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Abstract

The prototype black hole candidate (BHC) Cygnus X-1 is the brightest visble x-ray
source, displaying two distinct spectral states. Cygnus X-1 is presumed to emit x-ray due
to the accretion of matter onto an accretion disk where it is heated to temperatures on the
orders of millions of degrees leading to x-ray and gammaray emisson. These emissons
have two characteristic spectral states, determined by the number of photons detected per
unit time. In addition, Cygnus X-1 displays distinct dynamica dates. These dynamica
dates are most likely determined by the behavior of the accretion disk. Searching for the
existence of a correlation between the spectral and dynamica states of this black hole

candidete is the focus of my study.



Introduction

Speculation about ‘dark stars' dates back centuries. With the birth of Eingtein’stheory of
redivity, the black hole eventudly evolved in to an object of serious scientific study,
rather than atheoretica notion. Study of the black holes' x-ray emissions has become the
primary method of analysis of these stellar bodies. Cygnus X-1 has remained the leading
black hole candidate, while others have eventualy been proven to be neutron stars or

white dwarfs, the black hol€' s closest rdativesin the evolution of thelife of adar.

With the advent of balistic missile technology in the 1950's, detection of astrophysica x-
rays became possible. When strong signals persisted from the region of Cygnus,

scientists delved in to the study of this strange new discovery. Of the variety of sounding
rockets, balloons or satellites thet have monitored the x-ray emissons from Cygnus X-1
since the 1960's, the European X-ray Observationa Satellite, or EXOSAT?, had the most
eccentric orbit (eccentricity of 0.93). Thisallowed an orbita period of 90.6 hours and 76
hours of continuous observation (Rebull 1992). This data was chosen for my study
because of the long time series. Figure 1 shows a schematic diagram of EXOSAT

sadlite.

1 EXOSAT was operational from 1983 through 1986.
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Figure 1 Schematic diagram of EXOSAT



History
The earliest speculation about ‘dark stars', now known as black holes, dates back to
1783. British astronomer John Mitchell proposed that there could be a star so massve
that its gravitationa pull would be strong enough to draw light waves back to its surface.
This createsthe illuson of a‘dark star’ for a sufficiently distant observer (Hawking
1988). Indeed, light waves leaving a gravitationd body as massive as ablack hole
become trapped and are dragged back to the star faster than they can escape (Harrison

1981). Escape velocity from aplanet or star (from Newton's laws) is

2GM
v, :1/—,
R

1)
where G isthe universd gravitational congtant, M is the mass of the object and R isthe

radius of the object (Harrison 1988).

In the case of ablack hole, the escape velocity is dependent on the coordinate vaue from
which escape is attempted. Outside the event horizon, while escapeis il possible, the
sheer mass of the hole increases the value of the escape velocity (as seen by the mass
dependence in Equation 1). Close to the event horizon of ablack hole, Equation 1 no

long applies and the genera theory of rdlativity must be used?.

2 Newton’s laws apply to ablack hole, to agood approximation, outside the event horizon up to afew
Schwarzchild radii.



Eingen’' stheories of rddivity made sars of virtudly infinite gravitationd pull a
scientific redity. Prior to Eingein’s discoveries, Mitchdl’s ‘stars had not been
convincing to al astronomers. Despite the great success of histheories, Eingein
considered the idea of these ‘dark stars' preposterous (Thorne 1994). In 1916, he
published his theories of rddivity and gravitation to prove the impossibility of the
existence of black holes. Ironicaly, those same theories are now used to argue the

inevitability of the demise of amassive gar into a black hole (Scientific American 1996).

With this sound mathematical bag's, the next step was to attempt to observe ablack hole.
Because direct optical obsarvation is very difficult, methods of observing outside of the
visble spectrum were devised. These objects having the grestest intensity and visibility
inthe x-ray range. X-ray astronomy began with the launch of the NASA’s Uhuru
sadlite, the firgt to provide continuous observation of x-ray sources with good time
resolution and sengtivity (Gursky 1975). In 1964, the strong x-ray sourcein the vicinity
of the congtelation Cygnus (Figure 2) was named Cygnus X-1 (Figure 3) and three years
later in 1967, John Whedler named these stellar objects “black holes’ (Thorne 1994).
Since then, black holes® have become mainstream and are now considered the most likely
explanation for the energy source of quasars and active gdactic nucle. Cygnus X-1 was
the first x-ray binary considered to be the most probable site of ablack hole; it has
successtully maintained thistitle. Sinceitsinitia discovery, Smilar sources have

clamed the title of black hole, only to be proved to be either one of the black holes

closest relatives — a neutron star or awhite dwarf (S& T 1996).

