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ABSTRACT

We report the first analysis of data from AstroSat/LAXPC observations of Cygnus X-1 in January
2016. LAXPC spectra reveals that the source was in the canonical hard state, represented by a
prominent thermal Comptonization component having a photon index of ∼ 1.8 and high temperature
kTe > 60 keV along with weak reflection and possible disk emission. The power spectrum can be
characterized by two broad lorentzian functions centered at ∼ 0.4 and ∼ 3 Hz. The r.m.s of the low
frequency component decreases from ∼ 15% at around 4 keV to ∼ 10% at around 50 keV, while that
of the high frequency one varies less rapidly from ∼ 13.5% to ∼ 11.5% in the same energy range. The
time lag between the hard (20–40 keV) and soft (5–10 keV) bands varies in a step-like manner being
nearly constant at ∼ 50 milli-seconds from 0.3 to 0.9 Hz, decreasing to ∼ 8 milli-seconds from 2 to
5 Hz and finally dropping to ∼ 2 milli-seconds for higher frequencies. The time lags increase with
energy for both the low and high frequency components. The event mode LAXPC data allows for
flux resolved spectral analysis on a time-scale of 1 second, which clearly shows that the photon index
increased from ∼ 1.72 to ∼ 1.80 as the flux increased by nearly a factor of two. We discuss the results
in the framework of the fluctuation propagation model.
Subject headings: accretion, accretion discs — black hole physics — X-rays: binaries — X-rays: indi-

vidual: Cygnus X-1

1. INTRODUCTION

Over the last several decades the persistent black hole
system, Cygnus X-1, has been a primary target of nearly
all the X-ray observatories. Its brightness and persis-
tent nature makes it the ideal choice to understand the
behavior of black hole systems. Indeed, some of the ear-
liest paradigms were based on observations of Cygnus
X-1 such as the concept of an hot inner flow where the
thermal plasma Comptonizes photons from a truncated
standard disk producing the characteristic hard spec-
trum (Shapiro et al. 1976) and even the alternative that
the spectrum is produced by a corona on top of an ac-
cretion disk (Liang & Price 1977). The various black
hole system spectral states that are now known (e.g.
Remillard & McClintock 2006) can be said to be inspired
by the early classification of the spectra of Cygnus X-1
into hard and soft states (e.g. Thorne & Price 1975).
Although Cygnus X-1 is a persistent high mass X-ray

binary, it shares several common spectral and timing fea-
tures with other low mass X-ray binaries that harbor
black holes. For example, its hard state spectrum can
be represented approximately by being dominated by an
hard power-law with a high energy cutoff, with weak re-
flection and disk components which is also true for other
black hole systems. As mentioned above, such a hard
state spectrum is consistent with the picture of a trun-
cated standard accretion disk with an hot inner region
giving rise to the standard paradigm regarding the hard
state geometry (Shapiro et al. 1976). However with the
availability of high resolution spectra from Suzaku and
Nustar this paradigm is now being challenged. Apart

from absorption effects due to the ionized wind, the hard
state spectra of Cygnus X-1 show a relativistically broad-
ened Iron line which indicates that the standard disk is
not truncated but extends all the way to the last stable
orbit (Parker et al. 2015). Such broad lines have also
been reported for the luminous hard state of another
black hole system GX 339-4 (Plant et al. 2015) suggest-
ing that the geometry of the system may depend on the
luminosity of the hard state. Along with such detailed
spectral studies, it is important to consider the timing
properties of these sources to pin down the true geome-
try and nature of these sources.
The Rossi X-ray Timing Experiment (RXTE) has rev-

olutionized our understanding of the high frequency vari-
ability of black hole systems. It is not surprising that one
of the pioneering works, where the application of timing
analysis such as coherence, energy and frequency depen-
dent time-lags were introduced was an analysis of early
RXTE data of Cygnus X-1 (Nowak et al. 1999). Since
then a large number of analysis has been undertaken on
several RXTE data sets of Cygnus X-1 and now results
of comprehensive timing analysis using nearly all RXTE
observations of the source are available (e.g. Wilms et al.
2004).
RXTE analysis have shown that for the hard state the

variability of Cygnus X-1 is primarily between ∼ 0.1 and
∼ 10 Hz and its power spectrum can be approximately
described by two to four broad lorentzians in this fre-
quency range (e.g. Nowak et al. 1999; Wilms et al. 2004).
Time lag of high energy photons with respect to the low
energy ones are known to approximately increase linearly
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with logarithm of the energy. The lags decrease as a func-
tion of frequency roughly as a power-law. Cygnus X-1 is
known to show a linear relation between flux and r.m.s
(Uttley & McHardy 2001; Gleissner et al. 2004) which is
now known as the universal flux-rms relation applicable
to several X-ray binaries and Active Galactic Nuclei. An-
other related nearly universal property of these systems,
that the flux distribution is a log-normal one, was first
shown for Cygnus X-1 (Uttley et al. 2005).
The time-scales of the variability as well as those

