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Abstract

We analyze five epochs of Neutron star Interior Composition Explorer (NICER) data of the black hole X-ray
binary MAXI J1820+070 during the bright hard-to-soft state transition in its 2018 outburst with both reflection
spectroscopy and Fourier-resolved timing analysis. We confirm the previous discovery of reverberation lags in the
hard state, and find that the frequency range where the (soft) reverberation lag dominates decreases with the
reverberation lag amplitude increasing during the transition, suggesting an increasing X-ray emitting region,
possibly due to an expanding corona. By jointly fitting the lag-energy spectra in a number of broad frequency
ranges with the reverberation model reltrans, we find the increase in reverberation lag is best described by an
increase in the X-ray coronal height. This result, along with the finding that the corona contracts in the hard state,
suggests a close relationship between spatial extent of the X-ray corona and the radio jet. We find the corona
expansion (as probed by reverberation) precedes a radio flare by ∼5 days, which may suggest that the hard-to-soft
transition is marked by the corona expanding vertically and launching a jet knot that propagates along the jet
stream at relativistic velocities.

Unified Astronomy Thesaurus concepts: Low-mass x-ray binary stars (939); Stellar mass black holes (1611); High
energy astrophysics (739); Black hole physics (159); X-ray transient sources (1852)

1. Introduction

There are two populations of astrophysical black holes with
strong observational evidence: stellar-mass black holes and
supermassive black holes. Despite the orders-of-magnitude
black hole mass difference, the two populations share many
spectral and timing features, particularly in the X-ray band
(Merloni et al. 2003; Falcke et al. 2004; Uttley et al. 2014). On
the other hand, they also have distinct astrophysical signifi-
cance. In the case of stellar-mass black holes, the distribution of
spins and masses measured in black hole binary (BHB) systems
observed in X-rays, and in those of mergers involving black
holes detected via gravitational waves by LIGO/Virgo, will
shed light on their formation channels (Reynolds 2020). The
supermassive black holes in active galactic nuclei (AGNs) are
believed to profoundly influence galaxy evolution via the
radiation and outflows, which is referred to as AGN feedback
(Fabian 2012).

BHBs exhibit a variety of accretion states with rich multi-
wavelength characteristics in a single system, on a human
timescale (Remillard & McClintock 2006). The outburst of
BHBs can be described by a hysteresis pattern in the hardness-
intensity diagram (HID; e.g., Belloni & Motta 2016, see also
Figure 1). In a complete outburst, the BHB rises from the
quiescent state when the accretion rate is very low, usually
10−5 of the Eddington limit, to the hard state when the X-ray

emission is dominated by the non-thermal coronal emission.
The luminosity keeps rising until it makes a transition into the
soft state dominated by the thermal disk emission, and the
transitional state is called the intermediate state. Then, with a
steadily decreasing mass accretion rate, the BHB eventually
transitions back to hard state and fades into quiescence. In the
radio band, a compact and mildly relativistic jet is commonly
observed in the hard state (e.g., Dhawan et al. 2000). During
the hard-to-soft transition, the core jet is slowly quenched, and
at the so-called “jet line,” which loosely corresponds to the
boundary of the hard and soft intermediate states, a highly
relativistic, discrete, and ballistic jet is launched with unclear
mechanism (Fender et al. 2004).
The X-ray emission from a BHB system consists of the

thermal emission from the accretion disk, the ubiquitous non-
thermal continuum emission caused by Compton upscattering
of disk photons intercepted by hot (of the order of ∼100 keV)

electrons in the “corona,” and a reflection component as the
disk material reprocesses the illuminating coronal photons. The
local reflection spectrum is composed of prominent features
such as the Fe K emission complex (6–7 keV), the Fe K edge
(∼7–10 keV), and the Compton hump (∼20–30 keV), and it is
smeared by relativistic effects when produced close to the
central object (Fabian et al. 1989). Within this paradigm, a type
of time-lag feature called a reverberation lag is naturally
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anticipated because of the light travel time delay between the
direct coronal and the reflected emission. The reverberation lag
has been detected in both AGN and BHBs, in the forms of the
soft excess emission and/or the Fe K emission line lagging
behind the continuum-dominated band (e.g., Fabian et al. 2009;
Kara et al. 2016; De Marco et al. 2017).

There are many remarkable questions waiting to be answered
that are significant to understanding accretion and ejection
physics in the strong gravity regime, such as the nature of the
corona, and the state transition mechanism. Despite the
ubiquity of the non-thermal X-ray emission, the fundamental
properties of the corona are not well understood (Done et al.
2007). The difficulty lies in the fact that the innermost region of
BHBs are too compact to be resolved via imaging, and it is
challenging for X-ray spectroscopy alone to distinguish the
underlying continuum models (e.g., single or double Comp-
tonization regions; Dziełak et al. 2019) from which the
geometry and formation of the corona could then be inferred.
There are three different types of coronal models: radiatively
inefficient accretion flow (RIAF) within the truncated accretion
disk (advection-dominated accretion flow or other types of
coronal flow; Ferreira et al. 2006; Narayan & McClintock
2008), static corona with different configurations (e.g., slab;
Haardt et al. 1994), and the corona being the base of a jet
(Markoff et al. 2001, 2005). One commonly adopted geometry
is the lamppost geometry, which could very likely be due to the
base of a jet, is also motivated by relativistic reflection itself in
terms of the steep emissivity profile (Wilkins & Fabian 2012;
Dauser et al. 2013).

