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ABSTRACT

The Neutron Star Interior Composition Explorer (NICER) monitoring campaign of Cyg X-1 allows us to study its spectral-timing
behavior at energies <1keV across all states. The hard state power spectrum can be decomposed into two main broad Lorentzians
with a transition at around 1 Hz. The lower-frequency Lorentzian is the dominant component at low energies. The higher-frequency
Lorentzian begins to contribute significantly to the variability above 1.5keV and dominates at high energies. We show that the low-
and high-frequency Lorentzians likely represent individual physical processes. The lower-frequency Lorentzian can be associated
with a (possibly Comptonized) disk component, while the higher-frequency Lorentzian is clearly associated with the Comptonizing
plasma. At the transition of these components, we discover a low-energy timing phenomenon characterized by an abrupt lag change
of hard (22 keV) with respect to soft (<1.5keV) photons, accompanied by a drop in coherence, and a reduction in amplitude of the
second broad Lorentzian. The frequency of the phenomenon increases with the frequencies of the Lorentzians as the source softens
and cannot be seen when the power spectrum is single-humped. A comparison to transient low-mass X-ray binaries shows that this
feature does not only appear in Cyg X-1, but that it is a general property of accreting black hole binaries. In Cyg X-1, we find that
the variability at low and high energies is overall highly coherent in the hard and intermediate states. The high coherence shows that
there is a process at work which links the variability, suggesting a physical connection between the accretion disk and Comptonizing
plasma. This process fundamentally changes in the soft state, where strong red noise at high energies is incoherent to the variability
at low energies.
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1. Introduction

Black hole X-ray binary systems, where a stellar-mass black
hole accretes from a donor star, show rich phenomenology in the
spectral and timing domains. These systems can exhibit dras-
tic changes in their emission behavior on timescales of hours
to weeks. Their behavior can be broadly classified into a (high)

soft, (low) hard, and intermediate state (Belloni 2010, and ref-
erences therein). In the soft state, the emission is dominated by
thermal radiation from an accretion disk, while in the hard state
most of the radiation is due to inverse Compton scattering of soft
photons in a ~100keV hot plasma, which is often (but poten-
tially misleadingly) called the “corona” (Liang & Price 1977;
Sunyaev & Triimper 1979; Wilms et al. 2006). The physical

A284, page 1 of 21

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202449333
https://www.aanda.org
http://orcid.org/0000-0001-8670-4575
http://orcid.org/0000-0003-4216-7936
http://orcid.org/0000-0003-4583-9048
http://orcid.org/0000-0003-2187-2708
http://orcid.org/0000-0002-1742-2125
http://orcid.org/0000-0003-3828-2448
http://orcid.org/0000-0002-5872-6061
http://orcid.org/0000-0002-4656-6881
http://orcid.org/0000-0002-1118-8470
http://orcid.org/0000-0002-8908-759X
http://orcid.org/0000-0001-9072-4069
http://orcid.org/0000-0003-2538-0188
http://orcid.org/0000-0002-5311-9078
http://orcid.org/0000-0003-0172-0854
http://orcid.org/0000-0002-5779-6906
http://orcid.org/0000-0002-2235-3347
http://orcid.org/0000-0002-9633-9193
http://orcid.org/0000-0001-6923-1315
http://orcid.org/0000-0001-6269-2821
http://orcid.org/0000-0003-0070-9872
http://orcid.org/0000-0003-2065-5410
mailto:ole.koenig@cfa.harvard.edu
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Konig, O., et al.: A&A, 687, A284 (2024)

reasons and the changes of the accretion flow that occur dur-
ing the state changes are still debated, as is the nature of
the Comptonizing plasma (e.g., Markoff et al. 2005; Kara et al.
2019; Zdziarski et al. 2021).

Cyg X-1 (Bowyer et al. 1965) is a high-mass X-ray binary
(HMXB) with a (21.2 + 2.2) M, black hole (Miller-Jones et al.
2021) that accretes matter from the stellar wind of the supergiant
HDE 226868 (Walborn 1973). Cyg X-1 is a persistent source that
is located on the lower branch of the g-shaped hardness-intensity
diagram (HID; see Belloni 2010; Nowak et al. 2012), where it
transitions from a hard state to a softer state that still shows a
power law component at energies >10keV (e.g., Wilms et al.
2006). Each of the states shows unique variability properties at
short timescales.

The power spectral density (PSD) in the hard state of
Cyg X-1 is generally well-modeled using a superposition of
up to four Lorentzian components (Nowak 2000 and see
Miyamoto et al. 1991 for an earlier application of Lorentzians
to GX 339-4) with a total root mean square (RMS) variabil-
ity amplitude of 30-40% (2—13 keV; Pottschmidt et al. 2003). In
the intermediate state, the RMS drops and the PSD becomes
single-humped (Pottschmidt et al. 2003). The soft-state PSD
is dominated by red noise (Cuietal. 1997b) at ~20% RMS
(2-15keV; Grinberg et al. 2014), which is higher than what is
usually seen in low-mass X-ray binary (LMXB) black holes
in the soft state (e.g., Belloni et al. 2005). In this state, the
RMS variability of Cyg X-1 strongly increases with energy
to more than 30% RMS at >10keV (Pottschmidt et al. 2006;
Grinberg et al. 2014; Zhou et al. 2022).

In addition to power spectra, the phase of the cross power
spectral density is used to analyze the arrival times of pho-
tons in different energy bands, so-called time lag spectra. Mea-
suring such spectra is possible if the light curves in the two
energy bands are sufficiently coherent (Vaughan & Nowak 1997;
Nowak et al. 1999a, and references therein). Throughout this
paper we denote high-energy photons lagging low-energy pho-
tons as “hard lags,” and use the convention that they are posi-
tive. Soft lags, where the soft energy photons lag the high energy
ones, are therefore negative.

Hard lags between photons in the 1.5-3keV and 12-42keV
bands were first identified in Cyg X-1 by Priedhorsky et al.
(1979). At energies 22 keV, the lag-frequency spectrum roughly
follows a v™7 shape and can show shelf-like structures coin-
ciding with the overlap region of the Lorentzians in the PSD
(Miyamoto & Kitamoto 1989; Nowak et al. 1999a). Further-
more, in the LMXB GX 339—4, Nowak et al. (1999b) showed
that these structures can coincide with drops in coherence by up
to 10% in the frequency range where the Lorentzians overlap.
Nowak et al. (1999b) argue that this behavior indicates that the
components are incoherent with respect to each other.

Time lags are of use when investigating the geometrical
changes of the Comptonizing medium or other time-delaying
effects such as diffusion. In accreting stellar mass black holes,
the amplitude of hard lags increases as the source moves (fully or
“failed”) towards the soft state. This behavior is accompanied by
an overall drop in coherence and an increase in the frequencies of
the Lorentzians that describe the power spectrum (see Cui et al.
1997b; Pottschmidt et al. 2003; Grinberg et al. 2014 for Cyg X-1
and Wang et al. 2022 for several LMXB black holes).

The increase of the hard lags in the transition between
the hard and the softer state is connected with the observa-
tion of radio flares. This simultaneous change of the radio and
X-ray properties has been interpreted as an indication of a
change in the size of the Comptonizing plasma (Cui et al. 1997b;
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Pottschmidt et al. 2003; Wilms et al. 2007). Similarly, amplitude
and frequency changes of soft lags are also seen in a num-
ber of LMXB black holes, and have again been interpreted as
changes in the size of the Comptonizing plasma (Kara et al.
2019; Wang et al. 2022), or a change in the inner accretion
disk radius (De Marco et al. 2021). The interpretation of lags
in black holes as size changes of the Comptonizing plasma or
other changes in the accretion flow geometry such as repro-
cessing in the accretion disk (“reverberation”), however, is not
unique. For Cyg X-1, Lai et al. (2022) showed that up to 50 ms
soft lags at low frequencies can also be attributed to scattering
or recombination processes in the stellar wind. In the state tran-
sition of the LMXB Swift J1727.8—1613, polarimetric proper-
ties associated with the Comptonizing plasma are not seen to
change (Ingram et al. 2023). Note, however, that state transitions
in LMXB black holes may be due to different physics than the
state transitions in Cyg X-1.

Cyg X-1 has been subject of a decades-long effort to charac-
terize its spectral and timing properties, which was mainly based
on data by the Rossi X-Ray Timing Explorer (RXTE) mission.
The results of this effort have been published in the “Long term
variability of Cygnus X-1” paper series (Pottschmidt et al. 2003;
Gleissner et al. 2004a,b; Wilms et al. 2006; Grinberg et al. 2013,
2014, 2015). This RXTE monitoring campaign has revealed a
wealth of variability phenomena due to both the accretion flow
and the interaction of the X-rays with the surrounding stel-
lar wind, such as the imprints of strong transient absorption
events in the light curve called dipping (Grinberg et al. 2015;
Hirsch et al. 2019; Lai et al. 2022, and references therein). In
this eighth paper of the series, we revisit the timing behav-
ior of Cyg X-1 using NICER (Gendreau et al. 2016), which
offers sufficient energy and timing resolution to permit spec-
tral and timing studies with high signal-to-noise observations
(e.g., Stiele & Kong 2018; Kara et al. 2019; Zhang et al. 2020;
Wang et al. 2020). In particular, the design of NICER’s X-
ray Timing Instrument allows us to investigate the variability
on timescales of ms without pile-up or deadtime distortions.
We analyze the NICER archive of Cyg X-1 up to April 2022
(cycle 4). The main emphasis is to characterize the variability of
the accretion disk at low X-ray energies <2 keV and its connec-
tion to the Comptonizing medium, as well as putting the timing
phenomenology into context of the previous RXTE work.

The paper is organized as follows. In Sect. 2, we discuss
the data reduction. In Sect. 3, we classify the spectral states and
hardness evolution, emphasizing the extension of previous mon-
itoring campaigns to low X-ray energies. In Sect. 4, we analyze
three representative hard, intermediate, and soft state observa-
tions, and report the discovery of previously unknown time lag
and coherence phenomena, both in the hard and soft state. We
discuss and interpret our results in Sect. 5 and summarize the
paper in Sect. 6.

2. Data reduction

Our NICER dataset of Cyg X-1 comprises 52 observations per-
formed between 2017 June 13 and 2022 April 15 (see obser-
vation log in Table C.1). The data were reduced with HEA-
SOFT 6.29¢ and NICERDAS 2021-08-31_V008c. We exclude
data taken inside the South Atlantic Anomaly (saafilt=YES)
and all data taken with detectors 14 and 34, which have exhib-
ited anomalous behavior. We filter out data measured below an
angle of 15° to the Earth’s X-ray bright limb to avoid contamina-
tion from fluorescence in the atmosphere, as well as data taken
below 30° with respect to Earth’s horizon in case the surface is
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illuminated by the Sun to prevent optical loading by reflected
optical light. We do not filter out all data taken during orbit
day. Instead, we limit our analysis to observations which have
a per-detector undershoot rate below 200 counts s~!, as recom-
mended by the NICER analysis guide'. Furthermore, to ensure
that no low-energy noise intrudes the data products, we con-
strain our analysis to the energy range above 0.5 ke V. Overshoots
are constrained to the default range of less than 30 countss™!
per detector to exclude periods of high particle background. We
then extract light curves in multiple energy bands between 0.5—
10keV with a time resolution of 1 ms. These light curves have
full-instrument count rates ranging from 500-30 000 counts s,
while typical background rates of NICER are estimated to be on
the order of 1 counts™' (Remillard et al. 2022). Given the bright-
ness of Cyg X-1, no background correction is necessary for the
spectral and timing products given the overshoot restriction. The
data analysis is performed with ISIS 1.6.2—47 (Houck 2002).

