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Abstract

The project described in this thesis focuses on the study of the stellar wind X-ray
variability in the high mass X-ray binary system Cygnus X-1. The Cygnus X-1
system hosts a stellar-mass black hole (∼ 21M⊙) persistently accreting from a blue
supergiant companion star, HDE 226868, via a strong stellar wind. Stellar winds
are highly perturbed and inhomogeneous large scale structures, characterised by
the formation of overdense regions or clumps. Clumps crossing our line-of-sight
to the X-ray source cause absorption dips in the X-ray light curves. This ef-
fect is strongest at superior conjunction, when the companion star lies between
the observer and the X-ray source. As a consequence, the X-ray spectral-timing
properties of Cygnus X-1 are expected to be highly affected by the stellar wind.
Moreover, the observed spectral variability is a diagnostic of the intrinsic physical
properties of the structured stellar wind. Due to the intermediate orbital inclin-
ation (i ∼ 27◦) of the Cygnus X-1 binary system, X-ray variability induced by
the stellar wind can be more easily probed, as the line-of-sight to the X-ray source
crosses deep layers of the wind, reaching close to the companion’s star photosphere.
Therefore, Cygnus X-1 is one of the best laboratories to investigate such winds.

In our first work, we performed a X-ray spectral-timing analysis of the CHOC-
BOX XMM-Newton campaign, a long monitoring covering about one and a half
orbits of the system during its hard spectral state. The unprecedented monitoring
caught two consecutive passages at superior conjunction. We found that the pres-
ence of the stellar wind strongly modifies the observed variability power spectral
density of the X-ray source, within all the probed energy ranges (0.3 − 10 keV).
In particular, the low-frequency (≲ 1 Hz, corresponding to timescales longer than
1 s) variability power is enhanced. We ascribe this enhancement to variability of
the column density of the stellar wind, caused by the passage of clumps along
the line-of-sight. Assuming a terminal velocity of v∞ = 2400 km s−1 of the stellar
wind, we were able to estimate the characteristic radial size of the clumps to be
l ∼ 0.5–1.5 × 10−4R∗. Given the very short timescales probed with our analysis,
this should represent an estimate of the size of the smallest clumps.

At higher frequencies (≳ 1 Hz, i.e. timescales shorter than 1 s) the wind tends
to suppress the otherwise high variability power of the X-ray source. We interpret
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this suppression as due to large scale scattering of the emitted X-ray photons, which
smears out the intrinsic fast variability of the X-ray source. The data suggest this
scattering to occur in a medium optically thicker than the wind (τ ∼ 0.5 − 1),
possibly an accretion bulge formed at the impact zone of the stellar wind with the
outer edge of the accretion disc. Finally, we found that non-linear variability of
the absorbing gas causes a decrease of coherence between soft and hard band light
curves. In addition, a long low frequency soft lag was observed during the first
passage at superior conjunction. Both these features likely represent the spectral-
timing signatures of reprocessing/recombination within the wind.

In our second work, we focused on the first and most absorbed observation of
the CHOCBOX campaign, covering the first passage at superior conjunction. Our
aim was to analyse the short timescale spectral variability of the stellar wind and
constrain its physical properties. We made use of colour-colour diagrams in order
to analyse the time-resolved spectral behaviour of the source. We fitted the colour-
colour diagrams with different models, modelling the wind as a partial covering gas,
and testing different ionisation levels. We found that the best-fit model requires the
wind to be stratified, with its ionisation parameter, log ξ, decreasing as its column
density, NH,w, increases. In particular, this kind of models can better reproduce
the characteristic “nose-like” or “pointy” shape of the colour-colour tracks in the
hard state. We thus investigated the temporal evolution of the colour-colour track
around superior conjunction, by performing time-resolved fits of the diagram, over
orbital phase steps of 0.024. Our fits indicate that the colour-colour diagram shape
changes because of concurrent variations of the column density and covering factor
of the stellar wind. We found evidence of a one-to-one correlation between the long
term (≳ 11 ks) and the rapid (10 s–11 ks) variations of the column density of the
wind, which could have implications on how the clumps combine to form bigger
structures. We finally compared our results to the predictions from the clumpy
stellar wind model proposed by El Mellah et al. (2020). This resulted in an estimate
of the wind mass loss rate of Ṁ∗ ∼ 7× 10−6 M⊙ yr−1, and of the mass of a typical
clump of mcl ∼ 1017 g.
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Streszczenie

Projekt opisany w tej rozprawie skupia się na badaniu zmienności rentgenowskiej
wiatru gwiazdowego w masywnym układzie podwójnym Cygnus X-1. Układ Cygnus
X-1 zawiera masywną czarną dziurę pochodzenia gwiazdowego (∼ 21M⊙) stale
akreującą materie ze swojego towarzysza, niebieskiego nadolbrzyma HDE 226868
poprzez wiatr gwiazdowy. Wiatry gwiazdowe to silnie zaburzone i niejednorodne
struktury wielkoskalowe, tworzące charakterystyczne, nadmiernie gęste regiony i
skupiska materii. Jeśli skupiska te przecinając naszą linię widzenia do źródła
promieniowania rentgenowskiego, powodują absorpcyjne wgłębienia w krzywych
blasku promieniowania rentgenowskiego. Efekt ten jest najsilniejszy w koniunk-
cji górnej, gdy towarzysząca gwiazda znajduje się między obserwatorem, a źródłem
promieniowania rentgenowskiego. W konsekwencji oczekuje się, że wiatr gwiazdowy
będzie silnie wpływał na właściwości widma rentgenowskiego Cygnusa X-1 w cza-
sie. Ponadto obserwowana zmienność widma jest diagnostyką wewnętrznych właś-
ciwości fizycznych ustrukturyzowanego wiatru gwiazdowego. Ze względu na śred-
nie nachylenie orbity (i ∼ 27◦) układu podwójnego Cygnus X-1, zmienność rent-
genowska wywołana przez wiatr gwiazdowy może być łatwiej zbadana, ponieważ
linia widzenia źródła promieniowania rentgenowskiego przecina głębokie warstwy
wiatru, docierające blisko fotosfery gwiazdy towarzyszącej. Dlatego Cygnus X-1
jest jednym z najlepszych laboratoriów do badania tego typu wiatrów.

W naszej pierwszej pracy przeprowadziliśmy analizę zmienności widma promi-
eniowania X z długiego monitoringu kampanii obserwacyjnej CHOCBOX XMM-
Newton, obejmującego około półtora orbity układu w twardym zakresie widma
rentgenowskiego. Bezprecedensowy monitoring uchwycił dwa kolejne przejścia w
koniunkcji górnej. Odkryliśmy, że obecność wiatru gwiazdowego silnie wpływa
na obserwowaną zmienność gęstości widmowej mocy źródła promieni X, we wszys-
tkich badanych zakresach energii (0.3–10 keV). W szczególności, moc zmienności w
niskiej częstotliwości (≲ 1 Hz, odpowiadająca skalom czasowym dłuższym niż 1 s)
jest zwiększona. Przypisujemy tę obserwację zmianie gęstości kolumnowej wiatru
gwiazdowego, spowodowanej przejściem skupisk wzdłuż linii widzenia. Przyjmując
prędkość końcową wiatru gwiazdowego równą v∞ = 2400 km s−1, byliśmy w stanie
oszacować charakterystyczny rozmiar radialny skupisk na l ∼ 0.5–1.5 × 10−4R∗.
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Biorąc pod uwagę bardzo krótkie skale czasowe uwzględnione naszej analizie, pow-
inno to odpowiadać rozmiarowi najmniejszych skupisk.

Przy wyższych częstotliwościach (≳ 1 Hz, tj. skalach czasowych krótszych niż
1 s) wiatr ma tendencję do tłumienia mocy zmienności źródła promieniowania
rentgenowskiego (wysokiej w innych przypadkach). Tłumienie to interpretujemy
jako spowodowane rozpraszaniem na dużą skalę emitowanych fotonów promieniow-
ania rentgenowskiego, co rozmywa szybką wewnętrzną zmienność źródła. Dane
sugerują, że rozpraszanie to występuje w ośrodku optycznie grubszym niż wiatr
(τ ∼ 0.5–1), prawdopodobnie w wybrzuszeniu akrecyjnym utworzonym w strefie
oddziaływania wiatru gwiazdowego z zewnętrzną krawędzią dysku akrecyjnego.
W końcu zauważyliśmy, że nieliniowa zmienność absorbującego gazu powoduje
zmniejszenie spójności pomiędzy krzywymi blasku w paśmie promieniowania rent-
genowskiego miękkiego i twardego. Ponadto zaobserwowaliśmy długie, opóźnienie
w niskiej częstotliwości dla pasma miękkiego podczas pierwszego przejścia w koni-
unkcji górnej. Obie te cechy zmiany widma prawdopodobnie świadczą o rekom-
binacji w obrębie wiatru.

W naszej drugiej pracy skupiliśmy się na pierwszej obserwacji kampanii obser-
wacyjnej CHOCBOX obejmującej pierwsze przejście w koniunkcji górnej z najwiek-
szą absorbcją. Naszym celem była analiza krótkoterminowej zmienności widmowej
wiatru gwiazdowego i określenie jego właściwości fizycznych. Wykorzystaliśmy
tzw. diagramy kolor-kolor (z ang. color-color), aby przeanalizować zachowanie
widmowe źródła w odstępach czasowych. Dopasowaliśmy diagramy kolor-kolor
różnymi modelami, modelując wiatr jako częściowo pokrywający gaz i testując
różne poziomy jonizacji. Odkryliśmy, że najlepszym dopasowaniem jest model
wymagający, aby wiatr był rozwarstwiony, a jego parametr jonizacji log ξ, zm-
niejszał się wraz ze wzrostem gęstości kolumnowej, NH,w. Tego rodzaju modele
mogą lepiej odtworzyć charakterystyczny „nosowaty” lub „spiczasty” kształt ścieżki
na diagramie kolor-kolor w stanie rentgenowskim twardym. Zbadaliśmy zatem
ewolucję czasową ścieżki kolor-kolor wokół koniunkcji górnej, wykonując dopasow-
ania diagramu z rozdzielczością czasową w krokach fazy orbitalnej wynoszących
0,024. Nasze dopasowania wskazują, że kształt diagramu kolor-kolor zmienia się
z powodu równoczesnych zmian gęstości kolumnowej i współczynnika pokrycia
wiatru gwiazdowego. Znaleźliśmy dowody na korelację jeden do jednego między
długoterminowymi (≳ 11 ks) a szybkimi (10 s–11 ks) zmianami gęstości kolum-
nowej wiatru, co może mieć implikacje dla sposobu, w jaki skupiska łączą się,
tworząc większe struktury. Na koniec porównaliśmy nasze wyniki z przewidy-
waniami z modelu skupionego wiatru gwiazdowego zaproponowanego przez El Mel-
lah et al. (2020). Doprowadziło to do oszacowania tempa utraty masy w wiatrze
Ṁ∗ ∼ 7× 10−6 M⊙ yr−1, i masy typowego skupiska mcl ∼ 1017 g.
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Chapter 1

Introduction

1.1 Black holes

Black Holes (BH) are among the most intriguing objects in the Universe. They
were first hypothesised in 1783 by the English philosopher and clergyman John
Michel. In his essay he suggested that for a star of the same density as the Sun or
higher, but with a diameter 500 times bigger, the gravitational attraction would
be so strong and the escape velocity so high that the emitted light would be forced
to return to the star (Michell, 1784). Few years later, the French astronomer,
mathematician and physicist Pierre-Simon Laplace inferred that the light emitted
from a star with the density of the Earth and a diameter 250000 bigger than
the Sun would never reach the observer due to the extreme gravitational force,
thus making it effectively invisible to us (Laplace, 1799). In the last century,
the German-born physicist, Albert Einstein, turned the gravitational force into a
geometrical property of the space-time with the introduction of General Relativity
(GR, Einstein 1916). According to Einstein’s theory, photons travelling close to a
massive body would change their trajectory following the curvature of the space-
time induced by that body. The more massive the body, the largest the curvature of
the space-time around it. In 1916, the German mathematician and astrophysicist
Karl Schwarzschild solved Einstein’s GR equations for a non-rotating, uncharged,
spherical distribution of mass (Schwarzschild, 1916). His solution predicted the
existence of a boundary surface, the so-called “event horizon”, within which the
curvature of space-time is so high that the escape velocity exceeds the speed of
light. As a consequence, no information can be transferred to an external observer
from beyond the event horizon as not even light can escape the strong gravitational
field. A BH is defined as an object so compact that its entire mass is contained
within its event horizon.
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In the Schwarzschild’s solution the event horizon is defined as:

RS =
2GM

c2
(1.1)

also called the Schwarzschild’s radius, where G is the gravitational constant (G =
6.67259× 10−8 cm3 g−1s−2), c is the speed of light (c = 2.99792458× 1010 cm s−1)
and M the mass of the body. The more general definition of the radius of the event
horizon, Rh/Rg = 1 +

√
1− a2 (where Rg = RS/2 = GM/c2 is the gravitational

radius), takes into account the spin of the BH, defined as a function of its angular
momentum J as a = Jc/GM2 (a = 0 for a non-rotating BH, and a = 1 for a
maximally-rotating BH, Thorne 1974). In addition to the event horizon, another
important boundary is the innermost stable circular orbit (ISCO), beyond which
no stable orbit can exist and matter is forced to spiral into the BH. The ISCO
depends on the BH spin, such that for matter orbiting around a non-rotating
BH it is located at 6Rg, for matter co-rotating with a maximally spinning BH
RISCO = 1.23Rg, while for retrograde orbits around a maximally spinning BH
RISCO = 9Rg (see figure 1, lower left panel of Matt 2006). BHs were also predicted
by stellar evolution theories, as the end product of the collapse of massive stars.
Indeed, neutron stars (NS) exceeding the Tolman-Oppenheimer-Volkoff limit of
∼ 1.5−3M⊙ (Oppenheimer and Volkoff, 1939; Tolman, 1939), cannot sustain their
own weight and are forced to undergo further gravitational collapse, ultimately
leading to the formation of a BH.

Given their physical properties, empirical evidences of the existence of BHs in
our Universe turned out to be hard to find. Consequently, these objects remained
just a theoretical idea for many years. Indeed, the first observational confirmation
of the existence of BHs dates back to the early 70s, about two centuries after their
first theoretical prediction. The Cygnus X-1 (Cyg X-1, hereafter) X-ray source
(Bowyer et al., 1965) was the first source widely accepted to host a BH. The
accurate location (Tananbaum et al., 1971; Rappaport et al., 1971; Miyamoto et al.,
1971) led to the discovery of a radio source (Braes and Miley, 1971; Hjellming and
Wade, 1971) associated with Cyg X-1 (Tananbaum et al., 1972) and close to the
optical star HDE 226868. From the orbital parameters of the optical counterpart,
it was possible to infer the mass of Cyg X-1 (Bolton, 1972) and identify the source
as a BH.

Known astrophysical BHs cover a wide range of masses: from the small BHs
(∼ 10M⊙) that form from the death of a massive star, to the supermassive BHs
(∼ 105 − 1010M⊙) thought to reside at the centre of almost every galaxy (Kor-
mendy and Richstone, 1995). BHs are routinely discovered and studied via indirect
methods, namely by looking at the way stars, gas, and radiation in their vicinity
are affected by their presence. In particular, the availability of a sufficient gas
reservoir close to the BH leads to the formation of a luminous accretion disc. Vis-
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cous interactions within the disc allow angular momentum to be transferred out
while matter slowly diffuses onto the BH (Shakura and Sunyaev, 1973). Actively
accreting BH systems can persistently emit enormous amounts of radiation across
the entire electromagnetic spectrum, up to hard X-rays (energies of hundreds of
keV, e.g. Elvis et al. 1994) or higher. In particular, the X-ray radiation is thought
to originate from the most compact, inner regions of the accretion flow (Fabian
and Miniutti, 2005). Observations in this waveband allow us to study matter un-
der the strongest gravitational pull, providing us with a unique view of the closest
regions to a BH1.

1.2 X-ray binaries

X-ray binaries (XRBs) are systems in which a primary, compact object and a
secondary, companion (or donor) star orbit around a common centre of mass, with
an active transfer of mass from the secondary to the primary which makes them
luminous in X-rays. The compact object can be a BH, a NS or a white dwarf (WD).
The secondary is an optically bright (usually main sequence) star where nuclear
burning is still ongoing. To date, more than 500 X-ray binary systems have been
discovered in the Milky Way (Avakyan et al. 2023; Neumann et al. 2023). XRBs
are classified based on the nature of the compact object, and the characteristics of
the companion star. Fig. 1.1 shows the three main classes and the corresponding
subclassifications.

When the compact object is a BH or a NS, the main sub-classification is made
as a function of the mass of the donor/companion star. This defines two sub-
classes, namely the Low Mass X-ray Binaries (LMXBs) and the High Mass X-ray
Binaries (HMXBs).
LMXBs are old systems (∼ 1010y), where the optical companion star is usually
faint (i.e. Lopt/Lx << 0.1), has a mass M∗ ≲ 1M⊙, and a spectral class later than
A. It can be a main sequence star, a sub-red or a red giant, but there are LMXBs
in which also a WD can assume the role of the donor.
In LMXB the transfer of mass proceeds from the donor/companion star to the
primary compact star via Roche lobe overflow. When the Roche lobe (the equipo-
tential surface around the system bounding the material to the star) of the donor
star is filled (either due to the evolution of the star or due to the shrinking of the
orbital separation of the system), the donor’s gas is funnelled through the inner
Lagrangian point (see left panel in Fig. 1.2) towards the compact star. Because

1Despite a direct view of a BH has now been proved possible thanks to the high resolution
images provided by the Event Horizon Telescope (Event Horizon Telescope Collaboration et al.,
2019, 2022), the application of this technique is at the moment very limited to a bunch of nearby
supermassive BHs (Martí-Vidal, 2023).
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Figure 1.1: Classification of X-ray Binaries. Readapted from Reig (2011)

of conservation of angular momentum, the transferred material starts spiralling
around the compact star forming an accretion disc, which, depending on the prop-
erties of the compact object (e.g. magnetic field), may or may not reach the ISCO.
All known LMXBs are transient sources, showing luminous optical and X-ray out-
bursts (Dunn et al., 2010; Russell et al., 2018), characterised by a sudden increase
of luminosity by several orders of magnitude within a few days, followed by a slower
decay (typically over a period of months) before the system returns to quiescence.
This behaviour is thought to be driven by a thermal-viscous instability in the disc
(Meyer and Meyer-Hofmeister, 1981; Cannizzo et al., 1995; King and Ritter, 1998;
Lasota, 2001) which leads to a more rapid transfer of mass onto the compact ob-
ject and an increase of brightness. Throughout an outburst the mass transfer rate
varies between 10−11 (during quiescence) and 10−8M⊙ y−1 (Frank et al., 2002).
Since the last census made in the early 2000 (Ritter and Kolb, 2003; Liu et al.,
2007), the number of LMXBs in the sky drastically increased and nowadays, we
count 348 LMXBs and candidates.

HMXBs are younger systems (∼ 107y) containing a massive donor star with
M∗ ≳ 5M⊙, of early type O or B (i.e. Lopt/Lx > 1). The canonical accretion
channel in these systems is accretion via stellar winds. The strong stellar wind
emitted from the companion star would fall into the Roche lobe of the compact
object, directly feeding it (Bondi and Hoyle, 1944). Not having sufficient angular
momentum, in most of the systems, the stellar wind material would not be able to
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Figure 1.2: Scheme of the accretion processes in LMXBs and HMXBs. Readap-
ted from Tauris and van den Heuvel (2006)

form an accretion disc (right panel in Fig. 1.2). For stellar wind fed systems, the
mass loss is between 10−6 and 10−5M⊙ y−1, with only the 0.01-0.1% transferred to
the compact object (Frank et al., 2002). HMXBs are very bright in the X-ray sky
and are usually persistent sources. In the latest catalogue (Neumann et al., 2023),
only 169 XRBs were classified as HMXBs (not including sources in the Small and
Large Magellanic Cloud).

Sources pertaining to the subclass of XRBs with a stellar BH as the primary are
usually referred to as black hole X-ray binaries (BHXRBs). To date, less than 90
BHXRBs have been found in the Milky Way. More than 70 of them are LMXBs and
only 6 are classified as HMXBs (Corral-Santana et al., 2016; Tetarenko et al., 2016;
Neumann et al., 2023; Avakyan et al., 2023). The first BHXRBs were discovered
in the 1970s (e.g. Tananbaum et al. 1972; Elvis et al. 1975). In the following
sections, we will focus on BHXRBs, and describe their main X-ray spectral and
timing characteristics.

1.3 The X-ray emission of BHXRBs

BHXRBs can emit radiation in the entire energy spectrum, from radio to gamma
rays. In general, the primary emission in the observed X-ray spectrum of a BHXRB
is characterised by a soft and a hard spectral component, whose relative contri-
bution depends on the accretion state of the source (Sect. 1.4). While the soft
component is represented by the thermal emission from the accretion disc, the
hard component is generated by inverse Compton scattering processes in a cloud
of hot electrons located close to the BH. Fig. 1.3 shows the main components
contributing to the X-ray spectrum that are described in details in the following
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Figure 1.3: Main components characterising the X-ray spectrum of a BHXRB.
From Gilfanov (2010).

sections.

