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BRIEF OVERVIEW OF SOME RECENT DEVELOPMENTS
IN THE THEORY OF NON-AXISYMMETRIC ACCRETION DISCS

Dimitar Dimitrov

Space Research Institute - Bulgarian Academy of Sciences
e-mail: dim@mail.space.bas.bg

Abstract

This overview considers the recent status of accretion disc theory in the cases of
non-axisymmetric flows around compact objects with stellar masses. Examples of the
absence of circular symmetry may be not only the discs’ elliptical shape, but also the spiral
density waves, the non-circular gaps in the discs and the density clumps (protoplanets). The
overview is based on papers in the field published during the last four years. The
implications concerning the observational appearances are also discussed. The considered
problem of non-axisymmetry is examined both from theoretical and observational point of
view. The former approach also includes numerical simulations of accretion flows. This
review touches upon problems related with such astrophysical objects which need to be
resolved.

Introduction

The present investigation of non-circular accretion discs is bounded
preferably to the cases of stationary Keplerian discs, orbiting around stellar
mass compact objects in close binary systems. The normal components in
these systems supply the matter which is needed for discs to exist in a
(quasi)stationary state. They also tidally affect accretion flows, causing in
such a way their elliptical shape. It would be stressed that the elliptical
orbits of the disc particles may arise not only due to the external factors, but
also as a consequence of internal instabilities inherent to the accretion discs
alone. To some extent, the structure of the outermost parts of accretion discs
may be affected by the infalling flows of matter coming from the star
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orbiting around the compact object (the so called “bright spot”).
Observational data, when there is a possibility for high spatial/angular and
spectral resolutions of circumstellar discs, are consistent (as a rule) with the
existence of Keplerian rotating gaseous discs. For example, the massive star
R Mon has a clearly established Keplerian disc [1]. But there are also some
exceptions, as we shall see later [3]. Such high-quality observations of the
stellar accretion discs, however, are not numerous. In the lack of great
amount of direct (spatially resolved) observations of discs, theoretical
physics has tried to provide reasonable analytical and numerical models
with varying degrees of success. This is due to the uncertainties which still
exist in accretion disc theory (even with respect to some basic equations). In
this situation, progress may be made, if the investigations are restricted to
particular object cases hoping that the results are likely to have in some
sense direct impact on the understanding of other objects.

With respect to numerical experiments, it may be definitely said that
the use of modern powerful computers allows performing of 3D smoothed
particle hydrodynamics calculations with high spatial and temporal
resolution and more realistic viscosity and sound-speed prescriptions. Such
approach may be successfully applied to the modelling of eccentric
instability, which underlies the superhump phenomena in nova-like binaries
such as SU Ursae Majoris variables [2]. Comparison of 2D and 3D results
leads to the conclusion that 3D simulations are an indispensable requirement
to obtain reasonable description of the disc’s dynamics. Numerical
simulations reveal that it is necessary to run computations of very long
durations to achieve eccentric equilibrium, and that saturation depends on
the mass ratio of the stars in the binary system.

Another problem arises when the description of the disc’s dynamics
is limited only to the Newtonian case. As a rule, the inner part of the
accretion disc is affected by the very strong gravitation of the compact
object. Consequently, the general relativistic effects must be taken into
account. In some particular cases, when the modelling is limited to a stellar
mass black hole accreting at a low rate, the disc close to the central object
cannot survive and is evaporated. This is in agreement with earlier
theoretical and observational results for low accretion rates [3]. In the other
cases of high accretion rates onto the compact object, the advection
processes most probably determine the inner disc structure, and therefore, a
Keplerian motion of the accreted material is not a good approximation.



There is also an important factor, which in many situations cannot be
neglected when the disc dynamics is a subject of computations. In stellar
accretion discs, especially in their high temperature inner regions, the gas is
highly ionized plasma. Consequently, there are strong magnetic fields with
complex spatial and temporal structure of their magnetic lines. Simulations
and analytical arguments indicate that the turbulence driven by
magnetorotational instability in accretion discs can amplify the azimuthal
component of the magnetic field to a point at which the magnetic pressure
exceeds the combined “gas + radiation” pressure in the disc. Examination of
the properties of these magnetically dominated discs shows that, in such
manner, a number of outstanding problems in accretion disc theory are
resolved [4]. These investigations show that the discs would be thicker than
the standard Shakura-Sunyaev discs [22] at the same radius r and accretion
rate. They would also tend to have higher colour temperature. If such
accretion flows, transport angular momentum according to an a-
prescription, they would be stable against the thermal and viscous
instabilities that were found in the standard disc models. Other studies
concerning the viscous evolution of protoplanetary discs include the
combined action of magnetohydrodynamic turbulence (generated by
magnetorotational instability), self-gravity torques (parametrized in terms of
an effective viscosity) and also an additional viscous agent (of unspecified
origin) [5]. It was generally found that accretion discs rapidly evolve
towards a configuration where the intermediate regions of the radii r
between a fraction of an astronomical unit and a few astronomical units are
stable against magnetorotational instability due to their low ionization
degree. When an additional source of viscosity was assumed to operate in
these regions, it was obtained that the subsequent evolution of the disc was
eruptive, i.e., highly nonstationary. Namely, brief episodes of high mass
accretion rate ensure satisfaction (though for a short time) of the criterion
for development of magnetorotational instability in the regions of low
ionization. These theoretical investigations reveal that the radial distribution
of mass and temperature in the accretion disc may be considerably different
from the disc models with constant a-parameter or layered accretion models.
Although magnetic fields are widely believed to play a crucial role in the
transport of angular momentum, in the models of ionized atmospheres of
accretion discs their contribution to the vertical hydrodynamic support has
been generally neglected. Simulations of magnetorotational turbulence in a
vertically stratified geometry show that the magnetic pressure support can



be dominant in the upper layers of the discs. It generically produces a
vertically more extended disc atmosphere with a larger density scale height.
This feature acts to harden the emitted spectrum of accretion flows
compared to the models where the vertical magnetic pressure support has
been neglected [6].

Obviously, the great variety of accretion disc geometries, initial
conditions, different simplifications introduced into the models, etc., do not
permit analytical treatment of all these combinations, and in some cases,
even the self-consistency of the parameters of the concrete models may not
be ensured. In such complicated situations it is useful to apply numerical
methods to solve the problems. Of course, this approach does not mean that
the universal prescription has been found. The two commonly used
techniques of grid and smoothed particle hydrodynamics show striking
differences in their ability to model processes that are important across
many areas of astrophysics. For example, Eulerian grid-based methods are
able to resolve and treat Kelvin-Helmholtz and Rayleigh-Taylor dynamical
instabilities, but these processes are poorly or even not at all resolved by the
existing techniques based on the smoothed particle hydrodynamics methods
[7]. The reason for this is that in the latter case the standard implementation
of the smoothed particle hydrodynamics introduces spurious pressure forces
on particles in regions where there are steep density gradients. Another
serious problem encounters in numerical simulations is taking into account
the vertical structure of the accretion flow, i.e. its 3D nature. Even at a
resolution of one million particles, the vertical structure in the disc
simulations may not be accurately reproduced inside 10 astronomical units,
where the midplane densities drop well below their analytical values. The
erroneously low densities may lead to enhanced fragmentation in those
regions, even if the structure is accurately modelled further out [8]. It should
be mentioned that the resolved and unresolved parts of the disc are not
isolated from each other. When waves or other perturbing structures
propagate through the disc their subsequent evolution will be apparently
influenced by the change in resolution. Hence, the evolution of the
perturbations throughout the entire simulation becomes suspect.

In numerical simulations of accretion flows it is important to
quantify what changes in the behaviour of the models occur as a function of
gravitational softening; for example, in order to be able to sort out real and
artificial effects. That is, it must be possible to decide which effects are to be
considered to be numerically induced rather than due to physical processes.



Often, such a situation arises when the reality of fragmentation events must
be checked. The authors of paper [9] conclude that the ability of the
accretion disc to remain in a self-regulated and self-gravitating state
(without fragmentation) is partly dependent on the thermal history of the
disc, as well as on its current state of cooling. An important implication of
their work is that self-gravitating discs can enter into the fragmentation
regime via secular evolution and it is not necessary to invoke rapid/impulse
events to trigger fragmentation. Another investigation [8] shows that
fragmentation will be enhanced in under-resolved simulations or (more
importantly) in real physical systems. Simulations which are performed with
different systems of initial conditions, different resolutions in time and
space, different approximations etc., may lead to similar results about the
fragmentation, which occurs in each numerical accomplishment. In other
words, the simulations may be in fact converged to the same results. This
conclusion may be actually true, but nevertheless there is no guarantee that
it may be also seriously misleading. Due to uncertainties in their design,
numerical simulations are also able to tend to converge to incorrect results.
The interpretation of these results, in terms of the physical behaviour of
accretion flows and the importance of the other correctly implemented
physical processes, becomes difficult or even impossible [8]. Sometimes,
the results and their invalidity can be clearly and/or easily established, but
the same statement may not be true in other simulations, where the results
could be more difficult to verify. Another investigation [10] examined
whether accretion discs around the massive stars are likely to fragment due
to self-gravity. It was established that the rapid accretion and the high
angular momentum push these discs towards fragmentation. Oppositely,
viscous heating and high protostellar luminosity tend to stabilize them.
Generally speaking, for a broad range of protostellar masses and for
reasonable accretion times, the massive discs larger than 150 astronomical
units are prone to fragmentation. The discs are marginally prone to
fragmentation around stars of about 4+15 solar masses, even for
conservative estimates of the disc’s radii and tendency to fragment. The
discs around more massive stars are progressively more likely to fragment
and there is a sharp drop in the stability of disc accretion at very high
accretion rates, which are expected for accretion flows around very high
stellar masses: 110 solar masses and more. The conclusion made in paper
[10] is that fragmentation may starve accretion in massive stars, especially



above the latter’s mass limit and is likely to create swarms of small coplanar
dense condensations.

As follows from the extensive researches devoted to the evolution of
the fragments in accretion discs, the appearance of planet systems is a
common phenomenon. The latter circumstance may affect appreciably the
structure of accretion discs. The most striking appearance of such kind is the
formation of gaps in the discs cleared by the planets. One such observational
evidence of the existence of gaps is the spectral energy distribution of some
T Tauri stars which display a deficit of near-infrared flux. A possible
explanation of this event is that it could be a consequence of an embedded
Jupiter-mass planet, partially clearing an inner hole in the circumstellar disc
[11]. In this paper, it was shown that the pressure gradient at the outer edge
of the gap (cleared by the planet) acts as a filter. Namely, particles, smaller
than a critical size, pass through the gap to the inner disc, and the larger
ones are held back in the outer disc. This process leads to discontinuous
grain population across the planet’s orbital radius, with small grains in the
inner disc and larger grains in the outer disc. This type of dust population
was found qualitatively consistent with the spectral energy distribution in
the models of stars that have optically thin inner holes in their circumstellar
discs. Edgar et al. [12] consider the minimum mass of the planet as a
function of its orbital radius that is capable to open a gap in an a-accretion
disc. They estimate that a planet with a %2 Jupiter mass can open a gap in a
disc with accretion rate corresponding to viscosity parameter a = 0.01 and
central star with solar mass and solar luminosity. It was established that, if a
gap-opening planet cuts off disc accretion, allowing formation of a central
hole or clearing a ring in the disc, then the clearing radius would be
approximately proportional to the stellar mass.

Theoretical and observational evidence of globally non-
axisymmetric accretion discs

Let us denote by M; the mass of the compact stellar object around
which the accretion flow rotates, and by M, — the mass of the companion
star. Respectively, g = M,/M; is the mass ratio of the components of the
binary stellar system. By means of numerical simulations, analysis of the
dynamics and geometry of accretion discs in binary systems with q < 0.1
was performed. This investigation refers to ultracompact X-ray binaries,
AM CVn stars and cataclysmic variables with very short periods. It was
found that the steady state geometry of the disc in the binary reference
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frame may be quite different from the geometry expected for higher mass
ratio g >0.1. For q = 0.1, the disc takes on the usual elliptical shape, with the
major axis aligned perpendicular to the line of centres of the two stars.
However, at smaller mass ratios (q < 0.1), the elliptical gaseous orbits in the
outer regions of the disc are rotated in the binary plane. For much smaller
values of q (q = 0.01; i.e. an order of magnitude smaller), the major axes of
these orbits are aligned almost parallel to the line of centres of the two stars
[13]. The steady-state geometry at low mass ratio q has not been found to be
predicted by an inviscid, restricted three-body model of gaseous orbits.
Instead, it is related to the effects of tidal-viscous truncation of the accretion
disc near the Roche lobe boundary. Numerical investigations of Amand
Smith et al. [2] also confirm the conclusion that the global structure of
accretion discs may essentially depend on the mass ratio g. The latter
authors have found that for g > 0.24, the high-resolution 3D models of the
discs do not show development of superhumps/superoutbursts. It turns out
that this property agrees with the analytical expectations.

The non-axisymmetric structure of accretion discs in Be/X-ray
binaries was studied in [14] by performing three-dimensional smoothed
particle hydrodynamics simulations for a system with a short orbital period
and a moderate orbital eccentricity. It was found that the pressure due to the
phase-dependent mass transfer from the disc of the Be star excites a one-
armed, trailing spiral structure in the accretion disc around the neutron star.
The numerical simulations established that the spiral wave was a transient
event. It was excited around the periastron passage, when the material was
transferred from the Be-disc and it was gradually damped afterwards. These
investigations demonstrated that the accretion disc changes its morphology
from circular to eccentric with the development of the spiral wave, and then
from eccentric to circular with the decay of the wave during the orbital
period. Another numerical study also gives similar conclusions about the
evolution of the accretion disc’s structure. Vorobyov and Theis [15] have
studied the time-dependent evolution of stellar discs in the linear regime and
partially in the non-linear one. They have established that in the earlier
linear phase, the very centre and the large scales are characterized by
growing one-armed and bisymmetric positive density perturbations,
respectively. But in the late linear phase, the overall appearance is
dominated by a two-armed spiral structure localized within the outer
Lindblad resonance. During the non-linear evolutionary phase, radial mass
redistribution due to the gravitational torques of spiral arms produces an

11



outflow of mass, which forms a ring at the outer Lindblad resonance, and
also an inflow of mass, which forms a transient central bar. As a final result,
a compact central disc and a diffuse ring at the outer Lindblad resonance are
formed. In [2] it was concluded that the disc models reveal a complex
standing wave dynamics, which repeats (in the inertial frame) the disc
precession period. This picture of the disc motions can be described as a
superposition of different spiral modes. The authors of paper [2]
characterize the eccentricity distribution in their accretion disc models and
show that the entire body of the disc has its contribution which must be
taken into account when evaluations of disc eccentricity have to be made.

The instabilities of non-axisymmetric gaseous discs are also subject
of investigation in [16], where a perturbation theory for studying of these
phenomena is presented. For such discs, the amplitude and the phase angle
of the travelling waves are functions of both the radius r and the azimuthal
angle ¢, because of the interaction of different wave components in the
response spectrum. It was demonstrated that wave interaction in unstable
discs (with small initial asymmetries) can develop dense clumps during the
phase of exponential growth of instabilities. Such events are relevant to the
formation of planet systems around the accreting stars. Namely, local
clumps, which occur on the major spiral arms, may play the role of seeds of
gas giant planets in accretion discs.

Special cases of accretion flows are the circumbinary accretion discs
orbiting around binary stars (i.e., the latter being in the centres of the discs).
There are studies of two-dimensional thin, viscous, locally isothermal
corotating discs, which investigate the structure of the discs after multiple
viscous times. One of them is presented in paper [17], where a numerical
modelling of a flow, moving in the orbital plane of two equal mass point
masses (rotating along a fixed circular orbit) is performed. The binary
system maintains a central hole in the viscosity relaxed disc with hole radius
equal to about twice the binary semimajor axis. The model shows that the
disc surface density X within the hole is reduced by orders of magnitude
relative to the density in the disc bulk. The initially circular disc becomes
elliptical and after that, eccentric. Disturbances in the disc contain a
component that is stationary in the rotating frame in which the binary star is
at rest and this component is a two-armed spiral density wave.

Returning to the effects of planets on accretion discs, the paper of
Hosseinbor et al. [18] should be mentioned, where such an investigation is
performed for a planet moving along an eccentric orbit. The planet acts on a
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two-dimensional low-mass gaseous disc. The authors find that the disc
morphology differs from that exhibited by a disc containing a planet in a
circular orbit. An eccentric gap is created with eccentricity that can exceed
the planet eccentricity and precesses with respect to the planet orbit. It is
established that a more massive planet is required to open a gap, when the
planet is on an eccentric orbit. In [18], this behaviour is attributed to spiral
density waves excited at corotation resonances by the eccentric planet orbit.
These act to increase the disc’s eccentricity and exert a torque opposite in
sign to the one exerted by the Lindblad resonances. Another group of
collaborators also investigates the interaction between a giant planet and a
viscous circumstellar disc by means of high-resolution, 2D hydrodynamic
simulations [19]. They also find that a planet can cause eccentricity growth
in a disc region adjacent to the planet orbit, even if the latter is circular.
Moreover, disc-planet interactions lead to increase of planet orbital
eccentricity. The accretion rate towards a planet depends on both the disc
and the planetary orbital eccentricity and is pulsed over the orbital period of
the planet. Similar accretion modulation occurs in the flow at the inner disc
boundary, which represents the accretion towards the star [19]. A concrete
example of the planet-disc interactions is discussed in paper [20], where it is
suggested that a planet just interior to the ring edge causes the eccentricity
and sharpness of the edge of Fomalhaut’s disc. The collision time-scale is
evaluated as being long enough that spiral density waves could not be able
to be driven near the planet. It is also found that the ring edge has
eccentricity, caused by secular perturbations from the planet and its
eccentricity, equal to 0.1 (the same as of the planet orbit).

The role of magnetic fields on accretion disc structure

Here we shall consider in some details the influence of large scale
organized magnetic fields. Such fields may play a major role in
understanding the dynamical and spectral properties of X-ray binary stars.
Although most of the models are computed for discs with circular orbits of
their gaseous flows, the results have also implications on elliptical accretion
discs. It is important to note that numerical simulations of turbulent,
magnetized, differentially rotating flows, driven by the magnetorotational
instability, are often used to calculate the effective values of a-viscosity that
is invoked in the analytical models. The authors of paper [21] show that the
angular momentum transport in magnetorotational instability-driven
accretion discs cannot be described by the standard model of Shakura and
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Sunyaev [22] for shear viscosity. The former demonstrate that turbulent
magnetorotational stresses are not linearly proportional to the local shear
and vanish identically for angular velocity profiles that increase outwards
[21]. The properties of a geometrically thin, steady magnetically torqued
accretion disc model is computed in [23] for a flow around a central rotating
magnetized star. The magnetosphere in these calculations is assumed to
entrain the disc over a wide range of radii. The solution for angular velocity
profile tends to corotation close to the central star and smoothly matches a
Keplerian curve at a radius where the viscous stress vanishes. It was also
found that for rapid rotators the accretion disc might be powered mostly by
the spin-down of the central star. These results are independent on the
viscosity prescription in the disc. Another investigation [24] deals with the
role of disc magnetization on the hysteresis behaviour of X-ray binaries. The
precisely worked out model contains a transition radius below which a jet-
emitting disc is settled. The latter drives self-collimated non-relativistic jets.
But beyond the transition radius, no jets are produced and a standard
accretion disc is established, despite the presence of magnetic fields. The
radial distribution of disc magnetization adjusts itself to any change in the
disc accretion rate, thus modifying the established transition radius. This
property opens the possibility for the transitions between standard accretion
disc and jet-emitting disc and their reverse transitions to occur locally at
different magnetization. This bimodal behaviour of the accretion disc may
explain the hysteresis cycles observed in X-ray binary stars during
outbursts. It is well known that such events are closely related to the
elliptical shape of the accretion disc.

Concluding remarks

The evolution of astrophysical discs is dominated by instabilities of
gravity perturbations, including those produced by spontaneous
disturbances. A hydrodynamic theory of non-resonant Jeans instability in
the gaseous component of a disc has been developed [25], in which it is
shown analytically that gravitationally unstable systems (such as, in
particular, protoplanetary discs) are efficient at transporting mass and
angular momentum. Already on a timescale of the order of 2 or 3 rotational
periods, the unstable accretion flow has a large portion of its angular
momentum transferred outward and mass transferred both inward and
outward.
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As already mentioned, the true estimations of the values of the
viscosity parameter o are of essential importance when the dynamics of
accretion flows must be determined. This is valid both for discs with
circular and elliptical orbits of their particles. For accretion discs, the height
scale is a constant whenever hydrostatic equilibrium and the subsonic
turbulence regime hold. In order to have a variable height scale, an extra
term must be added to the continuity equation, due to processes of specific
physical nature. Such a contribution makes the viscosity parameter o much
greater in the outer region and much smaller in the inner region of the disc
[26]. Under these circumstances, the hydrodynamical turbulence is the
presumable source of viscosity in the disc. There is no need to include
magnetic fields in the considerations. The way disc structure is affected by
the values of o is demonstrated by Liu et al. [27], where the condensation of
matter from a corona to a cool, optically thick inner disc is investigated.
They give a description of a simple model for the exchange of energy and
mass between corona and disc taking into account the effect of Compton
cooling of the corona by photons from underlying disc. It is established that
the inner disc can be present in the low/hard state for a range of luminosities
that depends on the magnitude of the viscosity parameter. For a = 0.1+0.4,
such an inner disc can exist for solar luminosities within the range
0.001+0.02. This example illustrates how essential the precise evaluation of
the viscosity parameter a may be, when the global structure of accretion
flows must be derived.

Astronomical observations of binary stars with accretion discs (both
photometric and spectroscopic) enable us to check the validity of the
theoretical models based on numerical or analytical approaches. Another
method is the investigation of the evolution of protostellar discs around T
Tauri stars that have formed self-consistently from the collapse of molecular
cloud cores. Numerical studies of such objects demonstrate that the discs
settle into a self-regulated state with low-amplitude non-axisymmetric
perturbations persisting for at least several million years [28]. The global
effect of gravitational torques due to such perturbations is to produce disc
accretion rates that are of the correct magnitude to explain observed
accretion onto T Tauri stars. An important development of accretion disc
theory makes references to the formation of planet systems. Closely related
to this problem is the process of disc fragmentation. In paper [29], the
effects of eccentricity on the fragmentation of gravitationally unstable
accretion discs are considered using numerical hydrodynamics. It is found
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that the eccentricity does not affect the overall stability of the disc against
fragmentation, but significantly alters the manner in which such fragments
accrete gas. Variable tidal forces around an eccentric orbit slow down the
accretion process and suppress the formation of weakly bound clumps. The
“stellar” mass function resulting from the fragmentation of an eccentric disc
is found to have a significantly higher characteristic mass than that from a
corresponding circular disc. The application of the worked out model to
massive stars at 0.1 parsecs from the Galactic center shows that the
fragmentation of an eccentric accretion disc (due to gravitational instability)
is a viable mechanism for the formation of these systems [29].

It is often a matter of discussion what is the range of applicability of
the standard accretion disc model. As it would be expected, the limitations
of its use would be the same for discs with elliptical orbits of their particles.
Shaffe et al. [30] consider a simple Newtonian model of a steady accretion
disc around a black hole. They use height-integrated hydrodynamic
equations, a-viscosity prescription and a pseudo-Newtonian potential. The
results reveal that as the disc’s thickness or the value of a increases, the
hydrodynamic model exhibits increasing deviations from the standard thin
disc model [22]. However, these results must be taken with a caution,
because they have been obtained with a viscous hydrodynamic model. More
accurate  quantitative  estimates need to be received by
magnetohydrodynamic simulations of radiatively cooled thin discs.
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KPATBK TIPEIVIE]] HA HAKOU OT CbBPEMEHHUTE
PASPABOTKHM B TEOPUATA HA HEOCECUMETPUYHUTE
AKPEIIUOHHHU JUCKOBE

A. lumumpos

Pe3rome

To3u 0030p pasriexjia CbBPEMEHHOTO ChCTOSIHME HA TEOPHsTAa Ha
aKPELIMOHHUTE JHUCKOBE B CIly4auTe Ha HEOCECUMETPUYHHU IOTOLM OKOJIO
KOMIIAaKTHU OOEKTH CbhC 3Be3gHM Macu. [lpumepu 3a OTCHCTBHETO Ha
KpbroBa CHUMETpHsl MoraT Ja ObJaT He camo enunTuyHata ¢opma Ha
JUCKOBETE, HO CbIIO CHHPAIHUTE BBIHM HA IUIBTHOCTTA, HMAalIUTe
HEKpbroBa ¢opma Npa3HUHU B JUCKOBETE U IUIBTHUTE CIbCTABAHUS OT
BerrecTBo (mpoTorutaneTr). O030pHT BKIIOYBA CTATHH 10 Ta3H TEMATHKa OT
IIOCJICAHUTE YETUPHU FOJMHU. J[MCKyTHUpaHU ca ChIIO CIEACTBUATA, OTHACS-
M ce 710 HabJtoJaTeIHUTE NposiBU. Pasriexxaanust npo0ieM Ha OTChCTBUE
Ha 0CEBa CUMETpUs € MPOYUBAH KaKTO OT TEOPETUYHA, TaKa U OT HabIroa-
TeJIHA IiegHa Touka. [IbpBUAT MOAXOA CHINO BKIKOYBA YUCICHU MOJEIH-
paHus Ha akpeloHHHUTE noToy. To3u 0030p 3acsara u npodIeMUTe, KOUTO
TpsiOBa J1a ObJAT PEIICHU 32 TaKUBA acCTPO(U3UUHU OOEKTH.
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Abstract

We consider the models of elliptical accretion discs developed by Lyubarskij et al.
[1] and discuss their specific properties. In particular, we emphasize on possible deviations
from the Keplerian rotation, magnetorotational instability, external illumination of the disc,
etc., which may take place with real accretion flows (as indicated by a lot of observations),
but are not taken into account in the above theoretical constructions. According to the
models, the viscosity coefficient » is adopted to have a power law form: n = g X" (B is a
constant, X' is the disc surface density). We investigate the dynamical equation, which is
derived by Lyubarskij et al. [1], for a continuous set of values of the power n. Physically
reasonable n occupy the zone between = -1 and = +3. The basic result of our investigation
is that the dynamical equation, governing the structure of elliptical discs, is a homogeneous
second order ordinary differential equation for any values of n in the designated interval.
This is a generalization of our previously established result for the case of integer values of
n only.