For the hardness diagrams in Sects. 3.2 and 3.3, we rebin
the light curves to a time resolution of 100s. For the Fourier
analysis in Sect. 4, we compute the timing products by split-
ting the light curves into segments of 16.384s and, in case
of gaps, only include data that fully cover a segment to avoid
aliasing. This approach rejects ~5.6ks of data, such that we
remain with a total of ~211ks of exposure. We do not fur-
ther subdivide the 52 observations based on breaks in the data
which arise due to the orbit of the ISS (“good time intervals”).
All PSDs in this study are normalized to fractional RMS units
(Belloni & Hasinger 1990a; Miyamoto et al. 1991) and have the
Poisson-noise component, 2/%, subtracted, where X is the mean
count rate. Generally, the impact of deadtime on the Fourier
products in NICER is low, especially at low frequencies (e.g.,
Stevens et al. 2018). Since we concentrate on frequencies below
10Hz in this study, we do not perform a deadtime correction.
The coherence and its uncertainty are determined using Eqgs. (2)
and (8) of Vaughan & Nowak (1997)%. The RMS and its uncer-
tainty are computed using Eqs. (5) and (11) of Vaughan et al.
(2003)*. The uncertainty of the (segment-averaged) lags for each
Fourier frequency is calculated from the coherence (Nowak et al.
1999a, their Eq. (16)). Finally, we logarithmically rebin all tim-
ing products in frequency.

3. Evolution of the flux and hardness over all states
3.1. Position of Cyg X-1 in the g-diagram

We start our analysis by putting the NICER data into the context
of previous monitoring campaigns of Cyg X-1 and other black
hole binaries observed with RXTE, using a color-luminosity dia-
gram (Fig. 1). To be able to compare the NICER and RXTE data,
we derive the fluxes and hardnesses of each observation from
simple empirical spectral fits rather than employing the tradi-
tional approach of showing a hardness intensity diagram in terms
of mission-dependent count rates and hardness ratios.

I https://heasarc.gsfc.nasa.gov/
docs/nicer/data_analysis/workshops/
NICER-Workshop-Filtering-Markwardt-2021.pdf

2 We note that there is an incorrect factor y* in the numerator of
the intrinsic coherence calculation in Nowak et al. (1999a, Eq. (8)),
see Bendat & Piersol (1986, Eq. (79)) and the text after Eq. (2) of
Vaughan & Nowak (1997).

3 For the uncertainty of the RMS we note that a number of slightly
different definitions are also used, e.g., Uttley et al. (2014, Eq. (14)) and
Ingram et al. (2019, Eq. (22)).
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Fig. 1. Color-luminosity diagram of Cyg X-1 and other black hole X-ray
binaries from the RXTE archive. The transient source GX 339—4 shows
a g-shaped pattern, while Cyg X-1 only populates the lower branch of
the g. The soft and hard bands are 1.5-5keV and 5-10keV, respectively,
and the color is derived from (absorbed) fluxes of phenomenological
model fits. The NICER data (red diamonds) cover the entire color range
seen in Cyg X-1 with RXTE. Red circles with a plus, times, and minus
sign within it denote NICER observation 2636010101, 0100320110,
and 1100320122 of Cyg X-1, respectively. The blue pentagon and green
triangle denote NICER observations 1200120268 of MAXI J1820+070
and 2200530129 of MAXI J1348-630, respectively.

To model the continuum, we use a power law plus disk black
body. The absorption of this continuum in the stellar wind and
the interstellar medium is described with TBabs (Wilms et al.
2000), and the iron line at around 6.7 keV is modeled with a
broad Gaussian emission line (modeling the detailed shape of
the relativistic line is not necessary). Two further narrow Gaus-
sians are added at 6.4keV and 7.1keV, respectively, to model
Fe Ko/ emission from neutral iron. As we are interested only
in the behavior of the overall broad continuum components, we
include a 5% systematic uncertainty to account for more sub-
tle features not at our focus which are omitted by our spectral
model, and which is also sufficiently large to encompass any cal-
ibration uncertainties of NICER*. Furthermore, we fit the data
only above 2.5keV in order to be able to better compare it to
the RXTE results. We then display the luminosity in units of the
Eddington luminosity (assuming the black hole mass and dis-
tance estimate of Miller-Jones et al. 2021) as a function of the
flux ratio for the 1.5-5keV and the 5-10keV bands. This way
the diagram is independent of the detector used and also permits
us to directly compare different sources (see Wilms et al. 2006;
Barillier et al. 2023, and references therein).

Figure 1 shows that the NICER data cover the hard and
soft state of Cyg X-1, connected by observations in the param-
eter space of the lower transition from the soft back to the
hard state in transient black hole binaries. Contrary to the other
sources, Cyg X-1 always remains on the lower horizontal track

4 https://heasarc.gsfc.nasa.gov/docs/nicer/data_
analysis/nicer_analysis_tips.html
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mately 20% higher than that of RXTE, which is likely due to
systematics in the flux calibration of NICER and RXTE/PCA
data (Jahoda et al. 2006; Shaposhnikov et al. 2012; Garcia et al.
2014). See Barillier et al. (2023) for a detailed discussion of the
fitting approach of the RXTE data and a comparison of the dif-
ferent sources used in the preparation of the color-luminosity
diagram.

3.2. State classification and long-term monitoring

In order to classify the NICER observations, we place them into
the context of existing state classifications of Cyg X-1. Such
spectral states were introduced to roughly characterize the con-
tinuous changes in brightness as well as the spectral and tim-
ing properties of black hole X-ray binaries (Tananbaum et al.
1972; Méndez & van der Klis 1997; Belloni 2010). Specifically,
we use the MAXI criteria given by Grinberg et al. (2013) to clas-
sify Cyg X-1 into a hard, intermediate, and soft state (Fig. 2a).
For each observation, we assign a state based on those bins in
100 s resolved NICER light curves which are strictly simultane-
ous to the 6 h binned MAXI light curves’. In order to verify the
precision of the mapping, we color strictly simultaneous time
bins in the HIDs according to the state definition of the other
mission. We define the cuts in the NICER HID (Fig. 2b) such
that the MAXI criterion of Grinberg et al. (2013) is best repro-
duced. Specifically, we determine that Cyg X-1 is in the soft state
for a 2-4keV NICER count rate, R, that satisfies R > 10500 - &
and is in the hard state for R < 4580 - h, where h is the count rate
ratio of the 4-10keV to the 2-4 keV band.

The derived NICER criterion is then applied to all NICER
data to classify the states in the HID. The overall behavior
in the HID is similar to previous monitoring campaigns from
RXTE (Grinberg et al. 2013) and MAXI (Sugimoto et al. 2016).
Cyg X-1 exhibits a smooth transition from the hard to the inter-
mediate state and shows a kink when the source is in the soft
state.

We emphasize that the state definitions used so far follow the
traditional names for the states of Cyg X-1, which are inconsis-
tent with state designations used for other black hole binaries.
In addition, state classifications in Cyg X-1 and other sources
should only be taken to be approximate as they attempt to dis-
cretize a continuous source evolution. We therefore regard the
photon index, I, inferred from our power law fits of Sect. 3.1, as

5 http://maxi.riken.jp/pubdata/v71rkn/31958+352/
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Fig. 2. Hardness-intensity diagrams of
Cyg X-1. (a) HID using MAXI count rates
from 6h binned light curves. Light points are
classified according to Grinberg et al. (2013,
dashed line). Solid points denote MAXI time
bins which have a NICER bin falling into
the 6h time frame, colored according to our
NICER cuts. (b) HID using NICER count rates
from 100s binned light curves. Light points
are colored according to our NICER criterion.
Solid points denote NICER time bins which
fall into the 6h MAXI time frame and are
classified according to the MAXI cuts. The
NICER cuts (dash-dotted line) are chosen such
that the MAXI criterion is reproduced with
minimal contamination.
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Fig. 3. Swift/BAT, INTEGRAL/ISGRI (top panel), MAXI (center), and
NICER (bottom) light curves of Cyg X-1. In the top panel, gray data
points denote either the hard or intermediate state as Swift/BAT’s energy
range does not allow a further differentiation. Black triangles show
INTEGRAL/ISGRI count rates in the 30-50 keV band, showing each
science window as one data point. These data are scaled by the ratio
of the average BAT and ISGRI count rates over the whole campaign in
order to align them with the Swift/BAT data.

the most salient property characterizing the observations, rather
than the state designation.

Finally, in Fig. 3, we put the NICER data into perspec-
tive of the long-term evolution of Cyg X-1. We show the
NICER and MAXI light curves and also add Swift/BAT data,
using the state classification methodology of Grinberg et al.
(2013), as well as INTEGRAL/ISGRI count rates (Thalhammer
et al., to be submitted). The long-term light curves show that
Cyg X-1 underwent several state transitions during the NICER
observations.
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Fig. 4. Color-color diagram of Cyg X-1. The diagram shows dis-
tinct regions where the source undergoes several turns. Numbered gray
arrows indicate preferred tracks which Cyg X-1 follows when transi-
tioning between the hard and the soft state. Some observations in the
hard state show “nose”’-shaped tracks where the color-color bends down
towards a harder spectral shape (“1.”), which is called dipping. When
Cyg X-1 softens, the source shows large variations dominantly in soft
color (“2.”). As the source transitions through the intermediate into the
soft state, it follows a distinct zig-zag shape driven by the soft color
(“3.”). When Cyg X-1 is in the pure soft state, it still ranges signifi-
cantly in hard color (“4.”).

3.3. Color-color behavior throughout the spectral states

The color-color diagram of the NICER observations is shown in
Fig. 4. The hard state follows a broad lower track which varies
most strongly in soft color. The diagram shows at least two
outlier tracks, which deviate from the straight line (gray arrow
labeled “1.”). These ‘“nose”-shaped variations are well known
and can be attributed to dipping events where absorption of
soft X-rays in the clumps of the stellar wind leads to a hard-
ening of the spectrum (Nowak et al. 2011; Hirsch et al. 2019;
Grinberg et al. 2020; Lai et al. 2022).

When Cyg X-1 undergoes a full transition to the soft state, it
first softens and moves rightward in the diagram, mainly chang-
ing in soft color (“2.”). The track then bends around and the
source hardens, again changing predominantly in the soft color
(“3.). In the soft state, the track bends around again and soft-
ens, both in the soft and hard color (“4.”). This overall behavior
creates a zig-zag shape in the color-color diagram.