1.3.1 The accretion disc

During accretion, the material ejected from the donor star starts rotating along
Keplerian orbits around the BH. The accreting matter slowly spirals inwards, losing
angular momentum due to the shear stress caused by the viscosity and turbulences
in the gas (likely due to magneto-rotational instability, Balbus and Hawley 1991),
and forming an accretion disc. In the canonical α-disc model (Shakura and Sun-
yaev, 1973), the accretion disc is described as a geometrically thin (H/R << 1,
where H is the height of the accretion disc at a radius R) and optically thick
(τ >> 1) structure, generating thermal emission. At each radius r = R/Rg,
the resulting emission is a blackbody spectrum with a characteristic temperature
T (r) ∝ r−3/4. In its totality, the resulting accretion disc spectrum is a super-
position of blackbody spectra, or a “multicolour disc blackbody”. The peak in
temperature corresponds to the temperature at the innermost radius of the ac-
cretion disc. This is due to the fact that, at smaller radii, gravitational effects
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are stronger, generating more luminosity that can be dissipated in a smaller area,
thus producing a net increase of temperature. This thermal emission describes
the spectral component that dominates the soft band of the X-ray spectrum (in
blue in Fig. 1.3) of a BHXRB (Davis et al., 2005). Its observed peak temperature
ranges between kTin ≲ 0.2 keV and 1 keV between the least and the most luminous
accretion states of an outburst (Sect. 1.4).

1.3.2 The Comptonisation component

The thermal emission from the accretion disc cannot explain the observed hard
X-ray emission, extending to hundreds of keV in the spectrum of BHXRBs (in
red in Fig. 1.3), therefore another spectral component is necessary. This emis-
sion is explained in terms of inverse Compton scattering of soft photons from the
cold accretion disc in an optically thin (τC ∼ 1) cloud of hot (thermal, and pos-
sibly also non-thermal) electrons located in the vicinity of the BH (Sunyaev and
Truemper, 1979; Sunyaev and Titarchuk, 1980). The thermal (Maxwellian) dis-
tribution of electrons in the hot cloud produces a smooth power law due to the
superposition of multiple Compton scattering spectra. The observed X-ray flux
density has the form F (E) ∝ E−Γ, where Γ is the photon index parameter, which
depends on the temperature and optical depth of the Comptonising medium. The
observed Γ typically ranges between 1.5 and 2.5, depending on the accretion state
of the source (Sect. 1.4), even reaching values as high as ∼ 4 in some high lu-
minosity states. The thermal Comptonisation component shows a cut-off at high
energies (Motta et al., 2009), which represents a diagnostic of the temperature of
the thermal Comptonising electrons. In some cases the cut-off is not observed up
to ∼1 MeV, suggesting significant contribution from a non-thermal population of
electrons (Zdziarski et al., 2001). Despite being the dominant spectral compon-
ent in some accretion states, the exact nature and geometry of the Comptonising
region (usually refereed to as “corona”, or “hot flow”) is currently unknown (Pou-
tanen et al., 2018). However, some viable proposed geometries imply that only a
small fraction of seed photons from the disc can intercept the corona (at least in
some, low luminosity accretion states). A solution to this problem invokes cyclo-
synchrotron radiation from the hot flow itself to represent an additional source of
seed photons (Veledina et al., 2013).

1.3.3 The disc reflection component

A fraction of the high-energy photons produced via inverse Compton scattering
in the corona is re-emitted towards the disc, where they undergo further repro-
cessing. Here various radiative processes can take place, depending on the energy
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of the impinging photons. At soft X-ray energies, photoelectric absorption dom-
inates over electron scattering, thus producing a complex spectrum of absorption
edges and emission lines. At hard X-ray energies electron scattering dominates,
producing a characteristic smooth broad feature, the Compton hump, peaking at
∼ 30 − 50 keV. The resulting reflection component is shown in Fig. 1.3 (green)
and Fig. 1.4.

The disc reflection spectrum depends on several parameters of the system,
including the ionisation state and density of the disc, the illumination profile, and
the geometry of the disc and the corona (Ross and Fabian, 2005; García et al., 2015,
2016). The most prominent emission line in the disc reflection spectrum is the Fe
Kα fluorescence line at 6.4 keV for a neutral medium, but shifted at higher energies
if the gas is ionised (Makishima, 1986). This intrinsically narrow line can be
broadened by different effects. In a Newtonian scenario (i.e. the emitting material

Figure 1.4: Disc reflection spectra for different values of the spectral index (as
indicated in the labels). The disc has an ionisation parameter of ξ = 103 erg cm s−1

and solar iron abundance. From Ross and Fabian (2005).
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is moving at non relativistic velocities), the emission line shows a symmetric double
peaked profile, as a consequence of Doppler effects. However, the vicinity to the
BH further modifies the line profile as a consequence of relativistic effects. Indeed,
for material orbiting within ∼ 10 Rg from the BH, these effects become important
(see figure 1 of Matt 2006). Transverse Doppler shift and beaming (due to special
relativity) boost the emission from the blue peak of the line, while the gravitational
redshift (due to GR) shifts the line to lower energies. This results in a skewed and
broadened line profile (Fig. 1.5). This feature is considered a powerful diagnostic of
the innermost regions of the accretion flow, as its shape strongly depends on several
important parameters (including the BH spin and the disc truncation radius, e.g.
Matt 2006).

1.4 Accretion states of BHXRBs

BHXRBs undergo quick transitions among different states, during which both the
X-ray spectra (Homan and Belloni, 2005) and the X-ray timing (Belloni et al.,
2005) properties of the source change dramatically. The observed changes are
thought to be due to intrinsic variations of the physical properties of the accretion
flow (Done et al., 2007), for this reason we refer to these states as “accretion states”.

Two main accretion states were identified for Cyg X-1 in the ’70s with the
Uhuru satellite (Tananbaum et al., 1972). In less than one month, the source
underwent a transition, showing a decrease of the soft X-ray flux (2− 6 keV) by a
factor of 4 and an increase in the high energy X-ray flux by a factor of 2. In 1975,
also the transient BHXRB A 0620-00, discovered with the Ariel satellite, showed a
similar spectral transition (Coe et al., 1976), suggesting that this duality-state was
a common feature of BHXRBs. These two states were referred to as hard and soft
states. The hard state is characterised by a thermal Comptonisation-dominated
spectrum. The power law describing this component has a typical photon index
1.5 < Γ < 2 in the 5−20 keV and peak emission at 60−100 keV (e.g. Joinet et al.
2008; Motta et al. 2009; Gilfanov 2010). The accretion disc is still present but is
weaker and cooler than in the soft state, peaking at ∼0.2−0.3 keV (Done et al. 2007
for a review). The soft state shows a dominant contribution from the multicolour
black body emission from the accretion disc, peaking at ∼1 keV (e.g. Gierliński and
Done 2004). A hard power law tail with Γ ≥ 2 is sometimes observed, extending
to very high energies without any detected cut-off. This component might be
related to Comptonisation in a non-thermal/hybrid plasma. More recent intensive
monitoring of BHXRB systems, allowed additional accretion states to be identified.

The spectral evolution of a BHXRB is usually described in terms of variations
of luminosity as a function of spectral hardness (i.e. ratio of fluxes between a hard
and a soft energy band, Belloni 2010b) in a hardness-intensity diagram (HID, in

9



Figure 1.5: Distortions of the profile of an intrinsically narrow emission line
due to relativistic effects. From top to bottom: line profile in the Newtonian
case; special relativity effects (i.e. transverse Doppler shift and beaming) cause
an increase in flux for the blue peak; general relativity effects (i.e. gravitational
redshift) cause a shift to lower energies; the resulting profile considering the above-
mentioned effects. From Fabian and Miniutti (2005).
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Fig. 1.6, upper panel). This diagram results particularly useful to recognise differ-
ent accretion states. During an outburst, transient BHXRBs are observed to evolve
from a state of quiescence, characterised by luminosities of LX∼1030−34 erg s−1, to
a series of more luminous (LX∼1036−38 erg s−1) accretion states, following a hyster-
esis cycle. This evolution results in a q-shaped path traversed in counterclockwise
direction in the HID (e.g. Homan and Belloni 2005; Dunn et al. 2010; Belloni
2010b; Belloni and Motta 2016). Starting from a low luminosity hard state (right
part of the HID, at higher spectral hardness in Fig. 1.6), over a period of weeks
or months, the luminosity varies by three or four orders of magnitude, reaching
its maximum for mild changes in hardness. As time progresses, the source goes
through a series of intermediate states characterised by the presence of a disc
and a steep (Γ > 2) power law component (horizontal, upper branch of the HID,
Fig. 1.6) finally reaching the soft state. This transition has a typical duration of
a few days (Homan et al., 2020). Once in the soft state (left part of the HID, at
lower spectral hardness, Fig. 1.6), the X-ray luminosity varies by one or two orders
of magnitude in a period of months. A consequent, final transition from the soft
to hard state (lower horizontal branch of the HID in Fig. 1.6) characterised by a
drop in luminosity and a sudden increase of spectral hardness marks the end of the
outburst and the slow return to the final state of quiescence. On the other hand,
persistent sources, such as Cyg X-1, are always observed to transition between the
hard and soft state, populating one of the two transition branches of the HID with
relatively minor changes in their luminosity (Fig. 1.7).

Another distinctive property of BHXRBs is the strong variability of the emit-
ted X-ray flux, observed over a wide range of timescales (from tens to fractions
of seconds). This variability is characterised by an aperiodic behaviour, whose
characteristics (e.g. variability power, characteristic timescales) strongly change
as a function of the accretion state (Belloni et al., 2005). In addition, in some
accretion states quasi periodic oscillations (QPOs; Ingram and Motta 2019 for a
review) emerge on top of the broad band aperiodic component. In BHXRBs, most
of QPOs appear at frequencies between ∼ 0.01 Hz and ∼ 10 Hz, and have been
classified in three types: A, B and C (Wijnands et al., 1999; Sobczak et al., 2000;
Casella et al., 2005; Motta et al., 2015). While type–A QPOs are weak and broad,
type–B and type–C are intense and narrow features. Depending on the accretion
state, different types of QPOs may appear. The distribution of variability power
(i.e. the power spectrum, PSD, Sect. 3.2.1) in the hard state shows a high level
of aperiodic X-ray variability, with fractional root mean square (rms) variability
of 30% − 40% (Muñoz-Darias et al. 2011; Heil et al. 2012). The power spectrum
can be empirically decomposed in Lorentzian components of different widths and
whose characteristic frequencies change as a function of the accretion state, typ-
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ically shifting to higher values as the source softens (e.g. Nowak 2000; Belloni
et al. 2002; Pottschmidt et al. 2003; Klein-Wolt and van der Klis 2008). At high
hard state luminosities these sources can show strong QPOs, mostly of type–C,
also shifting to higher frequencies as the spectral hardness decreases (Psaltis et al.
1999; Wijnands and van der Klis 1999). Type–C QPOs present high amplitude (up
to 20% rms) and a narrow peak (Q ≳ 8, with Q defined as the quality factor, i.e.
ratio between the frequency of the QPO peak and its full width at half maximum)
in the PSD (bottom panel in Fig. 1.8) appearing at frequencies 0.01–1Hz. As the
source moves towards the soft state the variability power decreases. During the
transition, type–B QPOs may appear at frequecies of 5–6Hz (but see also Motta
et al. 2011), narrow features (Q ≳ 6) with a high amplitude (up to 5% rms, middle
panel in Fig. 1.8). In the soft state, the level of fractional rms variability is very
low (1 − 5%, Muñoz-Darias et al. 2011; Heil et al. 2012), and appears as a weak
steep component in the PSD. Rarely, weak QPOs can be detected, e.g. type–A
QPOs, with a few percent rms and a broad (Q ≲ 3) peak at frequencies of 6–8Hz
(upper panel in Fig. 1.8). Given the observed strong changes, X-ray variability can
be also used as a tracer of the accretion state of the source. Model-independent
approaches for tracing the accretion state through X-ray variability make use of
the hardness-rms diagram (HRD, lower panel in Fig. 1.6, Muñoz-Darias et al. 2011;
Heil et al. 2012) or the evolution of the ratios of total rms measured in different
frequency bands, the so-called power-colours (Heil et al., 2015).

12



Hard state

Soft state

Hard to Soft

Soft to Hard

Quiescence

C
ou

nt
 r

at
e

rm
s

Hardness

Figure 1.6: Schematic behaviour of the main states and transitions of a transient
BHXRB in the hardness-intensity diagram (HID, top panel) and hardness-rms
diagram (HRD, bottom panel). Readapted from Belloni (2010a).
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Figure 1.7: HID diagram of Cyg X-1 observed by RXTE and NICER, as com-
pared to that of other BHXRBs from the RXTE archive. From König et al. (2024).
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Figure 1.8: Examples of different types of QPOs. From top to bottom: QPOs
from the sources XTE J1859+226 (type–A), GX 339-4 (type–B) and GX 339-4
(type–C). From Ingram and Motta (2019).
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Chapter 2

The X-ray source: Cyg X-1

2.1 Discovery and history

The Cyg X-1–HDE 226868 system is one of the most studied BHXRBs. Cyg X-1
was one of the eight X-ray sources discovered by the Geiger counters on board
the Aerobee rocket launched in New Mexico in 1964 (Bowyer et al. 1965) with the
purpose of mapping the X-ray sky. In 1971, the correct location was determined
thanks to the UHURU satellite (Tananbaum et al. 1971), an MIT rocket flight
(Rappaport et al. 1971) and several Japanese balloon flights (Miyamoto et al.
1971). From these exact coordinates, a radio source was identified with Cyg X-1 by
Braes and Miley (1971) and Hjellming and Wade (1971). The highly variable X-ray
emission (on timescales as short as tens of milliseconds corresponding to light-travel
time across 109 cm) from Cyg X-1 suggested the source to be a compact object.
The companion star HDE 226868 was identified in the optical band independently
by Murdin and Webster (1971) and Bolton (1972), and found to coincide (within
a 3 arcsec error, Fig. 2.1) with the faint and variable radio source associated with
Cyg X-1. Its spectral classification as a O9.7 Iab supergiant variable star was
inferred by Walborn in 1973. The identification of the companion star allowed the
mass of the compact object to be estimated from the orbital parameters. Bolton
(1972) estimated a mass of 6M⊙

1 for Cyg X-1 exceeding the limit mass for a NS
(Sect. 1.1). This result gave strong evidence that the compact object in Cyg X-1
is indeed a BH.

1This value has been recently updated by Miller-Jones et al. 2021 with new astrometric data,
see Sect. 2.2.
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Figure 2.1: Location of HDE 226868 emitting close to Cyg X-1 obtained in 1971
(from Oda 1977, readapted).
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2.2 The binary system
Location:
Cyg X-1 is located in the Cygnus constellation (Fig. 2.2). It is visible in the
boreal hemisphere on the Milky Way’s galactic plane, easily recognisable in the
summer/autumn sky due to its “swan” shape, from which it takes the Latin name.
Cyg X-1 is located at a distance of 2.22+0.18

−0.17 kpc (Miller-Jones et al. 2021), close
to η Cyg with a right ascension, RA, of 19h 58min 21.7s and a declination δ of
+35◦12′06′′ (Liu et al. 2006).
Orbital elements:
The system has an orbital period of 5.599829(16) d (Gies et al. 2003), the orbit is
nearly circular, with an estimated eccentricity of e ∼ 0.018 and inclination i ∼ 27◦

(Miller-Jones et al. 2021). In addition, the source shows a superorbital period of
150 d (Brocksopp et al. 1999; Benlloch et al. 2004; Poutanen et al. 2008), which
was observed to increase to twice this value from 2005 to 2010 (Zdziarski et al.
2011).
The BH in Cyg X-1:
The most updated estimates of the BH mass of Cyg X-1 report MBH = 21.2 ±
2.2M⊙, the highest value found for a BH after the extragalactic system M33 X-7
(Orosz et al. 2007; Miller-Jones et al. 2021). Recent estimates of the BH spin
report a > 0.9985 (Zhao et al. 2021), although these estimates are highly model-
dependent and lower values have been proposed (Zdziarski et al., 2024). The
accretion disc around the BH, not usually present in HMXBs, is confirmed by the
detection of a thermal disc blackbody component, as well as a reflection compon-
ent (see Sect. 2.3, e.g. Ross and Fabian 2005; Gilfanov 2010).
The companion star HDE 226868:
The companion star HDE 226868 is a O9.7Iab supergiant (Bolton 1972). Through
the years several attempts were made to constrain the mass of HDE 226868. Re-
cently, Miller-Jones et al. (2021) constrained the distance of the system via radio
astrometry. Combining radio and optical archival data, they infer the masses of
the BH and its companion. For HDE 226868, they found a mass M∗ = 40.6+7.7

−7.1M⊙
and a radius R∗ = 22.3± 1.8R⊙. From its surface, strong and highly variable stel-
lar winds are launched (see Sect. 2.5, e.g. Lucy and Solomon 1970; Castor et al.
1975; Owocki et al. 1988; Feldmeier et al. 1997).
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Figure 2.2: The Cygnus constellation and the position of Cyg X-1 (image by
Copyright @2003 Torsten Bronger, readapted).
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2.3 The X-ray spectrum of Cyg X-1

Cyg X-1 is visible from gamma (Zanin et al., 2016; Zdziarski et al., 2017), to radio
wavelengths (Stirling et al., 2001). However, the X-ray band is where most of its
power is emitted. As a matter of fact, Cyg X-1 has been for a long time classified
as one of the brightest known X-ray galactic sources. In 1972, Tananbaum et al.
(1972) identified a bimodal behaviour of the source: Cyg X-1 stays most of the
time in the hard state, with rare transitions to the soft state.

In the hard state, the source reaches luminosities Lx ∼ 1037 erg s−1 (e.g. Gierl-
inski et al. 1997). In this state, the peak of Cyg X-1 emission is at ∼ 100–200 keV
(upper panel in Fig. 2.3, Gierlinski et al. 1997; Grove et al. 1998; Zdziarski et al.
1998; Wardziński et al. 2002), as commonly seen in BHXRBs. The corresponding
dominant radiative process is thermal Comptonisation. Photons emitted in the
accretion disc are scattered in a plasma (with optical depth τC ∼ 1, e.g. Gier-
linski et al. 1997; Zdziarski et al. 1998; Frontera et al. 2001a,b; Zdziarski et al.
2002, 2003) of thermal electrons at a temperature of kTe ∼ 50–100 keV, with a
power law shape of slope Γ ≲ 2 (e.g. Grinberg et al. 2013; Basak et al. 2017;
Zhou et al. 2022). Beyond the thermal-Compton spectrum, a weak hard tail is
observed, possibly due to an hybrid (i.e. thermal and non-thermal) distribution of
electrons (McConnell et al., 2000; Zdziarski et al., 2001; McConnell et al., 2002).
Additionally, Compton reflection in the accretion disc is observed, producing an
intense fluorescent Fe K α line (e.g. Gierlinski et al. 1997; Zdziarski et al. 1998;
Di Salvo et al. 2001; Frontera et al. 2001a; Wardziński et al. 2002; Tomsick et al.
2014; Basak et al. 2017). The reflection component can be modified by relativistic
effects (see Sect. 1.3.3, Di Salvo et al. 2001), particularly in the softer part of the
hard state (Frontera et al., 2001a; Miller et al., 2002). The cold accretion disc in
the hard state shows temperatures of kTin ∼ 0.1–0.2 keV (e.g. Basak et al. 2017),
thus dominates at soft energies. Cyg X-1 shows additional spectral curvature in
the soft band, associated with a “soft excess” (Basak et al., 2017). This feature has
been observed also in other BHXRBs (Zdziarski et al., 2001; Kubota et al., 2001),
and has been ascribed to a warm coronal component, which hints at a spectral
stratification of the Comptonising medium (Axelsson and Done, 2018).

The soft state of Cyg X-1 is characterised by slightly higher X-ray luminosities
(∼ 50− 70% above the hard state luminosity, Zhang et al. 1997). The X-ray spec-
trum in the soft state (bottom panel in Fig. 2.3) is described by the same spectral
components observed in the hard state, but with different relative contribution
to the total X-ray flux (Poutanen et al. 1997). The dominant component in the
soft state is the thermal emission from the accretion disc, which is observed to be
hotter than in the hard state (kTin ∼ 0.4–1 keV, Tomsick et al. 2014; Walton et al.
2016; Kushwaha et al. 2021). In the soft state, the Comptonisation component is
ascribed to non-thermal electrons in a hybrid distribution peaking at E ≳ 10 keV
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(e.g. Wilms et al. 2006), resulting in a much stronger hard tail than in the hard
state (Gierliński et al. 1999; Zdziarski 2000; Zdziarski et al. 2002), and a power law
slope of Γ ≳ 2.5 (Grinberg et al. 2013; Tomsick et al. 2014; Walton et al. 2016). A
soft excess is also observed, and is ascribed to Compton scattering by the thermal
electrons of the hybrid distribution. Intermediate states show spectral properties
that are in between those characterising the hard and the soft state, like power
law slopes of Γ ∼ 1.8 − 2.5 (Grinberg et al. 2013; Tomsick et al. 2018) and disc
temperature kTin ∼ 0.3− 0.4 keV (Tomsick et al. 2018). Although studying inter-
mediate states is important in order to understand the mechanism behind state
transitions, these states are short-lived, thus difficult to observe.