3 The existence of “black holes” isstill circumstantial, although the accumulated evidence is convincing to
some astronomers. Their existenceis maintained as aworking hypothesis and used with this understanding
in thisreport.
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Formation and Structure

TheOrigins

Formation of a compact stellar object occurs when a massive star that has exhausted its
fud and can no longer maintain static pressure collgpses under its own gravity. The
immense gravitationa force causes the collgpse to continue until dl thet isleft of the
former gar is an extremely compact collection of matter where light is trapped (Silk
1989). Depending on the size of the star before collapse, the new compact star can form
one of three objects — awhite dwarf, a neutron star, or ablack hole (Figure 4). A white
dwarf isthe more distant relative, formed by the collgpse of alow-mass star on the order
of the mass of the sun. Many of the physica characterigtics of the neutron star, however,
are shared by the black hole to the point where they are dmost indistinguishable.
Determining whether an x-ray source is a neutron star or a black hole is made by studying
the spectrum; a neutron star and black hole have uniqudly distinguishing spectrd graphs

(Begelman 1996).

A method of determining what a star will becomes after collapsing was developed by
Subrahmanyan Chandrasekhar in 1930. White dwarfs originally more massve than 1.4
solar masseswill continue collgosing into asingularity. Thisisknown asthe
Chandrasekhar limit (Scientific American 1996). In black holes, this core is known as
the angularity. All the massfromitsformer stellar state is compacted in this Sngularity,

which takes up no more space than the size of sngle nucleus of an atom (Hawking 1988).
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Figure 4 The evolution of a star

Another way black holes might have formed is during the Big Bang. The intense chaotic
and inhomogeneous Sate of the early universe may have caused the collgpse of matter in
alocal region (Silk 1989). In thisway, collapsing stars or clusters of matter of massless
than the critical vaue (< 3.2 Solar masses) can gain enough kinetic energy to tunnd

through the neutron star equilibrium, compacting down to a singularity (Ruffini 1975).

The Central Structure
The structure of abasic black hole consists of two parts, one, the above mentioned
sngularity, and two, the event horizon. The event horizon is an invisble surface from

which particles on the outside with sufficient escape velocity could till evade the
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clutches of the hole' s gravity. One step indde the event horizon isimpending doom for
any matter or light. No hope of escape exigts. The radius of ablack hole is defined asthe
coordinate value of the event horizor. Cygnus X-1 hasa“radius’ of 15km (Pickover
1996); the sun, in comparison, is 7x10° km in radius (Harrison 1991). Within its smdll
radius, Cygnus X-1 has a measured mass of 10 to 15 solar masses (Sky and Telescope

1997). A summary of masses and radii of a number of stdllar objectsis shown in Table 1.

Table 1 A summary of masses and radii of Cygnus X-1, the Sun, and a neutron star.

Object Name Radius (km) M ass (solar masses)
Cygnus X-1 (BHC) 15 # 12 =«
Sun 7x10° - 1
Hercules X-1 (neutron star) 10 it 1.4 w
*Source from ASCA 1999 # Source from S& T 1996
** Source from Tipler 1991 ##Source from http://hea-www.harvard.edu/~bboroson

Figure 5 illudtrates the evolution of agtar in mass vs. radius. When bodies contract they
move down toward to black hole line, the region shown in dark. Black holes, despite all
their mass, do not differ greatly in radius from white dwarfs and pulsars, both of which

are much less massve,

* The radius of the event horizon is arelative term due to the severity of space-time warp around the black
hole. “Coordinate value’ isthe more accurate term for these purposes.
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The Accretion Disk