The hypothesis that the corona is the base of a jet is motivated
by observational evidence. The connection between the X-ray
corona and the radio-emitting jet was first observed in the BHB
GX 399−4 (Hannikainen et al. 1998; Corbel et al. 2000), and now
is seen universally in the hard state of low-mass X-ray binaries
(LMXBs; Gallo et al. 2003; Fender et al. 2004; Gallo et al. 2012).

Strong correlations between optical/near-infrared (NIR) and
X-ray observations also indicate a connection between the corona
and the jet (Homan et al. 2005; Russell et al. 2006; Gandhi et al.
2008). This relation can even be extended to an AGN, in which it
is called the “fundamental plane of black hole activity,” and
shows that there is a connection between the inner accretion flow
(as probed by X-rays) and large-scale jets seen in the radio
(Merloni et al. 2003; Falcke et al. 2004; Plotkin et al. 2012). Such
observations led to models that suggest that the corona is in fact
the base of a relativistic jet, where the hard X-rays are produced
by inverse Compton scattering of thermal disk photons and
synchrotron photons in the jet base (Fender et al. 1999; Markoff
et al. 2005). Such a model, fitted to the broadband spectral energy
distribution (SED) from radio to hard X-ray, suggests a corona/
jet-base outflow (Markoff & Nowak 2004). Similar models have
been extended to higher luminosities and larger masses to explain
the reflection and reverberation-constrained coronal geometry in
AGNs (King et al. 2017).
The state transition mechanism also remains a puzzle, with

challenges arising from both theoretical and observational
perspectives. On the theory side, it is computationally
expensive to simulate long-term behaviors of accretion flows
to track through accretion states; while in the observational
arena the hard-to-soft transition happens on a fairly fast
timescale of usually a week, so the data sets are valuable. It has
been proposed that the inner hot flow collapses and transitions
into a standard optically thick accretion disk during the hard-to-
soft transition. However, this point of view is challenged by
measurements of the inner disk radius, Rin, being within
∼ 10Rg (Rg=GMBH/c

2
) in the bright hard state (above 1% of

the Eddington limit; García et al. 2015; Wang-Ji et al. 2018),
and is persistent at< 9 Rg during the transition (Sridhar et al.
2020).
MAXI J1820+070 is one of the brightest BHBs detected so

far, and has exhibited a great amount of activity in radio (Bright
et al. 2020; Homan et al. 2020), NIR (Sánchez-Sierras &
Muñoz-Darias 2020), optical (Muñoz-Darias et al. 2019; Paice
et al. 2019; Shidatsu et al. 2019; Veledina et al. 2019), ultraviolet
(UV; Kajava et al. 2019), and X-ray (Buisson et al. 2019; Kara
et al. 2019; Espinasse et al. 2020; Wang et al. 2020b; Buisson
et al. 2021; You et al. 2021; Zdziarski et al. 2021). In the hard
state, reverberation analysis using the Neutron Star Interior
Composition Interior Explorer (NICER; Gendreau et al. 2016)
showed that while the broad iron line profile remained constant
(and only the narrow component decreased), the frequency range
where the (soft) reverberation lag dominated increased (Kara
et al. 2019). This result was interpreted as a contraction in the
X-ray corona. This hypothesis has been later confirmed by
reflection spectroscopy in the context of a dual-lamppost, where
the height of the upper lamppost decreased while the lower one
stayed constant (Buisson et al. 2019), and by the increase of the
peak frequency of the quasi-periodic oscillations (QPOs; Ingram
& Motta 2019). During the hard-to-soft transition, an extremely
powerful superluminal ejection was observed in the radio band
(Bright et al. 2020) very close in time with a small flare in the
7–12 keV band and a transition from type-C to type-B QPO
(Homan et al. 2020).
While reflection spectroscopy and reverberation mapping

fundamentally probe the same region around the black hole, until
very recently, the spectral and timing modeling were done
independently. Spectral-timing modeling, together with the vast
improvement in high-throughput data, mean that we have the

Figure 1. The Neutron star Interior Composition Explorer (NICER) hardness-
intensity diagram (HID) where the hardness ratio is defined as the count ratio of
the hard band (4–12 keV) and the soft band (2–4 keV), and the count rate is in
0.4–12 keV and normalized for 50 FPMs. The gray points represent the NICER
observations from 2018 March 6 to 2018 Oct 15, corresponding to obs.ID
1200120101 to 1200120278. Some points appear black because of several
observations with very similar hardness and count rate overlapping. The “jet
line” corresponds to the quasi-periodic oscillation (QPO) type transition and
the observed strong radio flare (Homan et al. 2020).
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potential for studying the inner accretion flow with unprecedented
detail. One model with this capability is reltrans (Ingram et al.
2019). In reltrans, a lamppost corona and razor-thin disk are
assumed, where the lamppost is the simplest prescription of the
corona as the base of the jet. There are two main kinds of time-
lags: the low-frequency hard lags, which are fairly ubiquitous in
both AGN and BHBs (e.g., Van der Klis et al. 1987; Nowak et al.
1999; Papadakis et al. 2001), and are described as fluctuations in
the photon index Γ of the illuminating coronal emission; and the
high-frequency soft/reverberation lags, which are caused by the
light-crossing time delay between the continuum and reflected
emission. Non-linear changes in the reflection spectrum due to the
variable continuum spectrum are approximated via first-order
Taylor expansion (Mastroserio et al. 2018). The model can be
used to fit directly and simultaneously to both the real and
imaginary parts of the cross-spectrum as a function of energy in
different frequency bands, accounting correctly for the instru-
mental response, and self-consistently produces the time-averaged
energy spectrum. It has led to successes in fitting to observational
data of both AGN (Mrk 335; Mastroserio et al. 2020) and BHB
systems (CygX-1; Mastroserio et al. 2019).

