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Abstract. The rms (root mean square) variability is the parameter for understand-
ing the emission temporal properties of X-ray binaries (XRBs) and active galactic
nuclei (AGN). The rms-flux relation with Rossi X-ray Timing Explorer (RXTE)
data for the dips and nondip of black hole Cyg X-1 has been investigated in this
paper. Our results show that there exist the linear rms-flux relations in the frequency
range 0.1-10 Hz for the dipping light curve. Moreover, this linear relation still remains
during the nondip regime, but with the steeper slope than that of the dipping case
in the low energy band. For the high energy band, the slopes of the dipping and
nondipping cases are hardly constant within errors. The explanations of the results
have been made by means of the “Propagating Perturbation” model of Lyubarskii
(1997).
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1. Introduction

Aperiodic X-ray variability is a general characteristic of XRBs and
AGN (e.g., van der Klis 1994; Vaughan et al. 2003a; McHardy et al.
2004; Uttley et al. 2005). The recent studies show that the linear rms-
flux relation occurs in the X-ray light curves of XRBs and AGN over
a broad range of time-scales, then this linear rms-flux relation is offset
on the flux axis, which suggests the light curves to include at least two
components: one component with a linear rms-flux relation and another
with a constant rms to flux (Uttley & McHardy 2001; Gleissner et al.
2004). The fact of the same rms-flux relationship found in the light
curves of XRBs and AGN suggests that this behavior is intrinsic to
the accreting systems, and in addition the similar variability properties
occur, as well, in neutron star (NS) and black hole (BH) XRBs (Uttley
& McHardy 2001; Belloni et al. 2002) with the different X-ray spectra
(e.g., Done & Gierlinski 2003). Therefore, investigating the X-ray vari-
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ability would provide a probe in tracing the clues of the X-ray emission
mechanisms of compact accreting systems.

Various models have been proposed to explain the shape of power-
spectral density function (PSD) of XRBs, for example, the additive
shot-noise models or flare models where the light curve is produced by
a sum of shots or flares that trigger the avalanches of the smaller flares
(similar to the model of Stern & Svensson (1996)), which is caused by
the magnetic reconnection in the corona (Poutanen & Fabian 1999).
This variability model is often mentioned as a “coronal flare” model
(hereafter CF model, e.g., Uttley 2004). The PSD is a powerful tool to
analyze the variability, however it confronts some limitations in distin-
guishing the models for aperiodic variability. While, these models seek
to explain the observed PSD shapes by the distribution of shot time-
scales and shot profiles which can fit any noise process PSD in theory
(see, e.g., Miyamoto et al. 1988; Belloni & Hasinger 1990; Lochner et
al. 1991; Negoro et al. 1995).

As indicated by Uttley & McHardy (2001), the linear rms-flux re-
lation found in BH binary Cyg X-1 and NS binary SAX J1808.4-3658
could provide the strong constraints on models of variability, for exam-
ple, the simple additive shot-noise or flare models cannot provide the
linear rms-flux relation on short time-scale. Uttley (2004) demonstrates
that the aperiodic variability showing the linear rms-flux relation in
SAX J1808.4-3658 is coupled to the 401 Hz pulsation, implies this
variability originates from the NS surface and not from the corona,
which is most likely associated with the accretion flow. The “Propa-
gating Perturbation” model (PP model for short) of Lyubarskii (1997)
is a promised one, which ascribes the variability to the variations in
accretion rate occurring at different radii (slow variations occurring at
larger radii) while the perturbation propagates inwards and modulates
the energy release in the X-ray-emitting region and results in the X-
ray light curve. Besides successfully explaining the rms-flux relation,
the PP model can also explain the spectral-timing properties of the
variability (Kotov et al. 2001; Vaughan et al. 2003a; McHardy et al.
2004). Similar to the PP model, the exponential model of Uttley et
al. (2005) can infer the linear rms-flux relation and a lognormal flux
distribution, which is consistently associated with the observations.

X-ray dips often occur in the X-ray light curves of XRBs, and are
suggested to be due to the absorption by matter passing through the
line of sight to the X-ray emitting region (White et al. 1995). Thus,
the research on the dips will provide us some information in the X-ray
emitting region (e.g., Shirey et al. 1999; Asai et al. 2000; Church 2001).