Cyg X-1 is a persistent system and shows somewhat different properties than
transient BHXRBs. As described in Sect. 1.4, transient BHXRBs follow a clear
observable hysteresis behaviour in the HID during an outburst. The upper panel
of Fig. 2.4 shows the HID of Cyg X-1 (grey circles) observed by RTXE/PCA from
February 1996 to October 2005, compared to the HID of the transient BHXRB
GX 339–4 (black circles) with RXTE/PCA during the outburst in 2002/2003 and
2004/2005.

As clear from the plot, Cyg X-1 does not show hysteresis. The hard state
branch, in the right part of the HID, is the most populated. Only a few observations
populate the intermediate state branch, as expected from the fact that these states
are short-lived. Occasional transitions to the soft state are observed, although
Cyg X-1 never reaches states as soft as other BHXRBs. The lower panel of Fig. 2.4
shows a comparison of the HRD (see Sect. 1.4) of Cyg X-1 and GX 339–4. The
same behaviour in terms of a decrease of fractional rms towards softer states is
observed in the two sources, although Cyg X-1 does not appear to show the strong
drop of fractional rms typical of transient BHXRBs when they evolve towards the
softest states. However, the behaviour of Cyg X-1 at the lowest values of spectral
hardness cannot be tested as it has never been observed in such states.

2.4 The X-ray variability properties

As all other BHXRBs, Cyg X-1 shows X-ray variability properties that strongly
depend on the accretion state (Sect. 1.4) as well as on the energy band.
In the hard state, the PSD (Sect. 3.2.1) of Cyg X-1 shows aperiodic variability
distributed over a broad range of temporal frequencies. Adopting the νP (ν) rep-
resentation (Fig. 2.5), specific frequencies characterised by enhanced power can
be easily identified (typically around ∼ 0.1 Hz and 1 Hz). This gives the PSD
a distinctive humped shape (e.g. Nowak 2000; Pottschmidt et al. 2003; Axelsson
and Done 2018). If described in terms of Lorentzians (Belloni et al., 2002), the
multi-peaked noise PSD of Cyg X-1 in the hard state can be decomposed as the

21



Figure 2.3: Main components characterising the X-ray spectrum of Cyg X-1 in
the two spectral states. Upper panel: the hard state spectrum from an observation
of BeppoSAX (Di Salvo et al. 2001). Bottom panel: the soft state spectrum from
a multi-instrument observation of Cyg X-1 (McConnell et al. 2002). The total
spectrum is shown in black. The blue dashed line represents the Comptonisation
component. The red-dotted line represents the reflection component. The green
long-dashed line represents the blackbody emission from the disc. The cyan dot-
dashed curve represents the soft excess. Readapted from Zdziarski and Gierliński
(2004).
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Figure 2.4: Upper panel: HID of 1065 Cyg X-1 RXTE/PCA observations ran-
ging from February 1996 to October 2005 (grey shaded points) compared with the
GX 339–4 monitorings of 2002/2003 and 2004/2005 (black points). Black points
for GX 339–4 have been shifted to match the distance of Cyg X-1. The histogram
shows the hardness values distribution. A second and softer peak is visible, cor-
related to the bend seen in the HID. However, no QPO (see Sect. 2.4) is found.
Bottom panel: HRD of the same Cyg X-1 observations overplotted to a few ob-
servations of GX 339–4 from March 2002. From Belloni (2010a).
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Figure 2.5: PSD of Cyg X-1 in the hard (blue), intermediate (green) and
soft (brown) state for NICER observations (ID 2636010101, 0100320110 and
1100320122, respectively) in the 0.5–10 keV. Dashed lines represent the Lorentzian
components. Readapted from König et al. (2024).

sum of up to four broad Lorentzian components (Nowak 2000; Pottschmidt et al.
2003; Palit et al. 2020; König et al. 2024), with a total fractional rms amplitude
of about 30–35% between 0.001 and 100 Hz (Grinberg et al., 2014). When com-
paring disc-dominated bands with power law-dominated bands, the PSD reveals
higher amplitude variability in the disc than in the power law component at low
frequency (ν ≲ 1 Hz, König et al. 2024). On the contrary, at high frequencies the
disc variability power drops.
Despite showing humps in its PSD, strong and narrow features that might be in-
terpreted as a type–C QPOs are not clearly observed in Cyg X-1 contrary to the
majority of the other BHXRBs (Motta et al., 2015).

As the source softens, the characteristic frequencies of the Lorentzian compon-
ents in the PSD all shift to higher frequencies (Axelsson et al., 2005, 2006). When
the source reaches its softest states the PSD can be described by a cut-off power
law of slope ν−1, sometimes requiring the addition of a single broad Lorentzian at
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high frequencies (≳ 3 Hz, Cui et al. 1997b,a; Axelsson et al. 2005, see Fig. 2.5).
The total fractional rms amplitude drops to a few percent in the 0.5–3 keV band
(Grinberg et al. 2014) while staying relatively high (∼ 30%) at higher energies
(Zhou et al. 2022). This behaviour is likely due to the increased contribution of
the disc in the softer bands, which appears overall less variable than in harder
states (Churazov et al., 2001), as also seen in other BHXRBs (De Marco et al.,
2015b).

At E > 1 keV Cyg X-1 shows time lags of the harder bands with respect to
the softer bands (both bands dominated by the Comptonisation component in
the hard state) over all sampled frequencies, as also typical of other BHXRBs.
The amplitude of the hard lags decreases as a function of temporal frequency as
ν−α with α ∼ 0.6–0.7 (Nowak et al. 1999; Pottschmidt et al. 2000, panel b in
Fig. 2.6). However, this trend is not smooth, but shows step-like features with
characteristic frequencies apparently matching the frequencies of the Lorentzian
components in the PSD (Nowak et al., 1999). Using XMM-Newton data, Uttley
et al. (2011) showed that in the hard state, hard lags are also observed when
correlating a soft band dominated by the disc, with a hard band dominated by
the Comptonisation component. In the hard state a high level of linear correlation
(i.e. coherence, Sect. 3.2.2, close to unity, Nowak et al. 1999) between all bands
is generally observed, although a slight drop is sometimes seen at low temporal
frequencies (ν ≲ 0.1 Hz, Fig. 2.7, Nowak et al. 1999). Higher complexities emerge
when considering the lags and coherence between disc-dominated and power law-
dominated bands. The hard lags strongly deviate from a ν−α profile, with a
peaked feature appearing in the lag spectrum, and characterised by a sharp drop
of coherence (König et al. 2024, Fig. 2.8). Intermediate states are characterised
by an increase of the amplitude of the time lags measured between power law-
dominated bands (Pottschmidt et al. 2000, panel a in Fig. 2.6), and a concurrent
decrease of coherence (Grinberg et al. 2014). When the source reaches the soft
state both the time lags and the coherence in power law-dominated bands return
consistent with the values measured in the hard state (Pottschmidt et al. 2000;
Grinberg et al. 2014). However, when considering a disc-dominated band versus
a power law-dominated band, the observed variability in these two components
appears highly incoherent (König et al., 2024), again pointing to a drastic change
in the variability properties of the disc between hard and soft states.

2.5 The stellar wind

In the majority of HMXBs, the compact object directly accretes via the strong
stellar wind emitted from the companion star surface (Bondi and Hoyle 1944,
Sect. 1.2). Stellar winds of luminous and hot stars are composed of free elec-

25



Figure 2.6: Time lags as a function of Fourier frequency of Cyg X-1 (8–13 keV
relative to ≲ 4 keV) for the RXTE monitoring campaign from 1996 to 1998 (Pott-
schmidt et al. 2000). Panel a: comparison of the lags for the soft to hard state
transition. Panel b: comparison between the time lags in the hard and the soft
spectral states. Taken from Pottschmidt et al. (2000).

trons, ionised hydrogen and other complex species of ionised atoms (Lamers and
Cassinelli 1999). They are mainly driven by the transfer of momentum from the
incident photons to the absorbing ions, which causes the ions to move away from
the star. These winds are referred to as line-driven winds (hypothesised by Lucy
and Solomon 1970 and theoretically described by Castor et al. 1975). The efficient
launch of these winds requires high metallicity and a large number of incident
photons, therefore they are expected to arise in the hottest O-like stars and in
the cooler BA-supergiants due to their larger radii. Since these stars are hot and
luminous, line-driven winds represent the standard model to describe accretion in
HMXBs.

In line-driven winds, when a sufficiently energetic photon interacts with a heavy
ion, it can excite a bound electron to a higher energy level. As a consequence, the
photon gets absorbed. However, the electron can return to his original energy level,
re-emitting the photon. The released kinetic energy is transferred to the heavy
ion, generating a radiative acceleration in the stream. This mechanism can impart
sufficient momentum to accelerate the stellar wind material, reaching terminal
velocities up to 2500 km s−1 (Martínez-Núñez et al. 2017). As a result, stellar winds
are very fast and unstable (Lucy and Solomon 1970). Hydrodynamical simulations
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Figure 2.7: Intrinsic coherence versus frequency (8.2–14.1 keV relative to 0–
3.9 keV) of Cyg X-1 in the hard state for the 1996 RXTE monitoring (Dove et al.
1999). From Nowak et al. (1999).

(Owocki et al. 1988; Feldmeier et al. 1997) showed that such instabilities can
generate perturbations and create shocks able to enclose the wind material in
highly-dense regions called clumps.
The inhomogeneous stellar wind strongly influences not only the estimates of the
mass-loss rate (up to 10−5M⊙ yr−1, Puls et al. 2008; Martínez-Núñez et al. 2017),
but also the spectral and timing properties of the X-ray source depending on
the inclination of the system, the orbital phase of the compact object and the
spectral state. To investigate the stellar wind properties, it is important that the
X-ray source stays in its hard or intermediate spectral state. In fact, the X-ray
emission in the soft state is strong enough to completely photoionise the wind,
making it transparent to X-rays. The wind may be even getting suppressed in this
way, because the radiative driving force of the UV photons from the donor star is
reduced (given that the gas is transparent also to the UV radiation from the star).

In Cyg X-1, the centrifugal forces and the tidal interactions between the com-
panion star and the BH make the wind asymmetric close to the binary axis, in-

27



Figure 2.8: Time lags and intrinsic coherence vs frequency of Cyg X-1 during its
hard state observed by NICER in 2017 (observation ID 2636010101) in different
energy bands.

creasing its density and its mass loss rate (Friend and Castor, 1982). Since the
Roche lobe of HDE 226868 is almost filled (Bolton, 1975; Gies and Bolton, 1986),
with a Roche lobe filling factor fRL ∼ 0.96 (Miller-Jones et al., 2021), the stellar

28



wind starts to stream towards the BH, forming an extremely focussed wind com-
ponent (Friend and Castor, 1982). The presence of this component is confirmed
by the modulation of absorption and emission features along the orbit in the op-
tical band (Gies et al., 2003). The focussed wind allows the formation of a small
disc by which the accretion occurs. However, the presence of the accretion disc
(see Sect. 1.3.1 and Sect. 2.3) in Cyg X-1 is an exception. In fact, wind accretion
(Bondi and Hoyle, 1944) does not involve the presence of an accretion disc (Frank
et al. 2002) around the compact object in the majority of HMXBs (e.g. Vela X-1,
Blondin et al. 1991, and SCM X-1, Blondin 1994; Blondin and Woo 1995).

Cyg X-1 is one of the best X-ray source to investigate the stellar wind structure.
In fact, due to the orbital inclination of the system (i ∼ 27◦, Miller-Jones et al.
2021), the line-of-sight (LOS) can intercept the clump forming region, likely located
close to the HDE 226868’s photosphere (El Mellah et al., 2020). This happens at
superior conjunction (ϕorb = 0). In this position, the companion star is the closest
to the observer along the orbit, thus the BH is the farthest (see Li and Clark 1974
and references therein). Therefore, in these phases it is possible to probe deeper
wind layers, where the clumps are smaller and slower. At inferior conjunction
(ϕorb = 0.5), the companion star is the farthest from the observer along the orbit,
and the BH is the closest. Here, the LOS intercepts the external layers, when the
wind has reached its terminal velocity and the clumps had the opportunity to grow
to their maximal size. Therefore, depending on the position of the orbit also the
X-ray photons undergo different levels of absorption depending on the amount and
state of ionisation of wind material intercepting the LOS. Stellar wind absorption
strongly affects the softest energy bands, at energies E < 1 keV (Fig. 2.9), causing
drops of X-ray flux, but it also shows milder effects at E ∼ 10 keV, Grinberg
et al. 2015; Hirsch et al. 2019). An immediate consequence of the presence of
these winds is the presence of dipping events in the X-ray light curves as well as
in the hardness ratios (i.e. ratios of count rates between a hard and a soft energy
band) of the source, being more intense and frequent at superior conjunction (see
Fig. 2.10, Bałucińska-Church et al. 2000; Hirsch et al. 2019).

2.6 Motivation of the thesis

In this thesis we present a comprehensive X-ray variability study of the stellar
wind in Cyg X-1, with the aim of inferring the effects of the wind on the observed
temporal properties of the X-ray source, and ultimately constraining the physical
properties of the wind clumps (e.g. size, mass loss rate, etc.). Stellar winds are
indeed an important and yet poorly understood component in this type of systems:
not only can they significantly modify our view of the emission coming from the
innermost regions of the accretion flow, but they are also expected to strongly

29



influence the evolution of both the donor star and the binary system (e.g. angular
momentum loss through the wind can cause modifications of the orbit, possibly
leading to merging events). Given that the absorption events induced by the
passage of single wind clumps can be quite short (≲1 ks), the use of standard time-
resolved spectroscopic techniques is currently limited by the quality of available
data. To deal with this limitation, before larger collective area detectors will
become available, we explored alternative analysis approaches which make use of
X-ray spectral-timing techniques and colour-colour diagrams. These techniques, as
well as the data we used for the analysis (from an extensive monitoring campaign
of Cyg X-1 performed with XMM-Newton) are described in detail in the following
chapter. Results obtained from the application of these techniques are reported in
Chapters 4 and 5.
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Figure 2.9: Effects of wind absorption on the spectrum of Cyg X-1, assuming
a partial covering model. The spectra show the changes expected for increasing
values of wind column density (with NH

(0) = 5.4×1021cm−2, see Hanke et al. 2009)
and constant coverage (90%). Bands A, B and C reported on top correspond
to 0.5 − 1.5 keV, 1.5 − 3 keV and 3 − 10 keV, respectively. See Fig. 3.2 for the
corresponding colour-colour diagram. From Hirsch et al. (2019).
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Figure 2.10: Chandra light curve of observations 3814, 8525 and 9847 of Cyg X-1
with time bins of 25 s in the 0.5–10 keV energy band (upper panel). Hardness,
i.e. ratio between count rates in 3–10 keV and 0.5–1.5 keV energy bands (bottom
panel). Shaded colours from orange to deep blue indicate different dipping stages
(from non-dip to strong dip, accordingly to figure 3 of Hirsch et al. 2019). From
Hirsch et al. (2019).
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Chapter 3

The X-ray data and the analysis
techniques

3.1 The XMM-Newton CHOCBOX monitoring

Cyg X-1 has been the target of a unique multi-wavelength campaign: the “Cyg X-
1 Hard state Observations of a Complete Binary Orbit in X-rays” (CHOCBOX),
covering energy ranges from radio to gamma rays, with the goal of studying all
the physical components of the system, including the accretion disc, the corona,
the stellar wind and the jet. The campaign was carried out between May and
June 2016, when the source was in a hard state. Several instruments such as
XMM-Newton, NuSTAR, INTEGRAL and ground based interferometers (includ-
ing NOEMA, VLA, and VLBA) observed the source simultaneously. The source
stayed in hard state for the entire campaign.

The main observatory of the CHOCBOX campaign is XMM-Newton (X-ray
Multi-Mirror Mission, XMM 2024). The European Space Agency’s (ESA) satellite
was launched on December 10, 1999 by an Ariane 5 launcher in a highly elliptical,
40-degree orbit (with an apogee of 114000 km and a perigee of 7000 km).
XMM-Newton is composed of three X-ray telescopes consisting of 58 Wolter-I
type grazing incidence mirrors, nested in a coaxial and co-focal configuration. The
telescopes’ focal length is of 7.5m and the largest mirrors have a diameter of
70 cm. Two mirror modules are equipped with two Reflection Grating Spectro-
meters (RGS) which intercept half of the incident photons. The other half of the
incident beam is focussed onto the two European Photon Imaging Cameras (EPIC)
MOS (Metal Oxide Semi-conductor) cameras. The third module is focused dir-
ectly onto the EPIC-pn camera. Additionally, XMM-Newton carries onboard an
Optical/UV Monitor (OM) telescope positioned next to the X-ray mirror modules.
The EPIC cameras are the primary instruments of XMM-Newton. They are able
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to perform sensitive imaging over 30′ field of view (FOV) between 0.1 and 15 keV.
With an angular resolution of 6′′ full-width half maximum (FWHM), they reach
a spectral resolution of E/δE ∼ 20–50. While the EPIC MOS cameras are com-
posed of seven charge-coupled devices (CCD), each containing a matrix of 600×600
pixels, the EPIC-pn is an array of twelve CCDs made of 64× 200 pixels each.
The two RGS, mounted below two of the mirror modules, have a spectral resolu-
tion E/δE ∼ 200–800 and deflect about half of the X-ray photons onto nine of the
EPIC MOS CCDs. The OM telescope covers the 180–650 nm range over 17′ FOV,
permitting observations of the X-ray targets also in the Optical and UV band.
Therefore, in total, XMM-Newton counts six instruments that can observe sim-
ultaneously. The CHOCBOX monitoring comprises observations of Cyg X-1 per-
formed by the EPIC-pn camera in timing mode, offering the possibility to study
bright sources at very high time resolution (i.e. ∼ 30µs). Given its high through-
put and high time resolution, data from the EPIC-pn instrument were used for
the analysis presented in this thesis.

The XMM-Newton EPIC-pn camera observed Cyg X-1 between 2016 May 27
and June 2, for a total duration of 7.22 d (Uttley 2017). Therefore, the monitoring
covers ∼ 1.5 orbits of the system. This unprecedent uninterrupted campaign covers
two passages at superior conjunction.
The XMM-Newton monitoring is composed of four observations. The observation
identification numbers (ObsIDs) are reported in Tab. 3.1 with the corresponding
exposures. The orbital phase coverage of the monitoring are also reported in
Tab. 3.1 and schematically shown in Fig. 3.1.

Table 3.1: Log of the CHOCBOX XMM-Newton EPIC-pn monitoring. The
total exposure after regular data screening and the orbital phases ϕ covered for
each observation. The bold-style digits of each ObsID identify each observation
hereafter. Orbital phases were computed using the ephemeris reported in Gies
et al. (2008).

ObsID Date Total ϕ

exposure
(yyyy-mm-dd) (ks)

0745250201 2016-05-27 92.9 0.82-0.06
0745250501 2016-05-29 83.1 0.17-0.46
0745250601 2016-05-31 76.7 0.53-0.79
0745250701 2016-06-02 84.6 0.89-0.11
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Figure 3.1: Orbital phase coverage of the XMM-Newton CHOCBOX monitoring.
The four coloured arc labels correspond to the ObsIDs of each pointing (Tab. 3.1).
The orbital phase ϕorb = 0 indicates the passage at superior conjunction. Inferior
conjunction corresponds to orbital phase ϕorb = 0.5. The “START” indicates
the starting orbital phase of the entire campaign at ϕ = 0.82. Cyg X-1 and
HDE 226868 are only schematically graphed, the Roche lobe was not considered
in the representation.
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3.2 Fourier timing techniques

X-ray variability is one of the defining properties of BH-accreting systems. As
described in Sect. 1.4, X-ray variability is a powerful tracer of the accretion state
of a BHXRB. Therefore, the study of X-ray variability is of the utmost importance
in order to gain a complete understanding of the accretion process. Many tools are
available to analyse flux time series (Belloni and Bhattacharya, 2022), but when it
comes to single out variability on different timescales, thus produced at different
distances from the BH, Fourier techniques turn out to be more handy. This thesis
focuses on the study of the fastest (shorter than 10 s) X-ray variability of Cyg X-
1, thus it will make use of a series of Fourier techniques, as described below.
The outlined techniques have been implemented using Python. We made use of
the main Python scientific libraries such as Numpy (van der Walt et al., 2011),
Astropy (Astropy Collaboration et al., 2013) and SciPy (Virtanen et al., 2020)
to compute the main Fourier products. In particular, we developed codes able to
compute the PSD and the cross-spectral analysis products, as well as colour-colour
diagrams. Particular SciPy classes were used to perform colour-colour diagram fits
(Sect. 5.3.3). Additionally, with Python’s library, Matplotlib (Hunter, 2007), we
developed codes able to plot the results.