The NICER data set of MAXI J1820+070 is exceptional
because it covers the bright state transition that happens on a
short timescale. It was so bright that we can extend previous
reverberation lag analysis into the state transition, which is
usually difficult because of the decreased variability and limited
signal-to-noise ratios of lag spectra.

In this Letter, we first qualitatively explore the evolution of iron
line profile and the reverberation lag frequency and amplitude, and
then fit the lag-energy spectra and time-averaged energy spectrum
with the physically motivated reverberation model reltrans.
This Letter is organized as follows. Section 2 describes the
observations and data reduction, Section 3 provides the details of
results, including a phenomenological first look (Section 3.1), the
lag-energy spectral fitting (Section 3.2), and the time-averaged
spectral fitting (Section 3.3). We present the discussion in
Section 4, and summarize the results in Section 5.

2. Observations and Data Reduction

MAXI J1820+070 is also known as ASASSN-18ey as it was
discovered in optical by the All-sky Automated survey for
supernovae (ASAS-SN; Shappee et al. 2014) on 2018 March 6
(Tucker et al. 2018), and was only discovered in X-ray by the
Monitor of All-sky X-ray Image (MAXI; Matsuoka et al. 2009)
5 days later (Kawamuro et al. 2018). NICER monitored it on a
daily cadence, from 2018 March 6 to 2018 November 21,
generating an extraordinary data set covering the bright hard-to-

soft transition that usually happens quickly (∼a week) and thus is
difficult to catch. The NICER HID is shown in Figure 1, where

Epochs 1–5 were chosen to cover the hard-to-soft transition are
shown, along with Epoch 0 serving as a reference point in the
bright hard state (the same as the first epoch investigated in Kara
et al. 2019). In Epochs 1 and 2, we combine several observations

that are close in time and hardness ratio, to boost the signal-to-
noise ratios (see Table 1 for details in other epochs). We note that
Epoch 5 (obs.ID 1200120197) corresponds to the X-ray flare seen

in Homan et al. (2020), when type-C QPOs transitions into type-B,
and a strong radio flare was observed ∼2 hr after that (see the “jet
line” in Figure 1). To avoid the type-B QPO, we select the photons
with arrival time before MJD 58,305.67740 (TIME< 142359302)

in that observation.
The NICER data are processed with the data-analysis

software NICERDAS version 2019-05-21_V006, and CALDB
version xti20200722 with the energy scale (gain) version

“optmv10.” We use the standard filtering criteria: the pointing
offset is less than 54″, the pointing direction is more than 40°
away from the bright Earth limb, more than 30° away from the
dark Earth limb, outside the South Atlantic Anomaly. We also

filter out the events from the two noisy detectors, FPMs 34
and 14. In addition, we select events that are not flagged
as “overshoot” or “undershoot” resets (EVENT_FLAGS=

bxxxx00), or forced triggers (EVENT_FLAGS= bx1x000). A
“trumpet” filter is also applied to filter out known background
events (Bogdanov 2019). The cleaned events are barycenter
corrected using the FTOOL barycorr. The spectra are then

binned with a minimum count of 25 per channel, and the
energy resolution was oversampled by a factor of 3. We do not
include background in the analysis because of the very high
count rate of the source, and the fitted energy range is

0.5–10 keV. We use the RMF version “rmf6s” and ARF
version “consim135p,” which are both a part of the CALDB
xti20200722, and we combine 50 modules excluding FPMs 34
and 14. We note that some detectors were turned off starting

from ObsID 1200120196 due to the high count rate, so the
response matrices for those observations are combined
differently and accordingly. For the purpose of timing analysis,
the light curve segment length is 10 s with 0.001 s bins, which

covers frequencies from 0.1 to 500 Hz.
All of the uncertainties quoted in this Letter are for a 90%

confidence range, unless otherwise stated. All spectral fitting is

done with XSPEC 12.11.1 (Arnaud 1996). In all of the fits, we
use the wilm set of abundances (Wilms et al. 2000), and vern

photoelectric cross sections (Verner et al. 1996). We used the
χ
2
fit statistics.

