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ABSTRACT

Spectral-timing analysis of the fast variability observed in X-rays is a powerful tool to study the physical and geometrical properties
of the accretion/ejection flows in black-hole binaries. The origin of type-B quasi-periodic oscillations (QPO), predominantly
observed in black-hole candidates in the soft-intermediate state, has been linked to emission arising from the relativistic jet.
In this state, the X-ray spectrum is characterised by a soft-thermal blackbody-like emission due to the accretion disc, an iron
emission line (in the 6–7 keV range), and a power-law like hard component due to Inverse-Compton scattering of the soft-photon
source by hot electrons in a corona or the relativistic jet itself. The spectral-timing properties of MAXI J1348–630 have been
recently studied using observations obtained with the NICER observatory. The data show a strong type-B QPO at ∼4.5 Hz
with increasing fractional rms amplitude with energy and positive lags with respect to a reference band at 2–2.5 keV. We
use a variable-Comptonisation model that assumes a sinusoidal coherent oscillation of the Comptonised X-ray flux and the
physical parameters of the corona at the QPO frequency, to fit simultaneously the energy-dependent fractional rms amplitude and
phase lags of this QPO. We show that two physically-connected Comptonisation regions can successfully explain the radiative
properties of the QPO in the full 0.8–10 keV energy range.
Key words: X-rays: binaries – X-rays: individual (MAXI J1348–630) – accretion, accretion discs – stars: black holes – black
hole physics

1 INTRODUCTION
Accreting Black-Hole (BH) X-ray binaries display strong variability
in a broad range of timescales, from a few tens of milliseconds to
several days-months (for recent reviews see Belloni & Motta 2016;
Ingram & Motta 2020, and references therein). Different types of
low-frequency quasi-periodic oscillations (QPOs) are significantly
detected in the power density spectra (PDS) of these systems in the
0.1–30 Hz frequency range. These QPOs were originally classified in
the BH candidate XTE J1550–564 (Wĳnands & van der Klis 1999;
Remillard et al. 2002; Casella et al. 2005) into three main types, A, B,
and C, depending on the shape of the broad-band noise component
in the power spectra and the spectral state of the source.
In particular, the type-B QPOs appear during the short-lived softintermediate state (SIMS), in the transition from the low-hard to
the high-soft states. In this state, the energy spectrum is rather soft
(e.g., Belloni & Motta 2016), dominated by a geometrically thin
and optically thick accretion disc component (Shakura & Sunyaev
1973) but also showing a prominent hard component possibly due
to inverse-Compton scattering of the soft-photons from the disc in a
corona of hot electrons (Sunyaev & Truemper 1979; Kazanas et al.
1997). Type-B QPOs have typical centroid frequencies in the 4–6 Hz
★
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range with fractional rms amplitudes of a few percent, and quality
factors 𝑄 & 6 (Wĳnands & van der Klis 1999; Casella et al. 2005).
Fast transitions can occur between different states, associated with
rapid changes between the type-B QPO and other types of QPOs
in the PDS (e.g., Takizawa et al. 1997; Nespoli et al. 2003; Belloni
et al. 2005). These transitions can be accompanied by discrete jet
ejections observed in radio (e.g., Fender et al. 2004), suggesting a
possible connection between the type-B QPO and the relativistic jet
(e.g., Fender et al. 2009; Homan et al. 2020; Russell et al. 2020).
Several models have been proposed to explain the phase lags in
QPOs (Lee & Miller 1998; Shaposhnikov 2012; Misra & Mandal
2013). Recently, Kylafis et al. (2020) presented a quantitative explanation of the results reported by Stevens & Uttley (2016) on the
type-B QPOs in GX 339-4. In the model of Kylafis et al. (2020),
Comptonisation takes place in a jet that precesses at the QPO frequency and is fed by the hot inner flow (see, e.g., Liska et al. 2018,
for numerical simulations on this effect), thus producing a roughly
periodic variation in the observed power-law index. A Comptonisation origin of the hard lags in the broadband noise component in the
PDS of BH systems has been suggested by Miyamoto et al. (1988) for
the case of the high-mass X-ray binary Cyg X-1. On the other hand,
reverberation off the accretion disc naturally leads to soft lags. Reverberation, however, cannot explain the lags of the QPO (De Marco
et al. 2015). A possible way to produce soft lags with Comptonisation
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is to introduce a feedback loop, where a fraction of the up-scattered
photons in the corona impinge back onto the soft-photon source (Lee
et al. 2001). Other models (e.g., Nobili et al. 2000; Ingram et al.
2009, 2016) explain the phase or time lags of the QPOs but not many
of these models can explain the energy-dependent rms amplitude of
the variability.
MAXI J1348–630 is an X-ray transient discovered on 2019 January 26 with the MAXI instrument on board the ISS (Yatabe et al.
2019; Tominaga et al. 2020) . The outburst of MAXI J1348–630 has
also been detected with Fermi and Swift BAT (D’Elia et al. 2019a,b).
Simultaneous observations performed with the Swift XRT led to a precise determination of the sky position and an optical counterpart was
subsequently reported (Denisenko et al. 2019). NICER performed a
long-term monitoring of the source, and early observations suggested
that the source is a BH candidate, based on the evolution of its energy
spectra and variability (Sanna et al. 2019). This was further investigated with ATCA radio data (Russell et al. 2019) and INTEGRAL hard
X-ray observations (Cangemi et al. 2019a). Later on, a more thorough
X-ray analysis of NICER observations (Zhang et al. 2020) confirmed
the BH-binary nature of the source. MAXI J1348–630 experienced
a transition to the high-soft state firstly observed with MAXI and
confirmed with INTEGRAL (Cangemi et al. 2019b), followed by a
strong radio flare found in MeerKAT observations (Carotenuto et al.
2019). In a recent paper, Belloni et al. (2020) presented a detailed
spectral-timing analysis of the type-B QPO detected in NICER observations, in the 0.2–12 keV energy range (Gendreau et al. 2012),
performed after the transitions.
In this paper we use a recently-developed spectral-timing Comptonisation model (Karpouzas et al. 2020) to fit the energydependent fractional rms and phase lags of the type-B QPO of
MAXI J1348–630. Our fitting results provide physical properties of
the Comptonisation region which are not directly accessible through
fits to the time-averaged spectrum. In Sect. 2 we briefly describe
the observations, data analysis and measurements of the QPO and
the time-averaged spectra of MAXI J1348–630 published by Belloni
et al. (2020). In Sec. 3 we introduce the spectral-timing Comptonisation model and our fitting methods. In Sec. 4 we present our results
that we finally discuss in Sec. 5.