Introduction

In this paper we continue the investigation of elliptical accretion
discs described by Lyubarskij et al. [1] about 15 years ago. The essential
feature of their model is that not only the disc particles have elliptical orbits,
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but also the apse lines of all orbits are in line with each other. It would be
stressed that it provides for changes in the eccentricity between adjacent
streamlines. In other words, the eccentricities of the particle orbits may (in
principle) vary for different parts of the accretion disc — its inner, middle
and outer regions. The motion of the particles along the ellipses is supposed
to be Keplerian and the dynamics of the disc is treated in the framework of
viscous hydrodynamics. In fact, the above cited work [1] generalizes to
some extent the well known o-disc model of Shakura and Sunyaev [2],
where all particle orbits are a priori assumed to be circular. We shall
consider in our investigation only the case of stationary accretion discs. The
simplifications applied in the paper [1] lead to a second-order ordinary
differential equation, which governs the structure of the accretion disc,
namely, the dependence of eccentricity on the focal parameter p of the
corresponding ellipse. The situation is not so favourable, in view of
simplicity, in the more general models of elliptical discs considered by
Ogilvie [3]. The base line followed by us is to study analytically these
objects as much as possible in order to minimize the application of
numerical methods and eventually, reveal more clearly some properties of
the solutions. Despite of the property that the Ogilvie’s model [3] is much
more realistic and more appropriate to be checked by means of astronomical
observations than earlier model of Lyubarskij et al. [1], we shall concentrate
on the latter for the above mentioned reasons. Some results concerning the
problem of solving of the dynamical equation for the accretion disc model
of Lyubarskij et al. [1] were already published earlier in papers [4-9]. The
present research may be considered as a supplement to the case of integer
powers n [7] in the sense that now we shall consider arbitrary (but
physically reasonable!) values of n, which may not be integers. More
specifically, it will be allowed that n # -1, 0, +1, +2, +3. Of course, between
integer values, n may vary continuously. We remind that, according to the
adopted viscosity law = # X" in the accretion disc model of Lyubarskij et
al. [1], n is the power of the disc surface density 2 and it is allowed to take
continuous (but later on fixed!) values in some appropriate interval. The
more general situation, when the power n eventually depends on some
physical and geometrical factors like pressure, temperature, volume density,
distance to the compact object, shape of the accretion disc and so on, is out
of the scope of our investigation. Henceforth, the quantity n (and also the
factor ) are considered to be constants and the variation of the viscosity
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coefficient # throughout the disc is determined by the variation of its surface
density 2.

With the accumulation of observational data about accretion discs in
binary stellar systems, it becomes more and more evident that the ellipticity
of these objects is not only a possible theoretical construction, but it is often
a phenomenon occurring in reality. The overview paper [10] gives some
examples on this subject. We shall now add to this list of papers several
more recent results concerning the theme of elliptical discs. Especially, we
shall mention the photometric observations of Howell et al. [11] in the
infrared region of the electromagnetic spectrum of the eclipsing interacting
binary WZ Sge. There is evidence that the accretion flow in this stellar
system is much more complex than previously suggested. The astronomical
observations support the conclusion that that the so-far-known gaseous
accretion disc is surrounded by an asymmetric disc of dusty material with a
radius about 15 times larger than the outer radius of the gaseous disc. The
dust disc contains only a small amount of mass and is completely invisible
at optical and near-infrared wavelengths. Such discovery in respect to the
structure of the global (gas + dust) disc has significant influence on
accretion disc theory. It suggests the need of certain generalization of the
model, advocated by Lyubarskij et al. [1], to “two-component disc” case,
but we shall not deal with this problem here. Indications of the presence of
an elliptical accretion disc are found in the X-ray binary star UW Coronae
Borealis [12]. The interpretation of the light curve for this system is based
on the assumption of eclipse of an accretion disc around a neutron star by
the secondary star. The surface brightness of the accretion disc is strongly
asymmetric and highly variable. Observations show that the variations of
eclipse morphology are repeated at a period of 5.5 days and the shape of the
superhump-like modulation also varies at this period. The model developed
by Mason et al. [12] assumes elliptical distribution of surface brightness
and, respectively, the disc precesses at the 5.5-day period in order to
reproduce the eclipse depths and the times of mideclipse. The superhump-
like variability phenomenon for the UW Coronae Borealis star may be
explained reasonably well by an elliptical precessing disc. The paper of
Ferreira and Ogilvie [13] considers warping and eccentric disturbances
propagating inwards in discs around black holes under a wide variety of
conditions. It is assumed that the deformations are stationary and propagate
in a disc model similarly to the regions (a) (dominant radiation pressure;
electron scattering on free electrons plays the main role) and (b) (dominant
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gas pressure; electron scattering accounts for the main contribution to
opacity) of Shakura and Sunyaev discs [2]. This investigation shows that the
propagation of warping and eccentric deformations to the innermost regions
of the disc is favoured by the low viscous damping and the high accretion
rate.

Deviations from the Keplerian Rotation of Accretion Flows

The elliptical accretion disc model of Lyubarskij et al. [1] assumes
the idea (and this concept is supported by the observations) that the discs are
Keplerian, i.e., rotationally supported gaseous/dust discs. The common
scenario, which naturally leads to the formation of Keplerian discs, is the
viscous decretion model. According to it, discs are hydrodynamically
supported in the vertical direction, while the radial structure is governed by
viscous transport. This circumstance determines that the temperature is a
primary factor that governs disc density structure. Of course, many physical
and geometrical properties of accretion flows depend on the central stars
around which discs rotate. For example, Carciofi et al. [14] discuss the basic
hydrodynamics that determines the density structure of the discs around hot
stars and solve the full problem of the steady state nonisothermal viscous
diffusion and vertical hydrostatic equilibrium. They find that for Keplerian
viscous discs, the self-consistent solutions depart significantly from the
analytic isothermal density, which may have potentially large effects on the
emergent spectrum. The implication is that for detailed modelling of Be star
discs, nonisothermal disc models must be used. But in the opposite case,
Shu et al. [15] find that strong magnetization makes the discs surrounding
young stellar objects to rotate at rates that are too sub-Keplerian to enable
the thermal launching of disc winds from their surfaces. An exception is
observed when the rate of gas diffusion across field lines is dynamically
fast. Another study [16] also supports the possibility of non-Keplerian
motion in the inner regions of accretion discs around compact objects (i.e.,
the orbital frequency of the gas deviates from the local Keplerian value). It
is shown that for long-wavelength modes in this region, the radial epicyclic
frequency k is higher than the azimuthal frequency Q. This circumstance
may have significant implications for models of the twin kilohertz quasi-
periodic oscillations observed in many neutron star sources. Hence, it can be
subject to observational verifications. Deviations from the Keplerian
velocity law are able to cause various kinds of instabilities, which are not
taken into account in the model of Lyubarskij et al. [1] considered by us.
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For example, in the paper of Barranko [17] it is shown that, as the dust in a
protoplanetary disc settles, a vertical shear develops. The reason for this
phenomenon is that the dust-rich gas in the midplane of the accretion disc
orbits at a rate closer to the Keplerian velocity than the slower moving dust-
depleted gas above and below the midplane. The classical analysis (i.e.,
neglecting the Coriolis force and differential rotation) performed by
Barranko [17] predicts that Kelvin-Helmholtz instability occurs when the
Richardson number of the stratified shear flow is < 1/4. Planets embedded in
optically thick passive accretion discs are also expected to produce
perturbations in the density and temperature structure of the disc. The
calculated magnitudes of these perturbations for a range of planet masses
and different radial distances from the center of the disc are given in [18]. It
is demonstrated that a self-consistent calculation of the density and
temperature structure of the accretion flow has great effect on the disc
model. In addition, the temperature structure in the disc is highly sensitive
to the angle of incidence of stellar irradiation at the surface. Therefore, the
accurate calculation of the shape of the disc surface is crucial for modelling
the disc’s thermal structure. In this connection it is worthy to note that the
model of Lyubarskij et al. [1] does not take into account the external
illumination of elliptical accretion discs.

The investigation of the magnetorotational instability and its
evolution in protoplanetary discs that have radial non-uniform magnetic
field which allow stable and unstable regions to coexist initially is
considered in paper [19]. It is found that a zone in which the disc gas rotates
with a super-Keplerian velocity emerges as a result of the non-uniformly
growing magnetorotational turbulence. It is also established that the original
Keplerian shear flow is transformed to a quasi-steady flow such that more
flattened (even with rigid rotation in the extreme cases) velocity profile
emerges locally and the outer part of the velocity profile tends to be super-
Keplerian. According to Kato et al. [19], angular momentum and mass
transfer due to temporally generated magnetorotational instability
turbulence in the initially unstable region are responsible for this
transformation. Since the paper of Lyubarskij et al. [1] (and, consequently,
our investigations, which are based on it) does not include the latter factor,
we shall very briefly discuss in the next section how this simplification
affects the accretion disc structure and how it restricts the applicability of
this model. Of course, we must have in mind that the other approximations
are also essential.
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Significance of Magnetic Instabilities for the Realistic
Description of Accretion Disc Models around Stellar Mass
Objects

Let us take into consideration the work of Nekrasov [20] where
electromagnetic streaming instabilities of multicomponent collisional
magnetized accretion discs are studied. In this paper, sufficiently ionized
regions of the disc are explored because there is strong collisional coupling
of neutral atoms with both ions and dust grains simultaneously. The steady
state is investigated in details and the azimuthal and radial background
velocities of the species are calculated. The azimuthal velocities of ions,
dust grains and neutral particles are found to be less than the Keplerian
velocity. Concerning the radial velocities of the latter and the dust grains, it
iIs shown that they are directed inward of the disc. Also, the dispersion
relation for the vertical perturbations is derived and its unstable solutions,
due to different background velocities of ions and electrons, are established
[20]. It is found that the growth rates of the considered streaming
instabilities can be much larger than the Keplerian frequency.

The accretion disc model of Lyubarskij et al. [1] is developed on the
basis of classical Newtonian mechanics, i.e. general relativistic effects are
not taken into account. But these may be essential in the near vicinities of
compact objects. Consequently, by the notation “inner boundary”/
“innermost radius” of the accretion disc (respectively, “the smallest
parameter” pmin (Or pin) Of the elliptical disc) we shall mean such a value of
the parameter p which marks the boundary closest to the central star, inside
which the considered disc models are not already so good approximations as
for the outer parts of the disc. Unfortunately, the general relativistic
constraints are not the only factors that are able to impose restrictions on the
reasonable validity of the model in the innermost regions of accretion flow.
It is not excluded at all that other physical conditions and geometrical
arguments may “augment” the value of the “inner disc radius” beyond the
limit placed by the general relativistic considerations. In this sense, it is
worthy to note the recent investigation of Beckwith et al. [21], which
examines general relativistic magnetohydrodynamic simulations of black
hole accretion. They find significant magnetic stresses near and inside the
innermost stable circular orbit, which implies that such flows could radiate
in a manner noticeably different from the prediction of the standard a-model
of Shakura and Sunyaev [2]. The latter model assumes that in these regions
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there are not stresses. Beckwith et al. [21] obtain estimates of how
phenomenologically important parameters like the “radiation edge” (i.e., the
innermost ring of the disc from which substantial thermal radiation escapes
to infinity) may be altered near the innermost stable circular orbit. Their
estimates are based on a large number of 3D general relativistic
magnetohydrodynamic simulations combined with general relativity ray
tracing. For slowly spinning black holes, the radiation edge lies well inside
where the standard a-disc model [2] predicts, particularly when the stellar
system is viewed at high inclination. For more rapidly spinning black holes,
the contrast is established to be smaller. It is estimated in [21] that for a
fixed total luminosity, the characteristic temperature of accretion flow
increases by a factor between 1.2 and 2.4 over that predicted by the standard
model [2]. If the mass accretion rate is fixed, there is a corresponding
enhancement of accretion luminosity, which may be anywhere from tens of
percent to the order of unity [21].

In our investigation, we are dealing with stationary (i.e., steady
state) models of accretion discs. But we must keep in mind that the more
realistic descriptions take into account different kinds of instabilities. For
this reason, we shall add some remarks concerning this item in order to
emphasize to some extent the limitations inherent to our model. For
example, when the accretion rate is more than a small fraction of the
Eddington rate dMgqq/dt, the inner regions of the accretion discs around
black holes are expected to be radiation-dominated. However, in the o-
models [1,2] these regions are, in addition, thermally unstable. In the 3D
radiation magnetohydrodynamic simulations of a vertically stratified
shearing box (ratio of radiation to gas pressure prad/pg ~ 10) performed by
Hirose et al. [22], no thermal runaway occurs over a timespan of 40 cooling
times teo0. They observe that stress and total pressure are well correlated as
predicted by the a-model [2], but stress fluctuations precede pressure
fluctuations, contrary to the common suggestion that pressure controls the
saturation level of magnetic energy. According to [22], this circumstance
determines the thermal stability of the accretion flow. When the thin
accretion discs around black holes are perturbed, the main restoring force is
gravity. The authors of paper [23] state that, if gas pressure, magnetic
stresses and radiation pressure are neglected, the disc remains thin as long as
the particle orbits do not intersect (this condition is fulfilled by hypothesis in
the model of Lyubarskij et al. [1] !). They also find that a discrete set of
perturbations is possible for which orbits remain non-intersecting for
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arbitrarily long times. Correspondingly, these models define a discrete set of
perturbations.

According to [24], accretion discs in which angular momentum
transport is dominated by magnetorotational instability may also possess
additional (purely hydrodynamic) turbulence drivers. Even when the
hydrodynamic processes themselves generate negligible levels of transport,
they may still affect the disc’s evolution through their influence on
magnetorotational instability. The conclusion is that the impact of
hydrodynamic turbulence is generically subject to ignorance only in some
cases. Such a phenomenon is convection, where additional turbulence arises
due to the accretion energy released by magnetorotational instability alone.
Hydrodynamic turbulence may affect (either enhance or suppress)
magnetorotational instability, if it is both strong and driven by independent
mechanisms, such as self-gravity, supernovae explosions or solid(dust)
particles-gas interactions in multiphase protoplanetary discs [24].

With the above notes about the adopted simplifications, which are
intrinsic to standard a-disc models [1,2], we now begin to consider a very
concrete problem, namely, the transformation of the dynamical equation for
elliptical accretion discs (derived by Lyubarskij et al. [1]) to a more simple
form. The main purpose of our approach is to do this in purely analytical
way. It may come out that the final results of our attempts do not provide
successfully to express this equation in a form, which allows solving it by
means of the known standard methods from the theory of ordinary
differential equations. But even in this pessimistic scenario, we hope that
this will reveal some properties of the physical and mathematical structure
of the disc model [1].

The Dynamical Equation and the Specific Characteristics
of Its Terms

For clarity of subsequent computations, we rewrite here the
dynamical equation governing the structure of elliptical accretion discs
(with orbits of their species sharing a common longitude of periastron; [1])
in the form which was already derived in the previous paper [6]:

(1) ):k Aik(e,e,n) lie,e,n) l(e,e,n) é + |2 Bim(e,é,n) li(e,é,n) In(e,e,n) é =0,
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where the indices i, k, | and m independently take the values of 0—, 0+, 0, 1,
2, 3 and 4. The eccentricity e of the ellipse of each particle trajectory and its

derivative ¢ = de/du = de/d(Inp) with respect to the logarithmic scale u = Inp
of the focal parameter p of the ellipse, are (strictly speaking) functions of u
and the power n in the viscosity law # = # X ". According to the agreement
made in the beginning of the present paper, we shall assume in what
follows, that n is an arbitrarily chosen fixed non-integer number. That is to
say, the quantity n does not vary along the values of the focal parameter p
(the “radius” of the disc). Naturally, the convention that n is the same for all
parts of the accretion disc, simplifies greatly the mathematical treatment of
the problem. Consequently, for every previously selected (and after that
fixed !) value of n between = -1 and = +3, we shall consider e and ¢ as
functions depending only on u = Inp. We rewrite the definitions of the
integrals lo—, los+, lo, 11, 12, I3 and 14 [6]:

(2) lo—(e,en)= J;(nl +ecosp)" 3[1 + (e - é)cosp] "V dg
(3) los(ee,n) = IE1 +ecosp)" 1 + (e - é)cosp]l "D dy

(4) lieen) = J:ECOS(p)j (1 +ecosp)" ’[1 + (e - é)cosp] "V dy ;

j=0,1,2 3,4

The appearance of the above seven integrals in dynamical equation
(1) is related to the averaging over the azimuthal angle ¢, as proceeded in
the model of elliptical accretion discs [1]. The other quantities to appear in
equation (1) are the coefficients Ay(e,é,n) and Bim(e,é,n), which are known
functions of e, é and n. Their writing in explicit form is too long to be given
here and we shall miss this procedure in order to save unnecessary tedious
formulae. We stress that the main purpose of the present paper is not to
investigate the known functions Ai and By, but to overcome the difficulties
generated by the presence of these seven integrals, lo—, lo+, lo,..., ls, In
dynamical equation (1). It must be pointed out that both the coefficients Ajx
and By, and the integrals lo—, los, lo,..., 14 are, as a final result, functions of
the parameter u = Inp. But actually, at this stage of the task’s solving, we do
not know the solution(s) of equation (1). This is just our final goal ! For
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this reason, we shall assume in what follows {e, ¢ and n = preliminary fixed
constant} to be independent variables, having however in mind that
differentiation of e with respect to u (we note this by a dot (")) gives e.
Because ¢ may also depend on u, it is again true that dé/du = é(u). These
properties must be taken into account when the above-considered
coefficients and integrals, participating in the subject-to-simplifications
equation (1) undergo differentiation with respect to e(u) or é(u).

Proof that the Dynamical Equation Is a Second-Order
Homogeneous Ordinary Differential Equation

In the original deriving of the dynamical equation, which determines
the structure of elliptical discs with orbits sharing a common longitude of
periastron, Lyubarskij et al. include a free term ([1], equation (45)):

(5)  F(e.en) = Y[(BI2W - Z - (1/2)(1 - €9)Y]

The bars above Y, Z and W (which are present in paper [1], but are omitted
in our notations for typographical technical reasons) denote averaging over
the azimuthal angle ¢. At first sight, it seems that this expression (5)
stipulates the dynamical equation ([1], equation (45)) to be an
inhomogeneous differential equation. For accretion discs with constant
eccentricity of particle orbits (e¢(u) = 0; correspondingly é(u) = 0 throughout
the disc) it is obvious from ([1],equation (45)) that the free term F(e,é,n) (5)
vanishes in a similar way for the entire disc. In the earlier paper [7], the
explicit expressions for the auxiliary functions Y(eé,n), Z(e.é,n) and
W(e,e,n) were given for integer values of n (n = -1, 0, +1, +2, +3) ([7],
equations (7a) — (11c)). Proving the homogeneity of the dynamical equation
in the latter case was based on a little different approach. There is no
necessity for the free term F(e,é,n) to be identically equal to zero. It is
enough to show that F(e,e,n) factorizes and one of the factors is just the
derivative of the eccentricity é(u) = de/du. Further on, F(e,é,n) can be
“absorbed” into the term {Y(e,é,n)[0Z(e,é,n)/0e] - Z (e,e,n)[DY (e,é,n)/0e] —
Y?(e,e,n)e}e ([1], equation (45)), which also contains as a common factor
the first derivative é(u). This implies that equation (45), established by
Lyubarskij et al. [1], is in fact, a second-order homogeneous ordinary
differential equation. In paper [7], factorization of the free term F(e,é,n) is
evident from its explicit computation thanks to the already analytically
evaluated expressions for integrals lo—, lo+, lo, 11, 12, 13 and 14 (see equations
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(2a)-(6h) from [7]). There, it was only noticed that the proof of the
homogeneity of the dynamical equation may be also generalized to the case
of non-integer values of the power n. We shall now give a proof of this
statement. We shall take into account the circumstance that we do not know
(at least at the present time!) any analytical evaluations for non-integer n of
the integrals lo—, lo+, lo, 11, 12, I3 and l4, defined by relations (2), (3) and (4).

Let us start with detailed derivation of the expressions for Y(e,é,n),
Z(e,e,n) and W(e,é,n). Here we make an important note. For technical/
typographical reasons, we denote by Y(e,é,n), Z(e,e,n) and W(e,e,n) the
corresponding angle-averaged functions defined by equation (42) in the
paper of Lyubarskij et al. [1], and denoted by barred gothic capital letters.
This is, of course, evident when we write the free term F(e,é,n) (5) in our
paper and compare it with the notations in the dynamical equation (45) in
[1]. Consequently, our notations Y (e,é,n), Z(e,é,n) and W(e,¢é,n) must not be
erroneously identified with the same designated quantities in [1] (equations
(35), (36) and (38)). The latest we shall rewrite as:

6) Yi(e ¢, ¢)=-(23)(GMp) 2 grPs®
()  Zi(e, ¢, 9) =~ (2/3)(GMIp) Vic" g V2,
(8)  Wie, ¢, 9) = (2/9)(GM/p?) g a' ¥ g2,

Note that these functions Y31, Z; and W, do not depend on the power n (see
expressions (A5), (A7), (Al12), (Al4) and (A16) from Appendix A of [1];
see also formulae (9), (10) and (11) bellow in this paper). In the above
formulae (6)—(8), G is the Newton’s gravitational constant, M is the mass of
the central star around which the accretion disc rotates, p is the focal
parameter of the considered elliptical particle orbit. To describe the
problem, non-orthogonal curvilinear coordinates (p, ¢) are used instead of
Cartesian ones (X, y). Correspondingly, Vi (i = p, ¢) are the covariant
components of the Keplerian velocity, o; « and o' © (i, k = p, ¢) are the
covariant and contravariant components of the shear tensor o, g is the
determinant of the metric tensor and r ” is the contravariant p-component of
the radius vector r. We perform in advance: (i) correction of some
typographical errors and (ii) simplification of some expressions in Appendix
A to Lyubarskij et al. [1]. For example, the right-hand side of the formula
for the trace of the shear tensor o = a; « ¢ © ([1], equation (A16)) may be
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factorized. The substitution of the final results in (6)—(8) gives the following
representations about the auxiliary functions:

(9)  3Yi(e, ¢, ¢) = (1 + ecosp) "[1 + (e — é)cosp] (3 + Tecosp + €® +
4e’cos’p + e3cosp - 46C0Sp + 2eé — 8eéCoS p — 2e°6C0Sy)

(10) 3 Zl(e e Q) = (1 + ecosp) “ [l + (e - e)COSgo] (3 + 13ec03go +
22e cos’p + 2ecosp + 16e3cos’ v + e4 + 2e* cos? + 4e cos?
e COSq) 4eCOS(p 2eé — 12eecos ¢ — 6e%6cosp -12e%6cos’p — 2e’¢
4e’scos’p — 2e*écosp — 4e*écos’y)

(11) 9 Wi(e, é, ¢) = (1 + ecosp) ~ [1 + (e — é)cosp] ~ }(9 + 33ecosp —
2e%cos’p — 2 e®cosp + 32e3c0s’p + e* + 8e'cos’y + e°cosy - 24écosp
+ deé — T2eeécos’p + 4deécosp - T2e%écos’p — 4e’e — 24e’ecos’y —
4e’scosp + 86 + 86°cos’p + 8ec’cosp + 24ec’cos’p + 4de’e” +
16e%6°cos’p + 4e®¢%cosp) .
From Appendix A ([1], equations (A5) and (A12)), we also compute:
(12) (@Y% Vv?)" = (GM/p)V?2 (1 + ecosp) ""[1 + (e - é)cosg] "

Then, following definitions (40) and (42) from the paper of Lyubarskij et al.
[1], we can write the new auxiliary functions (depending already on n):

(13) Yz(ev é! n, (0) = Yl(e! é’ ¢)(91/2 \Ad )—h )
(14)  Za(e, é,n, 9) = Za(e, ¢, p)(@"? V)",
(15)  Wa(e, é,n, ¢) =Wi(e, ¢, 9)(@"°V?)™",

We stress again that in our notations the symbol “dot” ( ~ ) means
differentiation with respect to the variable u = Inp, not with respect to the
time t. Finally, the averaging over the azimuthal angle ¢ yields the
expressions for Y(e,é,n), Z(e,é,n) and W(e,é,n) we are seeking for:

2n
(16) 3Y(e.6,n) = (3/2m)]Yale, é, n, p)dop = (27) H(PIGM) " (3 + &% +

0
2e¢)lo + (7e + ® — 4¢ — 2e%6) 1, + (4% — 8eé)l,]

(17) 3Z(eén) = (3/(2n))J}2(e, é,n, p)dp = (21) 1(p/GM) " ’[(3 + * - 2e¢

30



—2e%) 1o + (13e + 2% + > — 46 — 6e%e — 2e%0) 1, + (222 + 2e* — 12e6
—4e%)1, + (16e% - 12e%) 15 + (de* — 4e%)14]

(18) 9W(ee,n) = (9/(2n))fvv2(e, é,n, p)de = (21) 1(p/GM) " ?[(9 - 262 +

et + dec — 4% + 86% + 462691y + (33e — 263 + €° — 24¢ + de%e — 4e’s
+ 8ee” + 4e%6%) 1, + (48e% — T2e¢ +86%)1, + (32€% — 72e%6 + 24e6%) 15 +
(8e* — 24e% + 16e%¢%)14] .

In deriving the last three expressions, we took into account definitions
(4) of the integrals Ij(e, é, n), (j =0, 1, 2, 3, 4). Having already the results
(16)—(18), it is simple to calculate the free term F(e,é,n):

(19) 18F(eé,n) = (3Y)[OW — 2(3Z) + (e* — 1)(3Y)] = (27°) *(p/GM) " é
[(9e + 6e® + e° + 126 +16e% + 4e*é + 8eé” + 4e%¢)) 1 + (- 18 + 366
+ 14e* + 16e¢ + 32e%6 — 166° — 8e%6°) 111y + (- 42e + 43e® — e’ + 246
+ 12e% + 8e’e + 4% — 16ee” — 16€°° — 4e°6%)1,° + (- 60e — 8e° +
4e° + 126 — 44e%6 — 24e6® — 16€36)) 15l + (— 164e° + 8e* — 4e®
+156e¢ + 4e’¢ + 16e°¢ — 166° — 40e%6® — 16e%¢)1,1; + (- 806> +
176e% — 32eé?) 1% + (- 7262 — 24e* + 36eé — 36€°6 + 24e%6%)I3lg + (-
168e® — 24e® +180e°¢ + 60e*e - 48es” - 24e*%)I5ly + (- 96e* +
2406% — 96e%6%)I3l, + (— 24e® — 8e° + 24e%¢ — 8e*e + 16e%¢%) 14l + (-
566 — 8e® + 88e%¢ + 24 e°¢ — 32e%6% — 16e*¢?) 14l + (- 32e> + 96e”¢ —
64e%6%)14l5] .

