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Introduction

Computer science is no more about
computers than astronomy is about
telescopes.

— Edsger Dijkstra
Dutch computer scientist

The operation of the magnetic dynamo is the primary cause of the chromospheric
activity of the dwarf stars. Depending on the mass of the dwarf star, the magnetic
dynamo operates in two different regions in the stellar interiors — below the convec-
tion zone or in the convection zone. One of the manifestations of its operation are
the sporadic flares which are studied in this thesis. The flares are sudden, rapid
and intense increases of the brightness of the star. They occur when magnetic en-
ergy that has built up in the stellar atmosphere is suddenly released and radiation
is emitted across virtually the entire electromagnetic spectrum, from radio waves
to x-rays and gamma rays. A flare basically starts with magnetic flux emergence,
which is the emergence of magnetic field on the surface of the star, carrying mag-
netic energy from the interior to the atmosphere. Part of this magnetic energy is
immediately released when emerging magnetic field expands to form a magnetic
structure on the surface. The expansion is driven by the Lorentz force, generated
by the cross-field current — the electric current crossing the magnetic field. On the
other hand, the electric current flowing along the magnetic field (called field-aligned
current) does not generate Lorentz force, so its energy does not play role in the ex-
pansion process. In addition, the field-aligned current is not easy to dissipate in a
highly conductive medium such as the corona, so it is stored there as free energy
that becomes the energy source of flares and flare-associated phenomena (Shi-
bata & Magara, 2011). In contrast, a finite value of resistivity causes the Ohmic
dissipation of the cross-field current, which is especially efficient in a region, called
current sheet, where an intensive electric current flows. At some point the dissipa-
tion causes topological change in the magnetic field called magnetic reconnection,



this way reducing the magnetic field to a state that has lower energy than before.
Through this process the magnetic energy stored inside and outside the current
sheet is converted to kinetic and thermal energy. Magnetic reconnection is also
accompanied by generation of a strong electric field around the current sheet (con-
vective electric field), which could accelerate charged particles (Shibata & Magara,
2011). Sometimes these events go along with phenomena such as optical oscilla-
tions which are rarely observed and not well explained.

Light oscillations during the stellar flares have been reported for the first time by
Rodono (1974), and confirmations appeared later by Zhilyaev et al. (2000) and
several other articles. Further studies of these subtle phenomena with higher tem-
poral resolution and better precision can contribute to the understanding of the
smaller scale processes that take place during the stellar flares and their expla-
nation. Which in turn can help drawing a more detailed picture of the whole event
and the processes that cause it.

The observations of variable stars, especially those which show fast changes in
their brightness, require high speed and high precision photometry. In order to
study events like low amplitude optical oscillations and small scale fluctuations in
the light curves, synchronous observations are required. These observations have
to be carried out simultaneously at two or more, preferably distant, sites (Romanyuk
et al., 2001), which allows the identification and elimination of artifacts produced by
the equipment and the atmospheric interferences. In this way the fine structure of
the light curve is revealed with a significant certainty.

In order to study these events a new high speed time synchronized photometric
system had to be designed, which addresses the requirements of the observations
of high frequency subtle phenomena during stellar flares. It provides remote auto-
mated and centralized control of the photometric equipment over a computer net-
work, as well as remote monitoring. Furthermore, some preliminary data processing
can be performed at the time the data is obtained.

Using this system a study of chromospherically active dwarf stars is carried out,
two of which, EV Lacertae and AD Leonis, are presented here. EV Lacertae was
observed with the first prototype of this system in 2004 during an international ob-
servational campaign in collaboration between Greece, Ukraine and Bulgaria. AD
Leonis is observed with the final version of the system during several internal ob-
servational campaigns between 2006 and 2008 using three Bulgarian telescopes at
NAO Rozhen and AO Belogradchik. The observational data is analyzed using tech-
niques, some of which are used for the first time for searching for high frequency
optical oscillations during the flares of the chromospherically active dwarf stars.
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Thesis Structure

Part |

This part gives an overview of the chromospherically active dwarf stars and the
goals of this study are defined. It also briefly describes several commonly used
photo detectors in astronomy and discusses their properties in terms of their fitness
for high speed photometry.

Part i

This part describes the principles used in the development of the synchronous sys-
tem for high speed photometry with distant telescopes. It gives an overview and
description of the hardware and the software developed for the system.

Part lll

In this part the observations and the methods for data processing are descried, and
the results from the studies of EV Lacertae and AD Leonis are presented.

Appendices

In this part a complete description of the separate hardware units and software
modules of the synchronous system of distant telescopes is given including: timing
diagrams, communication protocols, configurations, hardware signals, user guides
etc.






Part |

Overview

Even if you're on the right track, you’ll get run
over if you just sit there.

— Will Rogers
US humorist and actor






1.1

Chromospherically Active Dwarf
Stars

Discovery and Classification

Flare stars have been detected for the first time in 1924 by Hertzsprung. On one
of the plates exposed on January 29 while photographing faint stars in the constel-
lation of Carina one of the stars turned out to be 2™ brighter than it was registered
on the other plates. The fast increase of its brightness implied that the star could
not be to classified as a novae or as an oscillating RR-Lyrae type stars. Therefore
Hertzsprung speculated that this event may be a result of an asteroid falling on the
star. This seems to be the first registered flare of a chromospherically active dwarf
star.

In December 1938 while studying the spectra of faint stars in the constellation of
Orion Wachmann (1939) found unusual variable star with abnormal spectrum. The
spectrum was obtained by using an objective prism, the spectrum was discretely
broadened in one direction at 0.02mm every 6 minutes for one hour in total. During
the first third of the exposure the spectrum resembled one of the nucleus of a plane-
tary nebula of the WR type. On the continuous radiation background continuum the
spectrum showed strong emissions in H,, H;, H. and H.. After that the brightness
of the star decreased by at least one and a half magnitudes and on the remaining
part of the exposure mostly the emission lines were visible. At the same time the
spectrum of the nearby star showed uniform darkening throughout the length. On
the photographs taken a month later the spectrum of this star was a normal K star
spectrum with no emission lines.

In 1940 during the study of the parallaxes of faint stars van Maanen (1940) found
that Lalande 21258 (WX UMa) which is a star of M6e spectral type had brightness
of 16™ on more than twenty plates, except for two plates, obtained on May 11, 1939
with separation of half an hour between the exposures, where it had brightness of
14.2™ and 14.5™. Several years later van Maanen (1945) found out the same dur-
ing the measurement of the parallax of Ross 882 (YZ CMe). In his announcement
he mentioned that both stars had low absolute brightness and are of a late spectral
type, so they have to be variable stars of the same type.

13
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In 1947 Luyten discovered a very high proper-motion of 3.3"/year of the star L 726-8
and attracted the attention of the astronomical community to this object. Carpenter
discovered that the star has very red colour and he measured its parallax. Page and
Struve obtained spectra of this star and determined that it has M6 spectral type with
emission lines of hydrogen and calcium. Joy & Humason (1949) observed L 726-8
on the 2.54m reflector telescope on Mount Wilson and discovered that it is a binary
star and the two components were separated by 1.5". Van Bisbruk and van den Bos
carried out micrometric observations of this binary system. This was a collaboration
with Carpenter who exposed a plate for determining the parallax of the star on which
he made five separate exposures and one of the images of the star turned out to
be much brighter than the other four. During the study of the plate Hughes and
Luyten concluded that it was due to flare of the fainter component of the system. In
three minutes the brightness of this star increased at least twelve times. Collecting
all the previously announced observations Luyten (1949) found that the system L
726-8 is a binary system with components of the lowest mass and estimated the
energy of the outburst at about 4x103! Ergs and noted the explosive nature of its
release. After that Joy & Humason (1949) announced additional important data
obtained on the 2.54m reflector at Mount Wilson. In August and September 1948
they obtained spectra of each of the components of the system. On all of the plates
they saw a spectrum of an M dwarf with very strong emissions of the hydrogen and
calcium. Butone of the spectra was very different. The absorption lines were almost
washed out by a strong continuous emission, which was especially pronounced
in the wavelengths shorter than the wavelength of Hs. The bright hydrogen lines
were amplified compared to the calcium lines and some other emissions lines were
vivid, but there were no forbidden lines. Joy and Humason were sure that they
had observed similar event to the one registered photographically by Carpenter.
However, unlike Luyten who assumed that the increase of the brightness during the
flare was caused by the emerging of the emission lines in the fainter component,
Joy and Humason concluded that the increase of the brightness is mainly due to
the continuous emission. Later the fainter component of the system L 276-8 was
designated as UV Ceti and became known by this name.

This study of UV Ceti provoked more detailed research of the variable stars of the
spectral type dMe and within the next decades a lot of data on these objects was
obtained. During these years photoelectric studies were carried out for the first
time. This made possible detailed light curves of the flare events to be registered
(Gordon & Kron, 1949; Liller, 1952; Roques, 1953, 1954).

During the years a lot of sporadic studies about the flare stars were published but
few of them shed any light on the nature of the flares of the UV Ceti type stars.

Chapter 1 Chromospherically Active Dwarf Stars



1.2

They were more about describing these stars, their common characteristics, as
well as their place among the other eruptive variable stars. A major role in this

played the numerous publications of Petit (1954, 1955, 1957, 1958, 1959, 1961).

The results of this initial accumulation of data on the activity of red dwarf stars
were described in detail by Gershberg (1970). In 1958 on the X meeting of the
International Astronomical Union the stars of the UV Ceti type were classified as
a separate type of erupting variable stars and defined as dwarf stars with spectral
types from dM3e to dM6e which are characterized by rare and short flares with
amplitudes between 1™ to 6™. The maximum brightness (usually quite sharp) is
achieved in several seconds or several tens of seconds after the beginning of the
flare and the total duration of the event is from 10 to 50 minutes. UV Ceti is given as
a typical example. This definition is updated and extended in the recent revisions
of the General Catalog of Variable Stars but is still clearly photometric: "Eruptive
variables of the UV Ceti type, these are K Ve—M Ve stars sometimes displaying flare
activity with amplitudes from several tenths of a magnitude up to 6 mag in V. The
amplitude is considerably greater in the ultraviolet spectral region. Maximum light
is attained in several seconds or dozens of seconds after the beginning of a flare;
the star returns to its normal brightness in several minutes or dozens of minutes.”
(Samus et al., 2012).

General Characteristics

The flare stars of the UV Ceti type are known in the solar vicinity and in several
close-by open clusters. Being dim or very faint objects these stars can be studied
in details at distances of less than several dozens of parsecs. But on the other
hand, they make a significant part of the stellar population. Their density in the so-
lar vicinity is about 0.056 stars/pc? and the total stellar density is no more than twice
this value (Shakhovskaya, 1995). The fast decrease of the density of the flare stars
with the increase of the distance from the sun is explained with the low luminosity
of these objects, which makes them difficult to detect at greater distances. This hy-
pothesis was confirmed by the statistical analysis made by Mirzoyan et al. (1988).
This way the known stars of the UV Ceti type can be considered a random selection
from the stellar population of the galaxy, determined by the location of the sun. A
list of the known flare stars in the solar vicinity is created in the Crimean observatory
by Gershberg et al. (1999). The current version of this database consists of about
240 flare stars. On the other hand Hawley et al. (1996) carried out a spectral clas-
sification of about 2000 close to the sun M dwarfs and found that 105 of them with
spectral types M0—M3 and 208 with spectral types M4—M8 show emissions. Com-

1.2 General Characteristics
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bining the data from Gershberg et al. (1999) and Hawley et al. (1996) the spectral
distribution of the chromospherically active dwarfs is given in Table 1.1.

Table 1.1. The number of UV Ceti type variable stars by spectral type according to Ger-
shberg et al. (1999) and Hawley et al. (1996)

Spectral type G0-G9 KO-K3 K4-K8 MO0-M3 M4-M8
Number of stars 10 19 25 146 212

Petit (1961) and Joy & Abt (1974) discovered a fast increase of the share of the emis-
sion line stars with the transition from early M to late M dwarfs and Joy & Abt (1974)
concluded that all dwarf stars later than M5.5 are emission stars. But Giampapa
(1983) discovered that among M6 and later dwarfs dominate the non-emission ones.
According to Shakhovskoy (1993) the share of the flare stars among the dwarfs in-
creases from 3% for the early G to 30% for the late M types. According to Hawley et
al. (1996) the share of emission line objects in K6 is 1%, in MO—M3 is approximately
10% and monotonously increases to 60% in M6 and after that decreases, from 32
dwarfs of later spectral sub-types only 13 have emissions. This complex relation is
determined by the combination of several factors: the observable stars, because
both the flares and the active chromospheres are easier to find on later stars, the
possible longer duration of the evolution phase with existing emissions in the less
massive stars (Herbst & Miller, 1989; Hawley et al., 1996) and the real decrease
of the activity of the coolest M stars. However, Herbig (1956) discovered a flare on
the low mass star VB 10 several orders more powerful than the most powerful ones
ever observed on the sun. Later, Linsky et al. (1995) registered an ultra-violet flare
on the same star and Fleming et al. (2000) - an X-ray flare. Tinney et al. (1997)
suspected variable emission in H,, on a very cool and fast-rotating dwarf BRI 0021-
0214 with a spectral type >M9.5. Also, on the star 2MASSW J0149090+295613
with a spectral type dM9.5e, a flare was registered with amplitude of the equivalent
width of H,, of about 30 (Liebert et al., 1999). The discovered spots on stars with
very low masses (Terndrup et al., 1999; Krishnamurthi et al., 2001) and the X-ray
flares on the LHS2065 (Schmitt & Liefke, 2002) suggest, in line with the aforemen-
tioned facts, that this type of stellar activity takes place on the stars at least till the
end of the main sequence.

Gizis et al. (2000) executed a systematic study of the chromospheric activity of
the faintest stars on the main sequence. They studied 60 M7-L dwarfs and found
that around M7 almost 100% of the stars have emission in H, and it decreases
to 60% in LO and to 8% in L4 dwarf stars. However, the ratio of the luminosities
Lua/Lver = Rie in these ultra-cool stars never reaches the values typical for the

Chapter 1 Chromospherically Active Dwarf Stars



earlier M dwarfs. The decrease of this ratio begins on M6 and continues to the late
L dwarfs. Based on the variations of H,, in the discussed set Gizis et al. (2000)
concluded that the flare activity is a common of the M7—M9.5 dwarfs and that up to
half of their fluxes in H,, could be due to the flares.

More than 30% of the known stars of the UV Ceti type are members of a double
or multiple star system. Moreover, the lower the luminosity of these objects, the
more probable it is that they are members of such a system (Pettersen, 1991). But,
among all the spectral types, there exist definitely single flare stars. Therefore,
being a member of a double or multiple star system is not a necessary condition
for this type of activity, however it may be beneficial.

Nonactive M dwarfs are the slowest rotating stars on the main sequence. Their
rotational velocities usually do not exceed 2 km/s (Marcy & Chen, 1992) but the
rotational speeds of the flare stars as a rule significantly exceed this number. In
40% of the single UV Ceti type variables this velocity is around 10km/s. Out of
29 dMe (dwarfs with emission) stars discussed by Stauffer & Hartmann (1986) 11
have rotational speed higher than 10km/s, while out of 170 dM (dwarfs without
emission) stars only 1 or 2 have rotational speeds close to that value. Also, in the
non-synchronized double stars the rotational velocities are significantly higher. In
G1 890 (dM1.5e) which is a suspected double Vsini=70km/s (Pettersen et al., 1987).
In the K2 dwarf BD+08°102 which is in a system with a white dwarf Vsini ~90km/s
(Kellett et al., 1995). According to Bopp & Espenak (1977) and Bopp & Fekel (1977)
a strong chromospheric emission and the star spots appear at rotational velocities
>5km/s. But this criteria is not strict - there are emission dwarfs with rotational
speed around 4km/s (Torres et al., 1985). The stars with rotational speeds less than
1-2 km/s do not flare and have very low chromospheric activity (Pettersen, 1991).
While in G and K dwarfs there is a good correlation between the level of activity and
the rotational velocity (Hartmann & Noyes, 1987) in M dwarfs this correlation dimin-
ishes or even disappears. In the flare stars Proxima Centauri Vsini=0.5km/s and
in GL 890 Vsini=70km/s, however lg(L ./ Lyo) Which characterizes the emission
of the calm chromosphere in these stars differ only by 0.4. It has to be mentioned
that the low value of Vsini for Proxima Centauri is due to the real rotational speed
and not due to the angle i, as its rotational period is about 42 days (Benedict et al.,
1993). According to Basri (2001) after M5 the share of the stars with high rotational
velocity increases and almost reaches 100% in M9.5 and stays like that in the L
dwarfs. All of the above is a confirmation of the role of the rotational velocity in the
level of the permanent chromospheric and coronal emissions in the lower right part
of the main sequence.

1.2 General Characteristics
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The difference between the GO dwarfs (stars with a structure similar to the sun) and
the latest M dwarfs is quite significant. In this range of spectral types the effective
temperature is in the interval from 6000K to 2500K, the masses of the stars are
from 1M, to 0.06M,, the radii from 1R to 0.1Rs, and the luminosities from 1L, to
0.0008L,. Along with these considerable quantitative apparent differences, there
are important qualitative differences in the internal structure. In the G dwarfs in
the central regions a nuclear fusion of the hydrogen takes place and the energy
transmission is radiative, the convection zone reaches depths of only about 30%
of the stellar radius from the surface, while in stars of spectral types close to M3.5
with masses 0.35 My, and effective temperature about 3500K the layer between the
core and the convection zone (the radiative zone) disappears and the stars become
fully convective.

The magnetic field topology differs significantly for the fully convective and not fully
convective stars. Donati et al. (2008) studied 6 non fully convective dwarfs with
spectral types between M0—M2.5 and masses between 0.48M and 0.75M, four
of them with significant differential rotation. The results show that for the stars with
masses >0.5M, the toroidal component dominates over the axisymmetric poloidal
component of the magnetic field. On the other hand the stars with masses <0.5M,
the axisymmetric poloidal component is dominant. A study by Morin et al. (2008)
of five stars close to the threshold of full convectivness with spectral types between
M3-M4.5 and masses around 0.35M, shows that the magnetic fields of these stars
are mostly axisymmetric poloidal fields. Another sample of 11 fully convective M
dwarfs is studied by Morin et al. (2010). The stars are with spectral types between
M5 and M8 and masses between 0.08M., and 0.22M,. All of the stars in the sam-
ple have a dominant poloidal component, however they are divided in two groups:
one group has axisymmetric poloidal dipole fields and the other has more complex
fields with noticeable toroidal component. These studies show that the stars more
massive than 0.5M; have magnetic fields with topologies similar to the hotter K
or G stars which are predominantly generated in the area with the highest rate of
differential rotation, located between the radiative zone and the convection zone,
called tachocline. However the stars with lower masses with almost rigid rotation
are also capable of sustaining a magnetic dynamo, but its operation is significantly
different — it operates in the convection zone.

