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Moreover, both the NH,W and the Ny ,, parameters show sig-
nificant short-term variability (Fig. 9). El Mellah et al. (2020)
presented a model that explores the impact of the wind clumpi-
ness on the rapid time-variability of its column density, and
describes how this observed variability can be linked to the
clumps’ physical properties, such as the size and the mass. In
the clumpy wind model of El Mellah et al. (2020), the clumps’
properties are directly linked to the scatter parameter, ONp .
This parameter is expected to be maximum around superior
conjunction, as indeed observed (Table 1 and Fig. 9, lower
panel). The model also predicts the scatter to be an excellent
tracer of the ratio +/me /R, where mg and Ry are the mass
and radius of the clumps. In Lai et al. (2022) we measured the
minimum timescales at which the passage of clumps causes
significant excess X-ray variability in the power spectra of the
source at superior conjunction. These timescales correspond to a
clump radial size of x107* R,. Using this as the smallest clumps
radius, the measured maximum value of Ny, (Table 1), and
the above estimate for the mass loss rate, and plugging them into
Equation (18) of El Mellah et al. (2020) we infer my ~ 107 g
as an estimate for the characteristic mass of the clumps (for
Voo = 2100km/s and R, = 22 Ry). This estimate is in agree-
ment with values inferred from radiative hydrodynamical simu-
lations (Sundqvist et al. 2018), as well as from spectral analysis
(Hérer et al. 2023).

5.3. The soft colour tail

The observed colour-colour tracks also reveal the presence of a
soft emission component in the most absorbed stages, produc-
ing an extended soft-colour tail. We verified (Sect. 4) that the
analysed XMM-Newton data are consistent with the presence of
significant contribution from a dust-scattering halo (e.g. Jin et al.
2017). However, additional contribution from the wind itself in
the form of emission lines from the diffused photoionised gas
around the BH is also expected (Hirsch et al. 2019). Indeed, both
contributions from a dust-scattering halo and the photoionised
emitting plasma are expected to be prominent when the primary
radiation from the X-ray source is significantly blocked by the
absorbing material; that is, in the deepest stages of the dips.
A more complex modelling (which is beyond the scope of this
paper) would allow the two contributions to be disentangled, and
might in turn be useful to put stronger constraints on wind mod-
els, as well as probing the interstellar dust towards Cyg X-1.

As a final remark, it is worth noting that additional spectral
changes extrinsic to the wind — intrinsic changes of the hard X-
ray source properties — have been neglected in our fits of time-
resolved colour-colour diagrams. For example, such changes
might be due to time variations in the spectral index, I', as
induced by variations in either the temperature or the optical
depth of the Comptonising gas (or both). In Sect. 4, we veri-
fied that the scattering in hard and soft colours in the uppermost,
unabsorbed part of the diagrams are most likely driven by spec-
tral variability. Mastroserio et al. (2021) showed that I" variabil-
ity of a few percents is plausible in hard state sources with ~10%
fractional rms variability, typical of the hard state. Skipper et al.
(2013) found a larger I' variability (~10%) for the same source
and spectral state but how these spectral changes influence the
most absorbed parts of the diagram is yet to be tested.

6. Conclusions

In this paper, we have presented an analysis of the colour-colour
diagrams of Cyg X-1 during a passage at superior conjunction,
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with the aim of constraining the properties of the stellar wind.
We employed the KDE method to select wind models that best
fit the colour-colour diagrams. This allowed us to overcome the
problem of dealing with data that are not normally distributed.
The main results are the following:

— We found that the model that best describes the characteris-
tic ‘pointy’ or ‘nose-like’ shape of the diagrams implies the
wind to be partially ionised.

— We revealed a strong temporal evolution of the colour-colour
diagrams around superior conjunction. Our fits suggest this
evolution to be strongly influenced by concurrent variations
in the column density and covering factor of the wind.

— Both the column density and the covering factor are maxi-
mum at superior conjunction (since the LOS crosses deeper
wind layers), but their overall variations follow different
trends.

— We report a one-to-one scaling between long-term (>11ks)
and rapid (between 10s and 11 ks) variations in the column
density (reminiscent of the ‘rms-flux’ relation characterising
stochastic variability in compact objects). The existence of
such a correlation might have implications for the distribu-
tion of the wind clumps and for the way they combine into
bigger clumps.

— Using the clumpy wind model proposed in El Mellah et al.
(2020), we have estimated a wind mass loss rate of M, ~
7 >f710’6 Mo yr~! and a characteristic clump mass of n ~
10" g.

Future applications of this analysis approach will require the
sampling of longer stretches of the binary orbit and the applica-
tion of more complex models (e.g. including contribution from
scattered wind emission and from the dust-scattering halo).
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Appendix A:

The model used to describe the broad band primary contin-
uum for simulations reported in Sects. 3.2 and 3.3 includes a
disc black body component, a soft Comptonisation component,
and a hard Comptonisation component and its associated reflec-
tion, that is, TBabs X [diskbb + nthComp + relxillCp]
in XSPEC. We froze the BH spin at the maximum value a =
0.998 (which allows the inner disc truncation radius to span
the largest range of values), the inclination of the reflector
i at 27° (Miller-Jones et al. 2021, see also recent results by
Krawczynski et al. 2022 and Poutanen et al. 2023) and the high-
energy cut-off of the hard Comptonisation component at 100 keV
(Basak et al. 2017). The nthComp component is included in the
model to account for the observed “soft excess”, as done in
e.g. Basak et al. (2017). The seed photon temperature of the soft
Comptonisation component is tied to the best-fit inner disc tem-
perature of the diskbb component.

