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Abstract

We report the energy-resolved broadband timing analysis of the black hole X-ray transient MAXI J1631-479
during its 2019 outburst from February 11 to April 9, using data from the Insight−Hard X-ray Modulation
Telescope (Insight-HXMT), which caught the source from its hard-intermediate state to the soft state. Thanks to the
large effective area of Insight-HXMT at high energies, we are able to present the energy dependence of fast
variability up to ∼100 keV. Type-C quasi-periodic oscillations (QPOs) with a frequency varying between 4.9 and
6.5 Hz are observed in the 1–100 keV energy band. While the QPO fractional rms increases with photon energy
from 1 keV to ∼10 keV and remains more or less constant from ∼10 keV to ∼100 keV, the rms of the flat-top
noise first increases from 1 keV to ∼8 keV and then drops to less than 0.1% above ∼30 keV. We suggest that the
disappearance of the broadband variability above 30 keV could be caused by the nonthermal acceleration in the
Comptonizing plasma. At the same time, the QPOs could be produced by the precession of either a small-scale jet
or a hot inner flow model.

Unified Astronomy Thesaurus concepts: Stellar accretion disks (1579); Low-mass x-ray binary stars (939); Black
hole physics (159)

1. Introduction

Galactic black hole transients (BHTs) are discovered mostly
as X-ray transients, most of which are low-mass X-ray binaries.
A typical outburst of a BHT lasts from months to years,
displaying a characteristic evolution in its X-ray spectral and
timing properties, which are further divided into different
spectral states (Remillard & McClintock 2006; Belloni & Motta
2016). Low frequency quasi-periodic oscillations (LFQPOs) are
commonly observed in BHTs. They are observed as narrow
peaks in the Fourier power density spectra (PDS) computed from
the fast variable light curves. In BH systems, the LFQPOs are
known as types A, B, and C (Casella et al. 2005; Motta et al.
2015), with frequency varying from a few mHz to tens of
hertz. The relation between X-ray variability and spectral state

evolution in BHTs has been addressed in plenty of works,
making fast variability an indicator that traces the spectral states
during an outburst (Belloni et al. 2011).
A clear pattern of the X-ray spectral evolution is found in

most BHTs, known as the “q-diagram” (Homan et al. 2001;
Belloni & Motta 2016). For a typical BHT outburst, the source
starts from the low hard state (LHS) and lasts over a wide range
of luminosity before it evolves into the hard-intermediate state
(HIMS). During the LHS, the X-ray spectrum is dominated by
a nonthermal emission from an optical/thin corona (Done et al.
2007; Gilfanov 2010; Belloni & Motta 2016). The disk
component starts becoming important in the X-ray flux during
the HIMS. Type-C QPOs characterized by a high amplitude (up
to ∼20% rms) and simultaneous “flat-top” noise (FTN) are
observed in the LHS and HIMS and their frequencies correlate
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tightly with the spectral photon index (Vignarca et al. 2003).
The soft intermediate state (SIMS) is usually recognized by the
appearance of type-B QPOs, since the energy spectra from the
softest HIMS and the SIMS are indistinguishable (at least
below ∼10 keV) when their hardness ratios are similar (Stiele
et al. 2011). However, for each single source the hardness of
the SIMS is always lower than in the HIMS. Type-B QPOs are
characterized by a relatively high amplitude (up to ∼5% rms)
and a weak red noise, thereby making them distinguishable
from type-C QPOs (Remillard et al. 2002; Casella et al. 2005;
Ingram & Motta 2019). When the disk component becomes
dominant in the energy spectra, the source transitions into the
soft state (SS) from the SIMS. Type-A QPOs very rarely appear
in the SS and have a very weak rms (a few percent rms).
Eventually, the source enters into the LHS again after passing
through the intermediate states in a reverse order.

MAXI J1631-479 is an X-ray binary transient discovered by
the Monitor of All-sky X-ray Image (MAXI) (Kobayashi et al.
2018) on 2018 December 21. The spectral properties of MAXI
J1631-479 obtained with the Nuclear Spectroscopic Telescope
Array (NuSTAR) indicate that the source is an accreting black
hole discovered in its SS (Miyasaka et al. 2018). A soft-to-hard
state transition was later observed on 2019 January 23 (MJD
58506; Negoro et al. 2019), accompanied by clear changes in
the X-ray flux and variability properties (van den Eijnden et al.
2019).