Close to M9 the red dwarfs are replaced by brown dwarfs at a mass about 0.07 M.
The temperature in the core of these stars is not enough to sustain the hydrogen
fusion and therefore there are no nuclear sources of energy. However, the tran-
sition from the main sequence dwarfs to brown dwarfs may not be accompanied
by a considerable change of activity (Gershberg, 2002) as long as they also have
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convective interior and considerable axial rotation, and these are among the main
factors causing the generation of the magnetic fields in the small and middle mass
stars and their chromospheric activity. The discovery of the X-ray radiation in the
young brown dwarfs apparently supports this assumption (Neuhauser & Comeron,
2001).

1.2 General Characteristics 19






2.1

2.1.1

High Speed Photometry

Brief overview of the common photo detectors used
in Astronomy

The photo detectors for high speed photometry should have several important fea-
tures. Being high speed photometry, it is intended to study the high frequency
features of the light intensity variations of the astronomical objects, therefore the
detector should have high temporal resolution. On the other hand, the light flux
from these objects is very low and often require longer integration times, so to be
able to reduce the integration time a high quantum efficiency is needed. These two
conditions, the short integration time and the low brightness of the studied objects,
lead to a low output levels of the signal, which in turn adds another requirement
— low detector noise. In terms of these requirements, some of the most common
photo detectors in astronomy are discussed below.

Charge-coupled devices

Since its invention in 1969 at Bell Labs, the Charge-coupled device (CCD) quickly
became popular because of its versatility and features such as image capture.
Nowadays there are many variants of the CCD design and new are being devel-
oped. Some of these designs are optimized for different applications but in general
the CCDs are very reliable, simple and can be used in large arrays.

In the CCDs designed for image capturing, there is a photosensitive region, an epi-
taxial layer of silicon, and a transmission region made out of an insensitive to light
shift register. The image is projected on the photosensitive region which is basically
a capacitor array. This results in accumulation of electric charge in each capacitor
proportional to the light intensity hitting it. Once the array has been exposed, a con-
trol circuit causes each capacitor to transfer its charge to its neighbor (operating
as a shift register). The last capacitor in the array dumps its charge into an ampli-
fier, which converts the charge into a voltage. After that the the charge is shifted
again and the charge of the next capacitor is converted to voltage and so on. This

21
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sequence of voltages can be digitized and stored in a memory and can be used to
reconstruct the original image.

This charge transfer poses several issues with the CCDs. One of them is the read-
out which sometimes takes seconds and even minutes for the large arrays. The
newer CCDs implement different readout processes like reading a specified part of
the whole CCD image to speed up the reading. This way the readout time can reach
milliseconds. Another issue with the CCDs is the charge not being fully transferred.
The ratio of the transferred charge to the total charge is called Charge Transfer
Efficiency (CTE). For the recent CCDs the CTE may exceed 99%. However, CTE
depends on the readout speed, the faster the readout the lower the CTE. So, to
achieve a high CTE it is necessary to slow down the readout process and the digiti-
zation rate, thus making CCDs not very good candidates for high speed photometry.
However, there are several high-speed CCD based instruments like ULTRACAM
(Dhillon et al., 2007). This instrument is a triple-beam CCD camera that can do
up to 10 frames/second with 75% duty cycle and 40 frames/second with only 3%
duty cycle in normal readout mode. To achieve higher performance several heuris-
tic readout modes are implemented that allow ~500 frames/second with 75% duty
cycle. These modes increase immensely the complexity of the controller hardware
and software, and the data produced is up to 50 GBytes per night, which makes it a
very expensive instrument to build and to run, thus not very suitable for producing
multiple copies needed for the synchronous network of telescopes.

CCDs are probably the most widely used photo detectors in astronomy, for they
have many advantages, like high quantum efficiency, linearity and ability to register
fine details, but their relatively slow readout speed makes them challenging to use
for high speed photometry.

Avalanche photodiodes

An avalanche photodiode (APD) is a highly sensitive semiconductor device which
operate using the photoelectric effect to convert light to electricity. APDs are photo
detectors that provide a built-in gain through avalanche multiplication. Functionally
they can be regarded as the semiconductor analog to photomultiplier tubes (See
Section 2.1.3). Due to the impact ionization also known as avalanche effect, by
applying a reverse bias voltage, APDs show an internal current gain effect. The
typical reverse voltage of operation is around 100-200V and the gain is around 100,
though some APDs are designed so that they allow greater voltage to be applied
(more than 1500 V) before breakdown is reached and greater operating gain is
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achieved (greater than 1000). In general, the higher the reverse voltage the higher
the gain.

The gain varies strongly with the applied electric field strength, the temperature,
and the doping profile. because of that it is necessary to control the reverse bias
voltage to keep a stable gain. For even more stable gain a temperature control has
to be utilized too.

However, for some applications this gain is not sufficient like the high speed pho-
tometry in astronomy. For that reason another type of APDs is developed with gain
in the range of 10° to 106, this APDs are usually dubbed single-photon avalanche
diodes (SPAD) or Geiger-mode APDs in analogy with the Geiger counter. SPADs
are also based on a p-n junction but it is reverse-biased at higher voltage V,, that
exceeds breakdown voltage V, of the junction. At this bias, the electric field is
so high, higher than 3x10° V/cm, so that a single charge carrier injected into the
depletion layer can trigger a self-sustaining avalanche. The current rises with a
sub-nanosecond rise-time to a level in the milliampere range. If the primary carrier
is photo-generated, the leading edge of the avalanche pulse marks, with picosec-
ond time jitter, the arrival time of the detected photon (Zappa et al., 1996). This
current continues until the avalanche is quenched by lowering down the bias volt-
age V, below V,. This way the lower electric field is no longer able to accelerate
carriers to impact-ionize with lattice atoms, therefore the current ceases. In order
to be able to detect another photon, the bias voltage must be raised again above V,
(Zappa et al., 1996). To achieve this an additional circuit is necessary. It needs to
be triggered by the edge of the avalanche current and to drop the V,. The simplest
is the passive circuit which is a single resistor in series with the SPAD, so as the
current rises the voltage on the resistor rises this way dropping the voltage on the
SPAD. Once the voltage can not sustain the avalanche the current stops and the
voltage on the resistor decreases, raising the voltage on the SPAD making it ready
to be triggered again. More complicated active circuits can be used to quench the
avalanche much faster this way reducing the time between the possible triggers.

In this mode of operation the intensity of the signal is estimated by counting the
number of pulses within a defined time slot. However while the avalanche recov-
ery circuit is quenching the avalanche and restoring the bias, the SPAD can not
detect photons and if another photon reaches the sensor during this time it will not
be counted. If the number of photons is such that the time between them is close
to the avalanche recovery time, the missing counts are statistically significant and
the increase of the count rate is not in linear relationship with the light level any
more. If the light level is increased more the saturation will occur, the SPAD im-

2.1 Brief overview of the common photo detectors used in Astronomy
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mediately avalanches the moment the recovery circuit restores bias. This is the
maximum count that that can be reached. So the maximum count is purely limited
by the recovery time, however working close to the saturation maybe harmful to the
device.

Besides photon-generated avalanches, the generation and recombination processes
within the semiconductor can also trigger the avalanche process. The resulting av-

erage number of counts per second is called dark count rate. The dark count rate

is the most important parameter in defining the noise of the APD. The higher the

noise the lower the biased time, which in turn limits the time a real photon can be

detected. Therefore, in order to work as a single-photon detector, the dark count

rate should be low enough, well under a thousand counts per second.

Avalanche photodiodes are the most sensitive semiconductor light detectors. Their
use in astronomy is increasing and for some application are already replacing the
photo multiplier tubes.

Photo multiplier tubes

A photomultiplier tube (PMT) is a light detector built as vacuum tube consisting of
an input window, a photocathode, focusing electrodes, several stage electron multi-
plier and an anode usually sealed into an evacuated glass tube. There are several
possible layouts. The most common layouts are the linear type shown on Figure
2.1 and the circular-cage shown on Figure 2.2. They are extremely sensitive de-
tectors of light in the ultraviolet, visible, and near-infrared ranges. These detectors
have exceptionally high internal gain up to about 10® and individual photons can
be detected when the incident flux of light is very low. These vacuum tubes are
among the few that are not obsolete yet. The high gain, the low noise, the ultra-fast
response and the large photo sensitive area (unlike APDs) has maintained their
place in Astronomy and nuclear and particle physics.

The operation of the PMT can be describes as follows (see Figure 2.1): Light passes
through the input window and excites the electrons in the photocathode and photo-
electrons are emitted into the vacuum due to the external photoelectric effect, then
photoelectrons are accelerated and focused by the focusing electrode onto the first
dynode where the secondary electron emission takes pace and they are multiplied.
The secondary emission is repeated at each of the successive dynodes. Each dyn-
ode is held at a more positive potential, by about 100 V or more, than the preceding
one. This electric field accelerates the photoelectrons towards the next dynode, and

Chapter2 High Speed Photometry



FOCUSING ELECTRODE

SECONDARY
ELECTRON LASTDYNODE  STEMPIN
ELECTRON
'I‘ VACUUM
) (~10P™)

DIRECTION
OF LIGHT =—™

FACEPLATE /

VARV
o\ N\

ELECTRON MULTIPLIER ANODE
(DYNODES)

PHOTOCATHODE

RO

STEM

Tuc

Figure 2.1. The internal structure of a linear photo multiplier tube (Hamamatsu, 2006)
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Figure 2.2. The internal structure of a circular-cage photo multiplier tube (Hamamatsu,
2006)

at the end the multiplied secondary electrons emitted from the last dynode reach
the anode, where they are collected.

The PMT can operate in two modes: electric current measuring and Photon count-
ing mode. In the electric current measuring mode the PMT produces an output
current proportional to the flux of the input light. This mode is adequate for rel-
atively high to moderate light levels. However if the light levels are very low the
photon counting method is more adequate. This way each photon that managed
to trigger emission of photoelectrons produces a negative pulse at the anode. By
counting this pulses for a certain amount of time the level of the light can be es-
timated. However, false pulses can be triggered even if the PMT is in compete
darkness, just like in the APDs. This can obscure the measurements but the level
of dark counts per second here is usually around 100-150 or less than that at room
temperature, and can be decreased significantly by cooling the PMT.

2.1 Brief overview of the common photo detectors used in Astronomy
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2.2 Choice of the detector

The discussed detectors have their strengths and weaknesses, but as mentioned
before the most important features for this study are: the fast response time, the low
noise level and the high sensitivity. A relative comparison between the described
detectors is given in the Table 2.1. According to it the best choice is the photomulti-
plier tube. On the other hand the better sensitivity in the near ultraviolet makes the
PMT even more preferable. Besides these quantitative advantages the PMT has
one purely subjective advantage, namely a PMT based photometers are available
on all of the telescopes planned to be used in this study.

Table 2.1. Detector comparison

Detector | Sensitivity Response time Noise level
CCD high slow low
SPAD high fast moderate
PMT high fast low

2.3 Principles of photon counting with PMT

A diagram of PMT in photon counting mode is given on Figure 2.3. When a single
photon strikes the photocathode of the PMT, single photoelectron is emitted. This
photoelectron is multiplied by the cascade process of secondary emission through
the dynodes (normally about 107 times). When the secondary electrons reach the
anode, they produce output pulse that can be counted by the processing circuit. As
mentioned before this operation is possible only in extremely low light levels.
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Figure 2.3. PMT in photon counting mode (Hamamatsu, 2006).

(D(D

26 Chapter2 High Speed Photometry



2.3.1

When the light level is very low and no more than two photoelectrons are emitted
within the pulse width of the photomultiplier tube, the photon counting is possible.
This light level is called “single photoelectron region”.

Efficiency and pulse heights

For the photon counting the quantum efficiency is an important parameter. It gives
the probability of photoelectron emission when a single photon strikes the photo-
cathode. In this single photoelectron region, when a photon hits the photocathode
the number of emitted photoelectrons is either one or zero. The quantum efficiency
is the ratio of the number of photoelectrons emitted from the photocathode to the
number of incident photons per unit time. Sometimes the photoelectrons emitted
from the photocathode (the primary electrons) deviate from the normal trajectories
and are not collected by the first dynode, the probability that they will reach the first
dynode and contribute to gain is known as collection efficiency. Thus, the overall
efficiency in photon counting mode is given by the ratio of the number of counted
pulses to the number of incident photons and is called detection efficiency or PMT
counting efficiency. It is given by the relation:

DE = Ny4/N,=n X« (2.1)

where N, is the counted value, N, is the number of photons, 7 is the quantum
efficiency and « is the collection efficiency of the dynodes. It is worth noting that the
detection efficiency greatly depends on the threshold level used in the discrimination
process, which is described later.

Frequency
Pulse height (charge)

n

PR
.~ .

Number of pulses Time

Figure 2.4. Typical pulse height distribution of a PMT and its output.

2.3 Principles of photon counting with PMT
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The number of secondary electrons released from the dynodes is not constant.
They are several per primary electron with a broad probability roughly seen as a
Poisson distribution. The average number of secondary electrons § per primary
electron corresponds to the multiplication factor of the dynode. This way if the PMT
has n stages the average number of electrons at the photocathode is §™. As this
photon count varies, each pulse at the anode exhibits a certain distribution in pulse
height because of fluctuations in the secondary multiplication factor at each dynode
which depends on the dynode position and electrons deviating from their trajecto-
ries. Figure 2.4 shows a histogram of PMT output pulse heights. It can be seen that
a certain pulse height is most probable and the probability of lower or higher pulses
decrease. However, the probability of low pulse heights increase as they get lower.
There are output pulses even if no light falls on the PMT called dark current pulses
or noise pulses. They mainly originate from the thermal electron emission at the
photocathode and at the dynodes. The electrons from the dynodes are multiplied
less than those from the photocathode and this explains the higher probability of
the pulses with lower height. Figure 2.5 shows the pulse height distribution of the
total signal (solid line) and of the dark current (dashed line). It can be seen that
the lower the pulse height the more probably it is a dark current pulse. This way by
discarding the pulses with lowest amplitudes one can increase the signal to noise
ratio. This is achieved by setting a certain level of discrimination L (see Figure 2.5).
On the other hand setting very high L the detection efficiency is decreased. Basi-
cally the best value of L is a matter of balance between the dark counts and the
photon detection efficiency. As a rule of thumb, good value for L is at the left side
(at the beginning) of the dark current plateau.
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Figure 2.5. Typical pulse height distribution of a PMT (Hamamatsu, 2006).
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2.3.2

2.3.3

Photon counting circuit

Figure 2.6 shows typical configuration of the circuit for photon counting. The pulses
from the PMT are amplified to more manageable levels by the amplifier AMP. Then
according to the discrimination level, the pulses lower than LLD threshold (and op-
tionally higher then the ULD threshold) are discarded by the discriminator. Later
the pulses are shaped and leveled so that they can be counted by a standard bi-
nary pulse counter, usually requiring Transistor-Transistor Logic (TTL) levels at the

input.
—,r’ﬁ—(uw)
I\
in TTL LEVEL
Aow e
I
o T (ULD) 8888
AN LLD
PHOTON  pyp AMP DISCRIMINATOR ~ PULSE COUNTER
SHAPER

Figure 2.6. Example circuit configuration for photon counting with PMT(Hamamatsu,
2006)

Another important parameter of the PMT operation is the supply voltage V;. The
Figure 2.7 shows the curves of the noise, the signal-to-noise ratio and the signal
by varying the PMT supply voltage V. This figure implies that the PMT should be
operated in the range between the voltage V( at which the plateau region begins
and the maximum supply voltage. These plots are called the plateau characteristics
(Hamamatsu, 2006). It can also be seen that in the plateau range, the change in
the number of counts depends less on the supply voltage V.

Linearity of the photon counting

The photon counting mode is linear over a wide range. The lower limit of linearity
is determined by the number of dark current pulses, and the upper limit by the max-
imum count rate. The maximum count rate depends on the minimum time interval
at which two pulse can be separated. The reciprocal of this time is the maximum
countrate. However, since the photons usually arrive at random, the counted pulses
may possibly overlap. Considering this probability of pulse overlapping (count error
caused by pulse overlapping), the actual maximum count rate will be about one
tenth of the calculated above (Hamamatsu, 2006). Here, if the true count rate is IV,

2.3 Principles of photon counting with PMT
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Figure 2.7. Plateau characteristics of a PMT (Hamamatsu, 2006)

the measured count rate is M and the time resolution is ¢, the loss of count rate
N — M can be expressed using the dead time Mt caused by pulse overlapping, as
follows:

N — M = NMt (2.2)

Thus the true count rate can be calculated:

M
N:
1— Mt

(2.3)

This formula can be used to correct the count error. According Hamamatsu (2006)
if t = 18ns. The count error is corrected to within 1% even at a count rate exceeding
107s~L. The photon counting mode of the PMT is very similar to the photon counting
mode of the SPAD therefore this correction applies to the SPADs too.

Signal-to-noise ratio

As shown before the number of photoelectrons produced per unit time and also the
number of secondary electrons produced, are determined by statistical probability
of events which can be represented by a Poisson distribution, but this is not the
only source of noise in the measurement. The signal itself is also noisy and one
of the sources of noise in the signal is the earth atmosphere. Being impossible
to isolate the signal from the background light at the time of measurement, makes
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the background light the third source of noise. Therefore besides measuring the
light from the object, the sky background light and the noise from the PMT (the
dark counts) should also be measured. Using the three main components of noise:
noise from the signal itself, noise from the background light and the noise from the
PMT, the signal-to-noise ratio (SNR) can be estimated:

NNT

SNR =
\/NS —|—2(Nb—|-Nd)

(2.4)

where N, is number of counts per second resulting from incident light, N, is number
of counts per second resulting from background light, V; is the number of counts
per second resulting from dark current and T' is measurement duration (integration
time) in seconds. Here the number of counts per second of the true signal N; is
obtained by subtracting N, + N4 from the total number of counts N;;. As it can be
seen there is no need to measure N; and N, separately to evaluate the SNR as
they are used as a sum. It is easier to measure them as a sum by measuring the
total sky background N;, = N, + Ny. Thus, only by using the measured values Ny
and Ny, the SNR can be estimaated:

(Nts - Ntb)ﬁ

SNR =
vV Nis + Ny

(2.5)

2.3 Principles of photon counting with PMT
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Goals of the study

The flaring red dwarfs are the most numerous variable stars, and one of their im-
portant features is producing sporadic flares. They were detected within the whole
wavelength range from hard X-ray to decimeters in the radio range. Sometimes
during the flares, these stars show fine structures in the light curves like optical
oscillations, which are not well studied but are believed to be associated with the
magnetic loops on the surface of the star. Studying this fine features in the light
curves will reveal some of the magnetic structures on the stellar surface and ex-
plain some of the processes taking place in the stellar chromospheres.