In this paper, using RXTFE data of Cyg X-1, we study statistically
the rms-flux relation over the frequency range 0.1-10 Hz of the dips
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Table I. The observations containing long term dips and data modes

OBSID Time Data model
P10241 96-10-23 18:30:24 to 96-10-25 02:30:24 SB_250us_0_13_2s
P30158 97-12-14 08:48:14 to 97-12-30 05:30:14 SB_500us_0_13_2s

30161-01-01-000  97-12-28 13:56:00 to 97-12-28 21:03:07  SB_250us_0_13_2s
30161-01-01-00  97-12-28 21:03:07 to 97-12-29 00:18:14 SB_250us_0-13_2s

30161-01-02-000  98-11-13 13:10:33 to 98-11-13 21:10:33  SB_250us_0_13_2s
30161-01-02-00  98-11-13 21:10:33 to 98-11-13 22:00:14  SB_250us_0-13_2s
30161-01-02-01  98-11-13 22:40:32 to 98-11-13 23:34:14 SB_250us_0-13_2s

and nondip, respectively. In Sect. 2, we introduce the observational
data and the method of calculating rms. The obtained results on the
rms-flux relation are described in Sect. 3. The discussions about the
rms-flux relation, including its slope and intercept, and models of X-ray
variability are given in Sect. 4.

2. Observation and Data Reduction

We acquire the public archival data from RXTFE Proportional Counter
Array (PCA) observations of Cyg X-1, and choose the observations
from April 15 of 1996 to March 22 of 1999 (PCA Epoch 3), which
have the same channel-energy relationship. The observations of PCA
Epoch 3 with the data modes SB_125us_0_13_2s, SB_250us_0_13_2s or
SB_500us_0_13_2s are used. We extract the light curves of every OBSID
with the standard 2 mode over the energy bands of 2-5 keV and 13-24
keV, where the hardness ratio is defined as the count rate ratios between
13-24 keV and 2-5 keV. We find the obvious long term dips (the dura-
tion of all the dips > 1000 s) in the observations P10241, P30158 and
P30161, while in the low state (see Table 1). The P30161 contains many
dips, so, which can be divided into two parts for analyzing. Figures 1-4
show the light curves and hardness ratio of the observations containing
long term dip, and in the bottom panels of these four figures (hardness
ratio) the dips are indicated by the arrows.

To determine whether the rms variability of a small segment of light
curve depends on the mean flux of that segment for the dips and nondip,
we cut the observed light curve with a resolution of 4 ms into the

manuscript.tex; 4/11/2018; 17:24; p.3



4 Lei et al.

1800 Fr—— T T T

'»1600 |
3 -
£1400
o L

o
1200
700 FH———

"

600 |

500 |

counts s~
=
—
=
==
=

° r T T T +——+ ]
S 0.44 | 1 -
@ I | |- ]
o 0.42 -
8 L 4
e g4 M‘N W—
:'O: 0‘38 '_I PR SR ST TR [ T S ' IM " PR [T ST (R S SR (N SR ST AT R T S SN ._'
0 5000 10* 1.5x10*  2x10*  2.5x10*
Time (s)

Figure 1. From top to bottom, the light curves of the 2-5 keV, 13-24 keV, and
the hardness ratio, respectively, for OBSID P10241. The hardness ratio is defined as
1(13-24 keV) /I(2-5 keV). Each point represents 16 s data from all five PCU detectors.
The dips are indicated by the arrows.

segments of 32 s duration for which the source count rate is determined
for computing the rms over the frequency range 0.1-10 Hz, respectively
for the energy bands 2-5 keV and 13-24 keV. These segments are then
assigned to their respective flux bins, and every flux bin contains at
least 10 segments.

We adopt the method of Gleissner et al. (2004) to calculate rms, and
it is determined for the chosen Fourier frequency interval. We construct
the PSD of the individual light curve segment, applying the standard
rms-squared normalization to the PSD (Miyamoto et al. 1992). We then
average all the PSDs obtained from the segments in the same flux bin,
and bin the averaged PSD over the chosen frequency range to yield the
average power density (P) in that frequency range. Then, the absolute
rms variability of the source, o, is given as follows,

o = [({(P) — Cpoisson) Af]1/2 F, (1)

where F' is the mean count rate of every flux bin. Cpgigson is the Poisson
noise level due to photon counting statistics, and Af is the width of
the chosen frequency range. The statistical uncertainty of the average
PSD value, A(p), is determined from the periodogram statistics (van
der Klis 1989)

manuscript.tex; 4/11/2018; 17:24; p.4



Rms-flux relation of Cyg X-1 9

Plot of file std2.ch36—65.0—13.flc

Wby
W [m

400 F " } " }

2t ]
1‘5:— J-— 1lll-f

1"L“"“

counts 7'

counts s~
T T -

Hardness Ratio

N | | N 1]
2><1o4 4x10* 6x10* 8x10*
Time (s)

Figure 2. Similar to Fig. 1, but for OBSID P30158.

