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Figure 10. PSD of observation 201 for the Total (blue) and NWA (green)
datasets in the 6-10 keV energy band.

in Cyg X-1. This optically thicker gas may be associated with an
accretion bulge, possibly formed by collision of the stellar wind with
the edge of the disc (e.g. Poutanen et al. 2008; Zdziarski et al. 2010).
To further test this hypothesis, we extracted PSDs of observation 201
from two adjacent time intervals selected near superior conjunction,
one characterized by low absorption and the other dominated by
strong dips (as shown in the inset of Fig. 11). The high frequency
humps are dampened in both PSDs (Fig. 11, see the comparison with
the NWA dataset of observation 501, which shows the shape of the
PSD, far from superior conjunction), i.e. both inside and outside the
strongest absorption dips, thus excluding denser wind clumps as the
origin of the variability drop, and supporting the hypothesis of the
presence of a scattering bulge.

Finally, we note that the high frequency variability power is
not completely suppressed. Indeed, studying observation 201 in
more detail, we observe that the decrease of high frequency frac-
tional rms is followed by a plateau during the most absorbed stages
(Fig. 9). This high frequency variability may be due to intrinsic
source variability, from photons that reach the observer without
being scattered, or to residual contribution from variable absorp-
tion. For example, considering the clumpy wind scenario discussed
above, wind clumps producing excess variability at low frequencies
as they cross our line of sight, will likely have a distribution of sizes.
This implies that smaller clumps can exist which would contribute
to the high frequency X-ray variability of the source.

5.2 Effects of the wind on X-ray coherence and lags

We found that another important effect associated with the presence
of the stellar wind is a decrease of intrinsic coherence between the
soft (0.3—1 keV) and the hard (2-10 keV) energy bands (Fig. 5)
on all time scales. On the other hand, in agreement with previous
studies, the intrinsic coherence of the source is close to 1 when
time intervals free from wind absorption are selected (NWA in
Fig. 5). In addition, we showed that the amplitude of the hard X-ray
lags, commonly observed in Cyg X-1 and a characteristic feature
of BHXRBs (e.g. Uttley et al. 2011; De Marco et al. 2015), results
reduced when the source is at superior conjunction. This effect is
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Figure 11. PSDs extracted from two adjacent time intervals (see inset) during
observation 201 near superior conjunction, respectively characterized by
low (‘NOdip”, purple) and strong (‘dip”, orange) absorption. The PSDs are
extracted in the 0.3—10 keV energy band. Overplotted for comparison is the
NWA PSD of observation 501 near inferior conjunction (dashed line), which
shows the intrinsic shape of the PSD of Cyg X-1 (i.e. free from absorption
and possible scattering effects at superior conjunction).

particularly strong during observation 201 (Fig. 6), possibly due to
denser clustering of absorption events (Fig. 1).

The observed loss of coherence requires the emergence of
one (or more) non-linear variability components during the most
absorbed phases of the orbit, and it is clearly a direct or indirect
consequence of the presence of the stellar wind. Indeed, when con-
sidering only the most absorbed stages of observation 201 (DIPS in
Fig. 5, upper left panel) low coherence is observed at all frequen-
cies (the average low frequency coherence is ~ 0.5, a factor of ~ 2
lower than in the NWA dataset). Given the presence of the wind
absorbing medium, the most plausible way to explain the observed
loss of coherence between highly absorbed soft bands and primary
continuum-dominated hard bands is the non-linearity of absorption
variability. This may be due either to motions of clouds that are opti-
cally thicker in soft than in hard bands, or to the non-linear response
of the absorbing gas to variations of hard X-ray irradiation. We
note that a similar drop of coherence ascribable to intervening ab-
sorption structures was reported in the Seyfert 1 galaxy NGC 3783
De Marco et al. (2020). Simulations showed that changes in the
photo-ionisation state of the wind, as a consequence of variability
of the irradiating X-ray flux, could explain the observed decrease of
coherence during obscured states in that source (see also the recent
results from Jurdniovd et al. 2022).

Interestingly, the DIPS dataset of observation 201, reveals the
presence of an additional, low frequency (< 0.2 Hz) soft (negative)
lag component (Fig. 6, upper left panel), which has the net effect of
reducing the amplitude of the observed low frequency hard X-ray
lags when the wind-absorbed data are not filtered out (Total in Fig. 6,
upper left panel). This lag is likely the result of large scale scattering
off the wind, becoming dominant when the direct continuum is
blocked due to strong line-of-sight absorption. Another possibility
is that the lag is due to recombination delays (Silva et al. 2016), thus
scaling inversely with the density of the absorbing gas (Nicastro et al.
1999; Behar et al. 2003; Krongold et al. 2007; Kaastra et al. 2012).
However, a detailed modelisation with appropriate spectral-timing
models and a higher energy-resolution study of the low frequency
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soft lag associated with the DIPS dataset would be needed to confirm
this hypothesis.