Table 1

NICER Observations in the 2018 Outburst Cycles, Exposure Times, and Dates

State Epoch obs.IDa Date MJD exp.(ks) counts/s/50FPMs Hardness Ratio

Hard 0 106 03/21 58198 5.4 17750 0.32

Hard-to-soft transition 1 189–192 06/28–07/01 58297–58300 19.4 9055 0.29

2 193–194 07/02–07/03 58301 6.0 14190 0.28

3 195 07/04 58303 0.7 21730 0.24

4 196 07/05 58304 5.9 25650 0.20

5 197 (before flare) 07/06 58305 13.0 44740 0.14

Note. The count rates are for 0.5–10 keV, and the hardness ratio is defined as the count ratio of the hard band (4–12 keV) and the soft band (2–4 keV).
a
ObsIDs for NICER are 1200120xxx.
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3. Results

3.1. A Phenomenological First Look

We first fit the time-averaged energy spectra in 3–10 keV
with a model of (diskbb+powerlaw), and the data-to-
model ratios are shown in Figure 2(a), in order to qualitatively
asses the excess flux in the iron Kα region. A line-like feature
exists in all epochs, which clearly evolves through the epochs.
In the hard state (Epochs 0–1), it remains stable, while the
strength of the narrow component decreases, as shown in Kara
et al. (2019) and Buisson et al. (2019). During the hard-to-soft
transition, the line feature remains very similar until Epoch 5,
when the line gets blueshifted. When an extra Gaussian

component is added to approximate the iron K emission, the
line energy increases from 6.52± 0.05 keV (Epoch 1) to
6.92± 0.05 keV (Epoch 5), with tied line width. We explore
models for the evolution of the reflection features in
Section 3.2.

From the timing perspective, we calculate the cross-spectrum
in each epoch following standard Fourier timing techniques
(Uttley et al. 2014), between the energy bands of 0.5–1 keV and
1.5–3 keV. We show in Figure 2(b) the lags as a function of
frequency for Epoch 0 and 1, representing the beginning and end
of the hard state, and also for the combined Epochs 2–5 due to
the significantly reduced variability during the transition. All
epochs show hard lags at low frequencies and soft lags at high
frequencies, but the frequency range where the soft lag
dominates is evolving. In the hard state, we confirm the results
from Kara et al. (2019) that the soft lag frequency increases,
along with a decreasing lag amplitude; while in the transition, we
find the soft lag shows an opposite trend, when its frequency
decreases and the amplitude increases. The behavior in the
transition suggests a growing emitting region, possibly due to an
expansion of the corona. We show the combined lag-frequency
spectrum (Epochs 2–5) here for clarity; the individual epochs

(see Figure A1 in the Appendix A) exhibit the trend in more
detail that is also confirmed in the lag-energy spectral fits (see
Section 3.3).

3.2. Time-averaged Flux Spectral Fitting

As shown in Section 3.1 and Figure 2, a reflection feature is
present in the time-averaged energy spectra of all epochs. We
first perform a simultaneous fit to Epochs 1–5 with the model
(tbabs∗diskbb+reltransDCp) where reltransDCp12

is a flavor of reltrans, which adopts a more physically
motivated thermal Comptonization model nthComp (Zdziarski
et al. 1996) as the illuminating coronal emission, and can also
probe high electron density (Ne) up to 1020 cm−3 rather than a
fixed value of 1015 cm−3. The high density model has been
shown to contribute to soft excess emission below 2 keV
(García et al. 2016) and may have the effect of decreasing the
fitted iron abundance, which is usually found to be super-solar
(García et al. 2018; Jiang et al. 2019).
The global parameters including the column density, inclina-

tion, and iron abundance are all tied among epochs, and a
maximal spin is assumed (a*= 0.998) to fit for Rin. We also add a
1% systematics to energies below 3 keV to reduce the effects from
calibration uncertainties at low energies, and at the same time raise
the statistical importance of the iron line band. The resulting
χ
2/d.o.f. is 2548.7/1112 = 2.29, with strong residual features at

Figure 2. Evolution of iron line profile and reverberation lag frequency. (a) The data-to-model ratios when NICER spectra are fitted in 3–10 keV range with a model
of (diskbb+powerlaw). The vertical lines are at 6.4 keV (black), and the fitted Gaussian line energies of 6.48 keV (Epoch 0), 6.52 keV (Epoch 1), and 6.92 keV
(Epoch 5). The color of each epoch matches that in Figure 1. (b) The lag-frequency spectra. The logarithmic frequency rebinning factor is 0.4, and we use the
convention that a positive lag indicates a hard lag, i.e., the hard photons lag behind the soft ones. The horizontal lines represent the frequency ranges of soft lags. The
soft lag frequency increases in the hard state and then decreases during the transition. We show the combined lag-frequency spectrum in the transition (Epochs 2–5)
for clarity; the individual epochs exhibit the same decrease of soft lag frequency compared to the end of hard state (see Figure A1 in the Appendix A).

12
We note that the reltransDCp model used here implements the

xillverDCp reflection models, which include a Comptonization continuum
and variable density. These models (xillverDCp, reltransDCp) have
not yet been made public, but they will be released in upcoming updates. The
model returns the time-averaged energy spectrum (by setting parameter

= =f f 0min max ). We use a radial ionization profile self-consistently calculated
from the lamppost illumination (20 radial zones in the disk are used with
ION_ZONES=20), and account for a radial density profile following the zone
A of the Shakura & Sunyaev (1973) disk model (A_DENSITY = 1). The
galactic absorption is self-consistently accounted for in reltransDCp, and
NH are tied between the one in reltransDCp and the one acting on diskbb.
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low energies <3 keV (see the lower panel of Figure B1 in the
Appendix B for the contributions to χ

2 in Epoch 3 as a
representative case). The most noticeable features include edge-
like shapes near ∼0.5 keV and ∼2.4 keV, and Gaussian-like
absorption around 1.6 keV. These remaining features are likely
from NICER’s calibration systematics because they could be
attributed to oxygen (∼0.5 keV), aluminum K edge (∼1.56 keV),
and gold M edge (2.1–4.5 keV complex), and thus we model
them empirically.