7 3000 3
172} 4
%] ]
*gzooo I ]
o ]
°1ooo WW M M—j
l " " " " l " " 1
T+ 1]
_ 1500 .
If/) 1
%1000 I“ ]
3 4
o J
(&) 4
500 W “\W M M-_
o } —]
5 1r .
o - 4
g 038 - .
§ oo flw. 1 ]
g o
T [ .%. J.‘NO . o
0 2><1o4 3x10*
Time (s)

Figure 8. Similar to Fig. 1, but for OBSID 30161-01-01-000 and 30161-01-01-00.

A(P) = L 2

where M is the number of segments used in determining the average
rms value and W is the number of Fourier frequencies. The uncertainty
of o, A(o), is then computed using the standard error propagation
formula.
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Figure 4. Similar to Fig. 1, but for OBSID 30161-01-02-000, 30161-01-02-00,
30161-01-02-01.

3. Results

For the dips and nondip of the studied observations, we analyze the
data of the energy bands 2-5 keV and 13-24 keV, corresponding to the
data modes. Their rms and flux values are plotted in Fig. 5-12. We use
a function o = k(F — C) to fit the relations, where F' is the mean flux
of each flux bin and &k (C)is the slope (intercept). The linear model
provides a good fit to the data. As shown in Fig. 5-12, the fitted linear
rms-flux relations do not pass through the coordinate origins, and there
are the intercepts in the flux axis. Table 2 shows the values of k and C
of all the studied observations.

For the energy band 2-5 keV, the photons are more absorbed by
the obscuring matter. The slopes k of the dips are smaller than that
of nondip for all the studied observations in the energy band, which
implies that the obscuring matter affects the rms variability. The in-
tercept C' of the dips are also smaller than that of nondip (Table 2),
indicating that the constant component is absorbed by the obscuring
matter.

For the energy band 13-24 keV, except for the observation 30161-01-
01-000 and 30161-01-01-00, the slopes k and intercepts C' are constant
within errors (Table 2), which can be due to that the high energy pho-
tons is hardly absorbed by the obscuring matter. For the observation
30161-01-01-000 and 30161-01-01-00, the obscuring matter could be so
compact that affect the high energy photons, and lead to the decrease of
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Figure 5. Root mean square amplitude o of 0.1-10 Hz over the energy band 2-5 keV
vs. X-ray flux for the dips and nondip of OBSID P10241, where the fitted linear
relation 0 = k(F — C) is plotted with £ = 0.33 £ 0.04 and C' = 250 + 187 for the
dips and with k = 0.55 + 0.05 and C' = 703 4+ 130 for the nondip, respectively. The
cross (empty circle) stands for the dip (nondip).
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Figure 6. Similar to Fig. 5, but for OBSID P30158, k = 0.334+0.01 and C' = 92+ 34
for the dips, and £ = 0.36 & 0.01 and C' = 281 £ 39 for the nondip, respectively.

the slope k. In addition, for the nondip, our results show that the slopes
k of 13-24 keV are smaller than those of 2-5 keV, which is consistent
with the results of Gleissner et al. (2004) who deduce that the slope of
the rms-flux relation decreases with the increase of the energy in the
typical hard state observation of Cyg X-1.
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Figure 7. Similar to Fig.5, but for OBSID 30161-01-01-000 and 30161-01-01-00,
k =0.2940.01 and C' = —20424 for the dips, and k = 0.46+0.01 and C = 400+ 37
for the nondip, respectively.
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Figure 8. Similar to Fig. 5, but for OBSID 30161-01-02-000, 30161-01-02-00 and
30161-01-02-01, k£ = 0.35 £ 0.02 and C = 360 % 77 for the dips, and k = 0.47 £ 0.02
and C' = 788 + 83 for the nondip, respectively.

