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PREFACE

From September 5 until September 9, 1968, the IVth Colloquium on
Variable Stars was held in Budapest, Hungary. The Colloquium was organized
by a committee consisting of G. H. Herbig (President), A. Boyarchuk, M. W.
Feast, D. McNamara, J. E. Merrill, D.J.K. O’Connell, V. Tsessevich,
W. Wenzel.

The local organization was placed in the hands of a Committee consist-
ing of members of the Konkoly Observatory, Budapest: L. Detre (Chairman),
1. Alméar, Julia Bal4zs-Detre, K. Barlai, M. 11, S. Kany6, M. Lovas and of
J. Kovées (Hungarian Academy of Sciences).

The Colloquium was attended by about 90 scientists representing
Argentina, Austria, Bulgaria, Canada, France, GDR, GFR, Hungary, Italy,
The Netherlands, Poland, Roumania, South Africa, Sweden, United Kingdom,
U.S.A,, USSR,

As chairmen acted at the sessions: M. W. Feast, G. H. Herbig, J. Sahade,
A. Boyarchuk, W. Wenzel, F.B. Wood and L. Rosino.

The contents of the present volume parallel closely the programme of
the individual sessions of the Colloquium.

L. DeTRE
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Non-Periodic Phenomena in Variable Stars
IAU Colloguium, Budapest, 1968

STATISTICAL AND PHYSICAL INTERPRETATION OF NON-PERIODIC
PHENOMENA IN VARIABLE STARS

Introductory Report by

L. DETRE
Konkoly Observatory, Budapest

The subject of this Colloquium is similar to that of the third IAT Sympo-
sium on Non-Stable Stars, held 13 years ago in Dublin. At that time, the sub-
ject was limited to certain areas of particular interest. Now, we are trying to
pay attention to the complex of non-periodic phenomena in variable stars.
Dr. Herbig (1968), in his announcement of this Colloquium, has given an
excellent summary of the topics in*which we are concerned in these days.

Since then, the pulsating radio sources are added to our field, as they
are most likely stars and they show in the amplitude of the pulses random
fluctuations, that according to recent spaced receiver observations by Austra-
lian radio astronomers (Slee et al. 1968) take their origin predominantly at or
near the sources themselves, and not in the intervening interplanetary or
interstellar media.

Not long before, it was generally believed that stellar variability is only
significant, if the variation exhibits a sizeable amplitude and (or) a certain
amount of regularity. We shall adopt a different approach: random phenom-
ena occurring both in variable and non-variable stars are of the same impor-
tance as regular large-scale phenomena, not only in the case when they result
in such spectacular events as eruptions of novae or novoids, stellar flares,
or the phenomena connected with the R Coronae Borealis stars, but also when
they appear as small changes in the shape or position of spectral lines or in
the periods of periodic variables, because these minute effects might be the
manifestations of fundamental hydrodynamic or magnetic circulations in
the star or signs of a star’s rotational instability. In this way the frequency,
intensity, or extent of random stellar phenomena may show cycles or pseudo-
periods, as for example the solar magnetic activity with all its random mani-
festations like spots, plages, prominences and flares, has a 22 year cycle, and
the irregular velocity and brightness oscillations in the photosphere of the
sun have a pseudo-period of about 5 minutes. Other periodicities may some-
times be imposed on the observable effects of stellar random phenomena by
stellar rotation, binary motion, or by some interaction with pulsation.

Any observed data representing a physical phenomenon, e.g. a light
curve or radial velocity curve of a variable star, can be classified as being
either deterministic or nondeterministic. Deterministic data can be described
by an explicit mathematical relationship. They are either periodic or nonperi-
odic. The simplest periodic phenomenon has a sinusoidal time history and a
frequency spectrum (that is an amplitude-frequency plot) consisting of a
single frequency. Generally the spectrum of periodic data contains besides
a fundamental frequency, 7, its multiples. Almost periodic data, when the



4 L. DETRE

effects of two or more unrelated periodic phenomena are mixed, can be simi-
larly characterized by a discrete frequency spectrum. For the determination
of these frequencies different methods of harmonic analysis can be applied.
For transient nonperiodic data, as e.g. the light curve of a flare, a discrete
spectral representation is not possible. However, a continuous spectral repre-
sentation can be obtained from a Fourier integral given by

X(f) = Ti”nut)e—zﬂﬂiah, (1)

where m(t) is the light curve, X(f) is the Fourier spectrum.

We can consider irregular stellar variability as the observable effect
of random succession of transitory events. On the sun and some types of
variable stars, e.g. novae, U Geminorum, R Coronae Borealis and flare stars,
these events can be observed separately. Solar activity can be followed even
spatially separated. But generally, only the intermingling of many local and
global transitory events can be observed in the stars as a continuously varying
irregular light curve.

Also such a random time series m = m(t) can be represented by a com-
plicated mathematical relationship over a time interval (0, T). But the formula
will not hold for ¢ >7T. We obtain for different time intervals different for-
mulae, different sample records of the same random process. Therefore, it is
more practical to characterize a random time series by some simple parameters:

1. Taking the mean value of m for a time interval (0, T)

m =

Jm@ﬂ (2)

0

1
T

and putting m = 0 we can define the wvariance, as the mean square value
about the mean, by

T
e L 2
0% = 7 f [m(t) )2 dt (3)
0

The positive square root of the variance is called the standard deviation,

2. The probability density function describes the probability that the data
will assume a value within some defined range at any instant of time. The
probability that m(t) assumes a value within the range between m and m -+ Am
may be obtained by taking the ratio T mism/T, where T, myam) is the
total amount of time that m(t) falls inside the range (m, m + /Am) during
an observation time 7.

3. The autocorrelation function describes the general dependence of the
values of the data at one time on the values at another time. An estimate for
the autocorrelation between the values of m(t) at times ¢ and ¢ -- 7 may be



STATISTICAL AND PHYSICAL INTERPRETATION 5

obtained by taking the product of the two values and averaging over the
observation time 7. In equation form:

T
R(z) = —117 f m{t) m(t + t)dt (4)
o,

R(7) is an even function with a maximum at v = 0.

4. For stationary data, i.e. for data characterized by time-independent
parameters, we can construct the Fourier transform of the autocorrelation
function

+ow
II(f)y = | R(z)e~if"dz. (5)

0

11(f) is called the power spectral density function. That is a breakdown of the
light curve into sinusoidal components and gives the mean squared amplitude
of each component.

In the first column of Fig. 1. we see four special light curves, a sine
wave (a), a sine wave with superposed irregularity (b), a narrow-band random
light curve having cycles of nearly equal length (c), and a wide-band random
light curve with strongly different cycles(d).

In the next column of Fig. 1. we see the corresponding probability den-
sity function plots. For the sine wave we have the maxima for p(m) at the
extremities, because the curve varies slowly there.

Next to the right we see the autocorrelograms. The sharply peaked auto-
correlogram diminishing rapidly to zero (d) is typical of wide-band random
data with a zero mean value. The autocorrelogram for the sine wave with
random noise is simply the sum of the autocorrelograms for the sine wave
and random noise separately (b). On the other hand, the autocorrelogram for
the narrow-band random light curve appears like a decaying version of a sine
wave autocorrelogram.

Finally we see the corresponding power spectra. A discrete power spectrum
for a sine wave and a relatively smooth and broad power spectrum for the
wide-band random light curve. The power spectrum for the sine wave with
irregularities is the sum of the power spectra for the sine wave and the random
case separately. On the other hand, the power spectra for the narrow band
random light curve is sharply peaked, but still smoothly continuous as for
random light-curve. The period corresponding to the peak may be called as
pseudo-period. The four examples illustrate a definite trend in all the three
parameters going from the sine wave to the wide-band noise case.

The principal application for an autocorrelation and for a power spectral
density function is the detection of periodicities which might be masked in
a random background. Any periodicity in the light variation will manifest
itself as a series of peaks corresponding to a fundamental and its harmonics.

Such method of analysis requires enormous amount of computation,
hence it has not been popular in the past. With the aid of high speed computers
this is no longer a problem. However, the requirements of accuracy, extent,

2
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STATISTICAL AND PHYSICAL INTERPRETATION . 7

continuity, and reasonable homogeneity for the light curve to be analysed restrict
considerably the applicability of the method to semiregular or irregular variable
stars. Only one single semiregular variable was till now treated by this way,
u Cephei, on the one hand by Ashbrook, Duncombe and Woerkom (1954),
who found the light curve to result from stochastic rather than harmonic
processes, on the other hand by Sharpless, Riegel and Williams (1966) with
the conclusion that the light variations are characterized by a much greater
degree of regularity than is generally attributed to stars classed as semiregular
variables.

Lukatskaya (1966) has investigated the autocorrelation and spectral
functions of seven T Tauri-type variables and those of AE Aqr (1968), Kurochkin
(1962) those of T Orionis, and on this colloquium we shall hear Dr. Plagemann
on the same topic.

A very important question is, are the parameters of the light curves
of irregular variables constant in time, or are they changing. Tsessevitch and
Dragomineskaya (1967) investigated the light variation of 10 RW Aurigae
stars on sky patrol photographs of the Odessa, Harvard, Dushanbe and
Sonneberg observatories. They prepared probability density functions for
several stars, finding longterm variations of this function, with cycles of 25
to 60 years. Hence, light curves of some irregular variables represent nonsta-
tionary dala.

A particular random process is the so called Markov process. The property
that distinguishes Markov processes from more general random ones can be
described in non-mathematical form like this: If we know the present state
of the process, and want to make predictions about its future, then informa-
tion about the past has no predictive value, i.e. the process has no memory,
its relationship to the past does not extend beyond the immediately preceding
observation. We have a beautiful example for Markov processes in astronomy,
the O—C diagrams for periodic variables, if the period or phase fluctuations
are random, and independent from the preceding ones.

If we are able to determine the length of many individual cycles of a
variable star, as for example in the case of continuously observed Mira-
variables, we can test directly whether successive periods fluctuate acciden-
tally or not. Moreover we can also determine the probability density function
of the phase-fluctuations: y(f). For cepheids, eclipsing binaries and every
kind of short-period variables we must get every information for period-
changes from the study of O—C diagrams. These are for most types of periodic
variables determined by the cumulative effects of random phase fluctuations.
At the Bamberg Colloquium we have shown how the probability structure
of the O—C diagram could be determined using the central limit theorem of
probability theory (Baldzs-Detre and Detre, 1965). The structure depends
on the mean square value of the phase fluctuations, ¢, where

o=+ | Poinar, ()

but it is highly independent from y(f). O—C diagrams resulting from random
phase-fluctuations consist of cycles of different lengths and amplitudes.
(See Fig. 2, showing the O—C diagrams of three W Virginis-type variables:
RU Cam, AP Herculis and » Pavonis.)

DA
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Till now we have no evidence of evolutionary period-changes for most
kinds of variables. Some cyclic terms in the O—(' diagrams can be interpreted
as due to binary or apsidal motion, but generally they must be treated as
cummulative effects of random fluctuations. The value of o can be determined
from the O—C diagrams.

Several attempts have been made to represent the time sequence of
explosions of eruptive variables by a Markov chain. Yet, as Mme Lortet-
Zuckermann (1966) has stated, the Markov chain seemed poorly adapted for
the representation of the sequence of the various sorts of explosions of the
SS Cygni stars. Stellar variability refuses compliance with simple mathemati-
cal models.

The maxima or minima of an ideally irregular variable would be distri-
buted at random, and the cycle lengths [ would follow a Poisson-distribution:

A0 dl = ne—ni gy (7)

Sterne (1934) has shown that the minima of R Coronae Borealis fulfil this
condition. But this conclusion is only true if the minima are independent
events, and this is certainly not the case, if the minima are not well separated.

We see that all analyses of this kind, with the exception of the search
of hidden periodicities or changes of the statistical barameters in time, are
rather formal and do not say much about the physical nature of the stars,
since objects of the most various kinds may show similar light curves. Combined
spectroscopic and photometric, sometimes radio observations are needed to
reveal the real nature of some objects with irregular light variation. Such
combined efforts often lead to surprising results. I mention the beautiful
interpretation of V Sagittae by Herbig, Preston, Smak and Paczynski (1965),
who resolved the complex light variations of this star into three apparently
independent activities, showing that the star is a peculiar nova-like eclipsing
binary. VV Puppis, a star formerly classified as an RR Lyrae variable, was
interpreted by Herbig (1960) likewise as a nova-like double star. In June
1967 Deutsch (1967) has reported that the spectrum of CH Cygni, classified
earlier as a semiregular a-type variable, changed from a normal M6 type into
that of a symbiotic nova-like star. The star now shows rapid light variations
in the ultraviolet (Wallerstein 1968b). Using new high quality spectrograms,
Herbig (1966) succeeded in interpreting the 1936 flare-up of Wachmann’s
star, FU Orionis, as a phenomenon of early stellar evolution, a pre-main-
sequence collapse in conformity with Hayashi and Cameron’s ideas of early
stellar evolution. Two irregular variables have recently been identified as
radio sources: BW Tauri by Penston (1968) and BL Lacertae by Schmitt
(1968)*.

These examples go to show that we need in many cases special interpre-
tations for individual objects. Yet, we also have some general principles for
trying the physical interpretation of broad classes of non-periodic phenomena
in variable stars. These attempts can be classified into four categories:

1. Solar analogies. An increasing convergence is apparent between the
fields of stellar physics and solar physics, stellar analogues of solar phenomena

* BW Tau = 3C120, BL Lac = VRO 42.22.01.
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are becoming the subjects of specific researches. I mention a recent interesting
paper by Godoli (1967) at the Padova 1967 conference.

2. Trregular phenomena connected with or caused by the binary nature
of the star, as eruptions of different kinds or other irregularities associated
with gaseous material streaming between the components in very short-
period binaries and in symbiotic variables, further, period variations in all
kinds of eclipsing and spectroscopic binaries.