Evidence for strong reflection features was detected in the
X-ray energy spectra of NuSTAR observations in the SS of
the outburst (Miyasaka et al. 2018; Xu et al. 2020). During
the HIMS, PDS with LFQPOs and strong peak noise were
observed by the Neutron Star Interior Composition Explorer,
(NICER; van den Eijnden et al. 2019; Rout et al. 2021). The
detected QPO frequency varies between ∼4 Hz and ∼10 Hz,
while the total fractional rms in the 0.1–100 Hz range remains
at ∼12% (3–12 keV). The QPO shows a hard phase lag of
∼0.1 rad between the ∼4–6 keV and ∼6–10 keV energy bands,
which is consistent with the QPO phase lags widely seen in
low-inclination BHT systems (van den Eijnden et al. 2017).
Both the spectral and timing properties strongly suggest MAXI
J1631-479 is a black hole X-ray binary.

The Insight−Hard X-ray Modulation Telescope (Insight-
HXMT) carried out Target of Opportunity (ToO) observations
on MAXI J1631-479 following the MAXI/GSC discovery
from 2019 February 11 (MJD 58526), covering two months
of the outburst, for a total exposure time of ∼300 ks. There
are three main scientific payloads on board Insight-HXMT:
the Low Energy Telescope (LE, 1–15 keV, 384 cm2, ∼1 ms),
the Medium Energy Telescope (ME, 5–30 keV, 952 cm2,
∼276 μs), and the High Energy (HE, 20–250 keV, 5000 cm2,
∼25 μs) Telescope (Cao et al. 2020; Chen et al. 2020; Liu et al.
2020; Zhang et al. 2020). The broadband energy coverage, high
time resolution, and large effective area of Insight-HXMT
make it an excellent tool in broadband spectral-timing studies
of bright X-ray sources (Chen et al. 2018; Huang et al. 2018).

In this work, we report the broadband timing properties of
the Insight-HXMT ToO observational campaign of MAXI
J1631-479. Thanks to its high statistics in the hard X-ray band
(>30 keV), we are able to perform a detailed analysis. In
Section 2, we introduce the Insight-HXMT observations and
our data reduction strategy. In Section 3, we present our timing
analysis of these observations. We discuss the implications of
our results in Section 4.

2. Observations and Data Reduction

In this work, we make use of the Insight-HXMT observa-
tions of MAXI J1631-479 from 2019 February 11 (MJD
58526) to 2019 April 9 (MJD 58582), for a total exposure time
of 300 ks. The average exposure times of each observation are
∼1.7 ks for LE, ∼4.5 ks for ME, and ∼3.5 ks for HE.
We process the original data using the HXMTDAS

pipeline.13 We screen the data according to the suggested
criteria of the good time intervals (GTIs) selection: elevation
angle (ELV) larger than 10°; ELV for the bright Earth larger
than 30°; geometric cutoff rigidity larger than 8 GeV; offset for
the point position smaller than 0°.1; at least 300 s before and
after the South Atlantic Anomaly passage. To avoid the
possible contamination from the bright Earth and nearby
sources, only small fields of view (FoVs) are applied.
Light curves are extracted from screened files using the

HELCGEN, MELCGEN, and LELCGEN tasks. In Figure 1, we
show the net count rates for each instrument in the right panel.
Observations P0214003024 and P0214003029 are excluded
because of the short GTIs (<100 s), which leaves us a total of
27 observations.

2.1. Background Subtraction

The background estimations of HE, ME, and LE are performed
using the stand-alone Python scripts LEBKGMAP, MEBKGMAP,
and HEBKGMAP (Guo et al. 2020; Li et al. 2020; Liao et al.
2020a, 2020b). The averaged background count rate is∼10 cts s−1

for LE (1–10 keV), ∼35 cts s−1 for ME (10–30 keV), and
∼350 cts s−1 for HE (30–150 keV). The background levels of
the three telescopes are shown as gray lines in Figure 1.
It must be noted that there are sources in the field of MAXI

J1631-479, as illustrated by the HXMT Bright Source Warning
Tool,14 whose contributions cannot be modeled by the
background software.
Relatively bright contaminating sources included in the

small FoVs15 of MAXI J1631-479 are 4U 1608-52, GX 339-4,
J161741.2-510455, and GX 340+0. Objects 4U 1608-52, GX
339-4, and J161741.2-510455 are transient sources that were in
a quiescence state during the outburst of MAXI J1631-479 (see
the light curves monitored by MAXI/GSC; http://maxi.riken.
jp/top/slist.html); the background contributions from these
sources are thus ignored. GX 340+0 is a persistent Z source
and has fast variability, whose X-ray flux stabilizes at
∼457 mCrab in 2–20 keV (MAXI/GSC) and ∼40 mCrab in
15–50 keV (Swift/BAT) during our observation.
The small FoVs of Insight-HMXT consist of three Detection