The above complex and lengthy expression shows clearly that a common
factor ¢ appears when factorization has been performed. It is worthy to note
that we have not imposed any restrictions on the power n in the viscosity
law n = g X". That is to say, the purely analytically derived result (19) is
valid both for integer and non-integer values of n. As a final result, the
“free” term F(e,e,n), given by definition (5), can be absorbed into the term
(YozZloe - ZoYloe — Y?e)é of the dynamical equation ([1], equation (45);
call to mind that we are using other notations in the present paper, as
mentioned earlier). This completes the proof that the dynamical equation,
which determines the structural properties of stationary elliptical accretion
discs with apse lines of all orbits assumed to be in line with each other, is a
second-order homogeneous ordinary differential equation. This argument
was taken into account when we wrote the dynamical equation in form (1).
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Conclusions

As illustrated by relation (19), the coefficients Ai(e, ¢, n) and Bim(e,
e, n), (i, k I,m=0— 0+ 0, 1, 2, 3, 4) are expected to be very complex
functions of their arguments e, ¢ and n. Consequently, the homogeneity of
dynamical equation (1) is far from the condition to be a sufficiently
simplifying property, allowing for its easy (or without great difficulties)
solving by means of purely analytical methods. For this reason, the
necessity arises to find additional simplifications of equation (1), though
there are no optimistic indications for such useful possibilities. Even in the
case of integer values of the power n in the viscosity law # = g X", when
each of the seven integrals lo—, lo+, lo, ..., 12 may be found in an explicit
analytical form, the dynamical equation can hardly be approximated by a
differential equation with constant coefficients [7]. One possible approach to
simplify further this equation is to try to find relations between these seven
integrals, allowing us to exclude some of them in equation (1). In the
simplest case we are to seek for linear ones. The attractivity of this idea
increases when non-integer powers n are considered, because (at least at the
present time) we do not even know any explicit analytical solutions of the
integrals lo—, lo+, lo, ..., ls. Dynamical equation (1) determines the structure
of elliptical discs with particles sharing a common longitude of periastron. If
the attempts to solve it to the very end by purely analytical methods appear
to be unsuccessful, we nevertheless hope that the attained simplifications
will allow us to accomplish some more problems. For example, the number
of branch points of the solutions, the limitations imposed on the domains of
the solutions, certain qualitative characteristics of theirs, etc. Of course,
analytically simplified forms of (1) are probably preferred when numerical
methods for solving are used.

In conclusion, we would line to make the following remark. Above
we have written definitions (2) and (3) of the integrals lo—(e, ¢, n) and lo.(e,
é, n), accordingly. At first sight, it may seem that this is an unnecessary
supplement to definitions (4) of the integrals lj(e, é, n), = 0,1,..., 4). In
fact, this information was not used when deriving the final expression (19).
This is so because the latter result serves only to reveal the property that a
factor ¢ appears, when the free term F(e, ¢, n) is factorized. For this purpose,
we do not perform any differentiations of integrals lj(e, é, n), j = 0,1,..., 4).
Such operations will lead to the appearance of lo—(e, ¢, n) and lo.(e, &, n),
and, consequently, of their presence in dynamical equation (1). It can also
be seen in explicit form, if we try to eliminate some of the integrals lo, 11,
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..., l4 by deriving linear relations between them, including differentiation
operations. This will be subject of a forthcoming paper and we provide
definitions (2) and (3) mostly for completeness of the discussion.
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ThbHKHN BUCKO3HU EJIMIITUYHU AKPEHTMOHHU
JUCKOBE C OPBUTHU, UMAIIIMA OBIIIA IbJI’KUHA
HA ITIEPUACTPOHA. IV. JOKA3ATEJICTBO
HA XOMOTI'EHHOCTTA HA ITUHAMHUYHOTO
YPABHEHUE, OIIPEAEJIAIINO CTPYKTYPATA
HA JJUCKA, 3A IPOU3BOJIHU CTEIIEHHH
ITOKA3ATEJIA n B 3AKOHA 3A BUCKO3UTETA

n=pz"
Humumvp Jumumpos

Pesrome
Hue pasriexmaMe MozienuTe Ha CIMITHYHU aKPEIIMOHHH JHUCKOBE,
pazpadorenu ot Jlrobapkwuii u np. [1], u qucKyTHpamMe TeXHUTE CieUPpUIHN
cBoiicTBa. B wactHocT, Hue HaOmsAramMe Ha BB3MOXKHUTE OTKIIOHEHHUS OT
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KemnepoBoTo BbpTEHE, MarHUTOPOTAIlMOHHATA HECTAOWMIHOCT, BBHIIHOTO
OCBCTABAHC HAa JUCKA U T. H., KOUTO MOTI'aT Ja MMAT MACTO IIPU PCATHUTC
aKpEMOHHM MOTOLM (KAaKTO € yKa3aHO IPU MHOTO OT HaOJIO/AEHHATA), HO
KOHUTO HC€ C€a B3CTHU IIOJ, BHUMAHHUE B T'OPHUTC TCOPCTHUYHU KOHCTPYKIUH.
ChriaacHo Monenure, KOe(UIMEHTHT Ha BUCKO3UTETa # € MPHETO Ja UMa
dopmaTta Ha cTeneHeH 3akoH: 77 = f X" (B e KoHCTaHTa, X € TIOBBPXHOCTHATA
IUIBTHOCT Ha jaucka). Hue m3cnenBame MMHAMUYHOTO YpaBHEHHE, KOETO €
noay4yeHo ot Jlrobapkuit u ap. [1], 3a €AHO HEMPEKHCHATO MHOKECTBO OT
CTOMHOCTH Ha CTENEHHHUs Moka3aTen N. PU3n4ecKu MpUeMIMBUTE 3HAUCHUS
Ha N oOxBamar obmactra Mexay ~ - 1 u = + 3. OCHOBHUSAT pe3yiTar Ha
HAIlleTO M3CJeABaHE €, Y€ JTUHAMUYHOTO YpPaBHEHHE, OIpPEeeIIslo
CTPYKTypaTa Ha EIUNTUYHHUTE TUCKOBE, € €IHO XOMO2eHHO OOMKHOBEHO
TuQepeHIMaTHo ypaBHEHHE OT BTOPU PEJ 32 6cuyYKu CTOWHOCTH Ha N B
MocoueHMsI MHTepBaj. ToBa € 00oOIIeHHEe Ha HAIWs TO-PaHO yCTaHOBEH
pe3yaTar 3a ciiy4yasi camo Ha yea04ucienu CTOMHOCTH Ha N.
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Abstract

Upper atmosphere dynamical response to moving solar terminator is investigated
based on direct satellite measurements. The observations on Atmosphere Explorer-E are
analyzed over the period when the satellite was positioned on circular near-equatorial
orbit with inclination of i =19.7° and height of 250-300 km. It is shown that the terminator
generates large-scale atmosphere gravity waves (AGW) and travelling ionosphere
disturbances (TID) with the following parameters: 1) the horizontal wavelength is close to
1200-1600 km; 2) the calculated period is about 50 minutes; 3) the duration of AGW/TID
train is four-six wave periods; 4) the relative amplitude of the AGW is several percents; 5)
the relative amplitude of TID at sunrise terminator is about several percents, at sunset
terminator — up to ten percents; 6) plasma density oscillations [O*] are generated in
opposite phase with the oscillations of the main neutral components [N;], [O]; molecular
ion densities [NO*] and [O,"] oscillate in phase with the neutrals. The obtained
experimental results are interpreted based on the theory of AGW propagation in multi-
component gas medium. It is shown that the amplitude and phase distinctions of the
oscillations of the atmospheric components (including the main ionic component O) are
caused by differences in the vertical distributions of atmosphere gases above the turbo-
pause.

Introduction

The first theoretical suggestion on the possible generation of
Atmospheric Gravity Waves (AGWS) by the solar terminator is made in [1].
The ionospheric response to the moving terminator as a Travelling
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lonospheric Disturbance (TID) has been the subject of a great number of
ground-based observations [2, 3 and references therein]. In the present
work, we study the process of wave generation at the solar terminator based
on in situ measurements carried out on the Atmosphere Explorer-E (AE-E)
satellite at the low latitude bottom side of F-region ionosphere. A diagram
of the relative geometry of the AE-E orbit and the solar terminator position
is shown in Fig.1.

In the Sun-Earth reference frame, neutral atmosphere co-rotating
with the Earth crosses a steady terminator, which leads to the generation of a
wave in associated day/night transition zone. As can be seen from Fig.1, in a
given season, subsequent AE-E orbits cross the terminator zone and the
wavelike structures attached to it in quite a similar manner. This in fact
allows us to observe this wave with the periodicity of the satellite motion. In
the late 70’s and early 80’s, complex satellite experiments were carried out
to study ionosphere-thermosphere-magnetosphere interactions, such as
Atmosphere Explorer-C, D, E, Dynamics Explorer-B etc. [4]. In the present
work, we use AE-E data within the period of circular orbit at an altitude of
250-350 km and orbital inclination of 19.7°. Such an orbital configuration of
AE-E corresponds quite well to the studied terminator processes. First,
satellite AE-E is at low Earth orbit (LEO) and second, because of the low
orbital inclination, it crosses the wavelike train generated by the terminator
(Fig.1). Most of the later “ionospheric” satellites, including nowadays
DEMETER satellite, are launched at higher orbits (more than 700 km), well
above the heights of AGW/TID propagation.

AGWITID

Fig.1. A diagram of Low Earth’s Satellite observational opportunities
at the terminator is shown. The relative position of the satellite’s orbit,
the terminator and the generated wavelike structures changes with time

only due to the orbital precession.
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Optically, solar terminator is a surface, which divides daylight from
night-time part of the atmosphere. At altitude of 300 km, the angle between
the horizon and the optical terminator’s surface is about 10°, the thickness
of the twilight zone is 55 km and the equatorial velocity of the terminator
relatively to the Earth’s surface is Vi =450 m/s. We will call AGW/TID

generation zone the physical terminator, which is spread eastward of the
optical terminator with characteristic width L ~1500km (nearly one-hour
band in local time). The relative configuration of the optical and physical
terminators is shown in Fig.2.

Electron gas pressure

variation at physical
terminator

h . ——> Vor

AGW/TID ST

_—
%tga=hﬂ~0.2

Fig. 2. Structure of the sunrise terminator. ST — optical terminator,
between sunlight and dark night-side atmosphere.
Wave generation appears in the region of solar energy accumulation
with horizontal length scale L (at physical terminator).
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The physical mechanisms of solar energy absorption which lead to
the generation of atmospheric fluctuations are discussed in [5, 6]. At large
solar zenith angles (at the terminator more than 90°), the main part of the
energy in the UV band dissipates higher than 200 km. Because of the
AGW’s small group velocity, wave propagation upward and downward
from the region of maximum absorption cannot explain the existence of
neutral atmospheric disturbances at adjacent altitude layers, which are
obviously generated independently by the terminator.

The structure of the work is as follows: Chapter 1 provides a simple
explanation of the data processing procedure applied to the AE-E data;
Chapter 3 contains a case study of several selected events; and Chapter 4
gives a theoretical interpretation of the observations.
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1.Data processing technique

Here we use AE-E data taken from the database of the National Space
Science Data Center, web-site: <http://nssdc.gsfc.nasa.gov/atmoweb>. As
relevant parameters of the atmosphere around the F2 layer height have been
chosen:

— neutral O and N, density;

— neutral temperature Tp;

— O ion density;

— NO" u O," molecular ion density.

To study the wavelike disturbances generated by the moving
terminator, we use a special data processing algorithm. While phase velocity
of the AGW (hundreds of m/s) is small compared to the satellite orbital
velocity of V_ =8 km/s, the frequency of the observed atmospheric

disturbances is given by the wavelength spectrum: o'=w—-k,V_, =—kV

sat =~ xVsat 1
where @ — frequency of the AGW/TID in the stationary reference frame,
k, =27/, — wave vector component along the satellite’s track, A, —

horizontal wavelength. The smallest observable wavelength A, Iis
determined by the Naiquist scale A, =2Vt where t is the data

sat ~sampl !

sampling time interval. In the case of AE-E, t,,, =15s, 4,;, =240km. The

maximal wavelength depends on the data processing method. We reduce our
analysisto 4., ~2000 km in order to locate large scale AGW/ TID [7, 8].

The major problem of the undertaken data processing is related with
wave selection against abrupt changes of the atmospheric parameters. Let us
examine an example, which appears in sunrise ionosphere. Close after the
terminator, within few hours, in the F-region, plasma density grows by more
than an order of magnitude. In the same time, the terminator generates
plasma fluctuations, a TID with relative amplitude of several percents,
which forms a “small ripple” on the base gradient plasma density. In this
case, to recognize the AGW, it is correct to extract trends from the data
before calculating the spectral characteristics.

sampl

2. Data analysis

Data analysis of AE-E shows that in the morning hours after sunrise
(for example 6-11 a.m. local time) and in the evening, after sunset (7-12
p.m. local time), a relative increase in wave activity is observed, which is
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manifested as variations in the density and temperature of the different
atmospheric species.

In Fig.3, a typical example of the wavelike disturbance on sunrise
terminator is shown. Upon elimination of the large scale trends, we select
the variations of the neutrals (AGW) and plasma (TID) with relative
amplitudes 5[O]/[0O] ~ 5%, o[O"]/[O"] ~10%. It has to be pointed out that
the main neutral components [O] u [N2] vary in synchrony but with different
relative amplitudes (amplitude ratio~ 2). The wavelet transformation shows
the presence of horizontal wavelength (about A4, =1250 km) and localizes

the time interval within the observed wavelike activity (6-10 a.m. LT).

Owbit 5576 TTO8.31 h=2Td km x 10" Dbt 9676 TT.08.31 he2T4 km

Temperature Tn, K
[N_] concentration, cm

b 9676 TT.OB.31  h=2T4 km

Relative variations
[0*] concentration, cm3

4 5 & T B 49 10 1" 12 LT

40
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Fig.3. Atmospheric parameters behaviour at sunrise terminator, as observed at
orbit 9796. Panels 1,2,4 — represent neutral temperature T, neutral density of [N;]
and ion density of [O"]; Panel 3 — smoothed relative variations of the neutral
components; Panel 5 — neutral and plasma components; Panel 6 — wavelet
spectrum of [N,] density variations

An example of the evening terminator fluctuations is shown in Fig.4.
Upon elimination of the trends, relative variations in the neutrals and plasma
are selected with characteristic size 4, 1400 km. The density of the major

ion [O"] varies in anaphase with molecular ion density [0*,] and [NO™].
Latest in amplitude and phase follow the main neutral components.
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Fig.4. AGW/TID at evening terminator (7-9 p.m. LT). Panel 1,2 - relative density
variations of the main neutral components and ion temperature Ti;
Panel 3,4 — relative variations of different ion species vs. main neutral
component [N;] fluctuations

Following this procedure, we examined 8 cases at the terminator, which are
summarized on Table 1. For sunrise and sunset conditions, the wavelengths
almost coincide, the length of the wavelike zones of AGW/TID and the
relative amplitudes of the AGW. The main peculiarity of the evening events
is their larger plasma response amplitudes.

Table 1
Data | Orbit h, Local Relative fluctuations, % Vo | A
km | time [N [[0] [T. [[07 [INOT [0.;1 | m/s | km
Dusk terminator
77.04.23 7581 255 20-1" 4 2 2 20 - - 5 1400
+
2800
77.04.23 7583 255 20-3" 6 3 3 15 - - 7 1440
77.08.30 9659 280 19-24" 5 3 - 20 5 5 10 1600
Dawn terminator
77.04.19 7514 257 4-11" 3 15 1 1 - - 5 1600
77.07.28 9135 266 4-11" - - 3 10 - - - 1500
77.08.31 9676 274 5-11" 10 5 5 10 - - - 1250
77.10.08 10290 281 45-9.5" 3 2 2 3 - - - 1400
78.03.19 12874 317 6-11" 2 1 1 3 2 2 - 1300

To illustrate the repeatability of the behaviour of wavelike structures
at the selected terminator described above, an additional example is shown
in Fig. 5. One can see wave trains associated with evening terminator
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observed from three different passes of AE-E at altitude of ~320 km in the
longitudinal zone with geographic longitudes from -65° to -25°, during three
subsequent days from March 10 to March 12, 1978. Data are matched along
the local terminator position ST. Total ion density variations taken from
IDM/RPA instrument have quite similar shape in the post sunset parts of the
orbits on panel (a) on the left side of Fig.5. The dotted lines mark the
smoothed density profile to extract the trends from data. In Fig.5 (b), the
spectral power density of the smoothed profiles is shown for these three
cases. Relative wavelength is about A4, =1250-1400 km.
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Fig.5. RPA Ni density profiles as taken from three equatorial passes through the
terminator zone of AE-E during three subsequent days at height of ~320 km

3. Discussion

The theory of AGW in multi-component medium is the subject of [9,
10], where it is shown that the amplitude and phase of fluctuations for
different sorts of gases are different. This effect has been observed
experimentally on Atmosphere Explorer-C data and discussed in [11, 12].
Let us examine in details the generation mechanism of fluctuations in the air
density of propagating AGW. AGW compression phase appears because of
upwelling of the dense bottom layer of the atmosphere. In the same way,
rarefied phase of AGW appears when low density air from upper levels
moves downward in the atmosphere.
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Let us consider that the motion of elementary air volume is slow
enough, so the air pressure in the volume equalizes with the surrounding
atmosphere. In this case, density changes could be written as follows:

L) () =2, (t) = c;25(p,e O™ )= —fz_—(fjp(z) ,

-z/H -z/H

where ¢, — sound velocity, p(z) = p,e , p(2) = pye — barometric

distribution of atmospheric pressure and y — adiabatic factor, &z = oz(t) —
vertical displacement of the air volume. Density variation at a given height
is equal to the difference of upwelling volume p,(z) = p(z — dz) + op, , and

undisturbed air density p(z):

-z/H y—lé‘Z(t)
@ o) = p,(2)- p(2) = &p, — 5(ppe )=77p,
which leads to

op(t -1t
3 PO _r-1am

P y H
The latest expressions relate the relative AGW amplitude A=8p/p with
the amplitude of vertical displacement of the particlesoz .

Repeating the procedure for the “a ” sort of gases and taking in
account that, after rarefaction or compression of the mixed gases, the
density of the individual components changes in a proportional way
op,, | p,, =0ps ! p; and that, above turbo pause, different components

follow individual vertical distribution corresponding to scale H_, one can

write:
o) H Loz IH, -1
(4) Pa _ — _:7H—_p.

pP. \H, H r=1 p
Expressions (3), (4) are obtained under the following simplifying
assumptions: (i) AGW propagation does not disturb hydrostatic distribution

of atmospheric pressure p(z) = p,e *’", p(x,y)=const, (ii) different

atmospheric gases move in AGW in the same way. More strict estimations
made in [9, 13] lead to negligible quantitative corrections in relations (7),
(8) which could be neglected in our further treatment.

In AE-E observations at 250...300 km, the predominant atmospheric
component is atomic oxygen (almost 90% of total density), where scale
height of the multi component atmosphere H = H, =50 km, adiabatic
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factor y =5/3 (single component gas). For the characteristic AGW
amplitude of A=06[0]/[0]~0.02, the amplitude of the vertical
displacement of layers following (3) becomes oz ~2 km. The next
atmospheric components, molecular nitrogen and helium, have density ratio
[O]:[N,]:[He]=100:10:1 and scale height ratio
Ho:H,,:H,=1:175:025. From equation (4), the amplitudes of

individual gas disturbances become
5) o[N,] N 35[0] o[He] N _o[O]
[N.] [0] * [He] [O]
which is in good agreement with AE-E observations. Note that helium
density variations are opposite to the variations of background component.
On some orbits, AE-E provided measurements of neutral wind
vertical component of the velocity V, (see. Table 1). This allows us to
calculate the period of observed AGW from experimental data. While
V, =d=lwd , relation (3) represents frequency, relative AGW amplitude

and vertical wind velocity:
© w=L2lmpr,
y H
where V,, — is amplitude of velocity fluctuations. The calculated periods of

AGW are about 50...55 min, which is well supported by theoretical
estimations.

These estimations, concerning the various effects on neutral
atmosphere from propagating AGW, also give us a key to understand
plasma response to AGW. It has to be pointed out here that ion density
disturbances in relative units usually prevail over neutral atmosphere
response to AGW. This is demonstrated pretty well by the enhanced AGW
amplitude in plasma density in the night time hemisphere where the
amplitudes of TID reach up to ten percent.

As it is well known, at night time conditions, F-region plasma
support originates from downward diffusion of O" ions from topside
ionosphere [14]. Recombination processes of molecular nitrogen at altitudes
of about 200...300 km lead to the formation of steep gradient in the vertical
ion density profilen (z). The dynamics of the F-region predominant o}

ions is described by the continuity equation:
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oc"] o

7 ——+—(V, -[07])=-a[N,][O"],

M T+ [0°])=-aN,][0]

whereV,, is vertical plasma drift velocity, a — ion-neutral recombination
coefficient, term 7 = (a[N,])™ - lifetime of O"ions. Assumingd/ot=0,

one can evaluate the quasi-stationary vertical distribution of night time O*
ion density:

+ H -
@) [01=n,(2)=n, eX|o{|_|_N2(1_e(0 He Yy

p
whereH | = (@[N,1) " |,_,, Vp — drift length of O* ions for lifetime z . Near

F maximum vertical profile could be approximated by exponential function

(9):
Z_
9  n,(2)=ny,exp{ m

z=20

20y while |2z, |<H,,.

p
Thus, drift length H  plays the role of plasma distribution vertical scale
(ionospheric  scale  height). If z,=300 km, V,=10 mis,
v =(aN,)™"|,_,,=10%s, scale height becomes H , =10 km.

The influence of AGW on plasma dynamics in the F-region is
described by equation (7) where the following replacements can be made:
aN, —>aN, +o(aN,) (changing recombination background under the

influence of AGW) and V, -V, +dV, (neutral particles effectively drug
ions). Estimations show that, beneath h F2 altitude, especially in the steep

ion density gradient zone [11], the latest term prevails. Because of the high
ion-neutral collision frequency at these heights, ions move along the
magnetic field lines with the speed of neutrals, and in parallel, ions drift
perpendicularly, driven by perpendicular electric field [14, 15]. Thus,
oV, ~ oV, , which coincides with in situ velocity measurements on AE-E. In

this case, the estimation of plasma density variations leads to expression (4)
with negative plasma scale height H, =-H = (while z<h F2 plasma

density increases with altitude):
s[07] . M/H, +15[0]
[07] y-1 [0]

(10)
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In accordance with (10), ion density fluctuations occur in anti-phase with
AGW with larger relative amplitudes. If we assume H =50 km, H =10
km, relative O" variations become

A0°])_ 5. |9[O]
[07] [O]
In contrast to the major O ions, molecular NO* and O" ion motion
caused by neutrals in the space/time scale of AGW is negligible. AGW
propagation affects molecular ions only by reducing background
recombination levels, because their photochemical lifetime at these altitudes

is less than one minute. Relative variations of molecular ions do follow
neutral density fluctuations (see Fig. 5.3) where:

1z OINO'T_SIN,] o[0;]_o10,]
[NO'T N1 ' [0;] [O;]

(11)

Conclusions

In the present paper, wavelike processes at the terminator are studied
for the first time by means of in situ satellite observations. Atmosphere
Explorer-E satellite provided both neutral and charged particle
measurements in the Earth’s atmosphere, which permits in situ study of
AGW and TID, their interactions with background atmospheric species. For
the period of the data used here, AE-E measurements cover equatorial
ionosphere at altitude 250...300 km, beneath F-region maximum.

As shown by experimental data, in the morning hours after sunrise
(6...11" local time) and evening hours after sunset (19...24"), intensification
of the wavelike activity in the various atmosphere components is observed,
evidencing of large scale generation of AGW/TID by moving terminator.
The main persistent characteristics of these fluctuations could be
summarized as follows:

— Horizontal wavelength 1400...1600 km;

— Estimated period 50...55 min;

— AGWI/TID train of 4...6 wave periods;

— Relative AGW amplitudes of few percents;

— Relative morning TID amplitudes of few percents, and evening TID
amplitudes greater than ten percents;

— Relative ion density variations prevail over the corresponding
neutral density fluctuations. At night [O"] density behaviour is in
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anti-correlation with the variations in the main neutral components

such as [N2], [O].

— Variations in [NO'] and [O;"] molecular ions do follow neutral
atmosphere fluctuations.

The amplitude and phase relationships between the different
atmospheric components presented in this paper do correspond to the main
behaviour of AGW above turbopause. Note that the changes in volume
density in the presence of AGW correspond to the upward motion of dense
air layers and downward motion of rarefied layers from the top. The
dimensionless parameter referred to density variation of gas component Jp,,

corresponds to the ratio of vertical displacement of layer to the scale height
of the given componentdoz/H . The heavier is the gas component (i.e. as

small isH ), the higher is the relative density variation. Below ionospheric
maximum z <h F2 plasma density increases with height which leads to

negative scale heights at these altitudes. As a result, plasma and neutral
density have opposite variations and plasma variations are larger than
relative amplitudes in AGW.

lonospheric plasma response to AGW propagation discussed here is
of great importance, because ground-based and space-borne AGW
measurements concern mostly the registration of plasma effects of AGW
instead of neutral ones.
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I'PABUTAIIMOHHMU BBJIHU B ATMOC®EPATA,
CBBP3AHU C IBUKEHUETO HA CIBHYEBUA TEPMUHATOP
ITPE3 BUCOKATA ATMOC®EPA HA 3EMATA

I'. JIuzynos, A. ®egopenko, JI. bankos, A. BacuieBa

Pe3rome
Upes u3M0I3BaHETO HA JaHHM OT HemocpeacTtBenu (in Situ) msmep-
BaHMs Ha cibTHHKAa Atmosphere Explorer - E ca uscnensanu edekrure or
JIBIDKCHUETO Ha CIIbHUEBHS TEPMHUHATOP BHB BHCOKaTa aTMocdepa. AHaIIU-
3upanu ca jganaute ot npudopute RPA (Retarding Potential Analyzer) u
NACE (Neutral Atmospheric Composition Experiment) 3a mepwoma Ha
KpbroBa €KBaTOpHaiHa OpOMTa Ha CIBTHUKA C HMHKIMHAIMA i=19.7° H
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BucounHa 250-300 km. IlokasaHo e, 4e mOpuU JABMKEHHUETO CHU Tpe3
HeyTpasiHata arMocdepa, CIBHYCBUAT TEPMUHATOP TEHEpUpa KPYITHO-
MamabHu arMocdepHu TpaBUTanMOHHU BbiHM (AI'B) u aBwkemu ce
fonocoepuu cmytienust (JJVC) cbe cneanute napamerpu: 1) Xxopu3oHTanHA
IbJDKMHA Ha BhiHaTa okoyio 1200-1600 km; 2) nepuon okono 50 munytwy,
3) xapakTepeH XOpH30HTaJieH pa3Mep Ha BbJIHOBHs maker AI'B/JIUC ot
YeTUpHU JIO IIeCT BBIHM; 4) OTHOcUTenHara amiuiutyna Ha AI'B e or
HOPSIIbKAa HA HSAKOJIKO TPOIEHTH OT KOHICHTpaIusaTa, 5) OTHOCHTEIHATa
ammuutyna Ha JIMC OKOJO M3rpeBHUs TEPMUHATOP € OT MOpPsAbKa Ha
HSKOJIKO TIPOICHTA, JOKATO 3a BEYEPHHUS TEPMUHATOP HAJMHHABA JIECET
npouenTa; 6) BapuanuuTe B KoHueHTpanuara Ha [O’] ca B npotuBodasa ¢
BapHallMUTe B MpeobiamaBammre HeyTpaanu kommnoneHtu [Nz], [O]; 7)
monekynspaute Houu [NO'] u [O,'] ocrmmupar BB (aza ¢ HeyTpamuTe.
[TonydeHuTe eKCIEPUMEHTAIHM pE3yJITaTH Cca HHTEPIPETHPAHU B
CBET/IMHATA HA TeOpusATa Ha pasmnpocTpaHeHue Ha AI'B B MysTUKOM-
noHeHTHa cpena. Iloka3aHo e, e OCOOCHOCTHTE B pasmpelesieHHEeTO Ha
aMILTUTYiuTe ¥ (pasure 3a OCIMIAIMHTE HA HEYTPATHUTE U 3apeICHUTE
KOMITOHEHTH B atMoc(epaTa ce Ib/DKAT HAa Pa3IMKUTE BbB BEPTHKAITHOTO
UM pasmpeesieHre Haja Typoonays3ara.
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Abstract

Based on experimental data and estimations of the charged leptons and quark
masses, a close power law with exponent % has been found, connecting charged lepton
masses and up quark masses. A similar mass relation has been suggested for the masses of
neutral leptons and down quarks. The latter mass relation and the results of the solar and
atmospheric neutrino experiments have been used for prediction of neutrino masses. The

obtained masses of v,, v, and v_ are 0.0003 eV, 0.003 eV and 0.04 eV, respectively.