3.2.1 Power spectrum

The power spectrum, or PSD, measures the amount of variability power as a
function of temporal frequency. For a discrete and evenly (at intervals ∆t) sampled
time series of fluxes xi measured at times ti (with i = 1, 2, ..., N), we can compute
the Discrete Fourier Transform (DFT) Xn as:

Xn =
N−1∑
k=0

xk exp(2πink/N) (3.1)

where fn = n/T is the Fourier frequency (being T the total duration of the time
series, i.e. T = N∆t), and n = 1, 2, ...N/2. The minimum frequency is defined
as fmin = 1/T and the maximum frequency, namely the Nyquist frequency, as
fmax = 1/(2∆t). Note that the DFT is a complex number.
The modulus squared of the DFT defines the periodogram, which is an estimate
of the PSD. Therefore, the power Pn at a frequency fn is:

Pn = A |Xn|2 = A X∗
nXn (3.2)

where the asterisk denotes the complex conjugate, and A is a normalisation factor.
Different normalisations can be used, depending on the type of information we want

36



to obtain (see Appendix A of Vaughan et al. 2003 for details). In this thesis we
will make use of the fractional rms-squared normalisation (Belloni and Hasinger
1990), defined as:

Arms =
2∆t

x2N
(3.3)

This normalisation yields the PSD in units of (rms/mean)2Hz−1, therefore
integration of the PSD over a given frequency interval and extraction of the square
root gives an estimate of the fractional contribution to variability (Fvar) over the
corresponding range of timescales.

Photon counting produces a Poisson noise contribution (white noise) which
flattens the PSD at high frequencies. The normalisation of the Poisson noise
contribution depends on the count rate. Assuming the fractional rms-squared
normalisation the expected Poisson noise level for a time series of contiguous time
bins and in the absence of deadtime1 is:

Pnoise =
2(x+ b)

x2 (3.4)

where b is the mean background count rate, to be accounted for if the estimated
background count rates have been subtracted from the time series. If the back-
ground has not been subtracted or is negligible, this reduces to Pnoise = 2/x. An
alternative way to estimate the Poisson noise contribution in order to extract the
intrinsic variability power of the source is by fitting a constant to the PSD at very
high frequencies, in the region where the PSD flattens. The latter approach is the
one used in this thesis.

The PSD calculated from a single light curve yields large statistical uncertain-
ties (van der Klis, 1989; Vaughan et al., 2003). In order to reduce the errors and
obtain a better estimate of the intrinsic PSD, the latter must be binned over a
large number of light curve segments and/or frequencies. The resulting PSD in
the frequency bin νj

2 is given by:

P (νj) =
1

KM

i+K−1∑
n=i

M∑
m=1

Pn,m (3.5)

where M is the number of different light curve segments, and K is the number
frequencies within νj. The scatter in the binned PSD decreases as:

∆P (νj) =
P (νj)√
KM

(3.6)

1The fraction of the exposure during which the detector cannot register events.
2Note that the νj indicates the frequency bin, to be distinguished from the single frequencies

fn.
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3.2.2 Cross-Spectral methods

The causal relationship between two time series (e.g. extracted in two energy bands
dominated by different spectral components) can be estimated via cross-spectral
analysis. Considering two light curves x(t) and y(t) in two different energy bands,
and their DFTs Xn and Yn, the Fourier cross-spectrum between the two is defined
as:

CXY,n = X∗
nYn (3.7)

Analogously to the PSD, the cross-spectrum must be averaged over K Fourier
frequencies in a given frequency bin (i.e. νj) and over M multiple light curve
segments:

CXY (νj) =
1

KM

i+K−1∑
n=i

M∑
m=1

CXY,n,m (3.8)

and normalised in the same way as the PSD (Sect. 3.2.1), only with the exception
of dividing by x y instead of x2, to obtain fractional rms-squared units.
The cross-spectrum is a complex quantity, whose argument gives the relative phase
lag between the two time series (Uttley et al., 2014):

ϕ(νj) = arg[CXY (νj)]. (3.9)

and defined in the interval [−π, π]. An estimate of the corresponding time lag is
given by:

δt(νj) =
ϕ(νj)

2πνj
(3.10)

In this thesis time lags are computed between softer and harder energy bands. We
will adopt the convention according to which a positive lag indicates a time delay
of the harder band variations with respect to the softer band variations (hard lag),
and a negative lag indicates a time delay of the softer band variations with respect
to the harder band variations (soft lag).

From the cross-spectrum, it is possible to obtain an estimate of the coherence,
a measure of the degree of linear correlation between two light curves (Nowak et al.
1999). The coherence is defined as:

γ2 =
|CXY (νj)|2 − n2

PX(νj)P Y (νj)
(3.11)

where the PSD and the cross-spectrum are normalised in the same way. The
term n2 in the numerator is a bias term, directly linked to the contribution of the
Poisson noise level to the modulus-squared of the cross-spectrum3. Ingram (2019)

3The bias term is defined as n2 = [(PX(νj)−PX,noise)PY,noise+(PY (νj)−PY,noise)PX,noise+
PX,noisePY,noise]/KM where Pnoise is the Poisson noise level affecting the particular light curve.
See Vaughan and Nowak (1997) for further details on this term.
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demonstrated that this term becomes negligible when averaging over KM ≳ 500.
This condition always holds for the data considered in the presented analysis, thus
the bias term was discarded.
By definition, the coherence can take only values comprised between 0 (for no
coherent signals) and 1 (for fully coherent signals). The presence of Poisson noise
has the effect of decreasing the coherence, so that the coherence of noisy data is
always less than unity. However, the effect of Poisson noise can be corrected for
and the intrinsic coherence (as opposed to the raw coherence of Eq. 3.11) can be
estimated. Vaughan and Nowak (1997) provide recipes for estimating the value
and uncertainty of the intrinsic coherence. In this thesis, their Eq. 8 is used to
estimate the intrinsic coherence.

3.3 Colour-colour diagram

Colour-colour diagrams can be used for various purposes. For example, they are
useful for classifying NS LMXBs into Z or Atoll sources (Hasinger and van der
Klis, 1989). In this thesis, colour-colour diagrams are used to investigate the time-
resolved spectral behaviour of Cyg X-1 and identify time intervals affected by the
stellar wind.
The “colour” is defined as the ratio of count rates in two energy bands. The two
axes of a colour-colour diagram each report a given colour. In general, a soft
colour is defined as the ratio of the count rates in a soft and an intermediate
energy band, while a hard colour is defined as the ratio between count rates in
the same intermediate band and a hard energy band. The choice of the energy
bands depends on the energy covered by the available data. Most studies of the
stellar wind of Cyg X-1 have been performed using Chandra data (e.g. Hanke et al.
2008; Nowak et al. 2011; Hirsch et al. 2019. Being the twin mission of Chandra,
XMM-Newton covers the same energies, thus it is possible to define the colours
considering the same energy bands used in the literature. Colour-colour diagram
shapes depend on the response matrix of the instrument. However, XMM-Newton
and Chandra have a similar effective area, thus the difference would be negligible.
In this thesis, the following energy bands will be used to extract colour-colour
diagrams from the XMM-Newton data of Cyg X-1: E = 0.5 − 1.5 keV (soft),
E = 1.5− 3 keV (intermediate), and E = 3− 10 keV (hard).
In HMXBs the presence of absorption from the stellar wind gives the colour-
colour diagrams a characteristic “nose” shape (e.g. Nowak et al. 2011; Grinberg
et al. 2020). This shape is due to the occurrence of dipping events, which cause
absorption of soft X-rays, and thus a hardening of the spectrum (see Fig. 2.9).
Fig. 3.2 shows the colour-colour diagram for an absorber partially covering the
X-ray source. For different values of column density and covering factor, the
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colour-colour diagram follows different trends, extending down to the lower-left
region (low hard and soft colours) when covering factor is higher (e.g. 90%).

It is worth noting that the colour-colour diagram shows an overall “zig-zag”
shape when including data from intermediate and soft states (König et al., 2024).
In this representation of the time-resolved spectral behaviour of Cyg X-1 across
different states, the hard state covers the lower track of the diagram (see Fig. 3.3).
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Figure 3.2: Colour-colour diagram tracks of a partial covering absorber (from
50% to 10% not covering the X-ray source) for different column density values
starting from NH

(0) = 5.4× 1021cm−2 (see Hanke et al. 2009). From Hirsch et al.
(2019).
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Figure 3.3: Colour-colour diagram of Cyg X-1 for different spectral states of
the source. Grey arrows indicate the preferred paths followed by the source when
transitioning. From König et al. (2024).
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Chapter 4

A X-ray spectral-timing study of the
stellar wind in the hard state of
Cyg X-1

This chapter describes the study reported in the published paper “The X-ray
spectral-timing contribution of the stellar wind in the hard state of Cyg X-1”1

(Lai et al. 2022, Monthly Notices of the Royal Astronomical Society, Volume 512,
Pages 2671–2685).

4.1 Introduction

The X-ray spectral and timing properties of BHXRBs dramatically change as
the source transition between different accretion states (Sect. 1.4), likely as a
consequence of major changes in the physical properties of the inner accretion flow
(Gilfanov, 2010). Although the phenomenology of these states is well studied, the
physics behind them is still largely debated. Cyg X-1 is amongst the best studied
X-ray sources (Sect. 2.1), providing crucial information on the spectral and timing
properties of BHXRBs as a class.

As commonly seen in BHXRBs, Cyg X-1 shows a complex frequency depend-
ence of its variability power in the X-ray band during the hard state, drastically
changing to a smoother dependence in the soft state (see Sect. 2.4, e.g. Nowak
et al. 1999; Pottschmidt et al. 2000, 2003; Axelsson et al. 2005; Böck et al. 2011;
Grinberg et al. 2014). Additionally, we regularly observe highly coherent hard
(E ≳ 1 keV) and soft (E ≲ 1 keV) X-ray band variations. Hard lags are associated
with these variations, whereby hard photons are delayed with respect to the soft

1https://doi.org/10.1093/mnras/stac688
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ones, with a delay of the order of 1% the variability timescale (e.g. Nowak et al.,
1999; Grinberg et al., 2014).

An important additional component to consider when studying Cyg X-1 is the
stellar wind (see Sect. 2.5 for a detailed description). The stellar wind significantly
affects the observed X-ray spectrum via absorption. Moreover, the motion of stellar
wind clumps across our LOS results in significant X-ray variability, as clearly seen
in the light curves of the source (e.g. Hanke et al., 2008, 2009; Grinberg et al., 2015;
Hirsch et al., 2019; Zhou et al., 2022; König et al., 2024). Therefore, it is plausible
that the stellar wind can significantly influence the observed X-ray spectral-timing
properties of the source (El Mellah et al., 2020). Since the timescales associated
with wind variability have been shown to be of the order of minutes or shorter for
the smallest clumps (Grinberg et al., 2017; Hirsch et al., 2019), this component
may significantly affect the fast variability characteristics of the source. On the
other hand, the X-ray spectral-timing signatures of the most wind-absorbed phases
can be a powerful diagnostic of the physical properties of the absorbing gas (e.g.
Grinberg et al., 2015; Silva et al., 2016; De Marco et al., 2020; El Mellah et al.,
2020).

In this work, we analysed the XMM-Newton CHOCBOX monitoring (Sect. 3.1)
with the main purpose of studying how the variable stellar wind in Cyg X-1 can
modify the X-ray spectral-timing properties of the source during its hard state.

4.2 Data Reduction

We analysed all the four XMM-Newton observations of the CHOCBOX campaign
(see Sect. 3.1). The observations were all acquired in timing mode. The total
exposure is 572 ks before data screening (Tab. 3.1). We performed the data reduc-
tion using the XMM-Newton Science Analysis Software (SAS, version 16.9.0),
following standard procedures and using calibration files (CCF) as of 2019 June.
We extracted 1 s time-resolution light curves in the 10–15 keV energy band, where
the response of the instrument drops, to identify and filter out time intervals af-
fected by high particle background. However, no background flares were found
in the entire data set. Nonetheless, the data are affected by telemetry drop-outs.
These are periods characterised by a high count rate, producing buffer overflows.
During these periods, photons cannot be collected, generating gaps in the data.
For this reason, the resulting good time intervals (GTI), generated using the SAS
task tabgtigen, are relatively short, with an average duration of 10 s.

We checked for the presence of pile-up running the SAS task epatplot. We
extracted the source counts in the range RAWX = [30 : 46] and we found that
some fraction of pile-up affects the data. To mitigate it, we excluded the central
pixels, i.e. RAWX = [36 : 39].
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Being the observation in timing mode, it is not possible to extract background
events by selecting a source free region. On the other hand, it is not recommended
to extract background counts from the outer columns (i.e. by selecting pixels
which intercept the point spread function tails) because this would modify the
source spectrum (Ng et al. 2010). However, the source is very bright, with an
average count rate of ∼ 220 counts s−1 in the 0.5–10 keV energy band. Therefore,
any background contribution is expected to be negligible (e.g. Ng et al. 2010). In
any case, the most absorbed periods (potentially more affected by the background)
are excluded when performing the spectral analysis presented in this work. On
the other hand, the background is not expected to contribute to the fast X-ray
variability (e.g. Uttley et al. 2011; De Marco et al. 2017). Therefore, in this work
we decided not to subtract the background.

We used the SAS tools arfgen and rmfgen to extract the ancillary response files
(ARF) and the redistribution matrix files (RMF), respectively. We first generated
an ARF for the full region (RAWX = [30 : 46]). We then subtracted out a second
ARF generated for the excluded region (RAWX = [36 : 39]) using the SAS task
addarf (Wilkinson and Uttley 2009). The spectra were rebinned to ensure a
minimum of 20 counts in each energy bin in order to apply chi-squared statistics.

For bright sources such as Cyg X-1, the EPIC-pn charge transfer efficiency
(CTE) can cause an offset of the energy scale of the data. To our knowledge,
this effect is only partly accounted for by the CTE modelling implemented in SAS.
However, this effect has been mitigated in our spectral analysis by excluding the
1.5–2.5 keV energy band (e.g. Sala et al. 2007). This effect does not affect the X-ray
timing analysis, as we used broad energy bands. We performed spectral analysis
using Xspec v12.10.1 (Arnaud, 1996), while for the spectral-timing analysis we
implemented codes using Python v3.6.

4.2.1 Selection of the events less affected by wind absorption

The presence of a stellar wind produces variable absorption of the X-ray source
emission (see Sect. 2.5) which depends on the relative position of the compact
object and the companion star in the orbit. This manifests as dips in the X-ray
light curve, with variable intensity and recurrence time, depending on the amount
and distribution of the intervening absorbing gas.

We extracted XMM-Newton EPIC-pn light curves in a soft and a hard energy
band (i.e. 0.5–1.5 keV and 3–10 keV respectively), with a time bin of 10 s (Fig. 4.1).
The two passages at superior conjunction occur during observations 201 and 701
(marked by red vertical lines in Fig. 4.1). The soft band light curve (upper panel
in Fig. 4.1) presents several dips, in particular close to superior conjunction. Their
intensity appears reduced in the hard band light curve (middle panel in Fig. 4.1),
as the wind is more transparent at these energies. This results in a net increase
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of the spectral hardness, defined as the ratio between count rates in the hard and
soft bands (bottom panel in Fig. 4.1). It is worth noting that, despite their strong
presence close to superior conjunction, dips are anyway present throughout the
entire monitoring.

Following the approach proposed by Nowak et al. (2011) and Hirsch et al.
(2019), we selected events less affected by wind absorption. The method is based
on tracking the time-resolved spectral behaviour of the source by building colour-
colour diagrams (Sect. 3.3). Depending on the amount of the absorbing gas along
the LOS, the source occupies a different position in the diagram (Grinberg et al.,
2020). Since the absorbing column changes over time, the source moves through
different regions of the diagram over relatively short timescales. Since our aim
is to filter out even the shortest absorption events, we considered light curves in
the soft (0.5–1.5 keV), intermediate (1.5–3 keV) and hard (3–10 keV) energy bands
(defined in Sect. 3.3) with a time resolution of 10 s. The resulting colour-colour
diagrams are displayed in Fig. 4.2.

The least absorbed intervals show up as data points characterised by high hard
and soft colours in the diagrams (i.e. they populate the upper right-hand corner
of the diagram, marked in green in Fig. 4.2). In order to select the least absorbed
intervals, we set a hard colour threshold of ⩾ 0.95 and a soft colour threshold of
⩾ 0.7, and considered all the events falling into the region of the diagram defined
by these thresholds. In order to justify the choice of these particular thresholds,
we built the simple model considered in Hirsch et al. (2019), consisting of a power
law with spectral index Γ = 1.7 modified by a partial covering neutral absorber
(i.e. representing the stellar wind) and by Galactic absorption. The corresponding
Xspec model is tbnew × tbpcf × powerlaw, with Galactic NH = 0.7 × 1022 cm−2

(HI4PI Collaboration et al., 2016; Basak et al., 2017) and wilm abundances (Wilms
et al., 2000). By comparing this model to the observed colour-colour tracks, we
found that the theoretical track that best covers the range of the hard and soft
colours spanned by the data corresponds to a covering factor of ∼ 0.9. For this
value of covering factor, the chosen hard and soft colour thresholds correspond to a
wind column density of NH,w ≤ 1.08×1022 cm−2. It is important to notice that the
theoretical tracks obtained from this simple model do not accurately describe the
exact shape of the observed colour-colour curves (see Appendix A). This indicates
the need for a more complex model for the absorbing wind component. This is
not relevant for the analysis described in this chapter, however such an issue will
be addressed in detail in Ch. 5.

The data set resulting from this filtering process will be hereafter referred to
as “NWA” (standing for “no wind absorption"), in order to distinguish it from
the “Total”, i.e. the data set unfiltered from the absorption of the wind. It is
worth noting that the chosen time resolution of the light curves used to calculate
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Figure 4.2: Colour-colour diagrams of each XMM-Newton observation of the
CHOCBOX campaign. Hard and soft colours are calculated as the ratios of soft
(0.5–1.5 keV) to intermediate (1.5–3 keV) and intermediate to hard (3–10 keV) en-
ergy bands, respectively. Each data point corresponds to a 10 s-long data segment.
The green region selects data points less affected by wind absorption (i.e. with
soft colours ⩾ 0.7 and hard colours ⩾ 0.95).
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the colour-colour diagrams and the filtering procedure, guarantee a good filtering
of strong wind absorption events lasting ⩾ 10 s. However, this is insensitive to
residual absorption due, for example, to wind clumps with a lower NH,w and/or a
lower covering factor moving faster across the LOS.

4.3 Power spectral analysis

We started by extracting the power spectrum of the NWA and the Total data
sets of each observation to study the effects of the presence of the stellar wind
on the X-ray variability of the source. We constructed power spectra in the three
considered soft, intermediate, and hard energy bands (as defined in Sect. 3.3), using
light curves with a time bin of 6ms. We chunked each light curve into segments,
each containing 1666 data points, with a length of 9.996 s. This allowed us to
sample temporal frequencies in the range ν ∼ 0.1–83Hz, thus corresponding to
variability timescales of 0.1–10 s. Power spectra were calculated for each segment,
and a mean power spectrum computed by averaging over all the power spectra of
the single observations. We adopted the fractional rms normalisation (Sect. 3.2.1),
in order to analyse the changes in the wind-modulated variability along the orbit.
The Poisson noise contribution was estimated by fitting the power spectrum with a
constant at ν > 25Hz, and subtracted out. The power spectrum was geometrically
rebinned such that νi+1 = 1.2νi.

Fig. 4.3 shows a comparison between the power spectra of the NWA and the
Total data sets for the different XMM-Newton observations. For each observation,
the power spectra are displayed for the soft, intermediate, and hard energy bands
from left to right. It is evident that the presence of the stellar wind significantly
contributes to changes in the X-ray variability properties of the source. The dom-
inant effect is the smoothing out of the typical double-hump shape of the power
spectrum of Cyg X-1 (see Sect. 2.4, Pottschmidt et al. 2003; Axelsson and Done
2018; Mahmoud and Done 2018a,b). This typically peaked shape is, however, re-
covered when considering the NWA power spectra, as well as for orbital phases
of the source away from superior conjunction (i.e. during observations 501 and
601). Indeed, in both cases the X-ray emission of Cyg X-1 is less affected by wind
absorption. Another effect of the wind is to reduce (by a factor of ∼ 2) the frac-
tional variability at high frequencies (≳ 1Hz), and to increase it at low frequencies
(≲ 1Hz). This is most clearly seen in observation 201. However, the effects of the
wind at ≲ 1Hz are more difficult to constrain given the limited bandpass.

A clear exception is observation 701: the power spectra of the NWA data set
remain quite smooth as for the Total data set. We verified that this is caused
by residual wind absorption not properly filtered out when considering the colour
thresholds defined in Sect. 4.2.1. Indeed, when choosing a tighter threshold for
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Figure 4.3: Power spectra of the Total (in blue) and the NWA (in green) data
sets of each observation of the CHOCBOX monitoring. The power spectra were
calculated in the soft (left panel), intermediate (middle panel) and hard (right
panel) energy bands. For observation 201 (first row) we also show (in magenta)
the power spectra obtained from the wind-dominated data set (“DIPS”) defined in
Sect. 4.5.
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the hard and soft colours the double hump is resumed in the NWA data set (see
Appendix B). The need for a different choice of colour threshold may indicate that
the average properties of the stellar wind have changed between the two passages
at superior conjunction. This is also suggested by the slightly different shapes of
the colour-colour diagram during observations 201 and 7012. In order to better
investigate changes in the properties of the stellar wind, a proper procedure for
the modelling of the colour-colour diagrams should be defined. This issue will be
addressed in Ch. 5.

The data set selection described in Appendix B for observation 701 significantly
reduces the net exposure, thus reducing the S/N ratio for the spectral-timing
analysis. Therefore, we decided to consistently use the same selection for the
NWA time intervals for all observations (Sect. 4.2.1).