Our results show that the obscuring matter does not significantly
influence on the linear rms-flux relation, but reduces the rms variability
of the low energy band. In general, the dips are suggested to be due
to that the emission regions are obscured by the obscuring matter.
Therefore, the obscuring matter could lead to the decrease of the rms
variability.
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Table II. The slopes and intercepts of the linear rms-flux relations

OBSID dip/nondip  slope (k) intercept (C) slope (k) intercept (C)
2-5 keV 13-24 keV
P10241 dip 0.33 £ 0.04 250 £ 187 0.24 £ 0.05 12 + 144
nondip 0.55 £ 0.05 703 £ 130 0.33 £ 0.05 176 + 98
P30158 dip 0.33 £ 0.01 92 £+ 34 0.31 £ 0.02 13 £ 100
nondip 0.36 £ 0.01 281 £ 39 0.32 £ 0.01 80 £ 19
30161-01-01-000 dip 0.29 £ 0.01 —20 £ 24 0.26 £ 0.01 -133 £ 35
30161-01-01-00 nondip 0.46 £ 0.01 400 + 37 0.44 £ 0.02 189 £ 23
30161-01-02-000 dip 0.35 £ 0.02 360 £ 77 0.30 £ 0.03 240 £ 82
30161-01-02-00
30161-01-02-01 nondip 0.47 £ 0.02 788 £+ 83 0.33 £ 0.02 271 £ 51
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Figure 9. Root mean square amplitude o of 0.1-10 Hz over the energy 13-24 keV
vs. X-ray flux for the dips and nondip of OBSID P10241, where the fitted linear
relation o = k(F — C) is plotted with k = 0.24 £ 0.05 and C' = 12+ 144 for the dips
and with £ = 0.33 £ 0.05 and C = 176 £ 98 for the nondip, respectively. The cross
(empty circle) stands for the dip (nondip).
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Figure 10. Similar to Fig. 9, but for OBSID P30158, k = 0.31+0.02 and C' = 134+100
for the dips, and k£ = 0.32 + 0.01 and C = 80 + 19 for the nondip, respectively.

300

o (counts s1)
N
o
1)

N
(@]
o

0 L I"‘ L L 1 L L L L 1 L
0 500 1000

Flux (counts s™)

Figure 11. Similar to Fig.9, but for OBSID 30161-01-01-000 and 30161-01-01-00,
k =0.264+0.01 and C' = —20424 for the dips, and k = 0.4440.02 and C = 400+ 37
for the nondip, respectively.

4. Discussion

4.1. COMPARISON WITH THE RESULTS OF ASCA OBSERVATION

Balucinska-Church et al. (1997) study the rms-flux relations in the
energy bands 0.7-4 keV and 4-10 keV of Cyg X-1 with ASCA, and find
that there are (no) dips over the 0.7-4 keV (4-10 keV) energy band
(see Fig.1 of Batucinska-Church et al. (1997)). Our results show that,
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Figure 12. Similar to Fig. 9, but for OBSID 30161-01-02-000, 30161-01-02-00 and
30161-01-02-01, k£ = 0.30 £ 0.03 and C' = 240 + 82 for the dips, and k = 0.33 £ 0.02
and C' = 271 £ 51 for the nondip, respectively.

for some observations, the dips exist in both 2-5 keV and 13-24 keV
bands and the photons of the high energy band are also absorbed by the
obscuring matter (Fig.1-4), which are not consistent with the results
of Batuciriska-Church et al. (1997)who suggest that the X-ray emission
region is not abscured in the high energy band.

The results from ASCA show that the rms variability is linearly
related with the flux in the 0.7-4 keV band, then the rms variability is
constant with the flux in the 4-10 keV band. Our results from RXTFE
show that the rms variability is linearly related with the flux in both 2-5
keV and 13-24 keV bands although both ASCA and RXTFE observations
are involved in the hard state of Cyg X-1.

The count rates of nondip data with ASCA are about 200 count
s~!in the 0.7-4 keV band, which are lower than the count rates from
RXTE in the 2-5 keV band (also see, Fig. 1-4). Moreover, it is noticed
that the count rates are as low as 60 count s~! in the 4-10 keV band
with ASCA, therefore the results by Balucinska-Church et al. (1997)
may be not conclusive.

