical stability of five exoplanetary Systems is investigated by 
the method of the relatíve Lyapunov indicators. Studying the stability 
of the habitable zones, it has been found that in somé Systems there are 
regular regions, which might guarantee the long-term stability of fictive 
terrestrial planets.
Keywords: Exoplanetary Systems, Habitable Zone, Chaos, Relatíve Lya­
punov Indicators

1. Introduction

The continuing discovery of new exoplanetary Systems is a very rapidly growing 
and exciting field of astronomy. Since the main detection method is based on 
the Doppler-shift of the spectral lines of the Central star, the so far discovered 
exoplanets are massive objects (their masses fali intő the magnitude of Jupiter’s 
mass), and they revolve relatively near to the Central star. With the present 
accuracy of the observing techniques the detection of Earth-sized planets seems 
to be far away. On the other hand, the existence and dynamical stability of such 
objects in the habitable zones of exoplanetary Systems has a great importance 
with respect to the problem of extraterrestrial life.

The habitable zone of an exoplanetary system is defined (Kasting et ah, 
1993) as the region, where water can exist in fluid phase on the surface of a 
plánét. Fór stars close to the Sun’s spectral type and mass, the habitable zone 
is approximately between 0.7 AU and 1.5 AU. Fór stars with smaller mass and 
later spectral type than the Sun, the boundaries of the habitable zone are shifted 
inward.

In this paper we investigate the dynamical stability of the habitable zones of 
a few representatives of the known exoplanetary Systems. A commonly accepted 
way to perform stability investigations of a dynamical system is to separate the 
regular and chaotic regions of the phase space, which can be done by using chaos 
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detection techniques. In our study we have used a recently developed fást chaos 
detection method (Sándor et al., 2000).

It is well known that in our planetary system the dynamics of small bodies 
is governed by different resonances. The basic features of the motion of a small 
body are determined by the different mean-motion resonances between the small 
body and another massive object. The resonances can be classified as internál 
and external resonances, depending on the position of the investigated small 
object.

The discovered exoplanetary systems can alsó be divided in two classes de­
pending on the position of the giant plánét and the habitable zone. If the 
semimajor axis of the giant plánét is small (a < 0.5 AU ), the dynamics of the 
habitable zone is determined by external resonances (e.g. 70 Vir). If its semi­
major axis is larger (a > 1.5 AU), the stability of the habitable zone is governed 
by internál resonances (e.g. e Eri). If the giant plánét is in the habitable zone, 
the existence of a terrestrial like object is very unlikely in this region (except 
maybe the presence of habitable satellites of the giant plánét).

2. The applied method

In our approach we neglected the masses of the terrestrial bodies. Thus depend­
ing on the number of the giant planets in the system, we used the models of the 
planar restricted three or four-body problem. The system of the equations of 
motion can be written in vectorial form:

x = g(x), (1)

where the vector-valued function x(t) : K -> R" describes the evolution of 
the system and the dót represents the differentiation with respect to the time 
t. In order to study the long-term behaviour of the system (1) one can use 
numerical integration fór a very long timespan, or calculate quantities related 
to the stability. A traditional tool of characterizing the chaotic behaviour is 
the calculation of the maximum Lyapunov characteristic exponent (LCE). The 
LCE can be determined by integrating the original equations of motion together 
with their linearized equations:

Xn+1A _  y í ® | Aí I Xn I (2)

where í[-, At] represents symbolically a numerical integrátor with stepsize At, 
and Dg € Rnx" is the Jacobian mátrix of (1) evaluated at xn. Renormalizing 
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the vector G Rn after each step of the numerical integration, the quantity 
Sí = (1/At) ln(|£n+1|/|£n|) gives the local stretching rate of the flow, and it 
is called stretching number (Voglis and Contopoulos, 1994). Then the LCE 
belonging to an orbit emanating from x0 can be calculated as the limit:

1 nL^xq) = lim -Y' sí. (3)
n—>oo TI £' 

i=l

If L^xo) = 0, the orbit emanating from x0 is regular (stable), if L^xq) > 0 it 
is chaotic, therefore unstable. A serious disadvantage of the calculation of the 
LCE is that it can be obtained as a limit, thus its value can only be extrapolated, 
which makes the identification of weakly chaotic orbits very uncertain. In recent 
years investigations have been focused on the development of fást chaos detection 
methods. One of the recently developed fást chaos detection techniques is the 
method of the relative Lyapunov indicators (Sándor et al., 2000). The relatíve 
Lyapunov indicator (RLI) is the absolut value of the difference between two finite 
time Lyapunov indicators related to two very nearby points x0 and x0 + Ax0:

A£(n,x0) = |L(n,x0 + Ax) - L(n,x0)|, (4)
n

where L(n,xo) = (1/n) Y Sí is the finite-n approximation of the LCE, called 
í=i

finite-time Lyapunov indicator. The behaviour of AL(n,xo) as a function of 
x0 and n characterizes very efficiently the regular or chaotic natúré of an orbit 
originating from x0. In Figure 1 the behaviour of AL(n,Xo) can be seen fór a 
regular and a chaotic asteroidal orbit in the Sun-Jupiter-Saturn-asteroid system. 
The curve oscillating around a constant value (falling intő the magnitude of 
| Ax0|) represents regular behaviour, while the curve increasing rapidly indicates 
chaotic behaviour. Since the numerical integrations were carried out only fór 
1000 years, this method makes it possible to study a large number of initial 
conditions, thus to map the phase space of various dynamical systems. As a 
test of the method we investigated the a — e pláne of asteroids in the Sun- 
Jupiter-Saturn-asteroid system. Fór each pair of the initial conditions (a, e) we 
calculated the average value AL(t,a, e) fór tmax = 1000 years:

1 tmax

(AL(a,e)) =------ AL(iAt, (a,e)), (5)
tmax

and we assigned to each pair (a,e) the value (AL(a, e)). This value is small fór 
regular orbits, and larger fór chaotic orbits, therefore a good visualization bf of
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Figure 1: The evolution of &L(t,a,é) for a regular and a chaotic asteroidal 
orbit.

the dynamics can be obtained by using a gray scale representation in the a - e 
pláne, where light regions correspond to regular, while darker regions correspond 
to chaotic motions. The structure of the main beit of the asteroids is displayed 
in Figure 2a. In this figure we alsó show the osculating a and e values of about 
7000 asteroids. It can be seen that the distribution of the asteroids is confined 
to the regular regions of the a- e pláne.

3. Dynamical map of the exoplanetary Systems

The parameters of the studied Systems are summarized in the table:

System Mass of planet(s) Orbital elements
HD 80606
70 Virginis

^min ~ 3.43Afjup 
_ ^min = 7.42Afjup

a = 0.44AU; e = 0.93
a = 0.48AU;e = 0.40

14 Herculis 
e Eridani
47 Ursae Maioris o. 
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a = 3.17AU; e = 0.45
a = 3.36AU;e = 0.60
ai = 2.09AU;ei = 0.06
a2 = 3.73AU; e2 = 0.10

The observational method, based on the Doppler shift of the spectral lines of 
ie cen ra star, gives the quantity Msint as the mass of the plánét, which 

nummum va ue. Thus we performed our stability investigations with 
several masses. In our runs we used the following values: M. = M sini as
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Figure 2: Dynamical map of the main asteroid beit in the Solar System (a), and 
of the habitable zones of the Systems 47 UMa (b), HD 80606 (c), 70 Vir (d), 14 
Her (e), and £ Eri (f).

minimál mass, M2 = ^Afsiní as expected mass (obtained by integrating the 
angular momentum vector on a sphere), and M3 « 3.21M sin í, in which case the 
probability that the reál mass is larger than M3 is 5%. Our results show that the 
use of the different masses Mi does nőt altér substantially the structure of the 
a — e planes. As a minor difference we note that larger values of M, resulted in 
the decreasing of the stability regions. In what follows, we show the dynamical 
maps of the studied Systems obtained by using the mass M2.

In Figures 2c,d the a — e planes of the Systems HD 80606 and 70 Virginis are 
shown. In the system HD 80606 it is unlikely the presence of terrestrial planets 
at small eccentricities. However, fór larger eccentricities at the outer part of the 
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habitable zone there are small regular regions. In the System 70 Virginis there 
are regular regions at the outer part of the habitable zone.

In Figures 2e,f we display the a - e pláne of the Systems 14 Herculis and 
o Eridani. In these Systems the structure of the habitabe zone is dominated 
by different internál mean-motion resonances. In the System 14 Herculis the 
regular region located at the inner part of the habitable zone is densely filled 
by the chaotic strips of different higher order resonances, therefore the regular 
regions are separated and very tiny. If there are other yet undetected massive 
planets in the System causing secular variations of the orbit of the plánét, the 
long-term stability of these regular regions can be questioned. In the system 
s Eridani the habitable zone is located closer to the Central star (its mass is 
about 0.7MSun). The inner part of the habitable zone seems to be stable, so 
the long-term stability of a terrestrial-like plánét might be possible. The Central 
part of this system is similar to the case of 14 Herculis, the chaotic strips of 
resonances penetrate deeply intő the regular region, while in the outer part a 
well developed large chaotic region appears.

As a representative of the exoplanetary Systems with more than one dis- 
covered Jovian plánét, we investigated the phase space of the system 47 Ursae 
Maioris (Figure 2b). In this system the habitable zone is stable, the presence 
of the 3 : 1 and 5 : 2 resonances can be observed. Comparing the a — e pláne 
of 47 UMa with the a — e pláne of the main asteroid beit in the Solar System 
(a e [2.5,3.5] AU region) we can observe dynamical similarity between these 
Systems.

By using the method of the relatíve Lyapunov indicators we investigated 
the dynamical stability of different exoplanetary systems. We found that in 
somé systems there are large regions of stable motion in the habitable zone. 
Thus from a dynamical point of view the presence of terrestrial planets in the 
habitable zones of somé exoplanetary systems may be possible.
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Abstract

A recently developed mapping model fór the 1 : 1 resonance has been 
used to investigate the long term dynamics of Jupiter’s Trojans. It has 
been found that the indirect planetary perturbations destabilize the outer 
part of the stability region, where there is a 13 : 1 secondary resonance.
A conjecture has been risen up that this region might serve as a natural 
boundary of stability fór the Tróján asteroids.
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Chaotic diffusion

1. Introduction

The best known representatives of objects in the 1 : 1 mean-motion resonance 
are the Tróján asteroids, which librate around the triangular Lagrangian points 
£4 and L5 in the Sun-Jupiter system.

The long-term stability of the Tróján asteroids has been studied by several 
authors. Levison et al (1997) showed that the region of stability decreases with 
time, while Dvorak and Tsiganis (2000) found somé Tróján asteroids in stable 
chaos being at the edge of strong chaos. Tsiganis et al (2000) showed alsó 
that (1868) Thersites could escape from the Tróján cloud with a quite high 
probability. These results indicate the presence of a slow chaotic diffusion at 
the boundary of the stability region.

In this paper we alsó study the long-term behaviour of Trojan-type dynamics. 
In our investigations we use a recently developed symplectic mapping model in 
the framework of the secularly changing planar elliptic restricted three-body 
problem (Sándor and Érdi, 2002).

In the next section we present the equations of the symplectic mapping and 
the most important of their derivation. (A detailed treatment of this mapping 
can be found in Sándor and Érdi, 2002.) In the third section we compare the 
phase space structure of the stability region in the cases of the circular, elliptic, 
and secularly changing elliptic restricted three-body problem.

szsoltQastro.elte.hu
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2. Mapping módéi fór Trojans

The symplectic mapping for the 1 : 1 resonance has been constructed by using 
the method suggested by Hadjidemetriou (1991), in which the averaged Hamil- 
tonian is the generating function of the mapping. The Hamiltonian describing 
the motion of a massless body in the case of the 1 : 1 resonance is (Brown and 
Shook, 1964):

H = -\2 - (1 + x)------- ^——R, (1)
2(l + x)2 ' mo + m' v '

where R is the perturbing function:

R = m' 1
r + 2 r'3 ~ 2r'3/ (2)

mo and m are the masses of the primaries Pq and Fi (assuming mo >> mz), r 
and r are the distances of the massless body and the smaller primary from Pq , 
respectively, A is the distance of the massless body from P^.

In the planar case the problem can be described by the following canonical 
variables:

1 > t-A-A' ,y = yj(\/l-e2 - 1),
(3)w )

where a is the semi-major axis, e is the eccentricity, A is the mean orbital 
longitude, w is the longitude of the pericenter, and the prímed quantities refer 
to the perturbing body. Keeping only the long-period terms the perturbation 
function up to second order in the eccentricities is (Brown and Shook, 1964):

---------- -R = yRo + nee' sin(M — + 
mo + m' ’ Qr

+M[e2 + e'2 - 2ee' cos(M - M')] , (4)
\ ot£ 4 oor /

where /z = m'/(mo + m'), M and M' are the mean anomalies, a = a'/a = 
l/(x + l)2, and Fo = a(l + a2 - 2acosr)-1/2 + 1/2 - a-1 cosr - a.

Since we study motions in the vicinity of the 1 : 1 resonance, we kept only 
the zero order terms in x in the above expansion: 

o! *
---------- -R - p.Roo + p,e'e0 sin(M - M')RoT +mo + m'

+m[co2 + e'2 - 2e'e0 cos(M - M')l (Rqtt + ^Roaa ) , (5)
\ 4 / 
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where eo is the value of e at x = 0, the indices r and a of Ro denote partial 
derivation, and Rqo is the value of Ro at x = 0.

From Equations (1) and (5) we obtain an approximate averaged Hamiltonian 
H, which can be used as the generating function of the mapping:

IV = xn+yrn + yn+iwn + H(a:n+1,3/n+i,Tn,íun). (6)
According to Hadjidemetriou (1991) the mapping can be obtained through the 
equations xn+1 = dW/drn, yn+1 = dW/dwn, rn = dW/dxn+i, and wn = 
dW/dyn+p.

zn+i = xn + 2ir p.R^ÍTn') + 27r/ze'e0(yn+i)x

x[cos(rn -Wn + w'^Ror^Tn) + sin(rn -wn + +
+4npe'eo(yn+1) SÍn(rn - Wn + ro')[^orT(Tn) + |-Roaa(rn)] + 

2 / 2+27r/z[e0(?/n+i) +e - 2e%(yn+i) cos(rn - O7n + ct')] x

X [•^0rr('rn) + J-Roaa(rn)]>

Tn+1 = Tn + 2tt [(1 + In+l)"3 “ 1] ,

yn+1 =Vn- 27r^e'eO(2/n+i) cos(rn - Wn + w'^Ror^Tn)-
-47r/ze'e0(yn+i) sin(rn - wn + w')[Horr(Tn) + |^oao(Tn)],

^n+1 = ^n + “271 sin(rn - wn + w'^Rq(rn)+
eou/n+i;

+4Ttp(yn+1 + 1)[1------7------r cos(rn - wn + w')] x 
eo(3/n+i)

X[^Orrf^n) d" ~f7oaa(^n)]> (7)

where the prime on the derivatives of Ro denotes differentiation with respect to 
Tn-

3. Chaotic diffusion at the boundary of the stability region

3.1. Mapping fór the circular case e' = 0

As our previous investigations have shown (Sándor and Érdi , 2002), the map­
ping (7) can be efficiently used to study the phase space structure of the 1 : 1 
resonance, and the long term behaviour of Jupiter’s Trojans.
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Figure 1: The structure of the phase space of the 1:1 resonance in the case of the 
circular restricted three-body problem (e' = 0) fór /z = 0.001 and y = -0.002.

As an application, here we present our results obtained by the mapping (7) 
fór the location of the boundary of the stability region. First we investigated 
the resonant structure of the boundary of the stability region in the case of the 
circular restricted three-body problem, where the mapping (7) is reduced to a 
2D mapping, thus it can be visualized easily. Setting e' = 0 in (7), we obtain a 
mapping fór the co-orbital dynamics in the circular restricted problem:

ttn+l = Xn + 27r/zl?ó(rn) + ^^^[Rorr^n) + ^-RÓOO(Tn)],

Tn+1 = Tn + 2tt[(1 + a:n+i)“3 - 1], (8)

In the circular case the parameters of the mappings are /z and y. In Figure 1 
we displayed the phase space structure of the 1 : 1 resonance fór /z = 0.001, 
corresponding to the Sun-Jupiter-asteroid system, and fór y = -0.002. The 
properties of the mapping (8) fór the circular case are the same as described in 
(Sándor et al 2001). The mapping (8) has three fixed points, two of them are 
stable at x = 0, t = 60°, t = 300° (£4,5), and one (£3) is unstable at x = 0, 
r = 180°. These correspond to the Lagrangian Solutions £4, L5, and £3 of the 
reál problem and therefore we refer to them as the Lagrangian fixed points of 
mapping (8).

Around the Lagrangian fixed points there are invariant circles corresponding 
to quasi-periodic librations around £4,5 in the reál, non-averaged system. In 
Figure 1 two chains of islands of the secondary resonances 13 : 1 and 14 : 1 
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between the long and short period part of Trojans’ motion can be identified.

3.2. The elliptic and secularly changing case

In the case of the elliptic restricted three-body problem we kept e1 = 0.048 and 
w' = 0 constant. If we take intő account the secular variations of e' and w' due 
to the other massive planets of the Solar System, we can study the behaviour 
of Trojans in the secularly changing elliptic restriced three-body problem. (We 
note that in the case the Trojans the indirect perturbations seem to be more 
important than the direct ones, see Érdi, 1996, 1997.) The secular variations of 
e' and w' are described by the theory of secular perturbations, see fór instance 
the LONGSTOP numerical integration of the outer Solar System (Nobili et al., 
1989). Thus the variation of e' and w' can be easily calculated as a function of 
the time t = iT, where i is the ith iterate of the mapping and T is the period 
of Jupiter.

By applying the mapping (7) we studied the chaotic diffusion at the bound- 
ary of the stability region around fór a large set of orbits and fór various 
values of the initial osculating eccentricity e. We set t = w = tt/3, and we 
varied only x in the region [0.013,0.019] with a stepsize Az = 4x 10-5. (The 
corresponding y is calculated by using its definition.) We classified an orbit 
stable if it did nőt cross the axis of syzygium or equivalently if the condition 
t <ir held. Plotting the number of iterations N against x we can draw a curve 
fór each initial e, showing the dependence of the stability on x. In Figure 2 we 
present the curves of stability obtained in this way fór the case e = 0.07 and fór 
Nmax = M7 iterations (corresponding to 111.86 millión years). The horizontal 
fiat lines indicate stability fór N = Nmax. Figure 2a shows the curve of stability 
in the "pure" elliptic case (e',w' are fixed), while in Figure 2b the curve of 
stability is displayed when e' and w' are secularly changing. Studying Figure 2 
we can conclude that in the case of the secularly changing elliptic problem the 
stability region of Trojans is smaller, than in the elliptic case. We alsó found 
that the orbits becoming unstable emerge from that region which contains the 
chain of islands of the 13 : 1 secondary resonance. (This chain of islands can 
be seen in Figure 1.) According to our experiences the secular variation of e' 
and w' results in a destabilizing effect, a significant number of orbits becomes 
unstable in the region of the secondary resonance after N = 106 - 107 iterations 
of the mapping (7). This indicates that the chain of the 13 islands is partly 
destroyed by the variation of e' and w'.