2 THE TYPE-B QPO IN MAXI J1348–630
2.1 Time-averaged spectral results
A complete spectral analysis of a selected set of observations performed with NICER was presented in Table 2 of Belloni et al.
(2020). This data set comprises the six pointed observations of
MAXI J1348–630 where the type-B QPO was detected. The spectra
were fitted in xspec (Arnaud 1996) using a spectral model including Comptonisation from a disc-blackbody soft-photon source, a
Gaussian to represent the iron-line emission, and an absorption component. The average temperature of the disc in these six observations
was 𝑘𝑇dbb ≈ 0.6 keV with very little spread, with an area consistent
with an inner radius of the disc, 𝑅in ≈ 250 km (for an assumed
distance of 10 kpc and an assumed inclination of 60 deg, see Belloni
et al. 2020). The power-law index of the Comptonisation component,
Γ, was approximately 3.5. Since NICER covers up to ∼10 keV, and
no high-energy cutoff is seen on the data, the electron temperature
in the corona could not be constrained from the available spectra
(𝑘𝑇𝑒 > 10 keV).
MNRAS 000, 1–9 (2020)

2.2 Spectral-Timing of the type-B QPO
The energy-dependent fractional-rms amplitude and phase lags of
the type-B QPO of MAXI J1348–630 obtained from NICER observations were presented in Figure 4 of Belloni et al. (2020). The QPO
is detected in the full energy range, from 0.75 to 10 keV, with increasing fractional rms amplitude, going from .1% below 2 keV
to 10–12% at the highest energy channels. Taking the 2–2.5 keV
band as reference band, the lag-energy spectrum shows positive lags
for every energy channel. This means that photons with energies
lower and higher than the reference band lag behind the photons
in the 2–2.5 keV band. The softest photons have a lag of ∼0.9 rad,
while the hardest ones have a lag of ∼0.6 rad. At a QPO frequency
𝜈0 = 4.45 Hz, those phase lags correspond to time lags between
∼32 ms and ∼21 ms, respectively.