One of the most spectacular Sde effects of a stellar body of sgnificant mass is the effect
of its gravity on particles of dust and gas. A body, such ablack hole, drawsin interstellar
particles from its surrounding space. Asthese particles comein to the black hole' s orhbit,
they are drawn into the shape of adisk. Twirling around the black hole, the highly
ionized partidlesfdl in to orbit with angular momentum (Moche 1993). Dueto the
successive layers of matter orbiting the black hole, viscous forces are produced. Forces
on inner particles due to outer particles cause the outer particles to lose momentum,
whereby the outer particles begin to spird inward. The multitude of layers of inner and
outer particle interaction resultsin a steady stream of particlesfdling in to the black hole,
while the supply of particlesis maintained by the continua accretion of matter from the

surrounding regions or the companion star of a black hole (Begelman 1996).

These accretion disks, dthough presumably pretty sghts from a distance, are actualy
violent furnaces. The release of gravitationd energy into kinetic and thermd energy
during the accretion processis the source for the energetics of the system. An accretion
disk around a black hole extends inward to the closest stable orbit corresponding to a
period of about one thousandth of asecond. Asaresult, thein-fal time of metter is some
100 times this period, leading to energy pulsations a periods on the same order asthe
disk’s stable orbita period (Gursky 1975). The heat generated by the viscous dissipation
climbs to the order of 10° Kevin. Temperatures of this magnitude lead to strong x-ray
emisson (Begdman 1996). Due to the intengity of the hest in an accretion disk,

astronomers detect black hole candidates by searching for intense x-ray sources. Table 2
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ligts characterigtic temperatures of the e ectromagnetic spectrum and associated
waved engths of pesk emission for blackbodies. Because of the high intengity of the x-

rays, the relative temperature range of the accretion disk can be determined.

Table 2 The Electromagnetic Spectrum of Blackbody Radiation.

Type of Radiation Wavelength Range (hm) Temperature Range (K)
Gamma Rays <0.01 > 10°

X-Rays 0.01-20 10° —10°
Ultraviolet 20 — 400 10° —10°

Visble 400 — 700 10° - 10°

Infrared 10° - 10° 10-10°

Radio > 10° <10

From “Astronomy Today” by Chaisson and McMillan

In detailed numerica studies of the structure of the accretion disk, astronomers found the
‘disk’ isnot asflat as it seems (http://image.gsfc.nasa.gov/poetry.astro.ql766/ntml).
Twigt and ripples cover the plane of the disk, possibly dueto gusts of ‘wind’ from the

disk itself. These predicted phenomenain the disk have never been observed.
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The Roche L obe
Roche lobe is formed around binary systems and is defined as the theoretica shapein
which al points dong the lobe are a the same gravitationd potentia. Figure 6 showsa
diagram of a system of two bodiesin orbit and the associated Roche lobes (Ruffini

1975).

Occultation angle

Figure 6 A binary system, its equipotential
lines and the Roche lobes
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Points L,.L, and L, are the Lagrange points of the system, where the potential fidd lines cross
and the forces of the two bodies areequa. The less dense companion, M, , becomes
elongated asit compensate sfor the difference in forces, filling its Roche lobe (Pickover 1996).
When the tidd forces become stronger t han the star can withst and, materid spills

over throu gh L, into the Roche lobe of M ,, the black hole. It is withinth elimits of the
Roche lobe of M, that the mass transfer occurs. Due to the angular momentum of the infaling
matter, adisk forms around M,. Radia viscous disspatio n spreads the disk ouit to fill

the limits of the lobe; the successive rings of accreted matter tha n begin roteting at

different orbital speeds, leading to particle - particle friction and loss of momentum (Ruffini 1975).

Unlike neutron star's, x-ray binary sources draw energy from the gravitationd binding
energy of the infdling materid (Ruffini 1975). The equation for constant equipotential

bodiesis defined as (Marion 1995),

1 1
F =GM (— +—) = constant,
nn

2

Thefirg line of equipotentid is the Roche limit, or the criticd radius, which is

determined by the mass of the black hole (Pickover 1996). This gravitationd potentid

energy is given by’

® Source from Tipler 1991.
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3

where the product of the masses of the two bodies is directly proportiona to the potentid,

whereas the distance, r, between them isinversely proportiond to the potentid.