This model was fit to the spectrum of the XMM-Newton
observation 201 of Cyg X-1 after filtering out strong dips
(the NWA dataset selected in Lai et al. 2022). After fitting this
model, the data still show narrow residuals, mainly between
~0.5-2.5keV. Since these residuals appear close to the absorp-
tion edges of the response matrix, i.e. at £ ~ 0.528keV, and
between E ~ 1.83—1.87keV, they are likely due to calibration
problems. In order to account for these residuals, we modified
the response matrix using the gain function in XSPEC. This
command permits to change the slope or the intercept of the
effective area curve, shifting the energies at which the response
matrix is defined. Therefore, we introduced a linear gain shift
(intercept parameter in XSPEC) of 0.01 keV (slope parame-
ter of gain fixed to 0). As a result, the best-fit strongly improves
(from y?/dof = 4404.17/1891 to y?/dof = 3923.7/1891, see
Fig. A.1).

h" gain off

ratio

ratio
09111091 1.1

Energy (keV)

Fig. A.1. Comparison of the data to model ratios before (upper panel)
and after (bottom panel) using the gain correction (intercept param-
eter set to 0.01 keV and slope parameter fixed to 0).

Nonetheless, some residuals were still present, including a
strong narrow excess in the Fe Ka region. To account for these
features, we added narrow (o < 0.1 keV) emission and absorp-
tion gaussian components (see Tab. A.1). We did not investigate
the nature of these features, but we point out that they might
be due to incorrect calibration or residual wind absorption after
the selection process of the NWA GTIs (Lai et al. 2022). On the
other hand, the narrow feature observed in the Fe Ka region
might indicate the need to include a second reflection component
(such as from the outer disc) to obtain a better description of the
broad band continuum. Nonetheless, we stress that our analysis,
which focusses on testing the effects of variable absorption on
the colour-colour tracks, is not strongly influenced by the details
of the continuum model as long as it provides a good description
of the broad-band spectrum.
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Table A.1. Best-fit parameters of the continuum model.

Component Parameter Value
ISM absorption TBabs Nu (10%2cm™2) 0.79*00)
continuum diskbb kTpp, (keV) <0.14
nthComp r <59
kT, (keV) > 0.67
relxillCp Rin (Ry) 13.24 +1.26
r 1.59 + 0.01
log & 3.32+0.01
Ar 1017003
R 0527418
absorption features gaul E; (keV) 1.44 £ 0.01
gau2 E; (keV) 2.40 +£0.01
emission features gau3 E; (keV) 6.36 + 0.01
gaud E; (keV) 0.52 +0.01
gau5 E; (keV) 0.86 +0.01
gaub E; (keV) 1.05 +£0.01

Notes. Best-fit parameters were obtained from the fit of the NWA spec-
trum of observation 201. The errors are reported at the 90% confidence
level, ie. Ay? = 2.71.

keV? (Photons cm™ 57! keV ™)

ratio

Energy (keV)

Fig. A.2. The best-fit model of the NWA time-averaged spectrum of
observation 201. The complex best-fit model is overplotted in black,
while the single components are shown in different colours: in magenta
the disc blackbody, in blue the soft excess, in green the hard Comptoni-
sation component and its relative reflection and in dotted grey the addi-
tional gaussians. Ratios of the data to the best-fitting model are shown
in the bottom panel.

The final best-fit model yields ¥*/dof = 2263.76/1873.
Fig. A.2 shows the spectrum of the NWA time-averaged spec-
trum of observation 201 and its best-fit model. The most relevant
parameters are listed in Tab. A.1.
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Appendix B: Time-resolved colour-colour diagrams: best-fit models

In Fig. B.1 we show the time-resolved colour-colour diagrams of observation 201 (colour-coded as in Fig. 7), and the best-fit models
obtained from the fits discussed in Sect. 4.
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Fig. B.1. Time-resolved colour-colour diagrams of observation 201. Overplotted (black tracks) are the best-fit models obtained assuming log ¢ =
22 -2
log “Lus M) 4y The contour plots represent the 99.7% (in black), 95% (in grey) and 68% (in light grey) confidence levels of the data

[NH.w /1022 cm=2]

distribution during the least absorbed stages of the orbit (¢o, = 0.43 — 0.46, see Appendix C).

Appendix C: Probability distribution close to inferior conjunction

We show the colour-colour diagram calculated from orbital phases ¢, = 0.43—0.46, covered by observation 501 (Lai et al. 2022).
These phases are selected to be the closest to inferior conjunction (i.e. ¢on, ~ 0.5), and thus the least affected by wind absorption.
Using the KDE method, we computed the probability distribution for this dataset (Sect. 4). Fig. C.1 shows the resulting 99.7%, 95%
and 68% confidence contours overplotted to the data.
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Fig. C.1. Colour-colour diagram and probability distribution map for orbital phases ¢op, = 0.43—0.46. The curves correspond to the 99.7% (in
black), 95% (in grey) and 68% (in light grey) confidence regions.
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