3 THE SPECTRAL-TIMING COMPTONISATION MODEL
In this work, we use the spectral-timing Comptonisation model from
Karpouzas et al. (2020) and Karpouzas et al. (2020b, submitted),
which is based on the idea proposed by Lee & Miller (1998), Lee
et al. (2001), and Kumar & Misra (2014). This family of models
are built to explain the radiative properties of any oscillation of the
time-averaged or steady-state spectrum, 𝑆𝑆𝑆(𝐸), which arises due
to the coupled oscillations of the physical parameters of the system,
such as the temperature of the corona and that of the source of seed
photons. During the inverse-Compton process, the seed photons gain
energy from the electrons in the corona, that hence have to cool down.
However, since the corona of these astrophysical sources are longlived, a heating source, the so-called external heating rate, 𝐻ext , has to
operate leading to a thermal balance (Sobolewska & Życki 2006). In
this model, the origin of the QPO frequency is not explained, but it is
assumed to be a sinusoidal coherent oscillation of the Comptonised
X-ray flux and the physical parameters of the corona at the QPO
frequency, 𝜈0 . The strength of the model lies in its ability to describe
the energy-dependent spectral-timing properties of the QPO, given
by the rms amplitudes and phase lags which, in turn, can be used to
estimate the physical properties of the corona.
The model of Karpouzas et al. (2020) assumes that the source
of seed photons is a spherical blackbody of temperature, 𝑘𝑇𝑠 , enshrouded by a spherically-symmetric and homogeneous Comptonising region (the corona), with a characteristic size, 𝐿, temperature, 𝑘𝑇𝑒 , and optical depth, 𝜏. The model also incorporates the
feedback of the up-scattered photons onto the soft-photon source,
parametrized by a so-called feedback fraction, 0 6 𝜂 6 1, defined
as the fraction of the flux of the seed-photon source due to the feedback process. The steady state (time-averaged) spectrum is calculated
by solving the stationary Kompaneets equation (Kompaneets 1957).
In order to obtain the variability amplitude and phase of the QPO,
the model solves the linearised time-dependent Kompaneets equation, assuming that 𝑘𝑇𝑒 , 𝑘𝑇𝑠 , and 𝐻ext undergo oscillations at the
QPO frequency. This yields the complex variability amplitude of the
spectrum, 𝑁 (𝐸) = |𝑁 (𝐸)|𝑒 𝑖 𝜙 (𝐸) , where |𝑁 (𝐸)| is the absolute rms
amplitude and 𝜙(𝐸) is the phase lag. The fractional rms amplitude
can be calculated normalising the absolute rms amplitude by the flux
of the steady-state solution, 𝑛(𝐸) = |𝑁 (𝐸)|/𝑆𝑆𝑆(𝐸).
Karpouzas et al. (2020) proved that the model can fit the energydependent time lags and fractional rms amplitude of the kilohertz
QPOs in the neutron-star low-mass X-ray binary (LMXB) 4U 1636–
53. Moreover, Karpouzas et al. (2020b, submitted) showed that
the model is also suitable to explain the type-C QPO in the BH
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amplitude of 4–5% at the highest energy channels; ii) the lags with
respect to the reference band (2–2.5 keV) are all positive, with a
shape of the lag spectrum that is very similar to the observed one.
However, the residuals found are very significant, yielding a reduced
𝜒𝜈2 = 11.1 for 28 degrees of freedom (dof). At the top of each
panel of Fig. 1 we give the average quadratic residuals of the fits,
Í𝑁
Δ2 = 1/𝑁 𝑖=1
(𝑥 − 𝑥𝑖 ) 2 /𝜎𝑖2 , where 𝑥 is the model, and 𝑥 𝑖 and
𝜎𝑖 are the data and their corresponding 1-𝜎 error bars. Since the
relative errors of the rms are significantly smaller than those of the
lags, we arbitrarily increased the error-bars of the rms spectrum by
a factor of 5 to make the fitting process more sensitive to the lag
spectrum. The best-fitting model was obtained fixing the Comptonisation power-law index to Γ = 3.5, and the temperature of the corona
to 𝑘𝑇𝑒 = 20 keV, guided by the values obtained from the timeaveraged
√︂ spectra (see Sec. 2.1). Those values set the optical depth to
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= 1.3. Here 𝑚 𝑒 and 𝑐 are, respec[ (Γ+0.5) 2 −2.25]
tively, the rest mass of the electron and the speed of light. The corona
size and feedback fraction best-fitting values, 𝐿 = 7 100±360 km and
𝜂 = 0.53±0.05, respectively, are mainly set by the lag spectrum, while
the temperature of the soft-photon source, 𝑘𝑇𝑠 = 0.205 ± 0.003 keV,
and the amplitude of the variability of the external-heating rate,
𝛿𝐻ext = 4.3 ± 0.4%, are driven by the rms spectrum. For this bestfitting solution, the fractional amplitudes of the temperatures were
𝛿𝑘𝑇𝑠 = 0.12 ± 0.01% and 𝛿𝑘𝑇𝑒 = 1.9 ± 0.1%, respectively. We also
fitted the data fixing 𝑘𝑇𝑒 = 30 and 50 keV, with their corresponding
𝜏 values. We found very similar solutions in the 0.8–10 keV range
(with similar 𝜒2 values), and best-fitting physical parameters fully
consistent with those found using 𝑘𝑇𝑒 = 20 keV, with the differences
in the best-fitting values (less than 1–2𝜎) due mainly to the change in
the optical depth, 𝜏, due to the different values of 𝑘𝑇𝑒 used with the
same Γ (see above). We also tried to fit the data by letting the values
of Γ and 𝑘𝑇𝑒 free, but the fitting did not improve significantly, as
expected, given the relatively low upper-energy bound of the NICER
instrument. In Figure 2 we present the corner plot resulting from the
MCMC chain analysis. As usual, the diagonal in this plot shows the
posterior probabilities of the physical parameters of the model with
the median value and the 1-𝜎 confidence levels indicated in the plots.
The lower triangle in this figure shows the joint probabilities of each
pair of parameters with their corresponding contours at 68, 90 and
95% levels. We summarise the results for the best-fitting parameters
and their corresponding uncertainties in Table 1, including the three
values explored for 𝑘𝑇𝑒 .
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Figure 1. Fractional rms (upper panel) and phase-lag spectra (lower panels)
of the 4.45 Hz type-B QPO of MAXI J1348–630. The solid lines represent
the best-fitting model obtained for a corona size of ∼7 100 km and a ∼53%
feedback fraction onto a soft-photon source with a temperature of ∼0.2 keV.
Residuals, Δ = (data–model)/error, are also shown. Average quadratic residuals, Δ2 , are indicated at the top of each panel.