The potentid energy is converted into
kinetic energy as matter falsin to the black
hole, which gradudly heats up to very high

temperatures (Peterson 1997).

The Types

After collgpse, the only digtinguishing
characterigtics a black hole maintains are its
meass, charge and angular momentum.
Because no trails of the matter that made up
the former star — whether matter or anti-
metter, for example - are left, ablack hole
issaid to have “no hair.” No other
identifiable characteristics make one black
hole any different from another (Thorne

1994). The smplest type of black hole,

e Event Horlzon

Singularity

Figure7 A Schwarzchild (static)
black hole.

known as the Schwarzchild black hole, is composed of an event horizon and a singularity

asillugtrated in Figure 7. This gtatic black hole neither rotates nor has an dectric charge.
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The Reissner-Nordstrom black hole is non-rotating and charged. Charged black holes
consg of three parts: the sngularity, the inner event horizon and the outer event horizon
(Figure 8). TheKerr black hole is a rotating, non-charged hole and is considered the
most common type. These rotating black holes consst of many parts. The singularity,
ingead of asingle point, is doughnut shaped (if travel through space-time were possible,
having survived the journey to the sngularity one would be able to trave throughits
center to what could possibly be another dimension of the universe or another universe dl
together). This particular type of black hole houses two event horizons, the inner and the
outer. Beyond the outer event horizon lies aregion called the ergosphere, aregion of
violent rotation bounded by the outer event horizon and the outermost layer, the Static
limit (Figure 9). The forth type of black hole embodies both charge and angular

momentum. Thisisthe Kerr-Newman black hole (Pickover 1996).

~ Inner
Event Horizon

Singularity Outer

Fvent Horizon

Figure 8 Artistic representation of a charged
black hole.
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Cross-sectfon of a rotating black hole. (LEH. = inner event henizen;
O.E.H. = outer'event horizon; R = ring singularity)

Figure 9

Black holesradiate

In conjunction with the understanding of the different types of black holes camethe
understanding of their relation to pulsars and jets from active galactic nuclel. Energy
extracted from rotating black holes causes them to become dynamaos. Thisis caled the
Penrose process, where the extracted energy comes from the rotational energy of the
rotating black hole (Pickover 1996). A black hole endowed with angular momentum and
or charge can give up afinite amount of itstota mass-energy. Asa particle coming from
infinity penetrates the ergosphere of aKerr black hole, it decays into two particles. The

negative e ements of angular momentum and energy are logt in to the hole, while the
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positive dements are returned back out to infinity. The interesting property of this
processis that the gected dement leaves with more energy than it went in with,
effectively reducing the total rest mass of the black hole (Ruffini 1975). In thisway,
these rotating black holes can eventudly stop spinning and become dtatic black holes.
Dueto this radiation, black holes have been theorized to center active gdactic nucle,
producing cosmic jets, as well as being the source of the highly energetic pulsars (Moche

1996).

Further evidence that black holes are not invincible is found in sudying their entropy. In
accordance with the First Law of Thermodynamics, a black hole neither crestes nor
destroys energy but merely converts the energy in to other forms. The Second Law
concerning asystem’ s entropy, however, isviolated. Entropy is the measure of a
system’ s disorder and should not decrease within a closed system (Halpern 1992). As
matter is accreted, the accumulation of new particles leads to greater disorder and the
system’ s entropy increases. Within the system of a black hole, matter accretion suggests
agrowth in the horizon. This cannot occur without the entropy aso increasing (Hawking
1988). If, however, energy can be carried away from ablack hole, its entropy would then
decrease, violating the Second Law. The behaviors of a black hole cannot be explained
without it having its own entropy. Subject to the black holes own laws, anew Second
Law of Thermodynamics was creeted, dlowing black holes to have entropy. Having
entropy means ablack hole dso has atemperature and can emit light and hest, thus

energy, and is susceptible to decay. Thus, black holes do radiate energy (Hapern 1992).
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Observation