Boxes (DetBox No. 1, 2, and 3) for LE, ME, and HE, as shown in
Figure 2. GX 340+0 constantly appears in the No.2 DetBox of the
LE detector and occasionally appears in the No.2 DetBox of the
ME detector and No.3 DetBox of the HE detector during our
observation. In order to estimate the background contribution from
GX 340+0, we create pixel-averaged light curves from each
DetBox and compare the flux differences between them. The
pixel-averaged light curve for the three telescopes are shown in
Figure 3. Our results show that for LE (1–10 keV), the background
contribution from GX 340+0 is less than 1% and can be ignored;
for ME (10–30 keV), the contribution is ∼3 cts s−1 and is

13 http://hxmten.ihep.ac.cn/SoftDoc/501.jhtml
14 http://proposal.ihep.ac.cn/soft/soft2.jspx
15 The small FoVs are 1.6° × 6° for LE, 1° × 4° for ME, and 1.1° × 5.7°
for HE.
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corrected accordingly for the light curves; for HE (30–150 keV),
the averaged contribution is ∼1 cts s−1, with a maximum
contribution of ∼5%. Considering the systematic error in HE,
the HE background contribution from GX 340+0 is negligible.

3. Analysis and Results

3.1. Spectral Evolution

To address the spectral state evolution during our Insight-
HXMT observations in a broader context, we plot the long-
term MAXI/GSC monitoring light curves (Figure 1, left
panel). The MAXI/GSC light curve and hardness ratio are
produced by the MAXI/GSC on-demand web interface.16

MAXI/GSC started the observation of MAXI J1631-479 when
the source transitioned to the HIMS on MJD 58506 (Negoro
et al. 2019; van den Eijnden et al. 2019; Rout et al. 2021).
Insight-HXMT started the follow-up observation of this source
on MJD 58526, 20 days after the first observation of MAXI/
GSC while the source was still in the HIMS, which is indicated
as the dashed line in the left panel of Figure 1.
Significant spectral variability is found in the light curves of

Insight-HXMT, where the count rate in the hard X-ray band
(>10 keV) decreases by a factor of ∼3 and the soft X-ray band
(<10 keV) decreases by a factor of ∼1.2. The count rate in the
30–150 keV band becomes undetectable near MJD 58553,
suggesting a major reduction from the hard X-ray emission. It
is clear that Insight-HXMT caught MAXI J1631-479 in the
HIMS, when the source shows relatively high variability.

Figure 1. Left panel: (top) long-term MAXI/GSC monitoring light curve of the 2018−2019 outburst of MAXI J1631-479; (bottom) hardness ratios (HRs) are
estimated as the ratio of count rates in the energy bands of 4–20 keV and 2–4 keV of MAXI. The data are binned by 24 hr. The dashed line indicates the start time of
Insight-HXMT observation on the right panel. Right Panel: Insight-HXMT light curves and HRs of MAXI J1631-479. The gray lines show the background level for
the three instruments. HR is estimated as the ratio of net count rates in the energy bands of 10–30 keV and 1–10 keV of Insight-HXMT. The selected energy bands and
instruments are illustrated in the plot. Each point corresponds to one observation. HE data fall below the detection limit after MJD 58553.

Figure 2. The small FoVs of Insight-HXMT and the location of contaminating sources compared to our target source during our observation. In order to estimate the
contribution of GX 340+0, we create pixel-averaged light curves from each DetBox and compare the flux differences from the three telescopes. The results are shown
in Figure 3.

16 http://maxi.riken.jp/star_data/J1631-478/J1631-478.html
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The hardness–intensity diagram (HID, also known as the “q-
diagram”) of Figure 4 reports data from MAXI/GSC since the
source transitioned into the HIMS. In the HID, the hardness
ratio is defined between the energy bands 4–20 keV and
2–4 keV. The simultaneous Insight-HXMT observational
period is highlighted in red. Both MAXI and Insight-HXMT
have missed the initial rising phase of the outburst; thus, both
HIDs are incomplete. In Figure 4, the hardness ratio decreases
from ∼1.1 to ∼0.5 during the first ∼40 days, while the source
flux (2–20 keV) varies slightly near ∼2 photons s−1 cm−2,
suggesting that the source is still in the HIMS. Subsequently,
the flux drops abruptly from ∼2.0 to ∼0.2 photons s−1 cm−2,
while the hardness ratio stays constant at ∼0.3, suggesting that
the source may have entered the SS.