LMXB GRS 1915+105. In this paper we apply the same model
to fit the spectral-timing properties of the type-B QPO observed
in MAXI J1348–630 data. The model assumptions include (see the
next Sections for a more detailed discussion) a blackbody-like seedphoton source and a spherically symmetric and homogeneous corona,
which are rough approximations to an accretion disc, a real corona
and a jet, all of which are highly asymmetrical components. The
properties inferred from the fits can then be taken as characteristic
quantities that not only allow us to understand the system in more
detail, but also serve as a guide of the necessary steps to build a more
realistic and complete model.
In order to fit the model to the data, we use a Markov-Chain Monte
Carlo (MCMC) scheme based on the affine-invariant ensemble sampler emcee (Foreman-Mackey et al. 2013). With this approach we
can fit the fractional rms and phase-lag energy spectra, either independently or simultaneously, starting from a broadly-spread set
of walkers or from a group of walkers distributed around a certain
maximum of the posteriors. In the rest of the paper we will assume
that the seed-photon source is a sphere with a radius of 250 km,
consistent with the inner radius of the disc blackbody fitted to the
time-averaged spectra (Belloni et al. 2020).

4 RESULTS
In Figure 1 we present the best-fitting model found from the simultaneous fit of the rms (top panel) and lag (bottom panel) spectra.
Despite the simplicity of the underlying assumptions (see Sec. 3),
the model recovers the main features of the spectrum notably: i) the
rms amplitude in the model increases with energy, spanning from
a non-vanishing rms (.0.5%) at low energies to a maximum rms

3
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4.1 A two-components ‘dual’ model
Given the large 𝜒2 value that we obtained by fitting the variability spectrum of the QPO with a single-component Comptonisation
model, and considering the simplified assumptions of the model
(e.g., a spherical corona with uniform density), we decided to explore the possibility that the variability spectra of the type-B QPO
arise from Comptonisation occurring in two different, but physically
connected, regions, namely a small (1) and a large (2) region located
in the vicinity of the compact object. We call this the ‘dual’ model.
In order to obtain the fractional rms amplitude and phase lags of
the combination of two oscillating models as a function of energy,
we sum the contributions of each component in the complex Fourier
space in absolute units and re-normalise to fractional units using the
count-rate at each energy band given by the addition of the two steadystate spectra predicted by the model, 𝑆𝑆𝑆1 (𝐸) and 𝑆𝑆𝑆2 (𝐸). This
is possible thanks to the linearity of the Fourier Transform (not the
power spectrum). The linear combination of two sinusoidal functions
MNRAS 000, 1–9 (2020)
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Figure 2. Corner plot of the physical parameters of MAXI J1348–630 obtained with a single Comptonisation model, including the amplitude of the external
heating rate, 𝛿𝐻ext , the size, 𝐿, the temperature of the soft-photon source, 𝑘𝑇𝑠 , and the feedback fraction, 𝜂.

Table 1. Best-fitting values of the physical parameters of MAXI J1348–630 and their corresponding 1-𝜎 (68%) uncertainties obtained with a single-component
corona.

†

𝑘𝑇𝑒
(keV)

Γ

𝜏

𝑘𝑇𝑠
(keV)

𝐿
(km)

𝜂

𝛿𝐻 ext
(%)

𝛿𝑘𝑇𝑠
(%)

𝛿𝑘𝑇𝑒
(%)

𝜒𝜈2 (dof)

20†
30†
50†

3.5†
3.5†
3.5†

1.3†
0.94†
0.62†

0.205±0.003
0.202±0.004
0.183±0.004

7 100±360
7 700±370
8 100±400

0.53±0.05
0.50±0.04
0.42±0.04

4.3±0.4
5.2±0.6
10.3±1.5

0.12±0.01
0.12±0.01
0.14±0.01

1.89±0.09
1.53±0.07
1.11±0.05

11.1 (28 dof)
11.2 (28 dof)
12.1 (28 dof)

fixed parameters.

Table 2. Best-fitting values for the physical parameters of MAXI J1348–630 and their corresponding 1-𝜎 (68%) uncertainties of the dual model (Case A).
Component
Case A: 𝜒𝜈2 = 1.92 (23 dof)
Small (1)
Large (2)

𝜙 = 2.79±0.20 rad

Case A: 𝜒𝜈2 = 1.96 (23 dof)
Small (1)
Large (2)

𝜙 = 2.83±0.24 rad

Case A: 𝜒𝜈2 = 2.12 (23 dof)
Small (1)
Large (2)

𝜙 = 2.77±0.25 rad

†

fixed parameters.
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𝛿𝑘𝑇𝑠
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𝛿𝑘𝑇𝑒
(%)

20†
20†

3.5†
3.5†

1.3†
1.3†

0.38±0.02
0.34±0.01

0.49±0.14
10.4±1.5

0.22±0.03
0.80±0.12

68±15
10±1

1.1±0.3
0.42±0.05

42±10
8.8±0.8

30†
30†

3.5†
3.5†

0.94†
0.94†

0.39±0.03
0.35±0.01

0.48±0.11
10.5±1.6

0.22±0.03
0.76±0.14

70±20
10±1

1.3±0.3
0.42±0.05

48±10
7.5±0.8

50†
50†

3.5†
3.5†

0.62†
0.62†

0.40±0.03
0.35±0.01

0.45±0.12
11.8±1.7

0.18±0.03
0.76±0.12

78±18
10±1

1.2±0.4
0.41±0.05

50±13
6.0±0.8
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Figure 3. Energy-dependent fractional rms amplitude (upper panels) and phase lags (lower panels) of the 4.45 Hz type-B QPO of MAXI J1348–630. The
best-fitting models (solid lines) are obtained using a combination of two Comptonisation components (dual model, Case A). Residuals, Δ = (data–model)/error,
are also shown. Average quadratic residuals, Δ2 , are indicated at the top of each panel. Right panel: Energy-dependent Real (top panel) and Imaginary (bottom
panel) parts of the complex oscillation. The individual contribution of the small (large) component is plotted with dashed lines in orange (green) colour.

