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Abstract:  Low-frequency Quasi-Periodic Oscillations (LFQPOs) are commonly observed in
black hole binaries while their physical origin is still unclear. However, observations have revealed
that LFQPOs are strongly correlated with spectral properties. In this work, we perform detailed
broad-band spectral-timing analysis of the black hole binary MAXI J1820+070 observed by the
Hard X-ray Modulation Telescope (Insight-HXMT) through its entire 2018 outburst. LFQPOs are
detected up to 200 keV during the initial Bright-Hard State (BHS); the QPO frequencies are below
0.5 Hz. The energy spectra in the 2-150 keV band are analyzed through the combination of self-
consistent disk-continuum modeling and X-ray reflection spectroscopy. The source presents a stable
inner disk radius and the spectral change during the hard state should be attributed to the corona.
We show that the sources can be classified into different phases in the BHS as traced on the
Hardness-Intensity Diagram. We find a strong correlation between the QPO frequency and
powerlaw photon index, and the trend differs among phases. After excluding observations where
the corona and disk emission could be directly connected, we identify the corona as the source of
LFQPO. We stress that the corona could provide a unified picture of the spectral-timing properties
in the system.
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1 Introduction

Black hole (BH) low mass X-ray binaries (LMXBs) are binary systems where a stellar-mass
BH accretes from a companion star. A considerable portion of gravitational potential energy of the
matter is converted into electromagnetic radiation, mostly in the X-ray band. The spectra show a
multi-temperature blackbody component generated in the accretion disk, and a power-law

component produced by inverse Compton scattering of thermal photons from the disk off free



electrons in the so-called “corona”, which is some hot, usually compact, medium near the black
hole. The disk can also be illuminated by the incident photons from the corona, which results in a
reflection component in the observed spectra.

Most BHBs are transient sources with fast and significant variability during their outburst
lasting from days to months. The intrinsic time evolution of a BHB can be usually traced in an X-
ray hardness-intensity diagram (HID) [1-2]. Depending on the photon flux (low/high) and hardness
(hard/soft), observations in different regions in the HID can be classified into different spectral states.
The fundamental tool to study the underlying physics of the fast timing variations in BHBs is the
power spectral density (PSD), the counterpart of a short segment of the light curve in frequency
domain. Low frequency quasi-periodic oscillations (LFQPQOs) are narrow peaks in PSDs with
frequencies ranging from 0.1 to 30 Hz and are often observed in X-ray binary systems (XRBs) with
black holes and neutron stars. This implies a universal physics in the accretion process. LFQPOs
can be classified into type-A, -B and -C depending on the frequency v , amplitude, quality factors
Q and background noise in PSDs. The most common type is type-C QPOs, characterized by a strong,
narrow peak and is mostly observed in the low/hard states. Other types of LFQPOs are less
commonly observed and the peaks are not as significant as type-C QPOs [2].

Models that account for type-C QPOs mainly refer to geometrical effects and waves in the
accretion process. [3] first proposed that QPOs result from Lense-Thirring precession of the material
in the innermost disk region. [4] extended the model and considered the precession of the inner flow
region. Other models consider a constant geometry and suggest the existence of waves near the
black hole, including spiral waves in the disk caused by accretion/ejection instability (AEI[5] and
pressure waves in an oscillating corona [6]. See, e.g. [7]. for a more complete review.

Though there is no consensus about the physics behind LFQPOs, it is clear that they strongly
depend on spectral properties. Observations have revealed that LFQPOs correlate with
Comptonized component[7-8], which is consistent with the common observed positive relationship
between LFQPO frequency vgpe and power-law index I' of the Comptonized component. It does
not eliminate the possibility however, that the disk is the origin of the QPOs if we consider, for
instance, oscillations in the properties of the seed photons. Given that, spectral parameters including
disk inner radius R;,, innermost disk temperature kT;,, accretion rate M, etc. could also be in
strong correlation with QPOs. Quantitative analysis of those correlations could potentially probe
the underlying physics or test existing QPO models. [9] reported the most stringent measurement of
the black hole mass in Cygnus X-1 with an asymptotic linear dependence between v,p, and I'
adapted from the model in [10]. Such correlations could be alternative tools to determine black hole

properties and even provide an opportunity to test QPO models.