Finally, we note that the stellar wind affects the power spectrum not only in
the soft and most absorbed energy band, but also at harder energies (at least up
to 10 keV). This suggests rather high column densities in the deepest phases of
the dips.

4.4 Cross-spectral analysis

Cross-spectral analysis gives us information on the causal relationship and the
amount of correlated variability between two different energy bands (e.g. Nowak
et al. 1999; Uttley et al. 2014), and consequently, between the spectral compon-
ents that dominate those bands (Sect. 3.2.2). It is widely known that the hard
state of BHXRBs is characterised by high levels of coherence between the primary
Comptonisation component and the accretion disc over a broad range of timescales
(e.g. Wilkinson and Uttley 2009). Additionally, on long timescales (i.e. > 1 s) the
accretion disc is observed to lead the variations of the Comptonisation component.
This has been interpreted in terms of mass accretion rate fluctuations propagating
inwards from the disc through a spectrally inhomogeneous Comptonising region
(Lyubarskii, 1997; Kotov et al., 2001; Arévalo and Uttley, 2006; Ingram and van
der Klis, 2013; Mushtukov et al., 2018; Bollimpalli et al., 2020). On short times-
cales (i.e. < 1 s), for some sources, the disc is observed to respond to rapid hard
X-ray variability (Uttley et al., 2011; De Marco et al., 2015a, 2021; Kara et al.,
2019). This behaviour is ascribed to the thermal response of the disc to variable
hard X-ray irradiation, i.e. thermal reverberation (e.g. Uttley et al. 2011; De
Marco et al. 2017; Kara et al. 2019; Wang et al. 2020; De Marco et al. 2021).

2It is worth noting that such changes in the colour-colour diagram tracks may also be produced
by intrinsic spectral changes of the X-ray source (see figure 2 of Grinberg et al. 2020). However,
the mean spectral slope from our best-fit models appear consistent between these two observations
(see Appendix C, Tab. C.1).
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In this section, we examine the X-ray cross-spectral timing properties of Cyg X-
1 to study the causal relationship between the primary Comptonisation component
and the accretion disc, and constrain the effects of the wind on such properties.
We first identified the energy bands dominated by the accretion disc and the
Comptonisation component. To do so, we fitted the time-averaged spectra of the
source. To minimise the stellar wind effects on the primary X-ray continuum,
we extracted spectra considering only the NWA data sets. The spectra of each
observation were fitted jointly. To avoid distortions due to electronic noise in
timing mode (calibration file: XMM-CCF-REL-265; Guainazzi, Haberl & Saxton
20103), we discarded data below 0.7 keV.

To fit the spectra, we used the model: TBnew× [diskbb + nthComp + relxillCp]
in Xspec. The diskbb component describes the thermal emission from the accre-
tion disc. The nthcomp component is used to model the soft excess in Cyg X-1,
which has been ascribed to soft Comptonisation (Zdziarski et al. 1996; Życki et al.
1999). Although difficult to physically interpret (see Sect. 2.3), this component is
necessary to model the spectra and obtain a reasonable fit (e.g. Zdziarski and Gi-
erliński 2004; Basak et al. 2017). Finally, the relxillCp is used to model the hard
Comptonisation component and its associated reflection spectrum (e.g. Dauser
et al. 2014; García et al. 2015).

We forced the column density of the interstellar medium (ISM) and the in-
clination to be the same for all the spectra. For each single spectrum, we tied
the seed photon temperature to the inner disc temperature. The high-energy cut-
off of the hard Comptonisation component was fixed at 100 keV (Basak et al.,
2017). To account for possible wind absorption residuals, we let the column dens-
ity of the ISM free to vary. We found NH ∼ 0.9 × 1022 cm−2, a value slightly
higher than reported in Galactic neutral atomic hydrogen column density surveys
(i.e. NH ∼ 0.7 × 1022 cm−2, HI4PI Collaboration et al. 2016). Moreover, sig-
nificant residuals are present in the range of energies E = 1.5–2.5 keV. Being
close to the detector’s absorption edges, these residuals are likely due to calibra-
tion issues. The fit significantly improves after ignoring this energy range, with a
χ2/dof = 11582/8268. We found a spectral index of ΓH ∼ 1.3–1.4 for the hard
Comptonisation component and an inner disc temperature of kTin ∼ 0.17−0.2 keV
(see Tab. C.1)

In Fig. 4.4 we show the spectrum of each observation, the associated best-fitting
model and its ratio to the data. We notice that the accretion disc dominates at
energies < 1 keV, while the hard X-ray primary emission dominates the 2–10 keV
energy range. Therefore, we selected the 0.3–1 keV and 2–10 keV energy bands for
the computation of cross-spectra. We extracted light curves in the chosen energy
bands with the same sampling parameters (i.e. time bin and segment length) used

3https://www.cosmos.esa.int/web/xmm-newton/ccf-release-notes
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for the computation of the power spectra (Sect. 4.3). We extracted the cross-
spectrum for each light curve segment, and averaged the cross-spectra within each
single observation. We rebinned the cross-spectra to have a minimum number of
500 data points per frequency bin (see Sect. 3.2.2 and Ingram 2019). We repeated
the procedure for the NWA and Total data sets of the four observations. We then
computed the coherence (Sect. 4.4.1) and the time lags (Sect. 4.4.2) between the
chosen energy bands.

4.4.1 Intrinsic coherence

The intrinsic coherence as a function of Fourier frequency (Sect. 3.2.2) computed
between the 0.3–1 keV and 2–10 keV light curves is shown in Fig. 4.5 for the Total
(blue points) and the NWA (green points) data sets.

Above ∼ 10 keV, a significant contribution from uncorrelated Poisson noise
produces large uncertainties. For this reason, we limited our analysis to the fre-
quencies less affected by Poisson noise (i.e. 1–10Hz). We find that the intrinsic
coherence of the Total data set significantly changes (between ∼ 0.6 and ∼ 0.9)
among the different observations. We attribute this behaviour to the presence of
the stellar wind. Indeed, observation 201 and 701, characterised by the strongest
level of absorption, are those showing the lowest values of intrinsic coherence in
the Total data set. On the other hand, the intrinsic coherence of the NWA data
set is constant amongst all the observations reaching values as high as ∼ 0.95.
This suggests that there are no significant changes of intrinsic coherence between
variability in the two considered energy bands when considering the “bare” emis-
sion from the X-ray source, as commonly observed in Cyg X-1 in the hard state
(Nowak et al., 1999; Pottschmidt et al., 2003; Grinberg et al., 2014).

4.4.2 Time lags

The time lags (Sect. 3.2.2) were computed using the same energy bands used to
compute the intrinsic coherence in Sect. 4.4.1. The resulting time lags are shown
in Fig. 4.6 for each observation, for the Total (blue points) and the NWA (green
points) data sets.

We find that, at all frequencies, the lags amplitude is positive. This indicates
that rapid variability in the 2–10 keV band is delayed with respect to the 0.3–
1 keV energy band. Interestingly, there is no presence of a thermal reverberation
lag at high frequencies (typically above 1Hz) seen in other BHXRBs. Such lag
would manifest as a negative delay, indicating that the disc dominated energy band
(0.3–1 keV) responds to variability in the Comptonisation dominated energy band
(2–10 keV).
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Figure 4.4: Best-fit models of the NWA time-averaged spectra jointly fitted for
all observations. Observation 601 is split in two due to an observational gap in
the data. The black, solid curve shows the best-fit model (TBnew × [diskbb +
nthComp + relxillCp]). For clarity, in the upper panel we report the single best-fit
components only for observation 201. The triple-dot-dashed curve shows the disc
blackbody (diskbb), the dotted curve shows the soft excess (nthComp), the dashed
curve shows the hard Comptonisation component (relxillCp, Comptonised part
only), and the dot-dashed curve shows its reflection component (relxillCp, reflec-
tion part only). Large instrumental residuals are present in the range 1.5–2.5 keV,
thus this range is excluded from the fit. The ratios of the data to the best-fit
model are shown in the bottom panels for each spectrum separately.
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Figure 4.5: Intrinsic coherence as a function of Fourier frequency computed
between the 2–10 keV and 0.3–1 keV energy bands, for the Total (in blue) and
NWA (in green) data sets. The magenta data points shown for observation 201
correspond to the DIPS data set (as defined in Sect. 4.5).
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Figure 4.6: Time lags as a function of Fourier frequency computed between the
2–10 keV and 0.3–1 keV energy bands, for the Total (in blue) and NWA (in green)
data sets. The magenta data points shown for observation 201 correspond to the
DIPS data set (as defined in Sect. 4.5).

The detected low frequency hard lags are affected by the presence of the stellar
wind. Indeed, the lag amplitude in the Total data set is slightly lower at low
frequencies than in the NWA data set, during both observation 201 and (to a
lesser degree) 701. After correcting for wind absorption effects (i.e. NWA data set
in Fig. 4.6), the amplitude of the low-frequency hard lags increases, and appears
to not show significant changes among the different observations4.

4The slightly shorter amplitude of the hard lag in the NWA data set of observation 701 is
likely related to the residual wind absorption also affecting the power spectrum, and discussed
in Sect. 4.3 and Appendix B.
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4.5 The X-ray spectral-timing properties of the stel-
lar wind

The observed differences between the Total data sets and the NWA data sets
invite to a deeper study of the spectral-timing signatures produced by the X-
ray variability of the stellar wind. Therefore, we analysed time intervals strongly
affected by wind absorption, i.e. the deeper phases of each dipping event (Fig. 4.1).
In particular, we focused on observation 201, covering the first passage at superior
conjunction. This choice is dictated by the fact that this observation displays
the largest number of absorption dips in its light curve. As a matter of fact, the
most absorbed regions of its colour-colour diagram are the most densely populated
(Fig. 4.2).

We first analysed the dependence of the measured fractional rms on the amount
of absorbing gas along the LOS. To this aim, we divided the colour-colour diagram
into eight different regions. For a fixed value of the covering factor (Appendix A)
these regions correspond to increasing values of the column density NH,w (from
A to H in Fig. 4.7). Following the same procedure as in Sect. 4.3, we calculated
the power spectrum of the data for each selected region. Fig. 4.8 shows the power
spectra (in squared fractional rms units) in the soft, intermediate, and hard energy
bands. Significant differences can be observed at high and low frequencies as
a function of the amount of intervening gas. In general, we observe a decrease
of high frequency variability and an increase of low frequency variability power.
For high values of NH,w (i.e. regions D to H), we observe a suppression of the
variability power at lower frequencies in the soft and intermediate energy bands
(Fig. 4.8, upper and middle panel respectively). This indicates that, in the deepest
region of the absorption dips, the low energy variability tends to be suppressed on
all sampled time-scales.

We integrated the power spectra over two frequency intervals, i.e. 0.16–0.6Hz
and 2–5Hz, to better visualise these trends. Fig. 4.9 shows the resulting frac-
tional rms for the two frequency intervals and for each analysed energy band as a
function of the selected region in the colour–colour diagram. The fractional rms
in the 0.16–0.6Hz frequency interval first increases up to ∼ 23–25%, and then
decreases to ∼ 10–17% as the absorbing column increases. This change in the ob-
served trend happens at high absorbing columns, but earlier in the colour-colour
track (i.e. higher values of hard colour) for soft energy bands than for harder
energy bands. In the soft energy band, the most affected by wind absorption, the
highest/lowest values of maximum/minimum fractional rms are registered. On
the other hand, in the hardest energy band, the decreasing fractional rms trend
is not observed, but the fractional rms steadily increases, again suggesting that
stellar wind absorption also affects this part of the spectrum. In the 2–5Hz fre-
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quency interval the fractional rms shows a steadily decreasing trend (from ∼ 15%
to ∼ 12%) in every energy band, apparently reaching a plateau between region D
to H. The increase of low frequency fractional rms can be ascribed to variability
of the column density of the absorbing wind gas crossing the LOS to the X-ray
source. On the other hand, the suppression of X-ray variability at high frequencies
likely indicates the presence of additional scattering components. These aspects
will be discussed in Sect. 4.6.

Finally, we focused on regions D trough H of Fig. 4.7, which select time intervals
most affected by wind absorption (with hard colours ≤ 0.8). We will refer to this
data set as “DIPS”. From these regions we extracted the intrinsic coherence and
the time lags between the soft and the hard energy bands (as in Sects. 4.4.1 and
4.4.2). The resulting lags and coherence are overplotted in Figs. 4.5 and 4.6. A
comparison with the results obtained from the Total and NWA data sets clearly
demonstrates that the main cause of the low level of coherence and the decrease
of hard lag amplitude during observation 201 is the presence of the stellar wind.
Indeed, the DIPS data set is characterised by an overall low level of intrinsic
coherence (≲ 0.5 and decreasing to 0 above 2Hz), while a negative (soft) lag of a
few tens of milliseconds dominates the lowest frequencies.

4.6 Discussion

Most of the studies on the stellar wind in Cyg X-1 are focused on how this com-
ponent can modify the spectral properties of the X-ray source (e.g. Grinberg et al.
2015; Hirsch et al. 2019). Conversely, X-ray timing studies of Cyg X-1 focus on
the X-ray source, while discarding the influence of the stellar wind on the observed
X-ray variability properties of the source (e.g. Pottschmidt et al. 2003; Axelsson
and Done 2018; Mahmoud and Done 2018a,b). Moreover, most of these studies are
limited to E ≳ 1 keV. In this work, we demonstrated that the stellar wind strongly
affects the observed X-ray variability of Cyg X-1, by modifying the observed levels
of variability power, the amount of intrinsic coherence between softer and harder
bands, and the amplitude of their relative lags. Moreover, the influence of the
stellar wind on the observed X-ray variability strongly changes as a function of the
orbital phase, due to the orbital modulation of the absorption.

4.6.1 Effects of the stellar wind on the X-ray variability
power

We found that the observed X-ray variability power of the source is strongly in-
fluenced by the stellar wind in a complex way. We found a dependence on both
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energy and timescales (see Sects. 4.3 and 4.5). We discuss the results separately,
considering the low frequency and high frequency behaviour.

X-ray variability power at low frequencies (≲ 1Hz)

The effect of the variable X-ray absorption associated with the stellar wind is
to increase the long-timescale (low-frequency) fractional rms of the source (see
Figs. 4.3, 4.8 and 4.9). The excess of X-ray variability induced by the wind is
observed at all considered energies, up to the highest (i.e. 3–10 keV). This result
is in line with spectral studies which showed that the wind can modify the broad-
band continuum up to ∼ 10 keV (Grinberg et al., 2015).

Grinberg et al. (2015), considering a clumpy wind model, investigated the
variability caused by the passage of clumps, of variable porosity (a measure of the
mean free path among clumps) and size, as they cross our LOS. The main effect
caused by these transits is an increase of the observed variability power due to
variations of column density of the structured wind. An excess of X-ray variability
could be seen only averaging over timescales as short as the duration of the passage
of a single/small number of clumps. On longer timescales (lower frequencies), the
wind-induced variability would be washed out as the result of averaging over many
transits. Though the model assumes simplified conditions for the wind, it clearly
shows how variations of the NH,w can result in an increase of variability power
as observed in the data we analysed (Figs. 4.3, 4.8 and 4.9). This implies that
the timescales sampled in this work (i.e. 1–10 s) are sufficiently short to catch
the transits of single clumps. Additionally, Grinberg et al. (2015) noted that
in the model below (above) a certain timescale (temporal frequency) the stellar
wind stops causing a further increase of the X-ray variability power. This timescale
roughly corresponds to the time needed for a typical clump to transit the LOS and
therefore can be used to infer a characteristic size of the clumps. Using our results,
an estimate of this characteristic size can be obtained by considering the maximum
frequency, νmax, at which excess variability power in the power spectrum of the
Total data set is observed with respect to the NWA power spectrum. Assuming
a terminal velocity v∞ = 2400 km s−1 (Grinberg et al., 2015), we find that the
characteristic radial size of a clump is l ∼ 0.5–1.5 ×10−4R∗. The inferred range
accounts for the different values of νmax observed in the different observations.
However, we note that this only represents an order of magnitude estimate because
the clumps likely have a broad distribution of sizes (smaller clumps contributing
more to the high frequency X-ray variability power). The larger values of ∼ 0.02–
0.2 R∗, previously found by Hirsch et al. 2019, are probably due to the minimum
sampled timescale of 25.5 s, which is longer than the range of timescales covered
by the power spectra measured in our study.

In the most absorbed stages, corresponding to lower values of hard colour
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(Fig. 4.7) and (for a given covering factor) to higher NH,w (Fig. A.1), we found
that the low-frequency X-ray variability power in softer bands starts to be sig-
nificantly suppressed above a certain level of absorption (Fig. 4.9). To explain
this decrease of low-frequency variability power during the dips, a possible and
plausible mechanism is large-scale reprocessing/fluorescent scattering of soft band
photons in the stellar wind. The differences in light travel time across the ex-
tended medium would strongly wash out the intrinsic flux variability of the X-ray
source. In energy bands where the direct continuum is highly absorbed, this slowly
variable or constant extended emission component from the wind would dominate.
This would result in a net decrease of fractional rms at those energies. The higher
the NH,w, the higher the energies at which this component dominates.

Additionally, we note that a similar effect could be produced in the ISM by
scattering off dust layers. This would produce a soft spectrum due to the depend-
ence of the dust scattering cross-section on energy (Predehl and Schmitt, 1995;
Ling et al., 2009; Xiang et al., 2011). Nevertheless, this interpretation seems less
plausible, given that the observed decrease of the fractional rms by a factor of ∼ 2
observed in the dips in the softest energy band (Fig. 4.9) would imply quite a large
scattering fraction.

X-ray variability power at high frequencies (≳ 1Hz)

Observations 201 and 701, covering the two consecutive passages at superior con-
junction, are characterised by a strong suppression of high frequency variability,
smoothing out the characteristic high frequency hump, a peaked feature in the
power spectrum of the Cyg X-1 in the hard state (Sect. 2.4). This is clear when
comparing the Total and the NWA data sets (Figs. 4.3 and B.1) as well as the
DIPS data set from observation 201. Such a suppression is present at all energies,
and it begins to occur at relatively low levels of wind absorption (Fig. 4.9). How-
ever, this behaviour cannot be ascribed to the stellar wind absorption. Indeed, as
discussed in the previous section, variable absorption would result in an increase
of fractional rms. On the other hand, a constant contribution from an absorption
component would equally affect the flux from variable and constant components,
thus, not causing changes in the fractional rms (which is the ratio between the
variable and the total flux).

We therefore ascribe the suppression of high frequency variability power to some
sort of scattering, and infer the optical depth of the putative scattering medium.
Indeed, under this hypothesis, variability on timescales shorter (corresponding to
high temporal frequencies in the power spectrum) than the light crossing time of
the scattering medium will be significantly suppressed. The timescale/temporal
frequency at which this happens is expected to increase/decrease as the optical
depth τs increases (e.g. Zdziarski et al. 2010).
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This behaviour has been previously seen in a number of sources (e.g. Belloni
et al., 1991; Berger and van der Klis, 1994). In the case of the BHXRB Cyg X–3,
the modelling of the power spectrum required the presence of a scattering medium
optically thicker than the wind (Zdziarski et al., 2010). In our data the suppression
of high frequency variability power in Cyg X-1 is roughly observed at ν ∼ 5–
10Hz. Using equation 5 of Zdziarski et al. (2010), these frequencies correspond to
τs ∼ 0.5–1 for a scattering region with a radial size of R ∼ 3× 109 cm, as inferred
for Cyg X–3. We verified that the suppression of high frequency variability in
the power spectrum of observation 201 is still seen at very high energies (see
Fig. 4.10 which reports the power spectrum for the Total and the NWA data sets
of observation 201 in the E = 6–10 keV energy band). This confirms the need for
such a large value of τ as inferred from our calculations. These results reinforce the
hypothesis of the presence of an optically thick medium intercepting the LOS to the
X-ray source at superior conjunction. Nonetheless, previous analyses suggest τw ≪
1 for Cyg X-1 stellar wind (Zdziarski, 2012), way lower than the value obtained
from our estimates. A gas optically thicker than the wind is thus needed to explain
the decrease of high frequency variability observed in Cyg X-1 (as also observed
in Cyg X–3). This optically thicker medium may be linked to an accretion bulge,
possibly formed by collision of the stellar wind with the edge of the accretion disc
(e.g. Poutanen et al., 2008; Zdziarski et al., 2010). To further test this hypothesis,
we extracted power spectra of observation 201 from two adjacent time intervals.
Close to superior conjunction, we selected one time interval characterised by a
low level of absorption and the other one dominated by strong dips (see the inset
of Fig. 4.11). The high frequency variability hump is suppressed in both power
spectra (Fig. 4.11, see the comparison with the NWA data set of observation
501, which shows the shape of the power spectra far from superior conjunction),
meaning that the component causing such suppression does not depend on the
intensity of the wind absorption dips. Therefore, this supports the hypothesis of
the presence of a scattering bulge.