(or complex exponentials) at the same frequency is a new sinusoidal
with amplitude and phase determined by the relative amplitudes and
phases of the two underlying sinusoidal functions. In the complex
plane, this can be expressed as:
𝑁 (𝐸, 𝑡, 𝜔0 ) = 𝑁1 (𝐸)𝑒 𝑖 𝜔0 𝑡 + 𝑁2 (𝐸)𝑒 𝑖 ( 𝜔0 𝑡+𝜙)
(1)


𝑖 𝜙 𝑖 𝜔0 𝑡
𝑖Φ(𝐸) 𝑖 𝜔0 𝑡
= 𝑁1 (𝐸) + 𝑁2 (𝐸)𝑒
𝑒
= |𝑁 (𝐸)|𝑒
𝑒
,
where 𝑁1 (𝐸) and 𝑁2 (𝐸) are the complex energy-dependent amplitudes of the oscillation at the QPO frequency, 𝜔0 = 2𝜋𝜈0 , in
absolute-rms units, delayed by a fixed phase angle, 𝜙. 𝑁 (𝐸, 𝑡) is the
arising complex energy-dependent light curve which, as shown, is
another sinusoidal function with amplitude |𝑁 (𝐸)| and phase angle
Φ(𝐸). If the underlying complex amplitudes are expressed in polar
form, 𝑁1 (𝐸) = |𝑁1 (𝐸)|𝑒 𝑖 𝜙1 (𝐸) and 𝑁2 (𝐸) = |𝑁2 (𝐸)|𝑒 𝑖 𝜙2 (𝐸) , respectively, the resulting amplitude and phase of 𝑁 (𝐸, 𝑡) are given
by:


|𝑁 (𝐸)| = |𝑁1 (𝐸)| 2 + |𝑁2 (𝐸)| 2
− 2|𝑁1 (𝐸)||𝑁2 (𝐸)| cos(𝜙2 (𝐸) − 𝜙1 (𝐸) + 𝜙)

tan (Φ(𝐸)) =

Im{𝑁1 (𝐸)} + Im{𝑁2 (𝐸)𝑒 𝑖 𝜙 }
,
Re{𝑁1 (𝐸)} + Re{𝑁2 (𝐸)𝑒 𝑖 𝜙 }

 1/2

,

(2)

(3)

where Re and Im are the real and imaginary parts of the complex amplitudes, respectively. Finally, we divide the absolute rms amplitudes
by the full steady-state solution to obtain the fractional-rms amplitude: 𝑛(𝐸) = |𝑁 (𝐸)|/(𝑆𝑆𝑆1 (𝐸) + 𝑆𝑆𝑆2 (𝐸)). Hence, the resulting
rms and lag spectra of the combination of two Comptonisation models can be obtained from the underlying components by incorporating
a new free parameter: the delay among them, defined as a the phase

angle 𝜙 between the two models at the reference band. Once this
angle is known, the full set of subject bands in the variability spectra
are uniquely defined.
After we set up these equations into our MCMC framework, we
ran a long chain of 2 000 steps for 240 uniformly distributed walkers
to perform a wide exploration of the full parameter space, comprising 𝛿𝐻ext,1 , 𝑘𝑇𝑠,1 , 𝐿 1 , 𝜂1 and 𝛿𝐻ext,2 , 𝑘𝑇𝑠,2 , 𝐿 2 , 𝜂2 for the small
and large regions, respectively, and the phase angle 𝜙 between each
other. As in the single-component model, in these runs we fixed
𝑘𝑇𝑒 = 20 keV and Γ = 3.5 to keep consistency with the timeaveraged spectra. For these fits we did not increase the error bars of
the fractional rms spectrum. This parameter-space exploration led to
two clusters of solutions in different regimes: Case “A” (𝜙 ∼ 2.8 rad)
and Case “B” (𝜙 ∼ 0.2 rad). In order to explore in detail the two
clusters of solutions, we ran two MCMC explorations using a set of
240 walkers initially located around the best-fitting solutions found
for each cluster, and we let them walk for 2 000 steps each.
The dual models fit both the rms and lag spectra significantly
better than the previous model, with reduced 𝜒𝜈2 = 1.92 and 1.32, respectively, for 23 dof. Despite the fact that a better fit can be naturally
expected because of the extra free parameters in the dual model, the
results are remarkably better and now the full rms and lag spectra can
be fitted with great accuracy (see Fig. 3). In Case A, the small component, 𝐿 1 = 490±14 km, has a low feedback fraction, 𝜂1 = 0.22±0.03,
while the large component, 𝐿 2 = 10.4 ± 1.5 × 103 km, requires a
high feedback, 𝜂2 = 0.80 ± 0.12, to explain the observed lags. The
best-fitting soft-photon source temperatures are 𝑘𝑇𝑠,1 = 0.38 ± 0.02
and 𝑘𝑇𝑠,2 = 0.34 ± 0.01 keV, consistent with each other, indicating a possible common origin of the soft photons that are subsequently Comptonised. These blackbody temperatures are consistent
with higher disc-blackbody temperatures, which together with the
adopted values of Γ and 𝑘𝑇𝑒 , make the steady-state spectrum arising
from our variable-Comptonisation model fully consistent with the acMNRAS 000, 1–9 (2020)
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Figure 4. Corner plot of the physical parameters of MAXI J1348–630 obtained with the MCMC scheme using the dual model for the Case A. The model
involves a small (1) and a large (2) Comptonisation region, characterised by the amplitudes of external heating rates, 𝛿𝐻ext,1−2 , sizes, 𝐿1−2 , temperatures of the
soft-photon sources, 𝑘𝑇𝑠,1−2 , and feedback fractions, 𝜂1−2 ), respectively, and a phase angle, 𝜙, between both oscillating components.