In summary, the NICER color-color diagram shows a rather
complex pattern with a distinctive zig-zag shape in the transition
that has not been seen from monitoring campaigns of Cyg X-1
limited to the hard X-ray regime (Done & Gierlifiski 2003;
Zdziarski et al. 2016)°. This shape disappears for the NICER
data when we use the harder energy bands in the color-color
diagram typical of previous campaigns. The more complex soft
behavior is therefore a property that only emerges at soft X-ray

6 While many color-color diagrams of Cyg X-1 are widely available,
also at softer energies, they often only cover individual spectral states
and not the full transition cycle (e.g., Nowak et al. 2011; Grinberg et al.
2020).
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Fig. 5. Orbital phase coverage in the NICER dataset of Cyg X-1.

energies and is probably due to absorption and ionization effects
in the foreground material and/or complex behavior of the accre-
tion disk emission.

A further complication in the analysis of observations of the
intrinsic spectral and timing properties of the accretion flow in
Cyg X-1 is that HDE 226868 has a strong stellar wind which
has an influence both on the observable spectral and the timing
properties of Cyg X-1 (Hirsch et al. 2019; Lai et al. 2022, and
references therein). It is especially strong at superior conjunction
(¢orb = 0), where the line of sight passes through regions of the
wind that cause dipping by inhomogeneities in the wind (e.g.,
Batucinska-Church et al. 2000; Grinberg et al. 2015, and refer-
ences therein). While these observations are ideal to study dip-
ping effects due to absorption in the stellar wind, they complicate
the analysis of the intrinsic variability. While the NICER archive
contains observations at almost all orbital phases (Fig. 5), many
hard state observations cluster at superior/inferior conjunction
(dorb = 0/0.5). We identify observations strongly affected by
dipping by looking for the presence of the characteristic tracks
(“nose-track”; Grinberg et al. 2020) in the color-color diagms’
and mark them in the observation log in Table C.1. For the fur-
ther analysis in Sect. 4, we exclude these observations in order to
reduce contamination of the variability behavior by foreground
effects.

4. Spectral-timing analysis: energy-resolved timing
properties for each spectral state

In order to illustrate the general behavior and emphasize the
extension of the variability to low X-ray energies compared to
the earlier RXTE work, we concentrate on three selected obser-
vations that are representative of the overall source behavior. To
illustrate the behavior when the source spectral shape is hard, we
choose observation 2636010101 atI" ~ 1.8. This observation has
an orbital phase of ¢o, = 0.94-0.04 but does not show promi-

7 Examples are observation 0100320106 (Fig. C.6) and 4690010111
(Fig. C.43).
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Fig. 6. Power spectral densities in the 0.5-10keV band of three repre-
sentative observations of Cyg X-1 associated with the hard (blue) and
soft spectral state (red). Observation 0100320110 at I' ~ 2.3 is in the
transition region between these states (green). The hard state can be
characterized by strong broad band noise that can be resolved into mul-
tiple Lorentzian components (blue dashed lines). The two most promi-
nent Lorentzians, L, and L,, are labeled. In the transition, Cyg X-1
exhibits roughly a single broad component. The soft state shows almost
featureless red noise.

nent signatures of dipping in the light curve or color-color dia-
gram. Observation 0100320110 (¢o, = 0.05-0.21) is formally
classified as soft state according to the NICER to MAXI map-
ping discussed in Sect. 3.2 but exhibits many properties of a
transition between typical hard and soft state behavior, such as a
photon index of I' ~ 2.3. With I ~ 3.1, observation 1100320122
(Pory = 0.61-0.69) is characteristic of the classical soft state
of Cyg X-1. These three observations are also marked in the
g-diagram (Fig. 1).

In this section, we first investigate the power spectra of
these observations and connect them to energy spectral com-
ponents (Sect. 4.1). We then study the coherence to probe the
linear correlation between the low- and high-energy light curves
(Sect. 4.2), before we analyze the time lags (Sect. 4.3) as they
can be reliably interpreted only for sufficiently high coherence
(see, e.g., Nowak et al. 1999a).

For reference, we also show the energy-resolved PSDs, lag-
frequency spectra, and coherence of all NICER observations
studied here in Appendix C3. These figures also include NICER
products for the typical RXTE bands.

4.1. Power spectral density

Figure 6 shows representative 0.5-10keV PSDs in the spec-
tral states of Cyg X-1. Consistent with earlier work (e.g.,
Miyamoto & Kitamoto 1989; Nowak et al. 1999a, and refer-
ences therein), multiple broad components can be clearly identi-
fied in the hard state. As the source transits to the soft state, these
components merge to a single-humped structure (e.g., Cui et al.
1997a; Pottschmidt et al. 2003; Grinberg et al. 2014). The PSD
in the soft state is red noise-like (e.g., Cui et al. 1997a,b) with a
0.5-10keV RMS of around 10% (0.06-500 Hz), which is much
higher than what is seen in the soft state of LMXB black holes.
As shown, e.g., by Grinberg et al. (2014, and references therein),
the structure of the PSD is a function of the spectral continuum
shape (and therefore state).

8 https://doi.org/10.5281/zenodo.11198866
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Following Nowak (2000) and Pottschmidt et al. (2003), we
model the hard state PSD in the 0.06-20 Hz range with two
Lorentzian functions peaking at roughly 0.2Hz and 1.8 Hz,
plus a zero-centered Lorentzian. As in these earlier works,
we call the Lorentzians L;, Ly, and Ly, respectively. Observa-
tion 2636010101 potentially shows an additional high-frequency
component at around 50Hz, which has been seen before
(Pottschmidt et al. 2003) and which is also included in the model
fits shown in Fig. 6. Another Lorentzian, which was clearly vis-
ible at around 8 Hz in RXTE data taken before 1998 and then
vanished (Pottschmidt et al. 2003) is not significantly detected in
the NICER data. Axelsson & Done (2018) found that the high-
frequency variability components (310 Hz) in one RXTE obser-
vation of Cyg X-1 in the hard state have a hard energy spectrum
with most contribution from above 10 keV. In this paper, we con-
centrate on the frequency range below 10 Hz and do not address
the significance of possible Lorentzians at high frequencies.

It is well known that the power spectra of all states
are energy dependent (e.g., Nowak et al. 1999a; Grinberg et al.
2014; Zhou et al. 2022). In order to study this energy depen-
dence, we calculate an energy-resolved power map for each
observation (Fig. 7). These maps show the PSDs computed for
narrow energy bands in a color coded way, such that we can
study the relative contribution of each Lorentzian component.

In the hard state observation, the main components seen in
the broad energy band PSDs (Fig. 6) can be well identified in the
power map (Fig. 7, left) as yellow/orange peaks. While their peak
frequencies do not change with energy, their strength strongly
depends on the energy. At the lowest energies below ~1.5keV, L,
dominates the variability, albeit with low amplitude. At energies
>1.5keV, L, starts to become apparent. The strength of L; peaks
at around 1.7 keV and then decreases at harder energies. On the
other hand, at energies above ~1.5 keV, the strength of L, remains
fairly constant (for completeness, we show the RMS spectrum of
L and L, in Appendix A). Integrating the power spectrum over
all frequencies, we derive a fractional RMS of (18.5 + 0.4)% in
0.5-1keV and (30.0 + 1.7)% in 5-8 keV.

In the data taken during the transition between the soft and
hard state (I' ~ 2.3), the PSD is single-humped at a slightly lower
RMS compared to the hard state (Fig. 7, center). The hump can
be described by a broad Lorentzian peaking at around 1-2 Hz in
frequency and 3—4 keV in energy space. The RMS at softer ener-
gies (52 keV) is significantly lower compared to harder energies,
but the overall shape of the PSD is similar. Again, the position and
width of the Lorentzian components do not depend on the energy.

The pure soft state observation (I" ~ 3.1, Fig. 7, right) shows
the typical red noise behavior reported previously for the spec-
trally softest observations of Cyg X-1. In this observation the
variability increases drastically with energy, as also seen in, e.g.,
Grinberg et al. (2014) or Zhou et al. (2022), from (6.57+0.21)%
fractional RMS in 0.5-1keV to (30.6 = 1.2)% in 5-8 ke V.

In order to understand the physical origin of the variabil-
ity, we first consider physical processes underlying the dominant
emission in the energy band where the variability is strongest.
Therefore, we perform spectral fits to the time-averaged X-
ray spectrum in the 0.5-10keV range, to determine the contri-
bution of the accretion disk emission and of Comptonization
to each energy bin. For all states, the spectrum of Cyg X-1
can be approximately described as a combination of thermal
emission from the accretion disk and a non-thermal compo-
nent. We describe this spectral shape with a model consisting
of emission from a multi-temperature accretion disk (diskbb),
which is partly Compton-upscattered following (simpl model;
Steiner et al. 2009). As before, we include a 5% systematic
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Fig. 7. Energy-resolved PSDs for three representative observations of Cyg X-1 at different hardness. The blue, green, and red thick lines in the
side panels show the relative contribution from the accretion disk (that is, the quantity F(diskbb)/F(simpl ® diskbb)) for the hard (I' ~ 1.8),
intermediate (I" ~ 2.3), and soft state (I' ~ 3.1), respectively. The gray lines show the curves of the other states for comparison. Left: in the hard
state, the power spectrum peaks at ~2 keV. It is double-humped at energies >1.5 keV while the second hump reduces in amplitude at lower energies.
Center: atI" ~ 2.3, the PSD has a single-humped structure that peaks at ~4 keV. The variability peak shifts to higher frequencies compared to the
hard state. Right: in the soft state, the PSD is red noise-like and is strongest at the highest energies covered by NICER.

uncertainty to account for possible residuals due to absorption
in the ionized stellar wind, calibration uncertainties of NICER,
and the simplicity of the model.

To see whether the variability is due to the disk emission
or to effects related to the Comptonization of that radiation, for
each energy we compute the ratio between the (absorbed”) fluxes
emitted by the accretion disk component F(diskbb), and the
Comptonized flux F(simpl®diskbb). Note that at low energies
this fraction can become larger than unity because Comptoniza-
tion redistributes photons from lower to higher energies.

We display the energy-dependent disk fraction for the three
example observations in the vertical side panels of Fig. 7.
In general, and in line with more detailed spectral analyses
(Nowak et al. 2011; Tomsick et al. 2014), the disk dominates the
emission at low energies, while above 1-3 keV the Comptonized
emission begins to dominate. This transition region where the
Comptonization starts to dominate shifts from ~1.5keV in the
hard state to ~2.5keV in the soft state. Likewise, the variability
shifts to higher energies. At I' ~ 2.3, the disk fraction is below
10% at the peak of the variability around 3—4 keV and in the soft
state (I' ~ 3.1), the contribution of the disk is essentially zero in
the energy range of the largest variability. This behavior clearly
suggests that the variability is due to the behavior of the Comp-
tonizing medium in the soft state.