3. Irregularities connected with rotational instability of the equatorial
region of a rapidly rotating star, as in Be, Of and Wolf-Rayet stars.

4. Veiling theories, put forward by Merrill for long-period variables*
and considered by Loreta (1934) and O’Keefe (1939) in connection with
R Coronae Borealis in terms of solid carbon particles.

The closest similarity between solar activity and irregular light varia-
tion in stars is that between solar flares and extremely sudden increases in
the integrated brightness of some stars, mainly of flare and T Tau stars.
Since Sir Lovell (1964) discovered that optical stellar flares are accompanied
by radio bursts of the I, IT and III solar type, it became very probable that
flare stars show in a gigantic form the same kind of activity as the sun. The
quite irregular light curve of T Tauri stars could be due to the superposition
of very many flares, with a variation of the activity of the star, intermingled
with effects of the neighbouring circumstellar material. We shall have intro-
ductory papers on this theme by Wenzel and Gershberg. I refer to a recent
excellent review on flare stars by Haro (1967). Since the Prague meeting
of the TAU, Commission 27 has under Chugainov’s leadership a very well
organized working group on UV Ceti type stars for cooperative radio and
optical observations.

One of the most interesting possibilities for solar analogies is the exten-
sion of our concept of the chromosphere and of its activity to stars. The
discovery of the Wilson—Bappu (1957) effect, a correlation over a range of
nearly 16 absolute magnitudes between the widths (and not the intensity)
of the emission cores of the H and K-lines of Calcium II and the visual abso-
Jute magnitude for stars of types G, K and M, has engendered considerable
effort to interpret this effect in terms of chromospheric macroturbulence
including all irregular, non-periodic or pseudo-periodic motions of the atoms
in a stellar atmosphere. Kraft, Preston and Wolff (1964) showed that a similar
correlation exists between the width of the hydrogen (H,) absorption line and
the ultraviolet absolute magnitude. Recently Vaugham and Zirin (1968)
studied the infrared He line at 2 10830 A which is the only line from 3000
to 11 000 A that originates solely in the chromosphere, free of changes in an
underlying photospheric line. Since the line is excited only at high tempera-
tures, its presence is an excellent test for hot chromospheres in late-type stars.

The sun fits the Wilson—Bappu relation, but the intensity of K, emission
in the integrated light of the sun is very small and can be observed with high
dispersion only. In the spectra of many stars K, emission is observable even

* Merrill, P. W., Stellar atmospheres. The University of Chicago Press 1960.
p. 512,
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with rather small dispersion, indicating that some stars possess much more
active chromospheres than does the sun.

Leighton (1964) has shown that the K, emission on the sun occurs at
the edge of supergranulation cells, where photospheric magnetic fields are
sometimes found to be strengthened to the order of 100 gauss. There is a
point-to-point correlation between chromospheric activity and the photospher-
ic magnetic field strength. The Ca 1l network is not due to a circulation of
matter in the chromosphere but due to a more general circulation which
underlies the chromosphere. To the same effect points Bonsack and Culver’s
(1966) result that in K-type stars the widths of weak lines which do not have
a chromospheric origin, are well correlated with the widths of K, emission
or the strength of the infrared He-line.

Because this emission and the strength of the infrared He-line appear
greatly enchanced in the region of solar plages and in this way it is well corre-
lated with the 11-year solar cvcle, a study of the nature of variability of the
K, emission or of the He-line in other stars should add substantially to our
understanding of both sun and stars.

That K, does indeed vary, has been established by Wilson and Bappu,
by Griffin (1964), Deutsch, Vaugham, and most recently by Liller (1968),
especially in the stars o Bootis, « Tauri and ¢ Geminorum. The type of varia-
tion noted has usually been a change in the relative intensities of the violet
and red components of the K, emission, but there was little evidence of period-
icity analogue to the solar cycle.

Transitory Ca Il emission develops at the phase of minimum radius in
cepheids and longperiod variables. The study of this phenomenon by Herbig
(1952), Jacobsen (1956) and Kraft (1957) led Kraft (1967) at the JAU Sym-
posium 28 to the interesting suggestion, that the behaviour of cepheids at
this phase is an exaggeration of the disturbed sun. At the time of minimum
radius the surface of the cepheids becomes covered with something like plages.
As the cycle progresses, a shock wave moves through the atmosphere and
all such solar-like disturbances disappear: the cepheid becomes an F-type star.

Some non-periodic secondary variations in eclipsing binaries were attri-
buted to star spots (Kron, 1947, 1952). But these stars are not adapted for
such investigations, because gas streams between and around the components
may cause irregularities in the light curve.

Prominence activity was found in supergiant stars, for example in 31
Cygni, which are components of eclipsing systems. When the star goes behind
the atmosphere of the supergiant K3 star, at times several absorption compo-
nents due to Calcium II H and K are seen, providing unmistakable evidence
that bodies of gas moving with discrete velocities exist in its atmosphere
(S. Underhill, 1960).

Mass loss in stars might bear a relation to the solar wind, which is a
plasma extension of the solar corona moving outward at the velocity of about
500 km/sec carrying away a mass of about 10712 solar mass per year and the
frozen-in magnetic fields from the sun. The solar wind has a steady continuous
and an irregularly varying component. The evidence that considerable mass
loss occours in stars apart from novae, supernovae and close binaries, came
from Deutsch’s (1956) remarkable discovery of a set of circumstellar lines in
the visual companion of the M supergiant « Herculis. There is now ample spectro-
scopic evidence for the efflux of cool gas from the surfaces of all giant stars
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with spectral types later than M0 (Deutsch, 1966), at a rate of some 10?
solar mass per year. Weyman (1962) pointed out the difficulties in the way of
a solar wind explanation for these phenomena. More violent mass losses from
stars are certainly not of the solar wind type. In some pulsating stars the
pulsation shock can be so violent that the surface layer may be driven away
from the star in a relatively small number of periods, as was shown by Christy
(1965) for W Virginis stars. According to Paczynski and Ziétkowski (1968)
Mira type variables may throw out their envelopes and in this way planetary
nebulae might be formed. Mass loss may be the dominating factor in horizontal
branch evolution rather than nuclear burning. Kuhi (1964, 1966) estimated
the rate of mass loss from T Tauri stars at about 10~7 solar mass per year.
Spectra secured from rocket flights provided first evidence for the extremely
violent ejection processes in the atmospheres of O and B-type supergiants and
bright giants (Jenkins and Morton, 1967). We shall hear more on this subject
next week in Trieste, where a Colloquium will be held on mass loss from stars.

The weak point of solar analogies is that solar phenomena are not yet
quite understood. Yet, we can be certain of the magnetic nature of all processes
of solar activity and that all its accompanying phenomena like spots, faculae,
flares, the irregular component of solar wind, etc. are connected with local
concentration as well as annihilation of magnetic fields. Hence it is very pro-
bable that also the analogous stellar phenomena are of magnetic origin.

Moreover, it becomes increasingly evident that magnetic fields may
have a share also in other aspects of stellar irregularities. E.g., Merrill’s veiling
theory is supported by Serkowski’s (1966a, b) recent discovery of large amounts
of plane polarization in some Mira stars at minimum light. This polarization
can be explained by graphite flakes, condensed in the atmosphere of these
stars, presuming that they are aligned by stellar magnetic fields (Donn et al.
1966; Wickramasinghe 1968). Magnetic forces may play an important role in the
formation of the envelopes of Be stars. Of course, Struve’s (1931) suggestion
of rotationally forced ejection in a star rotating at the rotational limit in which
its equatorial rotational velocity is first sufficient to balance by centrifugal
effects the gravitational attraction of the star at its equator, is correct. But
an additional force is required to move the matter outward from the region
just above the star’s equator. The complex kinematic behaviour of the shell,
the occurrence of stars such as Pleione, which seem able to lose and reform
their shell at intervals, is particularly suggestive of the presence of forces
which trend to drive the gases away from the star. Even quite weak magnetic
fields could produce significant dynamical effects in such a shell (Crampin
and Hoyle 1960; Limber and Marlborough 1968). Hazlehurst (1967) studied
in a recent paper the magnetic release of a circumstellar ring, and he found
that the gases describe a decelerated motion, compatible with the observed
spectral properties of circumstellar shells. From the ultimate velocity of the
material an observational determination of the magnetic field in the stellar
photosphere will be possible.*

We would have a better understanding of the observed period-varia-
tions in eclipsing binaries, if an adequate electromagnetic theory of the gaseous

* About problems of irregular variations in light and radial velocity of Be, Of
and WR stars I refer to the excellent book The Early Type Stars by Anne B. Underhill
(Reidel Publishing Company, 1966).
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streams in the systems had been elaborated. Tt appears from the work by
Plavec and Schneller that the most erratic O—C diagrams are obtained for
contact and undetached systems. If an O—(C diagram has random walk prop-
perties, then the underlying physical processes that give rise to the random
period fluctuations, are themselves random processes. Wood’s hypothesis of
mass ejection for the explanation of the period fluctuations, if the areas of
ejection are distributed over the surface at random, fits the criterion of random-
ness, but the required masses are too high. However, we might have a very
efficient agent for angular momentum changes in the interastion of the ionized
gaseous streams moving around the components with the magnetic fields of
the stars.

Magnetic fields might play an even greater role in hot short-period
eruptive binaries and in symbiotic stars. Babcock measured magnetic field
of 1000 gauss in the symbiotic variable AG Pegasi. The configuration in erup-
tive binaries, a highly ionized disk, a strongly flickering hot component ejecting
highly ionized material into the disk, might be extremely unstable, especially
if the components have strong magnetic fields. It is just possible that the mag-
netic and gravitational instability of such a configuration might lead from
time to time to major eruptions. According to my opinion the seat of the
eruptions might be the plasma surrounding the stars, not a stellar com-
ponent.

According to Ambarzumjan’s (1954) hypothesis, the continuous emis- -
sion observed in the spectra of the T Tauri type variables and UV Ceti type
stars.during their outbursts originates from relativistic electrons in the magne-
tic fields of these stars.

Random processes may influence the pulsation of the stars, giving
rise to irregular fluctuations in the light and radial velocity curve and in the
period. The triggering mechanism of the pulsation, which is sought in the
convective layers of the stars, may especially be sensitive to magnetic activity.

Epstein (1950) has shown in an important paper that in highly centrally
concentrated stellar models the period of the fundamental mode is determined
primarily by conditions in the envelope and that the period is almost inde-
pendent of conditions in the central regions where most of the mass is located.
This result suggests that stellar pulsation, at least in giant and supergiant-
like stars, is a fairly superficial phenomenon effecting only the outer stellar
layers. The higher modes are even more sensitive to properties of the most
external layers of the star, since these modes have higher relative amplitudes
near the surface.

Indeed, red variables, where the outer layers play a great role, have
very erratic light variation, whereas classical Cepheids and most RR Lyrae
stars show very little if any irregularities.

Zhevakin introduced the peripheral zone of He II critical ionization
as the excitation mechanism of the pulsation. He (1959) developed an interest-
ing theory of semiregular and irregular variables. The period of oscillation of
the inner region of the star is constant to a high degree of accuracy. The non-
adiabatic oscillations of the atmosphere show relative to the adiabatic oscilla-
tions of the inner regions a phase shift, whose value depends primarily on how
close is the ionization zone to the stellar surface. Random fluctuations in the
position of the zone change the phase shift, and in this way the period of the
outer zones will fluctuate about the period of oscillations of the inner region.
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If the driving mechanism of the pulsation is affected by random pertur-
bations, we may expect a suppression of the amplitude of the pulsation relative
to stars free from such perturbations. As it is well known, semiregular red
variables differ from the longperiod variables only in their smaller amplitudes
(Fig. 3).

The RR Lyrae-variables with the Blashko-effect have very complicated
O—C diagrams. Though the Blashko-effect is a periodic phenomenon, it
causes great random fluctuations both in the fundamental and in the secondary
period (Fig. 4). As a period-amplitude diagram for RRab-stars in M3, taken
from a paper by Szeidl (1965), shows (Fig. 5), the mean amplitudes of the
RRab stars with Blashko-effect are much smaller than the amplitudes of
RRab stars with stable light curves.

Babcock discovered a strongly variable magnetic field in RR Lyrae
which ranges from 1200 to —1600 gauss. Julia Balazs (1959) has shown
that there was some correlation between Babcock’s measures and the Blashko-
offect of this star: the maximum positive and maximum negative fields were
associated with the maximum and minimum light amplitudes, respectively.
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Fig. 4. O—C diagrams for the fundamental and secondary periods of RR Lyrae.

She made the proposal that RR Lyrae is an oblique rotator with a rotation
period of 41 days, which is the period of the Blashko-effect. Preston (1967)
has observed RR Lyrae for the Zeeman effect in 1963 and 1964 some 50 times
and has not once found a measurable field. Yet, this negative result does not
disprove, that the Blashko-effect and the irregularities connected with it are
of magnetic origin. As Fig. 6 prepared by Szeidl shows, the Blashko-effect is
a very erratic phenomenon, the amplitude of the phase variations and that
of the maximum light variations are changing strongly from time to time,
they are sometimes scarcely observable.* The same may happen with the mag-
netic field. In any case, the greatest part of magnetic activity might take place,
as on the sun, below the photosphere.

For Delta Scuti variables and dwarf Cepheids we do not observe the
suppression of the amplitude in stars with secondary periodicities, and such
stars have the same simple O—C diagrams as variables with stable light
curves. Here, the secondary periods may originate from non random influen-
ces, e.g. from tidal effects as proposed by Fitch (1962).