MAXI J1820+070 is a bright Low-Mass X-ray binary (LMXB) first discovered at optical
wavelength by All-Sky Automated Survey for Super Novae [ASAS-SN; 11] on March 6th, 2018.
The follow-up outburst in X-ray was detected by Moni- tor of All-sky X-ray Image[MAXI; 12] six
days later. The lightcurve collected by MAXI/GSC shows two sets of “rapid rise and slow decay”
patterns with peak luminosity in the 2-6 keV band of about 4 Crab [13], while only in the second
set a hard-to-soft transition appears (see Figure 1). There are a number of spectral-timing studies on
this source with a variety of instruments. By analyzing data from Neutron star Interior Composition
Explorer [NICER; 14],[15] studied this source in the early stage of 2018 outburst with X-ray
reverberation techniques, and they concluded a shrinking corona during the Bright-Hard State;[16]
studied the Intermediate State with both reflection spectroscopy and Fourier-resolved timing
analysis, and the results suggested a vertically expanding corona and a relativistically launching jet.
[17] analyzed data in the initial hard state from Nuclear Spectroscopic Telescope Array [NUSTAR;
18] assuming a vertically extended corona, and found the subtle variability is governed by coronal
conditions rather than by the inner disk radius. We note that the Chinese X-ray satellite Hard X-ray
Modulation Telescope[dubbed as Insight-HXMT; 19] has fast timing capability to capture the QPO
signals and broad-band coverage for comprehensive spectral analysis. In this paper, we present a
spectral-timing analysis of MAXI J1820+070 with Insight -HXMT data. The observations and data
reduction will be described in Section 2. In Section 3, we will show the details of the timing and
spectral analysis method, including the extraction of the PSDs and the spectral models utilized in

this work. In Section 4, we will discuss and summarize our results.

2 Observations and Data Reduction

The X-ray satellite Hard X-ray Modulation Telescope (/nsight-HXMT) was launched in 2017
[19]. It covers broad energy band with its three instruments (LE: 1-12 keV; ME: 8-35 keV; HE: 20-
250 keV). With short dead times (LE: 1 ms; ME: 250 ps; HE: <10 ps) [20-22] and no pile-up
problems for BHBs, it is an ideal facility to conduct a spectral-timing investigation.

There are 144 archived Insight -HXMT observations on MAXI J1820+070 which cover the
entire 2018 outburst from MJD 58191 to MJD 58412 (see Figure 1). The observation IDs (hereafter
ObsIDs) span from 001 to 154. We use the HXMT Data Analysis Software HXMTDAS ver 2.04 to
generate lightcurves and spectra. The background is estimated by standalone scripts hebkgmap,
mebkgmap and lebkgmap [23-25]. We screen good time intervals by considering the recommended
criteria, i.e., the elevation angle >10 deg, the geomagnetic cutoff rigidity > 8 GeV, the pointing offset
angle <0.1 deg, and at least 300 s away from the South Atlantic Anomaly (SAA). The lightcurves
are extracted in LE (1-10 keV), ME (10-30 keV), and HE (30-100 keV and 100-200 keV) for timing



analysis. For spectral analysis, we fit the spectra of LE in 2-10 keV, ME in 10-30 keV, and HE in
28-150 keV. The 20-24 keV band for ME is also ignored due to the dominating fluorescence lines
of silver K-shell detected by the Si-PIN detectors of ME. We group the data with minimum bin size

of 100 counts using grppha tool, and add 0.5% systematic uncertainties to all channels.
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Figure 1. Lightcurves of the 2018 outburst of MAXI J1820+070. Pale-orange vertical dashed lines represent Insight
-HXMT observations. Vertical solid lines are observations marked in Figure 4. Red, blue, and green strips on top of
the plot represent the “plateau”, “decay”, and “transition” phase, respectively. Top panel: MAXI/GSC 2-20 keV data.
Bottom panel: SWIFT/BAT 15-50 keV data.