These values are compatible with the recent experimental data and support the normal
hierarchy of neutrino masses.

Key words: mass relation; quark-lepton symmetry; neutrino mass; normal
hierarchy.

1. Introduction

Decades after the experimental detection of the neutrino [1], it was
generally accepted that the neutrino mass m,, was rigorously zero. The
crucial experiments with the 50 kton neutrino detector Super-Kamiokande
found strong evidence for oscillations (and hence - mass) in atmospheric
neutrinos [2]. The direct neutrino measurements allowed to find neutrino
mass. The upper limit for the mass of the lightest neutrino flavor v, was

obtained from experiments for measurement of the high-energy part of the
tritium S-spectrum and recent experiments yielded ~ 2 eV upper limit [3, 4].
As a result of the recent experiments, the upper mass limits of v, and v,
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are 170 keV [5] and 18.2 MeV [6], respectively. The Solar neutrino
experiments (SNE) and Atmospheric neutrino experiments (ANE) allow to
find the square mass difference Am’ = m> -m/ and AmZ, =mZ-m?, but
not the absolute value of neutrino masses. The astrophysical constraint of
the neutrino mass is ¥m, < 2 eV [7]. The recent extensions of the Standard

model lead to non-zero neutrino masses, which are within the wide range of
10%eV + 10 eV.

In the classical SU(5) model, the mass relations between charged
leptons and down quark masses are simple identities: m, =m;, m, =m,and

m_=m, . The mass relations of Georgi-Jarlskog [8] ensue from the SO(10)
model and relate charged leptons and down quark masses: m,=m, /3,
m,=3m,and m_=m,. However, these mass relations deviate several

times, compared to experimental data. Moreover, similar mass relations are
unsuited for neutral leptons (neutrino) masses.
The seesaw mechanism naturally generates small Majorana neutrino

mass m, from reasonable Dirac mass mp and very heavy Majorana sterile
2

: m
neutrino mass My, namely m, ~ MD <<mg. But there are many seesaw
N

models that differ in the scale My and Dirac mass. The Grand unified
theories (GUT) are the main candidates for seesaw models, with My at or a
few orders of magnitude below the GUT scale. Successful GUT models
should essentially generate Cabibbo-Kobayashi-Maskawa (CKM) quark
mixing matrix [9, 10] and Maki-Nakagawa-Sakata (MNS) lepton mixing
matrix [11] and predict results compatible with the data from SNE and ANE.
Yet, it is admitted that the predictions of the quark-lepton mass spectrum are
the least successful aspect of the unified gauge theory [12, 13].

The purpose of this paper is to find simple and reliable quark-lepton
mass relations, based on experimental data and estimations for quark and
lepton masses. The next step is to estimate neutrino masses by means of
these mass relations and data from SNE and ANE.

2. Power law approximation for the masses of charged leptons
and up quarks

According to the Standard model, the fundamental constituents of
matter are 6 quarks and 6 leptons. The fundamental fermions group in three
generations having similar properties and increasing masses. The three
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generations of the fundamental fermions and their masses are presented on
Table 1. The estimations of quark masses are taken from [14] and the upper
mass limits of neutrino flavors are taken from [3-6].

Table 1. Three generations of fundamental fermions and their masses (MeV)

Fermions First generation | Second generation Third generation
Up quarks u |3 c 1.25x 10° t 1.74x 10°
Down quarks d |6 s 122 b |4.2x10°
Charged leptons | e | 0.511 u 106 r | 1.78x10°
Neutral leptons | v, | <2x10° |, [<0.17 v, | <182

A clear feature of the quark and charged lepton mass spectrum is the
hierarchy of masses belonging to different generations:

(1) m, <<m, <<mg, My <<mMg <<my, M, <<m, <<m,

Most likely, a similar hierarchy of the masses of neutral leptons
(neutrinos) could be anticipated m, <<m,, <<m, . Based on experimental

data, we search for a simple relation between the masses of charged leptons
(m, ) and the respective up quarks (m,, ) by the least squares. Although the

linear regression m,~ 0.0102m,, eV shows close correlation, it yields

electron mass many times lower than the experimental value. After
examination of other simple approximations (logarithmic, exponential and
power law), we found out that the power law fits best experimental data:

(2) m, =k,mg, eV

where kg = 9.33 and o= 0.749 = 3.

Despite the great uncertainty of u-quark mass (from 1.5 MeV to 5
MeV) and d-quark mass (from 3 MeV to 9 MeV), the slope remains within
the narrow interval from 0.683 to 0.782. Although only three points make
the approximation, the correlation coefficient is very high (r = 0.993) and
the maximal ratio of the predicted mass in relation to the respective
experimental value A=m_ /m, is 1.74 (for muon). The predicted masses
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of the electron and tau lepton differ from the respective experimental values
by less than 40%. Therefore, mass relation (2) could be accepted as
satisfactory.

3. Mass relation for neutral leptons and down quarks and
estimations of neutrino masses

We suggest that a mass relation similar to (2) connects the masses of
neutral leptons (m,, ) and the respective down quarks (m;, ):
(3) m,, =kmg, eV
where a = 0.749 ~ % and k is an unknown constant.

For k = ko = 9.33, formula (3) yields m =~ 1.13 MeV, m,, ~ 10.84
MeV and m = 153.66 MeV. These values are several orders of magnitude

bigger than the experimental upper limits of neutrino masses (See Table 1),
therefore k << ko. Astrophysical constraints allow to limit more closely the
value of k, since they give m, <Zm < 2 eV. Thus, from equation (3) we

obtain:

mvr va -7
(4) k=m§/4 <W~121X10

ANE [15] determines the squared mass difference:
(6) mi-m} ~22x107eV?

Relation (3) yields:

m m 3/4
(6) £~ (—J ~ 9.60
m m,

e

3/4
@ D [EJ ~14.17
m m

vu S

Solving system (5)-(7), we obtain m_~ 3.4x10" eV, m =~

3.3x10° eV and m_~ 4.7x107 eV. These results support the normal
hierarchy of neutrino masses.
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On the other hand, the Large mixing angle (LMA) of Mikheyev-
Smirnov-Wolfenstein (MSW) solution for SNE yields [16]:

8 m-mi~7.9x10°eV?

This equation, together (6) and (7), yield m ~ 9.3x 10™ eV, m,, ~
8.9x10° eV and m_=~ 0.13 eV. These values are almost three times bigger

than the values obtained by Super Kamiokande data, therefore, they do not
fit well with the latter. However, the Small mixing angle (SMA) MSW
solution for SNE [17] yields:

(9) m? -m’ ~6x10"°eV?

Vi

This equation, together (6) and (7), yield m ~ 2.6x 10™ eV, m,, ~
2.5x10° eV and m,_~ 3.4x10 eV. These values differ by less than 25%

from the results obtained by Super Kamiokande data, which show that
according to the suggested approach, SMA MSW solution fits better with the
ANE than LMA MSW.

Thus, the obtained quark-lepton mass relations and the results of the
solar and atmospheric neutrino experiments provide to estimate the masses
of v,, v, and v, of (2.6+3.4)x10" eV (25+3.3)x10° eV and

(3.4+4.7)x10? eV, respectively. These values are close to the neutrino
masses (2.1x10* eV, 2.5x10° eV and 5.0x107 eV) found in [18] by the
mass relation connecting the masses of four stable particles and the coupling
constants of the fundamental interactions.

We could calculate constant k using the most trustworthy data for
neutrinos and down quark masses, namely v_ and b-quark masses:

10) k=" ~242x10°

T A3/4
m,

The obtained mass relations (2) and (3) are shown in Fig. 1. It shows

that the neutrino masses estimated by SMA MSW are close to the neutrino
masses estimated by ANE, i.e. two sets of estimations are compatible.
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Fig. 1. Mass relations for charged leptons and up quark masses (thick solid line)
and for neutral leptons and down quark masses (thin solid line). The dashed line
shows the upper limit of the neutrino masses obtained by astrophysical constraints

The attempt to relate the masses of charged leptons with the masses
of down quarks and the masses of neutral leptons with the masses of up
quarks did not yield satisfactory results, since the data from SNE and ANE
did not fit within the framework of the suggested approach. Besides, the
respective mass relations predict a muon mass which is nearly three times
less than the experimental value (see Table 2) and an electron neutrino mass
which is less than 107 eV.

Table 2 shows the masses of charged leptons calculated by different
approaches and experimental values. The last row of the table shows the
maximal ratio (deviation) of the masses predicted by the respective
approach in relation to the experimental values A=m_/m,. Clearly, the

power law relating to the masses of charged leptons and up quarks fits best
experimental data.
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Table 2. Masses of charged leptons calculated by various approaches and
experimental values (MeV)

Model | SU(5) | SO(1 | Linear Power law | Linear Power law | Exp.
0) (Down | (Down (Up (Up data
quarks) | quarks) quarks) | quarks)

Electron | 6 2 2.545 0.905 0.031 0.663 0.511
Muon 122 366 51.8 36.9 12.8 60.7 105.7
Tau 4200 | 4200 | 1782 2877 1775 2449 1777
Maximal | 11.74 | 3.91 | 4.98 2.86 16.48 1.74 1
deviation

4. Conclusions

Based on experimental data and estimations of charged leptons and
quark masses, a power law with exponent % has been found, connecting
charged lepton masses and up quark masses. It has been shown that this
approximation is considerably better than any known approach. A similar
mass relation has been suggested for neutral leptons and down quarks. The
latter mass relation and the results of ANE and SNE have been used for
estimations of neutrino masses. The values of neutrino masses obtained by
ANE are close to the ones obtained by the SMA MSW solution. The masses
of v,, v, and v, are estimated to (2.6+3.4)x10 eV, (2.5+3.3)x 10° eV and

(3.4+4.7)x 10 eV, respectively, and they support the normal hierarchy of

neutrino masses.
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®EHOMEHOJIOI'MYHHU KBAPK-JIEITOHHU MACOBH
BPB3KH 1 OHEHKN HA MACUTE HA HEYTPUHOTO

/l. Bvnes

Pe3rome

Ha 6a3ara Ha excriepuMEHTaIHUTE JIaHHU W OLICHKW 32 MacuTe Ha
3ape/IeHUTE JICITOHU U KBapKUTEe 0 HaMEpEeH CTEIECHEH 3aKOH C IMoKa3aTes
%, cBBp3BAIl MAacWTE Ha 3apeJCHHUTE JICNITOHH W UpP-kBapkute. [lomoOHa
MacoBa BpB3Ka O MpeIokKEeHA 3a MAcHUTe Ha HEYyTPATHUTE JICNTOHH H
down-kBapkure. [Tociaennara MacoBa Bpbh3Ka U PE3yJITATUTE OT CITbHUYCBUTE
u arMocpepHHUTE HEYTPUHHHU CKCIPUMEHTH Osfxa W3MO0J3YyBaHU 34
Npe/CKa3BaHe Ha MAacUTEe Ha HEYTPUHOTO. llosydeHure mMac Ha V,, Vv, H

v_ ca 0.0003 eV, 0.003 eV u 0.04 eV, cvrorBeTHO. Te3u croilHOCTH ca

T
ChBMECTHUMH CBHC CHBPEMEHHUTE CKCIIEPUMEHTATHU JAaHHU WM TIOJIKPETIST
HOpMaJHaTa Hepapxusi Ha MacUTe Ha HEYTPUHOTO.
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Abstract

During the last decades, great attention has been paid to integrated use of ground-
based (in situ) and remote sensing data. Practice shows that the trustworthiness and
accuracy of the information derived from aerial photos and satellite images depend
strongly on the available relevant ground-based (in situ) data, which have great practical
importance both during the interpretation of remote sensing data, as well as during the
modelling and forecasting of natural and technogenic processes. Therefore, the GEOSS
and GMES systems that are now under construction pay great attention to this component.
The accumulated international experience in the field of remote sensing of the Earth proves
that the most rational way to obtain in situ data is the development of a network of
aerospace (subsatellite) test sites, representative of the different climatic areas and
featuring diverse vegetation cover, thematic and functional purpose depending on the tasks
of test site service. Bulgarian Aerospace Test Sites (BASTSs) pertain to the test type by their
functional intention. The first Bulgarian test sites were established in the beginning of the
70-ies of the last century and nowadays their number has reached 7. Many satellite images
and aerial photos, spectrometric, radiometric, and ground-based data, which have been
acquired for these BASTSs, have been uploaded in the thematically distributed satellite and
sub-satellite database of the BASTS Scientific-Information Complex (SIC). A web-based
BASTS information system, which is planned to be created in the forthcoming years, will
provide an effective solution for integration, access, analysis, and publication of obtained
information and data on the web-site.

Keywords: Web-Based Information Systems, Remote Sensing Methods, Aerospace
Test Sites, Sub-Satellite Experiments, Geoinformation Technologies
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Introduction

The modern stage of monitoring the development of ecological
systems, forecasting natural and anthropogenic disasters and averages, and
concrete decision-taking for their prevention are characterized by the global
nature of the set tasks and the active use of data from various sources,
whereby great attention is paid to satellite images. A number of
international programmes are targeted at resolving these international
problems, aiming to integrate regional and national monitoring systems.
Earth observation is an improved technology which through the use of space
and ground-based equipment provides great opportunities for monitoring
environment and environmental security threats by obtaining timely,
reliable, and objective information. Since 2005, the international scientific
community has started implementing the 10-year programme The Global
Earth Observation System of Systems (GEOSS). It is coordinated by the
Group on Earth Observation (GEO). The major goal of this programme is to
substantially complete and particularize at quantitative level our knowledge
on Earth geosphere status [1, 2]. The major European contribution to the
implementation plan of the GEOSS is the Global Monitoring for
Environment and Security (GMES) Project which will provide service of
public interest. It has three components: Space segment, in situ component,
and Services. Their complex use will provide to offer new information
services in many areas — precise land use mapping, fast mapping under
critical circumstances for the purposes of civil protection or monitoring
forests, wild fires, geological threat, atmospheric air etc.

The Global Monitoring for Environment and Security System will
provide grounds for the establishment of structures collecting measurements
and facilitating their use by a great number of users [3]. The timely and
economically efficient information provision depends largely on the
successful implementation of Directive 2007/2/EC of the European
Parliament and of the Council of 14 March 2007 establishing an
Infrastructure for Spatial Information in the European Community
(INSPIRE), which envisages the establishment and exchange of data
regarding the application of EU policies, especially in the field of
environment preservation [4].

Remote sensing of the Earth’s surface from space-based platforms
has passed from the stage of scientific research to the stage of wide practical
use and development of remote sensing of the Earth (RSE) technology.
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Practice shows that the trustworthiness and accuracy of the information
derived from aerial photos and space images depend strongly on the
available corresponding ground-based (in situ) data. This data obtained by
the use of physical (geochemical, phyto-indicative etc.) and spatial
measurements or by the use of immediate object observations and studies
help to increase the accuracy and relevance of remote sensing data.
Therefore, ground-based data are used for control (calibration) during the
formation, processing, and interpretation of aero- and space images.
Moreover that, as a result of the still somewhat restricted potentials of
modern RSE technologies, not all Earth geosphere and status parameters
may be measured or observed by them. Therefore, the GEOSS and GMES
systems that are now under construction pay great attention to receiving
appropriate amounts of in situ data, which have great practical importance
both during the interpretation of remote sensing data, as well as during the
modelling and forecasting of natural and technogenic processes.

The accumulated international experience in the field of the remote
sensing of the Earth proves that the most rational way to obtain in situ data
is the development of a network of aerospace (subsatellite) test sites,
characterizing the conditions of various climatic areas and diverse
vegetation cover, and featuring characteristic thematic purpose and
functional purpose, corresponding to the tasks of test site service. The
network of aerospace test sites is an important segment of space research
ground-based infrastructure which is envisaged to provide information for
the GMES. Such test sites have been established in the USA, Canada,
Russia, France, Germany, Spain and other countries.

Aerospace test sites on the territory of Bulgaria

Depending on their function, aerospace test sites can be divided into
control and calibration test sites. The control and calibration test sites are
used to solve tasks related with the post-start adjustment of the on-board
systems’ parameters for the purpose of achieving optimal image acquisition
mode during the process of the Earth’s surface aerospace monitoring and
determining the accurate values of the external orientation elements. By
their functional intention, the Bulgarian Aerospace Test Sites (BASTSS)
pertain to the second, test type. The major problems resolved by such test
sites are related with development and certification of various methods for
processing, analysis, and interpretation of data acquired by remote sensing
of the Earth, development and completion of objects’ spectral signature
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databases, and conduct of scientific research. For these purposes, individual
test sections are chosen on the test sites’ territory, each of them having
definite (spectral-brightness, geometric etc.) stable characteristics. These
characteristics are used during the images’ interpretation as reference
indicators for the relevant object class. Furthermore, the quantitative values
of these characteristics provide for radiometric (brightness) and geometric
corrections to be made.

In the beginning of the 70-ies of the last century, on the territory of
the Intercosmos Programme member-states, a network of aerospace test
sites was established, in which multiple international quasi-synchrounous
sub-satellite experiments were carried out (Koursk, Gobi-Hangay, Caribe,
Telegeo, Tyan-Shan etc.). In 1973, at a technical meeting of representatives
of Russian and Bulgarian geodetic offices held under the Intercosmos
Programme, 5 test sites were appointed (Fig. 1): Pleven, Shoumen, Rila,
Plovdiv, and East Rhodopes, [5,6,7,]. Their organization on the Bulgarian
side was assigned to the Central Laboratory for Space Research, currently
Space Research Institute (SRI) at the Bulgarian Academy of Sciences
(BAS). Later, they were supplemented by 2 more — Pchelina Dam and Novi
Iskur. The Pchelina Dam test site included in 1987 in relation with the
implementation of the Home Water Catchments Project under the
Intercosmos Programme. The Novi Iskur test site is a new one, established
in 2005 with the financial support of the Scientific Research Fund at the
Ministry of Education and Science (Contract No.1507).

Fig. 1. Aerospace Test Sites in Bulgaria
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On its territory, studies aiming to improve the methods of landscape-
ecological planning using remote sensing are carried out. During these
experiments, many images, spectrometric, radiometric, and ground-based
data were accumulated, which were uploaded in the thematically distributed
satellite and sub-satellite database of the scientific-information complex
(SIC) of the (BASTSs). It was established during the period from
16.10.2007 to 16.04.2009 as a result of the joint efforts of scientists from 2
institutes of the BAS, SRI and National Institute of Meteorology and
Hydrology (NIHM) (Contract NIK 003/2007 concluded between the SRI-
BAS and the Science Research Fund at the Ministry of Education and
Science of the Rep. of Bulgaria, with 25% co-financing by the SRI-BAS)
[8,9].

During the last four years, at the Ministry of Emergency Situations
of the Rep. of Bulgaria, the establishment of a natural disasters space
monitoring system is underway, having satellite data as its main information
source. The Aerospace Monitoring Centre was established with the financial
support of the EU PHARE Programme. However, the structure of its
information system does not envisage receiving any in situ data.

The BASTSs’ information database maybe composed by integrated
use of geoinformation system technologies, data processing systems, remote
sensing of the Earth methods, and landscape ecology methods is envisaged.

The test sites in North Bulgaria are intended for remote sensing,
mainly in the field of agriculture, prospecting of ores and minerals, such as
oil-gas depositions and monitoring the anthropogenic changes of the
environment. The polygons in South Bulgaria are oriented to development
of ore prospecting methods, study of seismo-tectonic phenomena,
exploration of a number of neotectonic morphostructures and faults.

Geodatabases for the Plovdiv, Rila, East Rhodopes and Novi Iskur
test sites have been composed.

Plovdiv aerospace test site

On the Plovdiv test site, a
number of methodical issues were
clarified, related with recognition and
mapping of various soil types and soil
salination, mapping of land cover
dynamics using aerial photos and
satellite images [10]. The Plovdiv test
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site is located in the Upper Thracean lowlands. For the conductance of sub-
satellite experiments on the territory of the test site, two test areas are
allocated including the land of Bolyarino and Belozem villages.

They are chosen because they have maximal land cover diversity,
typical for the studied region of the Thracian lowland; area, meeting the
requirements for spatial resolution of the satellite images. The geodatabase
for the Plovdiv aerospace test site is composed on the base of topographic
maps in scale 1:50,000 and 1:10,000 for the key areas and it consists of 31
layers. Six of them contain information about geology, geologic hazard and
soil differences; 5 — about the settlements and road network; 5 — about the
hydrographic network; 3 — about the relief; 3 — about the phonological
development of 3 of the main crops, cultivated in this area (winter wheat,
corn and rice); 5 — about the land use and man-induced transformation state
and change; 3 — about the test area Bolyarino, containing spectrometric and
radiometric data from the conducted synchronous airplane, ground-based
and laboratory measurements, vegetation calendars, and data from the local
agronomists and terrain studies. It also contains panchromatic and
multispectral images — aerial photos, acquired by the cameras MRB, MKF-6
MC etc., and satellite images from Landsat TM, Landsat ETM® and
ASTER.

East Rhodopes aerospace test site

The East Rhodopes aerospace

test site is located in the east part of the

Rhodopes massif. The composing of

the geodatabase is focused on geologic,

geomorphologic studies and geologic

hazard. It includes series of vector and

raster layers — relief, river network,

water bodies, road network,

settlements, geology, deposits of ores

and mineral resources, fault structures,

geomorphologic structures, lineaments, geologic hazard, land cover,
panchromatic and multispectral images [11]. The aerial photos are acquired
by the cameras MRB, MKF-6 MC and etc., and the satellite images are from
Landsat TM, Landsat ETM+ and ASTER. The composed geodatabase for
the East Rhodopes comprises the time period from 1977 till 2008. It is used
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for interpretation of the geomorphologic volcanogenic structures in the area
and for studying the geologic hazard [12,13,14].

Rila aerospace test site

For the territory of the Rila
aerospace test site and the chosen two
test areas spatial data bases in vector
format as well as raster ones are
developed, containing various aerial
photos and satellite images. Aerial
photos for 4 years: 1966, 1977, 1988
and 1997, for the test area are
processed. The forest vegetation for
each period was interpreted and

mapped and spatial analysis of the temporal changes was made [15]. An
orthophoto mosaic of aerial photos was created for the area of Northern Rila
with spatial resolution of 1 m [16, 17].

Novi Iskur aerospace test site

The newest aerospace test site,
the Novi Iskur one, is located in the
northwest part of the Metropolitan
Municipality. For the territory of the
Novi Iskur District, a geodatabase was
composed, including satellite images
and aerial photos for various temporal
stages, digital elevation model and its
derivatives, as well as vector

information for relief, administrative boundaries, land cover and land use,
soils, hydrographic network, transport infrastructure etc. Two test areas for
the study area were defined for which more detailed geodatabases were
composed — the first is the drainage basin of Kutinska River, where Kutina
Pyramids natural landmark is located and the second one is the land of the
Novi Iskur Town. The composed geodatabase for the Kutina drainage basin
covers the period from 1940 till 2008 and its aim is to store, manage,
visualize, give an opportunity for analysis, creation of models, and select
objects by attributes. The designed geodatabase is of file type and it has
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been created using the ESRI software product — ArcGIS 9.2 with license
ArcINFO. It consists of 7 feature datasets with 21 feature classes, including
information about watersheds, soils, hydrographic network, land cover,
forest and soils, geomorphology and geology; 1 raster catalog with 385
images from MODIS; 19 raster datasets (topographic maps, archive aerial
photos and satellite images from IKONOS, QuickBird, SPOT, ASTER and
LANDSAT for various years), 14 tables with forest and climate data, 3
standalone feature classes with information about the location of Rain-
Gauging Stations, boundary of the natural landmark and terrain data; and
the corresponding topological and relationship classes [18,19]. The
composed geodatabase for the Novi Iskur Town includes topographic maps
and satellite images with medium and high resolution - IKONOS,
QuickBird, SPOT, ASTER and LANDSAT for various years, DTM, vector
information for soil, land cover, land use, buildings and road infrastructure,
climate data, etc. [20] The database for the aerospace test site and the two
test areas is supplied from time to time with new information.

Perspectives for development of the BASTSs.

One of the tasks scientific community is faced with nowadays is to
develop a methodology for the construction of a web-based information
system for aerospace test sites, complying with the requirements laid out by
the approved documents of the GMES and GEOSS Programmes, the
INSPIRE Directive, and the regional environmental characteristics. This
unified methodology will be included in the requirements of the in situ
component of the GMES and GEOSS.

A web-based information system for the BASTSs is planned to be
created. It will ensure:

e Collection of experimental (in situ) data as well as results from the
thematic processing of airplane and satellite images;

e Exchange of aerospace, geospatial - natural-resource and landscape-
ecological information about the BASTSs;

e Provision of remote access to the electronic-information resources of
the BASTSs’ Scientific-Information Complex at the SRI-BAS for the
scientific community;

e Development of geoinformation technologies for processing of
remote sensing data and their application in Earth studies.
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e Collection of data for the preparation of dissertation theses on design
and development of methods, instrumentation, and technologies for remote
sensing of the Earth.