Thus we can conject that the stability region of Tróján asteroids is bounded 
by the islands of the 13 : 1 secondary resonance.
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Figure 2: Boundary of the stability region around La f°r e — 0-07 and fór 
Nmax = 107 iterations of the mapping (7); elliptic case left picture, secularly 
changing case right picture.
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Abstract

In this article we determine the fundamental frequencies of different plan- 
etary systems similar to our Solar System configuration - bút with larger 
masses fór the planets - as possible model fór exosolar systems. Fór this 
purpose we have implemented the Laplace-Lagrange theory (lst order 
secular theory) in the maple computer algebra program. Two different 
models were investigated: one where the planets Venus, Earth and Mars 
had masses up to the one of Jupiter, and a second one where the inner 
planets were given the actual masses, bút the giant planets Jupiter and 
Satum had significantly larger masses. The respective results showed a 
simple linear increase in the fundamental frequencies (nodes and perihe- 
lion longitudes) with increasing masses.
Keywords:exosolar systems - fundamental frequencies - lst order secu­
lar theory

1. Introduction

Laplace and Lagrange (1781) developed an analytical theory to describe the 
motion of the outer planets. This approach was alsó used by Le Verrier (1855), 
Stockwell (1873) and Harzer (1895) and took intő account only linear terms of 
the perturbation function These authors essentially differed in their choices of 
variables, and the gradual improvements they brought came from the better 
determinations of the planetary masses.

More recently Bretagnon (1974) computed the solution of the very long 
period terms with an iterative procedure through 3rd degree and 2nd order with 
respect to the masses. He improves this solution later on by considering in 
particular the effects of the Moon and relativity (Bretagnon, 1984).

The most advanced work with respect to the regarded time interval is that 
of Laskar (1986) who analyticaly computed the averaged differential system and 



40_____________________________________________Á. Süli and R. Dvorak

integrated then numerically giving the secular variations of the orbital elements 
fór the 8 major planets (order 2 with respect to the masses and degree 5 in the 
eccentricity-inclination variables).

In this paper we briefly review the Laplace-Lagrange secular theory (section 
2). We have implemented this method in the maple computer algebra soft­
ware in order to calculate the fundamental frequences of any arbitrary planetary 
system with one major dominating mass. Recently Dvorak & Süli (2002) inves- 
tigated the stability of our simplified Solar System as a model fór exosystems, 
where they found that the Systems only decay fór significantly larger masses of 
the inner planets Venus, Earth and Mars. In section 3 we determine the fun­
damental frequencies of these Systems, and show how the frequences vary with 
the mass factor k (this factor was used to uniformly increase the masses of the 
planets).

2. Laplace-Lagrange secular theory fór the planetary Sys­
tem

In this analytical theory the main idea is that the Lagrange equations are solved 
fór the secular part of the perturbing function which means that the periodic 
terms that contain the mean longitude of the planets in their arguments are 
ignored. Furthermore, the solution is in this first step limited to the terms in 
the secular part of the second order in small parameters eccentricities and incli- 
nations. Because the indirect part of the disturbing function does nőt contain 
any secular terms only the direct part has to be taken intő account. These as- 
sumptions lead to a relatively simple set of differential equations with constant 
coefficients, that can be solved with trigonometric functions. Accordingly with 
this secular theory the long period variations of e, i, ü and Q can be determined. 
We suppose the semi-major axis to be constant a; = const., i = 1,2 ..., n, (that 
is a consequence of using only the secular part of the disturbing function). Let 
us assume we have a system consisting of the Sun and n planets.

The solution of the secular perturbation fór such a dynamical system takes 
the following form (Brouwer and Clemence, 1961)

8 8

= + k» = cos (gjt + pj) (1)
J=1 j=i

where Ls and Sj are the amplitudes and phases. Similiar equations are valid 
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for ps and qs. The coefficients are functions of the initial e, tv. In the above 
expressions gj are the eigen frequencies, which are obtained from the following 
secular equations:

(2)

where A is an n x n symmetrical mátrix, of which element Aij are functions only 
of the semi-major axis and the masses of n planets, and E is the unit mátrix.

The values of gj and fj obtained in this solution (O1D1) are given in Table 
I. All the g’s are positive, as a result the orbits are rotating prograde, while the 
/’s are negative and therefore the orbital planes are rotating in the retrograde 
direction.

Fundamental frequencies derived by different approaches are given for the 
sake of a comparison in Table I. One can see that the Solutions of O1D1 and 
BVW are very similiar, for BVW is basically a solution of O1D1 with additional 
terms of second order up to degree 5 in e coming from the great inequality of 
the pair Jupiter Satum. The Solutions of Bretagon (1984) is very close to that 
of NGT (Numerical General Theory), bút there are still differencies caused on 
one side by the limitation with respect to small parameters (Laskar) and on 
the other side Bretagnons theory lacks higher orders in the masses. To improve 
the theory and incorporate higher degree terms in the eccentricity- inclination 
variables as well as higher order terms with respect to the masses is a task which 
has been started recently (Dvorak et al., 2002)

Table 1: Comparison of the fundamental frequencies of the Solar System ob­
tained with different solution. Unit is arcsec/year.

O1D1 
BVW 
B84 

NGT

Solution of order 1 and degree 1 (present work) 
Brouwer and Van Woerkom, 1950 

Bretagnon, 1984. Order 2, degree 3 
Laskar, 1986. Order 2, degree 5

O1D1 BVW B84 NGT O1D1 BVW B84 NGT
Pl 5.4615 5.4633 5.6136 5.5689 fi -5.2007 -5.2015 -5.6109 -5.6043
92 7.3459 7.3447 7.4559 7.4555 A -6.5701 -6.5708 -6.7710 -7.0530
93 17.3307 17.3283 17.2852 17.3769 Í3 -18.746 -18.7436 -18.8293 -18.8499
94 18.0042 18.0042 17.9025 17.9217 fi -17.636 -17.6333 -17.8188 -17.7614
95 3.7108 4.2959 4.3080 4.2489 fi 0.0 0.0 0.0 0.0
Se 22.2850 27.7741 27.1483 27.9606 fi -25.739 -25.7335 -26.2090 -26.3300
97 2.7013 2.7193 3.1534 3.0695 h -2.9037 -2.9027 -2.9998 -2.9854
98 0.63328 0.6333 0.6735 0.6669 fi -0.6777 -0.6775 -0.6914 -0.6917



42 Á. Süli and R. Dvorak

3. Fundamental frequencies as a function of the masses

Our dynamical model consists of the Sun, the three inner planets (Venus, Earth 
and Mars VEM), Jupiter and Satum (JS). The masses of the inner planets 
were increased uniformly by multipling a mass factor, k. We integrated in 
a preceding study each of these modified models of the actual Solar System 
with the Lie-integrator fór 107 millión years. The frequencies present in the 
System were determined by means of a precise analysis with a very sophisticated 
program by Chapront (1995). The respective results are discussed in Dvorak 
and Süli (2002). In the following we determine these frequencies with the aid 
of the MAPLE program which we have constructed; we thus can show how the 
fundamental frequencies vary with the masses involved.

These frequencies are listed in Table II. We note that these values are very 
close to that of Table I, where the complete Solar System was taken intő account.

Table 2: Fundamental frequencies of the simplified Solar System from Venus to 
Satum (g, and fi, i=2,6 from table 1 in the same units)

______ Venus_____ Earth______ Mars_____Jupiter Saturn
g 7.179103 17.25891 17.96289 3.493038 22.08120
f -6.146103 -18.66197 -17.60199 0.0 -25.56508

3.1. A simple solution

Let us denote gr, g2,... g5 the solution of | A - g • E| = 0 where E is the unit 
mátrix, and examine first the frequencies when we uniformly increase the masses 
of all the planets. Let mi := k • mi / = 1,2 ... 5. One can easily calculate that 
the modified Systems coefficient mátrix (A) is Áji ~ n-Aji. The new frequencies 
of this modified System can be easily determined:

|1~/-#| = k5|A--El = 0 (3)
K.

/*:=;-=> lá-/‘-E| = 0 ' (4)

Comparing equation (4) with the original Systems secular equation (2) it is 
evident that g** = gh j = 1,2...5 => g] = n gj, j = 1,2...5
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According to the structure of the solution these frequencies depend linearly 
on k. This feature can be seen in Fig 1. Unfortunately the linear theory which 
we use is nőt capable of deterrnining a stability limit fór the mass paramter n.

Figure 1: Each planets mass was magnified. The linearity is very well visible.

3.2. Frequencies versus k,

First we pay attention to the inner planets. We magnify their masses and using 
our MAPLE application we calculate the fundamental frequencies of this system. 
The results can be seen in Fig 2. The frequencies again depend linearly on k; g4 
and #5 are nőt visible in Fig 2. because they vary only very little (bút linear!).

Figure 2: The frequencies of Venus, Earth and Mars. Only the mass of the
VEM was increased.

In another test we increased the mass of the Jupiter-Saturn pair, and again 
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we plotted the frequencies against k. Once more all the g and f depend linearly 
on k!

These results are the first step fór an analytical determination of the depen- 
dance of these frequencies on the masses of the System; the next step to be able 
to find analytically the stability bordér as function of the masses involved is a 
project which we started already.

Figure 3: The frequencies of the planets. Only the mass of the JS pair was 
increased.
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Abstract

The hierarchical stability and evolution of the restricted four-body model 
called the Caledonian Symmetric Double Binary Problem (CSDBP) is 
studied through the use of the topology of the phase space. The analyti- 
cal stability criterion derived fór the CSDBP by Steves and Roy (2001) is 
verified numerically fór the coplanar CSDBP. Numerical integrations were 
performed fór a wide rangé of initial conditions and a variety of values of 
Szebehely’s constant Co, a combination of the totál energy and angular 
momentum of the system. These show that fór Co > Cocrit the Systems 
undergo no change in their hierarchical arrangement, as predicted by the 
analytical stability criterion. They are therefore considered to be hierar- 
chically stable.
KEYWORDS:four-body problem, hierarchical stability

1. Introduction

It is estimated that approximately two thirds of the stars in the galaxy exist as 
part of multi-stellar Systems. Approximately one-fifth of these are found to be 
in triple systems and a rough estimate suggests that approximately one-fifth of 
these triples belong to quadruple or higher systems. The stability and evolution 
of multi-stellar systems is a fundamental problem of astronomy.

It has been long-known that there are nőt enough integrals to solve the 
three or more body problem analytically; however information on the global 
stability of a gravitational system can be found by studying the regions of the 
phase space where reál motion is possible. In the generál three body problem, 
Zare, (1976, 1977) and Marchal and Saari (1975) showed that the energy H and 
angular momentum c integrals combine to form a stability criterion c2H which, 
fór a given critical value c2Hcru, produces a phase space fór the three body

a.szellQgcal.ac.uk
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Figure 1: The Caledonian Double Binary configuration.

system which contains topologically separate sub-regions. Thus the hierarchical 
arrangement of the system which exists in one sub-region of reál motion cannot 
physically evolve intő the hierarchical arrangement of the system existing in 
another sub-region of reál motion. In this situation the system can be said to 
be hierarchically stable fór all time.

The large number of degrees of freedom in the four or more few body prob- 
lems, make stability criteria of this form difficult to formulate. Recently, Roy 
and Steves (2001) have developed the Caledonian Symmetrical Double Binary 
Problem (CSDBP), a symmetrical four-body problem which utilises all possible 
symmetries so that it can easily be studied in 3- dimensional space. In this spe- 
cial symmetric problem, they have discovered a stability criterion Steves and 
Itoy, (2001), based on a similar combination of the energy E and angular mo­
mentum c integrals. They show that the stability and possible evolutions of the 
symmetric four body system can be predicted solely from knowledge of the totál 
energy and angular momentum of the system.

In this paper, we numerically integrate a wide rangé of coplanar CSDBP 
Systems with differing totál energy and angular momenta. By cataloguing the 
changes in the hierarchical arrangements of these Systems, we can verify the 
validity of the analytical stability criterion in its ability to predict when a system 
will be hierarchically stable. Any system which does nőt change its hierarchical 
arrangement over a very long time period is defined to be hierarchically stable.

2. The Caledonian Symmetric Double Binary Model

The Caledonian Symmetric Double Binary problem is defined as follows. Let 
fi, f2 > ^3, f4, fi, fa, fs > f4 be the radius and velocity vectors of the four bodies 
measured with respect to the system’s centre of mass. Let mi, m2, m3, m^ be 
the masses of the four bodies. In the CSDB model, all dynamical symmetries 
are utilised so that fi = -fi , fs = -fa , and fi = -f4 , f2 = -f3 ( 
and mi = m^ , m2 = ^3 (Fig- 1). Initially the bodies are placed on a 
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line, in positions symmetrical to their center of mass. The initial velocities are 
alsó symmetric about the centre of mass and are directed perpendicular to the 
initial line formed by the bodies. These conditions mean the System begins in 
a mirror configuration Roy and Ovenden, (1955), ensuring that the evolution 
of the System is dynamically symmetric fór positive or negative time values.

Introducing new variables n = |fi| = , r2 = |f2| = |fs| , H2 =
|r2 — fi| , and M - mi, p, = mi/m2, the potential function of the System may 
be written as 

U = -M2 _______ 1_______
x/2(r? + r2) -

where units are chosen so that the gravitational constant G = 1. The totál 
energy may be written as

E = T + U = nMr2 + Mff + U(ri,r2, rn) .

The energy integrál can be used to dérivé surfaces of zero velocity in the n, r2, 
ri2 phase space which separate regions where the velocity is reál from regions 
where the velocity is imaginary. Steves and Roy, (2001).

More restrictive boundary conditions fór the regions of reál motion can be 
determined using the Sundmann’s inequality:

c2 < 2IT ,

where c is the angular momentum, 1 is the moment of inertia of the system, and 
T is the kinetic energy . Fór the CSDB problem, T = 2M(/ir2 + r2) • R°y and 
Steves (2001) dérivé useful information on the stability of the CSDBP from an 
examination of the projection of the boundary surface in n, r2 and H2 space 
onto the n-r2 pláne.

3. The stability criterion using Szebehely’s Constant

Steves and Roy (2001) show that the topology of the phase space rj, r2 and 02 
depends solely on a constant they call Szebehely’s constant where

_ c2E0
0 G2M5

(Eo = -E). Depending on the value of Co, the projection onto the rr^ pláne 
of the boundary surface can separate intő disconnected curves which indicate
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Figure 2: The projection of the phase space onto the ri-f2 pláne fór the case 
of a mass ratio of = 0.1 where graphs a, b and c are fór a rangé of values 
of Go = 0.77, 0.8, 0.9 respectively. The shaded regions denote regions where 
motion is nőt allowed.

the whole phase space becomes disconnected. Fig 2 shows the projection of the 
phase space onto the n - r2 pláne fór specific values of Szebehely’s constant Go. 
The greater the value of Co, the more disconnected the phase space projection 
becomes until fór a critical value of Cocril, ti16 phase space becomes totally 
disconnected and evolution from one hierarchy to another is impossible, ensuring 
hierarchical stability fór all time.

Each separate region in the n, r2, ri2 phase space describes a particular 
hierarchical arrangement of the four body System. The dynamical System can 
be found in one of four different hierarchy States:

"12" type hierarchy. The P^ P2 bodies and the P3 P4 bodies form binaries 
which orbit around the baricenter of the four-body System.

"13" type hierarchy. The Fi P3 bodies and P2 P4 bodies form binaries which 
orbit around the baricenter of the four-body system.

"23" type hierarchy. The P2 P3 bodies form a Central binary and the Fi and 
F4 bodies orbit around it.

"14" type hierarchy. The Fi F4 bodies form a Central binary and the P2 and 
P3 bodies orbit around it.

Fór example, in Figure 2 c, the allowed region of motion where r2 is small 
and rí can be large depicts the "23" type hierarchy.

4. Numerical Results

Numerical investigations were carried out in order to verify the Steves and Roy 
(2001) analytical stability criterion fór the CSDBP. The evolution of hierarchical 
arrangements of CSDBP Systems with differing initial conditions in n, Pz, 
f2 bút the same Szebehely constant were studied. Each numerical integration
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Table 1; The number of hierarchy changes

= 1 ___ M = 0.1
Co = 10 29 30 40 46 47 0.4 0.6 0.65 0.7 0.8 0.9
12 -4 23 8 3 3 1 0 0 14 20 15 25 2 0
12 -4 14 3 8 1 1 1 0 40 13 20 21 1 0
13 -4 23 2 3 2 0 0 0 13 15 21 9 0 0
13 -4 14 2 0 3 0 0 0 14 20 22 28 0 0
23 -4 12 10 15 21 3 1 0 46 25 25 26 0 0
23 -4 13 10 13 20 7 0 0 24 34 27 26 0 0
23 -4 14 678 261 247 90 0 0 575 303 250 155 3 0
14 -4 12 8 1 1 0 0 0 33 29 40 39 2 0
14 -4 13 6 4 2 0 0 0 26 33 35 37 2 0
14 -4 23 527 185 165 52 0 0 463 222 156 92 1 0
12 -4 13 0 0 1 0 0 0 1 2 ' 3 6 0 0
13 -4 12 0 0 1 0 0 0 4 2 1 4 1 0

was carried out until one of the following events occurred: a close encounter 
in which the energy integrál showed change in value, at least 2 of the bodies 
escaped the system, or time span of 4 millión time steps equivalent to 1.5 x 106 
yrs was completed.

If a system changed its hierarchy State frequently, then the system was said 
to be chaotic. If it didn’t change its hierarchy State at all over the integration 
time span, then it was said to be hierarchically stable.

Tables 1 and 2 show the number of hierarchy changes fór four different 
values of the mass ratio /z , namely /z = 1,0.1,0.01,0.001. Over 1500 different 
initial conditions, all of which formed the same Szebehely’s constant Co were 
numerically integrated to produce the results listed in each column of Tables 1 
and 2.