In order to study the state transition in detail, we calculate
the total fractional rms in the 1–32 Hz frequency range
for 1–10 keV using the Insight-HXMT/LE observation. In
Figure 5, we show the HID and hardness-rms diagram (HRD)
from the LE. The hardness ratio for LE is defined between the
energy bands 5–10 keV and 1–5 keV. The QPO observations
are highlighted in black. The HID of HXMT/LE shows a
behavior similar to that of MAXI/GSC. In addition, the
corresponding total factional rms (1–32 Hz, 1–10 keV) initially
stays at ∼9.5% for ∼15 days and abruptly drops to 4% near
MJD 58543, accompanied with a disappearance of QPOs (see
Section 3.2), which suggests that the source has left the HIMS
and entered a softer state. Hereafter, the total rms varies
between 4% and 6%, while the corresponding hardness ratio
remains at ∼0.2. During which, the band-limited noise
disappears and is replaced by a power-law noise. The total
rms drops to less than 1% after MJD 58553 when the emission
from >10 keV decreases to less than 10 cts s−1, suggesting that
the source may have entered the SS (Belloni et al. 2005; Heil
et al. 2015). We therefore give an approximate division of
source states based on the HID/HRD properties and mark them
as dashed lines in the HID/HRD.

3.2. Power Density Spectra

For each of the three instruments, we extract an average PDS
from each observation by dividing the data into 32 s intervals
and averaging the corresponding PDS. The time resolution is
1 ms corresponding to a Nyquist frequency of 500 Hz. The
PDS are normalized according to Leahy et al. (1983) and the
component due to Poissonian statistics was subtracted accord-
ing to Zhang et al. (1995).
The selected energy bands are 1–10 keV for LE, 10–30 keV

for ME, and 30–150 keV for HE, respectively. The PDS fittings
are performed with XSPEC (12.10.1f), by applying a one-to-one

Figure 3. The pixel-averaged light curves generated from the three DetBoxes
of small FoVs for the three telescopes. The red lines are the ones created from
the contaminating DetBox and the blue/black lines are from the other two
uncontaminated DetBoxes.

Figure 4. The hardness–intensity diagram (HID) of MAXI J1631-479
extracted from MAXI/GSC. The corresponding applied energy channels are
labeled in the plot. The data points are binned by 24 hr. The red points
highlight the simultaneous Insight-HXMT observations. The dashed line
separates the IMS from the SS and the arrows indicate the evolution path of the
outburst.

Figure 5. Hardness–intensity and hardness-rms diagram produced from the
Insight-HXMT/LE. The spectral hardness ratio is defined between 5–10 keV
and 1–5 keV energy bands. The total fractional rms is averaged in frequency
range 0.1–32 Hz for 1–10 keV. The vertical dashed line separates the HIMS
and SS. The QPO observations are highlighted in black. The data are binned by
each observation.
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energy−frequency conversion with a unit response. Both
broadband noise and QPO peaks in the PDS are fitted with
Lorentzian functions (Nowak 2000; Belloni et al. 2002). We
use two Lorentzian peaks for the QPO and its harmonic, and
one or two Lorentzian for the broadband noise. Based on the
fitting results, we exclude features with a significance17 of less
than 3σ or a Q factor18 of less than 2.

Among 27 observations, LFQPOs are observed in the first
ten observations, as indicated with black dots in the HID
of Figure 5. The fitting results of these QPOs are given in
Table 1. Among all of the observations, QPOs are observed

simultaneously in eight observations by all three telescopes,
with their centroid frequencies varying between ∼4.9 Hz and
∼6.5 Hz. While the QPO frequency remains more or less
constant with energy, the QPO fractional rms first increases
from the LE (1–10 keV) to ME (10–30 keV) then slightly
decreases from the ME (10–30 keV) to HE (30–150 keV).
Meanwhile, the total fractional rms increases monotonically
with energy from 1 keV to 150 keV.
All QPOs are observed with an FTN, featuring the

characteristics of type-C QPOs, which confirms that these
observations correspond to the HIMS. In Figure 6, we show
the PDS of ObsID P021400300619 extracted from the three
instruments. The other QPO observations show similar
properties, as listed in Table 1.

Table 1
Best-fitting Parameters of the QPO Observations of MAXI J1631-479 Extracted from Insight-HXMT

ID MJD Exp (ks) rmstotal ν (Hz) FWHM (Hz) rmsQPO

LE (1–10 keV)

P0214003002 58526.0 0.9 10.2 ± 0.3 5.0 ± 0.1 1.0 ± 0.2 5.6 ± 0.4
P0214003003 58527.1 0.8 9.4 ± 0.3 6.1 ± 0.1 -

+1.1 0.3
0.4

-
+4.7 0.4

0.5

P0214003004 58528.4 1.4 9.6 ± 0.3 5.4 ± 0.1 1.4 ± 0.3 5.3 ± 0.4
P0214003005 58529.4 1.6 -

+9.3 0.2
0.4 6.2 ± 0.1 0.9 ± 0.3 4.1 ± 0.5

P0214003006 58530.4 1.9 9.7 ± 0.2 5.2 ± 0.1 -
+0.9 0.1

0.2 5.1 ± 0.3

P0214003007 58533.5 2.1 10.6 ± 0.2 4.9 ± 0.1 0.9 ± 0.2 4.8 ± 0.3
P0214003008 58534.8 2.7 8.0 ± 0.2 6.9 ± 0.1 -

+1.8 0.5
0.6 4.0 ± 0.4

P0214003009 58536.0 1.3 9.3 ± 0.3 6.1 ± 0.1 -
+0.5 0.3

0.4 2.6 ± 0.6

P0214003010 58538.6 2.5 9.4 ± 0.2 5.4 ± 0.1 -
+0.5 0.1

0.2 3.6 ± 0.4

P0214003011 58541.2 L L L L L

ME (10–30 keV)

