
A&A, 699, A9 (2025)
https://doi.org/10.1051/0004-6361/202554353
c© The Authors 2025

Astronomy
&Astrophysics

Timing analysis of the black hole candidate Swift J1727.8–1613:
Detection of a dip-like feature in the high-energy cross spectrum

Pei Jin1,? , Mariano Méndez1,? , Federico García2 , Diego Altamirano3,
Guobao Zhang4,5, and Sandeep K. Rout6

1 Kapteyn Astronomical Institute, University of Groningen, P.O. BOX 800, 9700 AV Groningen, The Netherlands
2 Instituto Argentino de Radioastronomía (CCT La Plata, CONICET; CICPBA; UNLP), C.C.5, (1894) Villa Elisa, Buenos Aires,

Argentina
3 School of Physics and Astronomy, University of Southampton, Southampton, Hampshire SO17 1BJ, UK
4 Yunnan Observatories, Chinese Academy of Sciences, Kunming 650216, PR China
5 University of Chinese Academy of Sciences, Beijing 100049, PR China
6 Center for Astrophysics and Space Science, New York University Abu Dhabi, PO Box 129188, Abu Dhabi, UAE

Received 3 March 2025 / Accepted 28 April 2025

ABSTRACT

We present a timing analysis of observations with the Hard X-ray Modulation Telescope of the black hole X-ray transient
Swift J1727.8–1613 during its 2023 outburst. We detect, for the first time in a black hole X-ray binary, a prominent dip at ∼3−15 Hz in
the real part of the cross spectrum between high-energy (>25 keV) and low-energy (<10 keV) photons in the low hard and hard inter-
mediate states, during which the QPO frequency rapidly increases and then stabilizes at ∼1.0−1.5 Hz. Remarkably, the real part of the
cross spectrum reaches negative values at the frequencies around the minimum of the dip, which is indicative of a phase lag ranging
between π/2 and π in this frequency range. We fit the power spectra and the real and imaginary parts of the cross spectra simulta-
neously using a multi-Lorentzian model. Among the lag models, the Gaussian phase-lag model provides a slightly better reduced χ2

than the constant phase-lag and constant time-lag models, while it also alleviates the degeneracy associated with those models. From
the parameters of the Lorentzian that fits the dip, we estimated the size of the accretion flow, which consistently exceeds 10 000 km as
the QPO frequency increases from 0.13 Hz to 2.0 Hz. Furthermore, both the energy-dependent phase-lag and fractional-rms spectra
of the dip exhibit a change in trend around 15 keV, with the phase lag dropping and the rms reaching a local minimum. These spectra
closely resemble the shapes predicted by the time-dependent Comptonization model, vKompth, for a low feedback factor, offering
a pathway to explain the radiative properties of the corona. Additionally, the coherence function suggests a diversity of variability
components potentially arising from different parts of the corona.
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1. Introduction

Black hole X-ray binaries (BHXBs) are typically tran-
sient systems that stay in the quiescent state most of
the time, but show recurrent bright X-ray outbursts last-
ing for weeks to months (e.g., Tanaka & Shibazaki 1996;
McClintock & Remillard 2006). During an outburst, the spec-
tral and timing properties of these sources change as the source
evolves along the hardness intensity diagram (HID). According
to Belloni (2010) and Belloni et al. (2011), there are generally
four spectral-timing states: the low hard state (LHS), hard inter-
mediate state (HIMS), soft intermediate state (SIMS), and high
soft state (HSS).

Short time-scale variability ranging from milliseconds
to hundreds of seconds is very common in BHXBs (see
Belloni et al. 2011; Ingram & Motta 2019, and references
therein). This variability is usually studied in the frequency
domain with the Fourier transform (e.g., van der Klis 1989). The
power density spectrum (PDS) describes the strength of the vari-
ability as a function of Fourier frequency (Leahy et al. 1983;
van der Klis 1989). The PDS is usually decomposed into several
? Corresponding authors: peijin@astro.rug.nl;
mariano@astro.rug.nl

incoherent (additive) variability components (e.g., Nowak 2000;
Belloni et al. 2002; van der Klis 2004), which can be described
by Lorentzian functions. In the frequency range of ∼0.01−30 Hz,
the most common components in black hole systems include
the low-frequency quasi-periodic oscillations (QPOs) and their
harmonics (Nowak 2000; Belloni et al. 2002; van der Klis
2004; Pawar et al. 2015; van Doesburgh & van der Klis 2020;
Zhang et al. 2020a; Ratti et al. 2012; Debnath et al. 2023), as
well as the band-limited noise (BLN) (Belloni et al. 2002;
van der Klis 2004) with a zero centroid frequency. Sometimes a
high-frequency peak noise component (HF-PN), correlated with
the low-frequency QPOs through the PBK correlation (Psaltis,
Belloni and van der Klis 1999), is also observed (Belloni et al.
2002; Yu et al. 2024). In recent years, some new components
have been discovered in these systems, such as the shoulder
of the QPO (Belloni et al. 2002) and the so-called imaginary
QPO (Méndez et al. 2024; Bellavita et al. 2025; Fogantini et al.
2025), indicating the diversity of timing variability components.

Another powerful tool to study the timing properties of
BHXBs is the cross spectrum (CS) of the correlated light curves
of a source in two different energy bands (Nowak & Vaughan
1996; Bendat & Piersol 2010). The CS is a complex function of
Fourier frequency. The phase angle of the CS in the complex
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plane represents the phase lag at a given Fourier frequency.
For a sinusoidal wave with a given frequency ν, the time lag
equals to the phase lag divided by 2πν. There are many mod-
els to explain the phase and time lags of QPOs and BLN,
including reverberation (Mastroserio et al. 2018, 2019, 2021),
propagating mass accretion rate fluctuations (Arévalo & Uttley
2006; Kawamura et al. 2023), Comptonization in a relativistic
jet or outflow (Kylafis & Reig 2018), Lense-Thirring preces-
sion (Ingram et al. 2009, 2016), time-dependent Comptoniza-
tion (Karpouzas et al. 2020; García et al. 2021; Bellavita et al.
2022), and jet precession (Ma et al. 2021).

In the past decade, the study of the amplitudes and lags
of the QPOs and BLN has improved our understanding of
the physical and geometrical properties of the accretion flow
around black holes (Ingram & Done 2011; Ingram et al. 2016;
Mastroserio et al. 2018; Kylafis et al. 2020; Karpouzas et al.
2020; Méndez et al. 2022). Building on the success of this
approach, it is further assumed that those Lorentzian components
are not just a useful empirical description of the power density
spectrum but that they represent physical processes occurring
within the system (Méndez et al. 2024).

While the Lorentzian decomposition has been widely used
in the past twenty years, there was no reliable way to sepa-
rate the lags of the individual components until Méndez et al.
(2024) proposed a joint-fitting approach. This method simulta-
neously fits the PDS and the real and imaginary parts of the CS
under the assumptions that the individual Lorentzian functions
are incoherent with one another but each of them is fully coher-
ent with themselves when measured in different energy bands.
In the framework introduced by Méndez et al. (2024), the lag of
an individual variability component is a function of Fourier fre-
quency. Among all the possible functions, Méndez et al. (2024)
studied the two simplest cases, the constant phase-lag and the
constant time-lag models. For the constant phase-lag model, the
real or imaginary part of the CS can be decomposed into the
same combination of Lorentzian functions that fits the PDS. For
the constant time-lag model, the models of the real and imagi-
nary parts of the CS are the same as the one of the PDS but with
each Lorentzian function multiplied by, respectively, cos(2πtcv)
and sin(2πtcv), where tc is the constant time lag. Therefore, the
real and imaginary parts of the CS show oscillations as a func-
tion of Fourier frequency with a period of 1/tc.