* In RR Gem a strong Blashko-effect was observed till about 1937 which dis-
appeared later.
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RU Camelopardalis, a peculiar W Virginis-type Cepheid offers now a
unique opportunity for studying the interplay between pulsation and irregular
stellar activity. Demers and Fernie (1966) made three years ago the remark-
able discovery that the star nearly stopped its light variation. Considering
all available photoelectric observations I was able to show (Detre 1966) that
the star exhibited cyclic amplitude variations with a mean cycle of about
5 years. Therefore, | expected an increase in the amplitude for the year 1967.
Indeed the amplitude began to increase in the spring 1967, and in the summer
it reached 0.3 mg. in V and nearly half a magnitude in B. But immediately,
after Fernie and myself have reported about this amplitude increase at the
Prague IAU meeting, the amplitude came back very rapidly to the small value
it had in 1966 (Fig. 7). At first the light minimum, a little later the maximum
passed to its former value. The star needed in both cases only four cycles
of its 22 day-variation to restore the small amplitude.

The most important point we should know, how the spectrum changed.
Faraggiana and Hack (1967) studied 11 high dispersion spectrograms taken
by Prof. Deutsch between 1956 and 1961 when the light amplitude was normal.
They observed hydrogen emission-lines from minimum to maximum and
emission cores in the H and K lines on all the spectrograms sufficiently exposed
in this region. The radial velocity curve obtained from these lines was shifted
with respect to the curve for the absorption lines by about —70 km/sec, suggest-
ing that the chromosphere of the star was in expansion. Demers and Crampton
(1966) taking spectra during the small amplitude stage,state that no emission
lines are visible. To the same conclusion comes Wallerstein (1967, 1968) using
Lick coudé spectra. But unfortunately, these spectra do not contain the H,
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K lines region. I wonder if there are any spectra taken during the quiescent or
temporary recovery stage similar to those obtained formerly by Prof. Deutsch.

According to my opinion the pulsation mechanism of the star is very
sensitive to changes of its magnetic field and we witness the effects of such
changes in the last time. I hope, the star will yet give opportunity to study
this question. At present it shows irregular light variations with a V-amplitude
smaller than 0.1 magnitude.
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Fig. 7. Light maxima and minima of RU Cam in V, according to photoelectric observa-
tions obtained by Szeidl at the 24” reflector of the Konkoly Observatory.

I have only touched some few aspects of irregular stellar activity. Our
field is tremendous. From the theoretical side it comprises questions of stellar
stability, pulsation theory, turbulence and shock wave theory, i.e., the dynam-
ic theory of stellar envelopes, further, celestial mechanics, magnetohydro-
dynamics and questions of stellar evolution. From the observational side it
extends over all periodic or non-periodic variables, over intrinsic as well as
eclipsing variables. Its complete understanding postulates the knowledge of
solar physics in highest degree. And the reason for not yet proposing a sympo-
sium with solar physicists, is because they would have a great advantage over
us. We may hope that not in the far future variable star astronomers will be
able to give the same help to solar physicists as they give at present to us.
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LIST OF SYMBOLS

frequency in units of cycles per day.

Nyquist frequency, where fn = Y,/¢

angular frequency in radians, fy = /4t

sampling interval.

number of observations.

lag of time domain window, also known as the covariance averag-
ing kernel.

number of lags in the time domain.

the total number of lags.

observed time series (light curve).

variance.

mean of time series.

sample estimate of the autocovariance of lag k uncorrected for
the mean. '

crosscovariance of X,(t) and X,(¢).

autocorrelation coefficient.

sample estimate of the autocovariance.

ordinary product-moment correlation between X,(f) and X ,(#).
series used as filter in time domain with' convolution.
spectral window or kernel.

bias.

degrese of freedom.

bandwidth.

autocorrelation function of X,(¢).

crosscorrelation function of X,(¢) and with X,(¢).

spectral estimate for harmonic analysis.

—y) spectral window in frequency domain.

spectral density function of X,(#); the cosine transformation
of X,(1).

contribution to the sample variance from the jth harmonic.
the energy per unit interval of f - (amAt) centred upon k = 0,
1, ..., m.

the co-spectrum; the cosine transformation of the crosscorrelation
the quadratine spectrum; the sine transformation of the cross-
correlation.

the coherence.

phase difference.

the gain.

transfer function.
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I. INTRODUCTION

The purpose of computing power spectra from the light curves of irregu-
lar stars is both theoretical and practical. A power spectrum of a star is an
ideal method to study a complicated light or velocity curve whose inherent
periodicities may be obscured by noise. If one lacks theoretical light or velo-
city curves, power spetcrum analysis of the empirical data can reveal the
presence of peaks above the noise level, giving an exact value for the periodicities
and their amplitude, and the distribution of energy at different vibrational
frequencies. We can also study the changes in time of the period, amplitude
and energy distribution. This information can in turn be compared with the
T Tauri variables, such as their peculiar absorption and emission spectra, their
spectral type and their age and mass when compared to a theoretical H—R
diagram.

The preparation of power spectra of T Tauri stars involved a research
scheme carried out in three stages. Stage I began with an extensive search
of the literature over the past fifty years for published light curves of all the
130 T Tauri stars given in a table by Herbig (1962), plus some additions.
This task has been eased by references in two biographical works, “Geschichte
und Literatur des Lichtwechsels der Verénderlichen Sterne” and the ““Astro-
nomischer Jahresbericht”. It was necessary to check through each reference
to discover which contained the useful data. The light curves were then put
on to punched cards, each card having a single Julian Date and magnitude.
After the light curves were punched on IBM cards (some 27,000 readings in
all) they were sorted out serially and counted on an IBM 1401 computer, the
light curves were printed out and checked visually to reveal the presence of
flares. The criteria used was an increase in brightness greater than 0™-4 in
the course of one hour passage. Stage II involved the calculation of pilot
power spectra of T Tauri stars for different sampling intervals /¢ and lags
K in order to select stable spectral estimates. Checks for stationarity and
normality were made by breaking up long data sequences in halves and
comparing the power spectra of each.

Stage II1 of estimating the power spectra of T Tauri stars was done using
optimal sampling intervals and lags, i.e. those that all the essential details
appeared in the spectrum. An important factor in revealing the data was a pre-
whitening or filtering of the data in order to reduce the effects of power leakage
from higher frequencies that tend to distort the power spectrum. As a further
check of the power spectrum’s stability the light curves were converted to a
new time series by the addition of a Gaussian distributed random numbers
within a standard deviation of the mean, and the resulting power spectrum
was then computed. Definitions and procedural details will be presented
below.

All of the computations involving time series used a system of program-
mes (BOMM) developed by Bullard et al. (1966) for geophysical applications.
The calculations were carried out by the IBM 7090 computer at Imperial
College, London. Total computation times for each light curve analysed will
be provided and other details will be presented in a later paper.
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II. TIME DOMAIN AUTOCORRELATION

In the following pages, two forms of spectral analysis will be discussed:

a) auto-spectral analysis of a single time series, and

b) cross-spectral analysis of pairs of time series for the purpose of
comparison of sets of empirical data with theoretical models.

We must first consider in the time domain some statistical limitations
upon the data. The spectrum of the discreet series X ,(f) is only defined for
frequencies up to fy = Y/,/¢ cycles per day. As we shall see, some arrangement
must be made so that the process contains negligible power at frequencies
higher than fy. If there are no obvious linear trends in the data we can assume
stationarity, which is a type of statistical equilibrium which implies that
the random variables, X, and X, have the same probability density function,
ie. f(X,) and f(X,) are dependant of t. Practically we can estimate f,(X,)
and f,(X,) by forming a histogram of the observed values of X (%) and X ,(t).
A small visual difference is sufficient to confirm the stationarity assumption
(Jenkins, 1965). Tukey (1961) observed that unless one is sure about the
processes, it is wise not to average spectrum over too long a time, since statio-
narity may hold only for a short time. In fact frequently we are more interested
in changes in the energy distribution at each frequency than the power spect-
rum itself, since this may give physical insight about the mechanism producing
the irregular light curves. Another way of formulating stationarity is to insist
that all multivariate distributions involving X, and X, depend only on time
differences {——t" and not on ¢ and ¢ separately. The joint distribution of
X,(¢) and X,(¢) is then the same for time points K lags apart, allowing us
to construct a scatter diagram of X,(¢t) and X ,(t—¥). If this joint distribution
can be approximated within a reasonably close measure by means of a multi-
variate normal distribution, then the joint distribution is characterized by
its means and its covariance matrix. If the errors are Gaussian or normal,
then u; and o® characterize the distribution completely, and the condition
of normality is fulfilled.

We must now more carefully define the covariance matrix, its compo-
nents and relations to other statistical qualities. The variance o? is:

o= e(x; — u;)? (2.1)

where ela;) = % 2n z,(t) = p; (2.2)
t=1

and also o= [ (2, — ) plx) de (2.3)

where p(w) is the probability density function of the errors and H; 18 the mean
value of X and p(x). We can also write the sample estimate ¢,,(k) of the auto-
covariance of lag K uncorrected for the mean.

n—

1
en(k) = n = (@1 — ) @i — ) - (2.4)

- x

Since ¢, (k) is even (k) =cy(— k). (2.5)

3*
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If the number of observations » increases indefinitely, ¢,,(k) becomes the
ensemble autocovariance y,,(k). Priestley (1965) points out that c,(k)
has a bias b(w) the order m/n, but since most estimates of the spectral density
use only the first m(<en) values of y,,(k), so the bias in y,,(%) is unimportant.
If we wish to compute only the autocorrelation, then we use an unbiased esti-
mate of ¢, (k). However, to calculate the power spectrum of X,(t) requires
a biased estimate of c,,(k) (see designation 3.14 and the immediate discussion),
thus a weighted autocorrelation becomes:

1 nk
on(k) = —— (4 — ) @yrax — ) - (2.6)
n—k 3
The autocorrelation coefficients p,,(k) are ¢,,(k) = y1,(k)[y1,(0); here
the same as the regression coefficients of X,(f) on X,((—*k). The cross correla-
tion coefficients g,,(k) become

01a(k) = Y12(k)[V 712(0) 752(0) . (2.7)

Thus if the time series is stationary and normal, its statistical process, i.e.
the joint distribution of X ,(¢) for time ¢, t,, .. ., t, is characterized sufficiently
by w;, o and p,5(k) (Jenkins, 1961). More formally the estimators y,,(k)
for g,,(k) are the ordinary product-moment -correlations between sequences

n—k
3 Uanlt) — ] [zalt + ) — ]

ria(k) = { (2.8)

n—k n—k 1/2
12' [%,(8) — i P %' [t 4 &) — l‘z]Z]

where p, and p, are means calculated from the first n—% and last n—£& terms,
respectively. The plots of r,,(k) versus the lag k are called the autocorrelation
functions A,,(k) and r (k) against k the cross-correlation functions. It is
worth noting that the means u; and u, must be subtracted out to produce
proper autocorrelation coefficients. If we do not remove the sample mean
before calculating the autocovariances it will dominate the contribution to
its cosine transform not only at zero frequency, but also at frequencies close
to zero. A Fourier transform of p,,(k) will dominate only the zero frequency,
but if there is linear trend present in addition, there will be an additional
contribution to the power at all frequencies, but predominantly at low fre-
quencies. We note also that if the lag £ becomes too large, B;,(k) becomes
erratic in appearance since fewer observations fall into each group, so that
the variance of the estimate increases. Thus resolution cum number of lags
k works in the opposite directions to the variance, and a compromise between
the two must be effected to accurately estimate autocorrelation coefficients.

III. HARMONIC ANALYSIS OF STRICTLY PERIODIC TIME SERIES

The sample autocorrelation function is a difficult quantity to interpret
physically since neighbouring correlations tend to be correlated. We shall try
to look at the time series transformed into the frequency domain. We shall
first decompose a time series that is valid only for strictly periodic phenomena.
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After we show how certain types of noisy spectra can be represented, i.e.
we shall estimate a power spectrum of a time series containing both periodic
signals and noise.

Following Jenkins (1965), we shall unite N = 2n sampling intervals of
a strictly periodic time series (light curve) which will be fitted to a harmonic
regression of the form

n—1
z,(8) = Ay + ;: A,;cos (w;t) + By;sin (w;¢) + A4,, cos (wt) (3.1)
or !
n—1i
2,(8) = Ay + j§1 R jcos (w;t + Dy;) + A, cos (nt) (3.2)

where
tan @,; = —B,/A,;, ; = 27j|N and R} = 4% + B,

The observations are represented by a mixture of sine and cosine waves
whose frequencies are multiples of the fundamental frequency 2s/N. Then

1 X =

Ay = Z—V—ZXU = Xy, (3.3)

2 N
_ZFZ 11 €08 (w;t) (3.4) (3.4)

a d =

n o ¥
B, = 7\7—2 ) sin (o, ) . (3.5)

1

If only a few of the harmonics are used, and the remainder are regarded
as error, then (3.4) and (3.5) give the usual least square estimates of the
constants. The total sum of the squares (variances) about the mean can be
decomposed.

.z

(Xlt - X ﬁ

n—
5 > B+ NAL,. (3.6)
1 j=1 K

~
Il

N o o e .
If we assume no harmonic terms are present, then -2—R%I- is distributed as chi-

square with two degress of freedom.
If we define the sample estimate of the autocovariance of lag % uncorrect-
ed for the mean c;,(k) then the sample spectral density function is

(0) = i

—aloln (3.7)

ZXI t) e—iot

2nT

We can now carry out a harrnonic analysis for strictly periodic phenom-

ena as _
1 ) 2 NI
— R} =— > cylk)cos (w;k) . (3.8)
2 N -RN4

If the series X,(¢) is stationary, and if the number of observations N increases
indefinitely the histogram R;; becomes a continuous curve known as the
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spectral density function f(w) and, C,,(k) is replaced by y,,(k) so that

sz(a))=Re{% 200‘ yn(lc)e—i""‘}z—— 2 (k) cosw k) (3.9)

k= —o

It is worth noting that f(w) and y,,(k) are Fourier transforms of each other.
We have

=

yulk j ek f(o (3.10)

— o

and we write p,(k) = y,(k)/o?