Two stars are selected for this study EV Lacertae and AD Leonis. Both of them
are very active M dwarfs that show indication of a very complex surface magnetic
topology and pretty high flare frequency. High frequency oscillations in the optical
region were detected before only on EV Lacertae by Zhilyaev et al. (2000). What
comes to AD Leonis there were only evidences for such in the radio wavelengths
(Stepanov et al., 2001; Zaitsev et al., 2004) but no optical oscillations have been
detected before.

These optical oscillations have very low amplitudes and they are very short, from
several seconds to several dozens of seconds. Some of the other phenomena, like
flickering, have similar characteristics, which makes them very difficult to observe
and study. So the observation of these transient events require relatively high time
resolution (in some cases <0.1 sec), to be able to resolve the fine structure, and
being subtle require multi-telescope time synchronous simultaneous observations,
to discard the features introduced by the local environment such as the earth at-
mosphere. On the other hand the flares are the most prominent in the shorter
wavelengths such as near ultraviolet. Which makes this portion of the electromag-
netic the best candidate for the study. To meet these somewhat contradicting re-
quirements a new photometric equipment has been developed and described here
(see Parts Il and Appendices). These factors were considered in order to choose
the photo detector. The main choices were charge-coupled device (CCD) and the
photo-multiplier tube(PMT), as they were already available for use on most of the
telescopes planned to be used in this network. Because of the high sensitivity espe-
cially in the Ultraviolet and the virtually unlimited time resolution the PMT is chosen.
However, the system design allows another sensors that react to single photons
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to be used without modification, such as avalanche photo diodes and multi-pixel
photon counters.
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Part Il

Network—based Synchronous System for
High Speed Photometry with Distant
Telescopes

Starlight is falling on every square mile of the
earth’s surface, and the best we can do at
present is to gather up and concentrate the
rays that strike at area 100 inches in diameter.

— George Ellery Hale
Harpers magazine, April 1928






System overview

The system described here is designed to address the requirements of the observa-
tions of high frequency phenomenaduring stellar flares. It provides short integration
time up to 0.001s. There is no dead time between the integrations. It provides high
sensitivity in the ultraviolet band as it uses Photo Multiplier Tube (in photon count-
ing mode) as a light detector. It also provides remote automated and centralized
control of the photometric equipment in the network, as well as remote monitoring.
It provides the ability to carry out simultaneous and synchronous observations on
many telescopes of the same object synchronized to several microseconds. Some
preliminary data analysis can be performed in real time while data is gathered and
visually represented on the computer screen. It makes use of the GPS technology
to achieve the accurate time synchronization between the observing sites and it
allows instant exchange of the data between the sites through a computer network
(Internet or local area network) while providing a mechanism for remote control.

Figure 4.1 shows a diagram of the system. The common use cases of the system
are described below. The telescopes at Observatory A and Observatory B are ob-
serving the same object at precisely the same time, using their own GPS receivers
for time synchronization. Both observations can be controlled from a single place
either one of the observatories or a third place called Control site. Another scenario
is when each observation is controlled locally but in a synchronous way (the indi-
vidual measurements are always started at precisely the same time) and only the
data is exchanged in real time between the sites participating in the network. Third
scenario is when Observatory A and Observatory B have no network connection
between them. In this case no real time data exchange is possible. However time
synchronization is still possible by prenegotiating the parameters of the observa-
tions and the use of GPS at each site will provide the precise timing. The system
can also be used as a standalone self-sufficient photometric system on a single site
only.

The core of the system is the Photon Counting Module (PCM) and its accompanying
software. The system provides tools to control the telescope, the filter wheel and
the photometer. The components of the system are described in more details in the
next section.

37



Common object
, N

N .

Monitoring or
Controlling Site

Connections:
—~— Physica
<— Logica

Figure 4.1. The architecture of the synchronous photometric network of telescopes
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5.1

Hardware

Photon Counting Module

The Photon Counting Module (PCM) is the heart of the synchronous network of
telescopes. It serves for light measurements and photometer control. It obtains the
data, provides the accurate timing (synchronized with GPS), controls the filters and
transfers the data to the computer. PCM can work with up to eight channel pho-
tometers. The specifications of PCM are given in Table 5.1 and its block diagram
is shown on Figure 5.1.

Table 5.1. Specifications of The Photon Counting Module

Min. integration time 0.01s (0.001s with USB)
Max. integration time 655.35s
Integration time increment 0.01s (0.001s with USB)
Resolution of the internal RTC 0.001s

Time synchronization drift (with GPS) < +2us

Time adjustment resolution 0.1 us

Counter max. value (per channel) 224

Input signal level TTL or ECL
Communication interface RS-232 at 115,2 kbps or USB
Power supply AC/DC 9 — 24V 300mA

The PCM is synchronized with the GPS time by the Synchronization Unit. It controls
the Photon Counters and strobes them precisely for each integration. The Control
Unit is responsible for gathering the observational data from the Photon Counters,
controlling the filter revolver, initializing the Timing Unit and sending the data to
the computer through the Communication Unit. Further data transfer is carried out
on a software level on the computer connected to PCM. Currently two versions
of PCM are built. One five channel version is built for the AZT-11 telescope at
Crimean Astrophysical observatory. And four 2 channel versions, two working on
the 60cm Cassegrain telescopes in Belogradchik and Rozhen Observatories and
two on the 2m Ritchey-Cretien telescopes in NAO Rozhen and Terskol Observatory.
The user’s guides of the PCM are provided in Appendix | and Appendix J.
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Figure 5.1. Block diagram of the Photon Counting Module

Synchronization Unit and Real Time Clock

Each measurement is tagged with an accurate time stamp provided by the Real
Time Clock (RTC). The RTC itself is synchronized using the PPS (pulse per second)
signal from the GPS receiver. The PPS accuracy for the used Accutime 2000 GPS
receiver by Trimble is supposed to be < +100ns when doing over-determined fixes
(Trimble Ltd., 2000). For that reason The internal clock resolution of the system is
chosen to be 100ns. And the synchronization is achieved by adding or subtracting
100ns quanta to the RTC. This time quantum value is small enough to provide short
term stability of the photon counts of +2 counts/sec as the photon pulse length
provided by the Photometer is T, ~40ns.

The resolution of the time stamps provided by the RTC is 0.001s, but this is not
an issue as each measurement series are started precisely at a round second.
This ensures that the accuracy of this time stamp is better than the designed long
term stability of < +2us. However the tests performed show that the PCM’s RTC
compared to to GPS’s RTC never exceeds 600ns. lllustration of this is provided on
Figure 7.1. Taking in to account that the PPS offset of the Acutime 2000 Receiver
is < +100ns, this yields total RTC accuracy of £700ns which is well in the design
tolerance of £2us.
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5.1.2

5.1.3

Channel Counters and Filter/Tag Registers

Each channel consists of a counter and a filter/tag registers. Each Channel counter
is organized as a 16bit hardware counter which value is read by the Control Unit
once every 1Tms and the value is added to the accumulator register of 24bits size.
The hardware counter is a free running counter and its value is never cleared and
it is never stopped. All the channel counter values are read in precisely the same
time. The control unit reads this value and subtracts the previous value to get the
actual value of the counter and this value is added to the Accumulator register. The
total value accumulated for a given period of time in the Channel accumulator is the
total count of photons registered.

This counter design provides several benefits over the conventional design. One
of them is that the dead time between measurements is 0. Which makes time
synchronization of the integrations a desired side effect. Second, one can add
safely several (let us say n) measurements of £ seconds each together. The result
will be precisely what what one would measure if he had made one measurement
of nk seconds and the time synchronization will be preserved too.

Each Channel has a filter/tag register. It is used for controlling the filter wheel and
Tag the object that is observed. By writing the Number of the filter in this register
the PCM issues a command to the Filter Tag Control Unit (FTC) (see Appendix K
and Appendix L) to set the desired filter. Reading this register will provide the actual
value of the filter and the Tag that is currently set. The tag is a short abbreviation
to give the observer an idea what is measured, like variable star (Var), comparison
star (Comp), dark current (Dark), sky background (H) etc. It behaves the same way
as for the filter, writing the number of the tag to this register, sets the desired tag in
FTC.

Control and Communication Units

The PCM s built around the PIC18F452 micro-controller manufactured by Microchip.

So the organization and control of the subsystems in PCM is done by the firmware
running on this controller. In addition to these tasks this unit provides the commu-
nication with the controlling computer. The communication interface is RS-232 or
USB, but currently only RS-232 Devices are used. For receiving commands and
data transfer PCM uses PHOT protocol. This is a binary protocol optimized and de-
signed specially to provide the functionality of PCM. Full description of the protocol
is given in Appendix G.

5.1 Photon Counting Module
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Filter & Tag Control Unit

Filter and Tag Control Unit (FTC) is a remote control for the PCM and the filter wheel.
Itis located at the telescope and gives the observer quick and easy way to start/stop
measurements, change filters and tags. It has a display to give an instant feedback
of the actions taken by the operator and to provide information about the current
state of the system.

Two versions of the FTC are developed. A detailed descriptions of the two versions
(FTCO1 and FTCO02) are provided in Appendix K and Appendix L respectively.

The communication between FTC and PCM is done through a custom interface and
protocol. A detailed description of which is available in Appendix M.
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6.1

Software

The software is based on a client-server architecture which allows the system to be
controlled or monitored from a distance, and also allows real time data exchange
between the observing sites. The software consists of four different modules: phot-
srv — server module, which must run on the computer physically connected to the
hardware of the photometric system (PCM); photclient — the client software, which
can be run on any site with a network connection to the site where the server is
running; devsim — hardware simulation, which can be run everywhere for training,
demonstration, software development or troubleshooting; and photview — an appli-
cation used to visualize and edit already obtained data.

The communication between the server and the client is implemented using Trans-
mission Control Protocol over Internet Protocol (TCP/IP). The connection is con-
sole oriented, so that many standard programs can be used such as telnet to send
commands and receive the results of their execution. However the provided client
software (photclient) uses Graphical User Interface and the user is not supposed
to type commands.

Server Software: photsrv

The server software is designed to run on UNIX or UNIX-like operating systems. Itis
coded in C programming language using POSIX application programming interface.
The data exchange protocol over the network is text-based, which makes it easy
to use without the client part of the software. For example one can simply type
commands and get the results using the standard telnet utility provided by many
operating systems.

The server supports two types of incoming connections — Read-only (RO) and
Read/Write(RW). The RW connections provide full control of the system, while the
RO connections serve exclusively for monitoring and data collection. Only one RW
connection is accepted at a time, whereas there can be more than one RO connec-
tions.
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Figure 6.1. Block diagram of the server software: photsrv

The server software has three main layers (Figure 6.1): Access Control Layer, User
Communication Layer and Hardware Communication Layer.

Access Control Layer

Photsrv uses access control list (ACL) with user specified rules to grant or refuse
different types of connections to different users and sites. In addition, the maximum
number of concurrent connections can be limited. The control can be done by IP
address of the client computer or by its network address. Types of access are: read-
only — used to obtain the data in real time; read-write — used to have full control over
the system; and deny — denies access to the specified computer or network. Full
specification of ACLs can be found in Appendix E.

User Communication Layer

This layer is responsible for parsing and dispatching the user commands to the ap-
propriate driver in the Hardware Communication Layer and for delivering the results
back to the user according to the PHOT console protocol (Appendix F). A Time Syn-
chronization channel is implemented in this layer between the PCM driver and the
GPS driver in order to ensure independence of the PCM firmware from the specific
communication protocol of the GPS receiver.
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6.1.4

Hardware Communication Layer

This layer includes drivers for communication with the hardware components of the
photometric system — GPS driver, PCM driver and Telescope driver. More details
are provided below.

GPS Communication Driver

This Driver is used for communication with the GPS receiver, it is used to access the
receiver status number off satellites used and various information provided by the re-
ceiver, but its main purpose is to get the accurate time and the accurate time stamp
of each Pulse Per Second (PPS) signal used by PCM for the precise time synchro-
nization. Currently only Trimble Accutime 2000 GPS Smart Antenna is supported
by the driver, but if necessary support for more GPS receivers can be added.

PCM Communication Driver

This driver implements the PHOT protocol described in Appendix G to communicate
with the PCM device. It also implements the time synchronization with the GPS
using a Proportional Integral (Pl) controller described in section 6.1.4

Telescope Communication Driver

The last version of photsrv can directly communicate with and control the telescope.
It can slew the telescope to a desired object or to desired coordinates. This is used
to automate the observations with minimal input from the observer. For the time
being two telescope control protocols are implemented, ASCOL protocol used by
the 2m Ritchey-Cretien Coude at NAO Rozhen and Celestron Nexstar protocol used
by a variety of amateur telescope mounts.

Time Synchronization

The PCM real time clock uses the clock pulses from the oscillator. But the oscil-
lator frequency is not stable enough. It changes with the temperature, therefore
continuous synchronization is needed. The RTC works according to Equation 6.1,
where T};... is the time resolution of the RTC, F,,. is the supposed frequency of

6.1 Server Software: photsrv
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the oscillator and K is a constant so that T}, = % However F,,. is not precise
and it stability depends on the temperature, that is why the term n is introduced as
correction value, which is adjusted constantly to ensure the desired precision of the
RTC timer.

K+n
FOSC

The correction value is determined using a Proportional Integral Derivative (PID)
controller implemented in photsrv. The common form of the controller is given by
Equation 6.2.

t d
MV (t) = Kpe(t) + Ki/o e(t)dr + Kdae(t) (6.2)

Here MV (t) = % is the manipulated variable, ¢(t) is the offset from the desired
value, in this case the offset of PCM time from the GPS time Torrset = Taps—Tpom
at the given time, ¢ is the integration period, and K, K; and K, are proportional,
integral and derivative gains.

Based on the tests performed the derivative term can be dropped by setting K; = 0.
This way in photsrv a Proportional Integral (PI) controller is used. Also this form of
the controller is not very convenient for the this application as the time smoothness
should be ensured, no two consecutive seconds should differ with more than 1/ F.,
which is 100ns in this case. So the Equation 6.2 is slightly changed to take the form
of Equation 6.3

MV(t) = K, <e(t) + Ti /0 te(t)ch) (6.3)

Here T; = % is the integral time, this value has a physical meaning, which is that in
the ideal case all errors accumulated within the integration period ¢ should be fully
compensated in time T;. This makes possible to ensure the desired smoothness of
time by adjusting T; every integration period.

To adjust time on the PCM a command adjrt is used which accepts as a parameter

the the value of MV (¢)~! calculated as shown above. To get an accurate value of
the time offset 7,/ s..: the command rdrt2 is used. These commands are to be used

Chapter 6 Software



6.2

by the photsrv and the user does not have to take care of the time synchronization.
For detailed description of the commands see Appendix F and Appendix G.

Using this algorithm the offset of PCM time from the GPS time T, is never
observed to exceed +0.6us as illustrated on Figure 7.1.

Client Software: photclient

The client software runs on a variety of operating systems including MS Windows
and and a variety of UNIX clones like Linux, Solaris, FreeBSD etc. It is implemented
in Perl programming language using Perl/Tk toolkit to build the graphical user inter-
face. The client is used for system control, monitoring, data collection and real time
data visualization. A screen shot of photclient is shown on Figure 6.2. Photclient
can operate in two modes — manual mode, in which every measurement cycle is
configured, started and stopped manually, and batch mode (Figure 6.3), which en-
ables the observer to make a plan of the whole observation and let the system
carry it out in automatic mode without user interaction. These two modes are avail-
able only for the read-write connections connections as they allow full control of the
system.

File Edit Observation Analysis Object Setlings Help
Qutput file: | »fhome/rumenftest.pdt 12153
Patrul | Batch | 1320
I = v | v -|
Channel #2: g0 u@  ~| varo) | s

_| Synchronize RT on start  Integration time (s): 005 3|

Mumber of integrations: |0 3
=

Abort Devridy

Time Stamp |

1
1
1
1
14:
14
14.
1
1
1

AT

9654

as21

50

100

150

250

Status = | abort Ok | 01-11-2006 14:40:44.071 -0.0006 0.0001 Set RT

Figure 6.2. User interface of the client software running with devsim
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For running photclient in batch mode the user must create a script as described in
Appendix H. An example script is given below.

# UBV 10x1s, Stl1, Var, H (3 times).
integr 1 10

.repeat 3
# filter U
setft U Stl
.message Point the telescope to "St1"
start

setft U Var
.messageb Point the telescope to "Var"
start

setft U H
.messageb Point the telescope to "H"
start

# filter B

setft B Stl

.messageb Point the telescope to "Stl1"
start

setft B Var
.messageb Point the telescope to "Var'

start

setft B H
.messageb Point the telescope to "H"
start

#filter V

setft V St1l

.messageb Point the telescope to "Stl1"
start

setft V Var
.messageb Point the telescope to "Var
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start

setft V H
.messageb Point the telescope to "H"
start

.end

Photclient has some useful additional features like monitoring of the GPS receiver
status, different modes for data visualization (as a raw data graph or a Fourier
spectrogram), support of user defined object database, displaying object hour angle
and elevation and many others.

@ = @ Pphot (Read/Write sessiok)

File Edit Observation Analysis Object Settings

Outputfile: | /home/rumeniDropbox/Mine/photclient-gitftest,
Patrol | Baich | Notes |

Script Stopped

.repeat 3

.m=ssage Point the telescope to "sStlv
«messageb Point the telescope Lo "var®

.messageb Point the telescope to. MHE

Run Stop Pause Continue

Status > | sbort Ok 26-04-2015 21:14:43.113 -0.0003 0.0000 SetRT |

Figure 6.3. User interface of the client software running in batch mode with devsim

Data viewer: photview

This application is used for visualization and simple editing of the already acquired
data. The user can copy some parts of the data and save them in a different file. All
the measurements are presented in the top left panel (see Figure 6.4) along with
some data like start time, photometric channels used and the integration time.