P0214003002 58526.0 3.1 -
+13.2 0.5

0.4 5.0 ± 0.1 0.9 ± 0.1 -
+10.0 0.4

0.5

P0214003003 58527.1 2.0 -
+14.8 0.7

0.6
-
+6.1 0.02

0.1 0.9 ± 0.2 9.6 ± 0.6

P0214003004 58528.4 3.2 13.8 ± 0.6 5.5 ± 0.04 0.9 ± 0.1 9.6 ± 0.5
P0214003005 58529.4 3.3 -

+13.8 0.6
0.5 6.2 ± 0.04 0.7 ± 0.1 8.7 ± 0.5

P0214003006 58530.4 3.2 -
+13.6 0.6

0.5
-
+5.2 0.02

0.01 0.4 ± 0.1 8.4 ± 0.4

P0214003007 58533.5 5.5 -
+17.9 0.4

0.3
-
+4.8 0.04

0.05 0.6 ± 0.1 -
+7.6 0.5

0.4

P0214003008 58534.8 8.6 -
+13.8 0.5

0.4 6.6 ± 0.1 -
+2.8 0.8

0.2
-
+13.0 2.2

1.1

P0214003009 58536.0 6.6 -
+13.5 0.5

0.4 6.2 ± 0.04 0.9 ± 0.1 -
+9.5 0.4

0.5

P0214003010 58538.6 4.9 -
+11.8 0.7

0.6 5.4 ± 0.1 0.8 ± 0.1 9.1 ± 0.5

P0214003011 58541.2 4.2 -
+14.3 0.3

0.6 6.2 ± 0.1 -
+1.5 0.2

0.3
-
+10.0 0.3

0.5

HE (30–150 keV)

P0214003002 58526.1 2.0 15.8 ± 0.6 5.3 ± 0.04 0.6 ± 0.1 8.7 ± 0.6
P0214003003 58527.1 1.0 -

+15.8 1.2
1.8 6.2 ± 0.1 -

+0.7 0.2
0.3

-
+8.3 1.0

1.1

P0214003004 58528.4 3.2 -
+16.3 0.6

0.7 5.5 ± 0.1 1.2 ± 0.3 -
+8.9 0.7

0.8

P0214003005 58529.4 3.5 -
+17.8 0.7

0.6 6.1 ± 0.04 0.6 ± 0.1 8.9 ± 0.5

P0214003006 58530.4 3.5 -
+16.0 0.6

0.5 5.3 ± 0.02 0.4 ± 0.1 8.2 ± 0.5

P0214003007 58533.5 5.9 -
+16.2 0.5

0.4
-
+4.9 0.03

0.04 0.6 ± 0.1 8.2 ± 0.4

P0214003008 58534.9 4.8 16.3 ± 0.6 6.4 ± 0.1 1.3 ± 0.3 -
+8.9 0.8

0.3

P0214003009 58536.0 L L L L L
P0214003010 58538.6 4.3 -

+15.0 0.8
0.9 5.6 ± 0.1 -

+1.0 0.2
0.3

-
+8.1 0.7

0.8

P0214003011 58541.2 4.3 -
+17.0 0.5

0.4 6.4 ± 0.1 1.6 ± 0.05 -
+8.3 0.8

0.9

Note. The table shows the observation starting time (MJD), effective exposure time (Exp), total fractional rms (rmstotal) averaged in the 0.1–32 Hz frequency band,
QPO centroid frequency (ν), QPO full width at half maximum (FWHM) and QPO fractional rms (rmsQPO) for the three telescopes. The errors are estimated with 1σ
level uncertainties. The energy bands selected for study are 1–10 keV for the LE, 10–30 keV for the ME, and 30–150 keV for the HE. The details on the extraction of
the power density spectra and on the fitting procedures are described in Section 3.2. Ellipses (L) represent empty GTIs.

17 The significance of QPOs is given as the ratio of the integral of the power of
the Lorentzian used to fit the QPO divided by the negative 1σ error on the
integral of the power.
18 Q = ν/FWHM, where ν is the centroid frequency of the Lorentzian
component and FWHM is its full width at half maximum.