Méndez et al. (2024) also propose an understanding of
the intrinsic coherence function (Nowak & Vaughan 1996;
Vaughan & Nowak 1997) of the correlated light curves of a
source in two different energy bands. If the coherence func-
tion at a given frequency range is high, it must be that a single
Lorentzian dominates the variability. If the coherence function at
a given frequency range is low, it is the case of the superposition
of two or more uncorrelated Lorentzians in that frequency range.

The new galactic X-ray transient Swift J1727.8–1613 was
discovered on August 24, 2023, by Swift/BAT (Page et al.
2023) and was identified as a BHXB candidate by subse-
quent observations (Castro-Tirado et al. 2023; O’Connor et al.
2023; Miller-Jones et al. 2023). Low-frequency QPOs have
been detected with Swift/XRT (Palmer & Parsotan 2023),
NICER (Draghis et al. 2023), AstroSat/LAXPC (Katoch et al.
2023), INTEGRAL (Mereminskiy et al. 2024), and Insight-
HXMT (Yu et al. 2024).

Based on the Insight-HXMT light curve and hardness-
intensity diagram of the source, Yu et al. (2024) divided the
observations in which prominent type-C QPOs (Casella et al.
2004) were detected into two sub-states: the normal state and the
flare state. In the normal state, the QPO frequency first increases

rapidly and then remains more or less constant at 1 Hz, whereas
in the flare state the QPO frequency varies with the flares (see
Figure 4 in Yu et al. 2024).

In this paper, we use the same Insight-HXMT observations
as in Yu et al. (2024) and focus on the normal state, in which we
find an interesting dip-like feature in the real part of the cross
spectrum. The paper is organized as follows: In Section 2 we
describe the data reduction and analysis with Insight-HXMT. In
Sections 3 and 3.2 we show the results from the timing analysis,
and in Section 5 we discuss our results.

2. Observations and data reduction

Following the detection of Swift J1727.8–1613 by MAXI/GSC
and Swift/BAT, Insight-HXMT observations started on
August 25, 2023 (MJD 60181), and ended on October 6,
2023 (MJD 60222). Launched on June 15, 2017, Insight-
HXMT (Zhang et al. 2020b) is the first Chinese X-ray
observatory. Insight-HXMT carries three instruments: the Low
Energy (LE; 1–15 keV), the Medium Energy (ME; 5–30 keV),
and the High Energy (HE; 20–250 keV) telescopes. In this
paper, we use the same observations of Swift J1727.8–1613
reported by Yu et al. (2024).

We used the Insight-HXMT data analysis software Insight-
HXMTDAS (version 2.06) and the latest CALDB files (version
2.07) to process the data, using only data from the small field-
of-view detectors. We created good time intervals (GTI) with
the following selection criteria: pointing offset angle< 0.04◦,
elevation angle> 10◦, geomagnetic cutoff rigidity> 8 GV, and
the satellite being at least 300 s away from the crossing of the
South Atlantic Anomaly. We estimated the background with
the lebkgmap, mebkgmap, and hebkgmap tasks in Insight-
HXMTDAS.

We used GHATS1 to compute the fast Fourier transform to
produce PDS, the real and imaginary parts of the CS, the phase
lag spectrum, and the intrinsic coherence function for each indi-
vidual observation. To compute the PDS and CS, we selected
time segments of ∼64 s and a time resolution of 1 ms (Nyquist
frequency of 500 Hz), except for the analysis in Section 4.4,
where we used a time resolution of 3 ms (Nyquist frequency
of 166.7 Hz) and segments of 49.152 s. We computed the PDS
and real and imaginary parts of the CS in each segment, and
then we averaged those to get a PDS and the real and imagi-
nary parts of the CS per observation. We rebinned the averaged
PDS and real and imaginary parts of the CS in frequency by
a factor of ≈1.047 = 101/50 or ≈1.023 = 101/100 (see details in
each section) to increase the signal-to-noise ratio further. Finally,
we used the averaged and rebinned PDS and real and imaginary
parts of the CS to compute the phase lag spectrum and the coher-
ence function for each observation. The PDS and the real and
imaginary parts of the CS were normalized to fractional rms-
squared units (Belloni et al. 2002). The Poisson noise was sub-
tracted, and the background was considered when we computed
the rms normalization. To increase the signal-to-noise ratio to
satisfy our studies, we combined PDS and CS with similar prop-
erties (see Table 1).

We used Xspec v.12.14.0 (Arnaud 1996) to fit the PDS and
the real and imaginary parts of the CS. To improve the stability
of fitting procedures, we rotated the cross spectra counterclock-
wise by 45◦ (Méndez et al. 2024) such that cross spectra with
a near-zero phase lag would end up having more or less equal

1 http://astrosat-ssc.iucaa.in/uploads/ghats_home.
html
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Table 1. QPO frequency range and number of segments averaged for
each group in Fig. 4.

Group index QPO frequency (Hz) Number of segments

#1 0.13–0.16 35
#2 0.24–0.27 48
#3 0.30–0.38 57
#4 0.45–0.47 49
#5 0.56–0.57 11
#6 0.69–0.72 51
#7 0.75–0.81 54
#8 0.87–0.93 50
#9 1.06–1.24 547
#10 1.27–1.43 490
#11 1.48–1.66 109
#12 1.80–1.93 13
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Fig. 1. Hardness intensity diagram of the 2023 outburst of
Swift J1727.8–1613 observed with Insight-HXMT. The red asterisks
are observations in the normal state defined by Yu et al. (2024). The
black circles are observations in the flare state. This paper focuses on
the observations in the normal state.

real and imaginary parts. We always fit the PDS and the real
and imaginary parts of the rotated CS simultaneously with the
method proposed by Méndez et al. (2024). We consider that a
Lorentzian is significantly needed if the normalization of that
Lorentzian divided by its 1-σ error is larger than 3 in either the
PDS or the CS. All errors represent the 68% confidence range
for a single parameter unless otherwise stated.

3. General analysis and a dip-like feature in the real
part of the cross spectrum

3.1. HID and power spectrum

In Fig. 1 we present the hardness intensity diagram of the 2023
outburst of Swift J1727.8–1613 observed with Insight-HXMT.
The hardness ratio is defined as the ratio of the background-
subtracted count rate in the HE 28–200 keV and the LE 2–10 keV
bands, and the intensity is the background-subtracted count rate
in the LE 2–10 keV band.

Following Yu et al. (2024), we divided the Insight-HXMT
observations of Swift J1727.8–1613 into the normal state
(red asterisks) and the flare state (black circles) in Fig. 1.
From the broadband fractional-rms amplitude in Figure 2

of Yu et al. (2024), we conclude that the so-called normal state
in Swift J1727.8–1613 corresponds to the LHS and the start of
the HIMS (Belloni 2005; Muñoz-Darias et al. 2011). The trace
of the source in the normal state looks like the right upper
branch of a “q” as seen in other sources (e.g., Fender et al. 2004;
Homan & Belloni 2005; Belloni et al. 2011), whereas in the flare
state the intensity varies as the hardness ratio decreases, so the
trajectory of the source in the HID shows a sawtooth shape.

In Fig. 2 we illustrate the time evolution of the PDS in the
HE 28–200 keV band throughout the Insight-HXMT observation
period. A low-frequency QPO is prominently visible across all
observations. The black vertical solid line in the figure marks
the transition from the normal state to the flare state. Initially,
the frequency of the QPO rises rapidly, then levels off at around
1.0–1.5 Hz during the normal state. However, in the flare state
the QPO frequency varies, increasing to approximately 8 Hz by
the end of the observations.