4.2. Coherence

Figure 8 shows the energy-resolved intrinsic coherence, calcu-
lated between small energy bins and a reference band. In order
to test the influence of the choice of the reference band on
the behavior of the coherence function, we calculate maps with
three different reference bands: A broad 0.5-10keV reference
band, following the typical procedure of the lag-energy spectrum
calculation (Uttley et al. 2014), a 3.3-10keV reference band,
tracing the variability of the Comptonized emission, and 0.5—
1.9 keV, which traces variability dominated by emission from the
accretion disk. Figure 8 also shows the PSD map in the top row
such that the amount of variability at the relevant energy can be
directly related to the coherence.

° The difference between the ratio curves computed from absorbed and
unabsorbed fluxes is minor in our energy range of interest.

Generally, in all NICER data of Cyg X-1, the coherence can
only be constrained for frequencies up to ~10Hz for energies
around 2 keV, beyond which the coherence begins to fluctuate
wildly. At lower and higher energies, where the power is lower,
the coherence becomes unconstrained earlier (in all states). For
clarity, coherence values with fractional uncertainties larger than
50% are set to zero.

In the hard state observation, the coherence can be well con-
strained to near unity at almost all frequencies in the 0.06—10 Hz
band. This behavior is largely independent of the chosen refer-
ence band. The coherence is reduced only in the 1-2 Hz band,
which can be seen as a purple stripe at 0.5-1keV in the map
with the 3.3-10keV reference band. This frequency band is the
location where the two variability components in the PSD have
an overlap. We systematically characterize the implications of
this coherence drop in Sect. 4.3.

For the data taken during an intermediate spectral shape, I" ~
2.3, similar to the hard state, the coherence is again close to unity
at frequencies where the variability in the PSD map peaks, and
is also largely independent of the reference band (Fig. 8, center-
column).

This behavior changes in the soft state observation (I' ~ 3.1).
Here, the global variability is strongly dominated by the hard X-
rays above 5 keV (Sect. 4.1). However, looking at the coherence
with respect to the low-energy reference band (Fig. 8, upper-
right), the coherence of this variability with this lower energy
band is very low. Note that the coherence with respect to the
hard reference band (Fig. 8, middle-right) shows identical behav-
ior, but in the converse. Namely, the measured coherence indi-
cates that the low-energy variability is incoherent with respect to
the high-energy reference band, i.e., the emission in both bands
varies independently.

Figure 8 also shows that in the soft state the value of the
coherence increases with frequency. In the coherence maps,
this effect also depends on energy and the reference band but
it occurs whenever bands between the soft (<2keV) and hard
X-rays (23keV) are involved!®. For instance, the coherence at

10 For simplicity, we also refer to the corresponding coherence-
frequency spectrum of observation 1100320122 in Fig. C.31, where the
increase is shown in the traditional one-dimensional way. We also note
that the coherence can increase up to unity at high frequencies in other
observations in the soft state (e.g., observation 1100320119, Fig. C.28).
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Fig. 8. Energy-resolved coherence maps of Cyg X-1 with respect to three different reference bands (written in the top right corner of each panel
and indicated via the shaded gray region on the right). The power map for each observation is shown in the top row for reference. Left column: in
the hard state, the coherence is generally close to unity in the probed frequency range, except for a drop between 1-2 Hz. Center column: when
the PSD is single-humped at I ~ 2.3, the coherence is still close to unity. This behavior is largely independent to the chosen reference band. Right
column: in the soft state, the high and low energy variability is incoherent with respect to each other. This can be isolated by choosing a low or
high energy reference band. We emphasize that the choice of the reference band has a drastic influence on the derived coherence values for soft
state.
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5keV (0.5-1.9 keV reference band, Fig. 8, upper-right) increases
from below 40% at 0.1 Hz to above 70% at 5 Hz. This shape
traces the red noise variability seen in the PSD: The coherence
with respect to soft X-rays is lowest at the energy and frequency
bins where the variability is strongest. From this overall behav-
ior we conclude that the red noise is not linearly correlated to the
low-energy variability.

As we have seen above, especially in the soft state, the choice
of the reference band drastically influences the measured coher-
ence values (Fig. 8, right column). While this is not surprising
given that different physical processes are at play in different
energy bands (this is the reason why studies like Nowak et al.
1999a or Karaetal. 2013 use a reference band with a small
energy range), in order to increase the signal-to-noise ratio many
studies of the coherence and other energy dependent quanti-
ties choose a broad reference band that often spans the entire
range of the data (see, e.g., Uttley et al. 2011; Kara et al. 2019;
De Marco et al. 2021). In the absence of an accepted model
for X-ray binary variability that includes non-unity coherence
between variability components, a broad energy band may lead
to a misinterpretation of derived quantities such as the coherence
or time lags. Choosing narrow energy bands, one has better con-
trol and understanding of which energy bands are coherent or
incoherent with respect to each other, which leads to a poten-
tial physical interpretation. A good example for the importance
of choosing interpretable energy bands is shown in Fig. 8. Here,
the coherence map for the broad reference band 0.5-10keV is
very similar to the one for the low energy reference band (0.5—
1.85keV). This is due to instrumental effects and not due to
physics: X-ray instruments tend to have a large effective area
at low energies. In addition, Cyg X-1 and other black hole X-ray
binaries have energy spectra which decline precipitously with
energy. Combining both effects means that taking a broad ref-
erence band gives more weight to the measurement towards the
peak of the instrumental effective area — in reality, the effective
reference band is not broad, as the event-energy distribution for
a broad bandpass selection is actually relatively narrowly peaked
due to these effects. We therefore specifically choose reference
bands such that either the accretion disk emission or Comp-
tonization dominates (see previous section and Fig. 7) in order
to be able to test the connection of the variability between these
physical processes.

4.3. Time lags

In the previous section, we found that the low- and high-energy
variability is highly coherent in the hard and intermediate states,
while the coherence drops significantly in the soft state. In this
section, we analyze the time lags of the three example observa-
tions. In particular, we concentrate on the changes of the time
lag phenomenology when the energy bands are extended to soft
X-rays below 2keV. We show the lag behavior of all observa-
tions in Appendix C, including lags between harder, RXTE-like,
energy bands.

In the soft state observation at ' ~ 3.1, time lags between
bands chosen in the NICER energy range, including low energies
below 2 keV, have low amplitude <10 ms. This is consistent with
previous studies of Cyg X-1 above 2keV (Grinberg et al. 2013,
2014) and shows that the behavior does not change significantly
for lower energies. As shown in Sect. 4.2, the coherence of this
observation is low and an interpretation of the time lags is, there-
fore, difficult. We do not discuss the lags in the soft state further.

Figure 9 shows the time lags of the transition observation
with I' ~ 2.3. We consider two pairs of energy bands, a high-
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Fig. 9. Time lag and coherence of observation 0100320110 of Cyg X-1
atI' ~ 2.3. Time lags at hard X-ray energies (blue) show power law-like
hard lags at a high coherence. In soft X-rays (red), the time lags are
predominantly soft with a relatively low amplitude at a coherence >0.9
in the 0.3-5 Hz range. At lower frequencies, the coherence is reduced.

energy pair of bands which resembles RXTE bands, and a lower-
energy pair to explore behavior out of reach to RXTE. We
show the corresponding coherence. Again, the time lags strongly
depend on the choice of the energy bands. The lag-frequency
spectrum between the 5-8 keV and 2-4keV bands shows the
familiar, highly coherent power law-like hard lags (Cui et al.
1997b). At low energies (2—4keV and 0.5-1keV), there is a
soft lag at most frequencies, albeit with low amplitude. In the
0.3-5 Hz range, the coherence is >0.9, while it drops to ~80%
at low frequencies where the power is reduced (see again the
PSD map in Fig. 7). The time lag behavior is qualitatively sim-
ilar to the phenomenology seen in the hard to soft transition
of LMXB black holes (e.g., Wang et al. 2022, their Fig. 3f,
and also Uttley et al. 2011, Kara et al. 2019, and De Marco et al.
2021), keeping in mind the different state terminology for these
sources and the fact that Cyg X-1 is on the lower branch of the
g-diagram. A full interpretation of the soft lag involves com-
plex modeling of the spectral-timing products (e.g., Ingram et al.
2019; Mastroserio et al. 2021; Kawamura et al. 2022), which is
beyond the scope of this paper, and we concentrate on its empir-
ical behavior here.

We show the time lags between different energy bands for
the hard state observation with I' ~ 1.8 in Fig. 10. For bands
above 1.5keV, highly coherent hard lags with the typical power
law-like frequency dependence are seen, as has been extensively
documented before (e.g., Nowak et al. 1999a). Moving to softer
energies, the time lag drops towards or even below zero around
1 Hz, before it slightly increases again at lower frequencies.
Interestingly, this feature appears simultaneously with a drop
in coherence (see Fig. 10b) and increases in strength for softer
energy bands. The frequency of the coherence drop coincides
with the peak of the hard time lag around 1.6 Hz. Since the lag
phenomenon is strongly correlated with the coherence, we avoid
a naming that relates to the time lag only and refer to the whole

A284, page 9 of 21



Konig, O., et al.: A&A, 687, A284 (2024)

T 1T Y{ T T T LI Y{ ]
1.0keV, H: 1.0-2.0keV 7
1.4keV, H: 2.0-4.0keV T
2.2keV, H: 4.6-7.5keV

S: 0.5-
i S: 0.9-
30 S: 1.6-

L1

20

10

Time lag [ms]

0

-10

1.00

0.98
0.96
0.94

Coherence

0.92
0.90

0.88
0.1 1 10
Frequency [Hz]

Fig. 10. Lag-frequency and coherence spectra of observation
2636010101 of Cyg X-1 in the hard state for various energy bands.
(a) Time lags between energy bands >1.5keV show the well-known
power law-like behavior (blue line), while an abrupt change in time
lag with soft X-ray data <1.5keV is seen (red and purple lines). (b)
The coherence between high energy bands, when power law-like hard
lags are seen, is close to unity. When the energy range is extended to
below 1.5keV, the coherence drops significantly between 1-2 Hz. Col-
ored brackets on top denote the frequency ranges chosen for the lag-
energy spectrum in Fig. 11.

structure as a timing feature. We focus the remainder of this
section on the analysis of this timing feature in the hard state
observation as this low-energy phenomenon has not previously
been found in Cyg X-1.

To better understand the energy dependency of this timing
feature, we show the lag-energy spectrum in Fig. 11. We choose
frequency ranges according to the structure in the lag-frequency
spectrum (Fig. 10a): the first frequency range (0.1-0.6 Hz) cor-
responds to the first peak, the second (0.6—-1.2Hz) covers the
drop in time lag, and the third frequency range, (1.2—-6 Hz), cor-
responds to the peak of the hard lag and the largest drop in coher-
ence. Furthermore, the time lags are calculated for different ref-
erence bands. From the results found in Sect. 4.1, we choose
bands dominated by the accretion disk emission (0.5-1 keV), or
by Comptonization (2—4 keV), as well as a broad reference band
(0.5-10keV).