of the time lags are significantly longer than the light
crossing time of the inner regions of the accretion disk.
This indicates that the variability is related to the vis-
cous time-scale suggesting an origin in the outer re-
gions of the disk. Yet, the variability is observed in
hard X-rays which originate from the inner regions. An
explanation was provided by Lyubarskii (1997) where
the accretion disk undergoes stochastic variations all
across the disk and the fluctuations propagate inwards
reaching the inner disk after a viscous time-scale cor-
responding to their origin. Since the different fluc-
tuations have a multiplicative effect on the inner re-
gions, the model can naturally explain the flux-rms rela-
tion as well as the log normal distribution of the flux.
Moreover, the time lags as a function of energy and
frequency have natural explanation in this framework
(e.g. Böttcher & Liang 1999; Misra 2000; Kotov et al.
2001). These successes have warranted the construc-
tion of a detailed model (“PROPFLUC”) by which the
predictions can be quantitatively compared with obser-
vations especially the shape of the power spectra at
different energies as well as the time-lags as function
of energy and frequency (Ingram & Done 2011, 2012;
Ingram & van der Klis 2013; Rapisarda et al. 2016).
The Large Area X-ray Proportional Counter (LAXPC)

(Yadav et al. 2016a; Agrawal et al. 2016) on board
the multi-wavelength satellite AstroSat (Agrawal 2006;
Singh et al. 2014) has several advantages over the Pro-
portional Counter Array (PCA) of RXTE. The effective
area of LAXPC above 30 keV is significantly higher than
the PCA. The event mode data obtained from LAXPC
allows for studying the variations in user defined energy
bins and for flux resolved spectroscopy. Finally, the var-
ious instruments on board AstroSat can provide wide
band spectral coverage. LAXPC data of another black
hole system GRS1915+105 has already revealed the ca-
pabilities of LAXPC to study high frequency variability
of high energy photons (Yadav et al. 2016b).
Here, we report on the first analysis of LAXPC obser-

vations of Cygnus X-1 to highlight its potential to make
a significant enhancement in our understanding of the
system.

2. LAXPC OBSERVATIONS OF CYGNUS X-1

Figure 1 shows the 1 second binned lightcurve gener-
ated using data from three AstroSat orbits during Jan 8
2016. Cygnus X-1 is detected at a level of ∼ 5000 c/s,
except when the satellite passes through the South At-
lantic Anomaly (SAA) and when the source is obscured
by the earth. Data was used when the source was visible
leading to an effective exposure time of 12 ksecs.
The spectra were extracted from each proportional

counter of the LAXPC which are named as LAXPC 10,
20 and 30. The channels were grouped so that the energy

 2500

 3000

 3500

 4000

 4500

 5000

 5500

 6000

 6500

 7000

 7500

 0  2000  4000  6000  8000  10000  12000  14000  16000  18000  20000

R
at

e 
(C

ou
nt

s/
se

c)

Time (seconds)

3-80 keV

Fig. 1.— Lightcurve of Cygnus X-1 in the energy range 3–80 keV
is shown where the count rate from all three LAXPC detectors —
LAXPC10 , LAXPC20 and LAXPC30 are combined. The gaps are due
to SAA or earth occultations.
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Fig. 2.— The 3–80 keV unfolded spectra and residuals for the
three LAXPC detectors — LAXPC10 (red), LAXPC20 (green) and
LAXPC30 (black) fitted jointly by the model whose parameters are
listed in Table 1.

bins were about 6% of the mean energy, which is roughly
a third of the average spectral resolution of the detectors
i.e. ∼ 18%. The spectra were fitted using XSPEC ver-
sion 12.8.1. The energy range considered was between 3
to 80 keV and all layers were included. The response and
background files were obtained from software that would
become part of the LAXPC software release (Antia et al.
2016). The background estimates were based on observed
blank skies and at present, the background estimate is
approximate. Hence, its uncertainty was taken into ac-
count by adding a 5% systematic error to the error on
the background rate. The uncertainties in the spectral
response was taken into consideration by adding a sys-
tematic of 2% for the over all fitting. For the joint fitting
of the three proportional counters the relative normal-
ization of LAXPC 20 and 30 were allowed to vary with
respect to that of LAXPC 10. For the joint fit described
below, the relative normalizations turned out to be 1.10
and 1.11 of LAXPC 30 and 20 with respect to LAXPC
10.
The typical hard state spectrum of Cygnus X-1 in the