The critical values of Co which give hierarchical stability fór all time are 
derived from the analytical stability criterion of Steves and Roy (2001) to be 
46.842, 0.888, 0.286, 0.254 fór /z = 1,0.1,0.01,0.001 respectively. The numerical 
investigations show that when Co is increased beyond these critical values, the 
number of hierarchy changes is reduced to zero, confirming the validity of the 
Steves and Roy stability criterion. Numerical investigations alsó confirm that 
the CSDB system is more stable, ie it undergoes fewer hierarchical changes, as
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Table 2: The number of hierarchy changes

p = 0.01 M — 0.001
Co — 0.2 0.27 0.283 0.29 0.3 0.25 0.2525 0.253 0.2538
12 -4 23 2 3 0 0 0 0 0 0 0
12 -4 14 0 4 1 1 0 0 0 0 0
13 -4 23 3 2 1 0 0 3 1 0 0
13 -4 14 2 1 3 2 0 0 0 2 0
23 -4 12 4 7 5 1 0 0 0 0 0
23 -4 13 4 4 3 1 0 3 1 2 0
23 -4 14 95 41 14 2 0 56 10 5 0
14 -4 12 0 5 0 5 0 0 1 0 0
14 -4 13 1 0 3 6 0 0 1 1 0
14 -4 23 91 31 13 2 0 49 4 1 0
12 -4 23 0 0 1 4 0 0 0 0 0
13 -4 12 0 0 0 4 0 0 0 0 0

is decreased.
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Abstract

The improving sensitivity of the Very Long Baseline Interferometry (VLBI) 
arrays and the phase-referencing technique enable us to image mjy rádió 
sources with milliarcsecond angular resolution. The potential targets can 
be orders of magnitude fainter than those objects traditionally imaged 
with VLBI. These include weak nuclei of large rádió galaxies, radio-quiet 
quasars, distant bút relatively luminous, or nearby low-luminosity active 
galactic nuclei. Here we briefly mention the most recent studies and out- 
line the concept and initial results of the Deep Extragalactic VLBI-Optical 
Survey (DEVOS).
Keywords: techniques: interferometric - rádió continuum: galaxies - 
galaxies: active - quasars: generál - astrometry

1. Introduction

In the last 35 years, VLBI images of up to a few thousand extragalactic rádió 
sources (compact active galactic nuclei, AGNs) have been made with milliarc­
second (más) angular resolution. The sample available is clearly just the tip 
of the iceberg. Although inhomogeneous in terms of observing parameters, the 
sample is in fact fiux density limited, as illustrated in Fig. 1. The reason in 
principle is the sensitivity limit of the VLBI networks. In order to study the 
intrinsic physical properties of the sources as well as possible effects of cosmo- 
logical models on the appearance of the objects, it is essential to image more 
distant (z > 1) sources with luminosities similar to those of nearby (z ~ 0.1) 
AGNs.

During the last couple of years, there have been successful attempts to enter 
the “unexplored region” of the rádió luminosity-redshift space (Fig. 1). These 
observations (Garrington et al. (2001), and references therein) utilize the in- 
creasing sensitivity (observing bandwidth) of VLBI, and routinely apply the 
phase-referencing technique. The main scientific drivers are to understand the
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Core luminosity vs. redshift

Redshíft

Figure 1: Luminosity (Lh2) as a function of redshift fór the sample of 330 sources 
(almost exclusively AGNs) at v = 5 GHz (rest-frame) frequency, adopted from 
Gurvits et al. (1999). The solid lines show luminosities of sources with flux 
density (S) of 1, 0.1 and 0.01 Jy, calculated assuming spectral index a = 0 
(S ~ ua). The plot indicates a strong luminosity selection effect in VLBI 
samples presently available.

evolution of galaxies and AGNs, in the light of the orientation-dependent uni- 
fication models. Interferometric observations can distinguish between the dif- 
ferent origins of rádió emission (nuclear activity or startburst). VLBI images 
of thousands of optically identified AGNs could possibly be used to constrain 
the fundamental cosmological parameters and (Gurvits et al. (1999), 
and references therein). Owing to the positional accuracy of VLBI, astrometric 
data on a large sample of rádió sources is essential to establish a precise, directly 
linked rádió and optical celestial reference frame, through cross-identification of 
the optical targets of next-generation space astrometry missions (Fey et al., 
2001).

A recent spectacular example of high resolution imaging of faint rádió sources 
is the European VLBI Network (EVN) detection of three weak (100/iJy-level) 
sources in the region of the Hubble Deep Field (Garrett et al., 2001). A low- 
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luminosity FR-I rádió source (z = 1.01), a red spirál galaxy (z = 0.96) and a 
dust-obscured, nuclear starburst galaxy (z = 4.42) represent the variety of faint 
objects that can be studied with VLBI. The detection of compact radio-emitting 
regions in these sources suggest that they all harbour an embedded AGN.

2. Deep Extragalactic VLBI-Optical Survey (DEVOS)

In order to obtain mas-scale rádió structure information on many (~ 104) ex­
tragalactic rádió sources, a dedicated survey is being proposed. Fór statistical 
studies concerning the cosmological evolution of the objects, and fór the possi- 
ble cosmological tests, it is essential that the sources have optical identifications 
and measured spectroscopic redshifts. These will be provided by the Sloan Dig­
ital Sky Survey, e.g. Stoughton et al. (2002), within the next couple of years. 
In the rádió régimé, the project would require a large amount of interferometer 
network observing time. Therefore a carefully selected sample and an effectively 
designed observing setup is needed to optimize the usage of the resources.

The DEVOS observing scheme, originally applied by Garrett & Garring- 
ton (1998) and Garrington et al. (1999), is based on the idea of selecting rádió 
sources that are compact (unresolved) on arcsecond scale in the FIRST sur­
vey (White et al., 1997). The FIRST survey is being conducted with the US 
National Rádió Astronomy Observatory (NRAO) Very Large Array (VLA) at 
20 cm wavelength. Currently it contains about 800,000 sources down to 1 mJy 
flux density level, imaged with 5" resolution. Fór DEVOS, we select sources 
that are unresolved in the FIRST survey and stronger than 30 mJy. These 
sources are then observed with the Multi-Element Rádió Linked Interferome- 
ter (MERLIN), an array of rádió telescopes in Great Britain with a maximum 
antenna separation of 217 km. The angular resolution of MERLIN at 6 cm 
(5 GHz frequency) is ~ 50 más. The objects that appear compact or unresolved 
with MERLIN are good candidates fór future VLBI observations, most likely 
showing sufficient rádió emission to be detected with 50 times better angular 
resolution.

The suitable observing technique to image faint sources with MERLIN (and 
VLBI) is the phase-referencing, e.g. Beasley & Conway (1995). It allows the 
determination of interferometric delay, delay-rate and phase corrections by in- 
terleaving observations of a nearby, strong calibrator object. Switching cycles 
of a few minutes and target-reference source separations of a few degrees are 
sufficient to image mJy rádió sources. A key strategy fór DEVOS is to select the 
phase-reference source first, then to look fór potential target sources in its close 
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vicinity (within 2°). This allows us to minimize the time spent with telescope 
slewing. There are many suitable reference sources known, the most complete 
collection is found in the NRAO Very Long Baseline Array (VLBA) Calibra- 
tors List (http://magnolia.nrao.edu/vlba_calib). Therefore a sufficiently large 
sample of weak objects can be constructed this way.

3. Results of the MERLIN pilot observations

As the first step of a pilot survey fór DEVOS, 5-GHz MERLIN observations 
of 89 sources were conducted in March 2001. The sample was selected from 
the FIRST survey, according to the following criteria: flux density at 1.4 GHz 
Si.4 30 mJy, angular size ö < 5 ",.angular distance from the refrence source 
6 <2°. The two phase-reference calibrator sources were the quasars J1549+0237 
(nearly equatorial; Mosoni 2002, these proceedings) and J1257+3229 (close to 
the North Galactic Pole, NGP). This target-finding “filter” observation led to 
the identification of 41 and 28 compact sources stronger than ~ 2 mJy MERLIN 
peak flux density, out of the 47 and 42 objects in the NGP and the equatorial 
fields, respectively. Alsó, due to the phase-referencing technique and the accu- 
rate positional information available fór the reference sources, the astrometric 
position of these mJy-level sources is considerably improved. This minimizes 
the chance of false VLBI detections. The objects found are suitable fór VLBI 
phase-i eferencing observations. Based on earlier experience, it is likely to suc- 
cessfully image a large portion, up to 80% of the MERLIN-detected sources with 
VLBI (Garrington et al., 1999). MERLIN images of two sources are shown in 
Fig. 3 as an example.

4. Future VLBI observations

The DEVOS pilot observations of the 41 pre-selected faint sources in the field 
around J1257+3229 (NGP) will most likely take piacé in mid-2002 using a global 
VLBI network formed by the VLBA and the EVN at 5 GHz. By means of these 
observations, we would like to confirm the feasibility of the source selection 
method, to assess the amount of network resources and manpower required, to 
adjust the observing strategy and to experiment with the data reduction before 
the full-scale DEVOS is started. However, mas-resolution images of ~ 30 faint 
extragalactic rádió sources, together with the sample of Garrington et al. (1999) 
would alsó allow scientific studies, such as the investigation of a hypothetic 
dependence of source compactness on luminosity.

http://magnolia.nrao.edu/vlba_calib
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Figure 2: 5-GHz MERLIN images of two rádió sources in the DEVOS NGP 
field. The contours are drawn at -2, 2, 4, 8, 16, 32 and 64 mjy/beam. The 
source NGP01 (top) is the strongest FIRST source in the field (SL4 = 478 mJy). 
The MERLIN image shows a clearly resolved double structure surrounded by 
diffuse emission. The peak brightness is 68 mjy/beam. On the other hand, 
NGP 15 (bottom) is compact on these angular scales. The peak brightness is 44 
mjy/beam. The restoring beam size (~ 50 más) is displayed in the bottom-left 
corner of the images. The phase-referencing technique allows us to refine the 
astrometric position of the sources. The improvement is indicated by the offset 
between the image field center and the location of the brightness peak.



Model Galaxy Spectra and Photometric 
Redshift Estimation

Zsuzsanna Győry
Eötvös Loránd University, Department of Physics of Complex Systems 

H-1117 Budapest, Pázmány Péter sétány 1/A, Hungary
E-mail: gyoryQcomplex.elte.hu

Abstract

We study the suitability of the Bruzual-Charlot galaxy isochrone syn- 
thesis spectral evolution models fór being used as spectral templates fór 
photometric redshift estimation of galaxies. We compare solar metallicity 
models with 64 composite galaxy spectra created from the Sloan Digital 
Sky Survey (SDSS) measurements. First results of the photometric red­
shift estimation using a spectral template library created from the best 
fitting model spectra are presented.
Keywords: galaxies: photometry - galaxies: distances and redshifts

1. Introduction

Measuring the redshift of distant objects is essential fór determination of dis­
tances on large scales. We can calculate it from the shift of spectral lines using a 
high resolution spectrum, bút spectroscopy is a time-consuming measurement. 
Photometric measurements are available even fór distant and faint objects, fór 
which spectroscopy is very difficult to carry out. While making photometry in 
five passbands of about 100 millión of galaxies, SDSS will record spectra of only 
a 1 millión brightest of them.

Fortunately we can estimate the redshift of galaxies from multicolor broad- 
band photometry. In a photometric observation we sample the redshifted spec­
trum with broad-band filters. Due to the slowly varying continuum shape the 
shift of the spectrum can be detected in the photometric observations. If one 
has a catalog of typical galaxy spectra, one can mimic the whole process in a 
computer: redshift the template spectrum, pass through the filters and calcu­
late magnitudes. Comparing these simulated magnitudes to the measured ones, 
one can find the spectral type and redshift that gives the best match (Gwyn 
& Hartwick, 1996). With this method - the so called photometric redshift es­
timation - redshift can be determined fór distant objects, thus we can obtain 
information on the stucture of Universe at larger scales than by spectroscopy 
only.

gyoryQcomplex.elte.hu
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When the photometric redshift estimation program searches fór the best 
match between the measured and simulated photometry, usually a fine redshift- 
grid is used, bút only few spectral templates, which limits the precision of the 
redshift estimation. In order to reduce this problem, the present version of the 
SDSS photo-z code interpolates between template spectra when guessing the 
spectral type.

We would like to find a more physically motivated approach of templating 
and create a template library from model galaxy spectra. The idea of using 
galaxy models fór photometric redshift estimation is nőt new, Koo (1985) used 
synthetic spectra to trace iso-redshift lines ip color-shape diagrams and esti- 
mated the redshifts fór a hundred of faint galaxies.

Using synthetic spectra generated by the Bruzual & Charlot (2001) isochrone 
synthesis package we would like to find a set of model spectra optimál fór being 
used as templates in redshift estimation. The finer the type-resolution is, it 
means, the more spectral templates of different types are used, the more exact 
estimates one may get. Naturally, the number of used templates is limited by 
the computational time of the photometric redshift estimation. We have to find 
a set of models that is nőt too large bút in the same time gives a good enough 
resolution and covers all physical spectral types.

From this study we can alsó benefit by identifying the most relevant physical 
properties of galaxies, such as their age, star formation history and Chemical 
composition.

2. Spectral templates fór photometric redshift estimation

2.1. SDSS composite galaxy spectra

To proceed from a small number template set to a better spectral type resolution 
we created composite spectra from about 20 000 galaxy spectra measured by the 
SDSS as follows. We devided the 4-dimensional color-space intő 64 cells which 
roughly correspond to galaxies of a common spectral eláss (even if colors are 
influenced by redshift as well). In each cell, using the redshift values determined 
by spectroscopy, we shifted the spectra back to rest-frame, normalized them to 
a common amplitude and computed the médián value at each wavelength. In 
this way we can hope to get a fair resolution spectral library which covers most 
of the galaxy spectral types.

However, this composite spectra cannot be used dicertly as templates fór 
redshift estimation, as they do nőt cover the whole possible wavelength rangé 
of the investigated objects due to their redshifts varying in a large rangé. Since 
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extrapolation without any extra physical input is nőt reliable, we would like 
to combine the benefits of our results obtained from observations and galaxy 
models describable with several physical parameters.

2.2. Isochrone synthesis spectral evolution

The Bruzual-Charlot model uses isochrones (evolutionary stages at a given time) 
of an instantaneous-burst stellar populations to calculate spectra of galaxies with 
given star formation histories (Bruzual & Charlot, 1993). The isochrones of the 
instantaneous-burst are interpolated from a refined set of stellar evolutionary 
tracks, so the distribution of stars of various masses and ages evolves smoothly 
in time. The evolutionary tracks of stars of different masses and metallicities 
are constructed from measured stellar spectra when available or are supplied by 
model spectra at somé evolutionary stages.

Using these libraries one can compute the evolution of the spectral energy 
distribution fx(t) of an instantaneous-burst stellar population. The spectrum 
Fx(t) of a stellar population with an arbitrary star formation rate (SFR) ^(t) 
can be obtained using the convolution integrál

Fx^= f *(t-t')fx(t')dt'.
Jo

As input fór the galaxy model, we have the freedom of selecting an initial mass 
function (IMF) and metallicity, as well as to define an arbitrary star formation 
rate.

2.3. The models

We preformed our analyses on a simple 2-dimensional subspace of models using 
stellar polulations with solar metallicity and the Kroupa (2001) universal IMF. 
We constrained the SFR to a one-parameter exponentially decreasing function 
of time t, 'í'(t) oc e~llT. A set of synthetic spectra was generated on a 20 x 20 
grid in both galaxy age t and the paraméter r, each ranging from 1 Gyr to 
20 Gyr. We selected the synthetic spectra most similar to our SDSS composites 
by y2 minimization.

2.4. Results

As can be seen on Figure 1, even with this simplistic model assumptions we can 
approxiate our composites representing the typical galaxy spectra well enough. 
Figure 2 shows the models most preferred by the different main spectral types.
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Figure 1: Red elliptical (left) and blue spirál (right) composite spectrum with 
the best fitting synthetic spectra. Illustration of degeneracy: the two best fitting 
models on the right panel are practically indistinguishable.

In accordance with our expectations, bluer spirál galaxies are best fitted 
by models with recent star formation, it means their age is comparable to the 
characteristic scale t of star formation. Specrta of red elliptical galaxies do 
nőt show features implying presence of young stars, which can be in our expo- 
nentially decreasing SFR model achieved by small value of r compared to the 
age.

An apparent feature of the model fitting is that blue galaxies are nőt very 
sensitive to the value of t which results degeneracy in x2- Sometimes it pro- 
duces multiple minima which differ only slightly in x2 bút belong to completely 
different parameters. Even if it has no influence on the template library we 
construct, we have to pay attention to this effect when trying to identify the 
most relevant physical paraméter combinations.

Models with age > 15 Gyr clearly cannot be physical and alsó fits with 
minimál x2 at the bordér of the paraméter region are nőt reliable. We received 
this x2 minimizing parameters because of our constraints to the model.

The fact that in somé cases our composite spectra cannot be fitted by 
physically reasonable models implies that we have to broaden our models. First 
of all metallicity should be treated as a free paraméter as it has a great impact 
on color. Models with SFR different from exponential sould be included as well.

However, if we construct a library from the most preferred synthetic spec­
tra and use them as templates fór photometric redshift estimation, we can get 
relatively good agreement with the actual redshift values determined by spec- 
troscopy. Figure 3 shows the photometric redshifts versus the spectroscopic 
values in the case of two different methods. In the first case, we used a set
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Figure 2: Model parameters best describing our SDSS composites. Galaxy types 
from bluest to the reddest: open triangle, open circle, solid triangle, solid circle.

of four optimized templates generated by template reconstruction described in 
Budavári et al. (2000) and Budavári et al. (2001). In the second case we used 
40 synthetic spectra most similar to the composites. The better resolution ap- 
parently reduces the error of estimation in somé redshift ranges bút the studied 
model family is clearly still nőt sufficiently rich to be an optimál choice fór red­
shift estimation, it alsó induces systematical deviations due to the insufficient 
coverage of spectral types.

3. Conclusions

We studied a subset of models generated by the Bruzual-Charlot galaxy isochrone 
synthesis spectral evolution code. Solar metallicity and exponentially decreasing 
SFR models most similar to the SDSS composite spectra were identified and im- 
plemented in photometric redshift estimation of galaxies. We concluded that 
our approach can lead to a better precision of redshift estimation if we extend 
the allowed region of considered models.
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spectro-z

Figure 3: Comparing photometric redshifts to actual values from photometric 
redshift estimation made with four optimized templates (left) and with the 40 
best fitting model spectra (right).
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Abstract
The Cosmic Far-Infrared Background (CFIRB) is one the most interest- 
ing parts of the Extragalactic Background. This is the spectral rangé, 
which contains most of the Information we may know about the - cos- 
mologically - recent evolution of the Universe. The accumulated infrared 
light of unresolved galaxies can teli us about the star formation history 
at zwl, when the Universe was only half aged than now, and galaxies 
looked pretty different form the ones we know in our vicinity today.
Keywords: cosmology: Extragalactic Background, Cosmic Far-Infrared 
Background - infrared: diffuse radiation - instument: ISO, ISOPHOT

1. Origin of the Cosmic Far-Infrared Background

The Extragalactic Background (EB) is - by definition - an isotropic diffuse 
radiation originating form extragalactic distance. It covers the whole observable 
electromagnetic spectrum, from rádió waves to gamma rays. The EB emission 
originates from different sources along the electromagnetic spectrum. At certain 
wavelenghts we look back to ages when there were still no indiviual objects, and 
the light what we can measure today is a fingerprint of the radiation field at that 
time (e.g. the Cosmic Microwave Background). In other bands we can observ 
the accumulated light of unresolved individual objects (typically galaxies), which 
are much too faint to be detected alone, as in the case of the CFIRB. In Fig. 1. 
we present the spectral components of the EB.