In Fig. 3 we present the LE 2–10 keV PDS, the HE 28–
200 keV PDS and the modulus of the cross spectrum of the HE
data with respect to the LE data for a representative observation
in the normal state extending between MJD 60186 and 60187;
the time interval of this observation is marked with black dotted
vertical lines in Fig. 2. The strongest components in the LE and
HE PDS are a QPO at ∼1 Hz and its harmonic at ∼2 Hz. The total
variability of the HE 28–200 keV data is always higher than that
of the LE 2–10 keV data, with the largest difference at low and
high frequencies. The modulus of the cross spectrum presents a
similar shape as the LE PDS, albeit with lower values at high
frequencies.

We plot the hardness ratio versus the QPO frequency for
the observations in the normal state in Fig. 4. Each point rep-
resents an observation from an individual good time inter-
val, in which we discard the good time intervals that are
shorter than 320 s (5 × 64 s). The QPO frequency is defined
as the frequency at which the “Power×Frequency” is maxi-
mum (Belloni et al. 2002), where “Power” is the power of the
Poisson-noise-subtracted PDS in the LE 2–10 keV band (also in
the HE 28–200 keV band) in fractional rms-squared units. The
hardness ratio and QPO frequency show an anti-correlation: the
hardness ratio decreases from ∼1.8 to ∼0.6 as the QPO fre-
quency increases from 0.13 Hz to 1.93 Hz. This is seen also
in other sources (e.g., Méndez et al. 2022; Zhang et al. 2022;
García et al. 2022; Belloni et al. 2024). We observe that as the
QPO frequency exceeds ∼1.0 Hz the relation between QPO fre-
quency and hardness broadens, such that at a given QPO fre-
quency the hardness can change by a factor of up to ∼1.3.
A similar, but more extreme, behavior is seen in the case of
GRS 1915+105 (Méndez et al. 2022), and to a lesser extent in
GX 339–4 (Zhang et al. 2024).

To obtain data with good-enough statistics, we combined the
observations into 12 groups, marked with gray shaded area in
Fig. 4. We checked that the PDS and the CS of the observations
in the same group are consistent with each other. The defini-
tion of the groups did not take into account the hardness ratio,
because observations with close QPO frequencies but different
hardness ratios have PDS and CS that are consistent with each
other. For each group, we generated a separate LE 2–10 keV
PDS, a HE 28–200 keV PDS, and a CS of photons in the HE 28–
200 keV band with respect to those in the LE 2–10 keV band. We
rebinned the averaged PDS and CS of a group logarithmically in
frequency by a factor≈ 1.047 (= 101/50) to increase the signal-to-
noise ratio further, except for Group #9, #10 and #11 that have
enough number of PDS and CS to reach a good signal-to-noise
ratio with a rebin factor≈ 1.023 (= 101/100). In Table 1 we record
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Fig. 2. Dynamical power density spectrum in the HE 28–200 keV band of Swift J1727.8–1613 throughout the Insight-HXMT observation period.
The color scale represents the Poisson-noise-subtracted power in fractional rms-squared units. The black solid vertical line marks the transition
from the normal state to the flare state (MJD = 60198). The dotted vertical lines indicate the time interval of the observation shown in Figs. 3, 6, 7
and A.1.

0.1 1 10
Frequency (Hz)

10 4

10 3

10 2

10 1

×
Po

we
r (

rm
s/

m
ea

n)
2

LE PDS
HE PDS
Modulus of the cross spectrum

Fig. 3. Representative power spectra and cross spectrum of
Swift J1727.8–1613 in the normal state. The LE 2–10 keV PDS (red),
the HE 28–200 keV PDS (blue), and the modulus of the cross spectrum
of the HE data with respect to the LE data (gray), corresponding to the
observations between the black dotted vertical lines in Fig. 2.

the frequency range of the QPO and the number of segments of
each group.

3.2. Dip-like feature in the real part of the cross spectrum

In the normal state we detect a prominent dip-like feature at
∼3.0–15.0 Hz in the real part of the CS of photons in the HE 28–
200 keV band with respect to those in the LE 2–10 keV band. A
representative observation is shown in Fig. 5 in which we plot
the real and imaginary parts of the CS of Group #9 in the top
left panel. In Group #9 we average 547 individual segments to
compute the power and cross spectra. To clearly display the high-
frequency part of the data, we plot νP(ν) in the y axis. The main
features in the real part are a significant peak at the QPO fre-
quency and a dip at ∼3.0–15.0 Hz (grey shaded region in Fig. 5)
that reaches negative values near the minimum. At the begin-
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Fig. 4. Hardness versus QPO frequency for the observations in the nor-
mal state of Swift J1727.8–1613. The observations are combined into
12 groups, shown by the shadowed regions (see Table 1 for the detailed
information of the groups).

ning and end of the dip, the real and imaginary parts have sim-
ilar values, indicating a phase lag of ∼π/4. At the dip the real
part decreases rapidly and then increases, while the imaginary
part decreases smoothly. Since at the frequencies of the dip in
the real part of the CS the imaginary part is always positive, neg-
ative values of the real part mean a phase lag between π/2 and
π.

Similar to Méndez et al. (2024), in the top right panel of
Fig. 5 we plot the real and imaginary parts of the cross
spectrum rotated counterclockwise by 45◦, 2−1/2(Re – Im) and
2−1/2(Re + Im), respectively. The dip occurs when the real part
begins to become lower than the imaginary part. Since for the
rotated cross spectrum a real part equal to zero means a phase
lag of π/4, the dip corresponds to the frequency range where the
real part is negative for the rotated cross spectrum. As shown in
the bottom right panel of Fig. 5, the dip in the real part of the
CS leads to a hump in the phase-lag spectrum, with a phase lag
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Fig. 5. Top left: Real and imaginary parts of the cross spectrum of Swift J1727.8–1613 for Group #9 in Fig. 4. Top right: Real and imaginary parts
of the cross spectrum rotated counterclockwise by 45◦. Bottom left: Modulus of the cross spectrum. Bottom right: Phase and time lags. For a clear
presentation of the real and imaginary parts of the cross spectrum, data in the cross spectrum with absolute values greater than or equal to 5× 10−4

are scaled logarithmically, while values with absolute values smaller than 5 × 10−4 are scaled linearly.

larger than π/2. A similar hump, together with a strong narrow
peak at the frequency of the second harmonic of the QPO, dom-
inates the time lags, which reach the maximum value at slightly
lower frequencies than those in the phase-lag spectrum.

We also plot the modulus of the cross spectrum in the bottom
left panel, which exhibits a smooth decline in the ∼3.0–15.0 Hz
range. Therefore, the dip in the real part is dominated by changes
of the phase lags instead of changes of the modulus of the cross
spectrum.

The real part of the rotated CS also exhibits a sharp negative
peak at the frequency of the second harmonic of the QPO, while
the imaginary part of the rotated CS shows a positive peak. This
indicates a phase lag greater than π/4 at the frequency of the
second harmonic of the QPO, as shown in the bottom right panel
of Fig. 5.