4.2. THE RMS-FLUX RELATION AND MODELS OF X-RAY VARIABILITY

The linear rms-flux relations are observed in both XRBs and AGN,
implying that the similar physical mechanisms work in these accreting
systems. No doubt, the linear rms-flux relation provides the strong
constraints on the models of the X-ray variability. Uttley & McHardy
(2001) argue that a linear rms-flux relation in XRBs and AGN gets rid
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of the additive shot-noise models, since these models treat the shots on
all time-scales to be independent each other and cannot predict a linear
rms-flux relation in a short time-scale. After analyzing the rms-flux re-
lation of SAX J1808.4-3658, Uttley (2004) confirms that the variability
could come from the accretion flow, not the accretion disk corona. In ad-
dition, the energy dependence characteristic of the variability disagrees
with the conclusions of existing the extend corona (Maccarone et al.
2000; Focke et al. 2005). Furthermore, SOC (self-organized criticality in
accretion flow) is also ruled out because it cannot produce the observed
lognormal flux distribution (Uttley et al. 2005). Uttley et al. (2005)
deduce that PP model seems to be a promising model at the present
stage. In this model, the perturbations are treated to be produced at
different radii in the accretion flow, and these perturbations can prop-
agate inwards without being suppressed and then the perturbations at
different radii can couple together. As pointed out, what could fulfill the
possibility is a geometrically thick accretion flow where the accretion
time-scales are relatively short so that the variations can propagate
to the inner regions of the accretion flow without being significantly
damped (Manmoto et al. 1996; Churazov et al. 2001; Arévalo & Uttley
2006). However, the origin of perturbation is not yet clear, although
a variety of accretion instabilities could contribute to it (Frank et al.
1992). King et al. (2004) have shown that the magnetohydrodynamic
turbulence can cause the accretion perturbations on the sufficiently
long time-scales.

In the PP model, the X-ray variability of low (high) energy band is
produced mostly in the outside (inside) of the accretion flow (Lyubarskii
1997). The phenomenological exponential model proposed by Uttley et
al. (2005), which is mainly consistent with the conclusions of PP model,
could reproduce the variability properties of the observed data. Our
results show that the slope of the rms-flux relation decreases with the
increase of the energy in the hard state of Cyg X-1 (also see, Gleissner
et al. 2004). The PP model can provide an appropriate explanation:
the photons of high energy band are produced in the inner accretion
regime. The perturbations in the different outer radii of accretion flow
propagate to the inner accretion flow and modulate the emission re-
gion, as a result, the amplitude of X-ray variability of high energy will
increase. In fact, the perturbations from the different outer radii to
the inner accretion flow could become stochastic in some extend. The
increase of the stochastic component could weaken the variability of
the inner X-ray emission region, which may result in the decrease of
the rms variability in the high energy band.

Our results show that the values of k£ and C decrease from the
nondip to dip in energy band 2-5 keV (see Table 2), suggesting the
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optical thick obscuring matter locate outside of the emission region.
In general, it is believed that the dips of Cyg X-1 are caused by the
density enhancement in an inhomogeneous wind of the companion star
or due to the partial obscuration of an extended X-ray emitting region
by the optically thick “clumps” in the accretion flow (Feng & Cui 2002).
Therefore, the reason for C decreasing could be due to the absorption
of the obscuring matter to the constant component. On the other hand,
the obscuring matter seems to add a little stochastic modulation to the
intrinsic light curves, which could make the light curves a bit stochastic
and then induce the decrease of k.

4.3. CHANGES OF SLOPE AND INTERCEPT

The intercept C of the linear rms-flux relation sometimes is negative
(also see,Gleissner et al. 2004). Therefore, C' cannot simply represent a
constant component to the light curve, but can represent a component
with the constant rms. The slope k£ corresponds to an increase in the
fractional rms of the linear rms-flux component of the light curve. For
convenience, equivalently, the equation ¢ = k(F — C') can be written
as

o=kF +oy, (3)

where o0y = —kC' is positive whenever C' < 0, predicting o — og for
F' — 0, which is unphysical. We adopt the assumption that ¢ — 0 for
F — 0, which suggests that, when o < o(, other variability process
that does not obey the linear rms-flux relationship would be important
and make 0 — 0 when F' — 0 (also see, Gleissner et al. 2004). When
F'is from ~ 0 to a certain flux, suggesting that the value of k increase
with the flux. When F' is larger than a certain flux, the value of k is
up to a constant, or the rms-flux becomes linear.

The PP model confirms that the X-ray variations produce at the
different radii in the accretion flow, with the slower variations produced
at larger radii. The accretion variations can then propagate to the small
radii, then the variations at different radii, i.e., different time-scales, can
couple together. In the emission region of high energy, the variations
originate from the perturbations propagated from the different outer
radii of accretion flow, and they couple with each other, which induces
the increase of the stochastic component and the decrease of rms vari-
ability. However, the emission region of low energy is only modulated by
the outermost variations, resulting in that the amplitude of variability
is increasing with flux. Therefore, the slope of the high energy band is
smaller that that of the low energy band.
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