The spectral rangé of the CFIRB starts from ~60/zm and last at ~ 300/un, 
where the CMB starts to be the dominant EB component. The major source of 
the FIR emission is the quasitermal emission of cold dúst particles. The dúst 
- despite its relatively low fraction in mass - plays a crucial role in the energy 
balance and radiation properties of the interstellar matter. It can absorb pho- 
tons from the UV and visual rangé emitting energy back in the (far-)infrared. 
Although only one-third on the bolometric luminosity of local galaxies is radi- 
ated in the infrared, there is a growing evidence, that this fraction is actually 
increasing with redshift (Soifer & Neugebauer, 1991). On the other hand, sig- 
nificant amount of near- and mid-infrared light is shifted to the far-infrared at

pkisscsQkonkoly.hu
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Figure 1: Spectral com- 
ponents of the Extragalac- 
tic Background (Hauser & 
Dwek 2001); CGB: Cos- 
mic Gamma Background, 
CXB: Cosmic X-ray Back­
ground, CUVOB. Cosmic 
Ultra-Violet- and Optical 
Background, CIB: Cosmic 
Infrared Background, CMB: 
Cosmic Microwave Back­
ground, CRB: Cosmic Rádió 
Background

higher redshifts. Current data suggest that the global star-formation rate of the 
Universe peaked at a redshift of z«l, then subsequently declined (Lilly et al., 
1996), leading to claims, that the búik of the star formation in the Universe has 
been seen. Recent data from FIR-studying satellites (IRAS and ISO) indicates, 
that most of the star-formation may be hidden by dúst. However we do nőt 
know yet how much star formation is completely hidden, recent results indi- 
cate a presence of a population of so called Ultra Luminous Infrared Galaxies 
(ULIRGs), which were discovered by IRAS (Sanders & Mirabell, 1996). These 
galaxies are very bright in the infrared, bút are very faint in optical, indicating 
hidden star formation. Models assuming strong galaxy evolution indicated ~5 
times higher intensity in the FIR than no-evolution model predictions, obtained 
by a simple extrapolation of the FIR luminosities of local galaxies. This level is 
comparable to that of the ’cosmic optical background’, estimated by summing 
the faint galaxy counts down to the deepest limit so far available, which is given 
by the Hubble Deep Field (Williams et al., 1996). The idea of strong galaxy 
evolution was recently confirmed by the infrared surveys of ISO (Abergel et al., 
1999; Lagache et al. , 1998; Dole et al., 2001).

2. Foreground components of the CFIRB
<

Detecting the CFIRB is both technically and astrophysically very challenging. 
Technical difficulties come from the fact, that everything on the surface of the 
Earth radiates at wavelenths one has to observ the CFIRB at, due to the typ- 
ical temperatures of <300 K. The other major source of the thermal FIR nőise 
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is the telecope itself. Therefore in recent years telescopes observing at FIR 
wavelengths were spaceborn and cyrogenically cooled to ~4K (IRAS and ISO). 
Another techincal deal was the straylight from very bright celestial bodies, like 
Earth, Moon, Sun, and the brightes planets Jupiter and Satum.

Evén in the case of a perfect observing tool, one has to deal with the as- 
trophysical foreground components (shown in Fig. 2.) of the CFIRB which con- 
tribute to the measured emission: the zodiacal light, the galactic cirrus, the 
intergalactic dúst, and - at very long FIR wavelenghts - the Cosmic Microwave 
Background. There are two major characteristics of the CFIRB to observ: the

-1AU ~lkpc -IMpc -IGpc -5Gpc

Figure 2: Foreground con- 
taminators of the Cosmic 
Far-InfraRed Background

absolute level, and the relatíve strength of its fluctuation amplitude (Hauser & 
Dwek, 2001). The relatíve contribution of the foreground components depends 
on the wavelength and is different in the case of absolute level and fluctuation 
amplitude measurements.

The emission originated from the intergalactic dúst is most probably neg- 
ligible, as indicated by the measurement performed through the Coma galaxy 
cluster (Stickel et al., 1998). These measurements provided an excess emission 
from the intergalactic dúst of AI«0.03MJysr-1, therefore this component is 
certainly weaker than 0.1 MJysr-1 fór the Local Group.

The contribution of the zodiacal light emission at FIR wavelengths can 
be extrapolated from the shorter wavelength emission values, using the 
COBE/DIRBE zodiacal light model (Héraudeau et al., 2001). The zodiacal 
light emission is smooth on arcminute scales as shown by Ábrahám et al. (1997), 
therefore does nőt contribute to the fluctuation amplitude.
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The galactic cirrus emission (Low et al., 1984) is originated from the irreg- 
ulary shaped interstellar clouds of the Galaxy and dominates the far-infrared 
sky at higher galactic latitudes. This is the dominant foreground component of 
the CFIRB and alsó the most difficulte to separate, since this emission changes 
significantly from piacé to piacé in an unpredictable way, leading to a strong 
confusion nőise (see e.g. Kiss et al. (2001)), which sets a final limit on the 
detectability of faint point-sources.

3. Separation of CFIRB- and galactic cirrus emission

The usual way of separating CFIRB- and cirrus fluctuations is the method of 
Fourier power spectra. As shown schematically in Fig. 3. cirrus power spectra 
has a power-law behaviour (P = Po x (do/d)“), with a rather steep slope. A 
generál a « -3 was derived fór the galactic cirrus emission from the analysis of 
100 ^m IRAS scans (Gautier et al., 1992). Since the power spectrum of the 
CFIRB is much shallower (a « 0, see Guiderdoni et al. (1997)) one can separate 
these from cirrus fluctuations at the high spatial frequency part of the spectrum 
at the best cirrus Windows of the sky (see Fig. 3. and Lagache et al. (1998)). 
The a ~ 0 spectral distribution corresponds to a Poissionian nőise component.

Figure 3: Model power 
spectra of the galactic cirrus 
emission and CFIRB fluc­
tuations (Guiderdoni et al., 
1997). Horizontal lines cor- 
respond to different CFIRB 
models, while steep linears 
represent cirrus power spec­
tra of different strength. 
The resolution limits of the 
ISOPHOT C100 and C200 
detectors are alsó marked.

Based on the results by Gautier et al. (1992) Helou & Beichman (1990) de- 
veloped a formula fór estimating the cirrus confusion nőise in the far-infrared: 

= 0.3x(A/100pm)2 5(.Dt/lm)_2'5x((BA)/l MJysr"1)1'5 
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where A is the measurement wavelength, Dt is the diameter of the telescope 
primary mirror and (Bx) is the average surface brightness of the field. Since the 
surface brightness of the CFIRB is constant (and so do the fluctuation ampli­
tude), one should observ a deviation of the measure of the confusion nőise from 
the Helou & Beichman (1990) formula at low surface brightness fields (Kiss et 
al., 2001). The amount of this deviation is closely related to the CFIRB fluctua­
tion amplitude at this wavelength. This surface brightness dependence provides 
a new method to separate the CFIRB fluctuations from that of galactic cirrus.

4. CFIRB fluctuations at 90 and 170/ixn

We used an extended database of far-infrared maps observed by ISOPHOT to 
determine the CFIRB fluctuation ainplitudes using the brightness-dependence 
method. We were able to separate CFIRB fluctuation (<5Bq(A)) from the confu­
sion nőise due to the galactic cirrus emission both at 90 and 170 /xm. With somé 
theoretical considerations (Bond et al., 1986), we were alsó able to estimate the 
CFIRB absolute level (Bq(A)) at these wavelength (see Fig. 4.).

0.0 0.5 1.0 1.5
Bo [MJysr-1]

Figure 4: CFIRB fluctuation ampli- 
tudes versus the CFIRB absolute level 
assumed. The hatched regions repre- 
sent the formai errors of the fits fór 
90 and 170 ^m. A set of dashed lines 
marks <5Bo/Bo = 6, 7, 8, 10, 12, 15 and 
20%.

At 170 /im <5Bo/Bo = 7% provides a CFIRB absolute level of 
Bo = 0.8±0.2 MJysr-1. At 90 /zm the dependence of <5Bo on Bo is even 
weaker than at 170 /xm, therefore a well defined value of 0.11 ±0.03 MJysr-1 can 
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be determined. The Bq value of l.l±0.3MJysr 1, is the same as the average 
surface brightness of the faintest 90 pm maps in our data set. The expected 
cirrus contribution in these fields - predicted from the ~0.8 MJysr-1 value 
at 170pm by using a typical cirrus spectrum (modified black-body SÉD, t/2 
emissivity law, 20 K temperature) - is about 0.3 MJysr-1. This result suggests 
that the 1.1 MJysr-1 is an upper limit and the most likely value of the CFIRB 
lies at the lower end of the uncertainty rangé, i.e. ~0.8 MJysr-1. Our results 
are in very good agreement with theoretical calculations (Pei et ah, 1999) and 
with results obtained by other methods (e.g. Lagache et al. (1998)). A more 
detailed description of our work is presented in our recent paper (Kiss et al., 
2001)
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Abstract

A 5-GHz space VLBI image of a very compact quasar 1546+027 is pre- 
sented with an unprecedented angular resolution at this observing fre- 
quency. The source has been observed in a broad spectral region (rádió, 
optical, X-ray, 7-ray) in the recent years. Our image shows changes in 
the source structure compared with earlier observations. These changes 
can alsó be seen at other rádió frequencies. The source is a candidate fór 
detecting apparent superluminal motion. We estimate the value of the 
rest-frame brightness temperature of the source, Tb = 0.46 x 1012 K. 
Keywords: techniques: interferometric - galaxies: active - quasars: in- 
dividual: 1546+027

1. Introduction

The source 1546+027 (J1549+0237) is one of the brightest and most compact 
active galactic nuclei found in the VLBI Space Observatory Programme (VSOP) 
5-GHz Prelaunch VLBA Survey in 1996 (Fomalont et al., 2000), therefore it is an 
ideál target fór space VLBI observations. Space VLBI (Hirabayashi et al., 1998) 
is a rádió interferometric technique involving an orbiting rádió antenna that is 
linked to the ground-based network of rádió telescopes in order to image compact 
rádió sources with unprecedented angular resolution. A detailed description of 
the VLBI technique can be found in Zensus et al. (1995).

The source 1546+027 was optically identified by Bolton & Wall (1970). Its 
redshift is z = 0.412 (Burbridge & Strittmatter, 1972). The optical polarization 
of the object is greater than 3% (Moore & Stockman, 1981), therefore it is 
classified as a Highly Polarized Quasar (HPQ). Optical monitoring has shown 
that the source has variability rangé of almost 1 magnitude (Smith et al., 1994). 
The quasar was alsó observed in the high energy régimé, in the X-rays by 
ROSAT (Brinkmann et al., 1995), and in the 7-rays by the EGRET instrument 
on the Compton Gamma Ray Observatory (Fichtel et al., 1994).

The source was often observed at different rádió frequencies. There are 
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multi-frequency and monitoring data available. Using these data, changes 
can be tracked in the flux density and spectral index values. Until 1996, the 
source seemed to be unvariable at 327 MHz (Ghosh et al., 1994), at 22 and 37 
GHz (Wiren et al., 1992), and in a multi-frequency rádió survey covering the 
frequency rangé of 1.5-10.6 GHz (Neumann et al., 1994). At the beginning of 
1996, Australia Telescope Compact Array monitoring (1996-1998, S. Tingay 
et al., in preparation) and other data indicate a prominent flux density outburst 
(Fig- 1).

The source can be found in somé of the imaging rádió surveys, fór example 
the 1.64-GHz VLA survey (Murphy et al., 1993), the 5-GHz VLB A Prelaunch 
Survey (Fomalont et al., 2000), the 5-GHz VSOP Survey (Hirabayashi et al., 
2000) and the Rádió Optical Reference Frame image database (Fey & Charlot, 
1997) at 2.3 and 8.4 GHz.

Time (year) Time (year)

1

Figure 1: The 5-GHz totál flux density (5, left) and the calculated rádió spectral 
index (a, right) as a function of time. The spectral index is defined as S ~ i/“, 
where v is the frequency. The flux density data are taken from S. Tingay et al. 
(in preparation), Kovalev et al. (1999) and Neumann et al. (1994). Both curves 
indicate an outburst around 1995.

2. Observations, calibration and data reduction

The observations took piacé on 13 August 2000, with four antennas of the 
European VLBI Network (EVN), Effelsberg, Hartebeesthoek, Torun and Noto, 
and the HALCA satellite (Hirabayashi et al., 1998) at 5 GHz. The source was
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Table 1: Fitted Gaussian model components of 1546+027.

Component a b c
Flux density [Jy] 0.688 0.280 0.082
Radius [más] 0.05 0.81 1.51
Position angle [°] -22 179 179
Major axis [más] 0.56 0.52 0.30
Minor axis [más] 0.18 0.15 0
Major axis position angle [°] -11 -27 -48

observed over 7 hours in left circular polarization. The data were recorded with 
32 MHz bandwidth. The correlation took piacé at the NRAO correlator in 
Socorro (NM, USA).

Initial data calibration and fringe-fitting were done using the NRAO AIPS 
package (Cotton, 1995; Diamond, 1995). The Caltech DIFMAP package (Shep- 
herd et al., 1994) was used fór self-calibration, imaging and determining a bright- 
ness distribution model of the source.

3. Results and discussion

At the time of our observations, the totál flux density of the source was decreas- 
ing, years after the 3-Jy maximum at 5 GHz (Fig. 1). Our space VLBI image 
of 1546+027 at 5 GHz is displayed in Fig. 2.2.. It shows a core-jet structure in 
N-S direction similar to other VLBI images with lower resolution. We fitted a 
brightness distribution model to the source visibility data. The model consists 
of three elliptical Gaussian components: the core (a), and two jet components 
(b and c) within 1.5 más to the South of the core (Table 1).

Using the fitted model components, we can estimate the rest-frame bright­
ness temperature of the core as

Tb[K] = 1.22 x 1012
S 1 + z

^maj^min 1/2

where S is the component’s flux density in Jy, #maj and ömin are the major 
and minor axis of the component in más, respectively (assuming optically thick
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Figure 2: Clean image of the source 1546+027 with a clear N-S core-jet struc- 
ture. The contours are drawn at -1, 1, 2, 4, 8, 16, 32 and 64% of the 0.535 
Jy/beam peak brightness. The totál flux density is 1.1 Jy. The restoring beam 
is shown in the bottom-left corner.

Gaussian brightness distribution), v is the observing frequency (in GHz) and z is 
the redshift. We obtain Tb = 0.46 x 1012K fór the core brightness temeprature. 
This value is close to the inverse Compton limit, in agreement with independent 
estimates of 7b based on earlier data.

The linear core-jet distance between components a and b (Table 1) is 
2.8/h pc (where h is the dimensionless Hubble constant; the Einstein-de Sitter 
cosmological model is assumed, qo = 0.5). According to the totál flux density 
monitoring data (Fig. 1), an outburst has occured at about the end of 1995. 
If we associate component b with this outburst, then this change in the linear 
core-jet separation implies an apparent speed of 2c/h (c is the speed of light). 
This can be considered as a marginal evidence fór a moderately superluminal 
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motion that could be verified with future high resolution VLBI observations.
In the arcminute resolution VLA image (Murphy et ah, 1993), the orientation 

of the core-jet structure is different from what we see on VLBI scales. The 
misalignment angle between the kpc- and the pc-scale jet is nearly 35°. The 
object was observed with MERLIN as a phase-reference calibrator source (Frey 
& Mosoni 2002, these proceedings) in March 2001. The ~ 50 más resolution 
MERLIN image (Fig. 3) shows that the jet direction continues to the South, on 
intermediate scales between our sub-mas resolution space VLBI image (Fig. 2.2.) 
and the arcminute resolution VLA image.

Figure 3: 5-GHz MERLIN image of 1546+027. The contours are drawn at 
-0.025, 0.025, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 25, 50 and 99% of the 1.29 Jy/beam 
peak brightness. The restoring beam is shown in the bottom-left corner.
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Abstract

A rádió "colour-colour" diagram is defined in order to determine the 
evolutionary State of synchrotron-emitting plasma bubbles that are ejected 
during outbursts in microquasars. We establish the colour-colour diagram 
fór the plasmons of SS433 observed on 18 April 1998 using VLBI observa- 
tions. We show that the rádió plasmons are nőt consistent with a simple 
expanding sphere of plasmon. This may indicate that in-situ partiele ac- 
celeration is taking piacé away from the Central engine.
Keywords: stars: individual: SSJ33 - ISM: jets and outflows - rádió 
continuum: stars

1. Introduction

Microquasars are galactic X-ray binary systems that contain a normál star and 
a neutron star or black hole. The former loses matter onto the compact object 
through an accretion disk. Part of this accreted matter leaves the system in 
well collimated partiele beams (jets), perpendicular to the disk. The natúré of 
the compact object is still nőt known in several systems. How jets are formed, 
collimated, and how energetic eleetrons are produced in these relativistic beams 
are open questions. Most of these energetic eleetrons probably originate from the 
vicinity of the Central engines of microquasars, bút the Fermi-process (eleetron 
acceleration in shocks) within the jets may alsó play a role. Jet processes are 
briefly summarized by Spencer (1998).

An introduction to the Galactic radio-jet system SS433 as a microquasar 
and its high resolution properties determined in recent VLBI observations is

“This work has been carried out in collaboration with I. Fejes, R.C. Vermeulen, R.T. 
Schilizzi, R.E. Spencer and A.M. Stirling. Special thanks to Al Stirling fór useful suggestions, 
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Hungárián Space Office (MŰI), the Netherlands Organization fór Scientific Research (NWO) 
and the Hungárián Scientific Research Fund (OTKA, grant no. N31721 & T031723). 
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given in Paragi (2001). The particular VLBI experiment shown here and the 
data analysis are described in Paragi (2000).

Below we introduce the Van dér Laan (1966) model (originally developed fór 
quasars) that describes rádió emission from spherical plasmons ejected from the 
Central engine during an outburst. The spectral index evolution of these ejecta 
from the optically thick to the optically thin régimé is demostrated on a rádió 
colour-colour diagram. A spectral analysis of the rádió components observed in 
SS433 follows.

2. Rádió emission from spherically symmetric ejecta

Radiative properties of spherically symmetric ejecta depend on their instanta- 
neous apparent size (ö), the number density of relativistic electrons (TV), and 
the strength of the magnetic field (H). The energy distribution of synchrotron 
radiating particles is = KE~8, where s is the energy spectral index. The 
emission and absorption coefficients of the synchrotron process have the follow- 
ing dependence on frequency: jv oc pd-»)/2 anj Kv a p-O+s)/2, respectively. 
The resulting spectrum is S oc va, a is the spectral index. In the optically thin 
domain the emission coefficient determines the spectrum, and a = (1 - s)/2. In 
the optically thick domain the spectrum depends on the source function {jv/ny), 
resulting in a = 2.5.

The time evolution of the received flux density (S) in a rádió outburst as 
observed at different frequencies was calculated by Van dér Laan (1966). The 
effect of the optical depth (r) changing through different lines of sights in the 
source was considered by Hjellming & Johnston (1988). Their basic assumptions 
were that the ejected cloud of plasma expands adiabatically intő the surrounding 
médium, and relativistic electrons are genarated within a short time rangé close 
to the Central engine, and nőt somewhere in the extended the jet. This latter 
assumption seems to be valid fór microquasars (Spencer, 1998).