The lag-energy spectrum in Fig. 11 shows hard lags at high
energies in all three frequency bands. While the general behav-
ior at these high energies is similar, the curvature of the hard lag
changes for different frequencies. As in Kotov et al. (2001) or
Mastroserio et al. (2019), we do not detect any significant iron
line lag feature either. For each frequency band, we see that the
overall shape of the lag-energy spectrum is very similar for the
different reference bands and mainly the zero-crossing of the
time lag changes.
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Fig. 11. Lag-energy spectra of observation 2636010101 of Cyg X-1
in the hard state. Frequency ranges are chosen to trace the timing fea-
ture (colored brackets in Fig. 10). The low-frequency range, 0.1-0.6 Hz,
shows hard lags. The frequency range 0.6—1.2 Hz during the dip in the
lag-frequency spectrum shows an upturn at low energies (soft lags). This
upturn vanishes at higher frequencies, 1.2-6 Hz, which covers the peak
of the timing feature. Solid, dashed, and dash-dotted lines denote spec-
tra for a broad, and two narrow reference bands.

Additionally, we detect soft lags at energies <1.5keV, but
only in the second frequency range (0.6-1.2 Hz). In the litera-
ture such low-energy soft lags are often referred to as “rever-
beration lags” and they are interpreted as light-crossing time
delays between hard photons from the Comptonizing medium
and soft photons from the accretion disk (note, however, that
there might be other physical processes causing soft lags, see,
e.g., Veledina 2018 and Kawamura et al. 2023). A prediction for
reverberation lags is that they continue being present at higher
frequencies (e.g., Ingram et al. 2019). In observations of the
LMXBs GX 339—4 (Uttley et al. 2011) and MAXI J1820+070
(Wang et al. 2021), for instance, low-energy soft lags are con-
sistently seen above ~2 Hz. Such a behavior is not found in the
NICER observation of Cyg X-1 with I' ~ 1.8. Therefore, the
low-energy soft lag in the 0.6—1.2 Hz range is likely not due to
reverberation.

In Fig. 12, we show a two-dimensional map of the time lag
depending on energy and frequency. Again, the maps are shown
for the different reference bands and include the PSD map to
allow for a better comparison. The time lag peak of the timing
feature can be identified as a red or blue stripe-pattern at around
1.6 Hz, depending on if we use the low- or high-energy refer-
ence band. As can be seen in comparison with the PSD, the peak
of the timing feature is at a frequency where the two variability
components L; and L, overlap, and does not depend on energy.
As mentioned previously, the peak of the feature shows a hard
lag and is seen as a positive time lag when using a low-energy
reference band (red stripe in Fig. 12, bottom-right). As expected,
the sign of this lag changes to negative if a high-energy refer-
ence band is used (blue stripe in Fig. 12, bottom-left), but still
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remains a hard lag (the soft photons come before the hard refer-
ence band).

We note that lag maps can only be reliably interpreted when
both, the time lags and the coherence are well constrained. Using
the same approach as for the coherence map in Fig. 8, we
set pixels to black where the relative uncertainty of the coher-
ence is >50%. The coherence is >70% in the frequency range
of the timing feature (1-2Hz) and near unity outside of this
range.

For completeness, we also derive a time lag map for a broad
reference band (0.5-10keV; Fig. 12, top-right). As is also the
case for the coherence map based on a broad reference band
(Fig. 8, bottom), this map is very similar to the time lag map for
the low energy reference band, showing a positive time lag for
the feature at high energies. In addition a negative lag at lower
energies appears. As discussed in Sect. 4.2, this is an effect of
the detector’s effective area, which peaks near 1.5keV. In case
of the time lags, this peak of the effective area determines the
energy of zero-crossing of the lag. We emphasize again that for
the physical interpretation of the absolute value of the time lag,
it is important to understand the variability process that domi-
nates in the reference band. Due to the influence of the effec-
tive area, interpreting absolute time lag values using a broad
reference band is particularly challenging when time lags are
compared across different instruments, as the relative contri-
bution of variability to the broad reference band changes. We
therefore focus our interpretation on the soft (0.5-1keV) refer-
ence and hard (2-4 keV) subject bands, corresponding specifi-
cally to where the emission from the accretion disk and from
the Comptonizing plasma, respectively, dominate. Specifically,
the Comptonization-dominated hard band was constrained to

Frequency [Hz]

: 0.5-1keV

Fig. 12. Energy-resolved time lag maps of
observation 2636010101 of Cyg X-1 in the hard
state. The maps are calculated between small
energy bins and three reference bands, written
in the top right corner of each plot. For refer-
ence, we also show the power map in the top
left panel. Pixels where the coherence has an
uncertainty larger than 50% of its value are set
to black. Colored brackets on top denote the fre-
quency ranges chosen for the lag-energy spec-
trum in Fig. 11.

2-4keV to also avoid signal from relativistic reflection from
iron, which can contribute in the 5-8 keV range.

In order to rule out an instrumental origin of the timing fea-
ture, we performed a number of detailed tests adopting different
selection criteria, such as selecting only one continuous data seg-
ment (to exclude potential time shifts between good time inter-
vals) obtained during International Space Station night with a
low undershoot range. Even with the most conservative data
extraction cuts, the timing feature is visible in the data. We there-
fore exclude an instrumental origin.

5. Discussion

Previous X-ray timing missions which performed monitor-
ing campaigns of Cyg X-1 include Ginga (Miyamoto et al.
1988), EXOSAT (e.g., Belloni & Hasinger 1990b), RXTE
(e.g., Cuietal. 1997b; Nowak etal. 1999a; Revnivtsev et al.
2000;  Pottschmidt et al. 2003; Axelssonetal. 2005,
2006; Grinberg et al. 2014), AstroSAT (Misraetal. 2017,
Magbool et al. 2019), XMM-Newton (Laietal. 2022), and
Insight-HXMT (Zhou et al. 2022). Most of these missions have
limited sensitivity to Cyg X-1’s disk emission, being limited
to the hard X-ray regime above 1.0-2.7keV. The extension to
softer X-rays provided, e.g., by NICER and XMM-Newton
is, however, essential to understand the accretion disk vari-
ability, which contributes below ~2keV (see Sect. 4.1), and
its connection to the Comptonizing plasma. However, due to
the brightness of Cyg X-1, XMM-Newton observations can be
affected by telemetry drop outs and suffer from pile-up. As a
result, XMM-Newton spectral-timing studies with soft X-ray
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coverage is challenging and limited to Cyg X-1’s fainter hard
state!'. Work with XMM-Newton has mainly concentrated
on the timing effects introduced by the stellar wind (Lai et al.
2022).

The data from the NICER monitoring give a unique opportu-
nity to analyze the general spectral-timing behavior of Cyg X-1
down to 0.5keV for all spectral states for the first time. In the
following, we discuss our spectral-timing results presented in the
previous section and put them into context with previous moni-
toring campaigns. We start in Sect. 5.1 with a general overview
of the variability behavior, followed by an overview of the coher-
ence behavior in Sect. 5.2 and a discussion of the time lags in
Sect. 5.3.

5.1. Variability components in the power spectrum

In the hard state, the high-energy PSDs of Cyg X-1 exhibit two
or three prominent Lorentzians, which are well studied (see, e.g.,
Nowak 2000; Grinberg et al. 2014, and references therein). In
order to be able to interpret the physical origin of these compo-
nents, we need to understand the processes that are dominating
the flux at each energy. In particular, by extending the energy
band to below 2 keV, where the accretion disk emission domi-
nates, we are able to study the contribution of the disk to the
variability.

In Sect 4.1, we showed that the peak frequency of the L, and
L, Lorentzians is independent of the energy and both compo-
nents have a unique energy signature. This result supports the
interpretation that the Lorentzian components represent individ-
ual variability components each of which has a unique physi-
cal origin. The total variability seen is the superposition of these
independent components. In the following, we show that the data
are consistent with the interpretation that L; originates in the
accretion disk and is then modulated by Comptonization, while
L, can be directly associated with the Comptonizing medium.

For the strongest variability component in the NICER energy
range, L, we find that it peaks at around 1.7 keV, while also con-
tributing significantly to the variability above 3keV. From our
model fits (Fig. 7), we have seen that Comptonization dominates
the emission above ~1.5keV. Together with the fact that L; is
also strong above 3 keV, where the disk contribution to the total
flux is negligible, we conclude that this component has to be
connected to the Comptonizing plasma. Below 1.7keV, L, is the
main source of variability, although it drops in strength. The peak
strength of L, lies in the energy band where accretion disk emis-
sion and Comptonization both contribute roughly equally. This
behavior could suggest that at least part of the variability in the
accretion disk contributes to L;. Possible physical mechanisms
were suggested in earlier work by Wilkinson & Uttley (2009),
who attributed the variability of L; to an unstable accretion
flow in the disk, while theoretical work by Mummery & Balbus
(2022) shows that the Wien tail of the disk can vary signif-
icantly in luminosity. A process such as propagating fluctu-
ations, which connects the intrinsic disk variability with the
emission of the Comptonizing plasma, may be a physical model
to explain this behavior (see Lyubarskii 1997, Kotov et al. 2001,
Ingram & van der Klis 2013, and Rapisarda et al. 2017 for an
application to Cyg X-1 in the soft and hard state). An alterna-
tive interpretation is that L; may originate from a region of “soft
Comptonization,” that is, an optically-thin plasma with a temper-

' For the brighter states of Cyg X-1, the only option is to use the mod-
ified timing mode of the EPIC-pn cameras (Duro et al. 2011), which,
however, ignores data <2.8 keV.
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ature of a few keV (e.g., Axelsson & Done 2018). Such a process
matches the energy dependence of L; well.

In contrast, we have shown in Sect. 4.1 that the strength of
L, decreases at energies below 2 keV and that it only contributes
significantly above ~1.5 keV. This suggests that L, is due to pro-
cesses in the Comptonizing plasma. This interpretation is also
consistent with RXTE data, which show that L, is the dominant
component above 10keV (Grinberg et al. 2014), and Insight-
HXMT data shown by Zhou et al. (2022, their Fig. 11), where
L, is detected up to ~90ke V.

In the soft state, the variability properties fundamentally
change. Red noise dominates the PSD (see Fig. 6, and, e.g.,
Cui et al. 1997a; Gilfanov et al. 2000; Churazov et al. 2001;
Axelsson et al. 2006) and the variability strongly increases
with energy, peaking above 7-10keV (see Sect. 4.1 and
Grinberg et al. 2014; Zhou et al. 2022). At these energies, the
soft state spectrum of Cyg X-1 shows a power law component,
which is associated with non-thermal Comptonization (e.g.,
Wilms et al. 2006). As the contribution of the accretion disk is
negligible at these energies, the variability in the soft state must
be linked to the Comptonizing plasma. This is consistent with
earlier work by Churazov et al. (2001) who linearly decomposed
RXTE light curves into stable and variable components associ-
ated with the disk and Comptonizing plasma, respectively.

While the variability drops by almost a factor of 5 to around
6% RMS at low energies (0.5-1keV), it is still significantly
detected. At these energies, the fraction of the disk black body
contributing to the spectrum is very high (see Fig. 7). In princi-
ple, it could be possible that, while the disk dominates the flux,
the Comptonizing plasma dominates the variability even below
1 keV. However, since only a low fraction of the soft emission is
due to Comptonization, we propose that this low-energy variabil-
ity in the soft state can also directly originate from the accretion
disk. That the soft state has a lower RMS (~6%) at low energies
compared to the hard state (~18%) would be consistent with the
picture that a soft state disk is more stable than a hard state disk,
as proposed by, e.g., Nowak (1995) and Churazov et al. (2001).