4. Joint-fit of the power and cross spectra

4.1. Joint-fit for data collected during a continuous
monitoring interval

In this section we analyze the representative observation marked
with black dotted vertical lines in Fig. 2. This observation
includes 138 segments of 64 s. We rebin the averaged PDS
and real and imaginary parts of the CS in frequency by a fac-
tor≈ 1.023 (= 101/100). We fit jointly the PDS and the CS for this

observation with the method proposed by Méndez et al. (2024).
We fit simultaneously the LE 2–10 keV PDS and the HE 28–
200 keV PDS, as well as the real and imaginary parts of the CS
(HE 28–200 keV with respect to LE 2–10 keV). We use the same
number of Lorentzians for the LE 2–10 keV PDS and the HE 28–
200 keV PDS and link the frequency and full width at half max-
imum (FWHM) of each Lorentzian across the different spectra.
For each Lorentzian in the PDS, we include the corresponding
Lorentzian to the real and imaginary parts of the CS:

Re =
∑

i

Ci L(ν; ν0,i,∆i) cos [gi(ν; p j)]

Im =
∑

i

Ci L(ν; ν0,i,∆i) sin [gi(ν; p j)],
(1)

where L(ν; ν0,i,∆i) are the same Lorentzians we fit to the PDS,
with the same frequency and FWHM, and the gi(ν; p j) are func-
tions of frequency with j parameters p j that represent the lag
spectrum of the each Lorentzian. In this paper, we explore three
assumptions for these functions gi(ν; p j): (1) The phase lags are
constant, gi(ν; p j) = 2π ki, where the quantity 2πki describes
the frequency-independent phase-lags of the ith Lorentzian. (2)
The time lags are constant, gi(ν; p j) = 2π kiν, where the
quantity ki are the frequency-independent time-lags of the ith
Lorentzian. (3) The phase lags reach a maximum or minimum
value at the Lorentzian centroid frequency, so appearing as a
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Fig. 6. LE 2–10 keV (upper-left panel), HE 28–200 keV PDS (upper-right panel), and the real (lower-left panel) and imaginary (lower-right panel)
parts of the rotated CS of Swift J1727.8–1613 for the data shown in Fig. 3, fitted with a model (solid lines) consisting of 12 Lorentzians. Individual
components are plotted with colored dotted lines. The fits were done assuming the constant phase-lag model. For a clear presentation of the real
and imaginary parts of the cross spectrum, data with absolute values greater than or equal to 5× 10−4 are scaled logarithmically, while values with
absolute values smaller than 5 × 10−4 are scaled linearly.

peak. Following Zhou et al. (2022), we use a Gaussian function
to describe the frequency dependence of the phase lags (hence
the name Gaussian phase-lag model),

gi(ν; p j) = 2π ki e
− 1

2

(
ν−ν0,i
σi

)2

, (2)

where v0,i is the same centroid frequency of each Lorentzian, and
we take σi = ∆i. In all three cases, for each Lorentzian, the ki
are free parameters of the model that need to be fitted. We do not
fit the phase-lag frequency spectrum or the intrinsic coherence
function, as they are not independent. If we get a good fit of
the PDS and the real and imaginary parts of the CS, instead we
verify that the predicted model of the phase lags and the intrinsic
coherence (Equations (9) and (10) in Méndez et al. 2024), are
consistent with the data.

4.1.1. Constant phase-lag model

In this section we assume the constant phase-lag model and
we rotate the cross spectrum counterclockwise by 45◦ before
the fitting. Therefore, the models we use are

∑n
i=1 AiL(ν; ν0,i,∆i)

to fit the LE 2–10 keV PDS,
∑n

i=1 BiL(ν; ν0,i,∆i) to fit the HE
28–200 keV PDS,

∑n
i=1 CiL(ν; ν0,i,∆i) cos [2πki + π/4] to fit the

real part and
∑n

i=1 CiL(ν; ν0,i,∆i) sin [2πki + π/4] to fit the imag-
inary part of the rotated CS. The frequency and FWHM of
each Lorentzian for the PDS and CS are linked. A fit with
12 Lorentzian (n = 12) yields χ2 = 793 for 684 degrees
of freedom (d.o.f.) and all Lorentzians are at least 3σ signif-
icant in either the PDS or the CS. In Fig. 6 we plot the fit
results: in the upper left panel we plot the LE PDS, in the
upper right panel the HE PDS, in the bottom left panel the real
part and in the bottom right panel the imaginary part of the
rotated CS.
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Table 2. Parameters of the Lorentzians of the data shown in Fig. 3 obtained with three different lag models.

Constant phase lag Gaussian phase lag Constant time lag
Frequency (Hz) FWHM (Hz) Phase lag (rad) Frequency (Hz) FWHM (Hz) Phase lag (rad)† Frequency (Hz) FWHM (Hz) Time lag (ms)

QPO and harmonics

QPO 1.101+0.002
−0.003 0.12 ± 0.01 0.03 ± 0.03 1.101 ± 0.003 0.12+0.006

−0.003 0.02 ± 0.03 1.101+0.003
−0.002 0.123+0.005

−0.004 5 ± 4

1.189+0.006
−0.005 0.1 ± 0.01 −0.2 ± 0.1 1.188 ± 0.006 0.11 ± 0.01 −0.15 ± 0.07 1.189+0.006

−0.003 0.11 ± 0.01 −19 ± 10

Second harmonic 2.26 ± 0.01 0.48 ± 0.05 1.8+0.1
−0.2 2.27 ± 0.01 0.48+0.06

−0.04 1.5 ± 0.1 2.26 ± 0.01 0.52+0.04
−0.03 96 ± 4

High-order harmonics 3.0 ± 0.1 2.8+0.3
−0.1 0.76+0.08

−0.05 2.8+0.2
−0.1 3.4+0.4

−0.3 1.0 ± 0.1 3.0 ± 0.1 3.0 ± 0.2 58+1
−3

BLN

BLN1 0.024+0.004
−0.005 0.07+0.02

−0.01 −0.3 ± 0.1 0.024+0.003
−0.004 0.07+0.02

−0.01 −0.25+0.08
−0.07 0.022+0.004

−0.006 0.09 ± 0.01 −690+30
−60

BLN2 <0.2 1.0 ± 0.2 0.06+0.05
−0.04 <0.2 0.8+0.15

−0.04 0.03+0.04
−0.05 0.12+0.03

−0.06 0.7+0.09
−0.08 96+4

−6

HF-PN 13.9 ± 0.4 12.6+0.9
−1.6 0.2 ± 0.1 12.8+0.4

−0.9 14+1
−2 −0.6+0.2

−0.3 12.4 ± 0.3 9.5+0.7
−0.9 9 ± 2

High-energy excess

Low-frequency 0.13+0.01
−0.02 0.15+0.04

−0.03 −1.5+1.2
−0.9

∗ 0.12 ± 0.02 0.15 ± 0.02 5.5+0.5
−0.6

∗ 0.13+0.01
−0.02 0.14+0.04

−0.03 −6100+500
−400

∗

High-frequency 21+1
−3 27+6

−5 −1.2 ± 0.1 19+1
−4 35+8

−6 −2.8+0.1
−0.2 15 ± 2 33+3

−2 −10+2
−1
∗

Shoulder and harmonic

Shoulder 1.1+0.03
−0.02 0.9+0.2

−0.1 0.5 ± 0.1 1.05+0.04
−0.05 1.0+0.2

−0.1 0.48+0.06
−0.08 0.98+0.05

−0.03 1.2+0.2
−0.1 121+4

−5

Harmonic 2.11+0.06
−0.05 1.1+0.3

−0.2 −0.2 ± 0.1 2.1 ± 0.1 0.9+0.3
−0.1 −0.3+0.3

−0.2 1.4 ± 0.1 2.6+0.2
−0.1 −44 ± 3

Dip <2.3 11+2
−1 2.66+0.05

−0.08 3.7+0.7
−0.2 10.5+0.8

−0.7 2.7 ± 0.1 5.3 ± 0.3 7.0+0.7
−0.6 36 ± 3

χ2/d.o.f. 793/684 791/684 784/684

Notes. † Phase lag at the centroid frequency of the Lorentzian. ∗ Lorentzian is less than 3σ significant in the CS.