3-80 keV is known to be described by a thermal Comp-
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TABLE 1
Spectral Parameters

Model parameters Values

Γ 1.77+0.006
−0.007

kTe (keV) 70f

kTdisk (keV) 0.85+0.09
−0.09

Ndisk 235+153

−74

Rrefl 0.41+0.04
−0.03

ξ 96+34

−22

Flux3−80 keV (×10−8 ergs/s/cm2) 1.751+0.007
−0.007

χ2/d.o.f 134.2 / 120

Note. — Γ and kTe are the photon index and electron temper-
ature of the thermal Comptonization component;f The tempera-
ture, kTe was not constrained by the data and only a lower limit of
60 keV was attained. Hence the temperature was fixed at 70 keV;
kTdisk and Ndisk are the normalization of the disk component;
Rrefl and ξ are the reflected fraction and ionization parameter of
the reflected component and Flux3−80keV is the unabsorbed flux
in the 3-80 keV band. All errors are at the 2-sigma level.

tonization component with photon index Γ ∼ 1.8, a
moderate reflection component and a weak disk emis-
sion. These spectral components were described by
the thermal Comptonization model “nthcomp”, the disk
black body model “diskbb” and the convolution reflec-
tion model “ireflect” in XSPEC. The seed photons for
the thermal Comptonization was assumed to be from
the disk. The temperature of the reflecting medium was
taken to be the maximum temperature of the disk, while
its abundance was fixed to solar values. The fit was found
to be insensitive to the inclination angle and hence its co-
sine was fixed at 0.5. The spectrum above 3 keV is not
sensitive to Galactic absorption and its column density
was fixed to 7 × 1021 cm−2 (e.g. Tomsick et al. 2014)
using the XSPEC model “Tbabs”. The best fit param-
eters obtained by the joint fitting are listed in Table 1
and the unfolded spectra with residuals are shown in Fig-
ure 2. The photon index of the primary component is
∼ 1.77. The upper limit of the electron temperature was
not constrained while its lower limit was 60 keV. Hence
we fixed the temperature to 70 keV. A weak disk emission
is technically required by the data with a flux contribu-
tion of ∼ 15% in the 3-5 keV band. Its temperature
is ∼ 0.85 keV which is significantly larger than ∼ 0.1
keV obtained using Suzaku and Nustar data (Table 4 of
Parker et al. 2015). More importantly its normalization
of ∼ 200 implies a very small inner radius of few kms
for a distance of 2 kpc. This discrepancy is not unex-
pected since the 4−10 keV band is known to be complex
with ionized absorption and relativistically blurred Iron
line (Parker et al. 2015). Clearly, such detailed spectral
analysis is neither warranted nor possible for an instru-
ment with LAXPC spectral resolution especially given
that in these early stages, the response and background
are fairly uncertain. Our motivation here is to show that
at this level of uncertainties in the response and back-
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Fig. 3.— The frequency times the power spectra of Cygnus X-1
for photons in the 3-10 keV band (black points) and for those in
the 20-40 keV band (red points). The spectra has been fitted by
two lorentzian components and the Figure shows the changes in
the power spectral shape as a function of energy.
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Fig. 4.— The r.m.s of the low (red) and high (green) frequency
components as a function of energy. While the strength of the low
frequency components drops rapidly with energy that of the high
frequency is relatively more constant.

ground, the data is well represented by a typical hard
state spectral model of Cygnus X-1. Thus, the energy
dependent variability which is the primary focus of this
work can be considered to be reliable.
We compute the power spectra for different energy

bands and show the result in Figure 3 for the 3-10 and 20-
40 keV bands. The lightcurve was divided into 702 seg-
ments each having a length of 1024 points with a time bin
of 16.67 milli-secs. The power spectrum was computed
for each segment and then averaged. The resultant power
spectrum was rebinned in frequency space. The dead
time corrected Poisson noise assuming a dead time of 42
microseconds (Yadav et al. 2016b) has been subtracted
and the power spectra have been corrected for the cor-
responding background rates. The power spectra clearly
show two broad features at ∼ 0.4 and ∼ 3 Hz and we use
two broad lorentzians (e.g. Belloni et al. 2002) to empir-
ically represent them. For the low and high energy band
the fit gives χ2/dof of 130.2/52 and 92.1/51 respectively.
If a systematic of 5% is added, these χ2 values decrease
to 39.4 and 52.6. Alternatively, one can instead, include
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Fig. 5.— The time lag of the 20-40 keV photons with respect
to the 5-10 keV photons as a function of frequency. The behavior
seems to correspond to the power spectra shown in Figure 3