The time evolution of the flux density at four different frequencies is shown 
in Fig. 1. The plasmon brightens in the optically thick stage (until t ~ 1) with 
increasing radius (ö oc t fór free expansion), and there is an exponential cutoff 
in the optically thin régimé. Of course r has a strong frequency dependence, 
this is why the rádió lightcurves peak at different times.
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Figure 1: Flux density evolution of plasmons (Van der Laan, 1966; Hjellming & 
Johnston, 1988). Observing frequencies available in VLBI were selected (pq =10 
GHz, v =22, 15, 8.4, 5 GHz)

3. The rádió colour-colour diagram

The model outlined above might be checked in multi-frequency observations 
by monitoring the totál flux density of the sources during outburst. However, 
there may be several rádió components contributing to the totál flux, therefore 
it is desirable to have high resolution imaging experiments using the Very Long 
Baseline Interferometry Technique (Zensus et al., 1995). VLBI observations are 
useful alsó because we can measure the size of the ejected plasmons, and this 
allows us to estimate the magnetic tieid strength. Evén more Information could 
be gathered if we could determine the optical depth of the component directly. 
In order to achieve this, we define a rádió "colour-colour" diagram.

Similarly to Fig. 1, one might plot the spectral index evolution with time, 
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starting from a=2.5 and eventually reaching a=(l — s)/2 (nőt shown). In 
practice we determine the spectral index between two observing frequencies 
as Uij = ln(Si/Sj)/ln(i/j/i/j)) (^ > pj). It is straightforward that the high fre- 
quency spectral index versus the low frequency spectral index plot (the "colour- 
colour" diagram) will be model dependent, and contains information about the 
evolutionary State (i.e. the optical depth) of plasmons at these frequencies. The 
rádió colour-colour diagram of a model outburst is compared to reál measure- 
ments of SS433 in the next section.

4. Application to SS433

The source was observed at four frequencies on 18 April 1998, during a large 
flare. The VLBI map of SS433 at 5 GHz is shown in Fig. 2. There are four 
pairs of rádió components, their ages rangé between ~ 1 — 4 days. We have the 
opportunity to observe plasmons of different age, i.e. in different evolutionary 
States even though the observations were made at a single epoch.

Figure 2: The plasmons of SS433 during a flare on 18 April 1998

It can be seen from the rádió colour-colour diagram (Fig. 3) that the plas­
mons of SS433 are already in the optically thin régimé at these frequencies. 
Even the youngest component has no ~ 0.1. Other components have spec­
tral indices that are nőt compatible with the model (Wi is located outside the 
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ranges shown). It seems that SS433 outbursts cannot be explained by spheri- 
cally symmetric plasmons as described by Van dér Laan (1966) - one or more 
model assumptions must be invalid.

One may speculate that the rádió components seen are nőt spherical bubbles 
bút shocked regions within the jet. In this case we expect to see significant 
degrees of linearly polarized emission, because shocks are ordering the magnetic 
field and the jets are near the pláne of the sky (alsó, aberration is unimportant 
at the jet speed of 0.26c). We do nőt detect polarization in SS433 on VLBI 
scales. Unless there is an external Faraday screen depolarizing the source (to 
be investigated later), this means that the rádió components seen on the maps 
are nőt single shocks.

There is one model assumption identified so far that is surely nőt true. We 
have shown that the components are optically thin. Bút we are in the midst of 
a large flare in integrated flux density, and S is expected to increase only in the 
optically thick régimé. In order to increase the brightness of an optically thin 
source, relativistic electrons must be continuously produced - these particles 
are nőt supplied by the Central engine in this case! Energetic electrons may be 
accelerated via the Fermi-process in shocks, bút these shocks must be smaller 
than the components seen on the maps fór two reasons: i) we need several 
crossings through the shock in order to achieve an efficient acceleration (the 
smaller the shock the more effective the process is), and ii) small shocked regions 
with different orientations of H may cancel out the net polarization, resulting 
in a depolarized source as we observe.

5. Conclusions

We define a rádió colour-colour diagram and demonstrate its applicability in 
analysing rádió flares by comparing a model with the observations. There must 
be ongoing production of relativistic particles in order to explain the optically 
thin natúré of the components and at the same time the increasing brightness 
of the source. This is clear evidence that in microquasars the Central engine is 
nőt the only piacé where electrons can be accelerated to relativistic energies.
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Abstract

We study the physical parameters of the interstellar médium in the 
Cepheus Flare region. We investigated the large scale dúst tempera- 
tűre and density distribution based on COBE DIRBE, IRAS and ISOSS 
data. We give optical B bánd extinction maps of 61 opaque objects in 
the « 220 square-degree region. We have selected 41 starless, dense cloud 
cores among these, based on infrared and optical images. As much as 21 
cores showed very low (T < 15K) FIR colour temperatures. These are 
considered as candidate pre-protpstellar cores and will be further investi­
gated. 1
Keywords: interstellar dúst, low mass star formation, Cepheus Flare

1. Introduction

As recently reviewed by Ward-Thompson (D. Ward-Thompson, 2002, Science, 
295, 76.) there are several debates describing the phisical processes and the 
initial conditions fór early phases of interstellar cloud collapse. We intend to 
gather and analyse multiwavelength data on nearby low mass star forming re- 
gions focusing on the phases when no embedded young stellar object (YSO) is 
seen. Low mass star formation is expected in low and moderate mass (from 
ten to few hundred solar masses) clouds, in dense (n(H2) > 103cm-3) and cold 
(T « 10K) cloud cores. As a first step we identify such objects without YSOs in 
the Ceheus Flare region which is a well known scene of low mass star formation 
(see eg. M. Kun, ApJS, 1998).

These dense cloud cores are optically thick fór the visible light and can 
be identified as obscuring spots on optical images when they are nearby (up 
to few hundred pc). On the other hand they are optically thin fór their own 
quasithermal emission, which has a spectral maximum in the very far infrared

'This research is part of our observational study of the initial conditions of low mass star 
formation in the vicinity of Solar System.

elte.hu
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(100 to 200/zm) The FIR radiation can effectively cool the clouds, and alsó helps 
us revealing these cold clouds. In this paper we use the optical extinction, and 
FIR emission data exploring the clouds of the Cepheus Flare region.

2. Data analysis

2.1. Optical data

We examined the 15 x 15 degree region of Cepheus Flare centered at RA = 
21h40m, Dec = 68°. We selected 26 subfields of this area with a size of 1 x 1 
degree, according to the positions of clouds listed in LDN (Lynds , 1962) and 
Barnard catalogues. The optical extinction of these subfields were mapped by 
Dickman’s (Dickman , 1978) method, counting stars in predefined grid cells up 
to a limiting magnitude in blue, using the data of the USNO A2.0 catalogue. 
The size of the reseau was 3’ x 3’, and counting was performed up to 18m in 
all subfields. Extinction free values of star counts were taken from a galaxy 
model by Wainscoat realised by L. Balázs in FORTRAN. The actual value of 
extinction in magnitudes can be obtained according to the following formula

A = (1)

where n is the star count in the actual cell, nref is the reference count taken 
from the model up to the same limiting magnitude and b is the slope of the 
lgn(m) function at the actual position taken from the model.

The individual objects we examined were defined by drawing ellipses, which 
contained each cell showing at least 2m extinction (figure 1). We estimated the 
mass of each cloud based on the optical extinction, following Dickman (1978) 

M = M2(NH2/Av)^Av (2)

where a is the size of a grid cell in radians, d is the distance of cloud, (Nh2/Av) 
is the considered ratio of H2 column density and visual extinction, p is the 
average mass of particles in the cloud and Ay is the visual extinction obtained. 
Distance data were taken from Hilton & Lahulla (1995).

2.2. Infrared data

The infrared colour excess were alsó mapped in 26 subfields identical to the 
subfields of the extinction maps. Colour excess is related to the temperáture of
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FIELD 8

Figure 1: 100 pm excess and extinction map of LDN 1168 field containing the 
object no. 32 of our sample. Emax = 1.05M Jy sr-1, A(B)max = 3.0m, field 
center: RA = 20/l56m18s, Dec = 67 o41'16”.

FIELD 8

20 10 0 -10-20
ARA (arcmin)

the dúst, emitting a 10 — 20 K thermal radiation, higher excess values indicate 
lower dúst temperatures. Colour excess was computed from the HÍRES 60 and 
100 pm data according to the definition Eioo = Aoo - ^eo/ö, where 0 is the 
characteristic Iso/Imo intensity ratio of galactic cirrus emission « 0.2 (figure 
1). HÍRES data were calibrated by the COBE DIRBE through the ISSA data

The colour temperature map of the whole region were computed fitting a 
modified Planck-function to the DIRBE 100, 140 and 240 pm data, assuming a 
v2 emissivity law (figure 2). We have determined the DIRBE colour temper­
ature, the average and maximai extinction, the average and maximai 100 pm 
excess, and the average ratio of extinction and 100 pm excess inside fór all of 
the individual objects.

Searching fór starless cores To find out cores with no stars we considered, 
in addition to the extinction and infrared maps described above, the positions of 
young pointlike sources in the region examined. The positions of these pointlike 
objects were taken from M. Kun (Kun , 1998). Considering this position data we 
selected the cloud cores having no such object. We alsó compared the positions 
of previously detected molecular emission in 13CO (Yonekura et al., 1997) and 
NH3 lines (Jijina et al. , 1999) to those of our clouds.
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Figure 2: Overall distribution of 
optical depth in the Cepheus Flare 
l.öKkms-1 CO contour overlaid-

infrared colour temperature and 100 pm 
drawn from the DIRBE data with the

3. Results

General view We obtained from the DIRBE 100, 140 and 240 pm data 
7b w 17 K typical temperature of the examined region. The lowest DIRBE 
temperature values in the region were 7b ® 15 K.

Individual objects We have deíined 61 objects on the subfields of extinction 
maps. All of these show more than 2m maximai extinction by definition. In 
the case of the most opaqe ones the maximum values of extinction obtained 
is greater than 4m. In the case of somé objects, the maximum colour excess 
observed reaches or exceeds 2 M Jysr~l indicating that, their temperature is 
notably lower than that of galactic cirrus. We recognised 31 objects with this 
high colour excess.

Considering the positions of YSO candidates and Ha emission stars we recog­
nised 41 clouds in our sample suspected to be starless. We examined the former 
molecular measurements in 13CO and NH3 and we found 27 objects associated 
with molecular detections.
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4. Discussion

According to the DIRBE colour temperature map the TD « 17K typical tem­
perature of the region is obviously lower than its environment, which shows the 
characteristic temperature of the galactic cirrus emission 7b 18 K. This low 
temperature region can alsó be observed in the optical depth and the 12CO 
contour map indicating higher density (figure 2). In the positions of our clouds 
defined the DIRBE temperature is typically even lower, Td « 15 K fór the 
coldest ones.

We can trace the optical extinction up to Ab ~ 4m and recognise 61 dense 
clouds. Constrained by the limiting magnitude higher extinction values were 
nőt available. We have 7 objects showing an exinction higher than 4m, and 
18 objects show a maximai extinction less than 3m. The values of average 
extinction in individual clouds were all in the rangé of 1™7 - 2™5. The mass of 
individual clouds obtained from these extinction values was found between 50 
and 200 M0 in agreement with former theoretical predictions.

In the positions of the densest clouds the colour excess can grow above 
3M Jysr~x, however the highest extinction does nőt always coincide with the 
highest colour excess values. In somé cases the dense clouds contain embedded 
heating sources. Such objects even if their extinction exceeds 3 or 4m, have 
low colour excess values even in the position of the maximum. On the other 
hand, in the case of all clouds showing high colour excess values, the maximum 
extinction is higher than 3m.

There are 20 objects among the 61 defined containing one or more YSO 
candidates, HQ emission stars, or both of them. From te 41 suspected starless 
core 21 shows notably low temperature acoording to colour excess maps.

Considered the former CO and NH3 detections 23 of our clouds, 7 of the 
suspected starless clouds with notably low temperature, are situated in a 13CO 
cloud, and 9 clouds, 1 of the suspected starless cold clouds, show ammónia 
peaks.

4.1. Summary

We have mapped the extinction in blue, and the 100 pm excess in 26 subfields 
with a size of 1° x 1° of the Cepheus Flare region looking fór dense cold clouds 
with no embedded pointlike protostellar objects. We found 61 dense clouds, 21 
among them show an extinction higher than 3m, have higher 100 pm excess than 
1 M Jy sr-1, and containing no embedded star. Somé of them can be recognised 
in 13CO and NH3 lines. We have determined the infrared colour temperature 
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of these clouds from DIRBE measurements, and these data alsó indicated low 
temperature. We are intended to use ISOSS 170/tm data combined with IRAS 
100 pm to obtain a higher resolution colour temperature map. We are alsó 
intended to perform further rádió measurements in NH3 lines to find out the 
physical conditions in the clouds, which are found to be the most promising in 
the aspect of exposing observationally the very beginning phase of low mass star 
formation.
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Abstract

In this paper we are questing the large scale structure of the interstellar 
médium (ISM) using IRAS/ISSA 60 and 100 p.m maps in the 3rd Galactic 
Quadrant (GQ). Here we identified 41 loop-like intensity enhancements 
and analysed their far-infrared (FIR) properties. We found major differ- 
ences in the distribution and characteristics of these features when com- 
paring the results of the 2nd and the 3rd GQs. This discrepancy can be 
satisfactorily explained by basic differences of the structure of the ISM in 
these two Galactic Quadrants.
Keywords: ISM, far-infrared: diffuse emission, galactic structure

1. Introduction

Shell or arc like local density enhancements have been long since known. These 
structures may be formed by various processes and are reported in many tracers 
of the ISM, including rádió, infrared, optical, ultraviolet and X-ray wavelengths. 
Most of the loops are explained as dense expanding shells of supernova (SN) ex- 
plosions and stellar winds of supermassive stars. Moreover it is just possible that 
gas and dúst loops form as a result of supersonic turbulences of the interstellar 
médium.

Loop-like structures were detected in the far-infrared wavelength rangé owing 
to the features of the dúst emission and the characteristics in the distribution 
of young embedded objects. Loops containing diffuse and discrete emission can 
be found on IRAS images. Schwartz (1987) catalogued 16 star-forming loops in 
the outer Galaxy (60° < 1 < 300° and |b| < 7°). The study by Marston (1996) 
presented IRAS Skyflux images of 49 suspected shells in the environment of 
galactic Wolf-Rayet stars. One of the most prominent far-infrared loops, the 
Cepheus bubble was discovered by Kun et al. (1987). The 2D projected easily 
visible ring, both at 60 and 100 microns, might well be a result of stellar winds 
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from massive stars in the Cep OB2 associations and several supernova events. 
Besides these events the infall of high-velocity clouds from the galactic haló 
has alsó been proposed to form large shells in the Hl disc (Tenorio-Tagle, 1980). 
The North Celestial Pole (NCP) loop is the most remarkable example of infalling 
cloud - galactic disc interactions (Meyerdierks et al. , 1991).

Tóth et al. (1996) performed a survey of FIR loops in the 2nd Galactic 
Quadrant (90° < 1 < 180°). This survey extended to high galactic latitudes 
(-90° < b < 90°) and significantly increased the number of known loops (141).

In this paper we present the results of a similar survey in the 3rd Galac­
tic Quadrant (180° < 1 <270°; -90° < b <90°), as part of our all-sky survey 
program.

2. Data analysis

2.1. Searching fór loops on IRAS/ISSA images

The visual search fór loop like features has been carried out on the computer 
readable, zodiacal light removed ISSA (IRAS Sky Survey Atlas) plates 
(Wheelock et al., 1994) especially at 60 and 100 pm. The investigation required 
huge connected areas, much larger than the 12?5 x 12?5 sized ISSA maps. The 
final images (with a size of ~ 40° x 40°) on which the search was carried out were 
built up by using the "geom" and "mosaic" procedures of the IPAC-Skyview 
package.

According to the definition (Tóth et al., 1996) loops must show an excess 
FIR intensity as compared to its surrounding. A shell - by definition - must be 
at least 60 % of a complete ellipse-shaped ring. It may consists of a set of bright 
spots, or may be a diffuse ring or part of a ring.

2.2. Parameters of the loops

Using the IPAC-Skyview package, we fitted an ellipse to our suspected loops 
on the 100 pm ISSA images. The fitted parameters were the Central galactic 
coordinates, the minor and major semiaxes of the ellipse and the inclination of 
the major axis to the circle of galactic latitude at the center of the ellipse. This 
was defined to be from East to North.

We extracted a radially averaged surface intensity profile fór the loops, ex­
tended to a distance of twice the axes of the fitted ellipse, using 20 concentric 
ellipsoidal rings. In the following calculations we used these surface-brightness 
profiles to obtain e.g. the significance of the loops.



The large scale structure of the ISM in the 2nd and 3rd GQs 93

Loop-like intensity enhancements were searched by eye on our ISSA mosaic 
maps because man’s eye is the best pattern-recognition tool, especially in such 
cases when strici role can hardly be defined. In order to filter out many sub- 
jective effects due to the eye-investigation and check if our loops really show 
the FIR intensity excess over the local background, we derived a "significance" 
paraméter, denoted as "í" in the following. $ was defined as the relatíve in­
tensity excess over the background in the radially averaged intensity profile (fór 
a more detailed explanation see Kiss et al. 2002).

Another characteristic of the loops is the "color index" AI(60)/AI(100), 
defined as the slope of the COBE/DIRBE corrected ISSA 60 and 100 pm scatter 
plot, which may account fór temperature differences in the shells.

Figure 1: Sky distribution 
of GIRLs in the 2nd and 3rd 
GQs (galactic coordinate Sys­
tem). Ellipses were drawn us- 
ing the fitted parameters of the 
loops (see text).

3. Statistical results

In the 3rd GQ we found 41 Galactic far-InfraRed Loops (GIRLs), identified on 
ISSA 100 pm images. The catalogue is available at the following URL: 
http://astro.elte.hu/IRASLoops3/IRASLoops3e.html . The distribution of 
GIRLs in the 2nd and 3rd Galactic Quadrants is presented together in Fig. 1.

We have defined a characteristic size fór our loops as the geometrical mean 
of the sémi minor and -major axis of the fitted ellipse, = (v^i x bi)i.

http://astro.elte.hu/IRASLoops3/IRASLoops3e.html
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This yielded (Reff) — 3?2 and 3?9 fór the 2nd and 3rd quadrants, respectively.
The distribution of GIRLs found in the 2nd and 3rd GQs (see Fig 2.) were 

expected to somehow reflect the exponential disc hypothesis. The Galactic 
Disc contains most of the ISM in the Galaxy, accordingly regions closed to 
the galactic pláne should be the most populated parts of sky in loops, and this 
number should decrease nearly exponentially by the increasing galactic latitude.

Color indices distribute uniformly in galactic latitude and approximately 
show cirrus-like color, in contrast to the 2nd GQ where a significant deviation 
can be observed at low galactic latitudes to higher color indices.