In Table 2 we list the centroid frequencies, FWHM, and
phase lags of the Lorentzians, distinguishing them with differ-
ent colored dashed lines in Fig. 6. Based on their parameters
and correlations with the QPO, we divide the Lorentzians into
six groups. The first group includes the QPO, the second and
the high-order harmonics, which are all plotted with red dot-
ted lines. We use two Lorentzians to model the QPO because
the QPO frequency moves slightly in the period of the observa-
tion. The second group is the BLN, including two Lorentzians
plotted with orange dotted lines that dominate at frequencies
lower than ∼1 Hz. The third group is the high-frequency peak
noise (HF-PN) plotted with yellow line, correlated with the low-
frequency QPOs through the PBK correlation, and also reported
by Yu et al. (2024). The fourth group includes two Lorentzians
that are only significant in the HE band, so we name them
high energy excess, plotted with green dotted lines. The fifth
group contains the shoulder of the QPO and its second har-
monic plotted with blue dotted lines. These components exhibit
significantly different phase lags compared to those of the fun-
damental and second harmonics of the QPO. The sixth group is
the Lorentzian that fits the dip feature at ∼3.0−15.0 Hz, plotted
with the purple dotted line.

In the case of the constant phase-lag model, both the real and
imaginary parts of the CS have the same Lorentzian shape as the
PDS, multiplied by, respectively, the cosine or sine of a parame-
ter. The Lorentzian that fits the dip feature in the real part is broad
with a centroid frequency of <2.3 Hz, a FWHM of ∼11 Hz and
a phase lag of ∼2.7 rad. As can be seen in Fig. 6, the Lorentzian
that fits the dip feature (negative for the real part, and positive
for the imaginary part due to the phase lag being greater than
π/2) is very broad and therefore tends to overestimate the con-
tribution of the dip-like feature to both the real and imaginary
parts of the CS at low and high frequencies. To compensate for
this, the model requires other Lorentzians to offset the differ-
ences. This situation raises concerns about possible degeneracy

of the model. To address this issue, we introduce the Gaussian
phase-lag model in the following sub-subsection.

4.1.2. Gaussian phase-lag model

Similar to Zhou et al. (2022), in this section we assume that the
phase lag frequency spectrum of each Lorentzian is a Gaussian
function of Fourier frequency that reaches the maximum or min-
imum at the centroid frequency of the Lorentzian. Therefore, the
models of the real and imaginary parts of the rotated CS are,

respectively,
∑n

i=1 CiL(ν; ν0,i,∆i) cos (2π ki e
− 1

2

(
ν−ν0 i
σi

)2

+ π/4) and∑n
i=1 CiL(ν; ν0,i,∆i) sin (2π ki e

− 1
2

(
ν−ν0 i
σi

)2

+ π/4). We link the σ of
the Gaussian function to the FWHM of the Lorentzian in the fit-
ting and limit 2πki between −2π and 2π. The fit results with 12
Lorentzians are shown in Fig. 7. All Lorentzians are at least 3σ
significant in either the PDS or the rotated CS, and the param-
eters of the Lorentzians are reported in Table 2. The fit yields
χ2 = 791 for 684 d.o.f.

As we explained, the Gaussian phase-lag model peaks at
the centroid frequency of the Lorentzian. Away from that fre-
quency, the absolute value of the phase lag gradually decreases
and finally approaches zero. In this case, the Lorentzian that fits
the dip has a centroid frequency of 3.7+0.7

−0.2 Hz and a FWHM of
10.5+0.8

−0.7 Hz, as well as a phase lag of 2.7 ± 0.1 rad at the cen-
troid frequency2. Away from the centroid frequency of the dip,

2 Since the phase lag are defined except an additive factor 2nπ,
for the Gaussian phase-lag model we can write that gi(ν; p j) =

2π ki e−
1
2

(
ν−ν0,i
σi

)2

+ 2nπ. At the centroid frequency of the Lorentzian,
gi(ν0; p j) = 2π ki + 2nπ, which we call ∆ΦD, the phase lag of the Gaus-
sian model at the centroid frequency of the dip. Notice that, if we add or
subtract 2π to 2π ki when we plot ∆ΦD, this only applies at the centroid
frequency of the dip.
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Fig. 7. Same as Fig. 6 but assuming the Gaussian phase-lag model.

the phase lags decrease to less than π/2 at some frequencies,
where the real part of the Lorentzian that fits the dip will change
from negative to positive, rather than being consistently negative
as with the constant phase-lag model. This characteristic of the
Gaussian phase-lag model means that the Lorentzian account-
ing for the dip effectively captures the main feature of the real
and imaginary parts of the CS at ∼3.0–15.0 Hz, without the need
of other Lorentzians in the model in that frequency range. In
particular, the phase lags of the HF-PN and the high-frequency
high-energy excess change significantly for the Gaussian phase-
lag model, exhibiting lower phase lags than the ones obtained
from the constant phase-lag model. In Appendix A we describe
the fit using the constant time-lag model.

4.2. Joint-fit for data combined in Table 1

In this section we fit jointly the PDS and the CS, using the
same methods as in Section 4.1 but for different observations
that are recorded in Table 1. We first fit the data of Group #9
in Fig. 4 with the three different lag models. In Fig. 8 we show

a fit with 13 Lorentzian (n = 13), using the Gaussian phase-
lag model. Compared to the data shown in Figs. 3, 6 and 7,
Group #9 has more time segments to be averaged. Because of
this we are more sensitive to weaker features, and an additional
Lorentzian with a centroid frequency that is at around half of
that of the QPO significantly reduces the χ2. We identify this
new Lorentzian as the sub-harmonic of the QPO and plot it with
a red dotted line in Fig. 8. The sub- and high-order harmonics
of the QPO show a broad shape in Fig. 8, which could partly
result from the (sub)harmonics shifting during the observation.
However, the definition of a QPO having Q> 2 (Q = F/FWHM,
where F is the frequency of QPO) is somewhat arbitrary. As
showed by Belloni et al. (2002), the broad features follow the
same correlation as the narrow QPOs, and indeed become nar-
row QPOs as their characteristic frequencies increase. The other
components have parameters that, within one sigma error, are
consistent to those obtained from the fit in Fig. 7. We therefore
conclude that the combination of the data as shown in Fig. 4 pre-
serves the information in the individual observations, but gives a
better signal-to-noise ratio.
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Fig. 8. LE 2–10 keV (upper-left panel) and HE 28–200 keV PDS (upper-right panel), and the real (lower-left panel) and imaginary (lower-right
panel) parts of the rotated CS of Swift J1727.8–1613 for Group #9 in Fig. 4, fit with a model (solid lines) consisting of 13 Lorentzians. Individual
components are plotted with colored dotted lines. The fits were done assuming the Gaussian phase-lag model.

We initially performed a joint fit of the two PDS without
including the CS, achieving a good fit with a combination of 10
Lorentzians. When we then attempted a simultaneous fit of the
PDS and the real and imaginary parts of the CS, keeping the
centroid frequencies and FWHM of the Lorentzians fixed to the
values obtained from the PDS-only fit, the fits to the CS were
poor. We next allowed the parameters of the Lorentzians to vary,
with the frequencies and FWHM tied across all the spectra, while
keeping their number fixed to 10, which improved the fit but still
left significant residuals in the real and imaginary parts of the
CS. Finally, a successful fit of all features was achieved after
adding three additional Lorentzians, resulting in a total of 13.

