
Variability of Cygnus X-1

Spectral evolution 2005

Moritz Böck
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The spectral evolution of the galactic black hole candidate Cygnus X-1 was analyzed. Using the
data obtained by observations, which were taken with the Rossi X-ray Timing Explorer, the X-ray
spectrum was modeled. Data is available up to december 29th in 2005 and the covered energy
range is 4-200 keV. It turned out, that Cyg X-1 spent the second half of 2005 in a hard state. The
obtained relations between the fit parameters were consistent with the results of the observation
from 1999-2004 (Wilms et al. [1]).
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I. INTRODUCTION

The issue of this project was to continue the long-term
observation of the black hole X-ray binary Cygnus X-1,
initiated by J. Wilms et al. [1]. In their work, about
200 observations were considered in order to analyze the
spectral evolution of Cygnus X-1 in the space of time
between 1999 and 2004. The data was obtained by the
Rossi X-ray Timing Explorer (RXTE) and the spectra
were fitted with the help of the program XSPEC [12]. In
this work, 40 observations (also taken with RXTE) were
evaluated. 15 of them were from 2005, while the others
(2002-2004) were used to compare the results with the
long-term observation. Instead of XSPEC, ISIS [11] was
used here. As expected, the results were consistent.

The main task of this project was, to automatize the fit-
ting process of the spectra. Therefore an algorithm was
created, which loads the data of an observation, uses ISIS
to fit the spectrum and to calculate the confidence inter-
val for each parameter and continues this procedure with
the next observation. It was necessary to find the best
fitting strategy, i.e. the best order of freezing parame-
ters at certain values, while varying other ones and then
repeating the process in different combinations, in order
to approach the best fit. Varying all 11 (13 with the
blackbody radiation of the accretion disk) parameters at
once, would only yield a side minimum and most likely
unreasonable values for the fit parameters. This will be
discussed further in section IV.
In the following, the theoretical background of black hole
binaries is outlined. Afterwards the data analysis and the
modelling of the spectra are explained and finally the re-
sults are presented.

II. BLACK HOLE X-RAY BINARIES

A. Black Holes

Black holes are quite famous today. A black hole is
an object with such a large mass, that even light cannot
escape from it due to its enormous gravity. It is enclosed
by the event horizon, a mathematical surface, which is
characterized by the fact that no information, like elec-
tromagnetic radiation can leave it. The escape velocity
at the event horizon is equal to the speed of light. For a
nonrotating black hole, this surface is given by a sphere
with the radius:

RS = 2GM/c2

Where RS is called the Schwarzschild radius. (M is the
mass of the black hole, G is the Gravitational constant
and c the speed of light.) The event horizon is a kind
of barrier, no information from the inside can reach the
outside. Therefore it is impossible to study a black hole
directly. But its existence can be proven, by observing
the behaviour of surrounding objects. A black hole can
be characterized by its mass, its angular momentum and
the electric charge.
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FIG. 1: Schematic illustration of the most important states, with the corresponding spectral shape, accretion rate ṁ and
geometry of disk and corona. (Picture from [9], Fig. 4)

B. Accretion

A massive object can grow by gravitationally attract-
ing matter. This phenomenon is called accretion. Due
to the conservation of angular momentum, the attracted
matter is inhibited to fall radially onto the massive ob-
ject, which is a black hole in this case. For this reason, the
accretion disk (or disc) develops. Every particle in the
disk is approximately on a Keplerian orbit, but viscousity
causes a transfer of angular momentum between the par-
ticles. Thus inner particles lose angular momentum and
approach the black hole on spiral trajectories. The dif-
ferent velocities within the disk (ΩK(R) ≈

√

GM/R3)
and friction cause a heating of the disk. In this man-
ner, parts of the gravitational energy can be emitted in
form of electromagnetical radiation. The temperature of
the disk decreases outwards, it is proportional to R−3/4

(see [10]). Accretion onto a compact object is the most
efficient mechanism of converting mass into radiation en-
ergy.
The maximal stationary luminosity of an object of mass
M , which radially (spherically symmetric) accretes ion-
ized gas, can be calculated by assuming, that the radi-
ation pressure and the gravitational force are equal. It
is called Eddington luminosity and given by (calculation:

see [10]):

LEdd ≈ 1.3 · 1038erg s−1 · M

M⊙

= 3.3 · 104 · M

M⊙

L⊙

Where M⊙ is the solar mass and L⊙ its luminosity.