tual time-averaged spectrum fitted by Belloni et al. (2020). We also
fitted the data fixing 𝑘𝑇𝑒 to 30 and 50 keV, as in the single-component
case. We found similar solutions with consistent 𝜒2 values and bestfitting parameters with respect to those found for 𝑘𝑇𝑒 = 20 keV. The
fractional amplitudes of the temperatures of the small component,
𝛿𝑘𝑇𝑠,1 ∼ 1.2% and 𝛿𝑘𝑇𝑒,1 ∼ 45%, and of the external heating rate,
𝛿𝐻ext,1 ∼ 68%, are quite high, but still constrained. In turn, the
fractional amplitudes of the large component are small, all below
. 10%.
For Case B, the Comptonising regions are described by a small
component with size 𝐿 1 = 2 200 ± 240 km and a high feedback
fraction, 𝜂1 = 0.89 ± 0.04, and a large region with size 𝐿 2 = 21 ± 3 ×
MNRAS 000, 1–9 (2020)

103 km, and a low feedback fraction, 𝜂2 < 0.22, consistent with zero.
The best-fitting soft-photon source temperatures 𝑘𝑇𝑠,1 = 0.48 ± 0.03
and 𝑘𝑇𝑠,2 = 0.73±0.02 keV, are slightly higher, possibly indicating a
bigger impact of the hotter inner regions of the accretion disc, given
the temperature values inferred from the time-averaged spectrum. In
this case, the fractional amplitudes of the temperatures of the small
component, 𝛿𝑘𝑇𝑠,1 ∼ 74% and 𝛿𝑘𝑇𝑒,2 ∼ 355%, and of the external
heating rate, 𝛿𝐻ext,1 ∼ 550%, are very large, and thus, even if they
represent mathematical solutions compatible with the observables,
they break down the perturbative assumptions of the model, and thus
we do not consider them further. For completeness, we present this
solution in Appendix A.

A Comptonisation model for the type-B QPO in MAXI J1348–630
In Figure 3 we present the two-component best-fitting dual model
(Case A). On the left panels we show the energy-dependent fractional
rms (upper panel) and phase lags (lower panel). Weighted-average
residuals are indicated at the top of each panel. On the right panels we
plot the Real (upper panel) and Imaginary (bottom panel) parts of the
complex oscillation. On these panels we also include the contribution
of each individual component, using coloured dashed lines. The large
component dominates the variability below ∼2 keV, whereas above
that energy the small component prevails. The small component has
a pivot point around an energy of ∼1.5 keV, which reflects in a change
of sign of both the real and imaginary parts of the oscillation, and
a minimum of the rms amplitude. In Figure 4 we show the corner
plot obtained for the MCMC chain of walkers concentrated around
the best-fitting dual model (Case A). The best-fitting results and their
corresponding uncertainties for each solution are presented in Table 2
for the three explored values of 𝑘𝑇𝑒 .