19 This observation is selected because of its high count rate and long
exposure time.
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3.3. Energy-dependent Power Spectra

In order to study energy dependence of the QPO parameters,
we divide the 1–100 keV energy range into seven energy
intervals to create the corresponding PDS. Given the good
statistics of the LE and ME, we divide them into four energy
intervals by ∼5 keV. Due to the low signal-to-noise ratio of
HE, we enlarge the energy bins of HE to get better statistics.
The selection of energy ranges are given in Table 2.

Among 10 QPO observations, in only four observations
(P0214003002, P0214003005, P0214003006, and P0214003007)
is the QPO detected in all sub-energy bands with a significance of
>3σ. Figure 7 shows the QPO fractional rms as a function of
energy from 1 keV to ∼100 keV. It is worth noticing that the last
points from the four observations show large error bars; we
suggest that the QPO fractional rms remains more or less constant
from ∼10 keV to ∼100 keV.

The fractional rms of the FTN component is plotted in
Figure 8. The FTN becomes extremely weak in the high energy
band (above 30 keV). In order to give an upper limit of the
FTN rms, we fix the break frequency of the FTN at ∼1 Hz,
based on the correlation (n n=  * 5.2 0.32QPO break

0.81 0.03( ) ( ))
between LFQPO and break frequency of BHs (Wijnands & van
der Klis 1999; Bu et al. 2017). The thick gray bar gives an
averaged upper limit of the FTN rms given at the 1σ level. The
rms of FTN generally increases with energy from ∼1 keV,
reaches its maximum near ∼8 keV, and then decreases to
<0.1% above 30 keV.

In order to compare the rms versus energy results, we also
make use of the data from NICER on board the International
Space Station (ISS) between 2019 February 11 and April 9,
covering the interval of Insight-HXMT observations, for a total
of 35 observations. The X-Ray Timing Instrument of NICER

consists of 56 X-ray optics with silicon detectors and provides
high time resolution data in the 0.2–12 keV energy range
(Gendreau et al. 2012). We process the original data using the
NICERDAS pipeline. For each observation, we extract PDS
averaging intervals of 13.1072 s over the energy range
0.2–12 keV. PDS similar to those shown in Figure 6 are
observed from the first observation until March 3 (MJD
58545). From the next observation, on March 18 (MJD 58560),
the PDS are consistent with the SS.
We analyze in more detail the observation with the best

statistics, observation 1,200,500,127 on February 11 (MJD
58525). We extract PDS in eight separate energy bands and fit
them with a multi-Lorentzian model. Given the high statistics,
three harmonically related QPO peaks are seen, in addition to
an FTN component and an additional broadband component at
higher frequencies. The QPO main peak is at 4.45 Hz. No clear
signal is detected below 1.5 keV despite the high statistics, and
no QPO is detected in the last PDS, 8–12 keV, due to the lack
of sensitivity. The rms versus energy for the FTN component
and main QPO peak are shown as gray points in Figures 8 and
7. They are compatible with the LE and ME results.
The lag-energy spectra of type-C QPO are also studied with

Insight-HXMT. Background-subtracted light curves from
seven sub-energy bands are generated to calculate the cross-
spectra. We extract the complex-valued product of the Fourier
transforms used for PDS and produce six cross-spectra using
1–5 keV as a reference band. The correction for cross-channel
talk is included by subtracting the average value of the real part
of the cross-spectra in 400–500 Hz frequency range, although
this is found to be negligible.
The frequency range used for the QPO time lag calculation is

the QPO FWHM centered on its centroid frequency. We define
hard lag (hard photons lagging soft photons) as positive lag. In
order to improve the statistics, we group the QPO observations
into three groups according to QPO frequency and average the
time lag for each group. The lag-energy spectra for the three
groups are shown in Figure 9. The QPO time lags generally
show hard lags for the whole energy band with a maximum
value of ∼4 ms, except for the two points near ∼40 keV
showing soft lags. However, considering the large errors of the
two points, no solid soft lags can be confirmed.

4. Discussion

We have reported the energy-resolved timing analysis of the
black hole X-ray transient MAXI J1631-479 using data from

Figure 6. Power density spectra (PDS) of Observation P0214003006 extracted from 1–10 keV (left), 10–30 keV (middle), and 30–150 keV (right), respectively. A
multi-Lorentzian function is applied to fit the spectra. The best-fitting lines are shown in the plots. A QPO signal at ∼5.2 Hz is observed for all three telescopes. The
error bars show the 1σ level uncertainties.