C. States

The states, which are introduced in this section, clas-
sify the behavior of a Black Hole Binary (BHB). A BHB
is a binary, which consists of a black hole and a secondary
star. In a binary, there can be mass-exchange. In this
case, the black hole accretes matter from its companion
star. There is a broad spectrum of different accretion
rates for different binaries. Also a single BHB can show
a large variability in time. There are even systems with a
characteristic behaviour. The varying kinds of accretion
are the explanation for the different states. The states
of BHBs are classified mainly by the properties of their
X-ray spectra. One differentiates between the high (soft)
state, the intermediate state and the low (hard) state
(see Fig. 1). There was even a quiescent and a very
high state introduced (see [3], Fig. 4.1). In this work,
it was sufficient to restrict oneself to the hard and soft
state. These two states will be discussed in detail now. A



FIG. 2: Different sketches, which illustrate possible geome-
tries of the disk and the corona (and the Comptonization
process). (Picture from [13])

soft state spectrum is dominated by a soft, thermal com-
ponent, the black body radiation coming from the disk.
It has a temperature in the order of 1 keV. The broad-
band luminosity is relatively large, it can even exceed
50% of the Eddington luminosity. There is also a power
law component, which becomes important at higher ener-
gies. The photon index (see section IVC) is large. It can
be shown (see [10]) that Comptonization causes a power
law spectrum. This process works as follows: photons
that come from the disk, the so-called seed photons, are
scattered several times by electrons in the corona. The
corona consists of a hot (optical thin) plasma, which has
a temperature of about 100-300 keV. Because its temper-
ature is larger than the energy of the incoming photons,
the photons gain energy by Comptonization, while the
corona is cooled. Assuming a Maxwellian velocity distri-
bution of the electrons, it can be shown, that the average
relative energy change of a photon is given by (see [4],
Eq. 1.16):

∆E

E
≈ 4kBTe − E

mec2

Where E = hν is the energy of the incoming photon,
and Te and me are the temperature and the mass of the
electrons, respectively. Fig. 2 illustrates different ge-
ometries of the corona. In the case of a soft state, the
accretion rate is high and the disk reaches close to the
black hole, thus thermal radiation becomes important.
The situation is different for the hard state. Here, the

inner disk radius is larger. Therefore the disk is colder
and there are much less seed photons. The corona is now
photon-starved. The result is, that the Comptonization
yields photons with higher energies. It is now easy to un-
derstand, that a hard state spectrum is characterized by
a large powerlaw component with a small photon index
(≤ 2.1), whereas the thermal radiation is relatively weak.
It could be completely neglected in this work, because
only energies from 4-200 keV were considered. With sev-
eral percents of LEdd, the broadband luminosity of a hard
state is much smaller than that of a soft state.

There are binaries, which are most often in the soft

FIG. 3: Here the Roche lobe overflow is shown. The star fills
its Roche lobe and the mass-exchange rate is large. (Picture
from [4])

state, while others spend most of their time in the hard
state. One important reason for this behavior can be
seen by considering the Roche lobe. This is the volume,
which is enclosed by the Roche surface. The smallest
common equipotential surface around the binary system
with one point (inner Lagrangian point) that seperates
the volume into the Roche lobe of the star and the one
of the black hole (see Fig. 3). If the star has the size of

FIG. 4: The star is smaller than its Roche lobe, wind accretion
is important. (Picture from [4])

its Roche lobe (see Fig. 3), matter in the proximity of
the inner Lagrangian point can easily flow from the star
to the black hole. This process is called Roche lobe over-
flow. The accretion rate can be very large in this case.
Thus, such systems are often found in a soft state. If the



star is smaller than its Roche lobe, the black hole accretes
mostly stellar wind. The wind accretion is illustrated in
Fig. 4.

D. Cygnus X-1

Cygnus X-1 (4U 1956+35) is a black hole binary
(BHB). It is a mass-exchange binary that contains an
accreting black hole and a secondary star. Cyg X-1 is a
so-called high-mass X-ray binary (HMXB), because the
secondary (HD 226868) is a massive O9.7 star, with a
mass of about 18 M⊙ (see [8]). The mass of the black
hole is assumed to be about 10 (6.9-13.2 [3]) solar masses.
Cyg X-1 is an interesting object, because it is one of the
brightest hard X-ray sources and it has shown extreme
variability in the radiation intensity. In the case of Cyg
X-1, the wind accretion is important, because O/B stars
have a large mass loss rate, due to stellar wind. The
variability can be explained by a changeable accretion
rate. It is assumed, that Cyg X-1 is in a mixture of wind
accretion and Roche lobe overflow [15].

III. DATA

A. The Rossi X-ray Timing Explorer (RXTE)

The used data was obtained by the Rossi X-ray Tim-
ing Explorer (Fig. 5). RXTE is a large X-ray detector,
which was launched on 1995 December 30. During the
last 11 years, its observations have been very helpful to
find properties of black holes, neutron stars and white
dwarfs. It covers an energy range of 2-250 keV. This
range is achieved by using different instruments that are
effective for certain energies. The Proportional Counter
Array (PCA) has the largest total net area (6250 cm2)
and covers the energy range 2-60 keV. The High Energy
Timing Experiment (HEXTE) works well for energies
from 15 up to 250 keV. PCA and HEXTE have the same
1◦ field of view, while RXTE’s third instrument, the All-
Sky-Monitor (ASM), is compromised of three wide field
proportional counters that are mounted on a rotating
boom. It scans 80% of the sky every 90 minutes an has
an energy range of 2-10 keV. In this project, the energy
range of the applied data was 4-20 keV (PCA) and 20-200
keV (HEXTE).