5 DISCUSSION
We have shown that the spectral-timing radiative properties of the
type-B QPO of MAXI J1348–630 measured with NICER can be
explained by Comptonisation. We use a recently-developed variableComptonisation model (Karpouzas et al. 2020) to fit the energydependent fractional rms amplitude and phase-lag spectra of the QPO
in the full 0.8–10 keV energy range. Considering one Comptonisation
region, we obtain a good fit of the lag spectrum and a not so good fit of
the rms spectrum, with rms-amplitudes in the hard energy bands that
are lower than the values observed. If we consider two independent,
but physically coupled, Comptonisation regions, we achieve excellent
fits both to the rms-amplitude and phase-lag spectra. This is the first
time that a self-consistent spectral-timing model of Comptonisation
is successfully applied to data at energies below ∼2 keV.
The idea that Comptonisation can explain the radiative properties of QPOs is born on the evidence that the rms amplitude of
different types of QPOs in different sources increases with energy
(e.g., Sobolewska & Życki 2006; Méndez et al. 2013, and references therein). Time-dependent Comptonisation models were originally developed to explain the rms and lag spectra of kHz QPOs in
neutron-star LMXBs (Lee & Miller 1998; Lee et al. 2001; Kumar &
Misra 2014). Recently, Karpouzas et al. (2020) presented an updated
version of a time-dependent Comptonisation model with many computational advances, which allows to fit efficiently the spectral-timing
data of QPO observations of very different sources. Our best-fitting
Comptonisation model (Fig. 1) yields a corona of ∼7 000 km with
a moderate feedback fraction, 𝜂 ≈ 0.5, and a rather low soft-photon
source temperature, 𝑘𝑇𝑠 ≈ 0.2 keV, not fully consistent with the
temperature of the best-fitting disc blackbody to the time-averaged
spectra (𝑘𝑇dbb ≈ 0.6 keV). Despite the fact that the model reproduces the lag spectrum reasonably well, it fails to reproduce the rms
spectrum accurately, leading to 𝜒𝜈2 ∼ 11. This is somehow expected
given the simplicity of the model and the assumptions made for its
calculation (i.e. homogeneous corona, fixed optical depth, etc).
Subsequently, we fitted the variability spectrum at the QPO frequency as the combined effect of two independent, but physically
coupled, Comptonisation regions. (For a different model involving
two Comptonisation regions see Nobili et al. 2000). By combining the
output of two Comptonisation models in the complex plane (Fourier
space of the signal, limited to the QPO frequency), we showed how to
compute the energy-dependent fractional-rms and phase-lag spectra
that can be compared to the data. The fitting results found are significantly better: both the full rms and lag spectra can be modelled
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with great accuracy with two sets of physical parameters, that we call
cases A and B, yielding 𝜒𝜈2 ≈ 1.9 and 1.3, respectively.
In case A, the best-fitting time-dependent Comptonising model
consists of a small region, 𝐿 1 ≈ 500 km, with rather low feedback,
𝜂1 ≈ 0.2, and a large region, 𝐿 2 ≈ 10 000 km, with high feedback,
𝜂2 = 0.80 ± 0.12. Moreover, despite that both soft-photon source
temperatures were let free during the fit, they converged to essentially
equal values, 𝑘𝑇𝑠,1−2 ∼ 0.35 keV, pointing to a common source of
soft-photons leading the full oscillation, associated to the accretion
disc. These temperatures are lower than the temperature fitted to the
disc blackbody component in the time-averaged spectra, but given
the difference in the underlying spectral model we used (blackbody
instead of disc blackbody), our results turn out to be compatible with
those in Belloni et al. (2020), also evidencing the need of a more
suitable variable-Comptonisation model including a disc-blackbody
like spectrum as the soft-photon source. These best-fitting results,
together with the fact that in the fit we have fixed Γ = 3.5 and 𝑘𝑇𝑒 =
20 keV, make the steady-state spectrum associated to our variability
model, also consistent with the observed time-averaged spectra of
MAXI J1348–630. Moreover, as shown in Sec. 4.1, these results are
not very sensitive to changes in the assumed corona temperature. The
best-fitting physical parameters found fixing 𝑘𝑇𝑒 = 30 and 50 keV
remain consistent with those found assuming 𝑘𝑇𝑒 = 20 keV.
The low feedback, 𝜂1 ≈ 0.2, of the small corona component is
in accordance with its relatively small size, given that 𝐿 1 ∼ 30 𝑅𝑔
(where 𝑅𝑔 is the gravitational radius of a 10 M BH) is comparable
with the inner radius of the accretion disc (see Sec. 2.1). In this configuration only a relatively small fraction of the Comptonised photons
can efficiently impinge back onto the soft-photon source. On the contrary, the large region of the corona (𝐿 2 ∼ 700 𝑅𝑔 ) enshrouds the full
soft-photon source and consequently it establishes a strong feedback
loop (𝜂2 ≈ 0.8). The model assumes that the corona is homogeneous
and that its temperature oscillates coherently at the QPO frequency.
This might possibly be hard to achieve for such a large component.
Regarding the amplitudes of the external heating rate that balance
the internal energy of the electrons, 𝛿𝐻ext , since the small region is
on average closer than the large region to the soft-photon source that
is leading the variability, the ratio of 𝛿𝐻ext,1 /𝛿𝐻ext,2 ∼ 6 is naturally
expected in such a scenario.
It is important to note that our model lacks a feedback interaction
between the two Comptonisation regions. The oscillations of both
components are related by a phase delay which, in essence, is connected to their relative delays with respect to the leading oscillation in
the soft-photon source. A two-component corona was also proposed