Table 2
Energy Selections for the Energy Dependence Study of MAXI J1631-479

using Insight-HXMT

Instrument Energy Range (keV)

LE 1–5
LE 5–10
ME 8–12
ME 12–20
HE 28–40
HE 35–45
HE 45–95
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the Insight-HXMT and NICER. A state transition from the
intermediate state to the SS is observed near MJD 58553. The
source stays for ∼50 days in the intermediate state before it
enters the SS, characterized by an abrupt drop in the total
variability from ∼9.5% rms to ∼1% rms. Type-C QPOs with
frequencies between 4.9 Hz and 6.5 Hz are observed during the
HIMS. While the QPO fractional rms first increases with
energy from ∼1 keV to ∼10 keV and remains more or less
constant from ∼10 keV to ∼100 keV, the fractional rms of the
“flat-top” noise accompanied with the type-C QPO increases
with energy from ∼1 keV to ∼8 keV and then decreases to
<0.1% above 30 keV. The type-C QPOs generally show hard
lags for the whole energy band, with a maximum value
of ∼4 ms.

Insight-HXMT started the observation of MAXI J1631-479
in its HIMS state where the source showed a high timing

variability (>10% rms) and the presence of a type-C QPO. The
spectral state evolution is well described by the HID/HRD plot
in Figure 4 and Figure 5, revealing a typical state evolution of a
BHT from its HIMS to the SS. In proximity to the HIMS/
SIMS transition, timing properties constitute the sole way to
distinguish between HIMS/SIMS/SS, given the absence of
differences in the spectral shape. Generally, the fractional rms
decreases during the state transition and is very low in the SS
(Belloni 2010), which helps us to distinguish the SS from the
intermediate state based on the HRD correlation in Figure 5.
During the late HIMS, the total fractional rms drops from
>10% to ∼5% after MJD 58043, accompanied by a transition
of broadband noise to power-law noise and a drop in hardness
ratio, which could suggest a transition to the SIMS. However,
the lack of type-B QPOs during this period makes the
identification of SIMS less credible.
The energy spectra of BHTs are generally composed of a

soft component associated with an accretion disk and a hard
component resulting from Comptonization in a corona. It has
been known for years that variability is mainly associated with
the hard component rather than the disk. The broadband noise
is generally believed to rise from propagation of fluctuations in
the mass accretion rate produced at different radii (Uttley et al.
2005; Ingram & van der Klis 2013) and is known to have a soft
spectrum in the hard states (Gierlinski & Zdziarski 2005).
Behavior of the broadband noise rms–energy correlation
similar to that of MAXI J1631-479 (Figure 8) has been found
in GX 339-4 when the source was in its late HIMS (Belloni
et al. 2011). The broadband noise rms increases during
1–10 keV and slightly decreases from ∼10 keV to 20 keV.
Comparing to our results from Insight-HXMT and NICER, we
note that the FTN rms already starts to decrease near ∼8 keV
and drops to <0.1% above 30 keV. These patterns can be
explained by considering little variability when the disk
dominates below ∼5 keV. Above 5 keV, where the variable
power law dominates, the rms values increase and remain high.
When the energy is higher than 8 keV, the variability of the
broadband noise decreases until it reaches the extremely low
rms values (<0.1%) in the 30–100 keV band, which can be

Figure 7. The QPO fractional rms as a function of photon energy. The
corresponding observation IDs are indicated in the plot. The errors are given at
1σ level.

Figure 8. The fractional rms of the “flat-top” noise as a function of photon
energy. The corresponding observation IDs are indicated in the plot. The errors
are given at the 1σ level. The gray bar gives an averaged upper limit of the
FTN rms.

Figure 9. The QPO time lag as a function of photon energy. The corresponding
QPO centroid frequencies f are indicated in the plot. The error are given at the
1σ level.
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explained by the effect of nonthermal acceleration in the hot
plasma. This effect is dominated by the Compton cooling; the
electrons in the hard state are efficiently thermalized even when
the power provided to them is entirely in the form of
nonthermal acceleration (Zdziarski et al. 1990; Coppi 1999).
In this scenario, a varying seed photon temperature and optical
depth of the Comptonizing plasma could lead to the decrease
of variability from ∼10 keV to ∼100 keV (Gierlinski &
Zdziarski 2005).

Although the physical origin of type-C QPOs is still under
debate, many pieces of evidence have suggested a geometric
origin (Gilfanov 2010). Type-C QPOs are particularly
prominent in the HIMS of BHTs and are widely believed to
result from the Lense−Thirring (LT) precession of a radially
extended section of the hot inner flow (Stella & Vietri 1998;
Ingram et al. 2009). This geometric origin of type-C QPOs is
further supported by the inclination dependence studies of the
QPO characteristics, i.e., the correlations between the QPO rms
(Schnittman et al. 2006; Motta et al. 2015), the sign of the
energy-dependent lags (van den Eijnden et al. 2017), and the
orbital inclination.