If the user selects one of them the data will be visualized as text in the bottom
panel and as a graph for the selected channel in the right panel. If one clicks on the

6.3 Data viewer: photview
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graph the data point will be highlighted in the text representation of the data and
vice versa.

@S photview

File Edit Setlings

‘Whole flle: "ad150107_r2m.pdt"

:59:25.000 0.10
:59.000 0.10
:50.000 0.10
:16.000 0.10
:35.000 0.10
:06.000 0.10

91999
\ |

| ellck_graph(): X: 1414 Value: 539

Figure 6.4. User interface of the data viewer — photview, showing real flare of AD Leonis
observed at NAO Rozhen on January 16, 2007

6.4 PCM Simulator: devsim

The PCM hardware simulator is based on the source code of the PCM firmware. It
can be used as a debugging tool and as a training tool for users without the need for
access to the real system. The software can simulate a variable star that produces
flares on a regular basis, it can also simulate comparison star, dark current, sky
background etc. The level of noise in the simulated data is also configurable. Full
documentation of the device simulator is available in Appendix A and Appendix B.
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Tests and First Light

The first real tests of the system were performed at the National Observatory Rozhen

on the 2-meter telescope during the synchronous observational campaign in Septem-

ber 2004 in collaboration with Terskol, Crimean and Stefanion observatories, in
Russia, Ukraine and Greece respectively. PCM was attached to the Bulgarian-
Ukrainian Photometer described in (Antov et al., 2001). Some of the flares observed
during this campaign are analyzed and the results are given in Chapter 8.

PCM'’s Real Time offset from the GPS Time
1.5e-06 T T T

le-06 [ T

5e-07

Time offset (s)

-5e-07 .

-1e-06 T

-1.5e-06 L L L L
0 5000 10000 15000 20000 25000
Time (s)

Figure 7.1. PCM’s real time synchronization drift measured each second for 25000 sec-
onds (about 7 hours).

All the data about AD Leonis used in Chapter 9 is obtained with with the described
system and Figures 9.5 and 9.10 are a good illustration of the concept behind the
synchronous observations. Figure 9.5 shows a good correlation of the light curves.
It can be seen that the fluctuations superimposed on the flare, observed on the two
telescopes have a high degree of coincidence in their structure. This is an empirical
confirmation that the features observed during this flare are results of real events
taking place on the star triggered by the flare, or they are direct result of the flare
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itself. On the other hand Figure 9.10 shows that the light curves start to diverge
on the descending slope of the flare, probably due to a transient decrease of the
atmospheric transparency on one of the sites, therefore the dip on the descending
slope observed on one of the telescopes is not a real feature of the flare.

Figure 7.1 shows the synchronization drift of the PCM time compared to the GPS
time for an uninterrupted period of about 7 hours, measured every second. It is
worth noting that the time difference does not exceed 0.6usec, which is well in the
specified 1usec limit. Multiple tests have been performed in different conditions and
the results are consitent. Once the GPS is in high precision mode and doing overde-
termined fixes (Trimble Ltd., 2000), the time difference rarely exceeds 0.5usec and
never 0.6usec.
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Part I11

Study of the Flares of EV Lacertae and AD
Leonis

Across the sea of space, the stars are other
suns.

— Carl Sagan
American astronomer






Synchronous Observations of EV
Lacertae

EV Lacertae is a red dwarf star with spectral type M3.5 (Osten et al., 2005). It is
one of the brightest flare stars with V = 10.26™ (Gliese & Jahreiss, 1991). The star
has a Vsini = 4.5 km/s (Johns-Krull & Valenti, 1996), which is relatively high for
an M dwarf. The high activity of EV Lacertae supposes that the star has a strong
magnetic field. Taking into account the radius of the star R~0.36 R, (Chabrier &
Baraffe, 1997), the rotational period of EV Lac is about 4 days, which is supported
by the photometric period of 4.4 days determined by Pettersen & Sandmann (1992).
The mass of the star is M = 0.35M, (Phan-Bao et al., 2006).

Some studies from the 1970s and 1980s suggest that EV Lacerta has an unre-
solved companion. Rojzman (1984) suggested an eclipsing companion because
there was no correlation between the flare frequency and the long term photometric
light curve. Another study suggests that its mass is likely between 2 and 4 Jupiter
mases, a period of 45 years and a high orbital eccentricity (e~0.5) (Lippincott, 1983).
An earlier astrometric study carried out by van de Kamp & Worth (1972) suggests
way more massive companion with orbital period of 28.9 years and mass between
0.01 and 0.03M,. So the question about the companion of EV Lacertae remains
open.

High frequency optical oscillations during flares of EV Lacertae are reported be-
fore by Zhilyaev et al. (2000). At an early stage of the unfolding of the flare, an
oscillation with a period of 25.7 seconds is reported and around its maximum an
oscillation with a period of 12.8 seconds is reported. These observations were in-
terpreted by Kouprianova et al. (2004) and they concluded that the source of such
oscillations is located at the magnetic loop footpoint. The pulsations are determined
by modulation of the flux of energetic particles descending along a loop with fast
magnetoacoustic oscillations. Within the framework of the model, Kouprianova et
al. (2004) have estimated that the loop height should be approximately 10'° cm,
which is approximately 0.4R,, the plasma density is approximately 2x10!! cm~3,
the plasma temperature is approximately 4x107 K and magnetic field strength is
320 G.
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Observations

EV Lacertae has declination of about +44° and it can be monitored continuously
for up to 8 hours during autumn nights.

The Synchronous Network of Telescopes, involving telescopes at four observato-
ries in Ukraine, Russia, Greece and Bulgaria is used to study the fast variability of
active stars with high time resolution. The flare star EV Lac is observed from four
separate sites for 14 nights in September 2004, using the following instruments:
the 2-m Ritchey-Chretien and the 60-cm Cassegrain telescopes at Peak Terskol
(North Caucasus) with a high-speed two-channel UBVR photometer (Zhilyaev et
al., 1992), the 30-inch telescope at Stephanion Observatory in Greece, equipped
with a single-channel photometer with digitized readings in the U band (Mavridis et
al., 1982), the 1.25-m reflector AZT-11 at the Crimean Astrophysical Observatory
with a five channel UBVRI photometer-polarimeter (Kalmin & Shakhovskoy, 1995),
the 2-m Ritchey-Chretien telescope at the Rozhen Observatory with the Bulgar-
ian Ukrainian Universal Photometer (Antov et al., 2001) and the prototype of the
PCM (see Chapter 5 and Appendix 1) and the 60-cm Cassegrain telescope at the
Belogradchik Observatory with a single-channel UBV photon-counting photometer
(Antov & Konstantinova—Antova, 1995).

The typical integration time was 0.1s. The sky background was subtracted from all
the data. The basic photometric package of the Crimean Astrophysical Observatory
was used to transform the instrumental magnitudes to the standard UBVRI system.
It is worth mentioning that the prototype of the Photon Counting Module and the
photometric system described in Part Il is used for the fist time for real scientific data
acquisition in this observational campaign at the 2-m telescope at NAO-Rozhen.

Methods

Toincrease the signal-to-noise ratio, digital filtering of the available photometric data
is performed. Kaiser convolution is used to obtain a low-frequency outburst light
curve from the sets of EV Lacertae data and a moving-average is used to suppress
high-frequency noises. Detailed description is available in Zhilyaev et al. (2000).
Filtering in the frequency domain can be performed by convolving the series n(7)
with the pulse response characteristic coefficients of the filter i(7):
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8.3.1

The filter coefficients are

sin(rvck) Io(ny/1 — (k/1)?)

h(k) = h(=k) = —— To() ;

(8.2)

where Iy () is the modified Bessel function of the zero order, n is the parameter that
enters the filter's model, I the number of coefficient pairs of the filter. Three basic
input parameters, the pass band v, the width of transition band and the stop-band
attenuation of the filter in the decibel scale, completely determine quantities n, [ and
the filter as a whole (for more details see Kaiser & Reed, 1977). This way with a
Kaiser filter one can set limits on the signal that would have been aliased through
the side lobes of the stop-band of the filter. The filtering procedure decreases co-
variance of the noise proportionally to the pass band of the filter.

Search for High—frequency optical oscillations
during flares

More than a dozen flare events have been registered in UBVRI bands during the
September 2004 campaign, but only two flares are discussed here. These events
were registered on more than one telescope with time synchronization better than
0.1s.

The flare on September 14, 2004

Figure 8.1 shows a portion of the outburst light curves of EV Lac (upper panel)
and the high-pass filtered light curves of the flare (lower panel) registered during
the synchronized observations from three telescopes at the Crimean and at the
Terskol observatories on September 14, 2004. The light curves in the U band are
not smoothed, but only normalized to a unit intensity. There is only weak indication
of HFO presence in the original photometric data. But the lower panel clearly shows
presence of HFO after an appropriate high-pass digital filtering. The numerical
values for the Kaiser filter used were: the cutoff frequency f = 0.167 H z, the width
of transition band Af = 0.1Hz and the stop band attenuation is 50dB. A moving-
average filter with an effective bandwidth of 1.5s is also applied in order to reduce
the noise fluctuations. As can be seen there is an obvious correlation between the
data obtained by the different instruments at the three sites, which supports the
assumption that the oscillations are a real feature of this flare.

8.3 Search for HFOs during flares
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EV Lac on Sept 14, 2004; EVLac14s04.doc
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Figure 8.1. A flare event of EV Lac, September 14, 2004, 20:31 UT (max), the U
band, based on the multi-site synchronous observations with the Terskol 2-
m, Crimean 50-inch and 1.25-m telescopes (upper panel). The lower panel
shows HFO revealed after the high-pass digital filtering.

Figure 8.2 shows the light curves in the U and | bands and their least-square polyno-
mial fits. The polynomial fit is considered to be a representative of the light curve of
the flare. Thus the residuals are analyzed in order to detect any HFO exceeding the
noise levels. To investigate frequency spectra of the oscillations, the high-frequency
residuals in the U and | bands were subjected to a power spectrum analysis with
the Tukey spectral window (Jenkins & Watts, 1969). The power spectra of the resid-
uals in the bottom row of Figure 8.2 show low-coherent oscillations in the U and |
wavelengths during the outburst, with periods Py = 4.5+0.1s and P; = 6.3+0.1s,
respectively. It is likely that only one frequency is strongly exited at a time. It must
also be noted that there is a clear difference in frequencies of the the oscillations
registered in the U and | bands.

The flare on September 12, 2004

Figures 8.3 and 8.5 represent the light curves and color index tracks of the flare
registered on September 12, 2004. The flare duration is 107s. All sites in Ukraine,
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Figure 8.2. The light curves of the flare on September 14, 2004 in the U (top left) and |
(top right) filters and their polynomial fits. Power spectra of the residuals (the
bottom row) show low-coherent oscillations in the U and | wavelengths during
the outburst, with periods of 4.5 and 6.3 sec, respectively. A 99% confidence
level for data dominated by a Poisson noise is marked by solid lines.
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Russia, Greece and Bulgaria have observed this flare event. Figure 8.3 shows
the remarkable consistency of the U-band light curves simultaneously obtained by
three instruments of the Crimean, Stephanion and Belogradchik observatories. The
smoothed data show clear presence of HFO in the descending slope of the flare
light curve.

The color index diagrams are based on the data obtained with the Crimean 1.25-
m reflector AZT-11. Figure 8.5 shows both the filtered UBV light curves and the
color index tracks, thus visualizing the long-term trends and the color index variation
during the flare. The 95% confidence intervals for the color curves were determined
under assumption of a Poisson noise. It can be seen that the U-B and B-V color
indices are in opposite phases (Figure 8.5 lower panels).

EV Lac, Sep 12, 04;Greece(solid), CrAO(circles), Bulgaria(squares)
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Figure 8.3. Multi-site photometry of the flare on September 12, 2004, 22.876 UT (max),
as simultaneously seen by the three telescopes: AZT-11 CrAO, Ukraine (cir-
cles), 76cm Stephanion, Greece (solid) and 60cm Belogradchik, Bulgaria
(squares).

Figure 8.4 shows the power spectra of high-frequency residuals calculated from the
data simultaneously obtained by the three remote telescopes, AZT-11 (1.22-m) at
CrAQ, 76cm at Stephanion and 60cm at Belogradchik. All the three spectra show
evidence of low-coherent oscillations with frequencies Fy = 0.06+0.01Hz, F; =
0.12+0.01 Hz and F, = 0.164+0.01 H z and periods respectively Py = 17+0.1s, P; =
8+0.1s and P, = 6+0.1s), the most prominent of which being the lowest frequency
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50 Power spectra of HFO of EV Lac on Sep 12, 04
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Figure 8.4. The power spectra of the flare on September 12, 2004 calculated on the data
simultaneously obtained from three sites. The 99% confidence level for white
noise data is shown as the dashed horizontal line according Zhilyaev et al.
(2000).

one —Fy. It has been detected in the data from all the three telescopes. Howeverthe
higher frequency ones, F; and F», are detected only by the bigger two telescopes.
These frequencies are also visible in the Bulgarian data (the line with filled circles),
though the peaks are less prominent and are below the credibility threshold, due to
the smaller aperture of the telescope.

Some colorimeric results based on the data
obtained during this campaign

Using the data obtained in this campaign Zhilyaev et al. (2007) executed an exten-
sive colorimetric study of the observed events as described in Gershberg (2005).
Two-colour diagrams were were constructed for the flares. These diagrams show
the colour changes of the radiation during the flare. By comparing the resulting
colour tracks with the theoretical diagram the type of the radiation can be estimated
at every point in time during the unfolding of the flare.

8.4 Some colorimeric results based on the data obtained during this campaign
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Based on the colorimetric results Zhilyaev et al. (2007) deduced that the radiation
during the maximum of the flare has a black body spectrum. Thus using the black
body model for the photosphere of EV Lac in a quiet state, and the colorimetric data
for the flare Zhilyaev et al. (2007) estimated the temperature and the size of the
flaring area. However, during the other phases of the event the radiation varies and
is unique for each flare. For example after the maximum of the flare on September
14 the colours slowly drift from blackbody to radiation of hydrogen plasma optically
thick in the Balmer continuum and then to optically thin hydrogen plasma radiation.
On the other hand the flare on September 12 shows a different picture, after the
maximum it shows complex oscillations between the radiation of optically thick and
optically thin hydrogen plasma in the Balmer continuum while passing several times
over the black body region. The moments of blackbody radiation are marked with
stars on the bottom panel of Figure 8.5.

The U-band luminosities of the flare and photosphere are determined from a black
body spectrum convoluted with the U filter response. The observed flare amplitudes
in the U band were AU=1.47" on September 12 and AU=2.10" on September 14.
Colours near the maxima of the flares were determinedto be U -B ~-1.1™ and B -
V = -0.1™ and the temperature of the flaring layer reaches approximately 18500 K.
The temperature of EV Lac in quiet state is assumed to be T,y = 3300 K (Pettersen,
1980). Based on this, the sizes of the projected flare areas are estimated to be
approximately 1.1% of the apparent stellar disk for the flare from September 12
and approximately 1.3% for the flare on September 14, 2004. These values are
in agreement with the values reported by Alekseev & Gershberg (1997) for nine
strong flares of EV Lacertae with A U > 1.8™.
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Figure 8.5. The filtered UBV light curves (upper panel) and the corresponding colors
(lower panel, with 95% confidence intervals) visualizing the long-term fluc-
tuations with P ~ 17 s.
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Photometric study of the flare
activity of AD Leonis

AD Leo is a well-known main sequence active M-dwarf star with a spectral type
M3.5eV (Shkolnik et al., 2009), residing in the solar vicinity. The distance to the
star is 16 light years (van Altena et al., 1995). The surface temperature is 3,390 K
(Rojas-Ayala et al., 2012), the apparent magnitude V = 9.4™ (Gliese & Jahreiss,
1991) and the absolute magnitude M, = 10.9™ (Gliese & Jahreiss, 1991). The
radius of the star is determined to be 0.39R., (Reiners et al., 2009), the mass is
0.42M, (Reiners et al., 2009) and the luminosity 0.024 L, (Pettersen & Coleman,
1981). The mass and spectral type of AD Leo suggest that the star is very close to
the threshold of being fully convective.

During a proper motion study held in 1943 AD Leonis was suspected of having
a companion (Reuyl, 1943). However, Lippincott (1969) was unable to confirm
this result. More recent search with a near-infrared speckle interferometer failed
to detect a companion orbiting 1-10 AU from the star (Leinert, 1997). In 2001,
an optical coronagraph was used, but no companion was found (Oppenheimer et
al., 2001). Pettersen & Coleman (1981) detected no sign of variability in the radial
velocity of the star, which also does not support the presence of the suspected by
Reuyl (1943) companion.

Different aspects of its activity have been studied for more than six decades. Most
of these studies concern the activity of the star. The variability of AD Leonis is first
observed in 1949 at Lick Observatory by Gordon & Kron (1949) and today is one
of the most active flare stars known. The net magnetic flux at the surface of the
star is about 3kG (Reiners, 2007) and according to the study carried out by Crespo-
Chacon et al. (2006) about 73% of its surface is covered by magnetically active
regions. Another studies of the X-ray coronal emission of AD Leonis have found
compact loop structures with sizes of about 30% of the star’s radius (Favata et al.,
1999; Sciortino et al., 1999). Pettersen et al. (1986) and Konstantinova—Antova &
Antov (1995), suspected activity cycle, analogous to the solar activity cycle with a
period of about 8 years.
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Table 9.1.