Similar to Wang et al. (2020a), we adopt phenomenological
models (edge and gabs) to model those features empirically.
This leads to the final model in this work:

tbabs diskbb reltransDCp

edge edge gabs

( )* +
* * * .

In the phenomenological models, only their energies are tied
through epochs, allowing for possible attitude-dependent varia-
tions that are not accounted for in the current response matrix.
The fit with the phenomenological calibration model has
χ
2/d. o. f.= 1349.2/1089 = 1.24, decreasing significantly by

1200 with 23 fewer d.o.f. compared to the model without
calibration features (see the Appendix for more information on
the phenomenological models). The contributions from model
components, and the data-to-model ratios, are shown in Figure 3.
The best-fit parameters are presented in Table 2.

In Figure 3, we see that this basic model is insufficient, and
the shapes of residuals at the iron line are different among the
epochs. At the end of hard state (Epoch 1) and the beginning of
transition (Epoch 2), the residual is very narrow and peaks
precisely at 6.4 keV, which has been seen previously with
reflection spectroscopy in the hard state, and is usually
interpreted as a distant reflector (e.g., García et al. 2015).
Moreover, the narrow line has been seen in MAXI J1820+070
(Buisson et al. 2019). If an additional xillverDCp comp-
onent is added in Epochs 1 and 2, with the xillverDCp

parameters tied to the corresponding ones in reltransDCp

except for the ionization parameter and the normalization, χ2

decreases by 38 (Epoch 1) and 10 (Epoch 2) each with 2 fewer
d.o.f., and the key parameter values shown in Table 2 stay
similar.
However, when the source approaches the jet line, the

residuals in Epochs 4 and 5 are more blueshifted (i.e., excess
above 6.4 keV, instead of a narrow peak at 6.4 keV), as already
indicated by Figure 2. This behavior makes the modeling more
complicated. In the standard reflection spectroscopy regime,
we find either an additional xillverDCp or a second
reltransDCp could not fully describe the spectra, suggest-
ing a different origin rather than the distant reflection. We
preliminarily tested out two physically driven models, which
turned out to both be promising: emission from the plunging

Figure 3. The model (top row) and data-to-model ratios (bottom row) when NICER spectra are fitted in 0.5–10 keV range with a model of (tbabs∗diskbb
+reltransDCp)∗edge∗edge∗gabs. The total model, the diskbb, the illuminating continuum, and the reflection component are represented by solid, dotted,
dashed, and dashed–dotted lines, respectively. The continuum and reflection overlap in Epoch 5 due to a boost parameter of 3.0 ± 1.5, where the best-fit value is larger
than previous epochs, but becomes consistent within 90% confidence. The vertical line is at 6.4 keV, and the color of each epoch matches that in Figure 1. In Epochs 1
and 2, the residual is very narrow and peaks precisely at 6.4 keV, and can be modeled with an additional xillverDCp component; while in Epochs 4 and 5 (when
the source approaches the jet line), the residual is excess above 6.4 keV (i.e., more blueshifted). See Section 3.2 for more details. The vertical gray bars indicate the
characteristic energies of phenomenological models.
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region modeled by bbody (Fabian et al. 2020), and returning

radiation approximated by relxillNS (Connors et al. 2020).

Other possibilities include extra Comptonization of the

reflection spectrum in the corona (Wilkins & Gallo 2015;

Steiner et al. 2017), or a change in the disk thickness as the

mass accretion rate rises.
The best-fit parameter values are presented in Table 2. The

iron abundance is close to the solar value at -
+1.24 0.15
0.10. The disk

temperature increases from ∼0.3 keV to ∼0.6 keV, which is

expected in a hard-to-soft transition because the soft state

spectrum becomes dominated by the thermal disk emission.

The inner edge of the disk remains< 2 RISCO in Epochs 1–4,

but increases to -
+ R7.5 0.9
0.5

ISCO in Epoch 5. The boost parameter

enables the model to account for deviations from the model

assumptions of an isotropically radiating source and point-like

geometry, and it is ∼2 in Epochs 1–4, and becomes 3.0± 1.5

in Epoch 5, which causes the continuum and reflection

components to overlap in Figure 3(e). However, we note that

even though the best-fit value is larger than previous epochs, it

is consistent within 90% confidence. We notice several

behaviors worth discussing: the inclination is pegged at the

higher limit given by the binary inclination i< 81° (Torres

et al. 2020), the ionization increases from ∼2.5 to ∼4.5. In fact,

in another LMXB XTE J1550–564, the inclination was also

measured to be high when the source progressed to softer states

(Connors et al. 2019). The reason behind these behaviors is

very likely to be the same: the fit tries to accommodate the

blueshifted iron line that is prominent in Epochs 4–5, because a

blueshifted line could result from either a higher ionization or a

higher inclination angle.