Due to the nature of black holes optical detection is extremely difficult. Although the
distance of Cygnus X-1 from the Earth is shortest of the other black hole candidates, one
of the only signs of existence of Cygnus X-1 is the strong, highly locaized x-ray source.
For comparison, distances of Cygnus X-1, other black hole candidates and other stellar
bodiesin relaion to the Earth are summarized in Table 3. Around the time of its
discovery, long looks at the source were difficult to obtain to produce any conclusve
data. Spectrd, tempora and spatia resolutions were dl insufficient. The data acquired,
nonetheless, led astronomers to the speculation that this bizarre object was a different
type of sellar phenomenon than they had ever encountered. Contrary to Eingtein’s
predictions, evidence continued to mount in favor of the existence of black holes and,

further, that Cygnus X-1 might be one.

Table 3 Examples of distances of selected objects from Earth.

Object (type) Distance from Earth
Cygnus X-1 (BHC) 8150 light years *
LMCX-1 (BHC) 175,000 ly
V404 Cygni (BHC) 11,000 ly
Sun (star) 1.6x10™ ly *x
Hercules X-1 (neutron gtar) 6520y —19560ly =

* Source from Rebull 1992
** Source from Harrison 1981
*** Source from “S&T” 1996

Mogt recently acquired data on Cygnus X-1 has alowed better spectral resolution, which

has led scientists to pin point its location and to describe its properties and structure in
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more detail. Cygnus X-1is part of an eclipsed x-ray binary, whose companion isablue
supergiant (Figure 10). The angle of precesson of this binary system causes the
companion star to be periodicaly eclipsed (Zeilik 1982). The black hole's peculiar
spectra readings postively identify it as something other than aneutron star. Since
Cygnus X-1 wasfirst discovered, scientists could detect no periodicity, unlike pulsars of
gmilar x-ray intengty. Itshighly variable emisson strongly suggested a black hole
(Setter 1994). Due to the extreme dendity of a neutron gtar, it shares the characteristics
with ablack hole of being dark, compact, and a strong x-ray source. Bursts of rays from
these stars are the keysto their identities. Cygnus X-1, for example, exhibits aregular
orbital period of 5.6 days, with rapid bursts of x-ray variations on time scales shorter than
amillisscond. The duration of these outbursts set an upper limit on the size of the source
producing the burgts. Cygnus X-1 isinferred to be about 15 kilometersin Sze, arather
amal areafor the sgnasto come from, thus suggesting a highly compact object (S& T
1996). The spectrum of ablack hole pesks at afrequency around 10*® Hz, which
corresponds to the x-ray region in the black body spectrum. These x-rays are emitted

primarily from the inner parts of the accretion disk (Peterson 1997).
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Figure 10 A bmary system similar to that of Cyvgous X-1
consisting of a supergiant and the black hole

These findings done, however, are not enough to positively identify a source as a black
hole. Hickering of this nature is dso a property of neutron stars, which have radii much
less than 300 km across. Further investigation of the x-ray spectrum yields a peculiar

shape. Cygnus X-1, in particular, exhibits two distinct spectral states. The “soft” ate
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conggs of ahigh intengty of low energy x-rays and is thought to originate from an
opticaly thick accretion disk (S& T 1996). The“hard” state is denoted by a smooth
power law spectrum, probably originating from an opticaly thin region closeto the
center of the disk and the black hole (Ebisawa 1997). Intensity of the hard stateis lower
than that of the soft state by afactor of three (Gursky 1975). Trangtions between these

states are considered to be the best signature of a black hole candidate (S& T 1996).

Cygnus X-1isusudly found to bein the hard spectral state and trangtions to the soft
Sate are rather rare. In May 1996, Cygnus X-1 exhibited arare hard-soft trangtion for
the firg time since 1980. From the observations, astronomers were able to limit the range
of Cygnus X-1's mass, further securing it to be beyond the upper bound for the mass of a
neutron star (2.9 Solar masses). The characteristic temperature of the soft component is
ggnificantly lower than that of neutron star binaries. Spectra graphs of the two States

and that of aneutron star are shown in Figure 11 (S& T 1996). Asthered line of Aquila

X-1 shows, distinctions between neutron stars and black holes are evident by examining

the spectra.
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X-ray Spectra of
Compact Objects

L ITTIIT[

| =8 | TIFIH!