To conclude, we note that, at the highest sampled frequencies, the variabil-
ity power is not completely suppressed. Indeed, when studying observation 201
in more detail, it is clear that the decrease of fractional rms at high frequency
is followed by a plateau during the most absorbed stages (Fig. 4.9). This can
be due to intrinsic source variability, either from photons reaching the observer
without being scattered, or to residual contribution from variable absorption. For
example, considering the above-mentioned clumpy wind scenario, the fact that the
clumps producing excess variability at low frequencies likely have a distribution of
sizes implies the existence of smaller clumps, which would contribute to the X-ray
variability of the source at high frequencies.
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Effects of the stellar wind on the intrinsic coherence and time lags

Another important effect that we found on all timescales is the decrease of intrinsic
coherence between the soft (0.3–1 keV) and the hard (2–10 keV) energy bands due
to the presence of the stellar wind (Fig. 4.5). On the contrary, accordingly to
previous studies, the intrinsic coherence is close to unit when considering time
intervals free from wind absorption (i.e. NWA in Fig. 4.5). Additionally, we found
that the amplitude of the hard X-ray lags decreases at superior conjunction. This
effect is strongest during observation 201 (Fig. 4.6), possibly caused by denser
clustering of absorption events (Fig. 4.1).

The coherence loss we observe in the most absorbed phases of the orbit requires
the emergence of one (or multiple) non-linear variability components. This is
clearly a direct or indirect consequence of the presence of the stellar wind. Indeed,
selecting the most absorbed time intervals of observation 201 (DIPS data set in
the upper left-hand panel of Fig. 4.6), a low level of coherence is observed in the
whole frequency interval (the average coherence at low frequency is ∼ 0.5, a factor
of ∼ 2 lower than in the NWA data set). The most plausible way to explain the
observed decrease in coherence between the two energy bands is the non-linearity
of absorption variability given the presence of the stellar wind. This can be caused
either by the motion of clumps, optically thicker in the soft with respect to the hard
energy band, or by the non-linear response of the absorbing medium to variations
of the hard X-ray flux. We note that a similar loss of coherence ascribable to the
intervening absorption gas was found in the Seyfert 1 galaxy NGC 3783 (De Marco
et al., 2020). Simulations showed that variations in the photoionization state of the
wind, produced by variability of the irradiating X-ray flux, can cause significant
losses of coherence level during the most obscured states (see also Juráňová et al.
2022).

Interestingly, the DIPS data set selected for observation 201, shows the presence
of an additional, soft (negative) lag component at frequencies ≲ 0.2 Hz (upper left
panel in Fig. 4.6). This has the net effect of diminishing the amplitude of the
observed hard X-ray lags at low frequencies in the Total data set (upper left panel
in Fig. 4.6), i.e. when both absorbed and not absorbed intervals are considered.
The resulting lag is likely due to large scale scattering off the wind, becoming
dominant when the direct continuum is blocked by the strong absorption along
the LOS. Another possible explanation is that the lag is due to recombination
delays (Silva et al., 2016), thus scaling inversely with the density of the absorbing
medium (Nicastro et al., 1999; Behar et al., 2003; Krongold et al., 2007; Kaastra
et al., 2012). Nonetheless, a more detailed modelling with appropriate spectral-
timing models as well as a higher energy-resolution study of the soft lag at low
frequencies associated with the DIPS data set would be necessary to confirm this
hypothesis.
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Chapter 5

Characterisation of the stellar wind
via modelling of time-resolved
colour-colour diagrams

This chapter describes the study reported in the paper: “Characterisation of the
stellar wind in Cyg X-1 via modelling of colour-colour diagrams”1 accepted for
publication in Astronomy and Astrophysics.

5.1 Introduction
As discussed in Sect. 2.5, line-driven winds (Castor et al., 1975) in HMXBs can
be characterised by extremely high terminal velocities (up to v∞ ∼ 2500 km s−1

Martínez-Núñez et al. 2017). Internal shocks lead to the formation of highly struc-
tured and over dense clumps (e.g. Owocki et al. 1988; Feldmeier et al. 1997;
Oskinova et al. 2012; Sundqvist and Owocki 2013). Although several stellar wind
models have been developed (e.g. Oskinova et al., 2012; Sundqvist and Owocki,
2013; Sundqvist et al., 2018; El Mellah et al., 2018, 2020), the physical properties
of wind clumps, such as their density, distribution, shape and ionisation structure,
are yet to be accurately constrained.

Investigating the stellar wind structure is of crucial importance. Not only it
is key to understand the accretion mechanism in wind-fed HMXBs, but it is also
fundamental to constrain models of stellar and galactic evolution. Indeed, stellar
winds from massive stars are the main channel of stellar mass loss (with mass-loss
rates up to 10−5 M⊙ yr−1 Puls et al. 2008; Martínez-Núñez et al. 2017). This
influences the properties of the donor star as well as its evolutionary timescales.
Additionally, in wind-fed binary systems, only a small fraction of the expelled

1https://doi.org/10.48550/arXiv.2408.05852
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material is accreted. The rest escapes the system, causing a decrease of angular
momentum and a consequent change in the orbital parameters. This can lead
either to a shrinking or a widening of the orbit (e.g. Hoyle and Lyttleton, 1939;
Bondi and Hoyle, 1944; Paczynski, 1976; El Mellah et al., 2020), depending on
key parameters such as the stellar wind terminal velocity, the orbital separation
and the accretion efficiency (e.g. Saladino et al., 2018). All together this can
have a high impact on the rate of merging events, and ultimately provide crucial
information on merger progenitors (e.g. Bulik et al., 2011; Belczynski et al., 2011;
Neijssel et al., 2021).

Cyg X-1 is a perfect laboratory to constrain the stellar wind structure and its
physical properties (see Sect. 2.5). In Ch. 4 we showed how the stellar wind mod-
ifies the timing properties of the source. In particular, on timescales longer than
1 s, the wind contributes to an increase of the observed X-ray fractional variabil-
ity. We ascribed this behaviour to the motion of clumps of the size of ∼ 10−4R∗.
Radiative hydrodynamical simulations demonstrated how clumps should increase
in size as they move away from the star (Sundqvist et al., 2018), thus producing
absorption dips of different duration. Therefore, sensitivity to a broad range of
timescales is necessary to fully investigate the clumps’ properties. In particular,
the shortest timescales (∼ 1 min or shorter) allow us to characterise the smallest
clumps, formed close to the base of the wind. However, the limitations of current
instruments (particularly in terms of collective area), do not allow us to invest-
igate spectral changes occurring on very short timescales via canonical spectral
analysis. A possible solution to this problem is to use colour-colour diagrams (see
Sect. 3.3, e.g. Nowak et al. 2011; Grinberg et al. 2020). Indeed, detailed model-
ling of the colour-colour diagram of wind-fed systems provides a way to constrain
the stellar wind properties. Previous studies used empirical functions or simple
(neutral) stellar wind models to explain the characteristic shape of colour-colour
tracks (e.g. Hanke et al., 2008; Nowak et al., 2011; Hirsch et al., 2019). Recently,
Grinberg et al. (2020) made use of more complex wind models. They concluded
that different levels of ionisation in the wind structure should be accounted for
in order to obtain a proper description of the observed colour-colour tracks. In
this work, starting from the results obtained by Grinberg et al. (2020), we model
the colour-colour diagrams of Cyg X-1 in order to constrain the stellar wind para-
meters as a function of the orbital phase. We used this approach to infer two of
the main physical properties of the stellar wind: the stellar mass-loss rate and the
mass of the clumps (e.g. El Mellah et al., 2020).
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5.2 Observation and data reduction

For the analysis presented in this chapter we focused on the first XMM-Newton
observation of Cyg X-1 of the CHOCBOX monitoring (see Sect 3.1), observation
201. The observation caught the source in the hard state, and during a passage at
superior conjunction (orbital phases between 0.82 and 0.06). In Ch. 4 we studied
how the stellar wind affects the X-ray spectral-timing properties of the X-ray
source. In particular, we showed that observation 201 resulted to be the most
affected by wind absorption among all observations composing the XMM-Newton
CHOCBOX campaign. Moreover, the strongest effects on the fast (i.e. 0.1–10 s)
X-ray variability were observed during this observation (as compared to the rest
of the monitoring). Despite focusing on observation 201 for the characterisation of
the stellar wind properties, we also made use of observation 501 in order to localize
the area of the colour-colour diagram less affected by absorption. Observation 501
covers orbital phases between 0.17 and 0.46, the closest to inferior conjunction
(ϕorb = 0.5, see Fig. 3.1), thus it is ideal to characterise the source colours during
the least absorbed stages (see also Fig. 4.1).

We used the EPIC-pn (Strüder et al., 2001) data in timing mode for both
observations. We performed the data reduction using the XMM-Newton SAS,
version 20.0.0, and CCF as of 2022 March. As discussed by Diez et al. (2023),
the default Rate Dependent PHA (RDPHA) correction applied to EPIC-pn data
in timing mode could result in spectral line energies higher than expected. In
order to mitigate this problem, we followed the non-standard calibration procedure
suggested by Diez et al. (2023). Specifically, we used epproc on the Observation
Data Files (ODFs), turning off the RDPHA correction (imposing withrdpha=’N’)
and applying the Rate Dependent CTI (RDCTI) correction via epfast (imposing
runepfast=’Y’). For the rest of the data reduction we followed the same procedure
described in Sect. 4.2. First of all we screened calibrated event files for strong
background flaring events. We used light curves in the 10–15 keV energy band
with a time bin of 1 s. Nonetheless, we did not observe significant flares. Then, we
used the SAS task epatplot to investigate for the presence of pile-up. We found
that a small fraction of pile-up is affecting the data. We therefore corrected for
it. The resulting extracted region excludes the central pixels RAWX = [36 : 39],
i.e. RAWX = [30 : 35; 40 : 46]. As discussed in Sect. 4.2, since the observation
is in timing mode and Cyg X-1 is a very bright source (200 counts s−1), we did
not account for the background in this analysis. We followed the same procedure
we described in Sect. 4.2 to extract the ARF and RMF and the spectrum of the
observation 201 via the SAS tasks arfgen, rmfgen and addarf. We also rebinned
the spectrum to ensure the minimum of 20 counts per bin. We used Xspec v12.10.1
(Arnaud, 1996) for the spectral fitting. The Interactive Spectral Interpretation
System (ISIS) version 1.6.2 plus a Python (v3.10) proprietary code were used to
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calculate and model the colour-colour diagrams. Time series were extracted using
stingray v1.1.2 (Huppenkothen et al., 2019; Huppenkothen et al., 2019; Bachetti
et al., 2023).

5.3 Colour-colour diagram models for Cyg X-1
As we already mentioned in Sect. 2.5, stellar wind clumps crossing our LOS induce
dips in the X-ray light curve, with a duration comprised between several seconds
to hours (Hirsch et al., 2019). To better explore the presence of such dips in
observation 201 (see Fig. 4.1 for the entire monitoring), we extracted light curves
in the soft (0.5–1.5 keV) and hard (3–10 keV) bands (Fig. 5.1). A net increase of the
hardness ratios between the two light curves (bottom panel of Fig. 5.1) is observed
in correspondence of the absorption dips, the latter being about three times more
intense in the soft than in the hard band. The single dips are quite short, with
a duration of ≲ 1 ks. As a result, given the swiftness of such events, their energy
spectrum is hard to study via time-resolved spectroscopy. This motivates the use
of colour-colour diagrams (see Sect. 3.3, e.g. Nowak et al. 2011) for the study
of the broad band spectral variability of the source. As mentioned in Sect. 3.3,
the least absorbed phases are characterised by high values of both soft and hard
colours, mapping the upper-right region of the diagram. For increasing absorption
along the LOS, colour values change. In case of a partially covering absorber, the
resulting colour-colour tracks show a “pointy” or “nose-like” shape as the source
becomes more absorbed (i.e. in the colour-colour diagram lower region, see e.g.
Hirsch et al., 2019).

Building on previous works (Hanke et al., 2008; Nowak et al., 2011; Hirsch et al.,
2019; Grinberg et al., 2020), we extracted the colour-colour diagram of observation
201 using light curves with a time bin of 10 s. This time resolution allows us to
sample spectral variability on a wide range of timescales, down to those probably
produced by quite small clumps. The size of the clumps is directly connected to
the fly-by time across the LOS. With such time resolution, the minimum size of
the clumps that can be inferred is ∼ 2× 10−4R∗, when assuming a wind terminal
velocity v∞ = 2400 km s−1 (Grinberg et al., 2015).

In order to find a suitable stellar wind model capable to describe the observed
colour-colour diagram tracks in Cyg X-1, we then tested a number of physical
scenarios. We chose a primary X-ray continuum modified by a partially covering
absorber (Fürst et al., 2014; Fornasini et al., 2017; Grinberg et al., 2020) as our
baseline model. The adopted model is of the form:

absism × continuum× (fc × abswind + (1− fc)) (5.1)

where absism is the ISM absorption, continuum is the unabsorbed primary emis-
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sion from the X-ray source and abswind is the absorption component associated
with the stellar wind. This component blocks a fraction (fc, or covering factor)
of the X-ray source photons, while only a percentage 1− fc reaches the observer,
modified only by absorption in the ISM.

We used standard Xspec models (Arnaud, 1996) for both the continuum and
the stellar wind component to simulate spectra within ISIS (Houck and Denicola,
2000; Houck, 2002; Noble and Nowak, 2008), using the response matrices from
observation 201 (see Sect. 5.2). We let vary the model parameters of interest, and
for each parameter combination, we calculated the corresponding soft and hard
colours. For each set of simulations, in order to speed up the process, only one
parameter is left free to vary, while the others are kept fixed. This procedure
permits to build simulated colour-colour tracks, which are then compared to the
data. In the following, we illustrate the different tested models. Throughout
this work the ISM absorption was modelled with TBabs2 using the vern cross-
sections(Verner et al., 1996) and the wilm abundances (Wilms et al., 2000). The
ISM column density was kept fixed at the tabulated value of ∼ 0.7 × 1022cm−2

(HI4PI Collaboration et al. 2016). In this work, we are mainly interested in testing
for variability of the stellar wind component, thus we did not investigate intrinsic
spectral variations of the X-ray source.

5.3.1 Model 1: a neutral stellar wind and a single power
law

We first simulated theoretical colour-colour tracks considering a power law for the
continuum and a partially covering neutral absorber for the stellar wind. In this
model the shape of the colour-colour tracks mainly depends on three parameters:
the photon index Γ of the power law describing the continuum, the stellar wind
covering fraction fc, and its column density NH,w.

The resulting simulated tracks are over plotted on the colour-colour diagram of
observation 201 in Fig. 5.2. For fixed values of NH,w and Γ, a variable fc describes
the curvature of the blue-cyan tracks shown in Fig. 5.2. The parameter fc spans
values between 0.1 and 1, at steps of 0.1. From deep blue to light cyan, tracks are
obtained by increasing the value of NH,w from a minimum value of 0.1× 1022 cm−2

to a maximum value of 32×1022 cm−2 (for higher values of NH,w hard colours start
to increase again, however they produce an upward tail which is not observed in the
data). On the other hand, for fixed values of Γ and fc, a variable NH,w describes
the curvature of the red-orange tracks shown in Fig. 5.2 (with NH,w within the
range 0.1–32 × 1022cm−2). The deep red to light orange tracks are obtained by
increasing the value of fc from 0.1 to 1.

2https://pulsar.sternwarte.uni-erlangen.de/wilms/research/tbabs/
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Figure 5.2: Comparison of the simulated tracks for a power law (for Γ values fixed
at 1.6, 1.7, and 1.8, from the left to the right panel) plus a neutral absorber and the
observed (gray points) colour-colour diagram tracks of observation 201 of Cyg X-1.
The blue (red) tracks describe variations in the stellar wind fc (NH,w) for a fixed
value of NH,w (fc).

The same simulations were repeated for Γ=1.6, 1.7, and 1.8 (panels from left
to right in Fig. 5.2), matching typical values for the hard state (e.g. Joinet et al.,
2008; Motta et al., 2009; Gilfanov, 2010; Basak et al., 2017; Zhou et al., 2022).

Our analysis confirms the results from previous studies (e.g. Hirsch et al., 2019;
Grinberg et al., 2020) showing that this simple model fails to describe the observed
colour-colour diagram. Indeed, while approximating the curvature of the observed
track, a variable NH,w does not properly reproduce the characteristic pointy shape
at low hard colours (giving the track a nose-like shape). We observe that a varying
Γ shifts the tracks only vertically. For this reason, in line with previous studies
(e.g. Grinberg et al., 2020), we infer that a more complex modelling of the stellar
wind and/or the intrinsic X-ray continuum is required by the data. Indeed, the
need for a more complex primary continuum for Cyg X-1 as well as a structured
stellar wind made of differently ionised material (Hirsch et al., 2019) has been also
highlighted by spectroscopic studies (e.g. Basak et al., 2017; Tomsick et al., 2018)
.

5.3.2 Model 2: an ionised stellar wind and a structured
continuum

Changing our assumptions on the underlying primary continuum we then tested
a more complex model. We assumed the model presented in Sect. 4.2.1 (TBabs ×
[diskbb + nthComp + relxillCp] in Xspec) used to fit the NWA data set (see
Sect. 4.2.1 for the detailed description on how this data set has been obtained)
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to properly assess the time-averaged parameters of the continuum. Additional
details on the best-fit continuum model we used in these simulations are reported
in Appendix D.

In Fig. 5.3 we show the colour-colour tracks calculated for a neutral medium,
partially absorbing the adopted structured continuum. These tracks start right
at the centre of the observed distribution of data points (upper part of the dia-
gram), thus representing an improvement with respect to the simulations shown in
Fig. 5.2 for Model 1. This indicates that the new continuum model describes the
unabsorbed time-averaged spectrum much better than a simple power law. There-
fore, we used this more complex model to describe the continuum in the following
simulations.

In order to account for the effects of an ionised wind on the simulated colour-
colour tracks, we substituted the abswind component in Eq. 5.1 with the warmabs
(v2.31) analytic photoionisation model (Kallman et al., 2009). As done in Grin-
berg et al. (2020), we made use of the standard population files delivered with
warmabs, with densities of 1012 cm−3 (typical of stellar wind densities close to the
compact object, Lomaeva et al. 2020). We first verified how the simulated tracks
are modified by different levels of ionisation. To this purpose, we considered dif-
ferent values of the ionisation parameter ξ = LX/nr

2 (Tarter et al., 1969), where
LX is the ionising luminosity above 13.6 eV, n is the absorbing gas density and
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Figure 5.3: Simulated tracks for the complex continuum plus neutral wind model,
compared to the colour-colour diagram of observation 201.
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r its distance from the ionising X-ray source. We considered log ξ values com-
prised between −4 and 2. We let the NH,w vary in the range 0.1–32 × 1022 cm−2

for each fixed value of log ξ. The resulting tracks are shown in Fig. 5.4. The
same simulations were repeated for three different values of the covering factor
(fc = 0.8, 0.87, 0.95, Fig. 5.4 from left to right).

Increasing the ionisation parameter makes the simulated tracks more pointy,
thereby more closely matching the observed tracks. Increasing the covering factor
primarily extends the range of the hard and soft colours. Specifically, with suffi-
ciently high NH,w, a higher fc results in a higher absorption at low-to-intermediate
energies, making absorption dips more spectrally hard (lower values of hard and
soft colours during the most absorbed stages). We observe that, among all sim-
ulated curves, the one better resembling the observed tracks corresponds to fc =
0.87, log ξ = 1.6, and NH,w varying in the range 0.1–32×1022 cm−2, as highlighted
in black in Fig. 5.4 (middle panel) thus suggesting mild ionisation for the partially
covering wind.

5.3.3 Model 3: stellar wind with variable ionisation

In Sect. 5.3.2 we assumed a constant ionisation parameter for the stellar wind.
However, Hirsch et al. (2019) showed that the most absorbed stages of the dips,
populating the lower part of the colour-colour diagram, are characterised by the
presence of less ionised species. This is consistent with the existence of structured
clumps, made of differently ionised material. Therefore, changes in the ionisation
parameter need to be considered in order to properly model the observed colour-
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colour diagrams (Grinberg et al., 2020). For this reason, we then accounted for
variations of the ionisation parameter of the stellar wind as a function of NH,w.

As done by Grinberg et al. (2020), we tested two empirical functions for the
dependence of the ionisation parameter on the column density of the absorbing
material. The first function is:

log ξ = log(A/[NH,w/10
22cm−2]), (5.2)

with A > 0. This function assumes a linear decrease of ξ as a function of NH,w,
reflecting the definition of the ionisation parameter. The second function is:

log ξ = log
B + [NH,w/10

22 cm−2]

[NH,w/1022 cm−2]
+ C, (5.3)

with B,C > 0. This function assumes that the ionisation parameter remains
relatively high at high column densities, significantly deviating from a linearly
decreasing trend. Such a behaviour is expected if an additional source of ionisation
plays an important role in denser environments (e.g. Feldmeier et al., 1997). The
values of the constant parameters were arbitrarily chosen to be A = 100, B = 10,
and C = 1. This choice of parameters allows for the two functions to match at low
column densities NH,w/10

22 cm−2 << 10, while diverging significantly at higher
densities, NH,w/10

22 cm−2 ≳ 1. We let NH,w vary in the range 0.01–32×1022 cm−2.
The lowest value in this range, NH,w = 0.01×1022 cm−2, corresponds to the highest
value of the ionisation parameter allowed by the warmabs model. The first function
covers the range of log ξ ∼ 0.5–4, while the second function covers log ξ ∼ 1.12–4.
Fig. 5.5 shows the two empirical functions.