(o) = % { 142 3 0,(k) cos (o k)} . (3.11)
k=1

The Weiner-Khintchine theorem states this more formally: that a function
f(w) being the integrated spectrum of X(¢) has the physical interpretation that
follows from the Fourier expansion of X,(t), i.e.

-

= { e® dM(w (3.12)

—

where dM(w) is an orthogonal stochastic process in the interval (—oo, o)
with the estimate

e{|d M (o) P} = df(e (3.13)

Thus df(w) represents the average ‘“‘power”’ associated with the components
of X,(f) whose frequencies lie between w and w 4 do.

We shall now see why this easy progression in the proof does not yield
valid results for physically meaningful spectra, since simply, the tenants of
the basic assumption of strictly periodic X,(¢) are violated for stars with irreg-
ularly varying light curves.

As we have stated harmonic analysis works only for strictly periodic
phenomena. For mixed time series harmonic analysis does not give a natural
estimate of the spectra. In fact engineers and statisticians know harmonic
analysis of noise or random numbers produces a highly spiked spectrum. For
large sample sizes the mean periodgram I,,(w) does tend to the spectral density,
but the variance of the fluctuations of I;(w) about f(w) does not tend to zero
as n — oo. For alarge n, the distribution of I,;(w) is a multiple of a chi-
squared distribution with two degrees of freedom, independently of n. Another
way to see that for mixed spectra harmonic estimates of the periodgram I,(w)
are spurious is that

s(In(w))=%2 5 ( J_fbl] ou(k) cos (,(k)) (3.14)
k=—n+1
where

Limit ¢(1y;(w;)) # o*f(w)
n—oc
As we see, the weights tend to zero as k tends to N, giving erratic and incorrect

estimates. We shall now see a true method of estimating time series as devel-
oped by Weiner (1967), Blackman and Tukey (1958), and others.
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IV. ESTIMATION OF MIXED AUTOSPECTRA

We here define a mixed spectra by decomposing F(w), integrated spect-
rum of X,({) as
F(w) = a, Fi(0) + a, Fy(o) (4.1)

where F,(w) is an absolutely continuous function having a derivative f(w
also called the spectral density function, and F.(w) is a step function at certain
frequencies w,, n =1, 2, ... Ifa =1, a, = 0 the spectrum is purely con-
tinuous; if @, = 0, @, = 1, it is purely discreet. If a,=~0, and a, =~ 0 are not
constant, then the time series is said to possess a mixed spectrum. If a process
contains periodic terms and residual processes which inthemselves have contin-
uous spectra, then we have to estimate (1) the number of sine waves, (2)
their amplitudes and frequencies, and (3) the spectral density function of the
residual process.

To estimate mixed spectra one defines both a series A(k) as a time domain
window and a spectral window 7(w) as a window in the frequency domain.
We choose for mixed spectra to define spectral estimates in the form

o) =~ k2+ 2E) () cos (e ) (4.2)

where we assume that the width of the spectral window associated with A(k)
is so small that the spectrum is small over the window. We can also write
for y,,(k)

() =2 [ flo)emiokdo (43)
Another expression of (4.2) is -
flo) = Oj" v — y) fly) dy (4.4)
where
o —y) = {1l — y) + 100 + )} (4.5)
with
anz(w —y)do =1 (4.6)
and
ow —y) = % k=2._°m Ay e—i@=Nk (4.7)

The7(w—y)is the spectral window. In changing & we move the slit along through

the entire frequency range, with a bandwidth + %VE about y = w. Jenkins

(1961) gives several physical definitions of bandwidth which approximate a
rectangular band pass window. In general we will replace the autocovariances
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yu(k) with the autocorrelations p,,(k) so that

1 N-1
flw) = - 2}; A Iy(kycoswk . (4.8)
=—~N+1

For the choice of moving weights 4,, we can choose from a number of cosine-
like series, all nearly the same. We have used

Ay =hf1— (1 + cos _n_k_) . (4.9)
2 m

This weight gives variance f(w) ~ %@ , thus making m small increases the band-
n

width, hence decreasing the variance for this choice of 4.

This operation can be regarded as a filtering process using a rectangular-
like bandpass with small side lobes in order to increase the accuracy of the
spectral density f(w). Unless one is faced with peaky or a steeply slanted spect-
rum, the exact shape of the window is not too critical.

This window (4.9) and others like it tend to a normal distribution, hence
its transform is the same as itself. It retains its shape in both time and fre-
quency domains. For his particular window, the 7(w—y) in (4.1) is given by
Jenkins (1961) as

o — y) = 1 {sin(m+1/2)w

7 sin /2

N _}_[sin (m +1/2) (@ +afm) | sin(m+1/2) (@ — ”/ﬂ_)]} . (4.10)

2 sin 1/2 (@ + 7/m) sin 1/2 (0 — z[m)

Most windows are similar to those generated from the window 1,, = 1, giving
a shape similar to the probability density function of a rectangular random
variable. This particular window (4.9) has both small bandwidths and small side
lobes, cutting the leakage of spectral power from frequencies distant from
y = o, which would distort the true picture at y = w,. It must be emphasized
that there are a number of spectral windows, each with different bandwidths.
We shall see later that filters similar to 4, are used to suppress certain undes-
irable features in the spectrum such as power leakage. More important than
the choice of window shape is the choice of the total number of lag £ steps,
which we call m. The nature of the analysis attempted here is to use a fixed
run of observations and a fixed sampling interval Af. Priestley (1962) has
attempted to establish quantitative expressions for designing an optimum
spectral estimate, involving the relation of variance ¢* and bias b(w). As we
have mentioned earlier, one must first fix the form of the weight sequence
and the number of lags m. A not always realizable suggestion by Priestley (1962)
is to have the bandwidth Bw not greater than the width of the narrowest peak
of f(w), more specifically Bw is the distance between the ‘half-power’ points in
the main lobe. -

Blackman and Tukey (1958) discuss an optimal design in terms of sampl-
ing errors of f(w) assuming a chi-squared distribution with» degrees of freedom,
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including a measure of f(w) in terms of variance, but not bias b(w). We shall
discuss these points later when considering the errors inherent in any estimate
of f(w). These considerations of 02 and b(w) are not strictly applicable to this par-
ticular type of power spectrum of light curves analysis of light curves of irre-
gular variable stars taken from the astronomy literature. Unless one studies onl y
short period fluctuations of variable stars, or has several observatories in
the world keeping constant watch on certain stars, one’s sampling rate will
always be disturbed by the day-night variation. The weather will also confound
the most diligent observer, and tend to frustrate any decrease of 4¢ even for
very long records of light curves.

Jenkins (1965) suggests an empirical method which has been followed in
this work, and which will be illustrated by a few examples and diagrams.
Those who try to determine an optimal m always find that the answers depend
on the spectral density f(w). We therefore choose an m small (or large band-
width). We then increase m and decrease the bandwidth improving the reso-
lution, stopping when we are satisfied about the detail of the spectrum (follow-
ing the suggestion of Priestley). The matter may be judged in the light of the
consideration that the variance tends to increase with m; we must in fact
balance three considerations: accuracy of spectral estimate (the variance)
against the number of lags m, i.e. the resolution of fine structure in the spect-
rum. The ideal method to increase resolution at low frequencies which would
amount to an increase in the total length of data, hence a, range of possible
periods of up to 1,000 days. Along with this increase in # we could safely increase
m and still retain a high level of confidence in our statistical estimates of the
spectra. The diurnal variation of the Earth, infrequent bad weather and the
new Moon puts a very real limitation on an accurate f(w), without an enor-
mous increase in time and effort of the observational astronomers.

The irregular nature of the observations that make up a light curve is
dealt with by a subroutine of BOMM that interpolates the time series, using
second differences, at regular intervals At over the range of observations that
one chooses. In pilot studies, we usually choose several values of At.

We are led finally to conclude this section with the specific formulatton
of the spectral density as computed by a BOMM subroutine. The actual cosine
transformation of the autocorrelation is written: —

)= ———— nE;f k)cosmwi (0 -+ jj24¢ 4.11

f( om 4 1 % Yu(k) ( Jl ) ( )

where ¢, = Yy if i =0, €, = 1 otherwise; j = 0, 1, ..., 17, 1’ is the greatest

integer such that o’ + 22 < oy where »” is the low frequency limit, usually
it

0 and wy is the Nyquist frequency.

Jenkins (1961) observes that the logarithmic transformation of the
spectral density f(w) produces a distribution whose variance is nearly indepen-
dent of the frequency. We see that

Variance {f(w)} ~ f2(w)p; m/n (4.12)

where §; depends on the window used for the spectral estimate and = is the
total number of observations. If we then write an expression independent of
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the frequency

Variance {log,, f(w)} ~ B; % . (4.13)

Log,, f(w) produces estimates that do not rely so heavily upon normality, in
fact it produces distributions closer to normality. It is assumed that the errors
here are produced by the variance and not by leakage of power from other
frequencies or by aliasing. It is worth noting that this leads us eagily to the
method engineers use for estimating spectral power since

Decibals = 10 log,, (ratio of power) (4.14)

We see that an increase of power by a factor of 2 is equivalent of a change
of 3 decibals.

V. ESTIMATION OF MIXED CROSS SPECTRA

Often we need either to compare two empirical time series X,(f) and
X ,(t) that arise in similar fashions. To do this, we shall show how one estimates
the cross spectrum. We shall show now that if X,(t) and X ,(t) do not have
similar origins, then one can estimate the gain of a system, and perhaps the
coberent energy. Let one of the time series X,(t) be a theoretical complex
input and X,(f) the actual recording of the light curve. We can write

Xo(t) = [(X4(t) + n(t) (5.1)

where n(t) is the noise term which arises because other input variables are
not well controlled. If the fluctuations in X,({) are not too large, then we
linearize the above equation to:

X,(t) = [ o)z (t —u) du+ n(t) (5.2)
0

where n(t) now contains quadratic and higher terms. This relationship is a
linear dynamic equation, the regression or impulse response w(u) can be
estimated in several ways, by changing X,(t) by a well defined step pattern
or sinusoidally. In the case of the Jatter we let X,(¢) = dcos wt and

X,(t) = 6G(w) cos (0t + P(w)) + n(t) (5.3)

then the transfer function becomes

T(iw) = Glo)e-i%@ = | o(w)eiok du. (5.4)
0

T (iw) is the transfer function, G(w) the gain and @(w) the phase shift. If n(t)
is small, the gain G(w) may be obtained from the ratio of the amplitudes of
the output and input, and @(w) by matching up the two waves. In this case
we used a sine wave generator to actuate X,(¢) and sweep out a range of fre-
quencies to generate all the information.

We shall now estimate w(u) from the existing noisy fluctuations in X, (t)
and X,(¢). These two series are now given to be stationary time series, and
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X ,(¢) and n(t) are uncorrelated, so we can write the crosscovariance by multiply-
ing (5.2) by X,(t — %) and averaging

Y1(T) = i” o(u) yu(k — u) du (5.5)
0

where y,,(k) is the crosscovariance function of lag k& between X (¢) and X ,(1),
and y,(k—u) is the autocovariance function. If 712(k) and y (b—u) are
known, then w(u) may be estimated by solving (5.5), usually called the Weiner—-
Hopf equation. If we calculate the Fourier transform of both sides,T'(w) is then

T(w) — %2 Jel®@) (5.6)

o1 ful®)

where f,,(w) is the cross spectral density function, and o,and o, are the standard
deviations of X,(f) and X ,(t). The spectral density f,,(w) is given by

1 n-1

fra(w) = gk=_2(n‘_l))*r V12(k) €7k (57)

We have shown that the frequency response T(w) is given by the ratio of the
cross spectral density and the input auto spectrum. We now write V10(k) as:

n—k
Palh) = 3 (zlt) — ) (ot + ) — ) (5.8)
=1

We have already defined y,,(k) and /,,(») in an earlier section of the paper.
Since y,,(k) == 75,(k) in general, then (5.7) gives both a cosine and sine trans-
form of the crosscorrelation

o

Zis(w) = % J o10(k) cos wk dk (5.9)

0
Wo(e) = % f Boolk) sin & i (5.10)

where °
fra(®) = Zy(w) — 1 Wis(w) (5.11)
(k) = %{912(]9) + 912(1")} : (5.12)

and

k) = - {e1h) — g~ B} (5.13)

In this case W ,(w) is the quadrature or out-of-phase spectrum, and Z,,(w)
is called the co- or in-phase spectrum. Using (5.6) and (5.8) we can write the
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gain G{(w) and phase @(w) as

G(@) = 22 Z5(@) + Wh(@)fu(w) (5.14)
Wo(o)
tan {P(w)} = —2—1 5.15)
an {0(0)} = 75 = (

Tan @;(w) here is the phase difference. This formulation is due to Munk, et al.
(1959). If we are examining the covariance between two stationary time series
X ,(t) and X ,(t) and not as input and output of some linear system, one usually
plots the coherence R%(w), which is normalized to run between 0 and 1 so that

— Wii(w) + Ziy(w) .
f11(@) fan(@)

The coherency R¥w) is analogous to the correlation coefficient calculated at
each frequency w. The spectrum of the noise term n(f) in (5.2) is now

R(w) (5.16)

62 frn(®) = 0} faa(@) (1 — B¥(@)) (6-17)
which is analogous to the residual sum of squares in linear regression.
6 = o%(1 — 0%). (5.18)

We see if R%w) is large, the noise spectral density is small relative to the
output spectral density and vice versa. We can also write R*w) as

A T
e = 1/{1+ o} G(w) /11(“’)} . (519

If G(w) is specified, the coherency is large if the signal-to-noise ratio is large,
that is S(w)/N(w)
2
S((D) . Ulfll(w) . (5.20)

N(w)  of fin(®)

Munk, Snodgrass and Tucker (1959) point out that, if both X,(¢) and X,(¢)
are identical and simultaneous, Z,,(w) = +1, W ,(w) = 0. If they are identical
but there is a time lag in one record corresponding to a phase difference P(w),
then the coherence is —-1.