5.2. Coherence between low and high energies

The coherence of the variability of Cyg X-1 between energy
bands above ~2.5keV has been investigated in detail with
RXTE. The coherence is typically between 0.95 and 1.0 in the
hard state (Nowak et al. 1999a; Grinberg et al. 2014). We find
for all hard and intermediate state NICER observations in our
sample that the 0.06 Hz to ~10Hz coherence is close to unity
between bands chosen in the 2—-10keV range, consistent with
those previous results.

With the NICER monitoring we can extend the coherence
measurements to the soft X-rays. This has not been studied
before. As shown in Fig. 7, the low-energy (<1.5keV) and high-
energy bands (22 keV) can be identified with the accretion disk
and the Comptonizing plasma, respectively. For the I' ~ 1.8 and
I' ~ 2.3 observations, we find that the coherence between these
bands is close to unity (see Sect. 4.2), with the exception of a
drop at 1-2Hz, which we further discuss in the next section.
The high coherence between the bands where disk emission and
Comptonization dominate the flux strongly suggests a physi-
cal connection of the variability of these two components (see
Vaughan & Nowak 1997 for an explanation of the coherence).
A model such as propagating fluctuations would explain such a
connection. In the soft state (I' ~ 3.1), the coherence map shows
clearly that the high-energy variability, which we identified with
Comptonization, is not coherent with respect to the variability
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at low energies any more. As there is significant RMS at a 6%
level at 0.5-1keV, the loss of coherence between low and high
energies is statistically robust and not an effect of the low RMS.
Therefore, regardless of the nature of the physical processes that
produce the coherent variability in the hard state and the transi-
tion, this process changes in the soft state.

5.3. Evidence for an abrupt time lag change and drop of
coherence in the hard state

We measured time lags with respect to the soft energy band
below 2keV for three example observations at I' ~ 1.8, 2.3,
and 3.1 (Sect. 4.3). While the time lags of the ' ~ 2.3 and
3.1 observations show overall consistent behavior with previ-
ous intermediate and soft state observations, respectively, in
the hard state observation at I' ~ 1.8, the time lags contain a
strong feature together with a drop in coherence at around 1—
2Hz where the L; and L, components overlap. That this fea-
ture has not been seen in Cyg X-1 before is mainly due to
the fact that, as a low-energy phenomenon, it was difficult to
access with RXTE and similar missions with hard X-ray timing
capabilities. In our example observation (obs. ID 2636010101),
the feature disappears when only taking into account photons
above 1.5keV (Fig. 10). Similarly narrow drops in coherence
at the overlap of structures in the power spectrum have, how-
ever, been seen in GX 339—4 (Nowak et al. 1999b) at around
1Hz and in GRS 1915+105 (Jietal. 2003) at 0.03 Hz using
RXTE data. While no time lags are shown in Ji et al. (2003), the
time lags in Nowak et al. (1999b) show no peaked feature but a
shelf-like structure at 1 Hz (such shelves have also been seen in
Cyg X-1; e.g., Nowak et al. 1999a; Uttley et al. 2014). We con-
sider it likely that the underlying physical mechanism of these
previously detected lag shelves and coherence drops, and the
timing feature discussed in this paper, are similar.

To further understand the origin of the feature in Cyg X-1, in
the remainder of this section we consistently use the 0.5-1keV
band as the reference band and the 2-4 keV band as the sub-
ject band. We note that these bands are mainly dominated by the
accretion disk emission, and Comptonized photons, respectively
(see also Sect. 4.3).

We have systematically searched all NICER data of Cyg X-1
taken up to cycle 4 (until April 2022) to study the occurrence of
the timing feature in detail. In general, the feature is not present
in observations with soft spectra with I' > 2.2. In the following,
we show that observations with spectra harder than I' ~ 2.0,
on the other hand, show significantly different time lag behavior
than the softer ones, especially at frequencies <1 Hz.

In Fig. 13, we compare the power spectra, time lag, and
coherence for three selected hard state observations and show
that despite major differences in the lag-frequency spectra
between those observations the feature occurs in all of them.
All of the observations have in common that hard photons lag
behind soft photons by approximately 30 ms at the frequency of
the coherence drop. This drop in coherence is generally largest
at the peak of the feature, albeit its shape is found to be different
in these observations due to the low-frequency time lag behav-
ior. In the hard state observation (I ~ 1.8) that we have shown in
Sect. 4 and which represents the observation with the strongest
timing feature in the NICER data, the peak of the hard time lag
and the strongest coherence drop is located at 1.6 Hz (Fig. 13a).
The coherence drop appears asymmetric with respect to the time
lag in the sense that the lag shows a sharp drop below the peak
with a tail towards higher frequencies, while the coherence drop
extends to lower frequencies.

The data shown in Fig. 13b (obs. ID 4690010107) were taken
when Cyg X-1 was slightly harder (I' ~ 1.7). Here, pronounced
hard lags with a shelf-like structure are seen, resembling the
shape found with Ginga (Miyamoto et al. 1992, their Fig. 1c)
and RXTE (e.g., Nowak et al. 1999a or Grinberg et al. 2014,
their Fig. 11). These structures are significantly less peaked com-
pared to Fig. 13a. In the NICER data of Fig. 13b, a coher-
ence drop can be seen at the frequency of the shelf, which is
not apparent in the RXTE data of Cyg X-1 at higher energies
(Grinberg et al. 2014, their Fig. 10). A similar coherence drop
was found in GX 339—4 by Nowak et al. (1999b, their Figs. 6¢c—
d), who used ~2.5-3.9keV and 10.8-21.9keV bands. Due to
the frequency match of the overlap region of L; and L,, the lag
shelf, and the coherence drop for Cyg X-1, the underlying pro-
cess responsible for this shelf-like structure could be the same as
for the timing feature. We also note that the drop in coherence is
at significantly lower frequency, roughly 0.5 Hz, compared to the
previous observation and that, while the time lag shelf is rather
broad, the absolute time lag is again around 30 ms.

Finally, Fig. 13c illustrates the variability behavior of one
of the observations that shows strong “nose”-shaped color-color
variations (obs. ID 0100320106, I' ~ 1.8). As discussed in
Sect. 3.3, these variations originate from absorption of X-rays
in clumps of the stellar wind. During such absorption events,
additional modulation of the X-ray variability by the absorb-
ing foreground material imprints long soft lags at low frequen-
cies and reduce the coherence (see Appendix B and Lai et al.
2022). In this example, the timing feature blends with the time
lag induced by the stellar wind, while its overall shape is very
similar to Fig. 13a, again with a maximum hard lag of ~30 ms.

Having established how the feature impacts the Cyg X-1 hard
state data, we next quantify its frequency behavior for the differ-
ent observations. By visually inspecting the NICER products for
a peaked lag structure at the overlap region of the Lorentzians in
combination with a coherence drop at the same frequency (see
Appendix C for reference), we identify seven observations in the
hard state (I' < 2.0) where we confidently detect the feature; we
explicitly exclude observations with a shelf-like lag structure.
These observations are marked in Table C.1. We then read the
feature’s frequency off from the peak in the lag-frequency spec-
trum and check that the coherence drop is at the same frequency.
As this is a manual process, we adopt a systematic uncertainty
of 0.1 Hz. We find that the frequency of the feature is correlated
with the peak frequencies of L; and L, (Fig. 14), with Pearson
correlation coefficients of 0.95 and 0.99, respectively. Similar to
the peak frequencies of the Lorentzians (Pottschmidt et al. 2003;
Grinberg et al. 2014), the frequency of the feature increases as
the spectral continuum softens (Fig. 15). These results indicate a
connection between the feature and the two Lorentzians, which
is also consistent with the fact that we do not find observations
with a single-humped or red noise-like PSD where the feature is
present.

In order to quantify this relationship between the tim-
ing feature and the Lorentzians further, we use the approach
of Méndez et al. (2024, motivated by earlier work, e.g.,
Nowak et al. 1999b; Nowak 2000), who describe the variability
of black hole candidates through the sum of incoherent multi-
ple Lorentzian functions that have a constant phase lag A¢(v)
between the energy bands. In such a simple empirical model,
we expect high coherence within the frequency band dominated
by a single Lorentzian, and a decreased coherence in frequency
bands where there are contributions by more than one variability
component. We fit the data from observation 2636010101 using
two broad and a zero-centered Lorentzians (Fig. 16). The model
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Fig. 13. Timing behavior in the hard state of Cyg X-1. The time lag and coherence are calculated between the 2—4 keV and 0.5-1keV bands. To
guide the eye, the gray shaded region roughly indicates the frequency range of the feature, as indicated by the reduced coherence. (a) Observation
2636010101 (I' ~ 1.8) shows the clearest signature of the timing feature in the NICER data. A localized ~30 ms hard lag at ~1.6 Hz is present
at the overlap region of the L, and L, components. The amplitude of L, is reduced at soft energies. The coherence drops at the peak frequency
of the timing feature’s time lag, and appears asymmetric with respect to the time lag. (b) Observation 4690010107 is slightly harder at I' ~ 1.7
and shows coherent hard lags at low frequencies. At 0.5 Hz, a coherence drop indicates the presence of the timing feature. The time lag shows
a shelf-like structure at this frequency with an amplitude around 30 ms (note that the y-axis is different). (c¢) Observation 0100320106 is affected
by dipping and shows long soft lags at low frequencies at an overall reduced coherence. The timing feature is blended into the lag spectrum with

similar amplitude as in the other observations.
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Fig. 14. Frequency of the timing feature versus the peak frequencies of

L, and L, for seven observations of Cyg X-1 with a clear signature of

the timing feature (marked in Table C.1). The frequency of the feature

is parameterized by the peak in the hard time lag, assuming a systematic
uncertainty of 0.1 Hz. Uncertainties on the Lorentzian frequencies and

I" are at the 90% confidence level. The frequency of the feature corre-

lates positively with the position of the Lorentzians, which are known

to increase in frequency as the source softens.

successfully reproduces the reduction in coherence in the overlap
region of the L; and L, components (1-2 Hz). However, strong
fit residuals remain in the imaginary part of the cross spectrum
and the 0.5-1keV PSD at around 1-2 Hz and the fit is unable
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Fig. 15. Frequency of the timing feature in Cyg X-1 as a function of the
photon index. The frequency increases as Cyg X-1 softens.

to describe the peaked lag feature (dashed line in Figs. 16d,e).
Adding an additional Lorentzian component at 1.57 + 0.04 Hz
with a width of 0.703 + 0.018 Hz improves the x* from 1420
to 1066 while adding six free parameters (see Table C.2 for
all parameters with uncertainties). The reduced y? of our final
model with four Lorentzians is 1.95 for 546 degrees of freedom.
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Fig. 16. Simultaneous fit of the power and cross spectra of Cyg X-1 for NICER observation 2636010101. The data can be modeled with one zero-
centered Lorentzian (dashed line), two broad Lorentzians (dotted and dash-dot-dotted lines), and one narrow Lorentzian at 1.57 Hz (dash-dotted
lines). The total fit model is shown as a black line. The fit model with and without the narrow component evaluated on the lags and coherence is
shown as a solid and dash-dotted green line, respectively. (a) Power spectral density and fit residuals with and without the narrow component at
1.6 Hz. (b)—(c) Real and imaginary part of the cross spectrum (soft band: 0.5—1 keV, hard band: 2—4 keV) and the fit residuals with and without the
narrow component. The additional Lorentzian is very significant in the imaginary part. (d)—(e) Model evaluated (not fitted) on the phase and time
lag spectra. The model without the narrow component is shown as green dash-dotted line. (f) The coherence spectrum changes only slightly when
including the narrow component. The dip at the overlap of L; and L, emerges because the Lorentzians are assumed to be incoherent with respect

to each other.