We built models consisting of the complex continuum defined in Sect. 5.3.2
modified by the variable absorption produced by each of these two empirical func-
tions. Due to the fact that the data in the colour-colour diagrams are not normally
distributed, a simple χ2 minimisation method cannot be used to find the best-fit
model. Therefore, we employed a non-parametric method, which does not require
any prior assumption on the distribution of the data.

We inferred the probability density function (PDF) of the data using the kernel
density estimation (KDE) method (e.g. Hill, 1985; Cavecchi and Patruno, 2022).
The KDE is a non-parametric estimator whose functional form is determined by
combining as many building blocks (kernels) as the number of data points. A
single type of kernel K is used, and its choice is arbitrary. This choice does not
affect significantly the final output if the data set is large. For our analysis, we
chose a Gaussian kernel. The kernel Ki centred on the data point x⃗i is defined as:

Ki(x⃗) ∝ exp

(
−(x⃗− x⃗i)

2

2h2

)
(5.4)
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where x⃗ is the data point in the colour-colour diagram at which the kernel function
is estimated. The level of smoothing is controlled by the width of the kernel h.
The normalised PDF is computed as the sum of the contribution of the kernels
centred on each data point:

PDF(x⃗) =
1

n

n∑
i

Ki(x⃗) (5.5)

with n being the total number of data points. We made use of the SciPy function
gaussian_kde to implement the method. The optimal kernel width is automatic-
ally determined by the function (default parameter bw_method=’scott’3). Given
the estimated the PDF of the data, we computed the combined likelihood of each
simulated model as the product of the values of the probability density at each
point of the model. We chose as the best-fit model the one characterised by the
highest combined likelihood.

Fig. 5.5 shows the best-fit track obtained using the functions log ξ = log(100/

[NH,w/10
22cm−2]) (middle panel) and log ξ = log

10+[NH,w/1022 cm−2]

[NH,w/1022 cm−2]
+1 (right panel)

to model the ionised absorber. In both cases, the best-fit track is obtained by
fitting for the covering factor fc parameter (between 0.7 and 0.95, at steps of 0.01)
while NH,w spans the entire range 0.01 − 32 × 1022 cm−2 for each fit value of the
covering factor. The tracks corresponding to fc = 0.7 and fc = 0.95 are also shown

3https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.gaussian_
kde.html
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(Fig. 5.5). Outside these limiting values the simulated curves do not intersect the
data in the lower part of the diagram.
For hard colours ≳ 0.8, i.e. when the source is less absorbed, the simulated tracks
are not very sensitive to the covering factor. In this regime all the simulated
curves resemble fairly well the observed shape of the track. Nonetheless, in the
most absorbed stages (i.e. lower values of hard colours), the dependence on the
covering factor becomes significant. The two variable ionisation models considered
in this work describe the data well, with a mild 5% difference between their inferred
likelihoods. Such a small difference does not allow either one of the two models to
be preferred over the other. Interestingly, both functions can resemble the pointy
shape of the data much better than the model we considered in Sect. 5.3.2, i.e. an
homogeneously ionised absorber. This gives more support to the hypothesis of a
structured absorber.

Finally, we note that the data all lay within the simulated tracks for fc = 0.7
and fc = 0.95. The data points scatter in this part of the diagram might be
partially due to intrinsic variations of the covering factor between these two limit
values. In the following section we further investigated this possibility.

5.4 Time-resolved colour-colour diagrams

We investigated the temporal evolution of the colour-colour diagram shape in
order to study the phase-dependent variability of the absorbing column density
and covering fraction of the stellar wind. To this aim, we divided observation
201 in 10 segments of the same duration of ∼11 ks each (corresponding to orbital
phase segments of ∼0.024). We then calculated the colour-colour diagram for each
of them. Fig. 5.6 shows all the corresponding tracks with a colour code based on the
range of orbital phases. A strong temporal evolution of the tracks is evident. The
same data are shown in Fig. E.1, Appendix E, divided in separate time-resolved
colour-colour diagrams. We inferred the PDF of the data in each diagram via the
KDE method (see Sect. 5.3.3). Fig. 5.7 shows the resulting probability distribution
maps.

The source passage at superior conjunction occurs at t ∼ 86.36 ks from the
starting time of the observation (see Fig. 5.1), thus it is caught by panel “h”,
which corresponds to ϕorb = 0.988–0.012. The fact that the LOS crosses the
densest stellar wind regions in this orbital phase is clearly evident from the shape
of the corresponding colour-colour track, whereby only the lower region of the
diagram is populated (i.e. at hard colours ≲ 0.75). Both at earlier and later
phases of the orbit (i.e. from panel “f” to “i”) we observe a similar distribution
due to strong dipping events happening several hours before and after superior
conjunction (see Fig. 5.1). The observed changes in the colour-colour tracks can
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Figure 5.6: Time-resolved colour-colour diagrams of observation 201. Each dia-
gram is calculated extracting segments with a duration of 11 ks (corresponding to
∼0.024 in orbital phase) and time resolution of 10 s. All the diagrams are over
plotted with different colours to distinguish the covered orbital phases (see the
colour map on the right).
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Figure 5.7: Probability distribution maps of the time-resolved colour-colour dia-
grams of each epoch obtained using the KDE method. The best-fit simulated
tracks are shown in blue. The grey-shaded areas represent the probability distri-
bution map close to inferior conjunction (ϕorb = 0.43–0.46) at the 99.7% (in black),
95% (in grey) and 68% (in light grey) confidence levels.

be caused by changes in the wind parameters. Therefore, we built simulated
tracks for each time-resolved colour-colour diagram in order to constrain such
parameters. To this purpose, we made use of the complex continuum model fitted
to the spectrum of each time-resolved epoch (see Sect. 5.3.2 for its description) plus
the variable ionisation absorption component described by the empirical function
log ξ = log

10+[NH,w/1022 cm−2]

[NH,w/1022 cm−2]
+1 (see Sect. 5.3.3 and Fig. 5.5, left panel in red). We

chose to use this particular empirical function, although not statistically preferable
to the other one we tested in Sect. 5.3.3 (in Fig. 5.5, left panel in blue), because we
wish to include the effects of additional sources of ionisation becoming important
in denser environments (e.g. Feldmeier et al., 1997; Sundqvist and Puls, 2018),
such as the base of the wind, intercepted by the LOS at superior conjunction. As
described in Sect. 5.3.3, the best-fit tracks are the ones giving the highest combined
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likelihood. Fig. 5.7 (as well as Fig. E.1) shows the best-fit tracks, while Tab. 5.1
lists the best-fit covering factors for each time-resolved diagram.

It is worth noticing that the best-fit tracks do not always reach to high hard
colours as much as the data do. This is particularly visible when the source is
out of superior conjunction (i.e. panels “a”, “b”, “c”, and “j”), during the less
absorbed phases of the orbit. This is due to the fact that the model reaches
the maximum allowed value for the ionisation parameter (the lowest values of
NH,w correspond to the highest values of ξ in our model, left panel in Fig. 5.5).
Nonetheless, the portion of the colour-colour diagram not covered by the wind
model track comprises the least absorbed data bins. Therefore, in this region, the
scattering in the measured hard and soft colours might be completely driven by
the spectral variability intrinsic to the source. To test this, we calculated a colour-
colour diagram from observation 501, carried out right before inferior conjunction,
thus one of the observations of the CHOCBOX monitoring least affected by the
wind (see Figs. 3.1 and 4.1). It is worth clarifying that CHOCBOX missed the
passage at ϕ = 0.5, thus we selected the closest orbital phases to it (ϕorb = 0.43–
0.46). Moreover, observation 501 is consecutive to observation 201. This permits
to rely on the implicit assumption that the X-ray source continuum spectrum has
not significantly changed between the two observations, and that any scatter in the
colour-colour diagram would only be associated with fluctuations in the parameters
of the same continuum model. The KDE method (Sect. 5.3.3) was used to calculate
the probability distribution of soft and hard colours in the colour-colour diagram
of observation 501. The diagram and the corresponding contour plots are shown in
Fig. F.1, Appendix F. The data are quite scattered, suggesting intrinsic variability
of the continuum on short timescales. To highlight the region of the diagram in
which the intrinsic emission from the X-ray source dominates, in Figs. 5.7 and E.1
we over plot the 99.7%, 95% and 68% confidence contours of observation 501. In
this area, the probability for the source to be free from stellar wind absorption is
the highest. As a result, the data points not reached by the simulated tracks are
therefore fully consistent with being free from stellar wind absorption.

The fit of the time-resolved colour-colour diagrams reveal a steady and signi-
ficant increase of the covering factor, by approximately a factor of 1.2 between
ϕorb = 0.820–0.844 and ϕorb = 0.036–0.06 (see Tab. 5.1). In Fig. 5.8, upper panel,
we plot the resulting trend. We register the maximum value of the covering factor
at superior conjunction. However, the data suggest this parameter remains high
up to at least ϕorb = 0.06. Using the PDFs of Fig. 5.7 and our best-fit tracks
we calculated the average column density NH,w and its scatter δNH,w. The latter
is an indicator of the amount of short-term variability of NH,w. For each epoch,
we report these values in Tab. 5.1 and plot them in Fig. 5.8 (middle and lower
panels). The procedure we used is the following: once a best-fit track is inferred,
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we calculate the probability of each point using the KDE method, which is thus
a function of NH,w. Next, we consider the range of NH,w that encompasses 68%
of the total (renormalised) probability for the corresponding track, serving as a
proxy for the total number of data points. The parameter δNH,w is given by the
width of the range, while NH,w is given by the average value. This approach is
more informative than, for example, considering the highest probability to extract
NH,w. This is because, the latter method would result in a loss of information,
especially for cases in which the distributions show more than one peak. As an
example, fitting the colour-colour diagram shown in panel “a” in Fig. 5.7 would
result in a low NH,w, therefore missing the information associated with the second
peak of the PDF. The procedure also gives a straightforward way to infer the
confidence intervals for each pair of NH,w and δNH,w values. Considering the two
tracks corresponding to the extrema of the fc 68% confidence level, we now repeat
the procedure obtaining new confidence level of NH,w. In order to be conservative,
we consider the overall maximal and minimal confidence level to obtain the inter-
vals of NH,w and δNH,w. Significant variations are observed in both parameters:
NH,w and δNH,w. The two show the same trend of variations (when the average
column density increases, its scatter also increases), while the trend characterising
fc differs. Specifically, both NH,w and δNH,w show two peaks. The second peak
occurs at superior conjunction, when also fc reaches its maximum value. Nev-
ertheless, when fc is still at its maximum, the other two parameters drop by a
factor ∼2.5 and ∼2, respectively. This is clearly visible in panel “j” of Fig. 5.7 and
Fig. E.1. In this panel, the data populate again the region of high hard colours
(as in panels “a–e”), also stretching down to the lowest registered hard colours.
Finally, it is important to notice that the measured values of NH,w (ranging from
∼6×1022 cm−2 to ∼16×1022 cm−2) all fall in the regime where our model predicts
significant additional ionisation in high density environments (see Fig. 5.5, left
panel). In this regime, strong variations of NH,w along the dips are not accompan-
ied by equally strong variations of the ionisation parameter, the latter remaining
constrained within the range log ξ ∼1.2–1.4.

5.4.1 On the soft tail of colour-colour tracks

Before going further with the discussion of our results, we note that among all the
models used to fit the colour-colour diagrams (Sect. 5.3 and Sect. 5.4), none is able
to produce tracks that can explain the tail extending down to high values of soft
colours characterising the most absorbed stages of the dips (see e.g. Fig. 5.5 and
Fig. E.1).

Such high values of soft colour indicate the presence of an additional soft com-
ponent, whose contribution becomes significant in the deeper parts of the dips.
Possible candidates are the emission lines produced by the wind itself, and/or
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Table 5.1: Parameters inferred from the best-fits of the time-resolved colour-colour
diagrams of observation 201. The table reports the orbital phases ranges covered
by each time-resolved diagram and the stellar wind parameters: the covering factor
fc, the average column density NH,w and its scatter δNH,w. The column density
parameters are in units of 1022 cm−2.

ϕorb fc NH,w δNH,w

0.820− 0.844 0.74± 0.01 6.88± 0.02 4.93± 0.03

0.844− 0.868 0.74± 0.01 6.22± 0.27 6.70± 0.53

0.868− 0.892 0.76± 0.01 6.00± 0.15 6.6± 0.3

0.892− 0.916 0.80± 0.01 11.78± 0.48 11.84± 0.97

0.916− 0.940 0.85± 0.01 5.48± 0.23 7.12± 0.47

0.940− 0.964 0.84± 0.01 9.76± 0.46 9.51± 0.91

0.964− 0.988 0.88± 0.01 13.55± 0.56 10.92± 1.11

0.988− 0.012 0.90± 0.01 16.09± 1.31 16.15± 2.62

0.012− 0.036 0.92± 0.01 10.80± 0.28 7.02± 0.55

0.036− 0.060 0.92± 0.01 6.52± 0.06 8.38± 0.11
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Figure 5.8: Stellar wind parameters as inferred from the fit of the time-resolved
colour-colour diagrams of observation 201, as a function of the orbital phase (see
also Tab. 5.1). The covering factor fc is shown in the upper panel, while the
middle and bottom panels show the mean column density NH,w and the scatter
in column density parameter δNH,w, respectively. The 68% confidence contours
are reported as shaded areas. The yellow curves are the neutral column density
profiles resulting from the smooth wind model of El Mellah et al. 2020 at low
(dashed) and high (solid) stellar mass loss rates.

85



contribution from a dust scattering halo (e.g. Nowak et al., 2011).

Results obtained by Hirsch et al. (2019) support the former possibility. The
authors revealed the presence of an emission line spectrum from the photoionised
plasma around the BH, that can be clearly observed only when the X-ray source
is highly absorbed (down in the dips). However, we cannot exclude that a dust
scattering halo gives an additional contribution to the soft tail. Source photons
intercepted by foreground interstellar dust along the LOS are scattered away, res-
ulting in a dimming of the source. However, interstellar dust grains outside the
LOS can redirect photons back to the observer, creating a halo around the source.
Since the dust scattering cross-section (Corrales et al., 2016) is energy dependent,
soft X-ray photons will have a higher chance to be scattered back, thus producing
an excess of soft X-ray flux (Maeda et al., 1996).

In order to investigate the presence of a dust scattering halo component in the
XMM-Newton EPIC-pn data of Cyg X-1, we followed the approach of Jin et al.
(2017), and checked whether the spectrum softens significantly when extracting
photons from increasingly more external regions. It should be emphasized that
the timing mode does not permit to select regions totally unaffected by a dust
scattering halo since all pixels in the same column lose their spatial information
along RAWY. Nevertheless, for a bright X-ray source, if a scattering halo is present,
the inner columns will still be harder than the external columns since the the X-ray
source dominates the central columns and the halo dominates the external ones.

Therefore, we extracted spectra in the 2–10 keV energy band only during the
time interval ∼82–94 ks, since this selects the passage at superior conjunction,
and the halo emission is expected to be more significant when the X-ray source is
highly absorbed (e.g. Jin et al., 2018). We then selected three detector regions.
We chose them to be at increasingly higher distance from the central pixels. We
discarded the central RAWX= [36 : 39] to avoid pile-up effects (Sect. 5.2). The
chosen regions are: RAWX = [32 : 35]–[40 : 43] (covering an angular diameter
D = 8”–16” from the central pixel), RAWX = [30 : 32]–[43 : 46] (D = 16”–32”)
and RAWX = [27 : 30]–[46 : 49] (D = 32”–44”). Fitting the spectra with a power
law, we observe a gradual softening of the Γ parameter, up to ∼10% in the most
external region (Fig. 5.9). More specifically, we find Γ = 1.42 ± 0.01 for RAWX
= [32 : 35]–[40 : 43], Γ = 1.54 ± 0.01 for RAWX = [30 : 32]–[43 : 46], and
Γ = 1.58 ± 0.01 for RAWX = [27 : 30]–[46 : 49]. This gradual softening suggests
the presence of a dust scattering halo component. Therefore, we conclude that the
dust scattering halo can potentially contribute to the soft tail seen in the colour-
colour diagrams of Cyg X-1. Nevertheless, we highlight that both a dust scattering
halo and a stellar wind emission line component would contribute the most when
the source is highly absorbed. Therefore, we expect a soft tail to be particularly
prominent when the data do not populate the uppermost part of the colour-colour
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Figure 5.9: Unfolded (against a constant model fixed at 1) EPIC-pn spectra (upper
panel) in the 2–10 keV energy band. Spectra were extracted in the time interval t ∼
82–94 ks, covering the passage at superior conjunction. Labels report the chosen
RAWX selections for each spectrum. The softening of the spectra, suggesting a
dust scattering halo contribution, is easily visible in the ratios (bottom panel).

diagram. Indeed, all the observed time-resolved colour-colour diagrams follow
these expectations (for a better visualisation see Fig. E.1). However, panel “i”,
corresponding to ϕorb = 0.012–0.036, does not show a prominent soft tail despite
being highly absorbed (NH,w ∼ 10.80 × 1022 cm−2 and fc ∼ 0.92). We think that
this might be related to a delayed response of the illuminated dust halo or emission
line region to a change of the irradiating flux from the X-ray source (see Fig. 5.1).
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5.5 Discussion

As demonstrated by several studies (e.g. Grinberg et al., 2015; Miškovičová et al.,
2016; Hirsch et al., 2019; Grinberg et al., 2020), the stellar wind in Cyg X-1 is
highly complex. The passage of dense wind clumps (e.g. Owocki et al. 1988;
Feldmeier et al. 1997; Oskinova et al. 2012; Sundqvist and Owocki 2013) across
our LOS induces stochastic variability, resulting in absorption dips in the X-ray
light curves. This absorption variability adds up to the variability intrinsic to the
X-ray source (see Ch. 4). Absorption dips are more prominent close to superior
conjunction (see Sect. 2.5, e.g. Bałucińska-Church et al. 2000), as the LOS crosses
deeper wind layers in these phases.

In this work, we modelled colour-colour diagrams to characterise the stellar
wind in Cyg X-1 in its hard state during a passage at superior conjunction (covering
orbital phases between 0.82 and 0.06, see Fig. 3.1 and Fig. 5.1). In the hard
state, the high occurrence of absorption dips, rather than in softer states, can
be explained as due to the X-ray source not being strong enough to completely
ionise the stellar wind (e.g. Grinberg et al., 2015; Miškovičová et al., 2016). A
novelty with respect to previous studies is the fact that we used a non-parametric
fitting method (Sect. 5.3.3) to find the best-fit model and constrain the physical
parameters of the stellar wind (Sect. 5.3.3 and Sect. 5.4).

5.5.1 Evolution of stellar wind parameters

Our study corroborates the hyphothesis that the characteristic “pointy” or “nose-
like” shape of the colour-colour tracks requires the absorbing wind to be partially
ionised (Sect. 5.3.2, see also Grinberg et al. 2020 who analysed an observation
from Chandra from 2004 of Cyg X-1 covering similar orbital phases). This is
in agreement with previous and independent results obtained via high resolution
spectroscopy (e.g. Hanke et al., 2009; Miškovičová et al., 2016). Specifically, Hirsch
et al. (2019) showed that different levels of ionisation are required to explain ab-
sorption features at different dip stages. This indicates an (unknown) functional
dependence of the ionisation parameter log ξ on the column density of the ab-
sorbing gas NH,w (Grinberg et al., 2020). In our work, we tested two empirical
functions (Sect. 5.3.3): one assuming a linear scaling between the two parameters,
and the other allowing for additional sources of ionisation at high column densities
(Fig. 5.5). Despite the fact that the data do not allow one particular empirical
function to be statistically preferred with respect to the other, simulations (Feld-
meier et al., 1997; Sundqvist and Puls, 2018) indicate that collisions in the ambient
stellar wind occurring in denser regions (high NH,w regime) are expected to induce
significant X-ray emission. This emission can contribute to further ionise the gas.

In order to constrain the stellar wind evolution as a function of the orbital phase
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close to superior conjunction, we extracted time-resolved colour-colour diagrams
and fit them with a continuum plus variable ionisation model (see Sect. 5.4). Our
fits reveal that the covering factor fc steadily increases by a factor ∼1.2 between
ϕorb ∼ 0.8 and ϕorb ∼ 0, remaining high also after the passage at superior con-
junction (up to at least ϕorb ∼ 0.06, top panel of Fig. 5.8 and Tab. 5.1). On the
contrary, the mean column density NH,w displays two peaks: one at ϕorb ∼ 0.9 and
the other right at superior conjunction (ϕorb = 0). Later in the orbit, fc remains
high, while NH,w drops to a minimum (middle panel of Fig. 5.8 and Tab. 5.1). We
also measured the scatter parameter δNH,w, which is a diagnostic of the amount
of NH,w variability for each time-resolved colour-colour diagram (bottom panel of
Fig. 5.8 and Tab. 5.1). This parameter follows the same behaviour as NH,w (see also
Fig. 5.10). Considering the sampling we chose to extract the time-resolved colour-
colour diagrams (i.e. 10 segments of ∼11 ks), while the inferred NH,w parameter
is sensitive to relatively long term modulations, the δNH,w parameter is sensitive
to more rapid variability (from 10 s, the time resolution we used to calculate the
colour-colour diagrams, to ∼11 ks) likely driven by the smallest-scale inhomogen-
eities in the stellar wind. Our study points to a one-to-one relation between the
amount of absorption at a given orbital phase and its associated rapid variability.
In other words, the higher the NH,w, the higher its scatter δNH,w (see Fig. 5.10).
This relation is reminiscent of the “rms-flux” relation characterising the stochastic
flux variability in systems containing a compact object (e.g. Uttley et al., 2005;
Scaringi et al., 2012). The latter implies the flux to be log-normally distributed,
and the variability across different timescales to combine multiplicatively (Uttley
et al., 2005). Since the observed column density is influenced by the size of the
clumps, if confirmed, the NH,w versus δNH,w relation could have implications on
the clump sizes distribution and on the way they merge to form bigger clumps.