3 Results

3.1 Timing Analysis

The time resolution of the lightcurves is 1/100 s, corresponding to a Nyquist frequency of 50
Hz, which is sufficient for the study of LFQPOs below 30 Hz. We select observations that contain
at least 25 segments to generate the PSDs with Python package Stingray[26] and assume a segment
size of 128 s. This corresponds to a minimal frequency of 1/128 Hz. The PSDs are normalized in
fractional rms and are rebinned logarithmically with a new frequency bin size increased by a factor

0f 0.02 compared with the previous bin.
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Figure 2. RMS-Intensity diagram of MAXI J1820+070 with Insight -HXMT data. Red points are in hard states. The
first and last observations are marked by up triangle and down triangle, respectively. The dashed lines represent
different fractional rms values. The arrows show the evolution path of the source. The black crosses mark the

observations shown in Figure 3.
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Figure 3. Example of PSDs of LE observations: ObsID 005 and 031 are in the BHS before the transition; ObsID
084 is in the HSS; ObsID 141 is in the LHS towards the end of the outburst.

We classify the states by studying the timing variability. Figure 2 shows the RMS-Intensity
diagram. The source begins in Low-Hard State (LHS) and quickly move to Bright-Hard State (BHS).
Then its luminosity gradually decreases while the fractional rms remains 30%. After the fast
transition into High-Soft State (HSS), the source shows a low variability ( 1%) and finally moves
back to LHS. All PSDs in the hard states are characterized by a flat- topped noise and a high-
frequency band-limited noise, and some shows a type- C QPO or even with a harmonic at twice the
frequency of the fundamental QPO. We fit these observations with two zero-centered Lorentzians
for broad- band noise and one or two narrow Lorentzians to capture the QPO features. For the
observations in soft states, the PSDs show a power-law distribution and we fit them with a power-
law model. Figure 3.1 shows four characteristic PSDs during the outburst, and the corresponding
observations are marked in Figure 2. In all observations we select QPO signals with Q-factor > 3
and detection level > 3c. There are 61 observations in which significant QPO signals are detected
and they are marked in the HID in Figure 3.1. The QPO only appears in the hard state, i.e. the

colored region on the upper right corner of the HID. The right panel of Figure 3.1 is the zoomed-in



HID of that region. We further classify different observations in different phases according to the
evolution of the source on the HID. After the source reaches its maximum luminosity in the hard
state, it gradually softens, which marks the “plateau” phase. Then it enters the “decay” phase when
it hardens and the luminosity continues decreasing. After that the source goes into the “transition”

phase where it rapidly moves into the HSS.
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Figure 4. Hardness-intensity diagrams (HIDs) of MAXI J1820+070 with Insight-HXMT LE data. Left panel: HID
during the entire outburst. Observations in which a QPO is detected are marked by colored points. Right panel:
Zoomed-in HID for the observations with QPO. Observations in “plateau”, “decay”, and “transition” phases are
marked by red, blue, and green, respectively. The arrows show the evolution path of the source. The colored crosses

represent observations shown in the right panel of Figure 6.
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Figure 5. Left panel: vgpo in LE 1-10 keV band and HE 30-100 keV band. Right panel: vypo in HE 30-100 keV

and 100-200 keV bands.

We compare the QPO frequencies detected in each energy bands in Figure 5. All QPOs have
frequency < 0.5 Hz. There is not any significant discrepancy in the QPO frequency among different
energy bands even when we compare the LE results with the HE results. This could be a unique
feature of MAXI J1820+070 as in a number of sources the clear energy-dependence of QPO

frequency can be observed [7]. For this source, the detected QPO signals are in energy range up tp



200 keV. Such detection in high energy suggests that the QPO signals directly come from the corona,
where the high energy photons are produced. This was also reported in [27] where the authors argue
that it implies the LFQPO originates from the precession of a small-scale jet. Beyond the authors’
approach in timing analysis, we would then conduct the spectral analysis to directly connect the
LFQPO with spectral behavior.