B. Data Analysis

In order to get physical properties of the observed
source, one wants to find its photon flux density FS(E)

[photons/cm
2
/s/keV]. The problem is that the measured

flux is different to the flux, which comes from the source.
The measurement process can be described mathemati-

HEXTE
 A     B

  PCA
(1 of 5)

ASM

Rossi X-ray Timing Explorer

FIG. 5: The Rossi X-ray Timing Explorer (RXTE). (Picture
from [14])

cally by:

CD(E) =

∫ ∞

0

R(E, E′)A(E′)(FS(E′) + B(E′))dE′ (1)

with

• CD(E): count rate of the detector

• A(E′): effective detector area

• FS(E′): photon flux density of the source

• B(E′): background photon flux density

• R(E, E′): detector response (probability to detect
a photon with energy E′ as a photon with energy
E)

An ideal detector corresponds to R(E, E′) = δ(E−E′).
Additionally the energy of the photon is not measured
exactly, because the energy range of a the detectors is
divided into several bins. Each of them covers a certain
energy band (Ei, Ei+1). Subtracting the background and
descretizing Eq. (1) yields:

NS(Ei) = T

nbin
∑

i=0

A(Ei)R(E, Ei)F (Ei)∆Ei (2)

Here, NS(Ei) is the total number of ”source photons”,
which are detected in the bin ni, T is the exposure time



FIG. 6: The effective area of the detector HEXTE A.

and ∆Ei = (Ei+1 − Ei). Knowing the flux, the count
rate can be calculated, whereas the inverse calculation
is problematic. For this reason the χ2-minimization ap-
proach is applied:

1. A model FM (E; p1, p2, ...pk) for the spectrum of the
source is considered. {p1, p2, ...pk} is a set of pa-
rameters.

2. The model count rate NM (Ei) is calculated, by sub-
stituting FM (E; p1, p2, ...pk) into Eq. (2)

3. χ2 is calculated:

χ2(p1, p2, ...pk) =
∑

Ei

(NS(Ei) − NM (Ei))
2

σ(Ei)2

σ is the measurement uncertainty.

4. The parameters are varied, until χ2 is minimal.

For this procedure it is useful to utilize programs like
ISIS or XSPEC. In this project, ISIS [11] was used.

IV. MODELING THE SPECTRUM OF CYGNUS
X-1

A. The fit function

The target is to find a model for the spectrum of Cyg
X-1, which fits very good to the measured data without
using too many parameters. It has turned out [1], that
the best fits for BHB spectra can be achieved by using a
broken powerlaw with an exponential cutoff. The com-
plete fit function, reads as follows:

FM (E) = phabs(E)*constant(Isis Active Dataset)*

(bknpower(E)*highecut(E)+egauss(E))

The function constant(Isis Active Dataset) is used to
scale the PCA (4-20 keV) and the HEXTE (20-200 keV)
data to an equal level. One data set is multiplied by a
constant factor, due to different calibrations. The other
components of the fit function will be discussed in detail
now.

B. Photoelectric absorption

In this process, a photon interacts with the interstellar
medium. Photons can be absorbed, when they collide
with atoms and transfer their energy to an orbital elec-
tron. The absorption rate depends on the energy of the
photon and the nature of the atom. For hydrogen, the
most abundant element in the interstellar medium, the
energy of the X-ray photon is much larger than the bind-
ing energy and the electron is ejected at high velocity.
The cross section is larger for X-rays with lower energies.
For higher energies it becomes more important, when the
number of atoms with higher atomic number increases.
In our the model, the photoelectric absorption is mathe-
matically approximated by the function:

phabs(E) = exp−NHσ(E)

Where σ(E) is an approximated photoelectric cross sec-
tion. The only paramater of this function is:

NH equivalent hydrogen column
(in units of 1022 atoms/cm2)

C. Broken powerlaw

As already mentioned in section II C, the Comptoniza-
tion yields a powerlaw.

bknpower(E) =
{

K(E/1 keV)Γ1 for E ≤ Ebreak

K(Ebreak/1 keV)Γ1−Γ2(E/1 keV)Γ2 for E ≥ Ebreak

For the broken powerlaw function, four parameters are
used:

K the norm
(in units of photons/keV/cm2/s at 1 keV )

Γ1 the powerlaw photon index for E ≤ Ebreak

Ebreak break point for the energy in keV
Γ2 the powerlaw photon index for E ≥ Ebreak

The photon index Γ1 is useful to distinguish hard and
soft states. Hard states can be defined by Γ1 ≤ 2.1.