5.5.2 Estimate of the mass loss rate and the mass of the
clumps

Variations of the absorbing column density of the stellar wind can occur because
of two reasons. First of all, periodic variations due to the orbital motion of the BH
around its stellar companion are expected. This gives rise to smooth variations of
the absorbing column, and is well captured by models of smooth winds. However,
it cannot explain any stochastic variability occurring on timescales much shorter
than the orbital period. The latter is induced by clumps crossing the LOS to
the BH (El Mellah et al., 2020), thus capturing the inhomogeneities in the wind.
In this context, the average column density (NH,w) time series matches the mass
loss rate of a smooth wind, while the dispersion around the average value (δNH,w)
provides information on the properties of the clumps.
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Figure 5.10: Relation between the measured NH,w and δNH,w parameters. The
single parameters respectively sample the long-term and rapid variations of the
stellar wind column density (see Tab. 5.1).
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The small portion of the orbital period covered by the observation analysed
in this paper does not allow us to constrain the periodic variations of column
density. Therefore, in the middle panel of Fig. 5.8, we plotted the expected periodic
component of the column density due to the orbital motion (yellow lines) for two
different values of stellar mass loss rate. For this computation we made use of
the smooth and spherically-symmetric stellar wind model developed by El Mellah
et al. (2020). This model accounts for all the material along the LOS between the
observer and the BH, independently of its ionisation state, thus, it is an estimate
of the neutral column density, resulting necessarily higher than the measurable
ionised column density. Neglecting the orbital eccentricity and assuming a β-law
for the wind velocity profile, the shape of the neutral column density curve only
depends on three parameters: the orbital inclination i, the ratio of the orbital
separation d to the stellar radius R∗ and on the β exponent of the velocity profile.
We considered i = 27◦ and d/R∗ = 2.3 (corresponding to the values of Miller-
Jones et al. 2021), and β = 1.5, a characteristic value for UV-line driven winds of
O supergiants (Rubio-Díez et al., 2022). Given the low inclination of Cyg X-1, the
peak-to-peak variation is modest along the orbit and we do not expect significant
changes for realistic values of d/R∗ and β. On the contrary, the scale of the neutral
column density curve is given by Ṁ∗/(mpv∞R∗), with Ṁ∗ representing the stellar
mass loss rate and mp the proton mass. We considered v∞ = 2100 km s−1 (Herrero
et al., 1995) and R∗ = 22 R⊙ as reported by Miller-Jones et al. (2021). Gies
et al. (2003) inferred a stellar mass loss rate Ṁ∗ ∼ 2.6× 10−6 M⊙ yr−1 in the hard
state via Hα diagnostics. Nevertheless, this estimate does not take ionisation into
account, and makes use of the stellar parameters used by Herrero et al. (1995),
which differ from the updated values. Therefore, we think that this estimate for the
mass loss rate could be underestimated. As a matter of fact, the neutral column
density profile corresponding to Ṁ∗ ∼ 2.6 × 10−6 M⊙ yr−1 (dashed yellow line)
lies below our data points. However, since the data correspond to the absorbing
column density (i.e. only the gas in an ionisation state low enough to contribute to
absorption), while the smooth profile of the model accounts for the neutral column
density, the latter should represent an upper limit. Therefore, we deduce that a
higher value of stellar mass loss rate, for example Ṁ∗ ∼ 7 × 10−6M⊙ yr−1 (solid
yellow line), is more compatible with the values of column density measured at
superior conjunction. To obtain better constraints, the variations of NH,w should
be sampled over longer periods, ideally covering multiple consecutive orbits.

In addition, our analysis revealed significant short-term variability of both the
NH,w and the δNH,w parameters (Fig. 5.8). El Mellah et al. (2020) developed
a model which explores the effects of the clumpiness of the stellar wind on the
rapid time-variability of its column density. The authors also explores the ways
such variability can be used to infer the physical properties of the clumps, such
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as their size and mass. In the clumpy wind model of El Mellah et al. (2020), the
clumps’ properties are directly connected to the scatter parameter δNH,w. In their
simulations, this parameter reaches a maximum at superior conjunction as indeed
observed (Tab. 5.1 and lower panel of Fig. 5.8). An additional prediction of the
model is that the scatter is an excellent tracer of the ratio

√
mcl/Rcl, where mcl

and Rcl are the mass and radius of the clumps, respectively. In Ch. 4, Sect. 4.6.1,
we estimated a clump radial size of ≳ 10−4 R∗, based on the measurement of the
the minimum timescales at which the passage of clumps induces significant excess
X-ray variability in the power spectra of Cyg X-1. Using the estimated value of
∼ 10−4 R∗ as the smallest clumps radius, the measured maximum value of δNH,w

(Tab. 5.1), and the value of the mass loss rate inferred above, and plugging them
into equation 18 of El Mellah et al. (2020) we found mcl ∼ 1017 g as an estimate for
the mass of the clumps (for v∞ = 2100 km s−1 and R∗ = 22 R⊙). The estimated
value is in agreement with the values found through radiative hydrodynamical
simulations (Sundqvist et al., 2018), as well as from spectral analysis (Härer et al.,
2023).

5.5.3 Comments on the soft-colour tail

The observed colour-colour diagrams also show an extended soft-colour tail, which
is consistent with the presence of a soft emission component in the most absorbed
stages. We found (Sect. 5.4.1) that the analysed XMM-Newton data are consistent
with being affected by a significant contribution from a dust scattering halo (e.g.
Jin et al., 2017). Nevertheless, we expect also an additional contribution from the
stellar wind itself, manifesting as emission lines from the diffused photoionised gas
around the BH (Hirsch et al., 2019). Both contributions should be particularly
prominent when the primary X-ray source radiation is significantly blocked by the
absorbing material, i.e. in the dips deepest stages. A more complex modelling
approach is needed to disentangle the two contributions, but this goes beyond the
scope of this work.

As a final remark, it is important to notice that our modelling of the colour-
colour diagrams does not take into account the possibility of additional spectral
changes extrinsic to the wind i.e. intrinsic changes of the hard X-ray source prop-
erties. As an example, rapid changes in either the temperature or the optical depth
(or both) of the Comptonising gas would induce time variability of the spectral
index Γ, which would manifest as changes in the colour of the source. Indeed,
in Sect. 5.4, we showed that changes in hard and soft colours in the unabsorbed
part of the diagrams (upper region) can be ascribed to spectral variability. Mas-
troserio et al. (2021) found that in hard state sources with measured fractional
rms variability of ∼10%, Γ variability of a few percents is plausible. Skipper et al.
(2013) inferred a larger Γ variability (∼10%) for the same source and spectral
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state. However, the impact of these spectral changes on the most absorbed parts
of the diagram is yet to be tested.

93



Chapter 6

Conclusions and future perspectives

The primary goal of this dissertation is the study of the X-ray variability of the
stellar wind in the HMXB Cyg X-1 and of its physical properties. In this chapter,
we summarise the key results of our work and outline future perspectives.

In Ch. 4 we investigated the effects of the stellar wind on the observed X-ray
spectral-timing properties of Cyg X-1, particularly focusing on the short timescales
(< 10 s). Using XMM-Newton data from the CHOCBOX campaign (Sect. 3.1)
we were able to observe two consecutive passages at superior conjunction (i.e.
ϕorb = 0), which represent the orbital phase most affected by absorption dips
caused by the stellar wind (see Figs. 4.1 and 5.1). Our main findings from the
work described in Ch. 4 are as follows:

• The orbital phases close to superior conjunction exhibit the strongest ab-
sorption events, which result in a significant modification of the observed
X-ray variability power spectral density of the source. In particular, we ob-
serve an increase of the low-frequency (≲ 1Hz) X-ray fractional variability
power and a suppression at the highest frequencies (≳ 1Hz). As a result, the
double-hump power spectrum shape, typical of the hard state of Cyg X-1, is
smoothed out when the source approaches superior conjunction.

• We attribute the increased low-frequency fractional variability to changes
of the column density of the intervening material, likely as a consequence
of the motion of the clumps crossing our LOS. Assuming a terminal wind
speed of 2400 km s−1, the observed timescales suggest clumps radial sizes of
0.5–1.5× 10−4R∗.

• The decrease in high-frequency fractional variability during the most ab-
sorbed orbital phases suggests the presence of a scattering medium, optically
thicker than the stellar wind. We associate this component with an accretion
bulge, likely resulting from the collision of the stellar wind with the outer
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edge of the accretion disc. The presence of an accretion bulge had been
proposed in the past for both Cyg X-1 and Cyg X-3 (Poutanen et al., 2008;
Zdziarski et al., 2010).

• The most absorbed orbital phases are also characterised by suppression of the
intrinsic coherence between soft (absorption-dominated) and hard (primary
continuum-dominated) light curves. We ascribe the drop in coherence to
non-linear variability of the absorbing material. Additionally, a long, low-
frequency soft lag emerges during the most absorbed phases, which we in-
terpret as due to large-scale reprocessing or recombination within the stellar
wind. If absorption dips are not filtered out, the soft lag contributes to re-
duce the amplitude of the typical hard X-ray lags intrinsic to the broad band
continuum.

In Ch. 5 we carried out an analysis of the short-time scale X-ray spectral
variability of Cyg X-1 during the most absorbed observation of the XMM-Newton
CHOCBOX monitoring (Sect. 3.1 and Fig. 5.1), with the goal of constraining
physical parameters of the wind (such as column density, covering factor), and
track their evolution. To this aim we performed a detailed modelling of the total
and the time-resolved colour-colour diagrams of the observation (Sect. 3.3), and
made use of the KDE method (Sect. 5.3.3) to select the best-fit models. This
fitting approach allowed us to overcome issues related to non-normally distributed
data. The main results are as follows:

• We confirmed that the model that best describes the characteristic “pointy”
or “nose-like” shape of the colour-colour diagrams of Cyg X-1 requires the
stellar wind to be partially ionised (Sects. 5.3.2 and 5.3.3).

• The shape of the colour-colour diagram strongly evolves over time around
superior conjunction. Our analysis suggests that this evolution is driven by
concurrent variations of the column density and covering factor of the stellar
wind (Sect. 5.4). At superior conjunction, both the column density and the
covering factor peak, as the LOS crosses deeper wind layers. However, their
overall variations follow different trends.

• We discovered a one-to-one scaling between the long-term (> 11 ks) and the
rapid (between 10 s and 11 ks) variations of the column density, resembling
the “rms-flux” relation characterising the stochastic flux variability in com-
pact objects. This correlation could have implications on the wind clumps
size distribution and on the way they combine to form bigger clumps.

• Making use of El Mellah et al. (2020)’s clumpy wind model, we were able to
estimate a wind mass loss rate of Ṁ∗ ∼ 7×10−6 M⊙ yr−1 and a characteristic
clump mass of mcl ∼ 1017 g.
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In the future, we plan to extend our analysis of colour-colour diagrams to the
full XMM-Newton monitoring, in order to characterise the temporal evolution of
the stellar wind physical parameters over an entire orbit of the binary system. Ad-
ditional observations at superior conjunction (e.g. using available NICER data)
will help track changes of the stellar wind across different orbits, as well as differ-
ent accretion states of the X-ray source, thus providing deeper insights into the
properties and size distribution of the clumps, and, possibly, over their growth
mechanism.

This thesis also demonstrates the effectiveness of X-ray spectral-timing tech-
niques for the study of stellar winds. Since, as also demonstrated in this thesis,
wind clump absorption events can be quite short (≲1 ks), these techniques over-
come the limitations of standard time-resolved spectroscopic analysis, which re-
quire a high number of collected photons over the relevant timescales to achieve
meaningful results. Before larger effective area, higher spectral resolution instru-
ments (e.g. the X-IFU on board NewAthena) will be available, these techniques
may be the most reliable method for probing short-lived absorption events, en-
abling us to extract valuable information about wind structure and variability
with current observational capabilities.
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Appendix A

Modelling the colour-colour diagram of observation
201
Using a simple absorption model, we modelled the colour-colour diagram calcu-
lated for each observation of Cyg X-1. As an example, here we report the results
obtained for the first observation of the monitoring: observation 201. To model
the continuum, we made use of Xspec using a partially absorbed power law with
spectral index 1.7 (tbpcf × powerlaw). The covering fraction was fixed at 0.9 and
let the wind column density of the stellar wind NH,w to vary (from 0.1× 1022 cm−2

to 3.5× 1023 cm−2). This allowed us to calculate the colour-colour diagram track
shown in Fig. A.1, over plotted to the data. We also included the ISM absorption
(TBnew) in the model, with Galactic NH = 0.7 × 1022 cm−2 (Basak et al., 2017;
HI4PI Collaboration et al., 2016) using abundances from Wilms et al. (2000). For
this model, the hard and soft colours threshold we used in Sect. 4.2.1 to exclude
data characterised by strong wind absorption corresponds to a wind column dens-
ity of NH,w ⩾ 1.08× 1022cm−2 for a covering factor of 0.9.
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Figure A.1: Colour-colour diagram of observation 201 (in blue for the Total data
set selection and in green for the NWA data set one, see Sect. 4.2.1) and associated
simulated track obtained using a simple model (TBnew × tbpcf × powerlaw in
Xspec) for a partial covering factor of 0.9 (in red). Each red point on the model
curve corresponds to a different value of NH,w (starting from 0.1 × 1022 cm−2, on
the top, to 3.5× 1023 cm−2, on the bottom, arbitrarily spaced).
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Appendix B

Selection of the NWA data set for observation 701
We verified that a tighter selection than the one used in Sect. 4.2.1) for hard and
soft colours permits to recover the double-hump shape of the power spectrum in
observation 701 (comprising the second passage at superior conjunction for the
monitoring). For this selection, we chose hard colours ⩾ 1.05 and soft colours ⩾ 1.
Results are shown in Fig. B.1.
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Figure B.1: Power spectra of observation 701 after selection of data sets charac-
terised by hard colour ⩾ 1.05 and soft colour ⩾ 1 for the Total (in blue) and the
NWA (in green) data sets, in the analysed energy bands: soft, intermediate and
hard.
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Appendix C

Parameters for the spectral fitting
In Tab. C.1 we report best-fit parameters of the broad band continuum for the
model Tbnew × [diskbb + nthComp + relxillCp]. Spectra of all the XMM-
Newton observations of Cyg X-1 were fitted jointly (see Sect. 4.4).

Table C.1: Best-fit parameters obtained from the spectral analysis for each XMM-
Newton observations of Cyg X-1. The kTin parameter is the inner temperature of
the accretion disc and the kTe one is the electron temperature of the soft Compton-
isation component. The ΓS and ΓH parameters are the spectral indexes of the soft
and hard Comptonisation components, respectively. Errors were calculated within
a confidence level of 90%. Unconstrained parameters, indicated with f , were kept
fixed at the best-fit value.

Component Parameter 201 501 601A 601B 701

diskbb kTin (keV) 0.18+0.01
−0.01 0.19+0.01

−0.01 0.17+0.01
−0.01 0.17+0.01

−0.01 0.20+0.01
−0.01

nthComp ΓS 2.02+0.04
−0.04 1.68+0.08

−0.02 2.23+0.01
−0.03 2.51+0.09

−0.02 1.35+0.08
−0.04

kTe (keV) 0.80+0.02
−0.04 1f 1f 1f < 0.77

relxillCp ΓH 1.38+0.02
−0.02 1.32+0.04

−0.02 1.35+0.02
−0.02 1.42+0.04

−0.05 1.38+0.02
−0.01
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Appendix D

Complex underlying continuum modelling

In Sects. 5.3.2 and 5.3.3 we made use of a complex primary continuum for our
simulations. Although in our previous work we jointly fitted all the observations
of the XMM-Newton CHOCBOX monitoring (see Sects. 4.2.1 and Appendix C),
in this work we redo the spectral fitting focussing only on observation 201 starting
from that model: TBabs × [diskbb + nthComp + relxillCp] in Xspec. Similar
to what we have previously done, the BH spin was frozen at the maximum value
a = 0.998, allowing 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
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).
We tied the seed photon temperature of the soft Comptonisation component to
the best-fit inner disc temperature of the diskbb component.

We fitted the spectrum of observation 201 considering only the data set not
affected by wind absorption (i.e. NWA, see Sect. 4.2.1). Narrow residuals are still
present after the fitting, primarily between ∼0.5–2.5 keV, close to the absorption
edges of the response matrix (i.e. at E ≈ 0.528 keV and E ≈ 1.83–1.87 keV),
thus probably related to calibration problems. We therefore modified the response
matrix to account for these residuals via the Xspec function gain. This allows
us to change the slope or the intercept of the effective area curve. We did this,
shifting the energies at which the response matrix is defined. We introduced a
linear gain shift (intercept parameter in Xspec) of 0.01 keV (slope parameter
of gain fixed to 0). This improved the best-fit (from χ2/dof = 4404.17/1891 to
χ2/dof = 3923.7/1891, see Fig. D.1).

Nevertheless, some residuals were still present, accompanied to a strong narrow
excess in the Fe Kα region. Therefore, to take into account for these remaining
features, we included to the model narrow (σ < 0.1 keV) emission and absorption
gaussian components (see Tab. D.1). Although we did not investigate their nature,
we point out that these features could be related to incorrect calibration or residual
wind absorption from the selection process of the NWA GTIs (see Sect. 4.2.1).
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Figure D.1: Data to model ratios before (upper panel) and after (bottom panel)
using the gain correction (intercept parameter set to 0.01 keV and slope para-
meter fixed to 0).

The presence of the narrow feature appearing in the Fe Kα region might suggest
the need to include a second reflection component (such as from the outer disc)
to obtain a better description of the broad band continuum. Nevertheless, we
highlight that our analysis, focussing on testing the effects of variable absorption
on the colour-colour tracks, is not strongly influenced by the continuum model’s
details as long as it gives a good characterisation of the broad-band spectrum.

The final best-fit model yields χ2/dof = 2263.76/1873. Fig. D.2 shows the
NWA spectrum of observation 201 and the obtained best-fit model. The most
relevant parameters are listed in Tab. D.1.
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Figure D.2: Best-fit model of the NWA time-averaged spectrum of observation
201. We show the complex best-fit model in black and the single components in
different colours: in magenta the disc blackbody, in blue the soft excess, in green
the hard Comptonisation component and its relative reflection and in dotted grey
the additional gaussians. Bottom panel shows the ratios data to best-fitting model.
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Table D.1: Parameters obtained from the best-fit of the continuum model of the
NWA spectrum of observation 201. The errors are at the 90% confidence level, i.e.
∆χ2 = 2.71.

Component Parameter Value
ISM absorption TBabs NH (1022cm−2) 0.79+0.01

−0.02

continuum diskbb kTbb (keV) < 0.14

nthComp Γ < 5.9

kTe (keV) > 0.67

relxillCp Rin (Rg) 13.24± 1.26

Γ 1.59± 0.01

log10 ξ 3.32± 0.01

AFe 1.01+0.05
−0.02

R 0.52+0.01
−0.03

absorption features gau1 El (keV) 1.44± 0.01

gau2 El (keV) 2.40± 0.01

emission features gau3 El (keV) 6.36± 0.01

gau4 El (keV) 0.52± 0.01

gau5 El (keV) 0.86± 0.01

gau6 El (keV) 1.05± 0.01
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Appendix E

Best-fit models of the time-resolved colour-colour
diagrams
We report the time-resolved colour-colour diagrams of observation 201 (with the
same colour code as in Fig. 5.6), and the best-fit models (obtained from the fits
discussed in Sect. 5.4) in Fig. E.1.
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Figure E.1: Time-resolved colour-colour diagrams of observation 201 (colour-coded as in
Fig. 5.4). Best-fit models tracks are over plotted in black. They were obtained assuming
log ξ = log

10+[NH,w/1022 cm−2]
[NH,w/1022 cm−2] + 1. The grey-shaded curves are the 99.7% (in black), 95% (in

grey) and 68% (in light grey) confidence levels of the data distribution during the least absorbed
stages of the orbit, close to inferior conjunction (ϕorb = 0.43− 0.46, see Appendix F).
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Appendix F

Probability distribution near inferior conjunction
We report the colour-colour diagram calculated from orbital phases ϕorb = 0.43–
0.46, during observation 501. These phases were taken into account as they are
the closest to inferior conjunction (i.e. ϕorb ∼ 0.5), thus the least affected by wind
absorption. Using the KDE method, we computed the probability distribution
for this data set (Sect. 5.4). Fig. F.1 shows the resulting 99.7%, 95% and 68%
confidence contours over plotted to the data.
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Figure F.1: Colour-colour diagram and probability distribution map for orbital
phases between 0.43 and 0.46. The gray-shaded curves highlight the 99.7% (in
black), 95% (in grey) and 68% (in light grey) confidence regions.
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