Jenkins (1965) points out that positive cross correlations will result
in a high frequency cross amplitude spectrum with most of its power at low
frequencies; negative cross correlations will results in a high-frequency cross
amplitude spectrum.

We follow Jenkins (1963, 1965) to choose w(n) in (5.2) so that the integ-
rated squared ertor is minimized, and that (5.21) is small compared to some ¢

an2(¢) dt<€’ (5.21)
and ’
T
Zp(k) = { w(w) Zyy(k —w) du. (5.22)
0
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Here the ensemble cross covariances y,,(k) are replaced by the sample cross
covariances Z,,(k). Since X,(¢) and X ,(t) are not phase shifted sine waves, but
stationary time series, we must introduce a weight function A(k) as in the
univariate spectral analysis. We then write the estimates for the co-spectra,
quadrature and auto-spectra as

T .
Z,,(0) = % f (k) oy (k) cos ook dk (5.23)
0
T
W () =% j A(k) Bo(k) sin wk dk | (5.24)
0
9 T
fulw) == f ME) 1y() cos o k dk (5.25)

0

where a,,(k) and f,,(k) are estimates of «,, and B2 as defined earlier in (5.12)
and (5.13).

It has been pointed out by Jenkins (1965) that coherencies may sometimes
be low because of the influences of the individual autospectra. One can take
two independant time series and produce large coherence between them
arising from peaks in the individual spectra or if the bandwidth is too small.
However, we can calculate the autospectra first, then pre-filter each series to
make their spectra move nearly uniform or white. This leads to a large increase
in accuracy in the estimation of coherency. If one likes to think of an input
function into the atmosphere of a star as some type of periodic wave,
then following Munk and Cartwright (1966) we can separate the estimate of
the energy into two parts, namely

“coherent energy” = R*w)f,,(o) (5.26)
and “noncoherent energy = {1 — R*w)} /,,(o) (5.27)

The latter will be effectively noise energy, but may contain energy coherent
with other input functions.

VI. FILTERS

Once the basic spectrum has been created and stabilized for a fixed m
and 4¢ it becomes important to examine further the processes that tend to
distort the true nature of f(w). We shall then show it is possible to construct
a digital filter U, so that convolution upon the data in the time domain will
eliminate unwanted spectral energy at some specified frequency. If we gene-
rate a series which we shall term our filter, and given our light curve X (1),
we then create a new series W,(t) by the process described. We can write

W;(¢) as

1
V417

> Uy % (6.1)

(Vi

() =

It
=)
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where
ji=1,2 .., [14+m—0U—=0p' L k=p(G—1+1

p’ being the number of terms by which the weight factors are advanced for
unit increase in 1/({’ - 1) is a normalization factor. If we want weights that
are symmetrical, then W, assumes the following form

1 I
Wit) = — -[kaﬁ S (Ui + Uii) 2 (6.2)
20 41 iz
where
i=1,2 ... [l m—2 )L k=0 +(G—1)+1

We can construct also a frequency response function 7'(w) to accept or reject
any range of frequencies so that

T@p:fUmw (6.3)

=k

The BOMM programme generates these series of moving weights either for
use as lag windows or as filters. We have the choice of symmetrical filters
or those fading to the left or right. If we want a high-pass or low-pass filter,
then for some frequency f, the terms are multiplied by a factor which gives
a filter whose transmission is 6 db (!/, amplitude). Thus: —

sin 7 j
ijUj——.Lf‘, f+0 (6.5)
njf
If we want a low pass filter to be convolved in equation (6.1), then we write
§=u,2mtL (6.6)
=

and for a high pass filter

S = _TU 2m -+ 1

j ]W‘F (2m+1)8(j) (6.7)
j=0

where ¢; =1/, for j = 0 and ¢; =1 otherwise; 0(j) =1 for j =0 and 0
otherwise.

As we stated earlier, the filter type is determined by the sharpness of
cut-off and by the side band characteristics. The amplitude response of any
filter can be obtained taking its cosine transform. It may be worthwhile
explaining some of the conditions which necessitate the use of filters,
such as the removal of trends, leakage of power from high frequencies due
to aliasing. Often non-stationarity of time series may be due to the pre-
sence of a linear trend. In general, one can use a high-pass digital filter to supp-
ress low frequency trends and then go on to perform a spectral analysis of the
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residual series. Another use of filters in time series analysis is where one
suspects that a series consists of a mixture of stationary series, i.e. differing
frequency bands may have different physical origins. In such a case, we can
construct a series of digital band pass filters to separate the original spectrum
into several distinct spectra.

A more complete discussion of the use of filters of all types will come
in the next section with a discussion of the errors involved in calculating
the spectral density.

VII. ERRORS IN SPECTRAL DENSITY ESTIMATES

Munk, Snodgrass and Tucker (1959) have given several quantitative
estimates of errors in spectral density. We shall deal with those errors that are
due to random errors, the properties of the spectral window k), leakage of
power due to aliasing, and give some treatment of systematic errors. Within
the range of this examination is the problem of detecting signals in the pre-
sence of noise, i.e. estimation of the range of error allowable for any peak
that appears in the mixed spectra.

Parzen (1961) gives some design relations in terms of the signal to noise
estimate, i.e.

SNR[/(w)] = ﬂf(ﬁﬂ (7.1)

We see the SNR[f(w)] is the mean divided by the standard deviation (or the
reciprocal) of the coefficient of variation of the random variable f(w). If
/(@) is normally distributed and we seek to obtain a 959, confidence level for
our spectral estimates, then we can estimate SN RB[f(w)] in terms of equivalent
degrees of freedom. If X,(t) is a random variable (i.e. Gaussian noise) which
has a chi-squared distribution with » degrees of freedom, then

SNE[x()] = |2 (7.2)

and
= 2 {SNR[z,(t)* = 2 M} 7.3
(SN R [2,(1)] {U[ﬂw)] (7.3)

If X,(t) is a positive random variable, then » is just the equivalent degree of
freedom.

Several authors put forward their views on design relations to maximize
SN R[f(w)] under various circumstances (Parzen, 1961; Priestley, 1962; 1965),
but we shall have to outline this in more detail later because of the peculiar
nature of the light curves of T Tauri stars and the fixed amount and nature
of the data available. The assumption of a chi-squared distribution is
approximately correct where f(w) can be expressed as a weighted sum of
x’-variables. It seems a similar method of treatment is to sum the squares of
amplitudes of the components of a Fourier series.

() = Zn[pn cos [27;nt) + g, 8in [27;nt” (7.4)

0
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where n — 0,1, 2 ..., and the energy density varies slowly with the frequency
separation 1/T of the harmonics. Then p, and ¢, are normal and p} = ¢ =
— true energy density/T, i.e.
S(w) = Estimate energy (w) = (Zlaﬁ) T (7.5)
p 2 P
Thus for p harmonics, the number of degrees of freedom v = 2p, and from the
chi-squared distribution “confidence limits” can be calculated. This is because
the chi-squared distribution gives

[S(w) — E(@)I

i) = 2fv (7.6)

The effective number of degrees of a record is approximately ». These ideas can
be used with tables given in Blackman and Tukey (1957) to calculate the
random errors based on the assumptions above. Thus

m

Tt seems likely that one must consider both the bias and variance when carry-
ing out practical estimates of the spectral density f(w), but it is difficult to
formulate quantitatively any practical numerical formulae due to the presence
in f(w) of non-random statistical errors, i.e. side band leakage for which f(w)
differs with the type of spectral window chosen, aliasing. The problems of power
leakage from peaks at frequencies > oy confuse the estimate at neigh-
bouring frequencies oy + Adw. Parzen (1961) and Priestley (1962) both use
a formula

1.96 n(w) + b(w) = 0.1 - f(w) (7.8)

to give an estimate at a particular frequency that does not have more than
a 109, proportional error at the 95%, confidence level. In this matter the
variance is defined by

n(w) =¢[f(w) —¢ (]‘(a)))]2 A —4—@:(—&1 J 20 do (7.9)

and the bias is given as

bw) =¢[f(w)] — f(w) ~ f {f(8) — f(w)} A(f — o) do (7.10)
where A(0—w) is the weight function. :
Implimentation of these formulae for n(w) and b(w) rest critically on
ones choice of the width of the weight function A(k). In fact since both » and
b are fixed for the light curves, it is possible to calculate optimum lags m for
a given spectra, if we accept the mean square error at frequency w as

M(w) = 7t (0) + B () (7.11)

But it cannot be denied that other sources of error creep in as we have mentio-
ned earlier, and the chi-squared error estimates only account for one source
of error, those of a random nature.
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The difficulty is that both n(w) and b(w) are asymptotically proportional
to f(w). The method we have used is to vary the resolution until increasing m
any further does not reveal any more features in the spectra, while at the
same time attempting to prewhiten the spectra as mush as possible, as suggest-
ed by Blackman and Tukey (1957). This is done during Stage II of the estit-
mation process, which is mostly exploratory.

Pre-whitening is useful in eliminating the systematic errors that occur
due to the curvature of f(w). If f(w) is flat, or varies linearly with frequency,
then ¢[f(w)] = f(w). If not, then spectral energy diffuses down toward lower
spectral levels (Munk et al., 1959) and one must worry about leakage of power
from higher frequencies to lower frequencies. We shall now discuss the question
of leakage in the estimates of spectral density. The window we choose A(k)
is usually some kind of polynomial which vanishes at a finite number of
points. Its main lobe centering on a band of frequencies over which we
wish to estimate f(w) is inevitably accompanied by side bands or minor lobes,
whish allow leakage from the part of the spectrum outside the desired band
to affect our estimate inside the band. This can be cured by taking two est-
imates, one with the side lobes positive, the other negative.

One of the more critical problems recognised by Tukey is aliasing; or
the problem of sampling at discreet intervals /. It is equivalent to multiply-
ing the record with spikes with a frequency 1/4¢, so that sum and difference
frequencies are preduced. An analysis for energy density at any frequency f-
will also include the densities near frequencies:

1At — fo, 1At + . 2/At - £, . . . ete

One of the major uses of filters comes in dealing with leakage of powers asso"
ciated with aliasing caused by the loss of information at frequencies above
the Nyquist frequency, namely when wy = #/4t, or f = 1/2 At cycles per day.

10 Cycle/day

Quasar 3C 345
At =1day

BM Andromedae
At=1day

0275 Cycles/day

~ =00 Cycles/day
Fig. 1 Fig. 2
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Since there is no information available about X,(t) between the data points,
there is no means of estimating the amplitude of frequencies higher than the
Nyquist frequency. In fact at frequency fy we are unable to estimate, since
at the Nyquist frequency, f(wy) is confused with all the frequencies that are
indistinguishable from wy. If f*(w) is the spectral density corresponding to
X (t), then the spectral density of the sampled trace is

INCLIP L
f(w)—,éo{f[m + )+f(At ” (1.12)

We see the sampled spectrum is obtained by folding the unsampled spectrum

about even multiples % of f and adding this contribution in the range

(0, wy) Thus to be able to measure f*(w) in (0, wy) We must hope that that
f(w) ~ 0 for ® > wy In our case it is certain that there is a need to use a low
pass filter to cut any peaks that may occur near fy. The details of this process
and the practical results of it will be shown when we present the details of the
power spectra for the particular T Tauri stars. The use of different A¢’s in
calculating pilot spectra will tell us if we are in danger of confusing f(w) due
to higher energies at higher frequencies.
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DISCUSSION

Detre: How is it possible, that the analyses of the same observational material,
by the same method, executed by two different teams — as I mentioned
in my introductory report — lead to opposite results for u Cephei?

Plagemann: T have not read these contributions, but 1 shall study them soon.

Herbig: Does your technique recover the periods of a few days found by Hoff-
meister when you analyze the observations of southern RW Aurigae-type
variables made by him ?
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Plagemann: I have not yet analyzed his data, although the material is already
on computer cards. It will be done when I return to Cambridge.

Penston: Do I understand that you find Kinman’s 80 day period for 3C 345
is not statistically significant?

Plagemann: That is correct — my preliminary results do not show his 809
period.

4*
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ABSTRACT

The physical conditions of stars in presupernova type II stage when the outburst
is expected to be due to the Fe—He transition occurring in its core are reviewed. The
arguments showing that the star must preserve a large envelope in this stage and therefore
appear as & red supergiant are stressed, and a lower mass limit of about 10~ 14 Mg
for stars undergoing the outburst is confirmed on the basis of the more recent evaluations.
Finally, the possibility that the presupernova type II stage could be represented by the
small amplitude irregular and semiregular red variables with large masses belonging to
young population I is briefly indicated.

This paper aims partly to summarize the present situation concerning
the usually accepted interpretation of type II supernovae; and partly to
focus the main phenomenological aspects which could allow to test some
consequences of this theory. The opportunity for such a clarification is required
by the fact that not unfrequently theoretical investigations on thissubject neglect
to connect the happenings in the core of the star to its more external charac-
teristics, so that some supplementary considerations are necessary to bridge
the gap between the two aspects of the problem.

According to present data (Minkowski, 1964), type II supernovae occur
only in arms of spiral galaxies, and are therefore typical for early population I.
The process giving rise to the outburst must affect only stars of relatively
conspicuous mass, owing to the large values generally quoted for the amount
of matter ejected (several solar masses); moreover, the abundance of hydrogen
in the spectrum during the explosion seems to indicate that the ejected matter
is largely formed by the envelope of the star.