D. High energy cutoff

The application of an exponential high energy cutoff is
justified by the fact that we assumed a Maxwellian ve-
locity distribution for the electrons in the corona, which
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FIG. 7: A good fit for the spectrum, which was measured at november 29, 2005

has a temperature of 100-300 keV. Above a certain en-
ergy limit, the probability that the photons lose energy
by compton scattering becomes significant.

highecut(E) =

{

1 for E ≤ Ecut

exp [(Ecut − E)/Efold] for E ≥ Ecut

To characterize the high energy cutoff, two parameters
are necessary:

Ecut cutoff energy in keV
Efold exponential folding energy in keV

E. Gaussian line profile function

In this model, one Gaussian function is used in order
to fit the Fe Kα line. The energy of this transition is
6.4 keV. The broadening of the line can be explained by
the Doppler effect, caused by the high rotation velocity
in the accretion disk.

egauss(E) =
A

σ
√

2π
exp

[

− (E − E0)
2

2σ2

]

The shape of a Gaussian function depends on three pa-
rameters:

A total area under the Gaussian function
(in units of photons/s/cm2)

E0 the center of the function
σ its width
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FIG. 8: The fit from Fig. 7 after removing the Gaussian line.

The contribution of the iron line to the spectrum can
be seen clearly by comparing Fig. 7 and Fig. 8.
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F. Black body radiation

For soft states, the black body radiation of the disk has
to be taken into account. Therefore the function diskbb
is added to the broken powerlaw with exponential cutoff
and the Gaussian function. As already mentioned, the
temperature is a function of the radius: T (R) ∝ R−3/4.
diskbb describes the spectrum from an accretion disk
consisting of multiple black body components. Two pa-
rameters are used:

Ti temperature at inner disk radius
K = ((Rin/km)/(D/10kpc))2 ∗ cos(θ)

where Rin is the inner disk radius
D the distance to the source
and θ the angle of the disk

For the soft states of Cygnus X-1, good fits can usually
be achieved with Tin ≈ 1keV. Although the considered
energy range is 4-200 keV, the black body radiation can
not be neglected for soft states.

V. RESULTS

As mentioned above, the issue of this work was to con-
tinue the long-term observation of Cyg X-1 [1]. The be-
haviour of the source can be deduced by analyzing the fit
parameters. In this section the parameter values for the
best fits are presented. Additionally they are compared
with the preceding work [1]. The displayed error bars
have been calculated by applying the 90% confidence in-
terval.
Obviously Cyg X-1 was in a hard state during the sec-
ond half of 2005. The photon index was relatively small,
Γ1 ≈ 1.8 (see Fig. 9). There was only one observa-
tion available for the first half of 2005. It can be seen
clearly that the analysis of the data between 2002 and
2004 yielded the same results as the ones, obtained by
Wilms et al. [1]. Furthermore, Fig. 9 shows the corre-
lation between the photon index Γ1 and the daily aver-
age flux, measured by the All-Sky-Monitor. Because the
ASM is sensitive for photons with the energy 2-10 keV,
Fig. 9 illustrates how the increase of the flux in the soft
X-ray energy range is tied to an increase of the photon
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index Γ1, which characterizes the soft state.
Another interesting point is the relation between the pho-
ton indices Γ1, Γ2. It can be seen in Fig. 10 that Γ2 seems
to be a linear function of Γ1. Also in this case, the re-
sults coincide with the ones of Wilms et al. [1] (see Fig.
11). The cutoff energy averages about 27 keV. There is
no obvious dependence on other parameters.

It should be noted, that the best fits for soft states
could be achieved by modifying the constant factor,

which normalizes the PCA data to the data obtained
by HEXTE. An explanation for this observation could
be the dead time of PCA. To analyze this phenomenon
further, the flux was calculated and the constant factor
was plotted as a function of the flux. The result is shown
in Fig. 17.

VI. CONCLUSION

In this work it was shown that Cyg X-1 was in a hard
state, during the second half of 2005. Unfortunately there
was only one observation available, which has been taken
in the first half of that year. Also the small number of
soft state spectra was not sufficient to confirm the hy-
pothesis, that dead time has to be taken into account
for PCA, when the photon flux increases in the case of
a soft state. Nevertheless the relations between the fit
parameters were consistent with the results of Wilms et
al. [1]. This is an important point, because fixed depen-
dences between the parameters are very helpful to find
out the physics of black holes and especially BHBs, for
example the accreation mechanism, the exact geometry
of the corona and the disk, or the Comptonization.
I want to thank my supervisor Jörn Wilms for his support
and of course for giving me the opportunity to perform
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Hanke for his advice.
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