3.3. Fitting the Lag-energy Spectra with the Reverberation
Model

For each epoch, we fit simultaneously the lag-energy spectra
in multiple frequency bands chosen to be outside of the central
frequency± half-width at half-maximum (HWHM) of QPOs
and their (sub)harmonics fitted with the sum of several
Lorentzians (Olive et al. 1998, see Figure 4 for an example).
The QPO frequencies and the frequency bands in which we
extract the lag-energy spectra in all epochs are shown in
Figure C2 in the Appendix C. The reason to avoid QPO
frequencies in the fit is that we observe harder lags at the QPO
frequencies in the lag-frequency spectra compared to adjacent
frequency bins, which could be due to a more complicated
mechanism producing the lags (Ingram et al. 2016) rather than
a combination of the pivoting power-law and the reverberation
lag assumed in reltrans (see the Appendix for more
details).
We employ the exact same model, reltransDCp, used

in the time-averaged spectral fit (Section 3.2).13 As it is
computationally expensive to fit all the epochs simultaneously,
we need to fit epochs individually. For consistency, we fix
some global parameters to reasonable values for all epochs.
Using the proper motion and the distance to the system from
radio parallax measurement, 2.96± 0.33 kpc, the inclination of
the jet to the line of sight is estimated to be i= 63± 3° (Atri
et al. 2020). Optical spectroscopy reveals a mass function of

Table 2

Best-fit Parameters when Fitting the Time-averaged Spectra with the Model (tbabs∗diskbb+reltransDCp)∗edge∗edge∗gabs

Parameter Epoch 1 Epoch 2 Epoch 3 Epoch 4 Epoch 5

NH ( ) ´-
+1.73 100.07
0.10 21 cm−2

a* 0.998

i (degrees) ( )
-81.0 p
0.1

AFe -
+1.2 0.2
0.1

Eedge,1 (keV) ( )
+0.5000 p
0.0002

Eedge,2 (keV) -
+2.40 0.01
0.02

Egabs (keV) -
+1.62 0.02
0.01

Tin (keV) -
+0.318 0.004
0.005

-
+0.314 0.005
0.006

-
+0.311 0.005
0.006 0.406 ± 0.004 -

+0.601 0.006
0.004

Ndiskbb (104) -
+3.0 0.3
0.2 4.7 ± 0.4 -

+9.6 0.8
0.7 3.5 ± 0.2 -

+1.12 0.04
0.06

Rin (RISCO) <1.2 1.3 ± 0.2 <1.1 -
+1.6 0.2
0.1

-
+7.5 0.9
0.5

Nlog e (cm−3
) 15.9 ± 0.1 -

+15.8 0.3
0.2

-
+16.8 0.5
0.3 16.2 ± 0.2 <15.5

Γ 1.84 ± 0.01 1.91 ± 0.02 -
+2.03 0.02
0.03 2.21 ± 0.01 -

+2.42 0.01
0.03

kTe (keV) <74 <217 >31 >136 <34

h (Rg) 25 ± 2 25 ± 2 -
+22 2
4 20 ± 2 -

+9 1
2

xlog (erg cm s−1
) -

+2.48 0.17
0.10

-
+2.47 0.25
0.23

-
+3.07 0.80
0.22

-
+3.48 0.11
0.09

-
+4.54 0.14
0.07

boost 1.8 ± 0.2 -
+2.1 0.3
0.2

-
+1.7 0.2
0.4 1.7 ± 0.1 3.0 ± 1.5

Nr (10−2
) -

+7.0 0.2
0.5

-
+8.8 0.6
1.9

-
+12.2 0.6
0.4

-
+11.0 0.8
0.4

-
+19.7 1.8
1.2

tmax,1 - -
+0.44 0.06
0.09 - -

+0.37 0.09
0.06

−0.0 ± 0.08 -
+0.24 0.09
0.06

-
+0.56 0.08
0.07

tmax,2 - -
+0.055 0.005
0.006

−0.049 ± 0.007 −0.04 ± 0.01 - -
+0.059 0.007
0.009

−0.019 ± 0.006

σ (keV) >0.09 >0.09 >0.09 >0.09 ( )
-0.08 p
0.03

Strength 0.012 ± 0.002 0.011 ± 0.002 0.011 ± 0.002 0.012 ± 0.002 0.004 ± 0.002

χ
2/d.o.f. 1349.2/1089 = 1.24

Note. Errors are at 90% confidence level and statistical only. The inclination is limited to be <81° given by the binary inclination (Torres et al. 2020). For the

phenomenological model gabs, the width is set to have an upper limit of 0.1 keV, and it is pegged at that upper limit in all epochs. Parameters without uncertainties

were fixed at the quoted value. The index (p) means that the uncertainty is pegged at the bound allowed for the parameter.

13
To fit the lag-energy spectra accounting properly for the instrumental

response, the reltransDCp parameter ReIm is set to 6, and fmin and fmax are
fixed to the lower and upper bounds of the frequency bands used to extract the
lag spectra. The parameters of the pivoting power law are free to vary in each
frequency range.
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( ) ( ) ( ) = + = f M M i M M Msin 5.18 0.151
3

1 2
2 , where

M1 and M2 are the masses of the black hole and its companion
(Torres et al. 2019); assuming the conservative range of mass
ratio 0.03< q≡M2/M1< 0.4, the black hole mass is
10± 2Me. Therefore, we fix the inclination to i= 63°, and
the mass to M= 12Me. The spin parameter is fixed at the
maximal value of 0.998 to allow the inner disk radius to fit to
any physically allowed value. The iron abundance is fixed at
the solar value (AFe= 1). In the source direction, the Galactic
column density is NH= 1.3–1.5 in units of 1021 cm−2

(Bekhti
et al. 2016; Kalberla et al. 2005), so we fix it at 1.3× 1021

cm−2. In addition, we fix the coronal electron temperature
kTe= 100 keV because NICER’s energy coverage is insuffi-
cient to constrain it, and the boost parameter at 1, corresp-
onding to a static, isotropically emitting lamppost corona.
Guided by the prior expectation that the inner edge of the
accretion disk extends to the innermost stable circular orbit
(ISCO) by the time the source enters the soft state (Remillard &
McClintock 2006), and to simplify our model, we set the inner
edge of the disk, Rin to have an upper bound of 10 RISCO. As it
is difficult to constrain the photon index Γ with time-lag fits
alone, we only allow Γ to vary between ±0.1 around the
corresponding best-fit value in the time-averaged energy
spectral fit (Section 3.2).