An effective solution will be proposed for integration, access,
analysis, and publication of the obtained information and data on the web-
site, using modern procedures for browsing the available massifs of
aerospace and geospatial data, providing the users with the possibility to
identify their precise requirements.
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AEPOKOCMHWYECKHU ITOJIMT'OHU B BBJII'APUS -
CBbCTOAHUE U NEPCIIEKTUBU

E. Pymenuna, B. Haiioenosa, I'. /Kenee, B. Bacunes, JI. Kpanega

Pesrome

[Ipe3 mnocnegnute neceTwyieTuss ce oOpbIIa TOJIIMO BHHUMAaHHE Ha
UHTETPUPAHOTO H3MOJ3BaHe Ha HasemHu (iN SitU) ¥ AMCTaHIIMOHHW TaHHHU.
[TpakTukaTa couM, Y€ HAASKIHOCTTA M TOYHOCTTa Ha HH(MOpMAIHATA,
MOJyYeHa OT CaMOJICTHHTE M CATEIMTHUTE H300paKCHUs, 3aBUCH B TroJisiMa
CTENEH OT HAJIMYMETO Ha ChOTBETHM HaseMHHU (iN SitU) mMaHHH, KOUTO HMAaT
TOJISIMO  TPAKTHYECKO 3HAYEeHHE KakTO IIPM  HMHTEpIpeTanusaTa Ha
JQUCTAHIIMOHHUTE JaHHU, Taka M TPU MOJCIMPAHETO W IMPOTHO3UPAHETO Ha
MPUPOIHUTE U TEXHOTeHHUTE mpouecH. 3aroBa cucremure GEOSS u GMES,
KOUTO C€ M3TpaXJaT B MOMEHTa, OOpBIIAT ToOJsSIMO BHHMaHUE Ha TO3HU
KOMIIOHEHT.  HarpynmaHusaT  MeXAyHapoJeH onut B o0nacTtra Ha
JMCTAaHIIMOHHOTO HM3CJe/IBaHE Ha 3eMsTa I0Ka3Ba, Y€ Hai-paluOHaIHUSAT
HAYMH 3a IMoJiyyaBaHe Ha IN SitU JaHHM € CBh3JaBaHETO Ha MpEkKa OT
aepOKOCMHUECKH  (MOACITbTHUKOBH)  TIOJIMTOHH,  TPEJACTABUTEIHH  3a
pa3IMYHUATE KIUMATHYHU O0JIAaCTH M MPUTEKABAIIN pa3HOOOpa3Ha pacTUTEIHA
MOKPHBKA, TEMAaTHYHO W (YHKIMOHATHO TpeTHa3HAa4YeHHe, B 3aBUCUMOCT OT
3agaynte Ha momuroHa. [lo cBoeTo (YHKIMOHAHO TIpeIHA3HAYCHHE
aepokocMuueckute monuronn B bbarapus (AKIIB) npuHamiexar KbM
TECTOBUTE MOJNUTOHU. [IbpBUTE TNONAMTrOHM B bbiarapus ca cb3IaJeHUd B
HadanoTo Ha 70-Te TOAMHM HAa MUHAJIHMS BEK, KaTO B MOMEHTa OpOAT UM €
ceneM. B TemaTmuHO pasmpezencHaTa CITBTHHKOBAa W TOJCITBTHHKOBA 0a3a
naunu Ha Hayuno-undopmanmonnus xkomiuieke (HUK) wa AKIIB ca kadenu
MHOTO CATCJIUTHH M300paKEHHsI M CAMOJICTHH CHHUMKH, CHEKTPOMETPUYHH,
paTMOMETPUYHN U HA3EMHH JIaHHH, KOUTO ca 3acHeTH 3a TsaX. [Ipensmkia ce B
OJMU3KUTE TOJAMHU Ja ObJe Ch3lajJieHa MHTEpHET-0a3upaHa WHPOPMAIMOHHA
cucrema Ha AKIIB, kosato me mnpemoctaBs e(EeKTHBHO pEHICHUE 32
UHTETrpHUpaHe, JOCTbHII, aHAIU3 M MyOJIMKyBaHe Ha TOJydyeHaTa H(popManus u
naHHU Ha MIHTEepHET-CTpaHuIara.
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Abstract

The photoic maps available on Google Earth come primarily from two sources:
satellites and aircraft. Google gets this imagery and other digital mapping information
from sources such as TeleAtlas and EarthSat, both of which compile photos and maps into
digital form for commercial applications. Because the data comes from different sources, it
is provided at different resolutions, which is why some areas of the globe appear crisp even
at street level while others are blurry from a great distance.

The selected test area is located in Egypt. The test area is covered by photos
collected from Google Earth with an overlap and side-lap between them ranging between
15%-25%. All GCPs and CPs are collected from Google Earth, based on Universal
Transverse Mercator (UTM). The minimum number of GCPs was 5 well distributed GCPs
for each photo. Only two ground control points were measured from maps covering the
study area on Egyptian Transverse Mercator (ETM).

After collecting the required data, the methodology procedures included: firstly,
geo-referencing of each photo; secondly, generating a mosaic from the geo-referenced
photos; and finally, map conversion from UTM to ETM for the produced mosaic followed
by linear transformation using only 2 GCPs measured from maps.

In the present research, the accuracy test includes calculations of the
discrepancies of (E, N) coordinates for 27 test points (CPs) located on the corrected
mosaic. The (E, N) coordinates of check points CPs are compared with the corresponding
ones derived from the existing map, which are considered as a reference in this research.

The results of this study concluded that the photos of Google Earth can be used
successfully for producing maps with suitable scale in similar study area in case of lacking
remotely sensed data and field observations. They also concluded that the worries of
numerous countries about the level of detail available in the Google Earth must be taken
into consideration.
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1. Introduction

There are worries about the Google Earth program focus on national
security. Officials in numerous countries have voiced concerns over the
level of detail available in the Google Earth application, including Australia,
Britain and the United States. The photoic maps available on Google Earth
come primarily from two sources: satellites and aircraft. Google gets this
imagery and other digital mapping information from sources such as
TeleAtlas and EarthSat, both of which compile photos and maps into digital
form for commercial applications. But the trick of Google Earth is not in
compiling and storing all these images. It is in getting them to your
computer quickly and efficiently. With a 56k dial-up modem, it would take
12,400 years to download a one-meter resolution image of the Earth [source:
Butler]. But Google Earth makes it seem like a high-resolution picture of the
entire world is right in front of you. You are not viewing the imagery in real
time: according to Google, the information is no more than three-year-old
and is continually updated as new data becomes available. When using
Google Earth, you can zoom in, rotate, pan and tilt on an image as specific
as your own front yard, view road names and local businesses and get
directions from here to there. In this study, the used projection and datum
are: (1) Universal Transverse Mercator (UTM); (2) Egyptian Transverse
Mercator (ETM). The software package used in this study is ENVI software.

2. Test Site

The test area is Kafr az Zayat region, Egypt. The test area is covered by
snapshots (photos) from Google Earth with an overlap and side-lap between
them ranging between 15%-25%.

The total area = 1.5 km *1.0 km= 1.5 km®. Figure (1) shows a snapshot of
the test area which was selected for the present research. The UTM
coordinates of the boundaries of the selected study area are:

UL corner = 291700, 3411900 m

LL corner = 291700, 3410450 m

UR corner = 293450, 3411900 m

LR corner = 291450, 3410450 m
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Fig. 1. A snapshot of the test area which
was selected for the present research.

3. Data Acquisition

The test area is covered by photos collected from Google Earth. All GCPs
and CPs are collected from Google Earth, based on UTM. The minimum
number of GCPs is 5 well distributed GCPs for each photo. Only two
ground control points are measured from maps.

3.1. QuickBird images

The test area is Kafr az Zayat region, Egypt. The test area is covered by
QuickBird, 0.599m resolution, panchromatic standard ortho-ready Level-2A
date 2005-09-06. This image is partially used in this investigation for
verification and visual comparison only.

3.2 Photos

In this study, snapshots (photos) from Google Earth at elevation 250m for
the selected study area are taken, each of the 9 strips (from 1 to 9)
containing 10 images, taking into consideration the side-lap and over-lap
between the photos. The photos data are listed below:

e Area covered by one photo = 275x125 m
Number of strips =9
Number of photos per strip = 10
Total number of photos = 90
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Figure (2) shows the layout of the strips and photos. Figure (3) shows photo
number 6-6.

Fig.2. Layout of strips from 1 to 9 with 10 photos in each strip

Fig.3. Photo number 6-6

3.3 Ground Control Points GCPs
There are two types of ground control points used in this study:
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a. GCPs collected from Google Earth

All GCPs are also collected from Google Earth, on UTM. The minimum
number of ground control points for each photo is 5 points, taking into
consideration that the GCPs must be well distributed over the photos and
located at the corners and in the overlap area, if possible.

b. GCPs collected from available maps in scale 1/2,500

Only 2 GCPs are measured from maps in scale 1/2,500 which have been
used for image transformation.

3.4 Collection of Check Points

27 well distributed sharp features were selected and identified on the geo-
referenced mosaic and on the maps in scale 1/2,500. The coordinates (E, N)
of these check points are measured from the maps in scale 1/2,500.

3.5 Map in scale 1/2,500
The selected study area covered with map in scale 1/2,500 was produced
from aerial photos.

4. Methodology of the Practical Work
After collecting the required data, the methodology involves:

e Geo-reference of each photo based on the collected ground control
points on UTM coordinate system taking into consideration the
root mean square error (RMS) value for the GCPs. Approximate
methods will be used to correct the images (i.e. polynomials). First
order polynomial is used in this case.

e Generation of a mosaic from geo-referenced photos based on the
geo-reference method in UTM coordinates system.

e Map conversion from UTM to ETM for the produced mosaic
based on the transformation parameters between the two systems
and using ENVI software package.

e Linear Transformation using only 2 GCPs measured from maps.
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5. Results and result assessment:
5.1 Quantitative assessment of GCPs

Quantitative assessment through statistical calculations for the GCPs. Table
1 shows the residuals and the RMS for the GCPs used to correct the photos.

Table 1.Root mean square error (RMS) for the ground control points

No of GCPs Dx (m) Dy (m) RMS (m)
Min 5 for each Max. 0.403 Max. 0.525 Max. 0.627
photo Min.  0.059 Min.  0.098 Min. 0.108

5.2 UTM and ETM Mosaic

UTM mosaici from the corrected photos were created, based on the geo-
reference method. Figure 4 shows the produced mosaic. Using ENVI
software, the produced UTM mosaic is converted to ETM mosaic without
GCPs. After that, linear transformation using only 2 GCPs measured from
maps is performed to regeoreference the mossaic.

it L
-

Fig.4. The produced mosaic (UTM coordinates)

5.2.1 Quantitative assessment of ETM mosaic direct conversion

Table 2 shows the total RMS of the CPs’ direct conversion without GCPs.
The discrepancies in the selected check points (E, N), from the geo-
referenced mosaic and from the existing map in scale 1/2,500 have been
calculated.
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Table 2. Total root mean square error (RMS) of the check points” (CPs) direct

conversion
No of CPs Dx (m) Dy (m) RMS (m)
27 Max. 7.643 Max. 3.926 Max. 1.253
Min.  3.013 Min. 0.111 Min. 1.214

5.2.2 Quantitative assessment of ETM mosaic using 2 GCPs

Table 3 shows the RMS of the CPs using 2 GCPs. The discrepancies in the
selected check points (E, N) from the geo-referenced mosaic and from the
existing map in scale 1/2,500 have been calculated. Table 3 shows the RMS
of the CPs using 2 GCPs.

Table 3. Root mean square error (RMS) of the check points (CPs) using 2 GCPs

No of CPs Dx (m) Dy (m) RMS (m)
27 Max. 2.827 Max. 2.656 Max. 1.280

Min.  0.250 Min. 0.161 Min. 0.960
RMS;=1.600 m

5. Conclusions

Regarding the assessment of the obtained results, the following
conclusions can be made:

e |t can be stated that the accuracy of mapping from photos and
GCPs collected from Google Earth and using only two GCPs from
the map in scale 1/2,500 for a relatively flat terrain area gives an
RMS value of 1.600 m planimetry, which satisfies theoretical large
scale mapping in scale 1:3,500 and practical large scale mapping
in scale 1:5,000 or less.

e The worries of numerous countries about the level of detail
available in the Google Earth which can be used by terrorists must
be taken into consideration.
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AHAJIN3 HA TOYHOCTTA HA KAPTOI'PA®UPAHE HA BA3ATA
HA CHUMKHU U HABEMHHU KOHTPOJIHU TOYKH, B3ETH OT
GOOGLE EARTH

Pamszu Axmeo

Pe3rome
dororpadckure kaprtu, Hanmunu B Google Earth, wusxoxnmar
IpeJMMHO OT JIBa H3TOYHHKA — CBTHUIM M camojetu Satellites and aircraft.
Google momyuaBa Te3um W300paxkeHHs M JApyra IHdpoBa Kaprorpadceka
uHpopmanus oT m3tounund, karo TeleAtlas u EarthSat, kouro cwrbupar
CHHUMKH ¥ KapTH B IU(POB BHI C THProBcka Ieil. Thil Karo JaHHUTE
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HOPOU3X0XKJIAT OT Pa3IMYHU M3TOYHHIIM, T€ MPUTEXKABAT PazIMyHa pas3/ieiu-
TEJIHA CHOCOOHOCT, MOpaJu KOETO HSIKOM YacTh OT 3€MHOTO KbJIOO ce
BIKJIAT OTYETIIMBO JIOPH HA HUBO YJIMLA, JOKATO JPYTH Ca HESACHHU JOPH OT
TOJISIMO Pa3CTOSHUE.

N36panusaT TecToBM ydacTbk ce Hamupa B Erumer. TecroBusr
y4acThK € OTpa3eH B CHUMKH, B3eTu ot Google Earth, unero npunokpuane
U CTPAaHUYHO 3aCThIIBaHe Bapupa B rpaHunure 15%-25%. Beuuku HazeMHu
KOHTPOJIHM TOYKM M KOHTPOJHM TOYkM ca B3etu or Google Earth B
VHuBepcaniHa TpaHCBep3anHa MmepkaropoBa cucrema (UTM). Munuman-
HUAT Opoil Ha Ha3€MHUTE KOHTPOJIHH TOYKM Oele 5, 1o0pe pasmnpeneincHu
3a BCsika cHUMKa. CaMo JiBe Ha3eMHM KOHTPOJIHU TOYKH 0s1Xa U3MEPEHU OT
KapTH, TOKpWBAIIM H3cienBaHaTa obOmact B Erumercka TpaHcBep3aiHa
mepkaTopoBa cucrtema (ETM).

Cnen cwOupaHe Ha HEOOXOJNMMHTE JaHHU METOJOJIOTHYHHUTE
Ipolelypy BKJIIOUBaxa: IbPBO, T€ONPUBbP3BaHE Ha BCSIKa CHUMKA; BTOPO,
Ch3/laBaHE Ha MO3ailka OT TEONPUBBP3aHUTE CHUMKH, H HaKpas,
npeoOpasyBane Ha kaprara or UTM B ETM 3a cw3magenure Mo3zaiiku,
MOCJIeIBAaHO OT JIMHEHHO NpeoOpa3zyBaHe C IMOMOINTa Ha camMO 2 Ha3eMHHU
KOHTPOJIHH TOYKH, H3MEPEHH 110 KaPTH.

B ToBa mpoyuBane, mpoBepKaTa 3a TOUYHOCT BKJIIOYBA M3UHCIISIBAHE
Ha HechoTBeTcTBUATA B KoopauHatute (E, N) 3a 27 KOHTPOJIHH TOYKH,
pa3mojIokKEeHU BBPXY Kopurupanata mosaiika. Koopmunatute (E, N) Ha
KOHTPOJIHHTE TOYKHU CE CPABHSIBAT ChC CHOTBETHUTE KOOPAWHATH, NOJTYUYCHU
OT HAJIMYHATA KapTa, KOSATO € MPHEeTa 3a €TAIOH B IPOYUYBAHETO.

Pesyarature oT TOBa MpoydYBaHe MOKa3BaT, ue cHUMKUTEe oT Google
Earth morar nma ce wu3mon3BaT YCHEIIHO 3a Ch3/IaBAaHETO HA KapTH B
NOIXo/Asl] Mamad B MoJoOHW 00JacTW Ha W3CIEIBaHE MNpPH JIMIICA Ha
MUCTAHIIMOHHM [JaHHM W TIOJIEBU H3MepBaHUs. Te MoKaszBar omie, 4e
TpeBorara Ha royisM Opoil cTpaHu 3a HMBOTO Ha moapoOHOocTH B Google
Earth ca ocHoBarenHu.
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Abstract

A paper is presented for the design of a spectrophotometer intended to study the
total content of atmospheric ozone based on the absorption principle. The device is
designated to operate in the near ultraviolet part of the optic spectrum, where the Hartley—
Huggins absorption bands are located and it also provides information from observations
in the visible part of the optic spectrum with the Chappuis absorption band. The basic
diffracting element of the designed spectrophotometer is the diffraction grating. A
photometric channel is provided which reads surface albedo and sun protuberance.

In [1-5], the requirements for rational selection of scanning
radiometers and spectrophotometers’ parameters are specified and the
method developed to calculate the optimal parameters of the optic-electronic
tract is presented. This provides to minimize the total error at measuring the
brightness of non-homogeneous emission and ensures the specified
accuracy for measurement of average brightness during studies of non-
homogeneous emissions of arbitrary form, such as the spectral composition
of atmosphere.

The contribution aims to develop a method for rational selection and
evaluation of the optic-electronic tract’s transmission characteristics
parameters in a scanning spectrophotometer intended to register dot-source
emissions (the Sun, the Moon) which, while passing through the
atmosphere, provide to determine the spectral composition of the
atmosphere using absorption methods.
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The spatial variations of emission brightness are, in their essence,
external noise, against the background of which dot-source emissions are
registered (atmospheric turbulence, silvery cloudiness etc.).

In practice, usually a spectrophotometer is required to have
rectangular view field with uniform sensitivity and to scan along the x line
with angular velocity o, .

In developing the method, it was assumed that the emission is
registered by a receiver with predominant white noise, the optic system is
isoplanar, the function has the form of a 2D Gaussoid, the electronic tract
describes the product of the transmission characteristics of n pieces of
integrating units with one and the same time constant, and external and
internal noises at the output of the optic-electronic tract are uncorrelated.

In case of registration of dot-source emissions, it is expedient to
determine the parameters of the optic-electronic tract (angular view field
along the scanning lines o, accordingly along the y line — oy ; time

constant of the units of the electronic tract < ; angular size of the dissipation
spot of the optic system ®,) based on the total measurement error

minimization conditions. In the case of registration of a signal originating
from a remote dot emitter, the total least square error ¢ is equal to:

1) 82:8§+s%+8t2+8f2

and it includes in itself the systematic errors caused by the part of energy
lost while the emission passes through the image analyzer — ¢, , the effect of

the time constant and the pulse form at the input of the electronic tract — &,
as well as the random errors — ¢, related with the noise’s dark component
and the background brightness’ fluctuation — & .

The constituent signal errors caused by the internal noises of the
optic-electronic tract are known and may be determined by the formula:

(2) et = SVP%QTBfWaZ(XB
4t '

where: s, — integral sensitivity of the emission receiver;
P — threshold sensitivity in dark regime;
Q - useful area of the input slit;

80



T —transmittance capacity of the optic system;
Bf — average component of background brightness;

The systematic component of signal errors may be determined using
the equation for dot-source signal at the output of an ideal receiver which
may be derived using the dissipation function:

o e e

where F is the emission flow on the image plane of the dot-source (on the
back focal plane of the optic system).

The reduction of the signal amplitude at the output of the optic-
electronic tract as a result of the energy lost during the emission’s passing
through the image analyzer may be determined by the formula:

4) Auy =SyF(l—ap) .

The average square error is equal to:

2
2 2
1-e B | g2
(5) e2- S\Z,Fz[ ] — .

In accordance with the performed calculations and with [6], the
spectrum of the signal’s power G,, at the output of the electronic tract of a

scanning spectrophotometer will be:

G
(6) Gy =SiT2Q2WEwWy V—B
X
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where the power spectrum of the spatial variations of background brightness

% , determined by Fourrier transformation is equal to:
X

(7) GB _ ZW

VX Wf2 '
Vy|1+2—F-
VX

and the signal dispersion at the output of the optic-electronic tract caused by
the spatial variations of background brightness within the bandwidth of the

electronic tract is equal to:
1

2 1%
== |G(w)dw
£f nf()

0
or
7 LWy g2 Wa
(8) g]?:%s\%Tzszg‘asz %arctg TVX 1+ : \/\\/2(
Wy

Therefore, if there are no background brightness fluctuations, the
measurement errors are reduced by augmenting the view field along the
scanning line, while with increasing background dispersion, the function
takes the form of a minimum, corresponding to the optimal parameters of
the preliminary characteristics of the spectrophotometer’s optic-electronic
tract.

In Fig. 1, the emission source 1 is shown, providing signal in the
ultraviolet, visible and infrared part of the optic spectrum, as well as
spectrophotometer 2, intended to study the spectral composition of
atmosphere, and the registration module 3 of the equipment complex.

The results obtained from the evaluation analysis of the transmission
characteristics of a spectrophotometer intended to study the spectral
composition of atmosphere at dot-source emission registration provide to
make the following conclusions:
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Fig. 1

1. When measuring emission originating from uniform background
source, the increase of noise components as a result of the view field’s
augmentation along the scanning line may be compensated by reduction of
the electronic tract’s bandwidth at increasing measurement accuracy,
whereas the rational selection of the optic-electronic tract’s transmission
characteristics parameters is substantiated primarily by the device’s
structural features according to the conditions of the experiment.

2. In the presence of spatial background variations, the developed
method allows for a compromise between the influence of the systematic

error ¢, at small o and the random error g¢ at increase of o, providing to
minimize the total € for the conducted measurements.
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CIIEKTPO®OTOMETDHP 3A U3JIE/IBAHE HA ATMOC®EPHUA
O30H

I'. Mapoupocan, C. Cmosanoes

Pe3tome

[IpencraBeHo e wu3cienBaHe 3a pa3padOTBaHE Ha  CIEKTPO-
¢doromeTnp, KOHTO Ha 6a3ara Ha aOCOPOLIMOHHUS NMPHUHLMI JIa OCUTYpsiBa
u3CieBaHe Ha OOIIOTO ChIbpPKaHNE HAa aTMOC(HEpHHUs 030H. AmaparypaTa e
npeqHa3HayeHa 3a pabora B OnM3Kara yJITpaBHOJIETOBA YacT OT ONTUYHUS
CHEKTBP, KbJETO Ca PA3MOJOKEHU MBULUTE Ha abcopOuust Ha XapTiaun —
XIHreHc u mpenocraBs MHGOpMaIMs W OT HaOJIOJCHHUS BbB BHIUMATa
obmact ¢ mBuna Ha abcopOius Ha [llamrou. Kato ocHoBen aumdparuparng
eJIEMEHT C pa3paboTBaHUsl CIEKTPO(OTOMETHP € U3MOoJ3BaHa Audpak-
MOHHa pemretka. [IpeaBuneH e poToMeTpudeH KaHai, OTYUTAIL BIHSIHUETO
Ha an0e10To Ha MOACTUIIAIIATA TOBBPXHOCT U poTyOepaHca Ha CIbHIETO.
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Abstract

According to the Greenhouse-Mars Contract for scientific cooperation between
the Space Research Institute, Sofia, and the Institute of Biomedical Problems, Moscow,
Bulgarian scientists developed a new Light Module on light-emitting diodes (LM-LED). A
new LM-LED was developed with monochromatic LEDs (Cree® XLamp® 7090 XR)
emitting in the red, green and blue (RGB) spectral range. DMX control unit was used to set
up a predefined Photosynthetic Photon Flux Density (PPFD) within the range of 0-400
umol.m2s™. Laboratory technical and biological tests of the LM-LED were completed
using the equipment of the SVET-2 Space Greenhouse (a prototype of the one flown
onboard the MIR Orbital Station). Two one-month experiments with lettuce and radicchio
plants were carried out with the new LM-LED (spectral composition - 70% red, 20% green
and 10% blue light) and PPFD — 400 pmol.m™?.s™ (high light) and 220 umol.m?s™ (low
light). Plant growth and some biochemical parameters were evaluated and compared to the
results from similar experiments carried out with SVET-2 SG Light Module on fluorescent
lamps (OSRAM DS 11/21). The paper includes a review of our research and development
activities under the Greenhouse—Mars Project during the past 3 years (2006-2008).

Background

The Mars-500 Experiment is under development by the Russian
State Scientific Center - Institute of Biomedical Problems (IBMP), Russian
Academy of Sciences, Moscow. During the experiment, six volunteers will
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be locked for 500 days in a mock-up of the space station modules to Mars in
an effort to mimic the stresses and challenges of a long manned mission and
how they affect the human crew. The simulation of a manned flight to Mars
is planned to start in the late 2009 or early 2010. During the 500-day study,
the life of the six men will depend on a preset limit of supplies, including
about 5 tons of food and oxygen and 3 tons of water. A doctor will
accompany the volunteers inside the module to treat illnesses or injuries.
Volunteers will only be allowed to quit the experiment if they develop a
severe ailment or psychological stress. A large greenhouse will be installed
inside, supporting the life and the health of the “crew”, providing them with
fresh food and relaxing “green view”.

A research team from the Space Research Institute (SRI), Bulgarian
Academy of Sciences, Sofia, has been participating in the Russian Program
for preparation of a human spaceflight to Mars for 25 years already. The
first small-size (0,1 m?) SVET Space Greenhouse (SG) was created in the
80’s under a Joint Scientific Project with the IMBP in the framework of the
Intercosmos Programme, aiming to study the ways and methods for the use
of higher plants in space Biological Life Support Systems (BLSS). The
subject of the project was to develop biotechnology for higher plants
growing in microgravity with the prospects to use it in the future long-term
manned mission to Mars. SVET SG was launched onboard the MIR Orbital
Station (OS) in 1990 when the first two-month vegetable plant experiments
were carried out to provide vitamin addition to the astronaut food [1].
Artificial lighting was provided by fluorescent lamps mounted in the Light
Unit (LU). A new modification, SVET-2 SG, with optimized parameters of
all units and systems (including new LU-2) was developed and launched
onboard the MIR OS in 1996, which was funded by NASA [2]. A number
of successful plant experiments and research were carried out under the
fluorescent lamps lighting of the SVET-2 SG equipment in 1996-2000. The
unique scientific results obtained in the field of Gravitational Plant Biology
proved that there were no “show-stoppers” for plant growth and
development in microgravity [3, 4].