3.1. Comparison of the GIRL distribution in the 2nd and 3rd Galactic 
Quadrants

As shown by Kiss et al. (2002) many of the GIRLs identified in the 2nd GQ 
- and located at low galactic latitudes - were probably formed by the stellar 
wind of massive stars. According to Humphreys (1970) the distribution of these 
energetic sources along the Galactic Pláne is quite different in the 2nd and 3rd 
GQs, since the 2nd one contains a more richer population. The 2nd GQ contains 
a significant part of the Local Arm (Orion Spur) and almost the whole Perseus 
Arm. In the 3rd GQ there is no significant sign of the galactic spirál structure, 
only a small fraction of the Orion Spur (at 1re 180°) and part of the Local Arm 
(along 1 re 270° up to a distance of ~ 2 kpc) are present.

Blitz and Spergel (1991) assumed a quadrupole term in the galactic potential 
derived from the asymmetry of the spheroid component. Observations of the 
21 cm absorpsion features and further considerations suggested that there is 
roughly 20% more gas in the 4íh quadrant than in the lsí, and roughly the 
same amount more in the 2nd than in the 3rd.

These differences may account fór the discrepancy observed in the char- 
acteristics in the GIRL properties and distribution in the 2nd and 3rd GQs. 
Additional differences between the two quadrants may be conspitious because 
of the relatively high number of small arcs and shells which were ignored in the 
3rd GQ, while kept in the 2nd. These small features did nőt show an obvious 
FIR intensity excess over the background. Smaller bubble candidates of this 
quadrant - perhaps formed by turbulence in a lower amount of ISM - cannot 
fönn shells dense phased and bright enough to significantly exceed the back­
ground intensity. On the other hand loops may grow larger in the 3rd GQ than 
in the 2"d in the case of the same input energy due to the smaller amount of 
ISM .

It seems that the mass and density in the 3rd GQ are nőt high enough to
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Figure 2: Distribution of 
GIRLs in the 2nd and 3rd 
GQs. (a) Loop-counts vs. 
galactic longitude. (b) 
Loop-counts vs. galactic lat- 
itude fór the 2nd quadrant 
(light grey bars) and fór the 
3rd GQ (dark grey bars).

produce star-formation in an efficiency comparable to that in the 2nd GQ. The 
relatively low intensity excess of the loops in the yd GQ alsó explains the fact, 
that these loops show cirrus-like AI(60)/AI(100) values, in contrast to the 2nd 
quadrant.

4. Summary

In this paper we presented the results of a search fór GIRLs (Galactic InfraRed 
Loops) in the 3rd Galactic Quadrant. Our objects are suspected to be the 
remnants of high pressure events, seen as far-infrared intensity enhancements 
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on IRAS/ISSA plates.
The investigation fór FIR loops in the 3rd GQ is part of an all-sky survey 

program, - which was first set in the 2nd Galactic Quadrant (Kiss et al. , 2002) - 
and will have an impact on the better understanding of the large scale structure 
of the ISM in the galactic neighbourhood of our Solar System.
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Abstract

We identified a large expanding Hl shell around Cas OB5 analyzing Lei- 
den/Dwingeloo Hl data. With the help of objects apparently associated 
with the bubble, we could estimate a distance of 2.5 kpc and we deter- 
mined the main characteristics of the shell. Model calculations have shown 
that Cas OB5 had the power to form the observed structure in its neigh- 
bourhood.
Keywords: ISM:bubbles - ISM:individual(Cas OB5)

1. Introduction

Supernova explosions and stellar winds of massive stars generate strong shock 
waves in the interstellar médium (ISM). They sweep out the surrounding gas and 
dúst and create expanding Hl shells. There are many evidences that these large 
shell-like structures are relatively common in the disk of the spirál galaxies. 
In our Galaxy Heiles (1979) cataloged many large Hl shells. In the galaxy 
M31 Brinks (1981) alsó managed to observed similar features. The kinetic 
energy of the largest structures are exceeded by a few orders of magnitude than 
that of a single event. Formation of these bubbles can be explained by the 
influence of OB associations where the massive stars of the association provide 
a source of energy driving the expansion first by their stellar wind and then 
the subsequent SN events enlarge the former hole. In the last decades several 
neutral hydrogen shells were investigated apparently related to galactic OB 
associations and open clusters (Per OB2, Sco OB2, (Sancisi, 1974); Cep OB3, 
(Read, 1980);Cep OB2, (Kun et al., 1987); Lac OBI, (Cappa de Nicolau & 
Olano, 1990); Scorpio-Centaurus, (de Geus, 1992); Ara OBI (Rizzo & Bajaja, 
1994); Orion OBI, (Brown et al. , 1995); Ocl 352, (Norinandeau et al., 1996); 
Perseus OBI, (Cappa & Herbstmeier, 2000)). In this paper we present the 
results of an investigation of neutral Hl structure of the ISM in the vicinity 
Cas OB5. In this area a large elongated Hl shell was found by (Fich, 1986) 
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with a center position of 1 = 117.5°,b = 1.5°. It was alsó suspected that 
somé SN events occured in the pre-rarified médium of the Hl shell and these 
supernovae actively engaged in enlarging the Hl shell. Schwartz (1987) found a 
far infrared ring (1 = 118°,b = 2°,diameter = 5°) close to the Hl shell defined 
by Fich. Using the diffuse infrared emission originating from this region Kiss 
et al. (2002) identified a far infrared loop GIRL117+01 in a position similar to 
Schwartz’s.

2. Hl data analysis

In order to analyze the distribution of Hl gas in the environment of the Cas OB5, 
the data were taken from the Leiden Dwingeloo Hl survey by Hartmann et al. 
(1997). The Leiden Dwingeloo survey covers the entire sky above declination 
—30°, on a half degree grid both in 1 and b, with half-power beamwidth (HPBW) 
of 0.6°, sampled at 1.03 kms-1. The limiting brightness temperature sensitivity 
was < 0.07 K.

Investigating the Hl distribution around Cas OB5 we analyzed the Hl emis­
sion in the region 108° < 1 < 127° and -7° < b < 9° within the velocity interval 
from —100 kms-1 to +30 kms-1. This investigation revealed a large Hl shell in 
the velocity rangé from -60 kms-1 to +3 kms-1 surrounding the OB associ- 
ation. In Fig. 1 we display the distribution of the neutral hydrogen emission 
integrated within the velocity rangé above.

The projected image of the loop extends to ~ 8.5° in both directions. The 
lowest Hl brightness temperature in the hole occures at the position of 1 = 
117.5°, b = 0°.

When the emission is optically thin, one can determine the neutral hy­
drogen column density distribution Nhi in this region. This assumption was 
tested comparing IRAS 100/rm with Hl data. At each position the col­
umn density were determined from the current Hl emission multiplied by 
1.8224 x 1018 (Kkm/s)-1cm-2 (Hartmann et al., 1997).

To estimate the Hl mass of the shell we performed a removal of the back- 
ground from the map. The background was determined by fitting a third order 
polinomial in b through an unobscured region close to the shell. The final mass 
was calculated by summing up the column densities of the individual points 
which we associated to the shell. We obtained Ms ~1.0±0.2xl05 x d2[kpc]M0 
taking intő account the He mass as 40% of totál hydrogen mass.

The approaching side of the shell has a mass twice than that of the receding 
side. This feature sets the true systemic velocity of the center of the expansion
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Figure 1: The integrated Hl emission map through the velocity rangé -60 kms-1 
to +3kms-1. The 0 and B stars of the association denote plus signs, the 
pulsars and SNRs indicate triangle and fiiled circle signs respectively. Moreover 
we displayed the Sharpless HU regions (Sharpless, 1959) (113° < 1 < 122° and 
-5° < b < 6°) indicated by circles which have diameter show the angular extent 
of the HU region.

to vlsr « -38kms-1 and provides a momentum-weighted expansion velocity



100 A. Moór and Cs. Kiss

Table 1: Parameters of the shells

Name velocity interval 
[kms-1]

vsys 
[kms-1]

vs 
[kms-1]

distance 
[kpc|

G117.5+0.0 [-60,4-3] -38 20 2.5
Rs Ms no
[pc] [Mo] [cm-3]

G117.5+0.0 187 6.32±1.26xl05 0.93

(Ábrahám et ah, 2000) of veff ss 20kms-1. According to this systemic velocity 
the large Hl shell belongs to the Perseus spirál arm which is clearly outlined in 
the second Galactic quadrant on the Hl maps of Kulkarni et al. (1981).

The derivation of the kinematic distance is quite uncertain in this direction 
due to the streaming motions in the galactic disk (Humphreys, 1976). Therefore 
we determined the distance of the shell based on the distance of the objects 
associated with the bubble. We suggest that the expanding shell structure was 
created by the stellar wind and subsequent supernova explosions of massive 
stars in Cas OB5. According to Humphreys (1978) the distance of Cas OB5 is 
2.5 kpc. Three supernova remnants and a pulsar are projected onto the interior 
of the shell. As Fich (1986) verified, these SNRs are located within a Hl shell. 
He suggested that these supernovae are actively contributed in enlarging the 
Hl shell. Their distance strengthen the distance of 2.5 kpc fór Cas OB5. There 
are 13 HII region in the direction of the Cas OB5 shell. Taking intő account 
the location, velocity and distance of S163, S168, S169, S170 S172 ,S173 , S177, 
they may be part of the shell structure. The distance of these objects conform 
the distance of 2.5 kpc. Therefore we finally adopt 2.5 kpc as distance to this 
bubble.

3. Results

We summarize the characteristics of the shell - based on the distance of 2.5 kpc 
- in Table 1. Using the formuláé by McCray & Kafatos (1987) pne can estimate 
the kinematic age (tkin) and the energy (Es) necessary to form the shell.

Rs = 267 x (L38 x t?/n0)* pc (1)
1

vs = 15.7 x (L38 x t72/no)6 kms-1 (2) 
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where L38 = (Lw + LsN)/1038ergs/s, Lw is the combined mechanical luminosity 
of all the stellar winds in the association, Lsn is the mean power produced 
by the supernova explosions, t? = t/(107yr) is the age of the shell and no 
is the ambient gas density. In the case of G117.5+0.0 tkin = 5.6 Myr and 
Es = 1.57 x 1052erg. Using the Starburst99 model (Leitherer et al., 1999) we 
investigated the possibility if the stars of Cas OB5 had been able to produce 
enough power to create this bubble. In Cas OB5 we know 3 main-sequence 
O-type stars and 11 laté 0 or B-type stars (Humphreys, 1978). Additionally at 
least four SNe occured in the association (see in Sect. 2.). The oldest observed 
pulsar is about one millión year old (Taylor et el., 1993).

The input parameters of the model were the following: the initial mass func- 
tion IMF was £(lgM) = A*M-21, spontaneous star formation, the most massive 
star was M = 100 M0 and we assumed the stellar wind model by Leitherer et 
al. (1992). After six millión years the model yielded four main-sequence O stars 
and 9 laté O or B stars, 10 SN events (4 events in the last 1.2 Myr). The model 
association supplied 2.03 x 1052erg to its environment. Based on the formuláé, 
this resulted Rs = 202pc and vs = 19.8kms-1, which is in good agreement with 
the observed characteristics of the shell. Finally we can conclude that the Cas 
OB5 had the power to form this large Hl shell.
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Abstract

In the present paper we study the behaviour of the O — C diagram of 
IM Aurige system. We confirm the former statement of Bartolini &; Zof- 
foli (1986) that the periodic term arise from light-time effect (LITE). We 
demonstrate that supposing an almost edge-on orbit fór the third com- 
panion, its possible mass is in good agreement with the amount of the 
third light found from the reanalyzed BV light-curve of Gülmen et al. 
(1985). We show that another kind of variation (secular or sudden) is 
alsó present in the O — C curve. We give a parabolic ephemeris fór this 
phenomenon. Finally we conclude, that neither mass-flow nor somé or- 
bital perturbations of the third body can cause this effect.
Keywords: binaries: close - binaries: eclipsing - Stars: individual: IM 
Aur

1. New light-curve solution

Gülmen et al. (1985) published a BV light-curve obtained with a one-channel 
photomultiplier-based photometer. There are several circumstances why a new 
light-curve solution is required.

These are the followings:
(i) The primary component of IM Aur was taken to be a B9 star according 

to Mammano et al. (1967) and that is why its surface temperature was fixed at 
10 500K in Gülmen et al. (1985). However, other studies give earlier spectral 
type fór the primary (e.g. Bruhweiler et al. 1986 give B5V or B6V). In our study 
we accepted B7V from SIMBAD database fór the main component, which would 
yield a higher surface temperature (Ti = 13000K).

(ii) The presence of the third companion was nőt considered in the former 
analysis. Nevertheless, according to LITE solution of Bartolini & Zoffoli (1986) 
as well as our new one (see below) this star might produce extra radiation in- 
creasing the luminosity of the system. Disregarding this effect should necessarily 
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modify the physical parameters of the eclipsing pair. Regarding these facts we 
decided to reanalyse the original observational data of Gülmen et al. (1985).

The following set of parameters was adjusted: inclination (i), secondary’s 
surface temperature (T2), surface potentials of the components sec­
ondary’s luminosity (L2) and third light (I3). As an initial paraméter set, the 
solution of Gülmen et al. (1985) was applied. We used the Wilson-Devinney 
Code (Wilson, 1998). Instead of the normál points (which were used in Gülmen 
et al. 1985) the original individual points were applied.

Our best fit was obtained using Mode 5 of Wilson-Devinney Code, which 
means that the secondary star fills out its Roche-lobe. A relatively high value 
of I3 was obtained in this mode (approximately 9%). The results of the solution 
will be presented somewhere else. Here we concentrate only fór the third light.

From the light-curve Solutions in different colours, the colour index of the 
tertiary component can be determined from the colour index of e.g. the primary 
by the following expression:

(B - V)3 = -2.5 [lóg (- lóg (
\JO3,V/ \M,V/

+ (B - Vh, (1)

where (B—V) , is referring to the i-th component’s colour index, L3 « 4tt/3 where 
I3 is the third light obtained from the light-curve solution, and the luminosities 
of the components are given in arbitrary units as used by Wilson-Devinney 
Code. Supposing that the B7V primary has a (B — V) = — 0W13, we get that 
the (B — V) colour index of the tertiary is -4-OW25 magnitude. If this object 
is a main-sequence one its spectral type should be about A8V, which results 
L3 = 8.6Lq (Láng, 1992). Applying the mass-luminosity relation of McCluskey 
& Kondo (1972) the corresponding mass of the third object is « 1.7MO.

2. Period-variations

Up to now, it has been spent almost the same time since the discovery of the 
light-time effect of IM Aur by Bartolini & Zoffoli (1986) than the time span 
between the first published minima by Kondo (1966) and their work. Now 
we are at the position to realize that the O - C curve reveals rather complex 
behaviour (see Fig. 1). A quasi-sinusoidal curve is superimpbsed onto somé 
other kinds of period variations. Fór the first sight, this latter feature could 
be either a continous secular period decrease or an abrupt period change. Due 
to the short time interval over which the minima times are distributed and the 
relatively large amplitude of the periodic variation we are nőt the position yet
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Table 1: The LITE solution of this paper comparing it with the earlier results. 
The orbital elements refer to the wide orbit of the eclipsing binary in the triple 
System, /(ms) is the mass-function of the tertiary, ma is its mass at different 
inclinations.

present 
value

paper 
p.e.

Bartolini&Zoffoli (1986) 
value

p' (d) 1372 1 1382
e' 0.59 10 0.7
w' (°) 279 7 300
t' (HJD - 2 400 000) 52085 25 52175
a' sin i' (106km) 158 9 186
fim*) (MO) 0.084 0.015 0.124
ma 90° 1.71 0.13 1.99

60° 2.03 0.16 2.37
30° 4.09 0.35 4.90

to decide which interpretation could be correct. Despite of this fact, we applied 
the usual quadratic description fór the modelling of the long-term behaviour of 
our curve. The analysis of the O - C curve was done by the same manner as it 
can be found in Borkovits & Hegedűs (1996) with one fundamental difference, 
namely that the parabola was nőt subtracted previously, bút its coefficients were 
fitted simultanously with the Fourier-coefficients of the periodic terms.

The interpretation of the periodic terms in the O — C variation as LITE 
seems to be less problematic. We examine this case firstly.

2.1. Light-time effect

The orbital elements of the close binary in the triple System, as well as the mass 
function of the tertiary component can be read in Table 1.

Assuming that the primary is a normál B7V star its mass is mi = 4.5M© 
(Láng, 1992). Adopting the mass ratio q = 0.32 from Gülmen et al. (1985) we 
obtain a totál mass of 5.94M0 fór the eclipsing pair. Using this, one can get a 
minimum mass of 1.67M© fór the third companion. Comparing the third-body 
mass calculated in Sect. 2 with the mass which was determined from the mass 
function fór different visible inclinations (see Table 1) one can found that the 
orbit of the wide binary is can be seen almost exactly on the edge. (We have to
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Figure 1: Left: The simultaneous LSQ parabola and Fourirer fit (above), and 
its derivative, the instantanous ’period’ (below). Right: The LITE solution 
superimposed to the parabola (above), and the residuals (below).

note that since we have no any information about the direction of the nodes of 
the orbits, from the knowledge of the visible inclinations of the orbits we cannot 
teli anything about the mutual inclination of the two orbital planes.)

2.2. Secular variation

The following quadratic ephemeris was obtained by the simultaneous least- 
squares (LSQ) fit of a second order polinom and Fourier-terms containing a 
(fixed) fundamental frequency and its first two overtones:

MINi = 2438327.7970(3) + 1.2472899(8)E - 1.73(12) x 10’10E2 (2)

Interpreting this period change we examine first the possibility of somé mass- 
flows, and then the rarely studied question: whether the perturbations of the 
third companion could cause such kind of variation?

2.2.1. Mass fiow in (from) the System

The period decrease suggests somé mass-flows from the more massive primary 
to the secondary, or somé mass-loss events. Fór the first sight, it seems to be 
in a good agreement with the IUE UV spectrum data (Bruhweiler et al., 1986), 
where sharp absorption features of the spectra arising in a shell or mass stream 
were observed. The relation between the mass and the period variation is (see 
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e.g. Tout & Hall, 1991):

P _ _ 2mi2 + 3m2(m2 -
P mi2 mim2 (3)

where the first térin in the rhs. stands fór the totál mass-loss of the system, 
the second one describes conservative mass-exchange, while the third one is the 
so-called Alfvén-term. Since the main component has a B spectral type we 
think this latter term can be neglected. If the mass-loss would be the only 
source of the observed period variation we obtain a value of m12 « 12.43 x 
10~7MQy-1. However, this value is three or four orders larger, than the usual 
annual rate of wind-driven mass loss of a typical B5-6V star. Calculating only 
with mass-flow from the primary component to the secondary one we get m2 = 
6.03 x lO^Mgy-1, which is again too large. So we have to look fór somé other 
interpretation.