LI IIIIH[

== Aquila X-1 (neutron star)

= Cygnus X-1, “soft” state }Black-hole
= Cygnus X-1, “hard” state ) candidate

i L ol | L1

[ | Il!llll

RELATIVE INTENSITY (logarithmic scale)

IIII

3 10 30
X-RAY ENERGY (electron volts)

Figure11l Intensity vs. Energy of Cygnus X-1inits hard
and soft states in comparison with the neutron star Aquila
X-1

.Y



26

Andyss
The method of using symbolic streams was chosen for two reasons. one, this data
andydss characterizes corrdations in time and two, it detects periodicities and other
patterns of behavior. Converting a continuous andog time seriesin to a symbolic stream
has been found to sufficiently estimate corrdationsin the streams. Symbol Satistics are
aso particularly robust to noise. Fourier transformations can be used for the analysis,

however are badly aliased (Tracy 1998).

The symbol gatigtics gpproach to time-series analysis assigns a symbol to partitions of
the data set. For the purpose of this andyss, pair-wise comparisons were made. Using
the origind time series, adjacent vaues are compared. This tends to de-trend the data

and emphasize short timescale behavior. In agring of data values,

X,y Xy s Xgpeers X1, X

27177317 -1

(4)

0.966196, 0.999941, ..., 0.99708, 0.999463
©)

the difference between any giventwo adjacent data values, x, and x, aretaken. For
example, data value 1, or x,, and data vdue 2, or X, , asseen in equation 5, asample of the
origind data stream yidds a negative difference, x, - x, p 0. The number zero was

assigned to this difference , asseen inthe corresponding symbalic andogue in equation 6.

(O 1, 1, 0

(6)
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Next, the data value x2 and x3 are compared.  From the vaues shown in equation 5, this
yields a positive difference and the number one is assigned in its place, shown in equation
6. Pair-wise comparisons are made in thisway for dl values of x. For comparisons
between positions where there were gapsin the data® the number zero was assigned.

Using this method, a symbolic stream of data was created.

Most signd's appear to have a‘high entropy’ (all except for data set 224), thus a method
of bootstrapping must be used to estimate the Sgnificance. To compensate for this
behavior, surrogate data sets were produced by shuffling the symbolic string 100 times.
These iterations were done for al five of the origind data sets. In addition, anew
symbolic string was made by assgning the number one to data gaps and again shuffled.
With successve iterations, this data filling method created 100 surrogete binary deata sets
for each of the ten data streams. The entropy of each of these 10 data setsisthen

calculated.

The Shannon entropy, H, is defined as

1
H (p(t ) L)) =- msps_l Sp.. S Ir( psl S .S )’

(")

® These data gaps can be the result of anumber of occurrences, such as occultation or instrumentation and
data collection.
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where the tree entries, p, correspond to the number of data points for each particular data
s, L isthetree leve, which was given the vaue three for this research, and the time

delay, t, isgiven for each appropriate data set (Tracy 1998).

Entropy vs. t for each of the shuffled binary data setsisthen plotted. Plots of both
comparisons are shown in Figures 12-21b. Data sets with suffix b correspond to the
second method of comparison. The entropy of al 100 surrogate data sets, represented by

the strings of circles, is compared to the origina data set, represented by the solid line.

Comparing figures from the two data filling methods, the peaks and troughs that

remained consistent through both methods of comparisons were noted. 1n addition, those
peaks and troughs of the origind data set which fell outsde 5% of the bulk of the
digtribution (i.e. lies out of the 95% level) were flagged. They arelabeled &z and A-Bin
Figures 12-21b. These structures which appear to be sgnificantly different from the
shuffled sates are of greatest interest. They possibly represent the deviants from the
group which represent unusua dynamica behavior, which is more ordered than the
shuffled data. For example, point ‘w’ and ‘y’ in Figures 20 and 21, respectively, at time,
t =0.05 s, show dructureswhich are ‘sgnificant’ with both methods of datafilling. In

this case, the periodicity comes out as being more significant.
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Entropy

Entropy vs. Time Delay

(small circles are shuffled data from data set 142b)