The type-C QPO rms−energy correlation in the 2–30 keV
range has been extensively studied with Rossi-XTE for the last
two decades, while similar energy dependence relations are
found in GRS 1915+015 (Rodriguez et al. 2004; Yan et al.
2012; Yadav et al. 2016), H1743-322 (Li et al. 2013a), XTE
J1859+226 (Casella et al. 2004), and XTE J1550-564 (Li et al.
2013b). The QPO rms in these sources is found to increase with
energy below 10 keV and become flat above 10 keV, which is
similar to the energy dependence relation we found in MAXI
J1631-479. You et al. (2018) simulated the fractional rms
spectra of the type-C QPOs under the framework of the LT
precession model and suggested that the flattening above
10 keV is caused by the high orbital inclination angle.
However, both a NuSTAR spectral analysis (Xu et al. 2020)
and NICER time lag studies (van den Eijnden et al. 2019)
suggest that MAXI J1631-479 is likely to be a low-inclination
system that should have an increasing QPO rms with energy as
predicated by You et al. (2018). Our result shows that the QPO

rms increases from 1 keV to 10 keV and becomes flat from 10
keV to 100 keV, which is inconsistent with the prediction of
You et al. (2018).
Thanks to the large effective area of Insight-HXMT at high

energies, we are able to extend the QPO study up to hundreds
of keV, which has rarely been explored by previous satellites.
A similar rms–energy dependence relation above 30 keV (see
Figure 7) has been found in GRS 1915+105 with Rossi-XTE
(Tomsick & Kaaret 2001), MAXI J1535-571 (Huang et al.
2018) and MAXI J1820+070 (Ma et al. 2021) with Insight-
HXMT, in which geometric origins of type-C QPO are
suggested. The large soft lag (∼0.9 s) above 200 keV and
energy-related behaviors of the type-C QPOs found in MAXI
J1820+070 have posed a great challenge for the existing
models (Ma et al. 2021). Ma et al. (2021) proposed a model
based on the LT precession of a small-scale jet to describe the
origin of type-C QPOs, in which the jet twists and rotates
around the BH spin axis and the Doppler boosting and solid
angle effect modulate the observed flux. In this process,
LFQPOs at different energies would be produced from the
different parts of the jet with the same frequency. The rms of
the LFQPO (i.e., the amplitude of variability in the observed
flux) depends on the jet speed (v) and the jet projected angle
along the line of sight (θ). The phase lag solely depends on the
difference in the projected jet angle on the X–Y plane that is
perpendicular to the BH spin axis.
We apply the LT precession of the jet model to explain our

results (the energy dependence of QPO rms and time lag) from
MAXI J1631-479. Assuming an orbital inclination angle of
29± 1° (Xu et al. 2020), a misalignment angle of 10° between
the BH spin axis and the jet ejection direction, and a jet speed of
0.85–0.9c, the QPO fractional rms of ∼10% above 10 keV can
be reproduced (see blue squares in Figure 7). When the energy is
below 10 keV, both the disk and hard components contribute to
the variability; thus, the QPO rms cannot be accurately predicted
by the jet model. The time lag of ∼4ms can also be reproduced
if a small difference in the projected jet angles is considered
(∼3°; see the left panel in Figure 10) on the X–Y plane that is
perpendicular to the BH spin axis, which suggests that the jet is

Figure 10. Simulated light curve from the LT-jet model (left) and the LT-hot flow model (right), assuming an inclination angle of 29 ± 1° and a misalignment angle of
10° for both models. Different colors show the simulated flux from different energy bands, while the phase differences among these waveforms give the simulated
phase lags. In both models, the observed fluxes are modulated by the Doppler boosting and solid angle effect. Left: the fluxes are simulated by the observed intensity
from different energy bands. Right: the fluxes are simulated for the hot flow extending from 5 to 30 Rs, which approximately represents the fluxes from 100 keV to
10 keV. The vertical lines indicate the peak phase values for the four QPO waveforms.
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slightly curved. The jet model can also explain the timing and
spectral evolution as the jet size and velocity changes. The QPO
frequency increases when the height of jet decreases; meanwhile,
the spectra soften as more hard photons from the jet are reflected
by the accretion disk. When the source evolves to the late HIMS,
the QPO rms decreases, which could be explained by the change
of the jet speed.

In order to make a comparison, we also apply the LT
precession of the truncated disk hot flow model to our results,
in which the hot flow precesses as a solid body extending from
an inner radius to the truncation radius of the cold outer disk.
The observed flux is modulated by the Doppler boosting and
solid angle effect to the observer. Assuming an orbital
inclination angle of 29± 1°, an inner radius of 5 Schwarzschild
radii (Rs) and a truncation radius of 30 Rs for the hard state, the
QPO fractional rms of ∼10% above 10 keV and the QPO phase
lag of ∼0.1–0.2 between 1–5 keV and 45–95 keV can be
reproduced (see the right panel in Figure 10). Unlike for the jet
model, the phase lag depends on the observer’s azimuth and
inclination angles.
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