Hoyle and Fowler (1960) have proposed the following mechanism as
triggering the outburst: after having evolved through the whole series of
thermonuclear reactions building heavier and heavier elements in its inner
part, the star reaches the formation of an iron core for a central temperature
of the order of a few 10° °K; as no heavier nuclei may be built with energy
gain, for further contraction of the core, at temperatures of the order of
8 - 10°°K iron is transformed endothermically into helium plus neutrons;
and in order to provide the energy necessary for such a transformation, the
central part of the star collapses in practically free fall, giving thus rise to
the outburst observed as a supernova explosion. Fowler and Hoyle have
applied these ideas to a model of a 30 M, star with a core of 20 Mg; its evo-
lution in the central density o, — central temperature 7', plane and its crossing
the Fe—He transformation line are schematically indicated in Fig. 1.

It has been argued by Chiu (1961) and others that several neutrino
production processes, according to the current-current interaction theory
with universal constant for weak interactions could occur for temperatures
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of the order of 10° °K with such intensity as to compel the whole structure
of the star to collapse, owing to the enormous amounts of energy subtracted
by neutrinos in its center; so the question arose whether this neutrino collapse
should prevent the Fe—He collapse. Although no definite word has been
said on this subject, it is generally considered that the usual first order
calculations done to evaluate the neutrino losses are inaccurate enough as
not to allow to draw such a conclusion, and it is implicitly supposed, on the
whole, that neutrinos contribute to accelerate the evolutionary process but
do not prevent the star to reach the Fe—He conversion line; this point of
view has been assumed in what follows.

In order to test the Fowler—Hoyle scheme on a more realistic model
than the one used by them, Barbon and al. (1965) have tried to identify the
presupernova stage with the red supergiant phase of large mass stars, and
have considered the core to which the Fowler—Hoyle considerations apply
as being only the 159, of the total mass of the star. Further, by studying the:
evolutionary sequence of the central core according to polytropic models and
with different mass values allowing for the degeneracy of the gas, it was found
that for cores with mass lower than a limiting value M;, degeneracy would
stop the increase of temperature in order to forbid for such stars the reaching
of the Fe—He transition line, as may be seen in Fig. 1. It turned thus out
that only for masses higher than M, the type II supernova outburst was
possible. The M, value for the core is practically the Chandrasekhar limit for
white dwarfs ~ 1.4 Mg; so that, keeping in mind the assumed proportion
in mass between core and envelope, it resulted that only stars with total
mass higher ‘than about ~ 10 Mg were expected to undergo an Fe—He
supernova outburst.

In a more recent and detailed research, Rakavy and Shaviv (1966) have
quite independently redetermined the evolutionary tracks of degenerate
polytropes, obtaining exactly the same results as Barbon et al. However, they
have considered in their work some other possible causes of collapse, among
others, a dynamical instability interesting for the actual problem, occurring
for very massive stars and due to the et — ¢~ annihilation process, whose
domain is shown also in Fig. 1. It thus further appears that polytropic models
with mass higher than 30 Mg may be prevented to reach the Fe—He line
because encountering the e* — ¢~ instability domain in an earlier stage of
their evolution.

In a second paper, Rakavy and Shaviv (1967) have reconsidered the
problem according to a more accurate point of view; they integrate the equi-
librium equations for the core and determine the evolution of its material
by calculating in detail a number of reactions, allowing them to follow the
transformation from carbon to iron. The results of their investigation show
that, although the trajectories in the o.—7', plane for any of the model stars
considered are much more complicated than those obtained with the simplified
polytropic models, still they do not discard too much from them, the poly-
tropic evolutionary curve acting as a kind of average behaviour in respect
to the more exact one, and being thus confirmed as qualitatively reliable
enough. Rakavy and Shaviv, however, do not consider at all the envelope
of the star in their investigation; this may lead to wrong predictions when
using their results for deducing the mass range of stars able to become type
IT supernovae.
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Fig. 1. Evolutionary tracks for the core. M, represents the mass of the core; only for
M, > 1.41 the track crosses the Fe—He transition line. Dashed region corresponds to
the region of dynamical instability due to the e*—e~ annihilation process.

An adequate investigation of the problem would require the detailed
treatment of core models of Rakavy—Shaviv’s type with an hydrogen enve-
lope. In prevision of such a work, we try here to stress some points showing,
on very general arguments, the likelihood that the hydrogen envelope persists
throughout the whole presupernova stage and therefore cannot be ignored for
comparison with data. Finally, we discuss some possible red supergiant types
which could be suspected of being presupernova stages.

Concerning the first point, we first rely on the evolved models for large
mass stars (i.e. the 15.6 Mg, star of Hayashi and Cameron (1962)) followed from
the main sequence to the initial phase of carbon burning. At this stage, the
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star is left with a carbonoxygen core including the 189, of the total mass.
Assuming, as usual, that no conspicuous mass loss should alter the evolution,
one may try to calculate the maximum possible amount of nuclear fuel which
should be burnt in the interior of the star in the remaining time of its super-
giant evolution up to the last presupernova stage; this should give us the
maximum amount of hydrogen transformed into heavier elements, and there-
fore allow to calculate the minimum envelope which the star preserves just
before its outburst.
The luminosity L, due to nuclear shell burnings, is expressed by:

AM,
At

where E¥* is the energy yield per gram of the ith given fuel, X; its concentra-

L,=2EtX;
i

tion in the ¢th burning shell, —At—’ the variation of mass of the ¢th shell per

unit time. The maximum value for each of the AM; may be immediately obtain-
ed by supposing its corresponding shell as the only one burning, thus

L, At

Bt X;

A more conservative assumption is reached by assuming an evolution in which
the different shells advance in a parallel way, the amounts of different fuels
burnt in each shell being approximately equal. That is, we assume:

AMH:AMHB-—_AMCO:AMSI': e .= AMeq-

AMimax =

If we disregard the possible luminosity loss due to expansion of the
outer envelope which in no case (except flashes, not to be expected for non
degenerate matter) should be very large, and assuming that eventual neutrino
losses, however big, should be provided for by the central burning of the core,
the nuclear shell burnings luminosity L, could be substituted with the total
observed luminosity L in order to arrive at maximum estimations; thus
we get:

AM = LA with AM < any M; jax.
2 Bt X;

i

Assuming the data of the Hayashi model

log

= 5 (during C burning)
Lo

At = 8 - 105 years from C burning to the explosion

and the constants tabulated in Table I, we obtain for the AM s the results
given also in Table I. These are probably rather insensitive to errors of L
and 4t. Should in fact the luminosity increase due i.e. to neutrino emis-
sion, then the evolution time /¢ should correspondingly decrease, so that
the product LAt would not change much.
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If we define the core of the star as the central portion of it for which
= const ~ 2, that is the whole portion inside the He burning shell, then

u = 0.06,

according to data of Table I, the medium increase of it is

with extreme possibilities ranging from no increase at all (should the He
burning shell stop burning) and maximum increase of about 0.23 (should the
He burn alone). The core fraction therefore should increase from the 0.18
value in the last Hayashi model to 0.24 *3%7

Table 1
Ef = 6-108 X4 — 06 (AM/M)f e — 0.085 (AM/M)eq = 0.063
Effe= 6107  Xp, = 1.0 (AM/M)p1e max = 0.514
E} = 56107 X, — 0.5 (AMM)e o = 0.58
5 =50°107 X, =05
§i = 19107 Xg =10 (AM/M)g; max = 1.60

Should we instead consider the core as being only the innermost part
inside the deeper burning shell (at the end of the iron core), then only a frac-
tion of the previous increase is expected, which almost justifies the assumption
of a constant core made by Barbon et al.

If now, according to Rakavy and Shaviv, we consider that only cores
with mass greater than 2 M, can surely evolve towards the Fe—He transition
line (the case of masses between 1.4 Mg and 2 Mg has not yet adequately
studied by these authors), then we obtain for the lower limit of the total
mass of the presupernova the value M, ~ 8.3 M +%7 with the first definition
of the core, and the value M, ~ 11 My with the second one. Moreover,
if we accept Weymann’s data (1961) on mass loss of red supergiants (20 per
cent of the total mass for «Ori), we obtain for the lower limits of the initial
masses of future type II supernovae the values M, = 10.5+$3 Mg, for the
first type core definition, and M ~ 14 Mg for the other. Therefore, the
results of Barbon et al., on the mass range of type II supernovae, are practi-
cally confirmed by the present analysis.

The absolute visual magnitude of a main sequence star with mass around
10-—14 Mg lies in the range —3 to —4. According to Limber’s (1960) original
luminosity function for the sun’s neighbourhood, this gives us for the number
of stars per cubic parsec with luminosity higher than this limit, the value
~ 1.107*. Assuming a mean lifetime for these stars on the main sequence of
T = 1.5 - 107 years, and equilibrium between birth rate and death rate func-
tions, we obtain some 0.7 - 10~ type II supernovae per cubic parsec per
year. Considering such events to occur possibly in all the outer disc portion
of the Galaxy, we arrive at a frequency of a few events per year. Compared
with data, this value is too high by a factor of about 100. Considering, however,
the enormous uncertainty of the present evaluation, especially concerning
the volutne of the galaxy occupied by population I, and the extrapolation
of the luminosity function for the sun’s neighbourhood to the whole volume,
one cannot conclude that the present disagreement is sufficient to disprove
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the theory. Moreover, it must be stressed that the present evaluation, although
too large greatly improves the figure obtained by lowering the mass limit
M, for supernovae to about 2 Mg as frequently done. Probably, should the
Fe—He conversion mechanism be true for triggering supernovae, there should
still be some other reason to further increase the lower mass limit for their
occurrence.

As a further remark, according to Rakavy and Shaviv, cores with mass
higher than ~ 30 My fail to reach the Fe—He transition line, as they are
stopped earlier in their evolutionary path by the e* — e~ pair creation zone,
in which the star grows unstable. The fate of such huge stars has been investi-
gated by Fraley (1968) and found to lead them to a kind of softer collapse,
which should perhaps show in a slower increase of the light output at the
beginning of the explosion. Such a situation has been observed in some anom-
alous supernovae such as SN 96 in NGC 1058 discussed by Zwicky (1964)
and Bertola (1963), which, moreover, appears also at minimum to be an
exceptionally luminous star (M,~ —9); another example of the same type
of event might have been 7 Car. The e*— e~ collapse might perhaps be taken
into consideration for interpreting such kind of events.

Concerning the second question of trying to identify the red supergiant
types which could be considered as last presupernova stages, we have focussed
our attention on the red irregular and semiregular variables. Although the
difficulties of determining their low temperatures makes it difficult to locate
them exactly in the H—R diagram, still there may be some suspicion that
light variability oceurs generally for the coolest and reddest among giants,
and this could connect its cause to the fact of being near the Hayashi limit.
If this were the case, and if the evolutionary trend in the presupernova phase
was still from left to right in the H—R plane, then the connection of red varia-
bility with such a phase could appear not too unlikely.

. Not many reliable data on red variables of small amplitude are at hand.
In order to partially supply for this lack of knowledge, we have collected the
stars of this kind belonging to galactic clusters whose location in the H—R
plane is determined. The data concerning them are given in Table II and their
position in the H—R plane shown in Fig. 2; some Mira type stars belonging
to the clusters are included for comparison.

At first sight, the red variables appear to be divided into two groups:
an upper one of supergiants evolving from large mass clusters of early popu-
lation I; and a lower one of giants belonging to low mass clusters of disk popu-
lation. Mira variables are found only in this second group, so that small ampli-
tude red variables of this group could be considered as transition stages lead-
ing to the Mira situation.

One would like to investigate whether the two groups outlined are in
fact physically different, and separated by a real gap between them. Some
indication on this question may be obtained from Table III, in which the
clusters have been divided into three groups according to their different
ages, and which contains the following data: number of clusters, number of
red giants, number of red variables, ratio of the number of variables to the
total number of giants for each group. The values into brackets for the third
group include stars which have not been studied yet and which, therefore,
are only suspected variables. It is seen that for the first or large mass group,
the ratio of column 4 is much higher than for the third or low mass group.
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Fig. 2. H—R diagram of semiregular and irregular red variables. Schematic main
sequences of the corresponding clusters are also drawn.

So, either red variables are intrinsically more frequent in the first case, or
the stage of red variability is relatively longer for it. There is only one ascertain-
ed case belonging to the second group, BM Sco in NGC 6405; the period
assigned to this variable is 850 days, much longer in respect to all others in
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Table 111
Total Total Red variables
Group . Mass limits Total number number
of clusters Age limits (years) (solar unit) namber of red of red
of clusters - giants variables red giant stars
I 5:100< t< 2107 M >9 16 37 13 0.35
II 2107< t < 2.5 ¢ 108 3 ML 9 47 184 1 0.005
I1I t >25°10 | M< 3 33 619 16 (22) 0.025 (0.035)

both groups; this fact suggests that this star, exceptional both for its period
and its location, should be studied more accurately.

On the whole, the present data, although insufficient, seem to support
the division of the red variables into two really different classes. The larger
mass one, whose evolution towards more unstable states as are the Miras
seems to be prevented by some other happening, might then perhaps be con-
sidered as a possible candidate to represent the presupernova type 1I stage,
should all the present considerations correspond to some reality.

*

Our best thanks are due to Drs. Q. Fabris and L. Nobili for their help in
collecting and discussing the material related to red semiregular and irregular
variables.

REFERENCES

Barbon, R., Dallaporta, N., Perinott, M. and Sussi, M. G. 1965, Mem. Soc. astr. ital.
XXXVI, fase. 1, 2.

Bertola, F., 1963, Contr. Oss. astrofis. Univ. Padova, N. 142 and 1965 N. 171.

Bertola, F. and Sussi, M. G., 1965, Contr. Oss. astrofis. Univ. Padova, N. 165.

Chiu, H. Y., 1961, Ann. of Phys. 15, 1; 16, 321.

Fraley, G. 8., 1968, preprint.

Hayashi, C. and Cameron, R. C., 1962, Astrophys. J. 136, 166.

Hayashi, C., Hoshi, R. and Sugimoto, D., 1962, Prog. Theor. Phys. Suppl. N. 22.