6 CONCLUSIONS

In this paper, we studied how the stellar wind influences the ob-
served X-ray spectral-timing properties of Cyg X-1, focusing on the
short timescales (< 10 s), which map the innermost regions of the
accretion flow. To this aim we made use of the XMM-Newton data
from the CHOCBOX monitoring campaign, which allowed us to
extend our analysis down to soft X-ray energies (E > 0.3), where
wind absorption is stronger. The monitoring covers two consecu-
tive passages at superior conjunction (i.e. ¢, = 0). This phase of
the orbit is characterized by intense clustering of strong absorption
dips caused by the stellar wind, Fig. 1 (e.g. Baluciniska-Church et al.
2000; Feng & Cui 2002; Ibragimov et al. 2005; Wilms et al. 2006;
Poutanen et al. 2008; Boroson & Vrtilek 2010; Grinberg et al. 2015).
Our main findings can be summarised as follows.

e The most absorbed orbital phases are characterized by an
increase of the fractional variability at low frequencies (< 1 Hz),
and a suppression at high frequencies (> 1 Hz). As a conse-
quence, the double-hump PSD shape typical of the hard state
of Cyg X-1 results smoothed out when the source is at superior
conjunction. In the least absorbed orbital phases (away from
superior conjunction) only the increase of low frequency fractional
rms is observed, while the high-frequency PSD hump is not affected.

e We ascribe the increase of low frequency fractional variability
power due to variations of the column density of the intervening
clouds (e.g. as a consequence of relative motions of the wind
clumps). The observed timescales correspond to an average radial
size for the clumps of [ ~ 0.5-1.5x107R, (assuming a wind
terminal speed of 2400 km s~1).

e The suppression of high frequency variability power in the
observations at superior conjunction requires the presence of an
optically thicker (than the gas in the wind) medium. We associate
this component with an accretion bulge, possibly formed by
collision of the stellar wind with the edge of the disc. The presence
of this component was independently proposed in the past to
explain some timing properties of Cyg X-1 and Cyg X-3 (Poutanen
et al. 2008; Zdziarski et al. 2010).

e The most absorbed stages of the orbit are characterized by a de-
crease of intrinsic coherence between soft (absorption-dominated)
and hard (primary continuum-dominated) bands. We ascribe the
loss of coherence to non-linear variability of the absorbing gas. In
addition, the observation most affected by absorption dips shows
the emergence of a long, low frequency soft lag, which contributes
to reduce the amplitude of the hard X-ray lags intrinsic to the broad
band continuum. A plausible explanation for this lag is large scale
reprocessing or recombination within the wind.
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APPENDIX A: MODELING THE COLOUR-COLOUR
DIAGRAM OF OBSERVATION 201

We modeled the colour-colour diagram of each observation of Cyg
X-1 with a simple absorption model. As an example, here we show
the results obtained for observation 201. We used Xspec to model
the continuum using a partially absorbed power law with spectral
index 1.7 (tbpcf X powerlaw). We fixed the covering fraction at 0.9
and let the wind column density Ny  vary (from 0.1 x 1022 cm™2
to 3.5 x 1023 cm™2). This allowed us to build the colour-colour
diagram track show in Fig. Al and overplotted to the data. The
model also includes ISM absorption (TBnew) with Galactic Ng =
0.7x1022 cm~2 (Basak et al. 2017; HI4PI Collaboration et al. 2016)
where abundances from Wilms et al. (2000) were used.

For such a model, the threshold of hard and soft colours used in
Sect. 2.1 to filter out data characterised by strong wind absorption,
corresponds, for a covering factor of 0.9, to a wind column density
of N,y > 1.08 x 10?2cm™2.
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Figure A1: Colour-colour diagram of observation 201 with the sim-
ulated model (TBnew X tbpcf X powerlaw in Xspec) for a partial
covering factor of 0.9 (red line), overplotted on the data. Each red
point on the model curve corresponds to a different value of Ny y,
(from 0.1 x 10%2 cm™2, first point on the top, to 3.5 x 1023 cm™2,
last point on the bottom, arbitrarily spaced). The green points cor-
respond to the selected NWA dataset.

APPENDIX B: SELECTION OF THE NWA DATASET FOR
OBSERVATION 701

We verified that a stricter (from that used in Sect. 2.1) selection of
hard and soft colours allows recovering the double-hump shape of
the PSD of observation 701 (corresponding to the second passage
at superior conjunction). For this we chose hard colours > 1.05 and
soft colours > 1. Results are shown in Fig. B1.
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APPENDIX C: SPECTRAL FITTING PARAMETERS

We report (Table C1) the broad band continuum best-fit parameters
for the model Tbnew x [diskbb + nthComp + relxillCp]
fitted jointly to the spectrum of each XMM-Newton observation
of Cyg X-1 (as described in Sect. 4).

This paper has been typeset from a TEX/IXTEX file prepared by the author.
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Figure B1. PSD for Total (blue) and NWA (green) light curves in the soft (0.5-1.5 keV), intermediate (1.5-3 keV) and hard (3—10 keV) band for observation
701 after selection of datasets characterised by hard colour > 1.05 and soft colour > 1.

Table C1. Best-fit parameters for each XMM-Newton observation of Cyg X-1. The k7;,, and kT, parameters are, respectively, the inner temperature of the
disc and the electron temperature of the soft Comptonisation component. The 'y and I's parameters are, respectively, the spectral index of the hard and soft
Comptonisation components. Errors are indicated with a confidence level of 90%. Unconstrained parameters (indicated with f') were kept fixed at the best-fit

value.

Component Parameter 201

501 6014 601g 701
diskbb KTin (keV) 0.18*0:01 0.19*0-01 0.17+0:01 0.17:0:01 0.2070:01
nthComp s 2.02+0-04 1.68+0-98 2.23+001 2.5170-09 1.35+0.08
KT, (keV) 0.8079-02 it it it <0.77
relxillCp Ty 1.38+0.02 1.32+0.04 1.35+9:92 1.42+0.04 1.38+0.02
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