3.2 Spectral Analysis

The spectra from the selected 61 observations of MAXI J1820+070 are analyzed. We employ
XSPEC v12.11.1 [28] with cross section set to [29] and galactic element abundance set to [30]. We
first fit the spectra with an absorbed cut-off power-law: TBabs*cutoffpl. TBabs describes the
interstellar absorption and the hydrogen column density nH is the only parameter. We fix nH =
1.5 x 102t cm~2 [31]. Figure 6 left panel shows the data-to-model ratio of the best-fit result for
ObsID 004 in the BHS. The blurred iron Ko emission line centered at 6.4 keV and the Compton
hump at 20-50 keV indicate a relativistic reflection component. A narrow core to the iron emission
at 6.4 keV is also seen, which suggest a distant reflection where the region on the disk away from

the black hole is illuminated and the reflection is not strongly affected by relativistic effects.
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Figure 6. Left panel: Data-to-model ratio plot of ObsID 004 in the BHS. The black, red, and green data points are
LE, ME, and HE data respectively. Right panel: Data-to-model ratio plot of the six observations in Table 1 for 2-10
keV band. Different colors correspond to observations marked in the right panel of Figure 4. The vertical dashed

lines mark the 6.4 keV iron Ka line rest energy.

Table 1 Insight-HXMT observations shown in Figure 6 right panel

ObsID Date Exposure (ks)  Count rate (cts/s) Phase
004 20180324 28.7 1014 plateau
023 20180417 4.3 910 plateau
048 20180516 3.4 742 plateau
054 20180523 3.2 661 decay
060 20180531 4.4 540 decay
068 20180611 3.7 334 decay

Note — Only LE (1-10 keV) count rates are given.



We are also particularly interested in the transition between the “plateau” phase and the “decay”
phase on the HID. The transition is marked by the sudden increase in hardness ratio. We choose six
observations in total (three in the “plateau” phase and three in the “decay” phase), which span the
entire hard state. Those observations are marked in Figure 1 and Figure 3 right panel, and are
summarized in Table 3.2. We employed the simple power-law model to fit the 2-10 keV LE band.
The data-to-model ratio is in Figure 6 right panel. As the source evolves from the “plateau” phase
to the “decay” phase with decreasing luminosity, the iron line becomes broader while the red wing

of it remains remarkably constant; the narrow core also gradually weakens.
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Figure 7. Best-fit model and data-to-model ratio of ObsID 007. Top panel: Solid black curve: the total model; blue
dash-dotted curve: simplcut@diskbb; green dashed curve: relxilllpCp; purple dotted curve xillverCp. Bottom panel:
Red points: LE; blue points: ME; green points: HE.

To account for the reflection features, we implement the reflection model relxilllpCp+xillverCp
[32-33]. RelxilllpCp is a relativistic reflection model that assumes a lamppost geometry of the
corona, i.e. a point-like source above the black hole at a height of h on its axis and calculates the
illuminating pattern onto the disk directly from such geometry. XillverCp is the non-relativistic re-
flection model assuming a thermally Comptonized incident spectrum. In the ratio plot, a flux excess
at 2-3 keV is also seen, which suggests a disk thermal component. We describe that with diskbb[34-
35], a disk multi-temperature blackbody radiation model, and convolve it with model simplcutx[36],
which takes the diskbb spectrum as the seed spectrum and returns the Comptonized component self-
consistently. Therefore, the complete model is

TBabsx(simplcutx @ diskbb+relxilllpCp+xillverCp).

To avoid the strong degeneracy between the black hole spin and the disk truncation radius [17],



we fix the spin a, = 0.998. Since it is expected that the distant disk region should have a lower
ionization, while the thermally Comptonized spectrum should simultaneously serve as the incident
spectrum for both the relativistic reflection and distant reflection, we tie the shared parameters
between the two reflection components, except for the ionization and the flux normalization. Figure

7 shows the best-fit model and data-to-model ratio for ObsID 007 in the “plateau” phase.

4 Discussion and Summary

From the HID, the luminosity of the source gradually decreases in the “plateau” and “decay”
phases, while the source re-brightens in the “transition” phase. The results from observations in
those phases are marked by red, blue, and green circles hereafter.
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Figure 8. Left panel: Inner disk radius calculated from the normalization of diskbb model. Right panel: and from
the reflection model. Observations in “plateau”, “decay”, and “transition” phases are marked by red, blue, and green

points respectively.