Hoyle, F. and Flower, W. A., 1960, Astrophys. J. 132, 565.

Limber, D. N. 1960, Astrophys. J. 131, 168.

Minkowski, R., 1964, A. Rev. Astr. Astrophys. 2, 247,

Rakavy, G. and Shaviv, G., 1966, preprint.

Rakavy, G., Shaviv, G. and Zinamom, Z., 1967, Astrophys. J. 150, 131.

Weymann, R., 1961, Mt. Wilson and Palomar Obs. Spec. Techn. Rept. No. 4.

Zwicky, F., 1964, Astrophys. J. 137, 519.






Non-Periodic Phenomena in Variable Stars
TAU Colloguium, Budapest, 1968

SYNCHRONOUS THREE COLOUR STELLAR PHOTOMETRY AT THE
CATANTA ASTROPHYSICAL OBSERVATORY

8. CRISTALDI and L. PATERNO

Astrophysical Observatory of Catania, Italy

SUMMARY

A synchronous three colour stellar photometer using a single photomultiplier has
been constructed at Catania. In this communication the characteristics and the ef-
ficiency of this photomster are briefly described. At present the instrument is used for
simultaneous UBV photometry of flare stars. A graph of simultaneous measurements
in the UBV system of a flare of EV Lac is shown. A more detailed description of
the instrument had been published elsewhere (Cristaldi. Paternd 1968).

INTRODUCTION

During the last few years various astronomers have emphasized the
importance of simultaneous observations in different colours in stellar photo-
metry. Besides, multicolour and simultaneous automatic photometry is indis-
pensable in the study of fast phenomena, in general, and of stellar flares in
particular. Finally, the use of this kind of photometry makes the observer’s
work easier and permits a uniform presentation of the data to equipments
for digital measurements. For these reasons we constructed a synchronous
photometer which executes simultaneous measurements within the UBV
system. Unlike other multichannel photometers it uses only one photomulti-
plier. Fig. 1 shows the block diagram of the apparatus.

The light beam from the telescope, after having crossed the focal-plane
diaphragm D is choppered by a. filter-carrying disc, rotating at 900 revs.
per minute. The disc has three round windows 120° apart, in which there are
three filters: one UGl (1 mm), one BG12 (1 mm) +4 GG13 (2 mm) and one
OG4 (2 mm). The photomultiplier is of type EMI 6256 S.

CRT
TRIG
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e

““““Q“““ P
N

by

dc. 1y
1M AwpL [T GATE —]F— R

<3
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Fig. 1. Block diagram of the photometer.
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The output of the photomulitiplieris connected by means of an impedance
matcher (IM.) to a d. c. amplifier which branches into two outputs; one is
connected to an oscilloscope (CRT) for monitoring signals, the other is connected
to a gate which acts in synchronism with three filters through the transducer S.
The signals obtained through a given filter always exit through the same gate
channel.

In our case we have three channels, the output signals of which are the
UBV signals of our system. Each output gate is connected to an integrator
circuit (I,, I,, I;) whose output is measured in one of the three channels of
a recording potentiometer (R) which records every six seconds.

Regularity in filter rotation and therefore in the synchronous signals
for the gate is assured by a stepping motor (SM), powered by an amplifier
(PA) and a regulating oscillator (OSC).

OPTICS OF THE PHOTOMETER

The optical part of the photometer is shown in Fig. 2. The focal-plane
diaphragm D consists of a slide with three holes 1, 2, 3 mm in diameter.

The field lens is of fused quartz: diameter 20 mm and focus 70 mm.
The lens is located approximately 70 mm from the photocathode of the photo-
multiplier (F), so that with a /10 reflector the diameter of the luminous disc
which is formed on it is approximately 7 mm in size. The rotating disc with
the three filters is located between the field lens and the photocathode.

Two small optical devices permit monitoring, respectively the pointing
of the instrument and the inserted filter, if one desires to make continuous
measurements using still filters.

| —

S

Fig. 2. Optics of the photometer.
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The device (S) consists of a small cylinder mounted on the same shaft
as the filters’ carrier-disc. This cylinder is internally lighted and its inside
walls are reflective; besides, it is cut transversely with three slots 0.7 mm wide
and of such a length that each subtends, with respect to the axis of the cylinder,
the same angle at the center as the corresponding filter in the disc. The light
paths that emerge from the three slots are intercepted, at a fixed position,
by three photodiodes F,, F,, F;, one for each window opening for the entire
time that the corresponding filter passes under the diaphragm opening. The
signals from the photodiodes pilot the gate.

3. THE ELECTRONICS OF THE PHOTOMETER

The output of the photomultiplier is connected to an impedance matcher
constructed with field effect transistors (Paterno 1967). At the matcher output,
the voltage-pulses are amplified by a D.C. amplifier with variable gain from
1 to 1000. The amplifier consists of a cascade system of 5 identical operational
amplifiers having strong negative feedback.

The UBV pulses at the amplifier output are selected and led to the
proper channel by means of three photodiodes operated gates. The gates
consist of a mercury relais type Clare HGSM 51111L0O.

All signals relative to each channel are detected and then, via integrator
and differential amplifier, activate the recorder.

4, CHARACTERISTICS OF THE PHOTOMETER

It must be noted, above all, that the chopping of the radiation does not
change the signal-to-noise ratio, so taking into consideration that the system
of the amplification practically eliminates all the noise of the electronic appa-
ratus, it is possible to reach, integrating on convenient time intervals, the
same limit magnitude which is reached utilizing all the incident radiation.

The accuracy of the measurements, as known, is proportional to the
total sum of the available radiation for each measure. Neglecting the radiation
coming from the sky with respect to the signal, the average error (a.e.) of a
measurement is given by the formula:

: 1 (2
ae = + |—
o [nqt,

where n is the number of the photons due to irradiance of the star collected
for a unit of time, ¢ is the effective efficiency of the receiver and ¢ is the expo-
sure time.

At present the photometer is placed at the f/10 quasi-Cassegrain arran-
gement of the universal 61 cm reflector.

Considering a star of 10™, the number of photoelectrons obtained from
the collected photons is about 10* sec™1 (Allen 1963). Therefore, with an expo-
sure of 1 sec the average error is about -+ 0701 for one measurement; averaging
10 measurements the error is reduced to +-0™001. In our photometer the
exposure time of each measurement in one band is 0.5 sec. However, as it
was noted, the gate circuit is very prompt in action, it seems possible not
only to increase the exposure time up to 1 sec, but even to increase it, gaining

5
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Fig. 3. The response of the photometer for B6, G2 and K5 spectral type stars (from the
top to the bottom).

in the efficiency of the photometer which at present utilizes only 25 per cent
of the incident radiation.

We have calculated that the magnitude limit which can be reached with
our photometer, applied to a telescope of 61 cm, is 12™M5; this result was veri-
fied by the observations. At present, the photometer works with the 61 cm
reflector and is used for a research programme on flare stars.

Fig. 3 shows three photograms of oscilloscope tracings. They show the
different responses of the photometer in the UBV for three stars of spectral
types B6, G2 and K5 respectively (from the top to the bottom).

Finally, Fig. 4 shows a flare of the star EV Lacertae, observed with our
apparatus on 8 August 1968 at 23"23™, Universal Time.
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DISCUSSION

Detre: I should like to hear something about your observing conditions, the
location of your observatory, number of clear nights, etec.

Cristaldi: The Cat*ania Astrophysical Observatory has its stellar station on the
Etna at about 1700 m of altitude. (We have a conventional reflector of 91
em @; 1 universal telescope Schmidt-Quasi-Cassegrain 61/41 cm {/3
and two others telescopes 30 cm @ in Cassegrain arrangement.) In the
summer all our instruments work for photoelectric photometry, but in
the winter the Universal telescope in Schmidt combination is used for
photography, its limit is about 17"5. In the summer we have more than
60—70 clear nights for photoelectric work.
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ABOUT THE T.V. PHOTOMETRY OF FAINT VARIABLE STARS

A. N. ABRAMENKO and V. V. PROKOFJEVA
Crimean Astrophysical Observatory, USSR

At the Crimean Astrophysical Observatory of the USSR a television
equipment is employed for the measurement of stellar brightness using a high
sensitive image-orthycon and a two cascade image tube. We can detect faint
stars of the 20th and the 21st magnitude with the 0.5 meter telescope and
with an exposure time of only 10—60 sec. (Abramenko et al. 1964.) Two meth-
ods of measuring T.V. image photos of stars are used. One of them is to
measure the diameter of the images. This method is used for bright stars
and has a range of 5—7 magnitudes (Abramenko and Prokofjeva, 1967). The
other one is to measure the optical density or the transparency of the images
of stars. This method is used for faint stars and has the range of 2—3 magni-
tudes. Observing variable stars we have an accuracy of 0.10—0.15 and
0.06—0.10 magnitude using the first and second method, respectively. Thus
the full range of measurements in one T. V. photo is about 9 magnitudes and
the accuracy is not worse than in the case of ordinary photography. Several
variable stars have been observed. Fig. 1 shows the changes of brightness of
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RW Tri during one eclipse on 30 Dec. 1966 (Efimov and Prokofjeva, 1968).
The observations were made with the 0.5 meter coudé telescope. The exposure
time was 20 sec. The brightness of the star in eclipse was about 16 magnitude.
In 20 minutes the brightness of the star decreased two magnitudes. The measure-
ments were made by two methods: by the measurement of diameters when
the star was bright (open circles) and by the measurement of optical density
when. the star was faint (dots).

Fig. 2 shows the results of T. V. observations of S 8280 in NGC 188,
a variable of type W UMa (Istomin, 1967). During 5.5 hours in 3 different
nights about 400 photos were obtained, each with an exposure time of 40
sec. One point in Fig. 2. corresponds to the average value of 5 measurements.
Below there are results of ordinary photographic observations which
were made for the same star with a telescope having the same diameter.
About 50 measurements of the light were made during 40 hours of telescope-
time.

S 8280 in NGC 188

type W UMa
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Fig. 2

T. V. observations need less telescope-time than ordinary photographic
observations. Owing to the great number of T. V. photos we can easily register
the changes of the light curve of nonstable stars.
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EXTREMELY YOUNG STARS

Introductory Repdrt by
W. WENZEL

Institut fiir Sternphysik, Sternwarte Sonneberg, DDR

It is not so easy to give an Introductory Report on a topic like that,
where during the last years new empirical material grew rapidly, a topic
which is still too young for a consolidation of our knowledge. I must therefore
concentrate on some partial questions which, according to my opinion, seem
of some importance. When we speak now of extremely young variables we
mean, of course, the evolutionary age (which is very short) and not the absolute
age of the objects. In this way a B-type star of 108 years is no longer young,
contrary to a K- or M-type star of the same age. Let us therefore call those
stars very young ones which during their evolution have not yet reached the
age zero main sequence, that is to say the gravitationally contracting stars.
: The astronomers knew stars of that kind for a long time. They were hidden
in the groups “T Tauri”, “RW Aurigae” and ‘“Nebular Variables”. During
the last fifteen years there was an increasing tendency to make sure that the
above mentioned stellar types are, at least partially, such contracting stars.

Recently quite a few models of contracting stars have been computed.
In this summary it is not our task to go into details as to these theoretical
models. To-day the evolutionary tracks as well as the corresponding speeds
in the HR-Diagram are known, at least in principle. We use to compare
these evolutionary tracks with the HR-Diagrams of very young clusters or
associations and in general we can notice a fairly good agreement. As always,
difficulties will arise not before the conditions are more closely examined and
the numerous details of the observations have to be explained.

Now the most important detail exists in the fact that a high percentage
of the contracting stars in a young cluster is variable, but, as it seems, in a
completely irregular fashion. This is the reason why we are engaged in this
Colloquium also with “‘extremely young stars”.

Another criterion of the variable contracting stars is their peculiar
spectrum. At low dispersion the presence, for instance, of the emission line Ha
is used in a certain number of surveys for the search of very young stars.
The question which percentage of the contracting objects is, in a given time
interval, really constant in light (for example in a young cluster) and in which
way these invariable stars differ physically from the variables is at the moment
still open.

The same problem exists as to the presence of spectral peculiarities.
And the matter becomes still more complicated by the fact that in a certain
number of objects the amplitude of variability is subject to long-term variations
whereby such a star may appear in constant light for some years. The time
scale of this phenomenon and its frequency have still to be investigated.
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Some research on young aggregates concerns the distribution of stars
with respect to the masses or luminosities. This is important for us only in
so far as the type of irregular light variation of a contracting star should
undoubtedly depend on its mass (that is on its luminosity or on its spectral
type). A detailed examination of this relation together with a statistical
investigation of the various types of variables might therefore serve as a test
for the duration of the state of variability or the initial mass-function, respec-
tively. This must be emphasized because the variability of many faint objects
is mostly easier to observe than abnormalities in the spectrum.

Knowledge of the bolometric corrections is, of course, necessary. Above
all we must take into consideration the recent papers on the infra-red excess
in T Tauri stars and related objects as well as the still insufficient knowledge
of the intrinsic colours in other spectral regions.

In order to find the bolometric correction, especially in the infrared, and
to explain the mechanisms of the variability we must take into account the
influence of the surrounding interstellar material. In this respect the obser-
vation that the intensity of the Ha-emission in faint T Tauri stars is correlated
with the strength of the interstellar extinction in the immediate surroundings
of the object in question points to the existence of a rather extensive sphere
of activity of the interstellar medium (Gotz, 1967). On the other hand there
are hints that the intensity of the Ha-emission is related to peculiarities of
the irregular variastions. But, it is true, the observations of different authors
are in this case not all in good agreement and furthermore too few in number.

Nearly all well-examined contracting variables are in direct connection
with clouds of interstellar matter. It must be emphasized that the investigators
of variable stars should be very careful in classifying an object as “‘irregular”
or “of RW Aurigae-type” if only insufficient observations are available.