Plants need light of definite quantity and quality. They consume
light energy mostly in two spectral bands - blue and red (around 450 and
650 nm) to carry out their fundamental biological processes, such as
photosynthesis (production of biomass and air cleaning) and phototropism
(orientation towards the light in weightlessness). The intensity of these
physiological processes with light of various wavelengths is shown in Fig. 1
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(curve 1 - phototropism and curve 2 - photosynthesis). To provide
experimentally defined light conditions of irradiance, spectral quality, and
duration is one of the major engineering requirements of any controlled
environment plant chamber [5].

The Bulgarian-made LU with lighting area of 330x330 mm can be
moved vertically in the Plant Chamber of SVET SG and adjusted at three
different levels: 20, 30 and 40 cm from the plant seedling surface in order to
provide best light intensity without overheating, depending on the plant
development stage. A fan cooling the lamps and the air in the shoot zone is
mounted on the upper bearing plate together with a panel for LU control
(manual or automatic).

Russian fluorescent lamps LB 8-6 (12 pieces) developed specifically
for the MIR OS board were used in the 1990 experiment. The spectral-
response characteristic of LU using this kind of lamps is shown by curve 3.
It is seen that almost the whole luminous energy is concentrated in the
plants’ lower sensibility area. This appreciable discrepancy between the
light source and plant needs was due to the lack of special lamps (during the
period of development) with appropriate characteristics which necessitated a
great enough stock in case of breaking a lamp. The fluorescent lamp DS
11/21 of OSRAM (6 pieces) was chosen as featuring the most appropriate
spectrum for LU-2 (curve 4) — intensive photosynthesis and providing
phototropism of the plants, which are so important in space flight conditions

[6].

Considerably (2.5 times) improved brightness characteristics of LU-
2 were obtained at a distance of 15 cm from the illuminants, the intensity
being 27,000 Ix (under 12,000 Ix in SVET SG in 1990). In these
circumstances, we could expect considerable increase of plant productivity
(biomass quantity) in the future experiments.

The larger warranted duration of work of the lamps DS 11/21 (8,000
hours) results in 5-fold increase of the equipment’s reliability. Apart from
this, the new LU-2 features appreciably better electrical characteristics,
which is of great importance because it used to be the greatest energy
consumer within SVET SG. For example, the supply current of the unit
(under 27V onboard supply voltage) is 2.5 times lower (3.5A under 9A in
SVET SG) and the starting current is almost equal to the normal one [7].

Unfortunately, the lighting systems based on white fluorescent lamps
used in plant growing facilities were developed more for human and not for
plant lighting purposes, since the well-lit green plants have very positive
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psychological effect on the space crew. Nevertheless, such lighting systems
have found extensive use in terrestrial facilities with controlled
environment.

‘*\ Blue Green Red

LIGHT INTENSITY

400 500 600 700 [nm]
WAVE LENGTH

Fig. 1. Light wavelength necessary for plants: 1 - phototropism and 2 —
photosynthesis; Spectral characteristics of the fluorescent lamps used in 3 - SVET
SG (LB 6-8) and 4 — SVET-2 SG (DS 11/21) and of the new blue, green and red
LEDs

Regarding the use of fluorescent lamps in space-based plant
chambers there are serious limitations relating to both the power utilization
and the safety requirements of the space hardware. The mercury contained
in the lamps may be a serious safety hazard, if a lamp is broken. The LU-2
OSRAM lamps were hermetically sealed in specifically developed light
bodies that ensure maximum light characteristics. The safety requirements
are adequately addressed but the irradiance of these lighting systems is
greatly decreased and the volume required by such a system is difficult to
accommaodate in the very limited LU space.

Lighting system on light-emitting diodes

The plant will be an important component of the future BLSSs for
the long-term space mission to Mars as a source of food and air cleaning.
The lighting systems intended for long-term plant growing should be light-
weight, reliable, and durable, and light-emitting diodes (LEDs) possess all
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these characteristics. The development of LED-based LUs for space
greenhouse facilities started in USA in the 90’s in relation with the Space
Shuttle missions [8].

Major advances have been achieved in semiconductor technology
and this has led to the availability of LEDs having sufficient photon output
and electrical efficiencies making them an excellent light source for plant
growing facilities. Mounting the LED chip on a highly thermally conductive
ceramic substrate which is bonded to a metal heat sink allows the device to
operate at high normal current with high photon output, while maintaining
the temperature of the LEDs close to the ambient temperature, resulting in
prolonged life and constant photon output.

Since, in contrast to other lamps, LEDs emit photons within a
specific spectral range, they should be carefully selected, so that the levels
of the provided photosynthetically active, photomorphogenic, and
phototropic radiation meet the plant requirements. Photons in the red
spectral range are most efficient as a source of photosynthetically active
radiation (Fig. 1). Thus, LEDs having a peak emission around 650 nm
appear to be the most efficient source providing photons for the
photosynthesis, which coincides with the red absorption peak of
chlorophyll. Irradiance levels of 0-500 pmol.m™.s™ in the red spectral range
can be achieved using an LED plant lighting unit. Light in the blue spectral
range (400 to 500 nm) featuring low irradiance levels (0-80 pmol.m*.s™) is
generally considered to be involved in the photomorphogenic and
phototropic responses. The light requirements involved in the phytochrome
responses can be easily met by low light levels with wavelengths of 630 and
680 nm. Supplementing the red photon LEDs with others emitting in the
blue (450 nm) and infrared (735 nm) spectral range would meet plants’ light
requirements in a controlled environment facility [9].

A Light Unit with 90% red and 10% blue LEDs was used in the
American ASTROCULTURE™ Greenhouse flight unit during three Space
Shuttle missions, STS-57, STS-63, and STS-73, as well as in the
commercial ADVASC flight unit on ISS [10]. The video from the board
showing the dark-violet coloured plants was terrible, but fortunately, they
were not visible for the crew in the closed chamber. In terms of photon
output, the performance of the LED unit while in a space environment was
the same as the performance while tested on the ground. In addition to being
used as a lighting source in plant growth chambers, the LEDs can be a very
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effective photon source for photosynthetic research to study electron
transport, carbon metabolism and trace gas emission.

A greenhouse with large plant area of 3 m? will be mounted
“onboard” during the Mars-500 Experiment (in a module of 250 m® volume)
together with the required water and food supplies to ensure fresh vitamin
addition to the “cosmonaut” food. A Contract for scientific cooperation on
the Greenhouse-Mars Project between the SRI and the IBMP was signed in
the framework of an agreement between the Bulgarian and the Russian
Academy of Sciences in the field of Fundamental Space Research for the
period 2006-2010 [11]. According to this Contract, part of the Greenhouse
equipment, Light Units with different spectra (combinations of LEDS)
intended for the scientific plant experiments during the Mars-500 were
developed.

Previous studies demonstrated that the combination of red and blue
light was an effective light source for several crops. Yet, the appearance of
plants under red and blue lighting is purplish-gray making visual assessment
difficult. The addition of green light would make plant leaves appear green
and normal, resembling a natural setting under white light, and may also
offer a psychological benefit to the crew which is very important for long-
term living in a closed system surrounded by technical equipment only [12].

Green supplemental lighting could also offer benefits, since green
light can better penetrate plant canopy and potentially increase plant growth
by increasing photosynthesis in the lower canopy leaves. The American
experimental study proved that plants treated with red and blue LEDs and
with additional green fluorescent lamps produced more biomass than the
plants grown under white fluorescent lamps [13]. Now, it is not clear
enough what the optimal spectra of the future LED LUs should be to
achieve maximum plant productivity.

Technical characteristics of the new LM-LED

The Bulgarian team of experienced engineers and young biologists
from the SRI developed at the beginning only one small Light Module on
LEDs (LM-LED) [14]. The technical specifications for them were set by the
Russian experts from the IBMP. The most important requirement was to
ensure highly reliable, continuous and flawless operation for at least 18-24
months, so we took special measures to cool the unit, so as to maintain
constant electrical and thermal characteristics.

The main technical characteristics of the LM-LED are as follows:
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e Lighting area’s size - 33x33 cm, same as the size of the LM on
fluorescent lamps. The new LM-LED replaced it without any
problem in SVET-2 SG, where we conducted the tests. Nine
modules with these dimensions will be sufficient to build 1 m? of
lighting area;

e Distance from the LM-LED to illuminated area — up to 50 cm.
The distance could be varied within 20-50 cm, with step of 10
cm, so as to use the full power of the LEDs in the different plant
development stages;

e Light intensity required for smooth running of plant processes
2Ph?tosynthetic Photon Flux Density (PPFD) — 350-400 umol.m’

S

e Spectral characteristics: blue (450 nm), green (550 nm), red (650
nm), £30 nm (see Fig. 1);

e Simulation of the following spectral ranges, by changing the
light intensity or the number of switched on LEDs at any
moment:

1. 50% blue, 20% green, 30% red,
2. 30% blue, 20% green, 50% red;
3. 10% blue, 20% green, 70% red,;
4. 10% blue, 90% red.

Since the emission intensity of the LEDs for the different spectral
ranges is different, a different number of them are switched on for the
different colours.

A special facility was developed for experimental measurements of
PPFD. Portable measuring system LI1-6400 - LI-COR was used. A series of
measurements of the intensity of different commercially available types of
LEDs were made.

Based on these measurements, we chose XLamp XR produced by
the US company Cree, which matched best the technical requirements [15].
This choice reduced significantly the total number of LEDs and simplified
the design of the LU. The XLamp XR type of LEDs were among the newest
products from this family. They can be operated with currents up to 700 mA
(equivalent to the power of 3 W), which allows variation of light intensity
within a wide range to achieve the objectives of the planned experiments.
Based on long-term reliability testing and standardized forecasting methods,
the LEDs of this series will keep up to 70% of their light intensity after
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50,000 hours of work, provided that the solder place temperature does not
exceed 80°C.

Prismatic optical system developed by Polymer Optics Ltd. [16],
mounted in front of each LED spot generates homogeneous light beam.

) Tl I . I S e 5

1o 1 i LD L84 43k

ss  wavelength fnm]

Fig. 2. Calculating FWHM (full width at half maximum)

The spectral distribution of the LEDs differs in many aspects from
that of conventional light sources. It is not monochromatic, as laser
emission, or with a broad spectrum, as most light sources with incandescent
wire. LED has a typical spectral width - FWHM (full width at half
maximum) of 15 to 60 nanometres (Fig. 2). In this case, the spectral width
of the LED emission for normal distribution (AXgs) is calculated by finding
the difference (AXos) between the wavelengths with %2 of the maximal
intensity Ap, i.e. A'o5 and A"gs:

Ahos =MNos-A"o5

For the selected LEDs, we obtain the following:

LED (color) Ap Aos A5 Alos
Blue 468 455 480 25
Green 525 505 545 40
Red 632 625 640 15
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There is relative overlap between the spectra from the technical
requirements and the spectra of the selected LEDs.

Construction and methods of control

In order to describe better the structure and control of LM-LED, we
will introduce the following basic concepts:

Fig. 3. Photo of the LM-LED and the DMX Control Unit

e Light source (LS) — a powerful LED with red, green or blue

colour;
e Element —a light source with unique identification number (from
1 to 255);

e LED spot — a spot containing three elements;

e Group — a set of elements arranged in one or more spots which
are controlled jointly. It is possible to define up to 255 groups.
Each element can participate in one or several groups.

The Block Diagram of the LM-LED is shown in Fig. 4. 36 LED
spots are installed on a metal plate with heat sinks to maintain optimal
temperature during continuous operation. A standard Power Supply of
500W, 24V, 20A is used.

The DMX Control Unit is connected to six DMX LED controllers
and six LED spots are coupled to each one. 30 LED spots contain green, red
and blue LS, and 6 LED spots - 3 red LSs each. The proposed design allows
setting up to 255 different levels of light intensity for each element and
provides for easy change of the elements belonging to each group.
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This method of work facilitates the variation of spectral
characteristics and light intensity within a wide range, which allows to
conduct very accurate experiments with different crops to find the optimal
regimes for each crop.

Special instructions loaded in the memory of the DMX Control Unit
are used to control the spectral characteristics and light intensity of the LM-
LED according to a pre-set schedule. Each instruction controls a group of
elements, allowing elements from other groups to retain or change its state.

DMX Control Unit

1 2 B ataatt S -1
v

|DMX LED controlier LED spot LED spot 1
v
—{DMX LED contralier 2

¥ - i
|—|0MX LED controtler LED spot LED spot 6

Power supply

Fig. 4. Block diagram of the LM-LED

The main parameters of the instruction are:
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Instruction number (0-255);

Group number (0-255);

Standard program code (0-4);

Number of cycles (1-255) - indicates how many times to repeat
the instruction;

Initial intensity - red, green, blue (0-255);

Final intensity - red, green, blue (0-255);

"Switched on" time (0-25.5 s);

"Switched off" time (0-25.5 s);



e Start of the allowed astronomical time window (from 00:00 to
23:59) - the instruction is executed only within the allowed
astronomical time window;

e End of allowed astronomical time window (from 00:00 to 23:59);

e Active days of the week - the instruction is executed only on the

active days of the week.

The available standard programs for the control of LM-LED are:

Program code 0 — Turns all elements of the group into "switched
off" state.

Program code 1 — All elements that were switched on by the
previous instruction preserve their state. All elements of the group are
switched on and shine with constant intensity equal to the value in the field
“initial intensity”.

Program code 2 — Switches off all elements that were switched on
by the previous instruction. All elements of the group are switched on and
shine with constant intensity equal to the value in the field “initial
intensity”.

Program code 3 — All elements that were switched on by the
previous instruction preserve their state. All elements of the group are
switched on and shine with constant intensity equal to the value in the field
“initial intensity” for "Switched on" time, and are switched off for
"Switched off" time.

Program code 4 — Switches off all elements that were switched on
by the previous instruction. All elements of the group are switched on and
shine with constant intensity equal to the value in the field “initial intensity”
for "Switched on" time, and are switched off for "Switched off" time.

The results of the experiments conducted with the new LM-LEDs
will allow us to create a balanced spectral lighting system based on LEDs
and to find the optimal ratio between consumed energy and yield.

Experimental Verification Tests of LM-LED

Laboratory technical and biological tests of the LM-LED were
conducted using the equipment of SVET-2 SG in the air-conditioned
Laboratory of the SRI. The model consists of Control Unit and PGC in
which the changeable Root Module and LM are placed. The LM-LED could
be used interchangeably with the original LM on fluorescent lamps (LM-
FL). The ME-4610 universal data acquisition system produced by Meilhaus
Electronic GmbH was added to SVET-2 SG to process, store, and visualize
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the data acquired from the sensors located in the leaf-zone of PGC. The
process of monitoring the shoot zone 5 parameters (air temperature and
humidity, light intensity, air flow velocity, and air pressure) and the control
of RM substrate moisture is automatic [17].

Two one-month experiments with lettuce (Lactuca sativa L. var.
acephala Dill. cv. Lollo Rossa) and radicchio (leaf chicory) (Cichorium
intybus L. subsp. intybus (Foliosum Group) cv. Bianca di Milano) were
carried out using the new LM-LED [18]. The LM-LED was positioned at 20
cm in the PGC and ensured 400 umol.m™.s™ PPFD (high light - HL) for the
first experiment and 220 pmol.m?.s™ PPFD (low light - LL) for the second
experiment and spectral composition of 70% red, 20% green, and 10 % blue
light during both experiments. Another two one-month experiments with the
same plants but using LM-FL were carried out. In the first experiment, the
LM-FL was positioned 40 cm above the seed sowing surface to ensure 120
umol.m?.s™® PPFD (low light - LL) and in the second one, 20 cm above the
seed sowing surface to ensure 220 umol.m?.s™ PPFD (high light - HL).
Both varieties were cultivated together in each of the experiments. Lettuce
and radicchio seed germination, seedling height and dry matter
accumulation were measured to assess plant growth. Biochemical
parameters were also evaluated — Malonedialdehyde (MDA), H,O, and
Peroxidase activity (POX) reflect the extent of photodamage on lettuce and
radicchio plants. These morphometric and biochemical data were used to
estimate the impact of light intensity and spectral composition on cultivated
plants.

Results and Discussion

All analyses were made in the end of the experiments, except for
seed germination which was evaluated during the first 10 days of each
experiment.

When fluorescent lamps are used as a light source, germination rate
of lettuce seeds decreases by 27% as PPFD increases from 120 to 220
umol.m?.s™. The germination period also decreases twice, from 6 to 3 days.
Radicchio germination rate shows different dependences on changes in light
intensity — the number of germinated plants increases by 16% while the
germination period remains the same, although it is shifted one day left at
the higher light intensity (Fig. 5). Germination rate of both lettuce and
radicchio seeds cultivated on LEDs decreases as PPFD changes from 220 to
400 umol.m?s™ by 5% and 14%, respectively. The beginning of the
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germination period remains the same for each of the varieties and the
longevity is statistically equal at the two light intensities (Fig. 6).
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Fig. 5. Lettuce and Radicchio germi-
nation rate during experiments using
the Light Module on Fluorescent
lamps.

Abbreviations:

LL - Low Light Intensity - 120
pmol.m?.sPPFD;

HL -High Light Intensity - 220
pmol.m?.sPPFD.

Fig. 6. Lettuce and Radicchio ger-
mination rate during experiments
using the Light Module on LEDs.

Abbreviations:

LL — Low Light Intensity — 220
umol.m?.s* PPFD;

HL - High Light Intensity — 400
umol.m?.s™ PPFD.

Fig.7. Morphometric
characteristics of Lettuce and
Radcchio plants during
experiments with LM-FL and
LM-LED.

7-A: Height and 7-B: Dry Weight.
Used abbreviations are:

Low Light FL (fluorescent) - 120
pmol.m2s* PPFD;

High Light FL (fluorescent) - 220
pmol.m*.s* PPFD;

Low Light LED -220 pmol.m?s?
PPFD;

High Light LED -400 pmol.ni%s™
PPFD.
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Regardless of the lighting source, plant height within each plant
variety is nearly the same in all experiments, except at 220 pmol.m?2.s™
LED light when decrease by almost 30% for both plants was observed (Fig.
7-A). Just the opposite effect — increase of dry weight was observed when
low intensity of LED light was used (Fig 7-B).

Accumulation of high levels of MDA (Fig. 8-A) and increased POX
activity (Fig. 8-C) correlated with decreased endogenous H,O, content (Fig.
8-B) were observed in HL LED grown plants — both lettuce and radicchio.
High light is known to induce photodamage in plants by enhancing
photooxidation. This could be assessed by changes in MDA, waste product
of lipid peroxidation. As seen from Fig. 8-A, B, C, plants grown under
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fluorescent light accumulated small amounts of MDA compared even to LL
LED grown plants, both lettuce and radicchio. The biochemical set of
parameters revealed that low and high LED light induces photooxidation
protection reactions in both plants. HL LED grown plants are more sensible
to photooxidation but not to a greater extent than the LL LED grown plants.

Conclusion

Two one-month experiments with the new LM-LED were carried
out to study the effect of light intensity and spectral composition on lettuce
and radicchio plants. Light intensities were 400 pmol.m?.s™ PPFD (high
light - HL) and 220 pmol.m?.s® PPFD (low light - LL). The spectral
composition was 70% red, 20% green, and 10% blue light during both
experiments. This spectral composition ensured white light at which plants
looked green and pleasant for human eyes. These experiments revealed that
LL LED grown plants accumulated the highest dry weight compared to HL
LED and cool white fluorescent lamps, both LL (120 pmol.m?s™ PPFD)
and HL (220 pmol.m?s™ PPFD). The biochemical analyses revealed that
light emitted from LEDs unlocks photoprotection reactions in lettuce and
radicchio plants cultivated at 70% red, 20% green, and 10% blue light.

Other experiments are carried out to study the different light
intensity and spectral composition levels (10% blue, 90% red and 30% blue,
20% green, 50% red) to develop an optimal plant growth technology.

Prospects

Photoprotective plant reactions to high light intensity were observed
during the Earth verification tests. Based on these findings a new LM-LED-
5, on another type of LEDs (QH513) is under development. The advantages
of the new LM are lower price and lower power consumption, light weight
and improved effectiveness. The new universal LM, which is sized 40x40
cm and provided with separate pulse power supply of 220V will be tested
during the next stage of the Greenhouse-Mars Project. Such a module could
be easily transported to Moscow by plane to be used in biological and
technical tests within the ready-built structure of the experimental model in
the IBMP; it is easy to multiply (if funds are available) and to implement it
in the two Mars-500 greenhouse facilities with sized 80x160 cm.

The LM-LED-5 composition has been supplemented with white
light for psychological effect. Two rows of white LEDs are mounted in the
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module, which will be switched on when photos are taken or the “crew”
observes the plants. The most important task in both ground-based
experiments carried out in the SRI and the IMBP is to find the optimal LED
composition, so as to achieve the same plant growth as with fluorescent
lamp lighting.

Different plant species, mostly lettuce crops, will be grown under
different light spectra provided by LEDs with a small viewing angle and
maximum light intensity on the plant surface during the experiment.
Samples for analysis will be collected at different plant development stages
to investigate the influence of light spectrum on plant physiological
parameters. The psychological effect on the crew emotional frame (the
“plant-operator” dependence) will also be studied during the long-term
Mars-500 Experiment.
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HOB CBETOJUOJAEH MOAYJI 3A OCBETJIEHUE
PA3BPABOTEH I1O ITPOEKTA “OPAH/KEPUA-MAPC”

T. Heanoea, H. /lanoonoe, U. Hnuesa, H. Haiidenos
M. Jlesunckux, B. Cotues

Pesrome

Cowriaacio J[loroBopa 3a HayuyHO CbTpyaHHuYecTBO 1o [Ipoekt
»Opamkepus Mapc" mexnmy MHCTUTyTa 32 KOCMUYECKH W3CIICBAHMUS,
Copus wm MHHcTHTyTa 1O MEIUKOOMOJOTMYHM mpobiemu, MOCKBa,
OBNTapCKH YYeHH pa3padoTHXa HOB OCBETHUTEIIEH MOJYJI Ha CBETOIUOIU
(LM-LED). HoBusar LM-LED e na O6a3ara Ha MOHOXpPOMAaTHYHH
ceeromuoau (LEDs, tum Cree® XLamp® 7090 XR), wusmbuBamui B
yepBeHara, 3eneHarta u cuHsata (RGB) oGmactu Ha cnekrbpa. biok 3a
yopasienue B DMX cranpapt mno3BosisiBa 3ajJjaBaHE Ha IUTBTHOCT Ha
dorocunreriunns Goronen norox (PPFD) B rpanmmure 0-400 pmol.m?.s™,
bsixa npoBeneHu 1a00OpPaTOPHU TEXHUYECKU U OMOJIOTMYHU M3NUTAHMS Ha
LM-LED c nmomomra Ha komiuiekca amapaTypa Kocmuuecka opamxepus
(KO) SVET-2, npororum Ha jeTsuiata Ha O0opaa Ha OpOuranHata CTaHIHS
MMUP. C noBust LM-LED 6s1xa npoBeieHH /1Ba €THOMECEUYHU EKCIIEPUMEHTA
C pacTeHHsTa cajara W IUKOPHS, ChC CIEKTpajeH cheTaB - /0% depBeHa,
20% senena u 10% cuns ceeramaa u PPFD - 400 umol.m?.s™ (ucoxa
ocsereroct) u 220 pmol.m?s™ (uncka ocserenoct). IIpociencHu Gsixa
BUCOYMHHUTE HA PACTEHUATa M aHAJIU3UPAHU HAKOM OMOXMMHUYHHU Iapa-
METPU KaTo pe3ysTaTHTe OsiXa CpPaBHEHHM C peE3yJNTaTHTE OT IOAO0OHU
eKCIIEpUMEHTH, U3BbPIIeHU che cTapus biok 3a ocsernenue nHa KO SVET-
2 Ha ¢ayopecuentnu namnu (OSRAM DS 11/21). Crarusita 06001iaBa
Hay4YHO-M3clieioBaTencka pabota mo mnpoekra ''Opamwxepus-Mapc” 3a
nocieanute 3 roaunu (2006-2008).
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Abstract

The proposed study presents an approach for early assessment of substrate
properties. This includes a course of measurements for preliminary evaluation of part of
the substrate’s physical and hydro-dynamical characteristics. Two sets of measurements
were carried out using standard methods to analyze the substrate’s agro-physical
properties. In the first set, three different substrate trademarks (Balkanine, Turface and
Ekolin) with similar particle sizes (1-2 mm) were tested. The bulk density (BD) of substrate
layers of three different thicknesses was measured to study the possibility to achieve
repetitive density for the needs of mathematical modelling. In the second set, the physical
and hydro-dynamic properties of four particle sizes of Balkanine fractions (PSD) were
tested. BD, capillary water capacity, water-holding capacity and saturated water capacity
for the four PSDs were determined and discussed. The data show that the 1.5-2 mm
fraction is most suitable for earth and space applications because of its low BD (high total
porosity) with low StDev values which suggest a repetitive BD when packing the substrate
in a real root module and more favourable proportion between air and water content.

Introduction

Continuous improvement of the root-zone media is an important
research area motivated by the need to provide suitable root environment for
higher plant cultivation in microgravity. Systems for controlling root
environment are required to provide steady substrate moistening, non-stop
and balanced transfer of nutrients to plant roots and good gas exchange. A
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range of conflicting and inadequate requirements has raised problems in the
development of root modules for space application. Mass, volume and
power constraints have been caused by the requirement to get maximum
yield from minimum area (or volume) and power. This imposes hard power
and space restrictions on the equipment and reduces the root module volume
what leads to higher density of the root area components. The problems of
water containment and liquid and gas phase separation in microgravity are
of great importance for providing adequate air-water balance in small
volume root environment. The separate-phase systems based on porous
solids to separate air and water have been adopted for space utilization in
most plant growth facilities. Substrates of solid particles are considered to
be the most appropriate medium for plant growth in long-term space
experiments because of their longevity, repeated use and repeated crops in
the same substrate. Particulate substrates that have been used in ground-
based and flight tests include peat-vermiculite mixes, arcillite, isolite,
Profile and Turface (porous ceramic aggregates with Osmocote pellets used
as slow-release fertilizer), Balkanine (natural nutrient saturated zeolite) etc.

Microgravity affects heat transfer, mass exchange processes, fluid
behaviour, nutritive concentration gradients in the substrates, and capillary
properties of artificial soils. The “free” movement of small substrate
particles between the larger ones in the root medium container volume
changes the aerating — water-carrying pore ratio and geometry and disturbs
the medium homogeneity and density. Furthermore, the substrate particle
shrinkage and swelling caused by changes in their water content and the
vigorously developing root systems in a small root module volume also
leads to variable pore geometry and changes in water retention.