4.1 Inner disk radius

We report the measured Rin with reflection in Figure 8 right panel. The constraints are
relatively poor and in all observations Rin is close to ISCO. The measurement of Rin using reflection
model is mostly based on the relativistic blurring of the iron Ka line. As we assume a maximally
spinning BH in our fits, there could be some systematic uncertainties in our measurement. In order
to cross-check the results, we calculate Rin directly from the disk component, and we take this set
of results in our analysis. The normalization of the diskbb model (N, ) is based on the formula [35,
37]:

Tin = +/Npp/ cos 8 * Dy )

where 13, is the apparent inner radius of the disk estimated from the spectrum, 6 is the inclination



angle, and D;q is the distance of the source in units of 10 kpc. The effective temperature of the disk
Ters is connected with the observed color temperature Tin by a factor of 1/f.,;, where fo; is
the color correction factor[37]. The true inner radius of the disk Rin is related to the apparent inner
radius by Eqn.(2) in[37]:
Rin = &' fo1 " Tins @)
where &' = 0.412 is the correction factor when the inner boundary condition is considered.
We applied the “canonical” f,,; value of 1.7 in [38]. We assume the inclination of (63 £ 3) deg,
the source distance of (2.96 + 0.33) kpc, and black hole mass of (9.2 +1.3) Mg [39]. Rin
calculated from the diskbb normalization is more constrained than that from reflection and their
values are of the same order of magnitude, suggesting our models are self-consistent. If we assume
a constant color correction factor over time, the results from the disk component show the inner
radius is moderately truncated during all three phases if a maximally spinning BH (a, = 0.998) is
assumed. It stays almost constant (10R,) in the “plateau” phase and slightly moves inward as the
source enters the “decay” phase. The truncation is consistent with the truncated disk scenario of a
typical outburst of a BH XRB in the hard state. In such a scenario, the disk is truncated away from
the innermost stable circular orbit (ISCO) in the initial hard state, and the inner region is filled with
a hot radiatively inefficient flow [40-41]. Then as the accretion rate increases, the disk component
increases and the spectrum becomes softer; the disk moves inward until the source enters the HSS
and the disk reaches ISCO[35]. However, the transition between the three phases in the hard state
is peculiar as it does not fit into any canonical evolution pattern of BHBs. The inner radius Rin
shows a shrinking trend in the “decay” phase. As we consider a constant f,,;, the decreasing value
of Rin would be associated with the decreasing trend of flux as indicated on the HID according to
Eqn. (1) and Eqn. (2). This implies a relatively steady composition of spectral component and a less
variable disk-corona structure compared with the “canonical” change in the system spanning the
entire outburst.

We notice that our findings using disk modeling are consistent with [17], in which the inner
radius is estimated by the reflection features, that the disk is close to ISCO in the hard state if we
assume the standard f,.,; = 1.7. It is likely that fcol is well underestimated given the bright hard
spectrum illuminates onto the disk in the hard state. This would imply a more truncated disk that is
mildly affected by relativistic effect, consistent with the moderately blurred iron K« line shown in
Figure 6 right panel.

We also note that a changing color correction factor f,,; could also impact the estimate of Rin.
An increasing f.,; would lead to a decreasing Rin in the estimate. However,[42] and[43] both

suggest a higher f,.,;when the disk fraction is less. The spectra of MAXI J1820+070 in the “decay”



phase are slightly softer than the ones in the BHS where the corona illumination onto the disk is the
strongest. This would suggest a much higher f,,; in the BHS, and the decrease in R;;, would be

unlikely caused by an increasing f,;.
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Figure 9. Count rate vs. corona temperature kT,. A strong anti-correlation is observed. Observations in “plateau”,
“decay”, and “transition” phases are marked by red, blue, and green points respectively.

4.2 QPO frequency and corona properties

For the correlation between QPO frequency and spectral parameters, we show the scatter plots
between QPO frequency vopo and the photon index T, the disk temperature at inner radius kT;y,
and the disk inner radius Rin in Figure 11. We also show the count rate in LE 1-10 keV range versus
the corona temperature in Figure 9, where a strong anti-correlation is observed. Such correlation has
been observed in Active Galactic Nuclei (AGNs) and BHBs [44-45]. The trend can be explained by
the corona scattering out more high energy photons as the luminosity increases, allowing sufficient
photon collisions that lead to pair production, which plays a major role in determining the outgoing
spectrum[46]. The temperature here is limited by pair production which overstrips annihilation and
would radiates energy away [47].