two extra lorentzian components and such a fitting gives
acceptable reduced χ2 close to unity. However, in the ab-
sence of a detailed physical model for the components, in
this work, we consider only the fit using two Lorentzian
and refer to them as the low and high frequency compo-
nents. For the low energy band the low frequency is mod-
eled as a lorentzian with centroid frequency 0.17 ± 0.04
Hz and width 0.65± 0.06 Hz. While for the high energy
band these values are found to be 0.20 ± 0.05 Hz and
0.66 ± .07 Hz. Thus marginally within errors the shape
of the low frequency component does not seem to vary.
For the high frequency component of the low energy band
the centroid frequency and width are 1.21 ± 0.3 Hz and
5.7 ± 0.2 Hz, while for the high energy band they are
1.8 ± 0.35 Hz and 6.5 ± 0.35 Hz. Note that for a broad
lorentzian the peak of the frequency times power spec-
trum as shown in Figure 3 occurs not at the centroid
frequency fc but at (fc +

√

f2
c
+ (σ/2)2)/2 where σ is

the width. Thus, while the shape of the low frequency
power spectral component seems to be same with energy,
there is evidence that the high frequency ones changes
and peaks at a higher frequency at higher energies. The
strength of the components (i.e. their r.m.s) changes
with energy especially their relative strength. This is
shown more clearly in Figure 4 where the r.m.s of the
two components are plotted as a function of energy. Here,
the two component lorentzian model has been fitted to
the power spectra of each energy bin. Clearly, while the
r.m.s of the low frequency component decreases rapidly
with energy that of the high frequency one is relatively
constant. We note that while there maybe uncertainties
on the absolute value of the r.m.s (due to uncertainties in
the actual background level), the relative strength of the
two is independent of any background variation which
will effect both in the same manner.
Figure 5 shows the time lag of the high energy 20-40

keV photons relative to the low energy 5-10 keV band
as a function of frequency. Just as in the case of the
power spectra, the lightcurve was divided into 702 seg-
ments each having a length of 1024 points with a time bin
of 16.67 milli-secs and cross spectrum for each segment
was computed and averaged. The time lags and their
error were computed from the averaged cross-spectra us-
ing the scheme described in Nowak et al. (1999). The
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Fig. 6.— The phase lag (i.e. 2πf times the time lag) of the pho-
tons in different energy band with respect to those in 5-7 keV band
for the low (∼ 0.35 Hz) and for the high (∼ 2.8 Hz) frequencies.
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Fig. 7.— The count rate ratio versus energy of flux resolved
spectra at 1 second time bins normalized to the average count
rate. The five spectra correspond to different fluxes corresponding
to every alternate value shown in Figure 8. The spectra clearly
show softening with increasing flux and with a pivot point which
is at high energies.

corresponding time-lags were then rebinned in frequency
space. The time lag as a function of frequency for Cygnus
X-1 has known to be roughly a power-law (Nowak et al.
1999), but they were indications of complexities such as
“steps” or regions in frequency space where the time-lag
is roughly constant. Here, the LAXPC data provides
confirmation. The time lag is nearly constant between
0.05 to ∼ 0.9 Hz at ∼ 50 milli-seconds and then drops to
around ∼ 8 milli-seconds in the frequency range 2 to 6
Hz before finally dropping to ∼ 3 milliseconds at higher
frequency. As indicated in the RXTE analysis, the time
lag behavior with frequency has a close correspondence
with the power spectra at the two energy bands, in the
sense that the behavior of the low and high frequency
components are distinct.
Figure 6 shows the phase lag at the peaks of the low

(∼ 0.4 Hz) and high (∼ 3 Hz) frequency components
as a function of energy. Here the reference is the 5-7
keV band. The phase lags vary roughly linearly with
the logarithm of the energy as has been known before
(Nowak et al. 1999), except that the LAXPC data ex-
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tends this relation to higher energies. It is interesting
to note that there seems to be some marked difference
between the low and high frequency behavior with the
time-lag for low frequency component seems to show lev-
eling off at high energies. However, the statistics is not
sufficient to make concrete statements.
The event mode data of LAXPC allows flux resolved