Data for the monitoring intervals and detected flares

Date Time interval UT  Telescope* No. of Flares
flares  per hour
30/31.01.2006 00"02™ — 02"56™ R2m 3 1.03
31.01/01.02.2006 23"14™ — 02"56™ R2m, B60 4 1.08
01/02.02.2006 23"10™ - 03"01™ R2m, B60 5 1.30
02/03.02.2006 22M05™ — 03"05™ R2m, R60, B60 5 1.00
01/02.03.2006 21"30™ - 00"01™ R2m 3 1.20
13/14.01.2007 00"17™ — 04"02™ R60 2 0.53
15/16.01.2007 23"44™ — 03"59™ R2m, R60 2 0.47
07/08.03.2007 20"00™ — 02"38™ R60 1 0.15
08/09.03.2007 19h49™ — 02"25™ R60 4 0.6
09/10.03.2007 21h08™ - 01710™ R2m, R60 2 0.5
11/12.03.2007 2259™ — 00"39™ R2m, R60 2 1.2
12/13.03.2007 20"48™ — 22"20™ R2m, R60 0 0
13/14.02.2008 21"05™ - 01"30™ R2m 2 0.45

* R2m - NAO-Rozhen 2m, R60 - NAO-Rozhen 60cm, B60 - AO-Belogradchik 60cm

Observations

The observations were carried out at BNAO-Rozhen and AO-Belogradchik in Ja-
nuary—March 2006, January—March 2007 and February 2008. Zeiss 2m RCC tele-
scope and Zeiss 60cm telescope at Rozhen and Zeiss 60cm telescope at Belo-
gradchik were used. The observations were executed in the ultraviolet (U) band
of the Johnson’s UBVRI system with high-speed electrophotometers: Bulgarian—
Ukrainian electrophotometer (BUF) (Antov et al., 2001) attached to the 2m tele-
scope, the photon counting electrophotometer attached to the 60-cm telescope at
Rozhen and photon counting electrophotometer attached to the 60cm telescope
(Antov & Konstantinova—Antova, 1995) at Belogradchik. All the photometers were
equipped with PCMs (see Chapter 5 and Appendix |). For accurate time synchro-
nization a GPS was used. The monitoring intervals are presented in Table 9.1. The
integration time for the 60cm telescopes was 1s and 0.1s for the 2m telescope.

Flare frequency and activity cycle

There were 20 flares detected during the 17.95 hours of effective observational
time in 2006, 13 during the 28.45 hours in 2007 and 2 during the 4.42 hours in
2008 (Table 9.1). This data gives a flare frequency of 1.11+0.25 flares/hour for
2006, 0.464-0.12 flares/hour for 2007 and 0.454-0.32 for 2008. The errors are cal-
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Table 9.2. Flare frequency of AD Leonis from 1971 to 2008

Year Flares/hour Source T
1971.1 0.53+0.18 PET

1974 .1 0.764+0.19 PET
197496 0.7840.20 PET
1979.25 0.71+£0.58 PET
1979.95 0.5840.13 PET
1982.2 0.89+0.22 PET
1983.3 0.63+0.14 PET
1984.3 0.654+0.11 PET
1985.2 0.48+0.13 PET
1989.95 0.954+0.47 ANT*
1990.2 0.70+£0.16  ANT*
1991.2 0.58+0.20 ANT*
1992.2 0.33+0.15 ANT*
1993.2 0.29+0.28 ANT*
1994.2 0.36+0.18 ANT*
2006.2 1.11+£0.25 This work
2007.2 0.46+0.12 This work
2008.2 0.45+0.32 This work

T PET — Pettersen et al. (1986), ANT — Konstantinova—Antova & Antov (1995)
* Only the year of the observation was published in the paper, for better time reso-
lution the month was determined in a personal discussion with the author.

culated as F.,.., = v/n/T, where n is the number of flares observed during the
monitoring time 7". The significant change in the flare rate for 2006 and 2007 has
to be mentioned also.

According to Pettersen et al. (1986) maxima in the flare activity are observedin 1974
(0.77 flares per hour) and in 1982 (0.89 flares per hour). They have calculated av-
erage flare activity for the years from 1971 to 1985 to be 0.66 flares per hour and
suggested an activity cycle with period of about 8 years. More evidences for this
period to be true are presented by Konstantinova—Antova & Antov (1995). They
reported the somewhat unreliable, due to a short monitoring time, flare activity of
0.95 (+0.47) flares per hour for 1989 and 0.70 flares per hour for 1990. A compar-
ison with data published before suggests that AD Leo should be at the maximum
of its activity cycle somewhere in 2005-2006. The observations presented here
are in agreement with this assumption. Also the rapid decrease of the flare activity
from 2006 to 2007 repeats the rapid decrease reported by Konstantinova—Antova
& Antov (1995) from 1990 to 1992.

9.2 Flare frequency and activity cycle
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Activity Cycle Periodogram
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Figure 9.1. The Lomb-Scargle periodogram of the flare frequencies of AD Leonis from
1971 to 2008 shown in Table 9.2. The periodogram shows reliable activity cy-
cle Pac = 7.917)1] years. Below the dash-dot line the false alarm probability
is >99% and above the dashed line it is < 20%.

This motivated a period search for the activity cycle of the star. Lomb-Scargle period
search is performed on the available flare frequency data: nine data points from
Pettersen et al. (1986), six points from Konstantinova—Antova & Antov (1995) and
three points determined above. Konstantinova—Antova & Antov (1995) published
only the year of the observation, which is not enough for accurate period search,
therefore more accurate timing data was requested from the authors. This data
combined with the available data is shown in Table 9.2. The Lomb-Scargle method
is described in details in Scargle (1982). The periodogram showed a definitive peak
(see Figure 9.1) at P, = 7.917011 years with <20% false alarm probability. This
result is well in agreement with the suspected activity cycle P,. ~8 years reported
by Pettersen et al. (1986).

An analysis of the distribution of the flares in regard of the rotational period of the star
was also performed. We tried the 2.7 days rotational period (Spiesman & Hawley,
1986) and the more recently determined value of 1.7 days (Gudel et al., 2001).
However this two periods are discarded by Morin et al. (2008) and they determined
a period of 2.24 days. Well in agreement with this period is the one of 2.23 days
determined from the data obtained with Microvariability and Oscillations of Stars
(MOST) Satellite (Hunt-Walker et al., 2012).
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Phase distribution of the flares (Jan 2006)
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Figure 9.2. Phase distribution of the flares of AD Leo in January 2006 (upper panel) and
March 2007 (lower panel) using a rotational period of 2.2d. (Dashed lines
indicate the monitored intervals and the amplitudes are in times relative to
the brightness in quiet state)
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No distinct pattern in the flare distribution could be found for both 2006 and 2007
(Figure 9.2). This may be due to the almost pole on angle which should be about
20°(taking into account Vsini = 3.0 km/s (Reiners, 2007), R = 0.38 R, and P =
2.2d).

Using wavelets to search for high—frequency optical
oscillations

The wavelet transform can be a useful tool for analyzing time series with non-
stationary power at many frequencies as shown in (Daubechies, 1990). This is
why in this work wavelets are used to search for high—frequency transient optical
oscillations in the AD Leonis observational data. A detailed practical guide of the
wavelet technique is given in Torrence & Compo (1998). Here only a short overview
of the used technique is given.

The Wavelet transform used for the performed analysis

A given function ¥(n), dependent on nondimensional time parameter n is admis-
sible for a wavelet basis if it has zero mean and if it is localized in both time and
frequency domains (Farge, 1992). In this work a Morlet wavelet (9.1) is used for
several reasons. It is complex, because of that it has a single localized peak in
frequency domain (Figure 9.3). The symmetry of the frequency domain represen-
tation, together with the definition of the continuous wavelet transform (9.2) makes
it effective time localized band pass filter. This makes it a good choice for searching
for transient oscillatory features in the stellar light curves, as long as the data points
x,, are with equal time spacing 6t.

03f a 6 b
DY
o \’(\]\/ v of
'03 1 "I 1 ) 0 I 1 | 1 )
-4 -2 0 2 4 -2 -1 0 1 2

Figure 9.3. a. Morlet base in the time domain ¥(¢/s) with wy = 6 (real part shown as
solid line, imaginary as dashed). R
b. The same wavelet base in the frequency domain ¥ (sw).
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The Morlet wavelet is essentially a wave modulated by a Gaussian and is defined
as: ,
Uo(n) = A"y (9.1)

where wy is the nondimensioal frequency (here wy = 6 to satisfy the localization
condition). This wavelet is non orthogonal which makes it possible to be used with
continuous wavelet transform.

The continuous wavelet transform W,,(s) of the discrete series z,,, n = 0...N-1 is
defined as the convolution of x,, with a scaled and translated function ¥ (n):

1) = S [0 02)

S
n'=0

where U* is the complex conjugate of ¥ and the subscript 0 is dropped to repre-
sent that ¥ has been normalized (9.6), n is localized time index and s is the wavelet
scale. By varying n and s, a picture can be constructed to show the amplitude of the
features versus the wavelet scale and how they change with time. However approxi-
mating the continuous wavelet transform using (9.2) is inefficient as the convolution
has to be done N times for each scale (Kaiser, 1994). The convolution theorem al-
lows all N convolutions to be done at the same time in the frequency domain. To do
so one needs to use the Fourier transform W (sw) of the ¥ (4) and Discrete Fourier
Transform (DFT) should be performed on the time series z,,:

BN 1 Nl 2mik
X, = N Z_% Tne” N (9.3)
According to the convolution theorem W,,(s) can be calculated by applying inverse

Fourier transform to the product:

N-1
Wa(s) =S T 0" (swy) e™rmdt (9.4)
k=0

here wy, is the angular frequency given by:

27k k< N

wp=q 0T (9.5)
Conk .
Not k>3

9.3 Using wavelets to search for high—frequency optical oscillations
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In order to provide direct comparability between the wavelet transforms (9.4) of dif-
ferent scales s and the transforms of other time series, the wavelet function U (sw)
has to be normalized to have unit energy at each scale:

(o) = (57 G (9.6)

~ 2
For each scale s with this normalization one has Zév:’ol ‘\I’(swk)‘ = N, which
means that the wavelet transform is not weighted by the wavelet function, but only
by the amplitude of the z.

To calculate the wavelet power spectrum one has to bear in mind that the Morlet
basis (used here) is a complex function therefore the transform is also complex. So
Wy,(s) has real part R{W,(s)} and imaginary part 3{W,,(s)}. Taking this into ac-
count the amplitude of W, (s) is |W,,(s)|, the phase is tan=! [J{W,,(s)} /R{W,.(s)}],
and the power spectrum can be defined as |W,,(s)|%.

In order to perform the wavelet transform, an adequate set of scales should be
chosen. For non-orthogonal wavelets like Morlet an arbitrary set of scales can be
used. For convenience these scales are written as fractional powers of two:

sj = 80209 j =0,1,..,J (9.7)

J =385 ogs (N6t/s0) (9.8)

where J is the largest scale and s is the smallest resolvable scale. For the Morlet
wavelet the largest reasonable value for ;5 that gives adequate sampling is 0.5 and
sp should be chosen so that sg = 246t, where §t is the equivalent Fourier period. For
determining the relationship between the scale and the Fourier period the method
of Meyers et al. (1993) can be used. The method is quite straightforward, a cosine
wave with known period ) is fed to the wavelet transformation (9.4) and the scale s
at which there is a maximum in the wavelet power spectrum corresponds to \. For
the Morlet wavelet A = 1.03s if wg = 6.

Reconstruction of the original time series
Wavelet transform, being a strictly defined and known band-pass filter, permits re-

construction of the original time series. This can be achieved by using the inverse
filter or deconvolution. For orthogonal basis wavelets it is easy achievable by us-
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9.4

ing the orthogonal basis function. However for the continuous wavelets with non
orthogonal basis, as in the case described here it is not as easy, but still possible
by using a different wavelet function. Farge (1992) gives a solution by using a §
function:

5t 8 R{W(s))}
Ty = > (9.9)
Cg\I’Q(O) = 5;/2
1/2

To convert the wavelet to energy density s;’~ is used and ¥ (0) removes the energy
scaling. Cs is a constant for the used wavelet basis. Cs can be calculated by
reconstructing the ¢ function from its transform using the same basis. For Morlet
with wg = 6, Cs5 = 0.60.

Significance levels

It is assumed that the power spectrum of the given time series can be modelled
with red or white noise, therefore a null hypothesis is defined by assuming that the
time series has a mean power spectrum given by:

Ty = QTp_1 + 2p, (9.10)

where « is assumed to be lag-1 autocorrellation, g = 0 and z,, is Gaussian white
noise, so if o = 0 it is pure white noise.

Thus if a given peak in the power spectrum is significantly above the average back-
ground spectrum it can represent a real feature with a certain degree of confidence.
If one defines 99% confidence level (as used in this research) this means that if
the value of the peak in the spectrum is above the 99th percentile of the simulated
values for this frequency using the model, it is assumed to be real as it is significant
at the 1% level.

A formal definition and how to compute the significance level can be found in Tor-
rence & Compo (1998).

Search for High—frequency optical oscillations
during flares

No optical oscillations have been detected on AD Leo before. There are evidences
for such in the radio wavelengths only (Stepanov et al., 2001; Zaitsev et al., 2004).
The wavelet technique described in section 9.3 is applied to the data set obtained

9.4 Search for High—frequency optical oscillations during flares
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in Johnson ultraviolet (U) band in the years from 2006 to 2008 during the obser-
vations carried out on the 2m Ritchey-Cretien and 60cm Cassegrain telescope at
Bulgarian National Observatory Rozhen, and the 60cm telescope at Belogradchik
observatory. Morlet basis function with wy = 6 is used for the wavelet transform.

The wavelet transformations are depicted as time versus period plots and colour
represents amplitude. In this representation the constant frequency oscillations
should usually (but not necessarily) look like isolated “islands” elongated in time
direction (parallel to X-axis). To consider a given wave a real oscillation it should
repeat at least three times. So only the “islands” on the plot with length in time
greater than three times the period at which they are located (Y-axis) and with max-
imum amplitude above certain confidence level (see Section 9.3.3) are considered
to represent real oscillations.

For the flares observed on one telescope, a confidence level of 99% is used. This
is rather conservative confidence level, but the lack of possibility to cross check the
results with data from another telescope motivated the choice of this confidence
level. Another reason to try to avoid false detection as much as possible, is the fact
that no optical oscillations on AD Leo have been reported before. For the flares
observed on more than one telescope there was no detection even with confidence
level of 95%.

The stroked areas around the top edges on the wavelet diagrams represent the
cone of influence. Within this region the edge effect is very strong and the fea-
tures that present there should not be taken in consideration while analyzing the
results.

The light curve of the flare is depicted on top of the wavelet diagram with the same
timescale to make it easy to determine on what phase of the unfolding of the flare
the oscillations start and seize. The light curve shows the relative flux in times the
flux in quiet state (when the star is not flaring).

The wavelet plots of seven more unusually shaped flares are presented here (Table
9.3). All of them show complex structure except flare Ne6 (Figure 9.11), which dis-
plays rather "classical’ shape for a flare with fast ascending and slowly descending
slope. The dip in the descending slope is not confirmed by the second telescope
(Figure 9.10) and can be attributed to a temporary atmospheric transparency dete-
rioration. Taking this in to consideration the data from the 2m telescope is shown,
because of the better signal to noise ratio. The data from the 60cm telescope is
used only to confirm any suspected oscillations. However no oscillations are de-
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Table 9.3. Details of the discussed flares

Ne Date UT start UT Max  Duration AU Figure
1 14.01.2007 02:07:25 02:08:14 10 min 1.54™4+0.07 9.4

2 15.01.2007 02:40:40 02:43:42 36 min 0.24m+0.05 9.6
02:46:57 43 sec 0.62+0.05

08.03.2007 21:25:58 21:33:34 48 min 1.42+0.06 9.7
09.03.2007 00:17:33 00:17:56 8 min 1.24™+0.07 9.8
09.03.2007 00:49:35 00:58:59 43 min 1.86"+0.07 9.9
11.03.2007 23:26:45 23:27:22 4 min 0.85"+0.07 9.11

13.02.2008 22:54:56 22:55:23 1.26+0.08 9.12
22:56:32 5 min 2.38™+0.08

N OO o AW

tected on both data sets for this flare. Very few of the detected flares of AD Leo
exhibited this "classical” shape.

Flare Ne1 (Figure 9.4) and flare Ne3 (Figure 9.7) show multiple maxima and a grad-
ual release of energy, which is an evidence for multiple magnetic reconnections in
a very complex structure of one or more active regions producing the flares. The
light curves of these flares show very similar morphology to the light curves of some
homologous solar flares like the ones published by Zhang & Wang (2002), Liu et al.
(2014) and Guo et al. (2012). Homologous flares are series of flares originating in
the same active area usually showing gradual release of energy. Woodgate et al.
(1984) were the first to use this term for solar flares.

On the other hand each of the flares: Ne2 (Figure 9.6) and Ne4 (Figure 9.8) show
two separate "classical’ flares superimposed on each other. Flare Ne2 consists of
a slowly unfolding low amplitude flare which lasts for 36 minutes and a fast higher
amplitude one, shown in details on Figure 9.5, that lasts for only 42 seconds. Flare
Ne4 shows two almost identical sub-flares. It is possible that the two pairs of flares
are sympathetic — flares that do not coincide by chance, but are a result of a physi-
cal connection between the erupting regions. Some flares initiate various kinds of
disturbances in distant regions on the stellar surface after a time proportional to the
propagation speed of the disturbing agents, which in turn may result in a sympa-
thetic flare (Svestka, 1976). An example of such disturbances are the flare waves
proven by direct optical observations of the Sun by Moreton & Ramsey (1960) and
Athay & Moreton (1961).

9.4 Search for High—frequency optical oscillations during flares
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The double flare Ne7 (Figure 9.12) has two equally probable explanations. The fisrt
one is that the two flares are homologous, as they have similar morphology and
the stronger one happens immediately after the first less energetic one, so they
may be a result of two consecutive magnetic reconnections happening in the same
active region. The other plausible scenario is a sympathetic flare. In this scenario
the smaller flare provokes another active region to produce the bigger one. It is
somehow unusual that the two sub-flares exhibit almost symmetrical ascending
and descending slopes and the event is quite short lived for the achieved amplitude.
From the onset of the fist flare to the end of the second flare it took only 5 minutes
and the first one achieved amplitude of 1.26™ while the second achieved maximum
of 2.38™. This is by far the strongest flare in the observed set of 35 flares and at
the same time one of the most short lived. However, the most interesting flare is
the second largest of the observed flares (flare Ne5) with amplitude of 1.86™ and
duration of 43 minutes. This event is shown on Figure 9.9 and is discussed in detail
in Section 9.5.

The presence of overlapping flares, probably sympathetic, and to some extent the
complex morphology of many of the flares are indication of a complex magnetic
structure which does not support the suggested by Morin et al. (2008) simple mag-
netic structure (dipole). A probable explanation is that AD Leonis has a relatively
low Vsini of 3.0 km/s which leads to the reduced resolution of the Zeeman-Doppler
Imaging (ZDI) map. Therefore ZDI can not resolve the fine features of the magnetic
structure at the surface of AD Leonis.