2.2.2. Perturbations by the third body

The variations of the orbital elements of a double stellar system due to a distant 
third body were studied by several authors. The typical periods of the different 
classes of periodic perturbations are P, P', P'2/P (see e.g. Söderhjelm, 1975), 
As it is well-known from the textbooks on celestial mechanics the longer the 
period of a perturbation the larger its amplitude. It is clear that only the third 
type of these perturbations (the so-called ’apse-node’ terms) is interesting fór 
us. As long as the orbit of the close binary is (almost) circular, the effect of the 
apsidal motion can be neglected, so we can concentrate to the nodal motion. 
Its typical amplitude (in the O — C surve) is An = (P^tt)^ cot Z, where i'i 
is the inclination of the eclipsing binary to the invariable pláne, while I is the 
observable inclination of the invariable pláne (Luyten, 1938). From the fact, 
that the ratio of the angular momenta of the two orbits is G^/Gy « 11.6, it 
follows, that I « i' is a good approximation. According to the third light, if the 
tertiary is nőt a degenerate object the observable inclination of the wide orbit 
{i') must be greater than 80°, so An < 0^0351!. The approximate period of this 
nodal regression (see again Söderhjelm, 1975) is

4
3

/ m[2\ P'2 ,2 ,, / C . \ 1
\ m3 / P 1 6

where C is the totál angular momentum, while zm w ii is the mutual inclination 
of the two orbital planes. In the case of IM Aurigae Pn « 1?3 x lO^coszi)-1.
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This (minimál) period is longer by almost 50% comparing with the value given 
by Mayer (1990) due to the smaller mass function and larger masses fór the 
primaries. According to the quadratic term, in the last four decades the ampli- 
tude of the O — C is about 0^02 which evidently discloses the long period nodal 
regression as a possible source of this feature of our curve.
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Abstract
A new method is developed to determine geometrical and physical param- 
eters of contact binary stars. Error of the mass-determination is only a 
few percent. We examined the possibility of using W UMa-stars as dis- 
tance indicators.
Keywords: stars: evolution - stars: structure - method: distance deter- 
mination - stars: individual: 44 Boo, BI CVn

1. Introduction

W UMa-stars were suggested to use as primary distance indicators by Rucinski 
(1996). However, the Rucinski & Duerbeck’s (1997) calibration shows relatively 
large error in the distance. Here we present our new method which is a combi- 
nation of the Barnes-Evans—relation and the dynamical parallax method.

There are several methods fór the determination of geometrical and physical 
parameters of contact binaries. Unfortunately, W UMa-stars are faint objects 
(My = +lm... + 6m) and therefore there are only a few precise radial velocity 
curve available. The recent works of Lu and Rucinski (Lu & Rucinski, 1999, 
Rucinski & Lu, 1999 and references therein) yielded several new radial veloc­
ity curves of bright Systems, bút there are more and more discoveries of faint 
Systems. Main advantage of our method that it does nőt require radial-velocity 
curve data.

2. The method

In usual case we have standard Johnson-Cousins V and R photometry and light- 
curve Solutions fór a certain contact binary. From the Barnes-Evans relation the 
apperant angular radii of the primary and the secondary can be derived.

The radii of the components can be written as follows

Rí = $id/2, R2 = $2d/2 (1)

csizmadiaQkonkoly.hu
patkosQkonkoly.hu
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Rí = Ari, R2 = Ar2 (2)

where Ri,2 are the radii of the components, $1,2 are the apperant angular radii 
of the components, d is the distance of the system, A is the semi-major axis of 
the orbit and ri,2 are the fractional radii. The known quantities are $1,2 (from 
the VR photometry) and the ri)2 (from the light-curve solution).

In that case
- = + íl)
d 2l2n 2r2 (3)

where a = A/d is the apperant angular radius of the orbit.
Determining a we apply the dynamical parallax method. The equations are:

Mv = V - Av + 5 - 5logd (4)

d = - (5)
a

A3 = P2M1+2 (6)

M1+2 = ^M2 (7)

Mv = 4.81 - 2.5logLi+2 (8)

£1+2 = ^^.v /Av = (9)
Av i,v

L2,boi = L2<v10-°abc^ (10)

L2,boi = CM*, (11)

where the symbols mean the followings: Mv and V are the absolute and apper­
ant visual magnitudes of the system, Av is the interstellar absorption, P is the 
orbital period, Aíi+2 is the totál mass, M2, L2y,L2j>ol are the secondary’s mass, 
visual and bolometric luminosities, q is the mass ratio, Li+2 is the totál visual 
luminosity, Av is the luminosity ratio and BC2 is the bolometric correction fór 
the secondary.

Constants C and <5 in Eq. (11) were determined as we took mass and lu­
minosity data at ZAMS from the theoretical modells of Claret and Gimenez 
(1992). These data pairs were fitted and C = 0.68 and <5 = 4.63 were found. 
We applied modells with Z = 0.02 which seems to be a good compromise, as W 
UMa stars were observed in open clusters after an age of about somé hundred 
Myr as well as in old open and even in somé globular clusters. According to 
our estimation the uncertainities in mass-luminosity law could cause no more 
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than 0.05 — O.IMq error in the final results. We intend to apply the metallicity- 
period-colour-absolute magnitude relation of W UMa stars (Rucinski, 1997) to 
determine the constants in the mass-luminosity law more accurately.

The luminosity ratios of the light-curve Solutions cannot be used directly fór 
this procedure. A certain part of the luminosity of the primary is transferred to 
the secondary star. Therefore the reál luminosity of primary is higher than the 
observed one. After this correction main-sequence mass-luminosity law can be 
used because primaries are on or a little above the main-sequence (Mochnacki, 
1981). Assuming L = CM4-63 we found that

^corr = 94'63 (12)

During the procedure of the dynamical parallax method we used this ratio. In 
the case of semi-detached and detached Systems - where no significant luminosity 
exchange is present - there is no need fór this correction. (However, in that case 
the correct form of the M-L law can be different from the one used in this paper.)

The question is wether main-sequence mass-luminosity law can be applied in 
this case. Note that to determine the mass of the System we used the secondary 
component instead of the primary one which is a major difference from the 
previous similar photometric methods (e. g. Mochnacki, 1981, Maceroni & van’t 
Veer, 1996) and yielded more accurate results due to the followings. Primary 
components which are the more massive ones can be evolved stars. Secondary 
components are less massive: masses of secondaries of late-type contact binaries 
are tipically less than 0.5 Mq and in every known cases they are less than 
1.2 Mq (XZ Leó seems to have the most massive secondary component with 
1.20Mq). Life-times of such stars on the main-sequence are longer than the age 
of the Universe. MS M-L law can be applied because we may expect that the 
secondary components are non-evolved main-sequence stars.

The situation could be complicated by mass-exchange. There are several 
theoretical modells of contact binaries bút all of them predict mass-exchanges. 
The modell developed by Shu et al. (1979) was disproved e.g. by Mochnacki 
(1981). The thermal relaxation theory (TRO) which is frequently called cyclic 
theory States that such systems oscillate between semi-detached and contact 
phase on a time-scale of an order of ten millión years (Lucy 1976, Flannery 
1976, Robertson and Eggleton 1977). However, Mochnacki (1981) and recently 
Hazlehurst (2001) rejected TRO as evolution theory of contact binaries because 
we do nőt see appropriate number of Lyr-type light-curves within the typical 
period intervalls of W UMa systems. Another evolutionary theory is the one 
of Mochnacki (1981) whose fundamental assumption is that the systems are 
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remaining in contact State during the evolution after forming a contact binary 
up to the hydrogen core exhaustion. After detailed investigations Káhler (1997) 
concluded that the rate of mass-transfer can be large in semi-detached phase bút 
due to the nearly equal potentials there is very small mass-transfer in contact 
phase.

3. Application of the method

Results obtained by our method can be found in Table 1-2. In the case of 44 Boo 
we listed the results of Hill et al. (1989) and in the case of BI CVn we used the 
results of Liu & Tan (1989) (both of them are a combination of spectroscopic 
and photometric data). As one can see our results are in good agreement with 
the combined data. (Note that these results are free from any assumption of 
the exact form of mass-luminosity law).

Table 1: Comparison of data of 44 Boo obtained by different methods

Paraméter Hill et al. (1989) Present study Unit
Mi 0.98 1.04 ±0.07 MQ
M2 0.55 0.52 ±0.03 Mq
Rí 0.87 0.85 ± 0.02 Re
Rí 0.66 0.64 ± 0.02 Re
Li 0.53 0.62 ±0.12 lq
Li 0.25 0.42 ±0.08 Lq
A 2.01 2.04 ± 0.04 Re

4. How far?

Usability of the method depends on the available limiting magnitudes. It is 
usual to observe stars at magnitude 27 with very large telescopes. In this case 
W UMa stars can be used as distance-indicators up to 1.6 Mpc. It is nőt hopeless 
to reach the limiting magnitude of 30. Then the available distances could be 
located as far as 6 Mpc.

Regarding the possibilities of the largest Hungárián telescope (lm RCC tele- 
scope of the Konkoly Observatory) the approximately distance limit using W 
UMa’s is 50kpc. This allow us to use them as galactic distance indicators.
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Table 2: Comparison of data of BI CVn obtained by different methods

Paraméter Liu and Tan (1988) Present study Unit
Mi 1.18 1.11 ±0.05 Mg
m2 1.02 0.96 ± 0.04 Mq
Rí 1.49 1.15 ±0.06 Re
r2 1.40 1.08 ±0.06 Re
Ti 4.06 2.40 ±0.36 Le
l2 3.52 2.09 ± 0.36 Le
A 2.89 2.85 ±0.04 Re

5. Summary

The results of our investigations can be summarized as follows.
1. In order to compute absolute dimensions (masses, radii, luminosity, semi- 

major axis, distance) a new method was suggested. The method requires only 
photometric data. Although we have checked the results only fór two stars 
agreement is good with other results and the accuracy is relatively high in 
masses.

2. We alsó suggest the determination of V — Re colour indeces at least at 
maximum light. These data can help checking our method and/or can help to 
increase the sample of well-parametrized Systems down to fainter magnitudes.

3. We studied the possible role of W UMa-stars as distance indicators. We 
found that these objects can be used as galactic distance indicators and as 
distance indicators fór somé nearby galaxy within 1 Mpc.
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Abstract

We present the properties of the new software, TiFrAn developed fór scien- 
tific applications of time-frequency analysis. We implemented the generál 
(Cohen’s type) kernel method fór calculating time-frequency distributions 
in our program. We show the efficiency and usefullnes of this package by 
means of analysing semi-regular variable star light curves.
Keywords: variable stars, time-frequency analysis

1. Introduction

The development of the TiFrAn (Time-Frequency Analyser) program package 
was started in 2001. Our goal was to build a program fór examination of time- 
dependent periodic and quasi-periodic processes. TiFrAn can perform several 
time-frequency methods. An additional aim was to extend the analysing power 
of the code with a data acquisition system fór real-time signal processing.

The major part of the program (without the data acquisition system) is 
available freely fór scientific and educational purposes, and it is running on 
UNIX based and MS Windows operating systems.1

1See the web site http://www.konkoly.hu/tifran .

TiFrAn already has been used in many scientific applications successfully. 
Several semi-regular variable star light curves were analysed with its help (Buch- 
ler&Kolláth, 2001).

2. Properties of TiFrAn

2.1. Main components

• Software engine (C): This engine performs the data processing, the calcu- 
lation of several time-frequency distributions (fór example STFT, Gábor, 
Wavelet, Wigner-Vilié, Choi-Williams, Zhao-Atlas-Marks, see 2.2.), and 

csubryOkonkoly.hu
http://www.konkoly.hu/tifran
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provides additional functionalities (Fourier-transformation, interpolation, 
filtering, whitening).

• Programmable Graphic User Interface (extended Tcl/Tk): With this sim- 
ple language, the user can easily define a new graphical interface fór special 
purposes. Menüs, buttons, plot fields can be easily created. Several ex- 
ample GUIs are provided with the package.

• Extended Tel seript language: Our seript language is suitable fór definition 
of complex (and repeatable) tasks, and creating high-quality PostScript 
figures.

• Data acquisition system: The full version of the software includes sound 
card and data acquisition card support, and real-time data processing 
routines.

2.2. Time-frequency methods

We used the Cohen type kernel method fór calculating time-frequency distribu- 
tions. Different type of distributions can be defined with this formálisra, which 
can be written in the following form:

CM = 4^ /// “ 5)S(U + (!)

where s is the signal and í (ö, r) is the kernel function (Cohen, 1995). In the case 
of $(ö,r) = 1, Eq (1) gives the Wigner-Ville distribution (Wigner, 1932), (Vilié, 
1948). The main problem with the Wigner-Ville distribution is the appearance 
of cross terms in multi-periodic signals. By using a suitable kernel the cross- 
terms are efficiently reducible bút at the cost of somé loss in resolution, so 
we have to make a compromise at choosing the correct kernel. Choice of the 
optimál kernel is a hard problem in many applications. The kernel functions 
of Wigner-Ville, Choi-Williams (Choi&Williams, 1989) and Zhao-Atlas-Marks 
(Zhao et al, 1990) distributions can be found in Table 1.

3. Light curve analysis

3.1. S Draconis - Comparison of time-frequency methods

In Fig 1 we show the light curve of the semi-regular variable star S Draconis 
and the time-frequency representations calculated by three different methods.
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Figure 1: Light curve (a), STFT (b), Wigner-Ville (c) and Choi-Williams (d) 
distribution of semi-regular variable star S Draconis.
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Table 1: Sample kernels

Kernel *(0,0
Wigner-Ville
Choi-Williams

1 
^1°

Zhao-Atlas-Marks
,2 «in 0r/2 

e aT

Components at high frequencies are much weaker than at low frequencies, so we 
used frequency filtering during the calculations fór amplifying and visualizing 
these components. Low-frequency parts of the distributions were constructed 
with filtering out the high-frequency domain of the signal and vice versa. Bounds 
of the filtering are represented by horizontal lines in the figures.

STFT (Short Time Fourier Transformation) distribution can be seen below 
the light curve. The disadvantage of this method is the relatively low resolution. 
Wigner-Ville method gives a high resolution, bút strong cross-terms appear 
between the different signal components. By using an appropriate kernel most 
of these cross-terms can be removed. The result with the Choi-Williams kernel is 
shown on the bottom of Fig (1). With the Zhao-Atlas-Marks kernel we obtained 
very similar distribution to the Choi-Williams one.

The fundamental mode of S Draconis can be easily found at the frequency 
of f k 0.007 1/d. At t« 6000d this component weakens and at the same time a 
component with a lower frequency is rising. The star seems to change its base 
frequency. After lOOOOd the frequency of this new component decreases.

From time to time components with varying frequencies appear in the higher 
frequency domain. These outbursts can be observed simultaneously at several 
frequencies.

3.2. X Herculis and V Bootis

X Her and B Boo are alsó semi-regular variables. The Choi-Williams distri­
butions of these stars are presented in Fig 2. We used the above mentioned 
filtering to amplify the low amplitude parts of the signal.

High amplitude modulation can be detected in the main period of X Her 
(/ « 0.01). A low frequency component with a strongly varying frequency and 
amplitude alsó exists in the light curve. The amplitude variation of these two 
components are in opposite phase, alluding to the interaction between them.
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Figure 2: Light cur« and Choi-Williams distribution 
able stars: X Herculis (top) and V Bootis (boltom).

Time [d]

of two semi-regular vari-
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The main frequency component (/ « 0.04 1/d) of V Bootis is weakening 
continuously (this effect can alsó be seen in the light curve), while a higher 
frequency component (/ ~ 0.08 1/d) is rising (note that this component was 
amplified artifically by filtering, so it is still lower in amplitude than the main 
component). Both of these modes are amplitude and frequency modulated, 
which modulations occur almost in phase.

4. Conclusion

Modern time-frequency methods can be used successfully in the analysis of vari- 
able star light curves. We can find new features in the data which cannot be de- 
tected with traditional methods. New results may be expected by analysing even 
well-known, well-examined light curves. Amplitude and frequency evolutions, 
interactions between modes become evident in time-frequency representations.
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Abstract

Two solar-like magnetic activity tracers, long-term cyclic behaviour and 
short-term change in starspot distribution are investigated on the single 
K2 dwarf LQ Hya. Using the available photoelectric observations back to 
17 years, we find 2.7, 4.2 and «13 year-long cycles, that remind us of the 
multi-periodic Sun. On a much shorter timescale, we search fór surface 
differential rotation pattéra on the star. Fór this we reconstruct two 
surface temperature distribution maps (Doppler-images) in two epochs 
with an interval of 20 days, then the consecutive surface maps are cross- 
correlated. We find evidence fór solar-like (i.e., equatorially accelerated) 
surface differential rotation.
Keywords: stars: activity - starspots - stars: imaging - stars: individual: 
LQ Hya - stars: late-type

1. Introduction - the solar paradigm

Sunspots, plages, flares - these phenomena are collectively known as solar activ­
ity. Along the solar-stellar analogy, stellar activity means phenomena that are 
very similar to those that we see on the Sun. The “moving spirit" of any kind 
of activity is the magnetic field. Sunspots occur, where the inner magnetic field 
lines break through the surface and locally slow down the emission of energy. 
Thus, on the analogy of sunspots, formation, evolution, and motion of starspots, 
give us information on the State of the stellar photosphere, on the distribution of 
the surface magnetic field, and finally, on the global magnetic structure. Apart 
from these phenomenological similarities, somé thought-provoking differences 
are alsó known (e.g., related processes on the Sun and on stars often take piacé 
on different geometrical-, time- and energetic scales).

On rapidly rotating active stars, we often find long-term, cyclic changes in 
the overall brightness, on different timescales (cf. Baulinas et al., 1996; Oláh 
et al., 2000, and references therein). Solar observations alsó show evidence fór 
long-term quasi-periodic cycles. Beside the 11 year-long spot cycle, the one 

kovariQkonkoly.hu


124 Zs. Kővári

with «90 years length is alsó widely known as Gleissberg-cycle (Gleissberg, 
1966). Recently, Pipin (1999) introduced a promising numerical model based 
on a spherical shell dynamo to give explanation of this secular solar cycle. In 
Sect. 2 the long-term photometric variability of the fast-rotating solar-type star, 
LQ Hya is analysed and different cycles are shown.

Differential rotation, when the angular rotation has an equator-to-pole gra- 
dient, is necessary to maintain the magnetic dynamo, which is responsible fór 
raising the magnetic flux from the base of the convective zone. While differential 
rotation can easily be observed on the solar surface, stellar differential rotation 
cannot be detected directly, because today’s most advanced telescope with an 
angular resolution of más cannot even resolve the nearest stellar surface. On the 
other hand, the indirect mapping technique Doppler-imaging (Vogt & Penrod, 
1983) can reach an equivalent resolution of mmas, sometimes even higher. In 
Sect. 3 we apply this technique to map the surface of LQ Hya fór two epochs. 
The time gap of 20 days between the two maps makes it possible to search fór 
differential rotation pattern. The results are compared to the solar case.