The fit with the Gaussian phase-lag model yields χ2 = 781
for 678 degrees of freedom (d.o.f.), slightly better than the con-
stant phase-lag model, which yields a χ2 of 810 for 678 degrees
of freedom, and the constant time-lag model, which yields a
χ2 value of 841 for 678 degrees of freedom. With the con-
stant phase-lag model, the dip appearing in the real part of
the CS is modeled by a broad Lorentzian with a centroid fre-

quency< 0.81 Hz and a FWHM of 9.3+1.1
−0.6 Hz. The phase lag

of this Lorentzian is 2.74+0.03
−0.05 rad. With the Gaussian phase-

lag model, the Lorentzian that fits the dip has a frequency of
3.6±0.5 Hz and a FWHM of 10.1±0.3 Hz, as well as a phase lag
∆ΦD = 2.78+0.08

−0.07 rad. We give the parameters of the Lorentzian
obtained with the three different lag models in Table 3.

In Fig. 9 we plot the predicted models of the phase-lag
spectrum (left panel) and the intrinsic coherence function (right
panel). The predicted models are consistent with the data.

4.3. Evolution of the dip

In this section we fit the PDS and the CS of each group shown
in Table 1 and study the evolution of the parameters of the
Lorentzian accounting for the dip in the real part of the CS. We
assume that the phase lags are a Gaussian function of Fourier
frequency (Eq. (2)). We plot the evolution of the centroid fre-
quency, FWHM and the phase lags at the centroid frequency of
the Lorentzian in Fig. 10. As the QPO frequency increases, the
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Table 3. Parameters of the Lorentzian accounting for the dip in the real part of the CS of Group #9 for the HE 28–200 keV band with respect to
the LE 2–10 keV band light curves, obtained with different lag models.

Constant phase lag Gaussian phase lag Constant time lag

Frequency (Hz) <0.81 3.6 ± 0.5 4.7 ± 0.6

FWHM (Hz) 9.3+1.1
−0.6 10.1 ± 0.3 9.7+0.8

−0.9

Phase lag (rad) 2.74+0.03
−0.05 2.78+0.08

−0.07
†

Time lag (ms) 33+2
−1

χ2/d.o.f. 810/678 781/678 841/678

Notes. †Phase lag at the centroid frequency of the dip.
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Fig. 9. Phase-lag spectrum (left panel) and intrinsic coherence function (right panel) of Swift J1727.8–1613 for Group #9. The models are not fit
to the data but predicted on the basis of the parameters of the Lorentzians fitted to the LE 2–10 keV and HE 28–200 keV PDS and the real and
imaginary parts of the CS of those same two energy bands assuming the Gaussian phase-lag model (Fig. 8). The vertical gray bands indicate the
QPO, the QPO second harmonic, and the dip feature, respectively.

frequency of the Lorentzian that fits the dip increases from <1 Hz
to ∼6 Hz, while the FWHM of the dip increases from ∼7.5 Hz to
∼15 Hz. As we see in the bottom panel of this figure, the phase
lags at the centroid frequency of the Lorentzian first increase
rapidly from <0.4π to ∼0.9π when the QPO frequency increases
from ∼0.13 Hz to ∼1 Hz, and then remain more or less constant
when the QPO frequency increases further up to ∼2 Hz.

We also plot the phase lags of the QPO and its second har-
monic in Fig. 11. Notably, both phase lags show significant
changes when the QPO frequency is around 1.0 Hz. The phase
lags of the QPO transition from positive to negative, while the
phase lags of the second harmonic increase rapidly from ∼0.2π
to ∼0.5π.

4.4. Energy dependence of the dip

In this section we focus on the data of Group #9 and divide
the full energy range into 12 bands to study the energy depen-
dence of the dip. The separate energy bands are LE 1.0–2.6 keV,
LE 2.6–4.8 keV, LE 4.8–7 keV, LE 7–11 keV, ME 7–11 keV,
ME 11–15 keV, ME 15–23 keV, ME 23–35 keV, HE 25–35 keV,
HE 35–48 keV, HE 48–67 keV and HE 67–100 keV. We select
a time resolution of 3 ms (therefore, the Nyquist frequency is

∼167 Hz) and a segment length of 49.125 s to produce the PDS
and the CS. We use the LE 1.0–2.6 keV band as reference to pro-
duce the CS. Finally, we obtain 12 power density spectra and
11 cross spectra. The bands LE 7–11 keV and ME 7–11 keV,
and ME 23–35 keV and HE 25–35 keV cover, respectively, the
same energy ranges but, since the measurements are from dif-
ferent instruments, we can compare the results. We rebin the
averaged PDS and CS logarithmically in frequency by a fac-
tor≈ 1.047 (= 101/50) to increase the signal-to-noise ratio further.

In Fig. 12, we plot the rotated real parts (left panel) and the
phase lags (right panel) of the cross spectra generated from the
different energy bands. The dip, appearing in the ∼3−15 Hz in
the rotated real part, starts to become apparent above 15 keV,
and the minimum starts to be negative above 23 keV; this is the
case for both the ME 23–35 keV and HE 25–35 keV bands. The
right panel of Fig. 12 shows that the phase lags in the ∼3−15 Hz
frequency range increase significantly above 23 keV. To obtain
the parameters of the dip as a function of energy, we fit jointly
the 12 power density spectra and the real and imaginary parts of
the 11 rotated cross spectra assuming either the Gaussian phase-
lag or the constant phase-lag model. We subsequently calculate
the 3-σ confidence range of the parameters using the Markov
chain Monte-Carlo algorithm (MCMC). The Goodman-Weare
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Fig. 10. Centroid frequency, FWHM, and phase lags at the centroid
frequency of the Lorentzian accounting for the dip in the real part of
the cross spectrum of Swift J1727.8–1613 as a function of the QPO
frequency. The lags are for the HE 28–200 keV with respect to the LE
2–10 keV data, and were obtained using the Gaussian phase-lag model.
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Fig. 11. Phase lags at the centroid frequency of the QPO (upper panel)
and second harmonic (bottom panel) of Swift J1727.8–1613 as a func-
tion of the QPO frequency. We used the Gaussian phase-lag model for
the fits. The second harmonic is not detected in the first two groups.

algorithm is applied for a total of 200 000 samples and a burn-in
phase of 200 000 to let the chain reach a steady state.

With the Gaussian phase-lag model, the 3-σ confidence
ranges of the centroid frequency and the FWHM of the
Lorentzian that fits the dip are 3.66–4.58 Hz and 7.70–8.50 Hz,
respectively. The centroid frequency is consistent with that
obtained from the joint-fit of the LE 2–10 and HE 28–200 keV
PDS and the corresponding CS in Table 3 with the Gaussian
phase-lag model, whereas the FWHM is slightly lower. We plot
the phase lag at the centroid frequency of the dip, ∆ΦD, and the
fractional rms amplitude of the dip in Fig. 13. The phase lag at
the centroid frequency of the dip is ∆ΦD ∼ 1.9πwhen the energy
is below 11 keV, but drops rapidly to 0.9π when the energy is

above 11 keV. The fractional rms of the dip initially increases,
peaking in the 4.8–7.0 keV range, before decreasing to a local
minimum around 10–20 keV, where the drop of ∆ΦD happens,
and it then increases again at higher energies.

With the constant phase-lag model, the 3-σ confidence
ranges of the centroid frequency and the FWHM of the
Lorentzian that fits the dip are 2.00–3.03 Hz and 6.70–8.20 Hz,
respectively. The centroid frequency is higher, and the FWHM
is lower, than those in Table 3. We also plot the phase lags and
the fractional rms amplitude of the dip in Fig. 14. The phase lags
decrease from ∼1.9π to ∼0.9π with energy, experiencing a rapid
drop near ∼10−20 keV. Similar to the results with the Gaus-
sian phase-lag model, the fractional rms of the corresponding
Lorentzian reaches a local minimum near ∼10−20 keV, where
the drop of the phase lag happens, and it then increases with
energy. In summary, the Gaussian and constant phase-lag mod-
els give similar energy dependence of the parameters of the
Lorentzian that fits the dip.