Optical oscillations during flares

All the observed flares have been examined and only several of them showed indi-
cations of oscillations. The flare with the most definitive oscillation detection is given
on Figure 9.9. This is a big flare with amplitude of 1.86" observed on March 09,
2007 on the 60cm telescope at NAO Rozhen. The event starts at 0:49:35 UT, the
maximum is reached at 0:58:59 UT and the duration is 43 minutes. This is the only
flare with reliable detection of oscillations. The longest period damped oscillation
starts with the flare and has a period of about 80+4s (12.5mHz). Soon after this
oscillation reaches its first maximum, about 25 seconds after it starts, the fastest
oscillation starts, amplifying over the time, with a period of 45+2s (22.2mHz). It can
be assumed that the second oscillation is a result of an excitation provoked by the
80s oscillation. Around the maximum of the flare these two oscillations seize and
another damped oscillation with a period of 60+2s (16.7mHz) begins. The peak
to peak amplitudes of the oscillations measured from the reconstructed series are
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The light curve and the wavelet analysis of the flare of AD Leonis observed on
the 60cm telescope at NAO Rozhen on 14.01.2007 starting at 02:07:25 UT
with duration of 10 minutes. The maximum is at 02:08:14 UT with amplitude
of 1.54™.
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AD Leo 02:46 Jan 16, 2007 UT, The fast flare over the slower one
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Figure 9.5. The flare of AD Leonis observed on 16.01.2007 on the 2m and the 60cm
telescope at NAO Rozhen The light curve shows a good correlation of the
fine structure observed on the two telescopes. This is the faster of the two
overlapping flares shown on Figure.9.6

approximately AU,,, ~0.12™ for the one with period of 80s, AU,,, ~0.10™ for the
45s one and AU, ~0.09™ for the 60s one.

The unusual shape of the light curve (slow ascending slope and fast descending
slope with a bump at maximum) and the presence of multiple oscillations during
this flare, is an indication of interaction of magnetic loops in an active area with
a complex structure. Another possibility is that there are several separate active
areas interacting. However the short time between the first and the second oscil-
lation and the fact that the 60s oscillation starts around the maximum of the flare,
suggest small distances between the oscillating loops. Also the damped 80s os-
cillation looks like transferring energy to the amplifying 45s oscillation somewhat
resembling, as the frequencies are not the same, coupled oscillators. All this sup-
ports the assumption that only one active area is involved. A possible explanation
of the phenomenon is the presence of arcade — a series of close by magnetic loops.
Assuming that all other conditions are equal, the loops with different diameters will
oscillate at different frequencies, the smaller the diameter of the magnetic loop, the
higher the frequency of the oscillation. Therefore it can be assumed that magnetic
loops with at least three different diameters are involved in this flare event.
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Figure 9.6. The light curve and the wavelet analysis of the flare of AD Leonis observed on
16.01.2007 on the 2M telescope at NAO Rozhen starting at 02:40:40 UT. This
flare consists of two separate flares. One is slower with amplitude of 0.24™
with maximum at 02:43:42 UT and duration of 36min. While this event is
unfolding, a second faster flare was observed with amplitude of 0.62™ shown
on Figure 9.5. The maximum is at 02:46:57 UT and the duration is 43 seconds.
The whole event has also been observed on the 60cm telescope at NAO.
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Figure 9.7. The light curve and the wavelet analysis of the flare of AD Leonis observed
on the 60cm telescope at NAO Rozhen on 08.03.2007. The event starts at
21:25:58 UT, It shows a complex structure suggesting a chain of flares with
maxima at 21:31:32 UT, 21:33:34 UT, 21:34:54 UT and 21:38:46 UT. The
highest peak is 1.42™ and the whole event lasted for 48 minutes.
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Figure 9.8. The light curve and the wavelet analysis of the flare detected on 09.03.2007
on the 60cm telescope at NAO Rozhen. The event starts at 0:17:33 UT. It
shows two possibly sympathetic flares the first one with maximum at 0:17:56
UT triggered the second one with maximum at 0:19:53 UT. The maximum
amplitude is 1.24™ and the duration is 8 minutes.
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The light curve and the wavelet analysis of the flare detected on 09.03.2007
on the 60cm telescope at NAO Rozhen. The event starts at 0:49:35 UT, the
maximum is at 0:58:59 UT, the amplitude is 1.86™ and the duration is 43
minutes. This is the only flare with reliable detection of oscillations. The
longest period oscillation starts with the flare and has a period of about 80s.
About 25 seconds later the shortest period (45s) oscillation starts. And at
maximum the these oscillations end and another oscillation with a period of
60s is detected. The reconstructed oscillations are shown on the top panels.
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AD Leo 23:27 Mar 11, 2007 UT, The maximum phase of the flare
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The maximum phase of the flare of AD Leonis observed on 11.03.2007 on
the 2m and the 60cm telescope at NAO Rozhen. The light curve from the
two telescopes shows a good correlation of the fine structure around the
maximum. However 18 seconds after the maximum the transparency of the
atmosphere for the 2m telescope is deteriorated, which is clearly seen.

9.5 Optical oscillations during flares
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Figure 9.11. The light curve and the wavelet analysis of the flare detected on 11.03.2007
observed on the 2m telescope at NAO Rozhen. The event starts at 23:26:45
UT, the maximum is at 23:27:22 UT, the amplitude is 0.85™ and the duration
is 4 minutes. The dip on the descending slope is not real as shown on Figure
9.10, but because of the bigger aperture and higher signal to noise ration
the data from the 2 meter telescope is shown.
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Figure 9.12. The light curve and the wavelet analysis of the big double flare detected on
13.02.2008 observed on the 2m telescope at NAO Rozhen. The event starts
at 22:54:56 UT. The first maximum is at 22:55:23 UT and the amplitude is
1.26™. The second maximum is at 22:56:32 UT and the amplitude is 2.38™.
The duration of the whole event is 5 minutes.
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Conclusion

Although electro-photometry is available for more than fifty years, it still has ad-
vantages over the other photometric methods for some applications. It has high
sensitivity, especially in the near ultraviolet, which allows, shorter integration times
with relatively small telescopes. Another advantage is the nonexistence of dead
time between the measurements. This gives a higher temporal resolution which is
very useful for studying the high frequency structure of the light curves of various
astronomical objects with small or relatively small telescopes. In particular, its high
sensitivity in the ultraviolet part of the spectrum makes it very effective in studying
the flares of chromospherically active stars, as the flares are more prominent in this
part of the spectrum. The time synchronized simultaneous observations bring the
electrophotometric data to a new level making it more accurate and reliable. The
photometric system described here is already installed at the most of the sites that
took part in the observational campaign in September 2004: three telescopes in
Bulgaria — one at Belogradchik Observatory on the 60cm telescope equipped with
a single-channel photometer and two at NAO Rozhen on the 2 meter and 60cm
telescopes both equipped with a single-channel photometer, one at the Crimean As-
trophysical Observatory on the 1.25 meter telescope (AZT-11) with a five-channel
UBVRI photo-polarimeter and one at Terskol Observatory on the 2 meter telescope
with a two-channel photometer.

The application of the new observational technique, high-speed, multi-site time syn-
chronous monitoring and advanced data processing like wavelet analysis, proved
to be fruitful. The existence of high frequency oscillations during the stellar flares
are confirmed and fast colour variations of the radiation during the flare is discov-
ered and it is shown that this is a typical feature of the flare. It is confirmed that
the general tendency of a flare emission is to shift from a blackbody emission in
maximum to a hydrogen plasma emission during the decay.

The existence of high frequency oscillations proves that flares are not always mono-
tonous relaxation processes, but they have internal structure and nontrivial devel-
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opment. As mentioned before the first description of the optical oscillations during
a flare of EV Lacertae by Zhilyaev et al. (2000) was interpreted by Kouprianova et
al. (2004) and they have estimated the loop height, the plasma density, the plasma
temperature, the magnetic field strength and the cause of the oscillations. So, the
next necessary step to understand the nature of the high frequency oscillations is
to unite the magnetohydrodynamics (Kouprianova et al., 2004) and the radiative
hydrodynamical approaches (Katsova et al., 1997; Allred et al., 2006).

The sheer number of hours spent monitoring AD Leonis from 2006 to 2008 and the
number of the registered flares allowed the estimation of the flare frequencies of the
star for these years. The highest frequency of 1.11 flares per hour for 2006.2 is the
highest ever published flare frequency for this star. Using this data combined with
the data for previous years, published in the literature, confirmed the suspected by
Pettersen et al. (1986) activity cycle of AD Leonis and is estimated to be 7.91 years
long.
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Main Contributions

1. High frequency optical oscillations, with periods from 4.5 sec to 17 sec, dur-
ing flares were detected on three telescopes during the synchronous obser-
vations of EV Lacertae.

2. The suspected activity cycle of ~8 years (Pettersen et al., 1986) of AD Leonis
was confirmed and measured to be 7.91 years.

3. For the first time wavelet analysis was used to search for transient high fre-
quency optical oscillations during the flares of the chromospherically active
dwarf stars. This method has several helpful features such as: good sensi-
tivity to short transient evens, as their power in the frequency domain is not
washed out and remains significant even if they are very short; it is easy to
estimate the start and the end moments of a particular short time event, as it
has convenient time versus frequency representation etc.

4. For the first time optical oscillations (periods: 45 sec, 60 sec and 80 sec) were
detected during a flare of AD Leonis.

5. A new photometric system for synchronous observations of the single ob-
ject with distant telescopes was developed. It allows the study of the low-
amplitude high-frequency transient events in the stellar variability. This sys-
tem currently works on the 60cm telescope and 2m telescope at Bulgarian
National Observatory Rozhen, on the 60cm telescope at AO Belogradchik,
on the AZT-11 telescope at Crimean Astrophysical Observatory with the five
channel photopolarimeter and on the 2m telescope at Terskol Observatory
with the two channel electrophotometer.
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An expert is a person who has made all the
mistakes that can be made in a very narrow
field.

— Niels Bohr
Danish physicist






Manual of devsim

NAME

devsim — Software simulator of Photon Counting Module (PCM) for the Universal
Electro photometer.

SYNOPSIS

devsim [options]
devsim [options] >>lodfile.log 2> &1 &

DESCRIPTION

This is a software simulator of the Photon Counting Module for the Universal Electro
photometer. It is used for training. It is able to simulate variable star, check star,
standard star, sky background etc. Different simulations are available by changing
integration tag with command setft (see photconsole(5)). Here is the list of available
tags:

0 Variable star simulation.

1 Standard star simulation.

2 Check star simulation.

3 Photometer dark current simulation.

4 Sky background light simulation.

5 Returns always 0.

6 Returns always 0x0000FF (in decimal).

7 Returns always 0xFF0000 (in decimal).
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8 Returns always maximal 24-bit number in decimal.

9-14 Returns always 1010101.

OPTIONS
-s socket_file The socket file where devsim will listen. Default is /tmp/.s.phot
-v Verbose output, if not specified only errors will be printed.

-h Print simple help and exit.

EXAMPLES

The typical invocation of devsim: devsim -v To run it in background with output
stored in photsrv.log: devsim -v >>devsim.log 2>&1 &

FILES

/etc/devsim.conf

SEE ALSO

devsimconf(5), photprotocol(5), photconsole(5)

BUGS

If you find any please contact the author.

AUTHOR

Rumen G.Bogdanovski
rumen@skyarchive.org
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Configuration of devsim

NAME

devsim.conf — configuration file for devsim

SYNOPSIS

devsim.conf

DESCRIPTION

This file specifies the parameters of the output of the simulation of the Photon Count-
ing Module for Universal Electro Photometer. The syntax of the file is simple. The
format of the statements is:

keyword = value [comment]
or
keyword value [comment]

Both statements are equal. Keywords are case sensitive. The comment after the
statement is optional. Comments may not start with # if they follow a statement on
the same line. If comments are alone on the line # is necessary.

KEYWORDS

photometer.channels
Number of the channels of the simulated photometer (1 to 8).

photometer.chmap
Bitmap of the initially set to be used channels in decimal (value 3 (00000011 binary)
represents channels 1 and 2).

var
Counts produced by the variable star when it is calm for integration of 0.01s.
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var.flare.amplitude
Amplitude in counts of the flare of the variable star for integration of 0.01s.

var.flare.duration
Duration of the flare in 0.01 seconds (value of 100 represents 1s).

var.flare.symmetry
Symmetry of the flare is the ratio of fall/rise time. Value 1 indicates that the rise
time is equal to the fall time.

var.flare.pause

The The pause between the flares in 0.01 seconds (value of 100 represents 1s). If
this is set to 0 and var.flare.symmetry is set to 1, the output of the simulation will
be sinusoidal.

standardstar
Counts produced by the standard star for integration of 0.01s.

checkstar
Counts produced by the check star for integration of 0.01s.

sky
Counts produced by the sky background for integration of 0.01s.

photometer.darkcurrent
Counts produced by the photometer dark current for integration of 0.01s.

noise
The amplitude of the random noise in percents (%) added to the integration data.

EXAMPLES

The typical devsim.conf file will look like:

# Example devsim.conf file

photometer.channels = 2

photometer.chmap = 1 # by default use only channel 1
photometer.darkcurrent = 30

var = 1000
var.flare.amplitude = 800
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var.flare.duration = 1000
var.flare.symmetry = 3
var.flare.pause = 1000

standardstar = 800
checkstar = 1000
sky = 30

noise = 3

SEE ALSO

devsim(8)

AUTHOR

Rumen G.Bogdanovski
rumen@skyarchive.org
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Manual of photsrv

NAME

photsrv — server allowing TCP access to the Photon Counting Module for the Uni-
versal Electro photometer.

SYNOPSIS

photsrv [options]
photsrv [options] >>lodfile.log 2>&1 &

DESCRIPTION

photsrv is the user access server to the Photon counting module for Universal
Electro photometer. It uses PHOT protocol (see photprotocol(5)) for the serial com-
munication with the device and TCP protocol for the user access to the device.
Only one user can control the device - the user with Read/Write access - usually
the first one that is logged in to the system. All other users are Read Only and
can only monitor the observation without the possibility to control it. If the user with
Read/Write access closes the connection the next user who initiates connection
will get the Read/Write access. For more information on the device console see
photconsole(5).

OPTIONS

-p port
The TCP port where the server will listen. Default is 9090.

-r num
Maximum number of read only connections. Default is 5.
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-d device
Device file of the serial port where Photon counting module is connected. Default
on Linux is /dev/ttyS0, on SUN/Solaris is /dev/ttya.

-g gpsdevice/no

Device file of the serial port where Acutime 2000 GPS is connected. Default on
Linux is /dev/ttyS1 on SUN/Solaris is /dev/ttyb. If no is specified, the GPS support
is disabled. In this case the real time is received from the computer clock.

-l logfile
File where the server events will be stored. YET NOT IMPLEMENTED

-a yes/no
If yes IP access control list will be used. See photsrvacl(5). If the access control is
not necessary, no should be specified.

-n yes/no

If yes, the types of the filters and the tags will be returned by the server as set in
photsrvconf(5). If set to no, their numbers will be returned. In case there is no type
set for a given filter or tag number the number will be returned regardless of this
setting. Default is yes.

-j S/So/no

Configure auto adjustment of the speed of the device internal clock to minimize
the difference with the GPS time. S is the number of seconds to wait between
adjustments (use no or 0 to turn off auto adjustment). If o suffix of the number is
used a single adjustment will be made S seconds after the photsrv startup. This
option has effect only with GPS support enabled.

-J adjspeed

Set the convergence speed of the auto adjustment algorithm. This option accepts
values between 0 and 1. The value of 1 means that the offset of the internal clock
will be fully compensated in the time set by autoadjust or -j option. At value of 0.5
half of the offset will be compensated in the same time. The value of 0 invokes the
old behavior of the algorithm with very slow compensation of the offset relying only
on the rounding of the clock correction factor. This option has no effect if the auto
adjustment is performed once or is disabled. The default value is 0.3

-t delay
A floating point value to compensate the hardware time delays in micro seconds.
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-S

Use software PCM device simulator. Not a real device. Option -d should be set to
point the socket where devsim(8) listens. If -d not specified the default socket is
used (/tmp/.s.phot). The device entry in photsrv.conf has no effect when -s switch
is used. If this option is used, the GPS support is disabled, since devsim(8) can not
control the GPS device.

-h
Print simple help and exit.

-V
Print version and build information and exit.

-D
Print debugging information.

EXAMPLES

The typical invocation of photsrv:
photsrv

To run it in background with output stored in photsrv.log:
photsrv >>photsrv.log 2>&1 &

FILES

/etc/photsrv.conf
/etc/photsrv.acl

SEE ALSO

photsrvconf(5), photsrvacl(5), photprotocol(5), photconsole(5), devsim(8)

BUGS

If you find any please contact the author.
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Rumen G.Bogdanovski
rumen@skyarchive.org
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Configuration of photsrv

NAME

photsrv.conf — configuration file for photsrv

SYNOPSIS

photsrv.conf

DESCRIPTION

The syntax of the file is simple. The format of the statements is:

keyword = value [comment]
or
keyword value [comment]

Both statements are equal. Keywords are case sensitive. The comment after the
statement is optional. Comments may not start with # if they follow a statement on
the same line. If comments are alone on the line # is necessary. Exceptions are
observatory and equipment keywords which are special kind of comments and
no other comments are allowed on the same line after them.

KEYWORDS

port
The TCP port where the server will listen. Default is 9090.

roclients
Maximum number of read only connections. Default is 5.

device
Device file of the serial port where Photon counting module is connected. Default
on Linux is /dev/ttyS0, on SUN/Solaris is /dev/ttya.
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gpsdevice

Device file of the serial port where Acutime 2000 GPS receiver is connected. De-
fault on Linux is /dev/ttyS0, on SUN/Solaris is /dev/ttya. If gpsdevice is set to no,
the GPS support is disabled.

logfile
File where the server events will be stored. YET NOT IMPLEMENTED

autoadjust

Configure auto adjustment of the speed of the device internal clock to minimize
the difference with the GPS time. autoadjust should be set to the number of the
seconds between adjustments (use no or 0 to turn off auto adjustment). If o suffix
of the number is used a single adjustment will be made S seconds after the photsrv
startup. This keyword has effect only with GPS support enabled.

adjustspeed

Set the convergence speed of the auto adjustment algorithm. adjustspeed accepts
values between 0 and 1. The value of 1 means that the offset of the internal clock
will be fully compensated in the time set by autoadjust or -j option. At value of 0.5
half of the offset will be compensated in the same time. The value of 0 invokes the
old behavior of the algorithm with very slow compensation of the offset relying only
on the rounding of the clock correction factor. This option has no effect if the auto
adjustment is performed once or is disabled. The default value is 0.3

hwdelay
A floating point value to compensate the hardware time delays in micro seconds.

acl
If set to yes access control list will be used. See photsrvacl(5). If the access control
is not necessary, no should be used (default).

returnfttypes

If yes, the types of the filters and the tags will be returned by the server, as set by
filter.n and tag.n. If set to no, their numbers will be returned. In case there is no
type set for a given filter or tag number the number will be returned regardless of
this setting. Default is yes.

observatory
Description of the observatory, usually its name.
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observatory.latitude
The observatory latitude in degrees. North is positive, South is negative. ([+-
Jdd:mm:ss.h)

observatory.longitude
The observatory longitude in degrees. East is positive, West is negative. ([+-
Jdd:mm:ss.h)

observatory.elevation
The observatory elevation in meters.

observatory.equipment
Description of the equipment used, telescope, photometer etc.

filter.n

String maximum 10 characters long representing the type of the filter installed on
the position with number n on the filter holder. The value of n can be from 0 to 14.
For example:

filter3=U

represents that on the third position of the filter holder U(ltraviolet) filter is installed.
The filter type should not be a number.

tag.n

String maximum 10 characters long representing the type of the integration tag with
number n, The value of n can be from 0 to 14. For example:

tag.0 = Var

represents that the tag number 3 is the tag of the Var(iable) star. The tag type
should not be a number.