This model fits the imaginary part of the cross-spectrum better
and, when evaluated on the lags, therefore also reproduces the
abrupt lag change at 1-2 Hz.

Measuring all time lags with respect to L;, i.e., setting
A¢(Ly) = 0, we find that L has a soft lag of —7° (as this com-
ponent is zero-centered, the phase lag cannot be transformed
to a time lag). L, has a slight hard lag of +11°, which corre-
sponds to 18 ms for the centroid frequency of L,. In the addi-
tional narrow Lorentzian at 1.57 Hz, the 2-4 keV photons arrive
with a long hard lag of roughly +58° with respect to the 0.5—

1 keV photons, corresponding to 103 ms. While this value may
appear large, we re-iterate that the timing feature is most likely
not due to reverberation (see Sect. 4.3) and that our phenomeno-
logical model assumes a constant phase relationship between L,
and L,. More realistic physical models are likely to impose more
complex phase relationship between individual variability com-
ponents. Such models may also explain the remaining residu-
als in the cross spectrum at around 0.4 Hz and 3 Hz that we do
not attempt to fit here. Alternatively, the timing feature might
also be a real, distinct physical feature, similar to the variability

A284, page 15 of 21



Konig, O., et al.: A&A, 687, A284 (2024)

components discussed by Méndez et al. (2024), which were also
only seen in the cross-spectrum but not in the PSD. While
we illustrate here that using one additional narrow Lorentzian
reproduces the basic behavior, Méndez et al. (2024) use several
Lorentzians to obtain a precise description of the lag and coher-
ence behavior in the overlap region for a similar observation of
MAXT J1820+070.

6. Summary and conclusions

In this paper we analyzed 211ks of NICER data from
Cyg X-1 across all spectral states to study the spectral-timing
behavior below 1keV. This energy range is important to under-
stand the contribution of the accretion disk to the variability,
however, it has not been comprehensively addressed in previ-
ous monitoring campaigns. We find that significantly more com-
plex phenomenology emerges at soft X-rays compared to the
harder X-ray bands. When investigating the overall state evo-
lution, for instance, we find that the color-color diagram of
Cyg X-1 splits up into a zig-zag track when soft energies are
included (Sect. 3.3).

The properties of the power spectrum are highly energy
dependent (Sect. 4.1). Consistent with earlier results, the hard
state PSD has two main variability components, which are com-
monly described with Lorentzian functions. The first Lorentzian,
L1, dominates the low energy variability where accretion disk
emission contributes the most, while the second Lorentzian, L,,
is the dominant component at high energies where Comptoniza-
tion dominates the X-ray spectrum. The second component is
suppressed at low energies.

We emphasize that the existence of these components means
that it is difficult to draw conclusions about X-ray time lags or
other timing quantities when using a broad energy band as the
reference band in the time series analysis. We directly compare
the variability with the disk contribution, as inferred from the
energy spectrum, and show that the variability at low and high
energies has dominant contribution from the disk and Comp-
tonizing plasma, respectively. The energy dependency of L,
and L, is therefore consistent with an interpretation in which
the low-frequency Lorentzian originates from fluctuations in the
accretion disk being modulated by Comptonization, while the
high-frequency Lorentzian is solely related to the Comptonizing
plasma.

Both components shift to higher frequencies as Cyg X-1
softens (Pottschmidt et al. 2003; Grinberg et al. 2014). The vari-
ability also shifts to higher energies in the state transition,
clearly showing that the Comptonized emission becomes the
main mechanism associated with the variability. The soft state
of Cyg X-1 shows very strong red noise variability at high ener-
gies, with the flux exclusively coming from the Comptonized
emission. At low energies, the source still shows a low but signif-
icant level of variability. We note that the fact that the low-energy
variability likely comes directly from the accretion disk and has
lower level of variability compared to the hard state is consis-
tent with the picture that the soft state accretion disk is relatively
stable. Using energy-resolved coherence maps, in Sect. 4.2 we
investigated the correlation of the variability between low and
high energies. Overall, the hard and intermediate states each
show a coherence of unity or close to unity. This connection
changes in the soft state, where the high-energy red noise is inco-
herent with low-energy variability.

We also find a low-energy timing phenomenon in the hard
state (Sect. 5.3), which can be characterized by (i) a sudden
jump from a soft to a hard time lag at around 1-2 Hz, (ii) a drop
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in coherence at the peak frequency of this hard time lag, (iii)
a position in between the two broad Lorentzians in the power
spectrum, and (iv) a strong energy dependence as it vanishes
when bands >1.5keV are considered. The feature increases in
frequency as the source moves into the transition, together with
the Lorentzians. If other sources of lags are present, such as the
well-known power law-like hard lags, the feature is blended into
the lag spectrum and emerges as a shelf-like structure. We do
not find the feature in observations with a single-humped power
spectrum softer than I" > 2.3.

We find that similar features are not only present in the
variability of the HMXB Cyg X-1, but also in data from
hard state observations of LMXB black holes. Figure 17
shows a comparison of the Cyg X-1 data to observations of
MAXI J1820+070 (obs. ID 1200120268), MAXI J1348-630
(obs. ID 2200530129), and AT 2019wey (obs. ID 3201710115),
identified using the products of Wang et al. (2022). These data
show the exact same characteristics as the data from Cyg X-1,
that is, a reduced amplitude of L, at low energies, a time lag
in the overlap region of the Lorentzians, and a drop in coher-
ence. This comparison provides evidence that the timing feature
is a general property intrinsic to both high- and low-mass X-ray
binary black holes. It is interesting to note that for the sources
where reliable mass and distance estimates are available, such
that they can be placed on the g-diagram, the observations show-
ing the feature appear to be located on the lower branch of the
g-diagram (see blue pentagon and green triangle in Fig. 1). Fur-
ther research is required to systematically study the occurrence
of the feature in LMXBs.

Since this complex lag behavior is found in both HMXBs
and LMXBs, the Lorentzian components and the feature are not
due to effects from the interaction of the X-rays with the stel-
lar wind. By simultaneously fitting the power and cross spectra
(Sect. 5.3), we showed that the feature can be modeled as a rel-
atively narrow Lorentzian component in between the two well-
known Lorentzians constituting the broad band noise. While the
simplified modeling in Sect. 5.3 did not assume any relationship
between the Lorentzians, in reality these components show cor-
related behavior, e.g., they shift together in frequency when the
source softens (Pottschmidt et al. 2003; Grinberg et al. 2014).
However, they are not perfectly coupled, as a drop in coherence
is observed in the overlap region (Nowak 2000, and Sect. 4.2)
and because the strength of each Lorentzian with energy is
different between the components (Grinberg et al. 2014, and
Sect. 4.1).

If the Lorentzians are sufficiently coupled, the timing feature
might be due to a beat between the two broad Lorentzians, sim-
ilar to, e.g., models invoked to describe kHz QPOs in accreting
neutron stars (e.g., Alpar & Shaham 1985; Lamb et al. 1985),
although we note that kHz QPOs show much higher quality
factors than L; or L,, and therefore physical models for them
are likely not applicable to black hole candidates. The beat fre-
quency is roughly given by the difference between the centroid
frequencies of the two Lorentzians, that is, v, — v.,. For our
example hard state observation, the difference frequency of L,
and L; matches the frequency of the Lorentzian representing the
timing feature in Sect. 5.3. We emphasize that this beat would
not necessarily mean the presence of a separate distinct physi-
cal process, such as an oscillation at a characteristic frequency,
creating the feature. Instead, the beat arises from the interaction
of the variability processes constituting L; and L,. A theoretical
beat model will have to show how these two partially incoherent,
heavily damped processes (“low-Q”) can create a narrow (“high-
Q”), localized lag at a reduced coherence.



Konig, O., et al.: A&A, 687, A284 (2024)

Cyg X-1

MAXI J1820+070

MAXI J1348-630 AT 2019wey

1072

LR U]

PSD x v

107 2 4keV

0.5-1keV

TTTTTTHT TTTI

Time lag [ms]

o Lo Lo e i

T T T

g — N W
oo ©o o © O

©
=

o
o0

Coherence

‘\\\\‘\\\\‘\\\\‘E:\H\’HH TTT

e
9

u\_l_l%_l

LR I =

[ N A A S Ay

1
0.1 1 10 0.1

Frequency [Hz] Frequency [Hz]

10 0.1

10 0.1

Frequency [Hz] Frequency [Hz]

Fig. 17. Comparison of the timing feature in Cyg X-1 to similar data for the low-mass X-ray binaries MAXI J1820+070, MAXI J1348—-630, and
AT 2019wey. In all four observations, a reduction of L, at low energies, a time lag jump between soft (0.5-1 keV) and hard (2—4 keV) photons, and
a coherence drop in the overlap region of the Lorentzians can be seen. The similarity of the data suggests that the timing feature is a ubiquitous

property of accreting black hole binaries.

In a similar interpretation, lags due to interference effects of
two distinct spectral components have also been discussed by
Veledina (2018). She shows that such interference can lead to
a broad lag structure at around 8 Hz in an RXTE/PCA obser-
vation of Cyg X-1. This observation is located on the soft side
of the g-diagram. We also note that the lag structure modeled
by Veledina (2018) corresponds to the enhanced lag seen in
Cyg X-1 during state transitions at energies above ~2.5keV
(Pottschmidt et al. 2000). It cannot be ruled out, however, that
similar interference behavior may also cause the lag structures
found here. It is beyond the scope of this paper to extend the
Veledina (2018) model for non-unity coherence or develop a
beat model that describes the observed coherence loss and lags
in order to prove the beat frequency hypothesis. However, inde-
pendent of the interpretation of the feature, the detection in both
types of accreting stellar mass black holes X-ray binaries has
intriguing implications. In particular, we stress that the soft lag at
low energies associated with the timing feature cannot be inter-
preted as reverberation lags, as shown in Sect. 4.3. Instead, this
detection requires a modification of the general picture on how
soft lags can be created, at least for the observations which show
this feature.
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Appendix A: Energy-dependent RMS variability
amplitude in the hard state

In order to better quantify the peak energy of the two main vari-
ability components of the hard state, we use the RMS variabil-
ity amplitude spectrum. Figure A.1 shows the fractional RMS
of light curves extracted in small energy bands, integrated over
three frequency ranges that sample the total PSD (0.06-15 Hz),
the low-frequency range of L; (0.06—1.16 Hz), and the high-
frequency range of L, (1.22-15Hz). Overall, most variability
comes from >1.5keV and the variability drops significantly at
low energies (Fig. 7). We can constrain the energy where L,
peaks to be at ~1.7keV and derive a disk fraction of roughly
40%. At higher energies, the RMS of L, declines, while the high-
frequency variability covering L, stays constant above 2keV.
This behavior is consistent with AstroSAT data of Cyg X-1,
shown in Misra et al. (2017, their Fig. 4), and Insight-HXMT
data, shown in Feng et al. (2022, their Fig. 7).