There is still little information available about the nature of problems
that might occur in small volumes in microgravity. The current
understanding of the nature of water and air transport in porous media in
microgravity is not sufficiently well developed to allow clear interpretation
of microgravity experimental results. Therefore, upon completing the Mir
Orbital Station (OS) experiments, scientists from different countries that
have experience in various areas of fluid and soil physics, plant physiology,
hardware development, and flight experiments met to identify and discuss
critical issues of water and air flow through porous media in microgravity
[1]. The specific objective of this meeting was to examine the control of air,
water, and solutes in a root zone containing solid substrates. Possible
mechanisms affecting water and air transport in microgravity that lead to
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accentuated hysteresis, reduced hydraulic conductivity, and altered soil-
water characteristic curve were discussed. The published studies [2], [3] etc.
determine the physical and hydraulic properties of baked ceramic aggregates
that have been used as a root medium in ground-based and space
experiments. The published information provides to summarize a set of
requirements for the substrates — possible candidates for plant growth
experiments. The substrate media selected for plant growth research
purposes should have definite physical characteristics:

e Substrates for space application should have low specific weight and
small packing volume, so as to require minimum launch power.

e Particle size has been a debatable parameter and it should be determined
by compromise. The relatively large particle size range (1-5 mm),
chosen for aeration reasons for the early Svet Space Greenhouse (SG)
flight experiment (1990) resulted in water movement problems. On the
other hand, the smaller particles (less than 1 mm) impede aeration and
such substrate has more pronounced hysteresis of the water retention
curve which causes moisture control problems.

e Substrates are required to have uniform particle size distribution, i.e.
flatter plateau of the water release curve which means more stringent
control of water transport and aeration.

e The parameters mentioned above allow achieving low and repeatable
bulk density when filled up in a fixed volume and levelled without
compression. The substrate bulk density can be additionally increased
using standard compacting methods [2]. Compacting is used to reduce
the changes in pore geometry due to overloads during launch, particle
rearrangement under microgravity and other factors which lead to
changes in substrate—water—air relations.

e Substrates should have long-term spatial and time parameter stability, so
as to provide relatively unchangeable particle and pore geometry. This
means that no degradation and no swelling of particles in time and space
are allowed.

Both particle size and density determine porosity and thus, water
retention properties of the material. To achieve high water retention,
substrates are required to have good hydraulic characteristics:

e High water holding capacity of the substrate material is needed to
achieve high volumetric water content (wettable porosity) for the matric
potential control range. For the purpose, the substrate material should
have low bulk density and high porosity.
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e Substrate material with low hysteresis is preferable for use [1].
Hysteresis occurs in the range of water potential control where small
changes in water content produce significant matric potential changes.
This range depends strongly on particle size. Dani Or [1] notes that
Turface has turned to be harder to control compared to isolite and
zeolite because of its high hysteresis.

e Substrate material is required to have high hydraulic conductivity which
depends on the pore size. Saturated hydraulic conductivity is greater for
the larger particle size fractions. Unsaturated hydraulic conductivity
also depends strongly on volumetric water content.

A possible way to overcome the complexity and uncertainty of using
particulate media would be to engineer a material specifically designed for
space application. Such a material would have fixed pore geometry and
optimized pore shape and size in order to achieve better control of the water
and air flow through the root medium.

The process of selection of substrate capable to support suitable root
environment in small volume containers on earth and in space involves a lot
of long, hard and expensive analysis in specialized laboratories. The purpose
of this investigation is to suggest a way for preliminary selection of
substrates — candidates for space utilization. This includes a course of
measurements for early evaluation of part of the substrate’s physical and
hydro-dynamical characteristics. In case some parameter goes beyond the
specified limits, the substrate is not subject to further accurate study in
specialized laboratories.

The study proposed is part of a research of the Svet-3 SG project
targeted at development of algorithm for automatic control of plant growth
environment to maintain optimal conditions in the chosen substrate during
different plant development stages.

Materials and Methods

Substrate materials of three trademarks with the same particle size
distribution (1-2 mm) were tested:

1. Balkanine™ (Stoilov, G., |. Petkov, D. Dimitrov, (1979,

Bulgarian Patent No 40343), Bulgaria;

2. Turface® (Profile Products LLC, Buffalo Grove, IL, USA);

3. Ekolin® (NIPRORUDA JSCo, Bulgaria).

The first two substrates were used in all space experiments carried
out onboard the Mir OS in the Svet SG in 1990-2000. The third substrate
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was proposed by specialists from NIPRORUDA to be subject to test. Below
is described the test program used for our research. It could be applied to
test all sorts of substrates for evaluation of their physical properties.

A. Assessment of bulk density (BD) for the three trademark
substrates

Air-dry substrates stored under definite environmental conditions
have been commonly used for laboratory plant experiments. The object of
the proposed set of measurements is to test the possibilities for early
evaluation of the physical properties of air-dry substrates without using
compaction techniques. These measurements aim to check if the height and
the area of the root modules used for plant experiments influence bulk
density when filled up and without additional compacting.

Three vessels of different heights (5.5, 11 and 40 cm) and volumes
(1009.5, 1045.6 and 675.1 cm®, respectively) were filled up with each kind
of substrate and levelled using a laboratory spatula. Sample mass (air-dry
basis) was measured to calculate bulk density as BDag = Mag/Vp Where BDag
and myq are the bulk density and mass of air-dry substrate and Vj, is the bulk
volume. Each test was replicated 50 times. Hygroscopic moistures () of
100 g substrate samples after drying for 48 hours at 105°C were calculated:
6n = my/ms, where my, is the mass of the hygroscopic substrate and ms is the
mass of absolutely dry substrate. The bulk densities thus determined (air-dry
basis) were re-calculated on oven dried basis using BD = BDyy/(1+65). The
results, processed statistically, provide an idea of the lowest bulk density
value for each substrate which is possible to achieve before compacting in
the experimental root module volume.

B. Assessment of bulk density for four particle size distributions of
Balkanine

Balkanine was successfully used in the space plant experiments
carried out in the Svet SG onboard the Mir OS in 1990, 1995 and 1996. For
the 1997-2000 Svet-2 SG experiments, this substrate was substituted by
Turface which is wide-used and well studied by our American colleagues.

Analyses of the porous substrate water relations [5] observed in the
space experiments show that an optimal wettable — air-filled porosity
relation in microgravity can not be achieved by using a wide PSD range (for
example 1-3 mm). Small particles fallen into the large particle pore space
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could not be tightly compacted irrespective of the compaction techniques
used when preparing the root module on Earth. In microgravity, this causes
dynamic changes in the contact pressure and contact surface between
particles which influences drastically the unsaturated hydraulic conductivity
of the substrate. This calls for study of the physical and hydro-dynamic
properties of narrower PSDs for experimental substrates.

Balkanine was sieved to retain four particle size fractions — (0.05-
0.9); (1.0-1.5); (1.5-2.0); (2.0-3.0) mm using standard sieves. Bulk density
of the four PSDs was determined. For the purpose, the following procedure
comprising two sets of measurements was used: (a) an aluminum cylinder 6
cm high and 6.5 cm in diameter (volume 200 cm®) was filled up with air-dry
substrate of each fraction without compacting. Substrate material was
levelled, sample mass was measured and BD was calculated, and (b) the
cylinder was filled in 2-cm layers and each layer was tamped manually
using a cylindrical tool with a tabular front surface of about 5 cm?. After
compaction sample mass (m;) was measured and bulk density (BD.) was
calculated. Each measurement was replicated 10 times. During the
measurements the hygroscopic moisture of the tested PSDs was determined
by oven drying at 105°C for 48 hours. The absolutely-dry sample masses
were determined and the BDs were calculated as described above. The
results were statistically processed and the compaction coefficient (K.) was
calculated as: K. = BD./BD.

C. Assessment of capillary water capacity, water holding capacity and
saturated water capacity for the four Balkanine PSDs

Capillary water capacity, water holding capacity and saturated water
capacity for PSDs — (0.05-0.9); (1.0-1.5); (1.5-2.0); (2.0-3.0) mm were
determined. Cylindrical plastic vessels 6 cm high, 6.5 c¢cm in diameter
(volume 200 cm®) and with an about 90° contact angle of wetting were used
for these measurements.

The vessels used to measure saturated water capacity had a valve
inlet in the bottom end allowing saturation from below — water table rising
to or above the surface. The saturation process took about 3 hours. Air
bubbles captured in the substrate volume were not been removed. The
saturated sample weight was measured. The absolutely-dry substrate weight
and the net water weight were calculated using coefficient (K,) for re-
calculation of the hygroscopic moisture (6) of air-dry substrate: K,, = 1+6.
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Saturated water content was calculated as 65 (M) = my/ms (weight basis) or
Osat (V) = V/Vp (volume basis).

The vessels used to measure capillary water capacity and water
holding capacity had a number of holes on the bottom allowing free water
movement inwards and outwards when capillary suction and water draining
after saturation respectively occurs. Capillary water capacity was
determined after the sample’s weight had reached a constant value (the
process lasted several days). After measuring the weight of the sample with
capillary retained water the vessel was dipped slowly into another vessel
with water and stayed there to full saturation. About two hours later the
vessel with the sample was pulled out, it was covered with a plastic lid
preventing from evaporation and water was allowed to drain freely. After
completing the drainage process the sample weight was measured and the
retained water content was calculated.

Capillary water capacity (fcwc) was calculated as Ocwe (m) =
mew/ms (weight basis) or Gcwe (V) = Vew/Vp (volume basis) and water
holding capacity (Gwrc) as Gwnc (M) = mwu/ms (Weight basis) or Gwnc (V) =
Vwr/Vp (volume basis) where ms was the sample mass for oven dry
substrate. The measurements were replicated three times.

Results

The results from measurements of sample mass and volume used to
calculate BDs for the three tested kinds of substrate were statistically
processed and presented in Tables 1, 2 and 3.

Table 1. Mean bulk density (BD), standard deviation (StDev), and coefficient of
deviation (CD) for 50 samples of uncompacted 1-2 mm Balkanine and 3 pot

heights
Bulk density for uncompacted Balkanine 1-2 mm
Pot height h=55cm h=11cm h=40cm
Number of samples 50 50 50
Mean BD [g/cm®] 0.7867 0.7767 0.7586
StDev [g/cm?] 0.0024 0.0025 0.0028
CD [%] 0.30 0.33 0.37
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Table 2. Mean bulk density (BD), standard deviation (StDev), and coefficient of
deviation (CD) for 50 samples of uncompacted 1-2 mm Turface and 3 pot heights

Bulk density for uncompacted Turface 1-2 mm

Pot height h=55cm h=11cm h=40cm
Number of samples 50 50 50
Mean [g/cm®] 0.5571 0.5461 0.5433
StDev [g/cm”] 0.0030 0.0019 0.0029
CD [%] 0.54 0.35 0.54

Table 3. Mean bulk density (BD), standard deviation (StDev), and coefficient of
deviation (CD) for 50 samples of uncompacted 1-2 mm Ekolin and 3 pot heights

Bulk density for uncompacted Ekolin 1-2 mm

Pot height h=55cm h=11cm h=40cm
Number of samples 50 50 50
Mean [g/cm®] 0.4460 0.3858 0.4566
StDev [g/cm”] 0.0273 0.0244 0.0334
CD [%] 6.11 6.32 7.31

After oven-drying of about 100 g substrate samples the hygroscopic

substrate moisture at 40% relative air humidity was fixed at: 2.35% for
Turface, 5.60% for Balkanine and 5.37% for Ekolin. BD of the three kinds
of substrate was calculated using a coefficient of re-calculation of the air-
dry mass into absolutely dry mass which was 1.0235 for Turface, 1.0560 for
Balkanine and 1.0537 for Ekolin.

The results show considerable differences in BDs for the three kinds

of substrate. Great deviation coefficient is observed for Ekolin. Fig. 1 shows
the frequency polygons for the three kinds of substrate and provides to
evaluate visually the measurement data’s statistical distribution.

Measurement data for Ekolin do not show normal distribution. An

additional study discussed below provided to find the reason for this result.
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Frequency polygons for three substrates
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Fig. 1. Comparative illustration of 7-interval frequency polygons for the three
tested kinds of substrate — E — Ekolin, T — Turface, and B — Balkanine

Figure 2 allows visual observation of the substrate surface for the
three tested kinds of substrate after applying a compaction procedure. A
study of BD and hydro-dynamic changes in the substrates after treatment
show additionally the processes of particle composition demix for Ekolin
(the right pot on the picture).

Fig. 2. A view of Turface, Balkanine, and Ekolin substrate surfaces after
compaction procedures — water saturation and 50 Hz vibrations (10 min)

The results from some physical measurements of Ekolin properties
show high heterogeneity, quite differing particles and low mixing capability.
Such properties do not match the requirements for the substrates used in
microgravity experiments. Turface has been well studied and characterized
in details by American scientists. For this reason, we chose Balkanine as an
experimental substrate and subjected it to our proposed test procedure to
evaluate the substrate’s physical properties.
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As mentioned above, characteristics of narrower PSD should be used
for microgravity experiments. For this reason, four PSD fractions for
Balkanine were sieved and tested.

After oven-drying of about 100 g substrate samples the hygroscopic
substrate moisture at 60% relative air humidity was fixed at 7.1%. A
coefficient of re-calculation of the air-dry mass into absolutely dry mass of
1.071 was used.

Bulk density data for compacted and uncompacted substrate samples
of each PSD were determined and presented on Table 4.

Table 4. Bulk densities and standard deviations for four tested PSD of
uncompacted (BD) and compacted (BD,) Balkanine

Bulk density data for four Balkanine PSD
PSD BD [g/cm®] +StDev BD.[g/cm’] +StDev,
0.05-1.0 mm  0.8517 0.009 0.9791 0.009
1.0-1.5mm  0.7365 0.005 0.8422 0.005
1.5-20mm  0.7268 0.001 0.8325 0.003
2.0-3.0mm  0.7374 0.001 0.8576 0.003

Data shows that the compaction coefficients are 1.150, 1.143, 1.145
and 1.163. As may be seen from the comparative chart in Fig. 3, the 1-2 mm
fractions have lowest BD and highest total porosity, respectively. The low
StDev values for the two cases suggest a repetitive BD when packing the
substrate in a real root module.

1,2

oBD @BDc

/

o
©
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0,4 4

0,2 4

Bulk density [g/cm?]

0,0

0,05-1,0 mm  1,0-1,5 mm 1,5-2,0 mm 2,0-3,0 mm

Particle size distribution

Fig. 3. A comparative chart of the bulk densities and standard deviations for the
four tested PSDs of uncompacted (BD) and compacted (BD.) Balkanine samples
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The most important parameters reflecting the relations air-water-
substrate are shown on Table 5.

Table 5. Total porosity (calculated) (TP), saturated water content (SWC), water
holding capacity (WHC), capillary water capacity (CWC) and maximum
hygroscopicity (MH) for the four tested Balkanine PSDs

Substrate water relations, (volume basis)
PSD 0.05-1.0 mm 1.0-1.5mm 1.5-2.0mm 2.0-3.0 mm

TP
SWC
WHC
CWC
MH

0.59
0.54
0.52
0.49
0.17

0.64 0.65
0.57 0.55
0.49 0.40
0.38 0.36
0.14 0.14

0.64
0.55
0.37
0.34
0.15

Total porosity (TP) was calculated as TP = (1-BD/PD), where PD =
2.37 g/cm® is the particle density for Balkanine measured by Zakharov [5].
The maximum hygroscopicity MH = 17% (weight basis) has been measured
by Zakharov, too. This parameter is the maximum quantity of water
molecules adhered to the particle surface at 99% relative air humidity. This
water quantity is not available for plant use.

The chart in Fig. 4 presenting tabled data shows that in normal
laboratory experimental conditions, when no measures are taken to expel the
air bubbles captured in the substrate volume, the saturated water content is a
bit lower than the total porosity for all PSDs.

Volumetric relations

1

0,8 1

0,6 1

0,4 4

0,2 4

0 -

<1,0 1,0-1,5 1,5-2,0 2,0-3,0

Particle size distribution [mm]

O Air

mSWC

mWHC

mcwc

Fig. 4. Volumetric relations of the total porosity (TP), saturated water capacity
(SWC), water holding capacity (WHC), capillary water capacity (CWC) and
maximum hygroscopicity (MH) for the four Balkanine PSDs
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It can be seen that the three water capacity parameters for the
smallest substrate fractions are too close which results in small air filled
porosity for aeration. For the 1.0-1.5 mm PSD the water holding capacity is
close to the saturated water content which leads to higher hysteresis.

Discussions

The greatest part of the time and funds spent to prepare a space plant
experiment is allocated to ground-based task development. The choice of
suitable substrate, particle size distributions and mixes, aerating and
watering regimes and technologies, techniques for repeated seed sowing and
plant growth in a root module, development of algorithms to control the
actuating mechanisms as well as the accurate assessment of the phenomena
observed in the root media during experiments are continuously developed
and improved.

The first set of measurements of Balkanine, Turface and Ekolin had
as its objective to assess the ability of these loose materials for keeping their
minimal BD while filling up the volume of dishes of various shapes. The
effect of the measuring dish height, dish sectional area related to the
substrate particle diameter and material compaction while levelling on BD
was determined. As may be seen from Tables 1-3 and Fig. 1, BD increases
in the sequence Ekolin, Turface, Balkanine and Ekolin shows a minimal BD
of about 0.4 g/cm®. The tendency for substrate compacting when filling up a
dish 5.5 cm in height and levelling is pronounced for Balkanine and
Turface. The substrate column with height of 40 cm and 4.6 cm in diameter
involves self-compacting but the relatively small dish diameter limits the
particle number in one layer and reduces the levelling effect on BD. So, the
difference between BDs in the dishes of 5.5 cm and 40 cm in height for
Balkanine is 0.0281 g/cm®, which exceeds StDev 10 times. These results
show that it is also necessary to assess the actual BD of substrates when
filling up small-dimension dishes (few dm® with complicated interior
(water and aeration pipes, wick and compaction fabrics and others).

Statistical distribution for Ecolin’s BD requires to determine the
substrate structure. The manufacturer provides information about the use of
“natural clinoptilolite, expanded perlite, vermiculite, water-soluble
polymers, saturated with biogenic elements” in the substrate mixture
production. The Stoke’s law was applied in an experiment to separate the
substrate component particles (Fig. 5).
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Avtificial perlit
48% BD=0.07 g/lar?

Polymers and
others

129 BD=0.58 g/an?®
dinoptildite
40%, BD=0.76 g/am?

Fig. 5. Ekolin after particle separation

Down below 40% of the volume was occupied by particles with BD
= 0.76 g/cm® (clinoptilolite), following by 12% particles with BD = 0.58
g/cm® above, and 48% was the artificial perlite with BD = 0.07 g/cm®
keeping afloat. The great disparity between the particle BDs and dimensions
allows easier demix when filling up the dish. It was found that the artificial
perlite granules did not have the desired hardness and stability (they swell).
The results from measurements showed that the requirements for the
physical properties of substrates for space application are considerably
higher and the further study of Ekolin was abandoned.

Turface has a low BD value (about 0.55 g/cm?), the total porosity
reaches 78% at 2.5 g/cm® particle density. The slightly higher CD (0.35-
0.54%) compared to Balkanine’s CD (0.30-0.37%) can be accounted for the
particle shape of both materials. Turface has a slaty particle shape which
provides to achieve close contact between particles, respectively greater
unsaturated water flow. Fig. 6 shows the three substrates after they have
been compacted under saturation with water and 50 Hz vibrations for 10
minutes. After water draining Turface surface becomes smooth, the
Balkanine particles keep their outlines and the Ekolin particles demix and a
part of them swell.

As mentioned above, Turface has been studied in details by
American scientists and used in space plant growing. This is one of the

115



reasons to continue studying Balkanine which is currently used in our work.
Balkanine’s accessibility, the available data from ground-based and space
experiments, the data about its properties obtained in Russia, USA and
Bulgaria, the mathematical modelling and the accumulated experience are
additional reasons for testing this material with different laboratory practices
and equipment.

Balkanine is natural zeolite charged with chemical elements which
provide nutrients for plant growth during several vegetation cycles (over 5).
Ivanova [6], [7] provides detailed information about the agrochemical
characteristics and use of Balkanine in space experiments. Petrov [7]
provides the results from phase analysis performed on a DRON 3M powder
X-ray diffraction apparatus using a CoKa radiation source.

The zeolite used for Balkanine production has double porosity -
inner-particle and inter-particle. Zakharov [5] and Jones [4, 8] measure the
basic hydro-physical characteristics and report that the sharp drop in the
matric potential at 22% water content due to full macro-pore water draining
leads to drastic decrease of water conductivity (Fig 6).
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Fig. 6. Matric head and water conductivity of 1-2 mm Balkanine versus volumetric
moisture content. (Jones and Or, [13])

Some disadvantages of Balkanine are: (a) appearance of a small
fraction (below 0.2 mm) after shocks and vibrations imitating the
mechanical effects during equipment launch; (b) comparatively large BD
(about 0.84 g/em®); and (c) inner-aggregate porosity concentrated in the
range below 10 um which reduces unsaturated water conductivity and limits
water flow at substrate water content below 0.22 cm®/cm?®.

116



The results from BD calculation for the four PSDs (Table 4) show
that BD and compaction coefficient (about 14.4%) are lowest for the 1.0-1.5
and 1.5-2.0 mm fractions. Standard deviations for the compacted 1.5-2.0
and 2.0-3.0 mm fractions are higher than the ones for uncompacted
fractions, a fact which reflects the substrate material’s sensitivity to the
compaction procedure method and duration. This is especially important in
the cases when substrate is packed in a root module together with additional
accessories and soft materials.

The air-water-substrate volumetric relations (Table 5 and Fig. 4)
provide information about the total water capacity of the four PSDs, the
plant available water part and aeration porosity. Fonteno [9] notes that for
soilless substrates that do not contain fine particles, the root module height
has a significant effect on the air-water proportions. Our data show that for
sample vessel height of 6 cm the water holding capacity is too close to
saturation for fractions smaller than 1.0 mm and 1.0-1.5 mm and the
capillary water capacity is about 1.5 times higher than the gravitational
water for 1.0-1.5 mm fractions and draw level with it for 2.0-3.0 mm
fractions. The water contained in the substrate at maximum hygroscopicity
(MH, about 14-17% volumetric) is absolutely unavailable for the plant’s
roots. This conclusion is corroborated by Shaydorov [10] who has
determined volumetric water content of 15% at wilting point for salad crops
grown in 1-3 mm Balkanine.

The following conclusions could be drawn based on the
measurements conducted and discussed above:

e 0.05-0.9 mm PSD has highest BD (about 1 g/cm®); 7% aeration porosity;
35% Plant Available Water (PAW), 2% difference between saturation
and water holding capacity; operation mode close to saturation and
blocking of about 5% air bubbles.

e 1.0-1.5 mm PSD has BD = 0.84 g/cm®; 15% aeration porosity; 35%
PAW; 8% difference between saturation and water holding capacity;
operation mode with blocking of about 7% air bubbles.

e 1.5-2.0 mm PSD has BD = 0.83 g/cm3; 25% aeration porosity; 26%
PAW,; 15% difference between saturation and water holding capacity;
operation mode with balance between air and water content; blocking of
about 10% air bubbles.

e 2.0-3.0 mm PSD has BD = 0.86 g/cm®; 27% aeration porosity; 22%
PAW; 18% difference between saturation and water holding capacity;
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operation mode with predominant aeration volume; blocking of about
9% air bubbles.

Water distribution in substrate pores can be determined using the
pore size distribution curve. Drzal [11] presents an analysis of pore size
distribution ranges for container substrates. The effective diameter of the
biggest water filled pore for every characteristic value of the water head can
be calculated using the Jurin equation:

1) dp = 4.0/pw.9.h

where d, is pore diameter, ¢ is water surface tension (72.75 Im), pu is
water density (1 Mg/m®), g is gravitational acceleration (9.81 m/s?), and h is
matric head (m).

On the other hand, matric head (h) and volumetric water content (6)
are related by the substrate-water characteristic curve (SWCC). The fitted
SWCC of Balkanine (1-2 mm PSD) shown in Fig. 6 is determined by Jones
and Or [12] using the van Genuchten [13] nonlinear model, defined as:

2)  0=0s+(0s- O)[L+ (e |])T"

where @ is the current volumetric water content, 6 is the saturated
volumetric water content, 6, is the residual volumetric water content at 30
kPa (300 cm), «, n, m are fitting parameters, and h is matric head (cm).

Using the determined water capacities (Table 5) and the
corresponding matric heads, as well as egs. (1) and (2), the pore size
distribution ranges were determined (Fig. 7). Easily available water for plant
roots in 6 cm high dish filled with Balkanine is kept in about 12-15% of the
pores and is concentrated in the range of 5-300 cm matric head.
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40 1 34%
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0

Pore and water distribution [%]

Plant available water Water in 1.5-2.0 mm
Pore size distribution
Fig. 7. Plant available water range, pore size distribution, and water distribution
in 1.5-2.0 mm fraction
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Conclusions

The proposed study presents an approach for preliminary selection
of substrates applicable to plant cultivation in microgravity. This includes a
course of measurements for early evaluation of part of the substrate’s
physical and hydro-dynamical characteristics.

Three different trademark substrates (Balkanine, Turface and Ekolin)
with similar particle sizes (1-2 mm) were tested. The results of the Ekolin
study show high heterogeneity, quite differing particles and low mixing
capability. Such properties do not match the requirements for the substrates
used in microgravity experiments.