Vopo and T are strongly correlated in each phase, but the exact dependence varies between
different phases. The discrepancy in vgpo-I" correlations between the two phases during an outburst
is also observed by[48], who proposes that it results from different corona temperature. Such
discrepancy between the temperature in the “plateau” and the “decay” phase has been confirmed in
Figure 9, which further validates the claim. The disk temperature, however, does not show clear
correlation with vppo except for the initial BHS where vgp rises (the bottom cluster of red points
in the middle panel of Figure 11). Despite the ubiquity of LFQPO, its origin is still under debate.
Many works have focused on the connection between the QPO frequency and the spectral
parameters. The positive correlations between vypo and I are frequently observed for BHBs[49-

50]; correlations between vypo and disk blackbody flux Fy;g are also common [51]. However,



as the hard continuum emitted from the corona is generated from the seed photons from the disk,
there might be direct causality between the coronal emission and the disk emission, so we cannot
simply identify the direct origin of the QPO solely based on the correlation study. If we could
measure the correlation between the QPO and the spectral parameters when the causality between
the corona and the disk is lifted, we might be able to break the degeneracy in correlations. In the
disk-corona model, the spectrum of the Comptonized photons is determined by the corona
temperature kT, and the optical depth of Thompson scattering T . When the energy is much lower
than kT,, the hard powerlaw spectrum, F(E) « E*~T, is created through multiple scatterings of
photons in the corona, where the emitted hard spectrum might be insensitive to the seed photons if
the optical depth is large enough[52]. When kT, < m,c? and 72 > 1, the powerlaw photon

index is given by[53]

@)

Indeed we do not see the dependence of I on the disk temperature kT;,. This suggests that if
we consider the case where 72 > 1, then we could eliminate the intrinsic correlation between I’
and kT, occurs in the Comptonization, so that we could compare how the QPO frequency varies
with these two parameters. To illustrate the evolution of T during the outburst, we plot the contours
of ton the I' — kT;,, plane according to Eqn. (13) in [54], and put our data points above it in Figure
10 left panel. Figure 10 right panel shows I' versus kT;,. For observations in the “plateau” phase,
whenI'<1.55and t> 2.5, and kT;,, do notshow any correlation, while in Figure 11 the vQPO-
I correlation is well observed while vypo- kTj;, is not. This evidence excludes the direct causality

connection between I' and kT;;,, and thus supports the corona to be the source of the LFQPO.
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points respectively.
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Figure 11: QPO frequency vgpo against spectral parameters. Left panel: pho- ton index I'; middle panel: disk
temperature at inner radius kT;,; right panel: disk inner radius given by reflection.

4.3 Conclusion

Utilizing the broad-band energy coverage, the good timing capability, and the large number of
available data sets of Insight-HXMT, we have conducted a detailed spectral-timing analysis of the
2018 outburst of a bright black hole X-ray binary MAXI J1820+070. By combining self-consistent
spectral modeling and well-developed timing techniques, we are able to extract the behavior of the
disk-corona system and identify the origin of LFQPO in the corona.

MAXI J1820+070 is an interesting source that has an extremely bright hard state in which we
are particularly interested. During the hard state, the source exhibits peculiar transitions between
small “phases” that resembles a typical “q” pattern on the HID. We identify the observations in the
hard state into three phases. The red-wing of the iron Ka line, and the measured inner radius of the
disk using self-consistent disk emission modeling are both remarkably stable, suggesting a constant
disk properties during the hard state. The spectral change during the hard state is mainly due to a
change in the corona emission. LFQPOs are mainly discovered in the hard state with frequency
Vopo below 0.5 Hz. vyp is strongly correlated with the hard powerlaw continuum photon

index during the bright “plateau” phase, and the existence of QPOs up to 200 keV is consistent
with the claim in[27]. After eliminating the condition where the corona emission directly correlates
with the disk emission, we find a strong vypo-I" correlation while there is not clear vypo-kTip
correlation. Together with the presence of QPO at high energy, we identify that LFQPO as a
phenomenon that originates from the corona. We stress that the spectral-timing behavior of MAXI

J1820+070 could be simultaneously explained by the corona.
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