The comparison of the variability of T Tauri stars and related objects
inside and outside of interstellar clouds will supply another contribution
towards finding the mechanism of variability. For there is no doubt that the
light variation is partially determined by the circumstellar shells or clouds.
These envelopes on the other hand should possess a physical connection to
the above-mentioned spheres of activity of the interstellar matter. But we
must not forget that in this case the real age of the respective variable plays
a part, as one might expect that the connection with interstellar clouds on
the average decreases with increasing age.

At present we know with some confidence that stellar formation in a
certain region could last for some time (for instance Orion-associations). 1t is
therefore an important task to analyse the light curves with respect to the
different ages of the variables.

The analysis of the light curves must, of course, be accompanied by
investigations on the spectral variations. It is known that the spectra of
contracting stars are rich in pecularities, originating partly from the stars
themselves, partly from the extensive atmospheres, shells and circumstellar .
clouds. But here we do not discuss the different components of these pecul-
iarities. We have already mentioned the abnormal distribution of intensity
in the continuous spectrum, brought about by the various additional super-
posed continua.

In this connection the question concerning the presence of solid particles
in the circumstellar shells (especially in the variables of R Monocerotis-type)
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is of importance. The variable absorption effect, produced by such particles,
is now and then taken for the interpretation of the variability in other types
of variables (R Coronae and other carbon stars). If clouds of solid particles
also play a réle with T Tauri stars and related types, then, because of the
short time-scale involved, we might have important hints as to the evolution
of the above-mentioned shells by investigating the different kinds of the
irregular variations.

So far we have mentioned the light variations of contracting young stars
without giving details of these variations and their peculiarities. We will do
this now more extensively.

At first we must notice that we are accustomed to describe the Light
variation as “completely irregular”, although we know that there are in some
objects temporary or permanent quasi-periodical phenomena which might be
characterized by a certain length of the cycles. The search for other periodic
components in the fluctuations is difficult because only very few accurate
continuous series of observations are available.

As we are concerned with a large range of masses and evolutionary ages
and as we are nevertheless inclined to consider the variable young stars as a
whole, we must combine a great number of different forms of variability
under one and the same aspect. We have a considerable number of classifi-
cation schemes. Some of them are built up according to photometric charac-
teristics, others partly according to spectral differences. The scheme, recom-
mended in 1964 by Commission 27 of the IAU and included in the second
Supplement of the General Catalogue of Variable Stars, represents a compro-
mise in this respect. These classification principles of the irregular light variation
(as far as presumably young stars are concerned) are the following: Spectrum
early, intermediate to late, or similar to T Tauri; variation rapid, slow, or
characterized by flares; with or without relation to diffuse nebulae.

I consider this scheme only as a tentative. Allow me to give some
reasons.

1. The large difference between the light curves of the typesT Orionis and,
for instance, RW Aurigae is not properly expressed. In case the spectra of the
respective stars were unknown, we would classify both objects as “Ins”, that
is “irregular observed in the region of diffuse nebulae and producing light
variations of 0™5 to 1M0 in the course of several hours or days”. It is in this
connection without importance that RW Aurigae itself has just a distance of
2° from the nearest dark cloud. I quote this star only because it is well
known.

To recall these types please remember the light curves of T Orionis
(Parenago, 1955), DD Serpentis (Meinunger, 1967) and RW Aurigae (Kholopov,
1962), obtained from photographic and visual observations by several authors.
Photoelectric observations will follow.

2. Another problematic case is presented by the so-called Is-stars (rapid
irregular variables apparently not connected with diffuse nebulae). Extensive
investigations have shown the number of these objects to be scarce in reality
and it would be best to examine each newly-discovered Is-star meticulously
whether it is correctly classified or not. In particular this is necessary for all
those Is-stars, which lie within real T-associations or in their surroundings,
for one had obviously to attribute a special astrophysical importance to
these variables in case they were genuine.
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An additional question of importance is the difference between Inb- or
InT-stars on one side and the slowly, irregularly variable giants (abbreviated
in the new catalogues by the symbol L) on the other side if, in routine work,
the spectrum or the position in nebular regions is not properly investigated.
This may be illustrated by the light curves of T Tauri (Ahnert, 1956) and the
S-star AD Cygni (Beyer, 1948). In this field much observational work is still
to be done.

There is also involved the question for the early phases of contraction,
namely the configurations with very large radii and low temperatures at the
beginning of those evolutionary tracks which are fairly well known at present.
We must admit that for the time being we cannot identify these early phases
with objects observed in the sky. Let me quote in this connection, without
going into details, the Herbig—Haro-objects and the variable star FU Orionis.
The outburst of that star (Wachmann, 1938) was interpreted as the last stage
of the dynamical contraction of an opaque protostar before ‘the quasi-hydro-
static contraction begins, but there are wholly different models as well.

Let me add now a few words about our photoelectrically observed
light curves.

For a rough empirical classification of variable stars in the contracting
phase the light curves shown up till now might be sufficient (proto-types for
instance RW Aurigae, T Oricnis, BO Cephei or DD Serpentis, T Tauri, FU
Orionis). However, in order to investigate the fluctuations in detail we need
in addition photoelectric observations in several colours, simultaneously with
spectral observations, if possible. The different kinds being manifold, a lot of
work is waiting for the observers.

RW AURIGAE

The light variations are of an extremely complex nature. We find the
following components (Wenzel 1966)

Wayves of several hours’ duration, amplitude some tenths of one magni-
tude;

Symmetrical outbursts, duration one to two hours, amplitude roughly
omy;

Unsymmetrical flares, presumably originating from the M-companion;

Fluctuations of some hundredths of one magnitude, apparently caused
by variations of the emission line intensity;

Quasi-periodic fluctuations, cycle length roughly three days, amplitude
0.5 to 1 magnitude.

The colour-luminosity-diagram (l.c.) shows a large intrinsic scatter, as
well as the two-colour-diagram (L.c.). Both these diagrams give the effect of the
emission lines and the abnormal continua.

WW VULPECULAE

The star WW Vulpeculae seems to be of T Orionis-type (Fig. 1), charac-
terized by unperiodic minima together with slow and short fluctuations of
the normal light. It would be interesting to look for a T-association or an
aggregate of faint Ha-stars in the neighbourhood of this object with the
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spectral type A. The diagrams V/B—V (Fig. 2) and U—B/B—V (Fig. 3) show
a much smaller scatter than it is the case with RW Aurigae.

In the diagrams V/(B—V) the direction of the main sequence in the
respective interval of B—V is shown by the straight line; in the diagrams
(U~-B)/(B—V) the arrow indicates the interstellar extinction, which has not

been applied to the observations.
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SV CEPHEI

Apparently SV Cephei shows a certain resemblance to WW Vulpeculae,
although the long-term variation of the so-called “normal light”” is much more
marked (Fig. 4). The small changes of the colour indices U—B and B—V in
a range of two magnitudes for V (Fig. 5, 6) are very striking. Besides, we notice
that slow fluctuations of the ‘“normal light” or of the “medium brightness”
are significant also for other extremely young variables.

T TAURI

The proto-type star T Tauri has shown in the course of our observations
very small fluctuations between 10.2 and 10.5 in V (Fig. 7). This variability
consists of a slow component (02 in approximately 100¢) and a mere rapid
component (0™1 in 1 to 5 days). The changes of B—V are very small (about
0m05) (Fig. 8), the changes of U—B somewhat larger (Fig. 9). According to
observations, made on old plates, the amplitude of variability in this star was
in former times much larger than it is to-day, and amounted then to nearly
four magnitudes.
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SU AURIGAE

SU Aurigae has a light variation resembling WW Vulpeculae (Fig. 10)
to a certain degree. This similarity is also manifested in the diagrams V/B—V
(Fig. 11) and U—B/B--V (Fig. 12). It is remarkable, however, that the mean

spectral type of SU Aurigae is G2, compared with spectral type A for WW
Vulpeculae, T Orionis or SV Cephei.
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RY TAURI AND CQ TAURI

Let me close now with two very strange diagrams V/B—V. RY Taur
(Fig. 13) has two tendencies: the star moves vertically in the diagram (B—V
remaining nearly constant), or, especially near the maximum, perpendicular
to the direction of the main sequence. '

With CQ Tauri (Fig. 14) the movement of the object across the diagram
V/B—V is clearly curved: while getting brighter the star becomes at first
redder, and then turns more blue.

I hope it was possible with these examples of our photoelectric work to
underline in some way the variety of different forms which these extremely
young variables show. In this discussion I have laid stress upon some aspects
of the variability in brightness which might be observed most easily also in
relatively faint objects. We must admit, of course, that remarkable spectral
changes take place in these stars, too. To discuss these phenomena and to
treat the theoretical mechanisms of variability I must leave, however, to my
colleagues more versed in these fields.

6*
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THE LIGHT VARIATIONS OF THE NUCLEI IN HERBIG-HARO
OBJECT NO. 2, 1946—1968*

G. H. HERBIG

Lick Observatory
University of California, Santa Cruz, California, USA

The first three of the peculiar semi-stellar emission nebulae now known
as Herbig—Haro objects were detected by Herbig (1948, 1951) and by Haro
(1950, 1952). The initial discoveries were made in the region south of the
Orion Nebula, but a total of about 40 such Objects have now been found in
Orion, Taurus, Perseus, and elsewhere. Al known examples occur in heavily-
obscured regions that are also rich in T Tauri stars. A number of other very
small nebulous spots have been observed by Haro (1953, Table 2), Méndez
(1967) and others, particularly near the Orion Nebula, but these are spectro-
scopically distinct from the H—H Objects in having either a strong continuum
especially in the near infrared, or a rather conventional emission spectrum.
The H—H Objects have quite characteristic emission spectra: the H emission
lines are strong, and [O I] and [S II] are unusually intense. The [N II] lines
are also strong, and in those Objects not too heavily reddened, [0 II]
4231726—29 as well. These properties can be explained (Bshm 1956, Osterbrock
1958) if H and O are only partially ionized, and if T, ~ 7500° and n, ~
~ 3 X 10 em™3 Only the brightest of the H—H Objects, Herbig No. 1
(= Haro 1la, near NGC 1999) has been observed in any detail. It shows a
number of weaker emission lines that are not ordinarily found in appreciable
strength in gaseous nebulae: H and K of Ca II, the infrared [Ca II] lines,
Mg I 74571, and lines of [Fe II] and [Fe III]. It is significant that many
T Tauri stars show, in integrated light, nebular lines very similar to those of
the H—H Objects.

With only a few exceptions, most of the known H—H Objects have
fairly simple structure: a small, bright, diffuse nucleus that may be elongated,
often with a short fainter tail or extension attached. Herbig No. 2 (= Haro
10a) is one of the exceptions: at the present time it consists of a number (at
least 8) of bright nuclei together with considerable fainter structure enclosed
in an elliptical area about 25” X 40”. This Object was first photographed at
adequate scale in 1946—47, and when the plates were repeated in 1954—55
it was found that two new nuclei had appeared within this complex Object
in the interim (Herbig 1957). Thereafter the region was photographed annually
with the same telescope and emulsions (Crossley reflector, no filter, and Kodak
10320 or Ila0) through 1959. A number of plates were obtained with the
120-inch reflector in 1959—63*, but the Crossley series was not resumed until
1968. Some further but rather minor changes were noted in the structure of

* Contributions from the Lick Observatory, No. 282,
* A 120-inch photograph of this area appears in Sky and Telescope, 20, 338, 1960.
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this Object after 1954 (Herbig 1966a). However, it was not until after the
discovery by Magnan (1967) that by 1966 one of the nuclei had brightened
still more, that all the Lick material was systematically re-examined and an
effort made to fill gaps in the early record by inspection of other plate series.

Determination of the magnitudes of the individual nuclei in Object
No. 2 is beset by problems of overlap and the background, the non-stellar
nature of the condensations even at Crossley scale (39”/mm), the effects of
differing seeing from plate to plate, and complications in the comparison of
emission-line sources with stars having continuous spectra. A sequence of
comparison stars was set up in the vicinity of Object No. 2 by direct compa-
" rison and extension, through objective-grating images on a plate taken with
the 20-inch astrograph, with Special Selected Area 20 (Van Rhijn 1952). No
high accuracy is claimed for these mp,’s (listed in Table 1) but they should be
sufficient for this investigation, considering the other sources of uncertainty.
Many of the fainter stars in this heavily-obscured region around NGC 1999
are variable, and several comparison stars had to be discarded for that reason,
but the stars in Table 1 seemed to be constant over this time interval.

Table 1
Approximate mp,’s and Relative Coordinates* of Comparison Stars
Mpg Az cos . d 43
16.0 +11°.3 —+1:3
16.5 +0.7 +2.7
17.0 —5.8 +0.2
17.6 462 —1.8
18.0 —1.3 —3.4
18.5 +4.8 +2.7
19.5: —3.4 +1.5

* With respect to Nuclteus A in Object No. 2.

The principal nuclei in Object No. 2 are identified by letters in Fig. 1.
The mpg’s of the 7 brightest of these are listed in Table 2, estimated from all
adequate plates available to me. It would have been desirable to use m, 's
obtained only from the Crossley material in order to minimize the effect of
the systematic errors already mentioned, but for the critical years 1947—
1954 all available photographs were utilized. The 20-inch astrograph plates
especially have to be employed with caution because of their small scale
(65”"/mm) and color-curve and low ultraviolet-transmission effects. Plates of
the red region were used only to pronounce upon the presence or absence of
a condensation. The magnitudes given for nuclei C, D and particularly E are
of lower accuracy than for the others, because of their clearly non-stellar
appearance.

None of the 120-inch plates were used for magnitude estimates, because
at that scale (13”/mm) all the nuclei in Object No. 2 appear as complex,
non-stellar structures. The best of the series of Crossley and 120-inch blue-
ultraviolet plates of Object No. 2 are shown in Fig. 2.

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