0.35F e 415
0.30 ey 110
E /’ - -0 - \+-_+‘ .
2] C ’ - ~e
S 025¢ S Tl 0.8
= 020F " eIl g
= — [ -7 TE . - N L ;E‘
e A Total (0.06-14.95Hz) || (.4
0= Sl L (0.06-1.16Hz) -
E i L, (1.22-1495Hz) —0.2
00511 i
F —0.0
C o L | L
0.5 1 2 5 10

Energy [keV]

Fig. A.1. RMS spectrum of observation 2636010101 of Cyg X-1 at
I' ~ 1.8. The black dashed line shows the total RMS averaged over
the 0.06—15 Hz range, which peaks at around 2 keV. The low- (red) and
high-frequency (blue dashed line) variability shows a bimodal behavior.
The high-frequency variability from L, remains constant above ~2 keV,
while the RMS of L, drops off. Below roughly 1.5keV, the variability
drops at all frequencies. The remaining variability is dominated by L.
The gray curve with the scale on the right axis measures the contribution
from the accretion disk in the hard state. L, peaks at ~1.7 keV where the
disk contributes ~40% of the flux.

Appendix B: Influence of the stellar wind on the
time lag and coherence in the hard state

Lai et al. (2022) proposed that low-frequency soft lags occur
during dipping events when clumps of material pass the line-of-
sight, and are closely related to absorption variations. As a case
study we analyze observation 0100320106 during periods with
and without dipping, which were selected using cuts through
the color-color diagram. We confirm that dipping events produce
very strong soft lags up to 200 ms at 0.1 Hz (Fig. B.1). In fact,
this is a factor >5 longer than the ~40ms found by Lai et al.
(2022). We also confirm that the process producing these soft
lags is incoherent.

The timing feature is present in the non-dipping case, sug-
gesting that the feature is not related to the stellar wind. This
result is also supported by the fact that we see the timing feature
in hard state data taken at all orbital phases, in particular also
at inferior conjunction, when the influence of the stellar wind
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Fig. B.1. Lag-frequency spectra and coherence of Cyg X-1 between
0.5-1keV and 2-4 keV for observation 0100320106. Colors were cho-
sen to match Fig. 6 of Lai et al. (2022). a) Data during dipping events
(magenta) show soft lags of up to ~200ms. b) Data outside of dips
(green) show a strong change in time lag around 1-2 Hz. ¢) The coher-
ence of the non-dipping data shows a dip at 1-2 Hz, while data taken
during dipping events show an overall reduced coherence.

is weakest. For reference, we refer to observation 1100320112
(Fig. C.21) and observation 4690020105 (Fig. C.48) taken at
Borb 0.45, observation 0100320107 (Fig. C.7) at ¢op =
0.23, and observation 0100320104 (Fig. C.4) and 1100320113
(Fig. C.22) at ¢or, = 0.6-0.8.

Appendix C: Supplementary data

In this section, we provide supplementary information on the
analysis. Table C.1 contains the observation log of the data
analyzed in this paper. Table C.2 provides the parameters of
the fit model used in Sect. 5.3. Figures C.1-C.52 are avail-
able under https://doi.org/10.5281/zenodo.11198866.
These figures show the timing products of each observation in
the NICER archive of Cyg X-1 up to April 2022 (cycle 4). Each
collection of figures is arranged as follows. The top row shows
overview figures of the light curve, the PSD in 0.5-10keV, and
the location of the observation in the hardness-intensity, orbital
phase, and color-color diagrams. The data in the top rows are col-
ored as in the main text: red is the soft, green the intermediate,
and blue the hard state. The bottom panel shows timing prop-
erties for low and high energies. The left column shows PSDs
computed in three energy bands. The center column shows the
lag-frequency spectrum for two correlated bands: Blue uses 0.5—
1keV and 24 keV, and red uses 2-4 keV and 5-8 keV. Dashed
lines denote the phase-wrapping limit. The right column shows
the coherence between these energy bands.
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Table C.1. Overview of the Cyg X-1 observations in the NICER archive up to April 2022 (cycle 4). Photon indices are derived from diskbb+power
law fits, described in Sect. 3.1.

Obs. ID Start date Exposure [s] T Porb timing feature ~ wind-affected
0100320101 2017-06-30T15:55:11 719 1.8 0.02-0.03 - -
0100320102 2017-07-02T12:41:37 1580 2.2 036-0.38 - -
0100320103 2017-07-03T01:27:00 668 2.1 045-061 - -
0100320104 2017-07-04T00:00:28 10682 1.9 062080 V -
0100320105 2017-07-05T00:49:32 14153 1.9 0.80-096 V —
0100320106 2017-07-06T01:21:25 7945 1.8 0.00-0.14 v
0100320107 2017-07-07T08:23:28 4369 20 022024 -
0100320108 2017-07-10T23:19:38 415 2.1 0.86-0.87 - —
0100320109 2017-07-11T00:19:49 7304 2.1 0.87-0.04 - -
0100320110 2017-07-12T00:03:49 6584 23 005021 - -
1100320101 2017-10-28T06:53:58 3709 3.3 0.39-042 - —
1100320102 2017-10-28T23:53:17 3054 3.0 0.51-055 - -
1100320103  2017-10-30T00:35:37 1406 34 0.70-0.70 - -
1100320104 2017-11-01T11:05:00 626 3.0 0.13-0.17 - -
1100320106 2017-12-01T22:13:28 501 3.0 0.57-057 - -
1100320107 2017-12-02T03:07:00 483 29 0.61-066 - -
1100320108 2017-12-03T23:37:15 106 3.5 094094 - —
1100320109 2017-12-04T21:15:20 221 33 0.10-0.11 - -
1100320110 2018-02-08T20:16:33 3970 1.6 0.88-090 - -
1100320111 2018-02-08T23:21:40 10251 1.8 090095 V v
1100320112 2018-02-17T14:29:47 400 1.8 0.44-049 - -
1100320113 2018-02-18T05:51:40 1044 1.7 0.56-0.67 - -
1100320114 2018-02-19T00:21:00 390 1.8 0.69-0.87 - —
1100320115 2018-02-20T02:38:00 386 1.7 0.89-093 - -
1100320116 2018-02-21T00:10:00 678 1.7 0.05-0.13 - -
1100320117 2018-03-26T18:41:40 6203 2.2 0.08-0.12 - -
1100320118 2018-03-27T00:52:40 4612 23 0.13-0.15 - -
1100320119 2018-04-15T14:55:08 11373 2.7 0.63-0.69 - -
1100320121 2018-05-27T07:38:00 17450 2.7 0.07-0.16 - W)
1100320122 2018-08-11T03:12:34 17954 3.1 0.61-0.69 - -
2100320101 2019-04-04T18:14:20 5801 1.8 0.87-090 V -
2636010101 2019-08-06T09:01:20 14207 1.8 094-0.04 V —
2636010102 2019-11-13T10:32:00 12355 3.1 0.63-071 - -
2636010201 2019-09-18T23:42:59 4272 24 0.73-0.80 - -
4690010103 2022-02-15T12:10:45 274 1.7 097-0.04 - v
4690010104 2022-03-04T09:46:04 1176 1.5 0.99-1.00 - v
4690010105 2022-03-10T00:29:20 1564 1.6 0.99-0.00 - -
4690010106 2022-03-15T12:07:00 4759 1.6 0.97-0.01 shelf v
4690010107 2022-03-20T09:48:00 4795 1.7 0.85-0.90 shelf W)
4690010109 2022-04-12T15:50:21 4386 1.6 1.00-0.01 - v
4690010110 2022-04-17T09:04:37 3798 1.7 0.84-095 - v
4690010111  2022-04-18T00:44:17 6180 1.6 0.96-0.06 - v
4690020101 2022-02-12T19:01:14 879 1.6 048-0.51 - -
4690020102 2022-02-18T10:05:41 235 1.6 0.49-0.50 - -
4690020103  2022-03-07T04:20:20 715 1.7 048048 - -
4690020104 2022-03-12T19:04:58 912 1.7 048049 - -
4690020105 2022-03-18T03:35:50 2320 1.7 0.44-0.46 shelf -
4690020107 2022-04-04T03:37:06 1865 1.6 048049 - -
4690020108 2022-04-06T23:41:40 239 1.5 0.98-0.01 - v
4690020109 2022-04-09T21:20:00 2063 1.6 0.50-0.51 - -
4690020110 2022-04-15T09:14:00 2441 1.7 0.48-0.50 -
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Table C.2. Lorentzian model parameters of the simultaneous fit of
observation 2636010101 of Cyg X-1 (Fig. 16). Each non-zero-centered
Lorentzian adds 6 free parameters: Frequency, width, and two normal-
izations for the low- and high-energy PSD plus the lag and modulus
of the cross vector. The norm of the real/imaginary part is the modulus
of the cross vector times the cosine/sine of the phase lag, respectively.
The frequency of the zeroth Lorentzian (L) is fixed to 0 Hz and phase
zero is anchored to the strongest component (L;). L, denotes the narrow
component at the frequency of the timing feature. Uncertainties denote

90% confidence limits.

Parameter Value

vi, [Hz] 0 (frozen)

v, [Hz] 0.186 + 0.010

vi, [Hz] 1.76 £0.12

v, [Hz] 1.57 +0.04

Ar, [Hz] 8+6)x1073

Ap, [Hz] 0.703 +£ 0.018
A, [Hz] 479 +0.10

Ay, [Hz] 062153

Ay, [rad] ~0.13*0%9

A¢y, [rad] 0 (frozen)

A¢y, [rad] 0.197f0'02

A¢y, [rad] 1.01j4g;?§
N(Lo,CPD) (6.1555P) x 107
N(Lo,0.5-1keV)  (6.6%57™) x 107
N(Ly, 2-4 keV) (6+4)x107*®
N(L,,CPD) 0.0448 + 0.0009
N(L;,0.5-1keV) 0.0307 = 0.0006
N(Li,2-4keV)  0.066570:901
N(L,,CPD) 0.0129 + 0.0007
N(L,,0.5-1keV) (3.7 £0.4)x 1073
N(L,,2-4keV) 0.0428 + 0.0016
N(L,,CPD) (1.5933¢) x 1073

N(L,,0.5-1keV)
N(L,,2-4keV)

(9.6:23) x 107
(1078) x 1074
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