The resulting parameter values in all epochs are shown in

Table 3. The power spectral density, the frequency ranges used to

extract the lag-energy spectra and then fitted, the best-fitted

reltransDCp model and lag-energy spectra for Epoch 1, are

shown in Figure 4, as an example. We find that reltransDCp

can describe the two types of time-lags very well: the low-

frequency hard lag, and the high-frequency soft/reverberation lag.
At low frequencies, the reverberation lag contributes a dip at the
iron line energy (Mastroserio et al. 2018). The inner edge of the
disk, Rin is consistent at ∼6RISCO∼ 7 Rg (when a*= 0.998)
where RISCO is the radius of the ISCO, whose radius is a function
of the spin, decreasing from 6Rg to 1.23Rg when the spin
increases from a*= 0 to 0.998. With reflection spectroscopy in the
hard state (Rin∼ 5.3 Rg; Buisson et al. 2019) and continuum fitting
method in the soft state (Zhao et al. 2020; Guan et al. 2020),
MAXI J1820+070 is expected to be a slow-spinning black hole
with a*∼ 0− 0.2. Therefore, our measured disk truncation level is
consistent with a disk extending very close to the ISCO radius
during the state transition. We also note that the disk electron
density tends to peg at the upper limit of the model, 1020 cm−3,
confirming the necessity for BHB modeling to go beyond the
usually tabulated value.
The key result is that the fitted coronal height decreases from

∼40 Rg at the beginning of bright hard state (Epoch 0)
to ∼30 Rg at the end of hard state (Epochs 1–2), and
then increases to∼ 100–200Rg when the transition begins
(Epochs 3–4), and eventually to 300Rg in Epoch 5 just before
the jet line. This trend suggests that the corona is contracting in
the hard state, and then is expanding in the hard-to-soft
transition, which is consistent with the qualitative argument by
tracking the evolution of reverberation lag frequency in
Section 3.1. The increase in coronal height is strongly
suggested by the lag spectra in our reverberation model
because the statistics are much worse if the coronal height is
fixed at the value found in Epoch 2 at the end of hard state
(33Rg). The χ

2 increases by 11, 31, and 25 with 1 more d.o.f. in

Figure 4. Time-lag fit result in Epoch 1. (a) The power spectral density, (b) the lag-frequency spectrum where the dashed lines represent the frequency ranges to
extract and fit the lag-energy spectra (c1–c4); the shaded regions are the QPO frequencies (central frequency±HWHM) that we do not include in the time-lag fits. The
points in (b) are connected with a Bezier join to guide the eye.
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Epochs 3–5, respectively. The largest difference in fitted
models lies in both low energies below ∼0.8 keV, and also
energies above ∼3 keV (e.g., see Figure 5). We also want to
emphasize that even though some parameters are fixed, the
trend in the coronal height persists in all the fitting trials with
different setups, which is reasonable because within the
reverberation model, the reverberation lag frequency funda-
mentally correlates with the size of the corona-disk emitting
region. We note that the fit statistics are worse in Epochs 0–2
compared to Epochs 3–5, likely because the signal-to-noise
ratios of lags are higher in the early epochs, while the
variability decreases rapidly when the source approaches the jet
line/soft intermediate state. There are common residuals at low
energies <1 keV in all epochs, which is similar to what is
shown in Figure 4, and could suggest some other contributions
to the lags (e.g., an additional thermalization time-lag; see the
discussion in Section 4).

3.4. Comparison Between Time-lags and Flux Spectra, and
Lessons Learned

Interestingly, some physical parameter estimates from
spectral and time-lag fits do not agree. The most dramatic
discrepancy lies in the coronal height during the hard-to-soft
state transition, where the fit to the flux spectra finds a fairly
low coronal height, of the order of 10Rg with a decreasing
trend, while time-lag fit results in an increase from tens of Rg to
hundreds. One plausible explanation is that the corona is more
vertically extended in the transition, forming the base of the
transient jet. This explanation is also consistent with the fact
that the coronal heights from the time-lag and flux spectral fit in
Epochs 1 and 2 agree very well, because the corona is more
compact at the beginning of the transition. Once the corona is
more extended, fits with a single lamppost source are expected
to yield a larger source height from the lag spectrum than from
the flux spectrum, because the lower regions of the corona
dominate the reflection emissivity but reflection from the upper
regions contributes a larger light-crossing delay.