2. Photometric cycles on different timescales

2.1. The data

The V data of LQ Hya collected in Oláh et al. (2000) is supplemented with 
another two years of photoelectric observations, made by the T7-Automatic 
Photoelectric Telescope of University of Vienna at Fairborn Observatory in Ari­
zona. The completed light curve is plotted in the top left panel of Fig. 1, where 
a sinusoidal light variation on a time-scale of Ti « 13ys is clearly seen (dashed 
line fit). However, a long-term cycle length comparable to the 17 year-long time 
base may nőt be reál.

2.2. The method and the result

Fór the period analysis the MUFRAN (Kolláth, 1990) package is used. The 
program calculates discrete Fourier transforms fór the unevenly sampled data 
then the recovered frequencies can be refined. The Fourier spectrum is displayed 
in the top right panel of Fig. 1. The first step was to prewhiten the long- 
term trend seen in the data, with a 0.00015677c/d frequency and two of its 
harmonics. Re-analysing the residual spectrum, two photometric cycles are 
found: « 4.2ys and T3 « 2.7ys (see the middle and bottom panels of Fig. 1. 
This latter confirms the result in Oláh et al. (2000), where the authors alsó



Photometric Cycles and Starspot Tracking on LQ Hya 125

Figure 1: Frequency analysis: top panels show the original data and the fre- 
quency spectrum. Dashed fit is the longest (13ys) possible cycle, continuous fit 
follows the trend (see alsó the text). Below plotted are the prewhitened data 
and the corresponding spectra. At the bottom, the light curve is földed with 
the shortest (T3 ~ 2.7ys) cycle length.

argued fór a shortest cycle-length of 2.8ys, noting that the scatter of the földed 
data did nőt make it conclusive. In the bottom left panel of Fig. 1 the light curve, 
prewhitened by the long-term trend and then by r?, is földed with T3 « 2.7ys, 
proving the existence of this shortest cycle with an amplitude of 0.02 mag.
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3. Differential rotation from starspot tracking

Short-term starspot tracking is the one and only tool today to search fór surface 
differential rotation on stars. We need two surface maps of a spotted star close 
enough in time to avoid a misinterpretation originating from spot evolution (i.e., 
appearance and disappearance of spots, solving and dissolving neighbouring 
spots, etc.). From the two maps, the latitude-dependent migration pattern can 
be drawn by cross-correlating longitudinal strips at successive latitudes.

Table 1: Astrophysical data fór LQ Hya.

Paraméter Value

Classification K2 V
lóg 3 4.0
Peff 5200 K
vsini 27.5 km s-1
Inclination, i 65°
Photometric period, Prot 1.6007 days
Radius, R 0.98 Rq
Microturbulence, £Fe 0.5 km s-1
Macroturbulence, £r = £T 1.5 km s-1
Chemical abundances solar

3.1. The data

We use ten new spectra, obtained with the Coudé feed telescope at Kitt Peak 
National Observatory during April 2000. A 3000x1000 CCD (15p pixels) with 
an instrumental resolution of 32,000 was employed. The Fel 6411Á mapping 
line, used fór the Doppler-imaging, has an average signal-to-noise (S/N) ratio of 
«300:l. From our data we formed two subsets, fór which the mean HJDs are 
2,451,642.179 (08/04/2000) and 2,451,662.675 (28/04/2000). Basic astrophysi­
cal data fór LQ Hya are listed in Tab. 1 (Kővári et ah, 2002).
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Figure 2: Top: Fel 6411 Á Doppler-images of LQ Hya fór 08/04 and 28/04/2000. 
Spectra in the middle panels and light curves in the bottom panels are phased 
using the ephemeris HJD — 2,448,270.0000+ 1.6007 x E.

3.2. Results

Our Doppler-imaging code TempMap is based on the Ap-star code by Rice (1991). 
The method includes a full spectrum synthesis via solving the equation of trans- 
fer through a set of (Kurucz, 1993) model atmospheres. All computations were 
performed on a Sun Ultra-2 workstation at Konkoly Observatory and required 
on average 15 CPU-minutes fór one run with 8 blends and 15 iterations.

The resulting Doppler-maps are showed in Fig.2. Dominant spots and less- 
dominant features are recovered on both maps, however, mainly low-latitude 
spottedness is found, without polar spots, in agreement with previous maps 
obtained fór the 1995 data of Rice & Strassmeier (1998). The result of cross- 
correlating the two maps is shown in Fig. 3. The equatorial zone rotates faster 
with respect to the average rotation, while polar region lags behind. Fitting the 
best correlated regions by a sin2 0 + C function, we estimate the differential 
rotation law as Q(/3) = 3.929 - 0.075sin2/? [rad/day].
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longitude shift

Figure 3: Surface differential rotation pattern on LQ Hya. The gray scale 
indicates the degree of correlation írom zero (no corr.) to unity (identical).

q ^mParing the rotation at the equator to the polar measure, fór a — 
we get 0.02, one tenth of the solar value, which reflects an almost 

rigid body rotation. Yet, this could be effective enough, because the equator 
laps the pole once in every 80 days, thus the photospheric plasma shear is one 
and a half times greater than on the Sun.
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Abstract

The period changes and stellar evolution of <5 Scuti stars are briefly over- 
viewed. The long term behaviour of RV Arietis is discussed. The ampli- 
tudes have nőt changed significantly during the pást five decades. The 
star’s fundamental period decreased very slowly.
Keywords: Stars: oscillation - Stars: variables: 6 Sct - Stars: individ- 
ual: RV Ari

1. Introduction

<5 Scuti stars (Breger, 1972) are short period pulsating variables within the clas- 
sical instability strip on or near the main sequence (MS). Their masses rangé be­
tween 1.5 Mq and about 2.5 Mq. They pulsate in various radial and non-radial 
p- and g-modes with multiple periods írom 0.02 to 0.2 days. The amplitudes 
of most 6 Scuti stars are relatively low around 0.001 mag. bút a numerically 
small subgroup can be characterized by exceptionally high amplitudes over 0.3 
mag. somé reaching even 1 mag. In the pást these high amplitude ö Scuti stars 
(HADS) were referred to as “dwarf Cepheids” or AI Vei stars.

2. Period changes and stellar evolution

The physical paraméter of a high amplitude <5 Scuti star which can be determined 
with the highest accuracy is the pulsational period. The period is related to 
the structure of the star through the pulsation equation P-Jq = <2, the period 
change is therefore related to the evolutionary radius change, if we assume that 
the mass of the star does nőt vary. As a consequence, the period changes caused 
by stellar evolution in and across the instability strip make it possible to reveal 
evolutionary changes in the stellar structure long before they can be detected 
in any other measurable quantity (Szeidl , 2000).

pocsQkonkoly.hu
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Evolutionary models developed by Breger and Pamyathnykh (1998) pre- 
dict that in pre-MS stage the period decreases rapidly (Pi-1dPi/dt = 10~6- 
10~8 year-1), while in the MS and post-MS stages (where the majority of <5 
Scuti stars can be found) the period is constant or slowly increasing. (In somé 
cases even very slow decrease in the period is possible).

A comparison with the observed period changes, however, showed large dis- 
crepancies: the observed increase in periods of somé stars was a factor of about 
ten times larger than the value predicted by the theory. Considering the side of 
observations the question arises, whether the reál period changes of these stars 
are known sufficiently well fór comparison with the theoretical expectations. It 
may happen fór example that due to large gaps in the observational data the 
number of cycles elapsed between two observed maxima is nőt properly known 
and is incorrectly taken intő account. This problem occurred in the case of AE 
UMa which had earlier been treated as a pre-MS star with fást period decrease. 
A detailed analysis of the available observations led to the conclusion that the 
fundamental period is essentially constant and the star is in the post-main se- 
quence evolutionary state (Pócs and Szeidl, 2001). Another possible reason fór 
misinterpretation of the period changes is the light-time effect, that is, the star 
is a member of a binary system and the orbitational period is longer than the 
time base of the observational data. In these cases only a short part of the 
sinusoidal O - C diagram is investigated and a linear period change is déri ved. 
This offers a possible solution fór the question of DY Her. Using the data of 
over 40 years of observations of DY Her suggests that the previous erroneous 
interpretations of its period changes can be explained by assuming that the star 
belongs to a binary system (Pócs and Szeidl, 2000).

3. RV Arietis

3.1. Discovery and observations

The variability of RV Ari was discovered by Hoffmeister (1934) on Sonneberg 
plates. Soon after its discovery the star was intensively observed visually by 
Lángé (1935) who derived 8 times of maxima. Later Detre (1937) made an at- 
tempt at determining the period of the star from his photographip observations, 
however, he arrived at an erroneous result. At Merate Observatory Broglia 
and Pestarino (1955) commenced the photoelectric observations of RV Ari in 
blue and yellow lights. They derived the correct value of the dominant period: 
Po = 0.09312819 days and came to the conclusion that the light curve of the 
star was strongly modulated by a second period. Detre (1956) used Broglia
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Figure 1: Light curve of RV Ari földed with the period 0.093128224 days based 
on the 1996-97 observations made by the Konkoly Observatory’s lm RCC tele- 
scope. The light curve is modulated with the 0.316330525 day period, which 
manifests itself as scatter.

and Pestarino’s observations and was able to determine the modulation period: 
Pm = 0.316256 days. Subsequent photographic (Balázs, 1956) and photoelectric 
observations affirmed these results. Rodríguez et al. (1992) observed RV Ari in 
the Strömgren photometric System and derived the star’s physical parameters. 
RV Ari is a normál Pop. I star with near solar abundance and very close to the 
end of the main sequence evolutionary stage with the age of 1.1 (±0.2) x 109 
years.

The photometry at the Konkoly Observatory between 1958 and 1997 was 
carried out in B,V,RC, and Ic colours. Fig.l demonstrates the light curve 
obtained from the Konkoly observations. Fór the investigation of the stability 
of the frequencies 104 published and 50 unpublished epochs were available.
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3.2. The analysis

One of the most widely used methods fór investigating the stability of the pulsa- 
tion of a star is the Fourier analysis, as the variation in the Fourier parameters 
(amplitudes and frequencies) obtained from observations of different time peri- 
ods may provide useful Information. Since the distribution of the observational 
data was uneven, they were divided intő six different sets, each set containig the 
observations of several years.

The Fourier analysis was done using the MUFRAN ^MUltiFRequency ANal- 
ysis) program written by Kolláth (1990). The first step in the analysis was to 
find the frequencies and amplitudes of the fundamental (/maio) and the first 
overtone (/i,aoi) pulsational mode fór each set of data. The results are shown 
in Table 1. The standard deviation of the amplitudes is around 0.005. The 
amplitudes have remained constant during the last 50 years.

The fundamental and first overtone frequencies are

7Ö = 10.73788352 and A = 13.89913392,

with the fundamental mode-to-first overtone frequency ratio of

= 0.77256.
Ji

The importance of the frequency ratio lies within those stellar pulsation models 
where it helps to determine other stellar parameters like mass, metál content 
etc. (Petersen and Christensen-Dalsgaard, 1996).

Table 1: Amplitudes obtained from the first and last series of photoelectric 
observations.

aio(V) aoi(V) a10(B) űoi(5)
1954-58 0.210 0.060 0.271 0.074
1996-97 0.211 0.065 0.265 0.079

3.3. The O — C diagram

The Fourier analysis is definetely useful fór determining the pulsational fre­
quencies especially when all the photometric observations are included in the
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Figure 2: O — C vs. epoch number diagram fór the fundamental mode of RV 
Ari. The covered time interval is 61 years.

analysis. However, it is nőt capable of detecting small changes in the frequencies, 
because the standard errors are much greater than the changes taking piacé in a 
period of a few decades. Nevertheless, when a large enough number of maxima 
is available the construction of the O — C diagram may surmount this problem.

The O — C values obtained from all the available observations (154 times 
of maxima over 61 years, including the visual and photographic data as well) 
were fitted with a quadratic polynomial using the least-squares method, which 
resulted in the following formula:

O - C = 2427800.1730 ± 0.093128251 x E - 0.91 x 10-13 x E2

±.0010 ±.000000018 ±.66

Hence the relatíve period change

1 dP
P dE

= -0.196 x lO-11—i- = -0.77 ± .56 x 10-8y~l 
cycle 
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indicates very small decrease.
The 0 - C diagram is strongly scattered due to the modulation in the light 

curve caused by the overtone pulsation frequency. The Fourier analysis of the 
0 — C oscillation yields the modulation frequency: fm = 3.1612504 d-1.

4. Summary of the new results on RV Ari

The analysis of the observations of R.V Ari lead to the following conclusions:
i) The amplitudes during the pást 50 years have nőt changed significantly.
ii) The star’s fundamental period has proved to be almost constant in the 

pást six decades. It has been decreasing very slowly.
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Abstract
The spotted stars form a significant subclass of the variable stars. The 

light variations of these stars can be observed by photometric or spectro- 
scopic methods. Depending on the observational, the physical models can 
be divided intő two groups: (i) the photometric spot models and (ii) the 
spectroscopic spot models. In this paper the author presents the funda- 
mental aspects of the analytic spot models of Budding (1977) and Dorren 
(1987) and the principles of their application fór the determination of the 
geometrical and physical spot parameters. A new method is proposed fór 
the determination of spot temperature from multicolor photometric data 
(Ribárik et al., 2002).
Keywords: stars: spotted variables, analytic spot models, spot tempera­
ture, nonlinear least-squares fitting

1. Analytic spot models

In the analytic spot model of Budding (1977) or Dorren (1987) it is assumed 
that the loss of light is caused by a circular spot with center (A, fi) and with 
angular radius 7. The radius of the star is the unit length.

1. The loss of light due to the presence of the spot depend only on the 7 
size of the spot and on the e angle between the surface normál at the spot 
center and the line of the sight (see: Fig. 1).

2. The equation determining the angle e at time t (see: Fig. 2):

zo = cose = cos(A - $) cos fi sin i 4- sin fi cos i, (1)

where i is the inclination of the rotation axis of the line of sight, and $ is 
the phase of rotation defined by:

t — E
$ = 2tt

P
(2)
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3. Budding defined the following integrals (see: Fig- 1):

= - yy xmzndxdy. (3)

spot’s area

In the following we call it a-integrals.

• The integrál Oq is the projected spot’s area. Therefore it is is the 
most important quantity in the description of the light loss.

• The integrál a® describes the effect of the linear limb darkening.

4. Depending on the position of the spot, there are three possible cases (see: 
Fig. 1):

• the entire outline of the spot is visible: e < ^ - 7.

• the spot is partially in view: ~ - y <e < w + 7.

• the spot is out of view: £ > + 7. In this case: (70=0-°= 0.

5. The explicit analytic forms of the <7q and a® integrals are given by Budding 
(1977) and by Dorren (1987), in a slightly different way.

6. By introducing the linear limb darkening coefficient u, Budding defined 
the following spot-darkening function (Budding, 1977):

3 
^c(u,7>^o(t)) =-------{(l-u)<7g + u<7?}. (4)

3 — u

7. Using these notations, the intensity of the spotted star is:

MO = V {1 - (1 - «w)crc(u,7,z0(t))} , (5)

where U is the unspotted intensity of the star, and the coefficient kw is the 
flux ratio of the spot and the photosphere depending on the wavelength 
and on the relative temperature of the spot.

8. In the case of binary system, the loss of light depend on the Lx intensity 
of the spotted star and on the U intensity of the system:

IcW — U - Li(l — kw)<tc(u,7, zo(O)- (6)
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9. If USI denotes the unspotted intensity of the star in magnitude scale, then
the intensity of the spotted star in magnitude scale is:

lett) = USI - 2.5 log10 <
U - Li(l - Kw)ac(t) 
—

U
(7)

These formuláé can be extended in a straightforward manner if the number of 
spots is greater than one.

Figure 1: The calculation of the loss of light due to the presence of the spot. 
7 = SODZ. is the radius of the spot, e = SOCZ. is the angle between the surface 
vector n at spot center S and the direction z of the line of sight.
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2. The standard spot model

This is the original model proposed by Budding (1977). This case the ob- 
served l0(t) intensities are fitted by the theoretical intensity function Zc(t) in 
the whole time intervaL Fór this purpose a nonlinear least squares algorythm, 
like the Marquardt-Levenberg algorythm (Levenberg, 1944; Marquardt , 1963), 

m (l — l )2
is needed. By minimizing the sum of squared residuals: X2 = 52 ' °* a/gC' ' » 

we get the optimál paraméter values. In this model, the spot parameters are 
constant.

Figure 2: The calculation of the angle e between the surface vector at spot 
center S and the direction of the line of sight.
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3. The spot model using time series

In somé cases the shape and amplitude of the light curve change in function of 
time. This is due to the movement, growth or diminution of the spots. In this 
model the time interval is divided intő smaller subintervals and fór each interval 
the standard model is applied. In this way we get a set of spot parameters in 
function of time. The theoretical intensity curve is obtained by averaging the 
theoretical intensity values of the standard models on the overlapping intervals. 
The model was developed by Bartus (1996).

4. A new method fór modelling of the spot temperature

The theoretical intensity function lc(t)- depends on the wavelength A of the ob- 
serving instrument via the paraméter u and kw, and on the starspot via the 
paraméter kw. In this program the following method is used fór the determina- 
tion of the spot temperature:

1. the light curve is observed in different bands simultaneously.

2. the stellar radiation is approximated by the Planck function:

( he \
-1

«w(A, Tstar, Tspot) = ------------------------------- • (8)

exp | ---------- | — 1
\ fcATspot /

3. by using different u and USI values fór the different bands and by inserting 
eq. 8 intő eq. 7, we get the multicolor theoretical intensity function. The 
sum of squared residuals of the multicolor data is defined as:

= (9)
i

where x2(A;) is the sum of squared residuals of the data in the bánd Aj. 
The spot parameters and the spot temperature 7spot are refined using the 
multicolor observed data and the multicolor theoretical intensity functions.

In a paper on XX Tri (Strassmeier & Oláh, 1992) a similar method was used 
bút the spot temperature was determined by the I £x2(Aí) ) (Tspot) plot. The 
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novelty of this method is the direct refinement of the paraméter Tspot via the 
nonlinear eq. 8. The program can be easily modified by changing the function 
Kw(A, Tstar> TSpOt).

Acknowledgements

The author acknowledges support írom OTKA T032846, and írom the Hungarian- 
German Int. S&T Grant D21/2001.

References

Budding, E. (1977). Astroph. and Space Sci. 48, 207-223.
Dorren, J. D. (1987). Astroph. J. 320, 756-767.
Bartus, J. (1996). Occasional Technical Notes at Konkoly Observatory No. 1/96
Ribárik, G., Oláh, K. and Strassmeier, K. G. (2002). in preparation
Strassmeier, K. G. and Oláh, K. (1992). Astronomy and Astrophysics 259, 595.
Levenberg, K. (1944). Quart. Appl. Math. 2, 164-168.
Marquardt, D. W. (1963). SIAM J. Appl. Math. 11, 431-441.



Published by the Department of Astronomy of the Eötvös University 
Budapest 2002







► Application of (Magneto)hydrodynamics
► Celestial Mechanics
► Extragalactic Astronomy
► Interstellar Matter
► Variable Stars

PADEU Vol.12