5. Discussion

Taking advantage of the broad energy coverage of Insight-
HXMT, we find a prominent previously unnoticed feature in the
cross spectrum (CS) of Swift J1727.8–1613 during its normal
state as defined by Yu et al. (2024), while the QPO frequency
increases from 0.13 to 1.93 Hz. The so-called dip-like feature
appears in the 3–15 Hz frequency range of the real part of the
cross spectrum obtained between soft data from the LE detector,
and the hard photons from the HE instrument. We find that the
real part of the CS reaches negative values near the minimum
of the dip, and the phase lags are dominated by a hump with
a phase lag between π/2 and π at the corresponding frequency
range. Our analysis suggests that the dip in the real part of the
CS is due to the phase lag instead of the modulus of the cross
spectrum.

We perform joint fits of the power density spectra (PDS) and
CS, with the method proposed by Méndez et al. (2024). In addi-
tion to the constant phase-lag and constant time-lag models, we
also explore the Gaussian phase-lag model that gives a reduced
χ2 slightly better than those obtained with the other two lag
models (Section 4.2). Finally, we study the evolution and energy
dependence of the parameters of the Lorentzian that fits the dip.
The phase lags of the dip first increase rapidly and then stay more
or less constant as the QPO frequency increases (Fig. 10, bottom
panel). Surprisingly, the phase lags and the fractional rms ampli-
tude of the Lorentzian that fits the dip show significant changes
simultaneously at around 15 keV (Figs. 13 and 14).

5.1. Lag models

We assume three lag models to fit jointly the LE 2–10 keV and
HE 28–200 keV PDS and the real and imaginary parts of the
CS of the photons in the HE 28–200 keV with respect to those
in the LE 2–10 keV: the constant phase-lag, the constant time-
lag and the Gaussian phase-lag models. When we fit the data of
Group #9 with good signal-to-noise ratio in Section 4.2, among
these models, the Gaussian phase-lag model gives a slightly bet-
ter fit, with a χ2 of 781 for 678 degrees of freedom, compared
to the constant phase-lag model, which yields a χ2 of 810 for
678 degrees of freedom, and the constant time-lag model, which
yields a χ2 value of 841 for 678 degrees of freedom. Regardless
of the lag model used, the fitting process involves an additive
combination of 13 Lorentzians. Each Lorentzian is always sig-
nificant at a level of at least 3σ in either the PDS or the CS.
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For an individual Lorentzian, L(ν; ν0,i,∆i), the model to fit
the LE 2–10 keV PDS is AiL(ν; ν0,i,∆i), the model to fit the HE
28–200 keV PDS is BiL(ν; ν0,i,∆i), the model to fit the real part
of the CS is CiL(ν; ν0,i,∆i) cos [gi(ν; p j)] and the model to fit the
imaginary part of the CS is CiL(ν; ν0,i,∆i) sin [gi(ν; p j)]. In the
constant phase-lag model the gi(ν; p j) is constant. This implies
that the PDS and both the real and imaginary parts of the CS
have the same Lorentzian shape, each of them multiplied by a
different constant factor. With the constant phase-lag model, the
Lorentzian that fits the dip appears to overestimate the contribu-
tion of the dip-like feature both in the real and imaginary parts
of the CS. Especially at low and high frequencies, there are sig-
nificant differences between this Lorentzian and the data. The
model therefore requires other Lorentzians to offset those differ-
ences. This raises concerns about possible degeneracy between
the Lorentzian components.
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Fig. 14. Same as Fig. 13 but assuming the constant phase-lag model.

On the contrary, for the Gaussian phase-lag model,

gi(ν; p j) = 2π ki e
− 1

2

(
ν−ν0 i
σi

)2

, the absolute values of the phase lags
decrease and approach gradually to zero as the frequency moves
away from the centroid frequency of the Lorentzian. This model
implies that the real and imaginary parts of the CS have differ-
ent shapes. The phase-lag spectra in the black hole X-ray bina-
ries usually exhibit small phase lags, typically between −0.3π
and 0.3π (e.g., Zhang et al. 2020a; Kawamura et al. 2023). If the
phase lag of the Gaussian phase-lag model is between −π/2 and
π/2, compared to those of the constant phase-lag model, the
real part of the CS is broader due to the broadening effect of
the cosine function that is multiplied to the Lorentzian function,
while the imaginary part becomes narrower. In our fits the phase
lag at the centroid frequency of the Lorentzian that fits the dip
falls between π/2 and π. This indicates that the real part of the CS
is negative only over a narrow frequency range centered around
the dip’s centroid frequency, rather than consistently negative as
it would be for the constant phase-lag model. As we can see in
the right panel of Figs. 7 and 8, the close alignment of the high-
lighted Lorentzian that fits the dip with the data reduces concerns
regarding a potential degeneracy.
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Several physical models have been proposed to explain
the lags of the short time-scale X-ray variability observed in
black hole binaries. In the model of propagating mass accretion
rate fluctuations (e.g., Arévalo & Uttley 2006; Kawamura et al.
2023), the hard lags of the broad-band variability arise from the
propagation time of these fluctuations. In the model of Comp-
tonization in a relativistic jet/outflow (Kylafis & Reig 2018), the
hard lags of the broad-band variability are due to the difference in
travel time between photons emitted from the disc that reach the
observer directly and photons that are inverse-Compton scattered
in the jet/outflow before reaching the observer. Both models pro-
vide a physical explanation for the constant time-lag model.

Most models of the QPO, such as Lense-Thirring preces-
sion (Ingram et al. 2009, 2016), time-dependent Comptoniza-
tion (Karpouzas et al. 2020; García et al. 2021; Bellavita et al.
2022) and jet precession (Ma et al. 2021), consider that the phys-
ical or geometrical parameters of the system are modulated by a
sinusoidal signal at the QPO frequency. As a result, the observed
flux is modulated by a sinusoidal signal at that frequency. A sinu-
soidal signal is represented as a single point in the Fourier fre-
quency domain, such that its lag is also a single value, not a
function of frequency. However, in real observations, the vari-
ability component appears over a range of frequencies rather
than at a single frequency. To model its shape, we typically use
a Lorentzian function characterized by two parameters: the cen-
troid frequency and the FWHM, the latter of which describes the
width of the component. For the constant or Gaussian phase-lag
models, there is less justification for why the phase lag at other
frequencies should either remain the same as at the centroid fre-
quency or vary according to a specific function of frequency. It
is indeed difficult to envisage a mechanism to explain the lags in
terms of simple travel times, either of photons or perturbations
in the flow, that would lead to a constant or Gaussian phase-lag
profile.

5.2. Number of Lorentzians

The PDS of low-mass X-ray binaries are typically described
as a superposition of multiple Lorentzians (e.g., Nowak 2000;
Belloni et al. 2002; van der Klis 2004). These Lorentzians are
classified into different groups based on their centroid frequen-
cies, FWHM, and correlations with each other. In the frequency
range of ∼0.01–30 Hz, several key components have been iden-
tified in black hole systems. One of the primary features in this
range is the low-frequency QPO (Nowak 2000; Belloni et al.
2002; van der Klis 2004). Sometimes, harmonics of the low-
frequency QPO are also observed, including the sub and sec-
ond harmonic (Pawar et al. 2015; van Doesburgh & van der Klis
2020; Zhang et al. 2020a), as well as higher-order harmon-
ics, such as third and fourth harmonics (Ratti et al. 2012;
Debnath et al. 2023). Another significant component within this
frequency range is the band-limited noise (BLN; Belloni et al.
2002; van der Klis 2004) with a zero centroid frequency. Fur-
thermore, a high-frequency peaked noise component (there-
fore, HF-PN), which is correlated with the low-frequency QPOs
through the PBK correlation, is also observed (Psaltis et al.
1999; Nowak 2000; Yu et al. 2024). In addition, Méndez et al.
(2024) have identified new components, the shoulder of the low-
frequency QPO and the second harmonic of the shoulder (see
also Belloni et al. 1997, 2002).