by Nobili et al. (2000) to explain the lags seen in the type-C QPO
in the BH LMXB GRS 1915+105. In their model, hard lags are produced by Compton up-scattering of disc photons in an inner optically
thick corona component. Those photons later Compton down-scatter
in an outer cooler and optically thinner corona, causing soft lags. The
model fits the lags of the QPO in that source but does not explain the
fractional rms of the QPO.
Despite all the limitations and caveats, we have shown that by
incorporating the interaction between two different physical components, the Comptonisation model can successfully explain both the
time-averaged spectrum of MAXI J1348–630 and the spectral-timing
properties of the type-B QPO. This is of course a simplification of
a possibly more complex picture, which could be represented by a
unique component with continuous extended properties, e.g., a disclike soft-photon source, an extended corona with temperature and
density gradients, and possibly angle-dependent optical depths. Our
results serve as a guide for future developments of Comptonisation
models. Our model could be tested with spectral-timing data of the
MNRAS 000, 1–9 (2020)
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Type-B QPO in a wider energy range, for instance, using simultaneous data from NICER and HXMT, which covers up to &100 keV
(Ma et al. 2020). In this sense, this paper is a step towards the goal of
building physically-motivated models capable to fit simultaneously
the time-averaged and variability spectra of LMXBs at different frequencies. These models will be useful to interpret the observations
of the upcoming generation of large effective area and high-time resolution X-ray instruments like eXTP (Zhang et al. 2016) and Athena
(Nandra et al. 2013).
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APPENDIX A: A SECONDARY SOLUTION FOR THE
TWO-COMPONENTS DUAL MODEL
As described in Sec. 4.1, when considering the two-components
dual model, we found two different solutions, namely Cases A and
B. However, in Case B, the amplitudes of the temperature oscillations of one of the components are very high, and incompatible
with the underlying perturbative assumptions of the model. Thus,
for the sake of completeness, we left the full presentation of such
Case to this Appendix. In Figure A1 we show the energy-dependent
fractional rms (upper-left panel) and phase lags (lower-left panel)
of the type-B QPO in MAXI J1348–630, as fitted with this Case B
best-fitting model. On the right panels we also plot the Real (upper
panel) and Imaginary (bottom panel) parts of the complex oscillation,
and the contribution of the individual components. In Figure A2 we
show the corresponding corner plot for an MCMC chain of walkers
concentrated around this solution. The best-fitting results and their
uncertainties are presented in Table A1.
In this case, the small region has a size 𝐿 1 ≈ 2 200 km with
high feedback, 𝜂1 = 0.89 ± 0.04, while the large region has 𝐿 2 ≈
21 000 km and a small feedback, 𝜂2 < 0.22 (consistent with zero).
In this case, the soft-photon source temperatures are 𝑘𝑇𝑠,1 ≈ 0.5
and 𝑘𝑇𝑠,2 ≈ 0.7 keV. These temperatures are consistent with the
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temperature of the disc blackbody fitted to the soft-photon source in
the time-averaged spectra, but rather high when the blackbody and
disc blackbody spectra are compared.
The physical properties of these two-components can be understood in the following framework: the small-sized corona (𝐿 1 ∼
150 𝑅𝑔 , assuming a 10 M BH) fully surrounds the accretion disc
(𝑘𝑇𝑠,1 ∼ 0.5 keV), impinging back into it a significant fraction
of the inversely-Comptonised photons, and thus leading to a high
feedback fraction (𝜂1 ≈ 0.9). The large Comptonisation region
(𝐿 2 ∼ 1500, 𝑅𝑔 ), if spherical, should in principle be capable to
produce strong feedback but, with such a large effective size, if elongated (in a jet-like geometry, as possibly seen in MAXI J1348–630,
Carotenuto et al. 2019), that would not be the case and the small
feedback fraction (𝜂2 < 0.2) could be easily understood. Comptonisation in a precessing jet was invoked by Kylafis et al. (2020) to
quantitatively describe the type-B QPO in GX 339–4. Moreover, as
already suggested by Belloni et al. (2020), Comptonisation in a jet
might be able to explain the spectral features of the type-B QPO
in MAXI J1348–630. The relatively higher temperature of the softphoton source associated to the large corona in case B, could be
explained if the photons injected were already partly-Comptonised
in the small corona. However, the large amplitudes recovered for both
temperatures, 𝛿𝑘𝑇𝑠 and 𝛿𝑘𝑇𝑒 , and external heating rate, 𝛿𝐻ext , of the
small component, break the perturbative assumption in this Case.
This paper has been typeset from a TEX/LATEX file prepared by the author.
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Table A1. Best-fitting values for the physical parameters of MAXI J1348–630 and their corresponding 1-𝜎 (68%) uncertainties of the dual model (Case B).
Component
Case B: 𝜒𝜈2 = 1.32 (23 dof)
Small (1)
Large (2)
†

𝑘𝑇𝑒
(keV)

Γ

𝜏

𝑘𝑇𝑠
(keV)

𝐿
(103 km)

𝜂

𝛿𝐻 ext
(%)

𝛿𝑘𝑇𝑠
(%)

𝛿𝑘𝑇𝑒
(%)

20†
20†

3.5†
3.5†

1.3†
1.3†

0.48±0.03
0.73±0.02

2.20±0.24
20.6±3.0

0.89±0.04
<0.22

550±100
35±5

73±14
<0.2

350±60
30±5

𝜙 = 0.19±0.13 rad

fixed parameters.

Dual Model (B)
1
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Figure A1. Same as Fig. 3 for the best-fitting values to the energy-dependent fractional rms amplitude and phase lags of the Type-B QPO of MAXI J1348–630
obtained with dual model 𝐵.
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Figure A2. Same as Fig. 4 for the physical parameters of MAXI J1348–630 obtained with dual model 𝐵.
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