spectroscopy at fast time-scales. The power spectra
shown in Figure 3 shows that a natural time-scale which
demarks the low frequency behavior from the high one,
is about 1 second. The lightcurve binned at 1 second as
shown in Figure 1 can be divided into several flux (or
count rate) values and spectroscopy can be done on each
of them. Since, the spectral analysis will be dominated
by systematics (rather than Poisson statistics), we con-
sider only LAXPC 10 for the analysis. Figure 7 shows
the ratio of the count rates at five different flux levels di-
vided by the average count rates as a function of energy.
Spectral evolution as the flux changes is clearly visible
and specifically it can be seen that the source becomes
softer as it gets brighter. The pivot point where the vari-
ability should be zero, seems to be at energies > 80 keV.
To quantify the spectral variation, we fitted the differ-
ent flux resolved spectra with the same model used for
the average one, and plot the photon index versus the
unabsorbed 3-80 keV unabsorbed flux in Figure 8. The
photon index clearly shows correlation with flux changing
by nearly 0.1 for a factor of two variation in the flux, at
a remarkably fast time-scale of 1 second. The variation
of the other spectral parameters such as those of the disk
component are within errors. Clearly tighter constraints
can be obtained once the background and the response of
the detectors is better modeled. The analysis shows that
LAXPC data can be analyzed using more sophisticated
techniques like frequency resolved spectroscopy where
spectra corresponding to different frequency variation
are generated (Revnivtsev et al. 1999, 2000; Reig et al.
2006) and also by the alternate technique known as time
scale resolved spectroscopy, where the analysis is under-
taken in the time domain (Wu et al. 2009). Such an anal-
ysis can reveal spectral variations, such as that the spec-
tral index correlates with flux for Cygnus X-1, on time-
scales as short as 64 msecs (Wu et al. 2010). However,
these analysis have been limited to few of the RXTE ob-
servations taken in particular modes and even for these

data the spectral information was often limited to few
energy bins (Wu et al. 2009, 2010).

3. DISCUSSION

The event mode data of LAXPC having a significantly
larger effective area at energies above 30 keV than RXTE
has provided an enhanced view of the hard X-ray vari-
ability of Cygnus X-1 in its hard state.
The timing behavior can provide clues to the geome-

try of the system. For example, frequency resolved spec-
troscopy of Cygnus X-1 in the hard state, suggests that
the disk is truncated (Revnivtsev et al. 1999). Here, we
discuss the results, to indicate that they are consistent
with the qualitative features of the propagation fluctu-
ation model in a geometry where the standard disk is
truncated and stochastic fluctuations occur throughout
the disk (and the inner hot flow) at characteristic fre-
quencies, which propagate inwards. However, it may be
possible that the same broad qualititative timing fea-
tures can also be produced in a geometry where the disk
extends to the last stable orbit as indicated by spectral
fitting of the complex Iron line (Parker et al. 2015). The
timing results need to be compared with detailed quan-
titative predictions of models with different geometry to
make clear statements.
The power spectrum can be characterized as having

two broad lorentzian features termed here as low (∼ 0.4
Hz) and high (∼ 3.0 Hz) frequency components. The
r.m.s of the low frequency component decreases with en-
ergy. This is more clearly evident in the 1 second binned
flux resolved spectra, which shows that the spectra soften
with increasing flux. The photon index increased from
1.72 to 1.80 as the flux increased by a factor of two.
Such a steepening with flux is expected if the variability
is primarily due to increase in the soft photon flux. This
indicates that the low frequency variability is primar-
ily driven by variation in the seed photon flux into the
Comptonizing medium which is likely to be the outer
truncated standard disk. These low frequency fluctu-
ations would then propagate inwards on viscous time-
scale causing variations in the inner corona such as in
its heating rate. Thus the low frequency variability of
the thermal Comptonization component has two drivers.
First the variation of the seed photon flux (causing the
spectrum to soften with increasing flux) and later after
the fluctuation has reached the inner flow a variation in
the overall flux of the corona. Thus one expects a time
delay between the two drivers which may show up as
the observed time-lag between the hard and soft X-ray
photons.
For the high frequency component, the r.m.s decreases

less rapidly with energy as compared to the soft one.
Moreover there is some evidence that the shape of the
component changes with energy in the sense that its peak
shifts to a higher frequency as the energy increases. The
time-lag between the high and and low energy photons is
significantly smaller than the case for the low frequency
component. All this seem to indicate that the high fre-
quency component is driven by variations in the thermal
plasma itself i.e. it originates in the inner flow in accor-
dance with the fluctuation propagation model.
The results presented here showcase the unprecedented

view that LAXPC provides of the rapid variability prop-
erties of the X-rays above 30 keV for Cygnus X-1.
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Clearly, further observations of the source in different
spectral states when combined with data from other in-
struments of AstroSat will allow quantitative testing of
models that strive to explain variability properties of
such systems and hence to constrain the dynamics of the
inner accretion flow near the black hole.
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