EXAMPLES

The typical photsrv.conf on SUN/Solaris will look like this:

# Example photsrv.conf

port = 9091

device = /dev/ttyb

gpsdevice = /dev/ttya

roclients = 0 do not allow read only clients
observatory AO Belogradchik
observatory.equipment Zeiss600 & BUP1
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observatory.latitude +1:00:00.0
observatory.longitude -1:00:00.0
observatory.elevation 0
filter.0 U

filter.3 B

filter.8 V

tag.0 Var

tag.l H

tag.3 Stl

tag.6 Dark

tag.2 Check

SEE ALSO

photsrv(8), photsrvacl(5), photprotocol(5)

AUTHOR

Rumen G.Bogdanovski
rumen@skyarchive.org
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Configuration of photsrv Access
Control

NAME

photsrv.acl — Access control list configuration file for photsrv

SYNOPSIS

photsrv.acl

DESCRIPTION

The syntax of the file is simple. The format of the rules is:

keyword ip_address [ip_netmask]
or
keyword all

Keywords are case sensitive. The comment after the statement is not allowed.

Comments should be alone on the line starting with # character. The policy is
"deny", which means that all connections are denied if not explicitly allowed. The
rules are processed in the order they appear in the file and the fist matching rule
will be applied. The keyword "all" is used to match all IP addresses. Maximum of
100 rules are allowed in the file.

KEYWORDS

rwallow
Allow read write connections from the host with specified IP address or network
with specified network IP and netmask.
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roallow
Allow read only connections from the host with specified |IP address or network with
specified network IP and netmask.

deny
Deny connections from the host with specified IP address or network with specified
network IP and netmask.

EXAMPLES

The typical photsrv.acl will look like this:

# Example photsrv.conf
# allow RW connections
rwallow 127.0.0.1

rwallow 192.168.1.0 255.255.255.0

# allow RO connections
roallow 172.20.0.0 255.255.0.0

#deny any other connection
deny all

SEE ALSO

photsrv(8)

AUTHOR

Rumen G.Bogdanovski
rumen@skyarchive.org
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Commands of photsrv

NAME

PHOT Console

DESCRIPTION

The PHOT console is provided by PHOT server (see photsrv(8)). The console is
command line oriented. Only the Read/Write connection can execute commands.
All other connections are Read Only and are not allowed to execute commands.
They can only monitor the results.

On connect a welcome message is displayed and a configuration of the filters, inte-
gration tags and observatory data is dumped in the form described in photsrvconf(5)
followed by a message describing the type of the initiated connection (read/write or
read only).

SYNOPSIS

Each command is invoked by its name and the given parameters:

command [param1] [param2] ...

The result is presented by the command name followed by the returned values:
command [result1] [result2] ...

For example (see devrdy):

devrdy
devrdy Ok

The result of an unknown command invocation is the command typed followed by
Wrong Command. For example:
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foo
foo Wrong Command

The result of the invocation of a command with wrong parameters is the command
typed followed by Wrong Parameter. For example (extra parameter in integr com-

mand):

integr 0.01 52
integr Wrong Parameter

The result of any command typed in Read Only session is ro Session. For exam-
ple:

setft26
ro Session

All commands are case sensitive and should be typed in lower case.

COMMANDS

devrdy

SYNOPSIS
devrdy

RETURNS
devrdy Ok|Busy

DESCRIPTION
Checks the status of the device. If the device is idle returns Ok else returns Busy.

devinfo

SYNOPSIS
devinfo

RETURNS
devinfo ver.rev-nch
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ver — Firmware version.
rev — Firmware revision.
nch — number of channels supported by the device (from 1 to 8).

DESCRIPTION
The command returns version, revision and number of supported channels by the
device.

chused

SYNOPSIS
chused

RETURNS

chused chmap

chmap — string containing ™" - for the channels set to be used and "-" - for the
channels set not to be used. The length of the string is equal to the number of
channels. "*—" shows that only channel 1 of total 4 channels will be used in the
consequent integrations.

DESCRIPTION
Returns information of the channels which are set to be used in the next integrations.

usech

SYNOPSIS
usech chstr

chstr — string containing digits from 1 to number of channels supported. Each digit
represents the number of the channel which is to be set to be used. Assuming 4
channel photometer, string "24" will set channel 2 and 4 to be used, and 1 and 3
will be set not be used.

RETURNS
usech Ok|Busy
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DESCRIPTION

Sets the channels to be used and the channels not to be used in the consequent
integrations according to chstr. On success Ok is returned. If the device is doing
integrations or some other activity is performed Busy is returned.

integr

SYNOPSIS
integr time num
or

integr time

time — duration of the integrations in seconds (min 0.01, max 655.35).
num — number of repetitions (min 0 max 65535). 0 represents continuous integra-
tions which can be stopped with abort command.

RETURNS
integr Ok itime
or

integr Busy

itime — integration time that is actually set with integr command.

DESCRIPTION

The command requests a number of marks of the object with a specified duration.
If num is not specified continuous mode is assumed (num = 0). The execution be-
gins with the start command. If the device is busy the command returns Busy. On
success Ok and integration time is returned.

start

SYNOPSIS
start

RETURNS

start (000) cmt 000d_X_000f Xt X[...d_ Y 000f Yt Y]
start (001) cmt 001d X 001 f Xt X[...d Y 001f Yt Y]
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start (num)emt numd X numf Xm X[..d Y numf Yt Y]
start Ready

or

start Busy

001 — num — sequential numbers for each integration requested by integr used to
find if there is any lost integration. The num will overflow at 255 and next mark will
have num set to 0.

X — Y — growing numbers of channels presented in cm.

cm — used channel map. String of ™" and "-" characters with length equal to the
total number of channels available. Used channels are shown with "*", unused with
"-". Assuming 5 channel photometer string "-**-*" represents that data is provided
from channels 2,3 and 5. So X for this example will be 2 and Y will be 5.

t 000-t num—-GMT time when each integration was made in format HH:MM:SS.FFF

d X 000 — d_Y_num — data returned from each used channel for each integra-
tion.

f X —f Y — number or type of the filter used for the integrations for each used
channel.

t X —t Y — number or type of the tag used for the integrations for each used
channel.

DESCRIPTION

If the device is not busy the integrations requested with integr command are started.
After each integration the data is returned. When all requested integrations are
made Ready is returned. If the device is busy no integrations are made and Busy
is returned.

abort

SYNOPSIS
abort

RETURNS abort Ok
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DESCRIPTION
Aborts current actions and returns Ok.

rdram (OBSOLETE)

SYNOPSIS
rdram

RETURNS
nothing

DESCRIPTION
Does nothing.

rdft

SYNOPSIS
rdft chstr
or

rdft

chstr — string containing digits from 1 to number of channels supported. Each digit
represents the number of the channel for which the data will be returned. Assuming
4 channel photometer, string "24" will return data for channels 2 and 4.

RETURNS

rdft chmapf Xt X[...f Yt Y]
or

rdft Error

X — Y — growing numbers of channels listed in champ

chmap — channel map. String of ™" and "-" characters with length equal to the total
number of channels available. Channels for which data is returned are shown with
" all others with "-". Assuming 5 channel photometer string "-**-*" represents that
data is provided for channels 2,3 and 5. So X for this example will be 2 and Y will
be 5.
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f X — .Y — numbers or types of the currently set filters for the requested chan-
nels.

t X -t Y —numbers or types of the currently set integration tags for the requested
channels.

DESCRIPTION
Returns the current filter and current tag for the channels specified in chstr. If chstr
is omitted the data for the channels which are currently set to be used is returned.

setft

SYNOPSIS

setft filter tag chstr
or

setft filter tag

filter — number or type of the filter to be set. 15 represents the currently set one.

tag — number or type of the tag to be set. 15 represents the currently set one.

chstr — string containing digits from 1 to number of channels supported. Each digit
represents the number of the channel for which the requested filter and tag will be
applied.

RETURNS
setft Ok|Busy|Error

DESCRIPTION

The command sets the desired filter and integration tag for the channels listed in
chstr. If chstr is omitted the filter and tag are set for the channels currently set to
be used. If filter is 15 only tag is set (filter unchanged). If tag is 15 only the filter is
set (tag unchanged). If the filter for some of the channels listed in chstr is not set
and timeout occurs Error is returned. If the device is not idle Busy is returned. On
success Ok is returned.
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rdrt

SYNOPSIS
rdrt

RETURNS
rdrt date time acc diff

date — date from the device in format DD-MM-YYYY

time — GMT time from the device in format HH:MM:SS.FFF

acc —the accuracy of the device real time relative to the system real time in seconds.

diff — half of the time period from the command request till the the receiving of the
result in seconds. If GPS support is enabled diff is in format "GPS:n" where n is
the number of the state of the Accutime 2000 GPS receiver.

DESCRIPTION
Reads the device real time and calculates its offset from the system time.

setrt

SYNOPSIS
setrt

RETURNS
setrt Ok diff
or

setrt Busy

diff — half of the time period from the command request till the the receiving of the
result in seconds. If GPS support is enabled diff is in format "GPS:n" where n is
the number of the state of the Acutime 2000 GPS receiver.
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DESCRIPTION

Sets the device real time if the device is not busy.

quit

SYNOPSIS
quit

RETURNS
nothing

DESCRIPTION
Closes the Read Write session.

SPECIAL COMMANDS

adjrt

SYNOPSIS
adjrt factor

factor — indicates in how many clock ticks (250us) the device internal clock should
be corrected with a 100ns discrete. Positive values indicate addition, negative indi-

cate subtraction.

RETURNS
Nothing. There is no reply from this command.

DESCRIPTION

This command is used by photsrv for the internal clock auto-adjustment. It sets the
correction factor for the device internal clock and should be used to synchronize the
device with a time standard. In clock auto-adjust mode photsrv uses this command

to adjust the device internal clock speed.
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rdrt2

SYNOPSIS
rdrt2

RETURNS

nothing

or

rdrt2 date time acc diff adjfactor

date — date from the device in format DD-MM-YYYY
time — GMT time from the device in format HH:MM:SS.FFF

acc — the accuracy of the device real time relative to the system real time in sec-
onds.

diff — half of the time period from the command request till the the receiving of the
result in seconds. If GPS support is enabled diff is in format "GPS:n" where n is
the number of the state of the Acutime 2000 GPS receiver.

adjfactor — indicates in how many clock ticks (250us) the device internal clock is
corrected with a 100ns discrete. Positive values indicate addition, negative indicate
subtraction.

DESCRIPTION

This command is used by photsrv for the internal clock auto-adjustment. In clock
auto-adjustment mode photsrv does not reply to this command but triggers adjust-
ment procedure prematurely. If auto-adjustment is off, the command returns the
data described above.

TELESCOPE COMMANDS

tc gotorade
SYNOPSIS

tc gotorade ra de

ra — rigthascension in format HH:MM:SS.FFF
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de — declination in format +DD:MM:SS.FFF

RETURNS
tc Ok|Busy|Error

DESCRIPTION

Slew the telescope to the specified ra, de. In case of invaalid format or other error
Error is returned. If the device is not idle Busy is returned. On success Ok is re-
turned.

tc getrade

SYNOPSIS
tc getrade

RETURNS
tc ra de

or

tc Error

ra — right ascension in format HH:MM:SS.FFF
de — declination in format +DD:MM:SS.FFF

DESCRIPTION
Get the telescope current right ascension and declination. In case of error Error is
returned. On success Ok is returned.

SEE ALSO

photsrv(8)
photprotocol(5)

AUTHOR

Rumen G.Bogdanovski
rumen@skyarchive.org.
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NOTES

This page describes PHOT console version 1.1mc. Other versions may differ slightly.
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Photon Counting Module (PCM)

Communiation Protocol

DESCRIPTION

This page describes the PHOT device protocol version 1.0 used by the Photon
Counting Module for the Universal Electro photometer. The protocol supports up to

8 channel photometers.

DEVICE COMMANDS

DEVRDY - 0x01

PARAMETERS

RETURNS
OK, BUSY

DESCRIPTION
If the device is idle returns OK else returns BUSY.

DEVINFO - 0x21

PARAMETERS

RETURNS
1. Firmware version. — 8bit unsigned integer.

2. Firmware revision. — 8bit unsigned integer.

3. Number of supported channels. — 8bit unsigned integer. Valid values are from 1

to 8.
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DESCRIPTION
This command returns the stated above information.

CHUSED - 0x22

PARAMETERS

RETURNS

1. Channel Bitmap — 8 bit. Each bit set indicates that the corresponding chan-
nel will be used when the consequent integrations are started. Bitmap 00000001
represents the first channel.

DESCRIPTION
The command returns a bitmap of the channels which are set to be used in the
consequent integrations.

USECH - 0x23

PARAMETERS

1. Channel Bitmap — 8 bit. Each bit set indicates that the corresponding channel
is requested to be set to be used when the consequent integrations are started.
Bitmap 00000001 represents the first channel.

RETURNS
OK, BUSY

DESCRIPTION

The command sets the channels to be used in the consequent integrations. Those
with bits set will be used and those with bits cleared will not be used. For example
bitmap 00100101 requests only channels 1,3 and 6 to be used in the next integra-
tions. On success the device returns OK. If integrations are performed or there is
other activity, BUSY is returned.

INTEGR - 0x02
PRAMETERS

1.Duration — 16 bit fixed point in sec/100. The duration of each integration. (0.01 -
655.35 sec)
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2.Number of integrations (marks) — 16 bit signed integer. If 0, repeat integrations
until ABORT is received.

RETURNS
OK, BUSY

DESCRIPTION

The command requests a number of marks of the object with specified time. The
execution begins with the START command. If the number of integrations is 0 the
device loops marking till the ABORT command is received. If the device is busy the
command returns BUSY.

START - 0x0B
PARAMETERS -

RETURNS
DATA, READY, BUSY

DATA:

0.Channel bitmap — 8 bit. Each bit set indicates that the data for the corresponding
channel is present. Bitmap 00000001 represents the first channel. The Bitmap is
located in the RID byte of the protocol.

1.ID — 8 bit integer. Number of the integration (0-255). If the number of integration
is 255 next ID is 0.

2.Time — 32 bit fixed point in sec/1000. The offset in milliseconds from the last
SETRT command.

3.Data Array of 32bit elements for each channel used for the integration specified
in the channel bitmap. If channel bitmap is 00001010 the data array will contain
2 elements with data, one for channel 2 and one for channel 4. Each element
contains: Count - 24 bit integer. Count of photons registered by the corresponding
channel and Filter and tag - 8 bit, (4bit used filter code + 4bit data tag code).

DESCRIPTION

Starts the integrations requested with INTEGR command and returns DATA after
each integration. When all integrations are over the device sends READY. If inte-
grations are running, BUSY is returned.
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ABORT - 0x04

PARAMETERS

RETURNS
OK

DESCRIPTION Aborts the started integration or series of integrations.

RDFT - 0x06

PARAMETERS

1.Channel Bitmap — Each bit set indicates that the data for the corresponding chan-
nel is requested. Bitmap 00000001 represents the first channel. Bitmap 00000000
requests data for the channels currently used. See USECH.

RETURNS |
1. Channel Bitmap — 8bit. Each bit set indicates that the data for the corresponding
channel is present. Bitmap 00000001 represents the first channel.

2.STATUS - Array of 8bit elements One element per channel with its bit set in the
channel bitmap. Each element represents current filter and integration tag for the
channel - 8 bit (HI 4 bit filter + LO 4 bit integration tag). See START.

RETURNS Il
ERROR

DESCRIPTION

Returns the current filter and integration tag (ie Dark current, Variable, Standard
etc.) for each channel specified in the channel bitmap. If one or more filters were
not properly set ERROR is returned.

SETFT - 0x07

PARAMETERS
1.NEW STATUS - 8 bit (4+4). See RDREG(STATUS).
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2.Channel bitmap — 8bit. Each bit set indicates that the data should be apply ed for
the corresponding channel. Bitmap 00000001 represents the first channel. Bitmap
00000000 applies the data to the channels currently used. See USECH.

RETURNS
OK, ERROR, BUSY

DESCRIPTION

The command sets the desired filter and integration tag for each channel with its
bit set in the channel bitmap. If filter field is Oxf only the tag is set (filter unchanged).
If tag field is Oxf only the filter is set (tag unchanged). If the filter is not set and the
timeout occurs ERROR is returned. If the device is not idle, BUSY is returned and
no action is performed.

RDRT - 0x08

PARAMETERS

RETURNS
1.TIME — The offset from the last execution of SETRT in seconds/1000 - 32 bit fixed
point (sec/1000).

DESCRIPTION
Returns the pseudo-real time of the internal clock. See START->DATA(Time).

SETRT - 0x09

PARAMETERS

RETURNS
OK,BUSY

DESCRIPTION
Sets the pseudo-real time clock in the device to 0. If not idle fails with BUSY.
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ADJRT - 0x24

PARAMETERS

1.Correction factor - 16bit signed integer. This is the factor indicating in how many
clock ticks (250us) the device internal clock should be corrected with a 100ns dis-
crete. Positive values indicate addition, negative indicate subtraction.

RETURNS

DESCRIPTION
Sets the correction factor for the device internal clock. This command should be
used to synchronize the device clock speed with a time standard.