The physical and hydro-dynamic properties of four particle size
Balkanine fractions (PSD) were estimated. The data show that the 1.5-2 mm
fraction is most suitable for ground-based and space applications because of
its lower BD (high total porosity) with low StDev values which suggest
repetitive BD when packing the substrate in a real root module and more
favourable proportion between air and water content.
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MNOJABOP HA U3KYCTBEHHU INOYBU (CYBCTPATH) 3A
OTIJIEXKJAHE HA PACTEHUSA B KOCMHNYECKHU YCJOBUA:
HA3EMHMU TECTOBE 3A OIIPEJAEJISAHE HA HAKOU
OUBNYECKHU XAPAKTEPUCTHUKHU HA CYBCTPATUTE

II. Kocmoe, C. Canynosa
Pe3rome
[TpenokeHOTO M3CIIeIBAaHE JIaBa €IMH TOJXO0J 32 PaHHA OIICHKA Ha

KauecTBara Ha cyOctpata. Toil BKIIIOUBA cepusi U3MEpPBAHMS 3a MPE.-
BapUTENIHO ONpEIENIIHE HAa 4YacT OT (U3UYECKUTE U XUAPOJUHAMUYHUTE
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XapaKTepUCTUKU Ha cyOcTpaTa. bsixa HampaBeHu JBe CepUM U3MEpPBaHUS IO
CTaHJapTHU METOAM 3a aHAJIM3MpaHE Ha arpoPU3MUYECKUTE KadyecTBa Ha
cyOctpara. Ilpu nmepBara cepust u3mMepBaHus Os1Xa MOAJIOKEHHU Ha TECT TPU
pa3nuuHu ThproBcku Mapku cyoctparu (bamkanun, Typdeiic u Exonun)
CbC cXoneH pa3Mmep Ha yactunmre (1-2 mm). Beme m3mepena obemHara
IUTBTHOCT HAa TPHU CyOCTpaTHU CJIOS C Pa3JIMYHU BHCOYMHU C LEd Ja ce
u3cieiBa Bb3MOKHOCTTA 3@ IIOCTUIaHE Ha MOBTOpsieMa IUTBTHOCT 3a LIEJIUTE
Ha MaTreMatudeckoro mozenupase. Ilpu BTopaTa cepust usmepBanus Osixa
TECTBAaHU (PU3MUECKUTE U XHUAPOJMHAMUYHUTE KayecTBa Ha YETUPHU
bpakuuu cyoctpat bankanun. bsxa onpenenenu u TUCKyTHpaHu oOeMHaTa
IUTBTHOCT, KalWIspHaTa BJIArOEMHOCT, IbJHATa IIOJIEBA BJIATOEMHOCT U
BJIarOEMHOCTTa MpH HacumaHe. JlaHHWTE T1OKa3BaT, ue (Qpakuuara
1.5-2 mm e Hali-moaxozsmia 3a Ha3eMHU M KOCMHMYECKH EKCIIEPUMEHTH
HOpajy MO-MaJikaTa CH O0EMHA ILTBTHOCT (IO-TOJIsIMa MOPECTOCT) M II0-
MaJIKO CTaHJApTHO OTKJIOHEHHE, KOETO TOBOPH 3a IOBTOpsieMa OOeMHa
IUTBTHOCT IIPU HacHUIIBaHe Ha cyOcTpaTa B peajieH KOPEHOB MOJYJI, KaKTO U
nopajau No-6JaronpusTHO CbOTHOIIEHUE MEXIY ChIbp)KaHUETO Ha BOAA U
BB3/IyX B 00eMa Ha cyOcTpara.
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Abstract

A type of automated control system (ACS) for unmanned combat air vehicle
(UCAV) is suggested. ACS framework is synthesized out of its block diagram. The diagram
and the equations enclosed to them could be used for basic calculations and researches of
ACS for unmanned air vehicle.

Introduction

One of the earliest created UCAV is the unmanned plane, controlled
by operators. In this case, the operator follows the target and the unmanned
air vehicle (UAV) evaluates the deviation between the plane and the target.
If there is any diversion, the operator gives command to the plane to
eliminate it. In this type of control, the operator takes a very big
psychophysical load on himself [1,3,4,5], commensurable with the load of
pilots, because of the very limited time and the need to evaluate quickly and
precisely the changing situation, when controlling an air vehicle with
pronounced inertia. This is why UAV operator selection was similar to pilot
selection and their education was long and expensive. The possibility of a
hit in the target for this UAV was very low and usually less that 0.5.

Notwithstanding the above-mentioned difficulties in operator-
controlled UAVs, they have been used widely, mostly for striking small and
mobile targets and objects as tanks, command posts, ground radars, etc.,
which have less dynamics than UAV.
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The abundant available literature on control systems provides no
thorough research of the ACS for air vehicles nor states any issues for their
synthesis. ACS high noise stability, the possibility to reach high probability
for hitting, especially for low contrasted targets, and the comparatively low
price for single used board equipment substantiate their wide use, especially
in light UAV. That is why their research is interesting not only in the
theoretical aspect, but is also of practical value, which is underlined by the
possibility for streamlining the control system for reconnaissance UAV,
developed and produced in Bulgaria.

Block-Diagram of ACS for UAV

As mentioned above, UCAV operators take a very big
psychophysical load upon themselves during the flight to the target. ACS
has been developed in order to reduce that load. After the operator identifies
the target and turns the UAYV in its direction, he just keeps a marker (label,
color point, etc.) on it on his monitor screen till the strike. During that time
the microprocessor systems are calculating the deviation of the UAV from
the target and turn it in such way that its longitudinal axis sticks always
through it.

The diagram of ACS for UCAYV is shown in Fig. 1.

Operator Monitor |« Targel

A

Error calculator

Control
cquipment

LAV

A

Y
Communicating

Carreeting
clements

» Autopilat
channcl

Fig. 1. Block Diagram of ACS for UCAV
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It is synthesized on the base of the following control algorithm.
After the choice and identification of the target, the operator integrates the
longitudinal axis of the board system for air observation (usually television
camera or infrared one) with the UAV longitudinal axis. Thus, the target
view is centralized on the screen of the monitor and at that very moment the
operator marks this position by a marker. When the UAV’s longitudinal axis
deviates from the target, its view moves out of the centre of the monitor
screen. Then the operator indicates again the target by the marker and thus
he shows the deviation of the center, i.e. indentifies the deviation of the
desired value. Based on this error the error calculator determines the UAV’s
deviation from the kinematics path and issues the respective signal to the
control equipment. It produces correcting signals which reach the UAV auto
pilot via the communicating channel. The latter sends the correcting signals
which divert the air vehicle correcting elements (the steering wheel) in the
direction of the issued command. As a result of the wheel’s deviation, the
UAV starts to change its flight path until the commands stop, i.e. until the
target view is back in the center of the monitor.

The essential difference between the ACS whose operation
algorithm was explained above, and the systems controlled manually by
operators, from automation point of view, lies in the operator’s elimination
from the control cycle. Regarding ACS - he has to cover only the target
view on the monitor screen and all the decisions are taken by the dedicated
and universal computers. This elimination of the operator from the control
cycle increases abruptly control quality and the system’s efficiency as the
psychophysical load on him decreases significantly.

Structural Diagram of ACS for UCAV

The ACV for UAV is a device complex. Together with the operator,
these devices measure the target and UAV coordinates and, depending on
the adopted law on targeting, the produces commands, which keep the flight
to the kinematic pathway. In this process, the plane could be considered as
an element of the control system — a generalized correcting element which
eliminates the measured error.

The description of the UAV (the airplane) as an element of the
automation is presented in the available abundant literature on plane control,
e.g. [2], where their longitudinal and cross motion is presented in details.
The integration of the function of the UAV on the angle of arrival 6 with
the angle of alternation of the horizontal wheel 3, could be expressed by:
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is factor of the angle of arrival to the angle of alternation of the horizontal
steering wheel;
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(3) am=—Mj

0wzl — le
where J,, is the plane moment of inertia in relation to the axis O;

V2
@) My=myPsb,

is the plane moment of pitch;
G)  my=f(a,p,M,3,)

is dimensionless factor; B — angle of resistance; M = V,/a — Mah’s figure; a
— local sonic velocity;

— ol
6 ., = 71k
©) 22V,

is dimensionless angular velocity of the UAV around the axis O,;; m,1=do/dt
—angular velocity of the plane around the axis O,; I,— UAV wing-span; V,
— UAV air velocity; p — air density; Si— wing area; b, — middle aerodynamic
chord;
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9 —angle of pitch; o =3+6 —angle of attack;
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9 a)= (-P-Y*+Gsino);

m(t)V,
m(t) — variable airplane mass; P — traction of engine;

2
p\Z/B S0

(10) Y*=CJy
is lifting force; G = m(t)g — UAV gravity force;

(11) a2 = Ji Mo

wzl —
z1

is UAV angular velocity around the axis O;

2
(12 My -mElesp

a

is UAV moment of rotation around the axis O1;
T, =1/aj — time constant of the plane to the alteration of its path;

1
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is time constant of the plane to the angle of attack;
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is damping ratio of the UAV variation to the angle of attack.
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The linear deviation of the plane trajectory strike from the target is
as follows:

(16) X=V, (A, +e,)+r(e, +€.),

where: V,, — the target velocity; A, — the angle between the target velocity
vector and the visual axis of TV system; r — radius vector; g, — the diversion
of the target screen image from the monitor center, converted into angle
measure; &, — the angle between the longitudinal plane axis and the line
which connects the UAV with the target; t=1t,+1 where t_ is time

omep !

constant of UAV and t___ — time constant of the operator.

orep
Equation (16) shows that the linear deviation of the plane trajectory
strike from the target is a sum of two parts, whereas in real tactic conditions
the first part is smaller than the second one. Therefore, the ACS functional
diagram will be synthesized only by the second part. It is shown in Fig. 2.

81-[ e it

Operator < Cinematic unit |« Target
u waline uCK

Coordinator K Com‘mmmdlmE > Wheel

channel
O,
e A
Cinematic unit |« UAYV

Fig. 2. Functional Diagram of ACS for UCAV

The functional diagram above shows that, as a result of the target
trajectory deviation (the angle 0,), the operator observes the deviation of the
angle of error g, on the monitor and moves the marker to the converted
angle o, So as to cover the target’s visualization. The angle oo is incoming
(coordinating) signal for the coordinator. The coordinator is formed by the
error calculator and the control system shown in Fig. 1. It creates the load
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U, Which comes to the steering wheels of the plane (correcting elements)
via the communicating channel. They divert into angle o, according to
which UAV switches over to a new trajectory, whose angle of arrival is 6.
This angle is transformed into angle €. by the kinematic unit. The deviation
of the angle 6 will continue until the equality € = @ - &. = 0 is reached. This
equality is an idealization and usually in the stated regime e—0.

The angle ¢, will change, if any deviation of the plane from its
kinematic trajectory occurs. After that, the equality € = 0 will be broken and
the coordinator will send a command to the UAV, so that it is restored to the
initial trajectory.

The structural diagram of ACS for UCAV could be designed using
the functional diagram (Fig. 2), as shown in Fig. 3.

¢ € 0
W) T W () et w)

A

+

- 8X
£, 0 ,

WK3C (p) b WC (p)

Fig. 3. Structural Diagram of ACS for UCAV

The closed loop control system (without the operator) is of some
interest from theoretical point of view. Using the known characteristics of
the units, which are part of it, it could be shown in Fig. 4. The following
symbols are used: W(p) — indefinite transmission function of the
coordinator; K., — factor of the communicating channel; K,/p — transmission
function of the correcting elements (the wheels); Ko™/Top — transmission
function of the UAV and K,../p — transmission function of the kinematic
unit of the unmanned plane.
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Fig. 4. Structural Diagram of Closed Loop ACS for UCAV

Only the main parameters of the single units of the control system
are taken into consideration in the description, as the influence of the small-
valued second-order parameters has been ignored. Actually, the influence of
the pure delay has been ignored, which could be recognized for the time
constants, whose values are 5-10 times smaller than 1/w..

Conclusions

The structural diagram, shown in Fig. 4 shows that the closed part of
the ACS for UCAV is structurally unstable — there are three integrated units.
Therefore, some special measures for its correction have to be taken. The
easiest way to make this correction is by using classical automation
methods. The transmission function of the coordinator should be considered
as transmission function of consecutive correcting elements and should have
such parameters and structure, so that the closed system has some
previously defined characteristics as:

W, (p)
W(p) '

where W,(p) is the previously desired function of the open loop control
system and

(18) W(p) = WCK (p)WI/I (p)Wc (p)WK3C (p)

a7 W(p)=

When the automation set is used, for example the method of
logarithmic characteristic, the preliminary function of the coordinator Wy(p)
could be determined and some requirements could be applied to it — for
example to optimize the control system in general.
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ABTOMATU3UPAHA CUCTEMA 3A YIIPABJIEHUE HA BOEH
BE3IIWJIOTEH JIETATEJIEH AITAPAT

B. I]exosa

Pe3rome
[IpemutoskeH € eAMH THII aBTOMAaTH3MpaHa CHUCTEMa 3a YIPaBICHHE
(ACY) Ha Ooen Oe3mmoreH JerareneH amapat (BJIA). Karo e u3nosn3sana
onoxoBara cxemMa Ha ACY e cuHTe3upaHa CTpyKTypHaTa i cxema. Cxemure
U YpaBHEHHATA KbM TSIX MOTAT Jia Ce M3MOJ3BaT 3a MbPBOHAYAIHH Pa3vyeTH
u n3cnensanusg Ha ACY nHa BJIA.
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Abstract

Fast algorithm based on digital filters is considered. It is intended to detect
normal and pathologic events in real ECG recordings. The methods for recognition of
normal QRS complexes, pacemakers stimuli and supraventricular extrasystoles are
described. The results of the data processing performed by a program based on the
described algorithm are shown.

The processing of long-period ECG recordings requires relatively
long time periods and depends on the used algorithms. On the other hand, it
also depends on the microcontroller or PC computing power. The dedicated
program products feature average processing time between 5 and 10 minutes
after which, in many cases, manual data processing has to be done. As a
result, the overall processing time grows up to one hour.

The aim of this work is to propose and describe a fast algorithm for
detection of normal and pathologic events in a real 24-hour ECG recording
where the average main processing time of the signal is reduced to 30
seconds. The great number of variations for the patterns of normal and
pathological events makes the recognition process very difficult.

To solve the problem and satisfy the requirements arising from the
nature of the ECG signal and processing time, digital filtration is chosen.
The method of digital filtration is used as a base of the algorithm, where the
output signal is given by equation (1):
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Where: x[k] - input data and a;, b; - constant coefficients.

To reveal the specific parts in the ECG recording, it is expedient to
use a digital filter with second order Butterworth type infinite pulse
characteristic, whose structure is shown in Fig.1.

1 |z102)

|N_|1

Fig. 1. Structure of the used Butterworth type digital filter

Where: X —filter input;
Y — filter output;
g1, 92, g3 — gain coefficients;
a(1,2,3) b(1,2,3 ) — filter coefficients;
z%(1,2,3) — the last value of Z;

The signal processed with this filter provides to obtain the required
filter slope and high event-detection speed typical for the ECG signal. The
algorithm of the signal processing is shown in Fig. 2.

The algorithm works with two data arrays, Buffl[n] and Buff2[n],
registered by the first and second channel of the ECG holter. The length of
the record is 24 hours. The Event[n] array is intended to save the type and
place of the discovered event. Nk is a constant representing the number of
discrete determined by formula (2).

\ _120*F,
@ T 1000
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Where: Nk discrete number, 120 constant (set equal to 120 ms and used as
time threshold in detecting ventricular extrasystoles)

Fig. 2. Signal processing algorithm
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In practice, quite often, ECG data recorded by different types of
pacemakers, such as unipolar, bipolar, “on demand” and more has to be
processed. This makes data processing more difficult. A common feature of
all these devices is the generation of a short pulse (width of 1-7 ms) with
each heart contraction.
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Fig. 3. Determination of the stimulating pulse place in the RR interval
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Fig. 4. Results after the signal processing
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To find the place of the stimulation pulse in the RR interval, the
signal has to be passed through a band digital filter with band frequencies of
20-30 Hz. If the signal is greater than the preliminary set threshold (not
shown in Fig. 2 to simplify the algorithm’s diagram), we consider that a
stimulation pulse is generated at this place. Then, all signals greater than the
threshold are ignored for a time period equal to 200 ms corresponding to
heart rate of 300 beats per minute, upon detecting the event (Fig. 3). The
results of the signal processing are shown in Fig. 4.

If there is no indication of the presence of cardiostimulator, the
algorithm starts processing the signal using the band pass filter within the
range of 12-20 Hz. The difference between the levels in the same part of the
recording, processed by a detecting filter for stimulator generated pulses and
the normal QRS complex is shown in Fig. 5 (20-30 Hz) and Fig. 6 (12-20
Hz).
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Fig. 5. Detecting pulses generated by a cardiostimulator

During the analysis and detection of the normal QRS complexes,
time-frequency valuation could be applied, using the proposed algorithm for
VES detection. Ventricular extrasystoles (VES) are wider than normal QRS
complexes. Normal QRS complexes change within the range of 50-110 ms
for healthy people and depend on sex and age. For VES detection, the signal
must be processed using a low pass digital filter with frequency of 0-0.7 Hz.
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Fig. 6. Detecting pulses from normal QRS complex

The output of the filter follows the isoline of the signal recorded by the
registration device and is used as start voltage threshold — first crossing
point of the event on the graphic and the filter output signal, or end voltage
threshold — second crossing point of the event on the graphic and the filter
output signal. If the measured time is greater than 120 ms, the algorithm
determines that a VES event is discovered. The measurement is presented in
Fig. 7.
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Fig. 7. VES detection algorithm
The signal processing is carried out simultaneously on both

channels. It is enough to satisfy the requirement for the time threshold in
one of the two channels to determine that the event is VES. The presence of
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artifacts with width close to VES’s width will be recognized as a VES. The
correction can be made by secondary data analysis and the application of
various correlation analyses.

Conclusion

The method described above reduces greatly the time period of long
time period ECG recordings. The method increases the reliability of the data
processing results. The fast algorithm provides to make one or more
processing passes of the signal for secondary analysis. Analyses for
different recording lengths are possible. The method is useful in cases where
human status needs to be determined quickly under extreme conditions,
such as during space missions.
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BbP3 AJITOPUTHBM 3A OTKPUBAHE HA HOPMAJIHU U
IMATOJOI'MYHU CBBUTHUSA B EJIEKTPOKAPJIUOI'PA®CKHU
3AIIMCH C TOJIAMA ITPOABJIZKUTEJIHOCT

Cm. Tanees, Iln. Tpenoaghunos, I1. I'enoe, /1. Taneea
Pe3rome
Pasrnenan e Obp3 adropuThM 3a OTKPUBAaHE HAa HOPMAJIHHU M IaTO-

noruuau cwoutus B peaneH EKD 3ammc. AnropuTbMbT € 0OasupaH Ha
06paboTka Ha curHaga ¢ HUppoB GUITHP OT BTOpH pex Tum Butterworth.
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Onucanu ca eranute npu oOpaboTKara Ha CUTHaJa 3a paslo3HaBaHE Ha
HopMmasiHM QRS  KOMIUIEKCH, CTUMYJHMpAaIld HMMITYJICH OT KapIHOCTH-
MyJIaTOp ¥ KaMEpHM eKcTpacucTtosnd. IlocturHata € BHCOKa CKOPOCT Ha
Obp30J€iicTBUE U BHUCOKA CTENEH HA JOCTOBEPHOCT Ha PE3yiTaTUTE IpU
U3II0JI3BaHE HA MUHUMAJIHU U3YUCINUTENHU pecypeu. [lokasanu ca pesynra-
TUTE OT aHaJIM3a Ha CUIHaja C Iporpama, paboTelia MO ONMMCAHUS aJro-
PUTBHM.
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New Books

A NEW BOOK DEDICATED TO NATURAL DISASTERS AND
SPACE METHODS AS A POWERFUL TOOL TO COMBAT THEM*

Millions of victims, much more left
injured and homeless, great material
losses and heavy destructions — these
are just some of the negative effects of
the various natural disasters worldwide.
Even today, in the beginning of the 21*
century, they are taking their heavy toll
of human lives and material damages. It
is agreed unanimously that such toll and
damages strongly depend on the quality
of the buildings’ construction and the
population’s preparedness. The
effectiveness of emergency planning
measures and their enforcement, the
: quick and well organized response to
_'igﬁ € o natural disasters are among the most
O e s B | important  factors  for  successful
mitigation of the wvarious natural
hazards. This has always been a crucial
topic and now, shortly after the end of
the UN’s Triennium of the Earth, 2007-
2009, the entire world is allocating a lot of resources, developing educational
programs and taking active measures to mitigate the calamitous effects of
earthquakes, tsunamis, global climate change and all other catastrophic events
occurring on the Earth’s surface. Five years after the devastating tsunami in the
Indian Ocean (The Boxing day event, which took more than 300,000 victims and
left more than 1,000,000 people homeless), and while still shocked by the recent
calamitous earthquake in Haiti (with estimated human toll of over 70,000 people,
not to mention material damages) people are still unable to put up with such big
tragedies. Why the scientific community has been silent about these event, which
hit so unexpectedly. And when will thy strike again?...

lapo MapgupocgH

Axagemu4Ho uizgamencmao [Mpod. Mapux Jpunos™

It has become clearer than ever now that humanity is going to experience an
increasing number of disasters in the future due to the dynamic Earth. Global
climate change, the development of the ozone hole, the El Nino phenomenon and
the fast geodynamic events registered by the GPS in the solid earth, as well as the
increased urbanization are the main factors which will augment Nature’s negative
effects on people’s everyday life.
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Therefore, the newly published book “Natural Hazards and Ecological
Catastrophes — Study, Prevention, Protection” is very useful and actual. The author,
Prof. Garo Mardirossian from the Space Research Institute of the Bulgarian
Academy of Sciences, does not need some special presentation. Well known for his
popular scientific books, he is working hard on the problems of natural hazards and
their study by aerospace methods and techniques. This is his 5" book on the topic,
all of them accepted gratefully by the audience.

In the beginning of his last book the author provides some general data about
natural hazards, their generation and development and the many physical properties
underlying their potential to cause negative effects. Many terms like risk,
vulnerability, multi risk and preliminary assessment of consequences are
highlighted. Significant attention is paid to ecological catastrophes, war
consequences and geophysical weapons. Step by step, the study goes deeper to
unveil the nature and effects of such calamitous events as earthquakes, landslides,
cyclones, volcanic eruptions, tsunamis, avalanches, floods, wild fires,
thunderstorms, tornadoes, etc. Each disaster type is dedicated a separate chapter.
The author provides a lot of data for their occurrence, statistics of the victims and
the damages, and describes the most extreme cases. Special attention is paid to
natural hazards on Bulgarian territory. The main parameters generating the
negative effects for the population and the infrastructure are discussed. Special
attention is paid to the prevention and protection of the individuals and society. The
presentation of the potentials of aerospace technologies for such studies and
observations and their high effectiveness is very useful. While supporting the idea
that these methodologies could be a very effective tool to combat natural disasters,
the book provides a lot of improvements that have been made during the new
millennium.

The text is well narrated and illustrated with many schemes, figures and photos. It
could be useful to many different specialists — scientists and researchers in the field
of geophysics and ecology, geography and meteorology, decision-makers and civil
defence servants, engineers and land planners, as well as students from schools and
universities. The book contains 372 pages, 56 figures, and 20 tables. It is supplied
with annexes containing the measurement scales for the various natural hazards.

The actual content and usefulness of the book alongside with the fact that books on
this topic are rarely published both in Bulgaria and abroad make the book of Prof.
Mardirossian a major event in our scientific community.

Assoc. Prof. Dr. Boyko Ranguelov

*Mapoupocan, I. ,,[Ipupodnu b6edcmeus u ekokamacmpopu — uzyuasaue, npegeHyusl,
sawuma’” . Axademuuno uzoamencmeo ,,llpog. Mapun [punos™, Cogus, 2009, 372 cmp.
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In memoriam

Prof. DSc Dipl. Eng. Nikola Georgiev

On 10.08.2009 the outstanding Bulgarian
scientist Prof. Nikola Georgiev, DSc, passed
away at the age of 75.

Prof. Georgiev was a widely recognized geodesy
expert. He graduated from the Higher Institute of
Architecture and Construction. He started his
scientific and pedagogical career at the Higher
People’s Military Artillery School, Town of
Shoumen, where he lectured in Mathematical
Geodesy and Cartography, Geodetic Astronomy,
and Physical Geodesy. During this period he
became post-graduate student of the prominent
Bulgarian scientist-geodesist, Acad. VI. Hristov,
and in 1967 presented successfully his PhD
Thesis on the topic The Direct and Reverse
Geodetic Problem for Great Distances which
was published as a monograph in 1967.

In 1965, Prof. N. Georgiev joined the Central Laboratory for Higher Geodesy
(CLHG) at the Bulgarian Academy of Sciences (BAS) as a Research Fellow. Here,
he focused his scientific activity and interests in the field of Space Geodesy, a new
and prospective scientific field at that time. In recognition for his successful results,
during 1975-1977, he was invited to work for the Council of Astronomy of the
Russian Academy of Sciences, where he developed analytical theory for high-
precision determination of Earth satellite orbits and their use for the purposes of
space geodesy. In 1978, he presented his Doctorial Thesis at the A. Sterberg State
Institute of Astronomy of the M. Lomonossov State University of Moscow on the
topic A Satellite Geodesy Orbital Method for Short Time Intervals to acquire the
title Doctor of Physico-Mathematical Sciences. The major results of this thesis
were published in the joint Bulgarian-Russian monograph Using Earth Satellite
Optic Observations for Geodetic Purposes which was published in 1979 and later
on gained great popularity.

Upon his return to Bulgaria in 1977, N. Georgiev was appointed Director of the
CLHG-BAS. Here, he organized a large team of researchers and professionals,
which developed successfully various aspects of the analytical theory for
determination of satellite orbits, with particular emphasis on its application for the
purposes of global geodynamics. Under his supervision, the CLHG continued its
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scientific research work in both the traditional fields of higher geodesy, as well as
in some new areas. In his capacity of Director of the CLHG, Prof. N. Georgiev
paid particular attention to the young researchers assisting their scientific and
creative development.

From 1990 to 2007, Prof. Georgiev worked for the SRI-BAS where he focused his
efforts on the methods for georeference, rectification, and interpretation of high-
resolution space images; space methods for study of regional and global
geodynamics; analysis of remote-sensing and ground-based studies of the
neotectonics and geodynamics of the Moesian platform. During this period, he was
also Chairman of the General Assembly of Scientists.

The career of Prof. N.Georgiev was marked not only by his prolific scientific
activity, but also by his pedagogical practice. He lectured at the Higher Institute of
Architecture and Construction, the Gen. Blagoy Ivanov Higher People’s Military
Construction School, the Higher People’s Military Artillery School, the University
of Shoumen and more.

The results of the long-lasting and scientific and organizational activity of Prof. N.
Georgiev resulted in his wide international recognition. He was member of
international and overseas organizations, his name is inscribed on a number of
home and foreign encyclopedias, he was elected member of a number of foreign
Academies of Science on account of his academic achievements, he was also
leader of international projects and programs. Some of the prestigious positions
held by Prof. Georfgiev are: National Coordinator and active participant in
influential overseas organizations, such as: INTERCOSMOS, KAPG, COSPAR,
MAG, MCIT; Scientific Secretary of the Dedicated Scientific Council in Geodesy
and Geophysics; member of the Scientific Council in Geophysics at the Higher
Attesting Committee; Vice-Chairman of the Dedicated Scientific Council in
Geodesy at the Higher Attesting Committee. His versatile and rewarding activity
was honoured by the awarded Order of Cyril and Methodius, I class, Golden Order
of Labour, Badge of Excellent Worker of the BAS etc.
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