In Section 4.2 we successfully fit all features of the LE
2–10 keV and HE 28–200 keV PDS of Group #9, along with
the real and imaginary parts of the corresponding CS, using
13 Lorentzian functions. We classify these 13 Lorentzians into

six groups: the QPO and its harmonics, the BLN, the HF-PN,
the high-energy excess, the shoulder of the QPO and harmonic,
and the Lorentzian that fits the dip. The “high-energy excess”
group includes two components: a low-frequency excess with a
centroid frequency of ∼0.1 Hz and a FWHM of ∼0.2 Hz, and a
high-frequency excess with a centroid frequency of ∼16 Hz and
a FWHM of ∼35 Hz. These two components are only significant
in the high-energy PDS. Additionally, the coherence function
shows minima at the corresponding frequency ranges, indicating
that the variability components dominating the low- and high-
energy PDS likely originate from different parts of the system.
The Lorentzian that fits the dip is a newly discovered component,
further highlighting the diversity of timing phenomena involved.

The coherence function in Fig. 9 shows a striking shape,
peaking at the QPO frequency. A similar shape has been
observed in the source XTE J1550–564 (Cui et al. 2000), but
with a different phase-lag spectrum (see Fig. 1, right panel in
their paper). We present the coherence function from different
energy bands with respect to the LE 1–2.6 keV energy band. As
we show in Fig. B.1, the coherence function declines rapidly at
∼10–25 keV both at low and high frequencies, suggesting that at
those frequencies different variability components, likely origi-
nating from distinct radiative regions, dominate the low and high
energy variability properties of the source (Nowak & Vaughan
1996; Bendat & Piersol 2000). The spectral analysis from the
broad X-ray energy band suggests the presence of two Comp-
tonization regions (Yang et al. 2024), with cut-off energies of
∼20 keV and >50 keV, respectively. These two distinct Comp-
tonization regions may explain the energy dependence of the
coherence function.

5.3. The dip-like feature in the real part of the CS

A hump dominating the phase-lag spectrum at frequen-
cies slightly above the QPO frequency, was previously
observed in the sources XTE J1550–564 (Cui et al. 2000) and
MAXI J1820+070 (Kawamura et al. 2023). In these sources the
phase lag of the hump increases with energy but is always below
π/2; therefore, the real part of the CS does not reach negative
values at the corresponding frequency range. In comparison, the
dip we find in the real part of the CS in Swift J1727.8–1613 is
much stronger than in other sources and reaches negative values
near the minimum. At the same time, the phase lag of the hump
is between π/2 and π.

The fractional rms amplitude of the Lorentzian that fits the
dip increases with energy above 15 keV (Figs. 13 and 14, bot-
tom panels), indicating that this component is closely associ-
ated with the Comptonization region, either an X-ray corona or
a jet. In Fig. 10 we plot the evolution of the parameters of the
Lorentzian that fits the dip. If the time lags reflect travel time
in the corona, we roughly estimate the size of the X-ray corona
using the parameters of the Lorentzian that fits the dip, apply-
ing the formula L ∼ τc, where τ = ∆φD/2πν0, ∆φD is the phase
lag at the centroid frequency ν0, and c is the speed of light; this
relation assumes that the time lag corresponds to the light travel
time across the size of the corona (Reynolds & Nowak 2003).
We calculate the size in kilometers and in units of Rg (GM/c2)
assuming an 8 M� black hole. The size of the Comptoniza-
tion region first increases to above 105 km or 104 Rg as the fre-
quency of the QPO increases from 0.13 Hz to 0.30 Hz, and then
decreases to 104 km or 103 Rg as the QPO frequency increases
further. A bright and very extended compact jet, observed around
MJD 60185–60195, was discovered through radio observations
by Wood et al. (2024). The physical extent of the approaching
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resolved jet is around 109 Rg assuming a black hole mass of
8 M� and a distance of 2.7 kpc. Distance measurements reported
by Mata Sánchez et al. (2025) and Burridge et al. (2025) indi-
cated a larger distance, which in turn resulted in a more extended
jet. Remarkably, during that period, the extended continuous jet
gradually became fainter and less extended.

Interestingly, we note that the energy-dependent rms-
amplitude and phase-lag spectra in Figs. 13 and 14 closely
resemble the shapes predicted by the time-dependent
Comptonization model, vKompth (Karpouzas et al. 2020;
Bellavita et al. 2022), under the assumption of a low feedback
factor (see Figs. 1 and 2 in Bellavita et al. 2022). In their model,
a time perturbation with a sinusoidal shape around the time-
averaged spectrum is introduced, and the numerical solution
of the Kompaneets equation (Kompaneets 1957) is computed
to obtain the expected energy-dependent rms-amplitude and
phase-lag spectra of this sinusoidal variable. This model offers
a potential explanation for the rms-amplitude and phase-lag
spectra of the Lorentzian that fits the dip. In their scenario,
the seed photons are either a black body or a disk black body,
generally with a low temperature below 1 keV. However, in
our spectra, the pivot point occurs around 15 keV, suggesting
that the seed photons may originate from a different corona
with a lower temperature, as indicated by the energy spectral
analysis (Yang et al. 2024). In future work, we plan to use
the vKompth model to further investigate the properties of the
corona responsible for the Lorentzian that fits the dip.
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Appendix A: Fit result with the constant time-lag
model

In Fig. A.1 we plot the fit results of the same data shown in
Section 4.1 with the constant time-lag model. The model consists
of 12 Lorentzians and the fit gives χ2 = 784 for 684 dof. With
the constant time-lag model, the phase lag of each component is
2πνtc, where tc is the constant time lag. Therefore, the real and
imaginary parts of the CS oscillate as a function of the frequency
with a period of 1/tc Hz (Méndez et al. 2024). This makes the fit
results of the real and imaginary parts of the CS messy at high
frequencies, as seen in Fig. A.1.
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Fig. A.1. Same as Fig. 6 but assuming the constant time-lag model.
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Appendix B: Energy dependence of the coherence
function

In Fig. B.1 we present the energy dependence of the coherence
function of Group #9. The energy bands selected are the same
as those discussed in Section 4.4, with the reference band being
the LE 1.0−2.6 keV band. The coherence is close to 1 near the
peak of the QPO and shows little variation with energy, sug-
gesting that the QPO dominates the timing variability across all
energy bands. As the energy increases, the coherence decreases
from above 0.8 to below 0.2 at frequencies lower and higher than
the QPO frequency. This decrease is most pronounced in the
∼10−25 keV energy band. Above ∼25 keV, the minimum coher-
ence at low frequencies occurs around 0.1−0.3 Hz, where the
HE 28−200 keV PDS displays a significant excess not present
in the LE 2−10 keV PDS (see Fig. 8). The excess is fitted by
the low-frequency high-energy excess Lorentzian. At high fre-
quencies, the coherence is very low above ∼25 keV, as we see
in Fig. 8. This indicates either the presence of multiple types
of Lorentzians with varying contributions across the low and
high energy bands, or that the high-frequency process is inco-
herent (Nowak & Vaughan 1996; Bendat & Piersol 2000).
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Fig. B.1. Energy dependence of the coherence function of Swift J1727.8−1613 for Group #9 in Table 1. The reference energy band is LE 1.0−2.6
keV. The colors represent the same energy bands as in Fig 12.
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