RDRT2 - 0x25

PARAMETERS

RETURNS
1.TIME — The offset from the last execution of SETRT in seconds/1000 - 32 bit fixed
point (sec/1000).

2.Correction factor — 16bit signed integer. This factor indicates in how many clock
ticks (250us) the device internal clock is corrected with a 100ns discrete. Positive
values indicate addition, negative indicate subtraction.

DESCRIPTION

Returns the pseudo-real time of the internal clock and the correction factor for the
device internal clock. This command should be used to provide data in order to
synchronize the device with a time standard.

DEVICE REPLYS

Reply IDs (RID):
OK — 0x00
ERROR — 0x0B
BUSY - 0x0C
DATA - 0x0D
READY - 0xOE
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COMMUNICATION PROTOCOL

Reply Packet Structure (device -> computer)

<DLE><CID><RID><data....><DLE><ETX>

DLE - 0x10

ETX - 0x03

CID - ID of the command which produced the packet (see DEVICE COMMANDS)
RID — Reply ID (see DEVICE REPLYS)*

* START command is an exception it sets RID to Channel bitmap (instead of DATA)
when data is returned.

Command Packet Structure (computer -> device)

<DLE><CID><data...><DLE><ETX>

DLE - 0x10
ETX — 0x03
CID — ID of the command which has to be executed (see DEVICE COMMANDS).

ADDITIONAL NOTES

2.1. Every <DLE> byte in the data string is preceded by an extra <DLE> byte
(‘stuffing’). These extra <DLE> bytes must be added ('stuffed’) before sending a
packet and removed ('unstuffed’) after receiving the packet.

2.2. A simple <DLE><ETX> sequence does not necessarily signify the end of the
packet, as these can be bytes in the middle of a data string. The end of a packet is
<ETX> preceded by an odd number of <DLE> bytes.

2.3. Multiple-byte numbers (integer, fixed point) are sent least-significant-byte-first.

This may involve switching the order of the bytes for some machines.

2.4. On wrong or unknown command device returns packet ERROR with CID also
set to ERROR (see example 4).
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EXAMPLES

1. OK reply from SETRT command:
<0x10><0x09><0x00><0x10><0x03>

2. Reply from start command when the second channel is used and 2 integrations

are requested:
<0x10><0x0B><0x02><0x00><TIME><TIME><TIME><TIME><DATA><DATA>
<DATA><FILTER+TAG><0x10><0x03>
<0x10><0x0B><0x02><0Ox01><TIME><TIME><TIME><TIME><DATA><DATA>
<DATA><FILTER+TAG><0x10><0x03>

<0x10><0x0B><0x0E><0x10><0x03>

3. Request three 0.02 sec long integrations:
<0x10><0x02><0x02><0x00><0x03><0x00><0x10><0x03>

4. Unknown command reply:
<0x10><0x0B><0x0B><0x10><0x03>

AUTHOR

This protocol was developed by Rumen G.Bogdanovski.
Send your feedback to rumen@skyarchive.org.

NOTES

This page describes protocol version 1.0 from 22-Sep-2006. Other versions may
differ slightly.
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Batch Scripting for photclient

NAME

Writing batch scripts for photclient

DESCRIPTION

Batch scripts for photclient provide a way for automation of the observations using
some of the PHOT console commands (see photconsole(5)) and several additional
batch commands.

SYNOPSIS
Each command is invoked by its name and the given parameters:
command [param1] [param2] ...

All commands are case sensitive.

ALLOWED PHOTCONSOLE COMMANDS

usech
integr

start

setft

tc gotorade
tc getrade

For description of the commands see Appendix F.

BATCH COMMANDS

All batch commands start with dot(.) to be distinguished by other commands.
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.pause

SYNOPSIS
.pause

DESCRIPTION
The command stops batch execution while the button "Continue" is pressed.

.message

SYNOPSIS
.message text

text — text message to be displayed.

DESCRIPTION
The command stops batch execution and shows dialog window with the text given
as parameter. After confirmation the execution resumes.

.messageb

SYNOPSIS
.messageb fext

text — text message to be displayed.

DESCRIPTION
The command is the same as .message, but in addition the computer bell is ring.

LOOPS

The loops are constructed with the the combination of two keywords as shown be-
low.

.repeat [N]

.end
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The block enclosed between .repeat and .end is repeated N times. If 0 or no
parameter is specified the loop will be endless and can be stopped by pressing
"Abort" button. Nested loops are also possible.

COMMENTS

The lines starting with # are ignored by the batch processor and are considered as
comments.

EXAMPLE SCRIPT

# The program makes three series of five
# measurements of the variable (Var) star
# in Ultraviolet (U) and Blue (B) bands using
# integration times of 1 sec.
integr 1 5
.message Point the telescope to Var!
.repeat 3

setft U Var

start

setft B Var

start
.end

SEE ALSO

photconsole(5)

AUTHOR

Rumen G.Bogdanovski
rumen@skyarchive.org.

NOTES

This page describes photclient batch scripting version 0.99. Other versions may
differ slightly.
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Input signal connectors(H1 H2)

BNC type connectors are used as input signal connectors. There is one connector
for each channel. Inputs are configurable to accept ECL or TTL signals.

H1 | Signal connector for channel 1
H2 | Signal connector for channel 2

Data transfer interface(H3)

This interface is used to transfer data between the computer and the PCM using
RS-232 serial line with standard DB-9 connector.

General purpose interface(H6)

This connector is used for several purposes, filter wheel control and signal transfer
between the device and the Acutime 2000 GPS receiver.

Power connector(H7)

The device accepts AC or DC input voltage from 9V to 24V, 300mA.

Maintenance connectors

There are two maintenance connectors H4 and H5. H4 is used for the MCU (U1)
software update and H5 is used for programming the CPLD (U2). For the software
update special programming devices are required (not shipped with PCM).

Jumper configuration

Internal 50 () terminator (JP1 JP2)

PCM can operate with terminated and non—terminated BNC cables for the input
signal. Each channel is configured separately, according to the following tables.
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JP1 | Channel 1
JP2 | Channel 2

ON

Switch on the internal 50 2 terminator

OFF

Switch off the internal terminator (if the cable is terminated)

Signal source selection (JP3 JP4)

Each channel of PCM can be configured to count the pulses from the Internal os-

cillator U6 (if it is present). This mode is only for test purposes.

JP3 | Channel 1
JP4 | Channel 2

1-2 | BNC Connector
2-3 | Internal generator (debugging mode)

PPS synchronized measurements mode

The PCM measurements can be synchronized with the PPS pulses from the GPS
receiver. In this mode the PCM will always start the measurements precisely with

the start of a new second.

To enable this mode, connect the PCM to the PPS output of the GPS receiver and
switch the PCM on after the PPS pulses appear. If there are no PPS pulses on PCM
startup this mode will not be activated and the measurements will start just after the
measurement command has been sent. The PPS pulses must be compliant with
the TTL levels with an active rising edge. Non TTL compliant pulses may damage

the PCM.
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Specifications

Min. integration time 0.01 sec

Max. integration time 655.35 sec
Integration time increment 0.01 sec
Resolution of the internal real time clock 0.001 sec

Time synchronization drift (with GPS) < £ 2usec (< £0.6usec”)
Time adjustment resolution 0.1usec

Counter max. value (per channel) 224

Input signal level TTL
Communication interface 9pin RS-232 at 115,2 kbps
Power supply AC/DC 9 — 24V 300mA

* As measured, never seen to exceed this value.
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Input signal connectors(H1 H2 H3 H4 H5)

BNC type connectors are used as input signal connectors. There is one connector
for each channel. Inputs are configurable to accept ECL or TTL signals.

H1 | Signal connector for channel 1
H2 | Signal connector for channel 2
H3 | Signal connector for channel 3
H4 | Signal connector for channel 4
H5 | Signal connector for channel 5

Data transfer interface(H6)

This interface is used to transfer data between the computer and the PCM using
RS-232 serial line with standard DB9 connector.

General purpose interface(H8)

This connector is used for several purposes - filter wheel control and signal transfer
between the device and the Acutime 2000 GPS receiver.

Power connector(H9)

The device accepts AC or DC input voltage from 9V to 24V, 300mA.

Maintenance connectors

There are two maintenance connectors H7 and H10. H7 is used for the MCU (U1)
software update and H10 is used for programming the CPLD (U2). For the software
update special programming devices are required (not shipped with PCM).

Jumper configuration
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Internal 50 () terminator (JP1 JP2 JP3 JP4 JP5)

The PCM can operate with terminated and non—terminated BNC cables for the input
signal. Each channel is configured separately, according to the following tables.

JP1 | Channel 1
JP2 | Channel 2
JP3 | Channel 3
JP4 | Channel 4
JP5 | Channel 5

ON | Switch on the internal 50 €2 terminator
OFF | Switch off the internal terminator (if the cable is terminated)

Input signal logic levels selection (JP6 JP7 JP8 JP9 JP10)

ECL or TTL input signal levels are accepted. Signal levels are configurable sepa-
rately for each channel, but all of the channels must be configured to accept the
same type of signals, ECL and TTL must not be mixed. When JP6-JP10 settings
are changed, JP11 must be changed also.

JP6 | Channel 1
JP7 | Channel 2
JP8 | Channel 3
JP9 | Channel 4
JP10 | Channel 5

1-2 | ECL input signal
2-3 | TTL input signal

Signal source selection (JP12 JP13 JP14 JP15 JP16)

Each channel of the PCM5 can be configured to count the pulses from the Internal
oscillator U6 (if it is present). This mode is only for test purposes.

145



JP12 | Channel 1
JP13 | Channel 2
JP14 | Channel 3
JP15 | Channel 4
JP16 | Channel 5

1-2 | BNC Connector
2-3 | Internal generator (debugging mode)

Output enable/disable of the ECL to TTL converter (JP11)

If the PCM inputs are configured for TTL input signals this jumper must be set
disabled, whereas for ECL it must be set enabled. This JP11 must be changed
together with JP6-JP10.

1-2 | Enable TTL output
2-3 | Disable TTL output

NOTE: Pin 3 of JP11 is the one closest to C25.

Enable/Disable ECL circuit power (JP21)

If all channels are configured to work with TTL input levels, the power of the ECL
circuit can be switched off by JP21.

ON | Enable ECL circuit power
OFF | Disable ECL circuit power

Configuring PCM to accept ECL or TTL input
signals

Configuring inputs to accept ECL or TTL signals is achieved by setting seven jumpers
according to the following table.

Jumper ECL | TTL
JP6 JP7 JP8 JP9 JP10JP11 | 1-2 | 2-3
JP21 ON | OFF*
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*ON is also Ok, if JP11 is set to disabled(2-3).

IMPORTANT: The only valid combinations of JP6 — JP11 settings are listed in the
above table, any other combinations may result in unpredictable behaviour and
even in a device damage.

PPS synchronized measurements mode

The PCM measurements can be synchronized with the PPS pulses from the GPS
receiver. In this mode the PCM will always start the measurements precisely with
the start of a new second.

To enable this mode, connect the PCM to the PPS output of the GPS receiver and
switch the PCM on after the PPS pulses appear. If there are no PPS pulses on PCM
startup this mode will not be activated and the measurements will start just after the
measurement command has been sent. The PPS pulses must be compliant with
the TTL levels with an active rising edge. Non TTL compliant pulses may damage
the PCM.

Specifications

Min. integration time 0.01 sec

Max. integration time 655.35 sec
Integration time increment 0.01 sec
Resolution of the internal real time clock 0.001 sec

Time synchronization drift (with GPS) < £ 2usec (< £0.6usec”)
Time adjustment resolution 0.1usec

Counter max. value (per channel) 224

Input signal level TTL/ECL
Communication interface 9pin RS-232 at 115,2 kbps
Power supply AC/DC 9 — 24V 300mA

* As measured, never seen to exceed this value.
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Filter & Tag Control Unit (FTC 01)
Operation

Panel View

FTC 01

Start / Stop
Set Filter
Set Tag

press&hold to change mode

Fllter Number Filter Label

Set filter mode
Indicator

Start/Stop mode
Indicator

Set Tag mode
Indicator

Tag Number Tag label

Operation

The Panel allows three operations to be performed: Set the desired filter, set the
desired tag and to start or stop the preset measurements. If there is no Photon

149



Counting module (PCM) connected, only setting of the filter is possible, since other
operations have no meaning in this mode. If so the display says "No PCM" as
shown on the picture below.

If any action is performed by the PCM or the filter revolver, the busy indicator (the
red LED above the button) is blinking.

Set Filter

Press and hold the button until the set filter mode indicator is displayed.

In this mode each button press shorter than 0.5 sec will set the next filter, if both
PCM and Filter revolver are not busy.

Set Tag

Press and hold the button until the set tag mode indicator is displayed.

In this mode each button press shorter than 0.5 sec will set the next tag, if both
PCM and Filter revolver are not busy.

Start/Stop measurements

Press and hold the button until the start/stop mode indicator is displayed.
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In this mode each button press shorter than 0.5 sec will start (if not started) or stop
(if already started) the preset measurements. If the Filter revolver is moving the
button press will not have any effect.

Additional Notes

1. In start/stop mode button press will not start any batch scripts loaded in phot-
client. It will start only the previously set measurement.

2. If photclient is running a batch script pressing the button in start/stop mode
will abort script execution. Pressing it again will not restart it.

3. If no integration is set with the command infegr (see photconsole(8)) the the
button press in start/stop mode will not start any measurements.
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Filter & Tag Control Unit (FTC 02)
Operation

Panel View

FTC 02

Start / Stop

Set Filter

Set Tag

Fllter Number Filter Label

Set filter mode
Indicator

Start/Stop mode
Indicator

Set Tag mode
Indicator

Tag Number Tag label

NOTE: FTC 01 display is shown, but there is no principal difference with the one
installed here.
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Operation

The Panel allows three operations to be performed: Set the desired filter, set the
desired tag and to start or stop the preset measurements. If there is no Photon
Counting module (PCM) connected, only setting of the filter is possible, since other
operations have no meaning in this mode. If so the display says "No PCM".

If any action is performed by the PCM or the filter revolver, the busy indicators (the
red and green LEDs above the buttons) are blinking.

Set Filter

Each press of the Set Filter will set the next filter, if both PCM and Filter revolver
are not busy.

Set Tag

Each press of the button Set Tag will set the next tag, if both PCM and Filter revolver
are not busy. In case there is no PCM connected this button has the same function
as the Set Filter button.

Start/Stop measurements

Each press of the button Start/Stop will start (if not started) or stop (if already
started) the preset measurements. If the Filter revolver is moving the button press
will not have any effect. In case there is no PCM connected this button has the
same function as the Set Filter button.

Additional Notes

1. In start/stop mode button press will not start any batch scripts loaded in phot-
client. It will start only the previously set measurement.

2. If photclient is running a batch script pressing the button in start/stop mode
will abort script execution. Pressing it again will not restart it.

3. If no integration is set with the command integr (see photconsole(8)) the the
button press in start/stop mode will not start any measurements.
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4. In case there is no PCM connected all buttons have the same function as the
Set Filter button.
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Communication between Photon
Counting Module and Filter & Tag
Control Unit

Communication Protocol

Photon Counting Module (PCM) and Filter & Tag Control Unit (FTC) communicate
using commands sent by PCM and replies sent by FTC back to PCM and additional
set of signals. There must be a reply to each command, but replies will also be
initiated if the filter or tag is changed using the FTC panel. This is done in order to
make PCM always aware of the current state of FTC.

PCM Outputs

PCM_BUSY

This signal gives information about the PCM status to FTC. If PCM is performing
measurements this signal is set to '1”. On idle it is set to ’0’.

PCM_REQ

The signal gives read data request to FTC. Before rising this signal PCM_OAQ0 —
PCM_OA1 and PCM_0ODO0 - PCM_OD2 should be set.

PCM_OAO — PCM_OA1

The address of the FTC command register to be written (2 bits).
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PCM_ODO - PCM_OD2

The data to be written to the FTC command register (3 bits).

GPS_EVENT

This signal gives EVENT signal to Acutime 2000 GPS Receiver.

PCM Inputs

FB_NOT_BUSY

This signal gives information to PCM about the status of FTC. If busy the signal is
‘0, elseitis 1.

FB_READY

This signal tells PCM whether FTC has finished the requested operation. Before
rising this signal FTC sets the result of the operation in PCM_ID0 — PCM_ID2.

FB_BUTTON

This signal is raised for approximately 10ms if the Start/Stop button of FTC is
pressed.

FB_NOT_PRESENT

This signal should be always set to '0’ when FTC is connected to the PCM. This
indicates the presence of FTC. If nothing is connected PCM reads it as ’1°.

PCM_IDO — PCM_ID2

The data to be read from FTC containing the result of the requested operation.
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GPS_PPS

Pulse Per Second signal from the GPS receiver.

FTC Commands and Replies

Command Structure

| AOA1 | DOD1D2 |

A0 Channel selector. Must be ’0’ for channel 1 and '1’ for channel 2.
A1 Mode selector. Must be ’0’ for filter manipulation and ’1’ for tag manipulation.

D0 - D2 For DO — D2 € [000, 110] requests filter/tag with the given here number to
be set. For DO — D2 = 111 requests the number of the currently set filter/tag.

Reply Structure

D0 - D2 If DO — D2 € [000, 110}, DO-D2 is the number of the currently set filter or
tag, depending on the request which provoked the replay. If DO — D2 = 111
the requested action ended with error.
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PCM-FTC-GPS Connector Pinout

VCC 175
14
VCC 2 O
3 O 15
O |16 FB NOT PRESEN
4
O L FB_BUTTON
FB_NOT BUSY 5
18 GPS_PPS
FB_READY 6 O =
= O 19 PCM_ID2
PCM ID1 7 O =
= O o120 PCM DO
GPS EVENT 8
21 PCM_BUS'
PCM_REQ 9 O =
= O o122 PCM_ OA(
PCM_OA1 10
23 GND
PCM_0ODO 1 O
24 GND
PCM_OD1 12 O
25 GND
PCM_OD?2 13 f&
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Timing Diagrams

PCM DATA READ (Read Reply From FB)

PCM_IDO-2

FB_READY

>10ns

PCM SEND DATA (Send Command to FB)

vvvvvvvvvvv

PCM_OAO0-1

PCM_ODO0-2

PCM_REQ

Additional Notes

1. All command sent while FB_NOT_BUSY=0 will be ignored. FTC is not re-
sponsive when busy.

2. If FTC has only one filter revolver, PCM_OAQO is ignored.

3. The presence of PCM is detected by FTC using the presence of VCC on pins
1 and 2.
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