T T — ¥ —
0.96 | b
0.86 R
0.76 1
0.66 b
0.56 . ! :
0 0.07 0.1 0.2 B 03
AT .
Figure 13
(seconds)
Entropy vs. Time Delay
(small circles are shuffled data from data set 142b)
1 T T T
0.998 P
H
i
|
|
il
0.996 H
0.994 J
0.992 -
0.99 L ! :
0.07 0.1 02 03
At
Figure 13b

{scconds)



32

Entropy

Entropy vs. Time Delay

(small circles are shuffled data from dat set 206)
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Entropy vs. Time Delay
(small circles are shuffled data from data set 224)
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Entropy vs. Time Delay
(small circles are shuffled data from data set 224b)

T R e e e

——

I

0.15
Figure 17

0.1

At

{seconds)

Entropy vs. Time Delay

0.05
(small circles are shuffled data from data set 224b)

0.96
0.86

0.76 -

Adonug

T
a

C e e nes oo e

T

e e

,,ig-i...-..wmvs -

o rmimem s e e ncmss 5 22

0.66
0.56

098

Adonug

0.15
Figure 17b

0.1

At

(seconds)

0.05




Entropy vs. Time Delay

(small circles are shuffled data from data set 288)
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(small circles are shuffied data from data set 291)
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Conclusion

In investigating the x-ray emissions from Cygnus X-1, the underlying question is whether
or not these emissions have a pattern or are completely random. By generating surrogate
data sats, any patterns or predictability in the emissons should be destroyed by reveding
(by comparison) structuresin the entropy. Figures 20 and 21, show a consstently high
entropy, whereas Figure 16 shows a significantly lower entropy than its counterpart
Figure 17, which remains at a high entropy. Figures of suffix b show the entropy on a
scaefit to the window. The reason for this deviation isnot obvious. Clearly, this great
variance in entropy is a behavior worth studying further. However, thisinvestigation is

beyond the scope of my research.

Due to the gaps found in the data and the few data points, the confidence level of these
resultsislow. The shuffling results show a sengtivity to the datafilling, as seen inthe
incongstent structures of data sets 288 and 288b of Figures 18 and 19, respectively.
However, other data structures remained robust, as shown in data sets 291 and 291b of
Figures 20 and 21, respectively. These two particular types of behavior possibly

represent two dynamical states.

In comparison, results determined in previous research conducted by Rebull (1992
pp.123-125) were found usng the method of mutual informetion - direct comparison of
the origina data streams - for andyss. Theam in usng symbolic andyssingtead of
mutud information was to de-trend any periodicities found through mutual information.
A seenin Figures 18c, the average mutud information from 288 (Rebull) and symbolic

time series for data set 288b from this research seem to have smilar structures a point 19
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and point v, repectively. Comparing the two data filling methods, point r in Figure 18b
shows asmilar structure a point u in Figure 19b. Thisisasmal representation of a
“predictable’ dataset. Are these structures which survived datafilling purely random or

is there some preriodicity?

In comparison, data set 142 showed no smilarities between the Rebull findings and the
two datafilling methods used here. In addition, irregularity in structures persgsts between
both data filling methods used in this study, as seen in Figures 12b and 13b. This
suggests a more chaotic state of the system during this observation because the structures
did not survive the data filling methods. Between two separate observations — 142 and
288 - done nearly ayear gpart, Cygnus X-1 seemed to have exhibited two distinct
gructuresin the Sgnas, suggesting two dynamica states of the system. However,
because of the large gaps in data and the few data points in each of the few data sets
available, afirm concluson could not be made. Further investigation of the system could
yield amore conclusive answer, however present andysis of the datafrom EXOSAT is

insufficent.

For greater confidence using the data from EXOSAT, amore robust method of deta
filling could be used in the future. For example, ten thousand iterations ingtead of merdly
100 could be done to further study the behavior of the structures. Longer and more
continuous data streams would yield more certainty by limiting the uncertainty of the
andyds. The findings of thisresearch greatly suggest the need for further investigation
of the behavior of the x-ray emissons from Cygnus X-1 and its gpparent relationship to

the dynamica dtates of the accretion disk.
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