It has been commonly seen from high signal-to-noise energy
spectra that in addition to the relativistically broadened iron line, a

narrow core of the line is required that can be described by an
unblurred reflection component. García et al. (2019) recently
found that an approximation of the corona by two lamppost
illuminators offer a better description of the spectra from GX 339
−4, i.e., the distant reflector still has some relativistic effects
encoded. The dual-lamppost reflection model is also successfully
adopted in Buisson et al. (2019) when analyzing MAXI J1820
+070 spectra. The upper lamppost height is found to decrease in
the hard state, perfectly consistent with the qualitative result with
reverberation lag frequencies (Kara et al. 2019). However, it is not
that straightforward to add a second lamppost source in the time-
lag fits, because that would require a proper combination of two
response functions in the complex plane and a re-calculation of
the ionization profile due to the dual-lamppost geometry
illumination.

4. Discussion

With the extraordinary NICER data set of MAXI J1820+070 in
the bright hard-to-soft transition, we are able to find that the
reverberation lag frequency decreases in the transition, with an

Table 3

Best-fit Parameters when Fitting the Lag-energy Spectra in Several Frequency Ranges (Outside of the QPO Frequencies) with the Model reltransDCp

Parameter Epoch 0 Epoch 1 Epoch 2 Epoch 3 Epoch 4 Epoch 5

i (degrees) 63

AFe 1

kTe (keV) 100

a* 0.998

M (Me) 12

NH (1021cm−2
) 1.3

boost 1

h (Rg) -
+42 2
1

-
+27 3
2 33 ± 5 -

+162 45
62

-
+114 27
34 >335

Rin (RISCO) 4.0 ± 0.4 6 ± 1 -
+6 1
2

>5 ( )
-6
p
3 -

+5 1
2

Γ -
+1.57 0.02
0.02

-
+1.802 0.002
0.007

( )
+1.800 p
0.004

-
+2.01 0.03
0.07 ( )

-2.26 p
0.04 -

+2.41 0.01
0.05

xlog (erg cm s−1
) -

+3.02 0.06
0.10 2.09 ± 0.06 2.22 ± 0.08 -

+1.40 0.22
0.39 <3.1 -

+2.26 0.52
0.20

Nlog e (cm−3
) -

+19.74 0.08
0.03 >19.99 >19.93 -

+19.46 0.36
0.20 >18.9 -

+18.59 0.15
0.28

χ
2/d.o.f. 857.0/205 270.2/163 350.9/205 223.4/205 228.8/163 129.1/79

Note. Errors are at 90% confidence level and statistical only. Parameters without uncertainties were fixed at the quoted value. The index (p) means that the uncertainty is

pegged at the bound allowed for the parameter. Guided by the prior that the inner edge of the accretion disk extends to the ISCO by the time the source enters the soft state

(Remillard &McClintock 2006), and to simplify our model, we set the inner edge of the disk, Rin to have an upper bound of 10 RISCO. It is pegged at that limit in Epochs 3–4.

The photon index, Γ, is set to vary between±0.1 around the best-fit value in the time-averaged energy spectral fit in Section 3.2 (1.8, 1.9, 2.0, 2.2, 2.4 for Epochs 1–5; 1.6 for

Epoch 0, which corresponds to Epoch 2 in Buisson et al. 2019), and is pegged at the lower and upper bounds in Epochs 2 and 4, respectively.

Figure 5. Lag-energy spectrum and the best-fit models in Epoch 4, and frequency
band of 2.4–3.6 Hz. The fit is much better when the coronal height is fitted at
∼100 Rg (red) than when it is fixed at the value in Epoch 2 (33 Rg, blue). The χ

2

values quoted are for the simultaneous fit of the four frequency bands.

8

The Astrophysical Journal Letters, 910:L3 (14pp), 2021 March 20 Wang et al.



increasing amplitude, which indicates a larger emitting region that
causes reverberation, likely due to an expanding corona. With the
reverberation model reltransDCp, we are able to quantitatively
measure the coronal height, by fitting both the lag-energy spectrum
and the time-averaged energy spectrum. In the time-lag fits, the
X-ray coronal height increases from several tens to several hundred
Rg several days before the radio flare, consistent with the qualitative
trend seen in reverberation lags. An expanding or ejected corona
during a state transition may explain earlier Rossi X-Ray Timing
Explorer observations of the high-mass X-ray binary CygX-1,
where the low-frequency hard lags were seen to increase during the
transition (Pottschmidt et al. 2000; Grinberg et al. 2013). We want
to stress that to our knowledge, this is the first BHB in which the
increase of reverberation/soft lags is clearly observed.

Next, we will discuss this result in the context of the radio jet.
Previous work suggested that the corona contracts during the hard
state (Kara et al. 2019), when the steady jet becomes weaker. This
may suggest that the jet luminosity is related to the vertical extent
of the X-ray corona, and would favor the hypothesis that the
corona is the base of a jet. Now, we have extended this
methodology to the hard-to-soft state transition. Our measured
X-ray coronal heights from fitting the time-lags, and the radio flux
density from the Arcminute Microkelvin Imager (AMI; Zwart
et al. 2008; Hickish et al. 2018) during the transition are presented
in Figure 6(a). The radio flux density indicates a weakened steady
jet, following the trend in the hard state, followed by a powerful
transient jet in the transition that features ballistic ejections (Bright
et al. 2020), before the source transitions to the soft state.

We propose that the increase in coronal height inferred from
our reverberation analysis coincides with the launch of the blob
that ∼5 days later causes a radio flare when it reaches a large
enough scale to become radio bright (Figures 6(b), (c)). We note
that due to the low-cadence radio monitoring between MJD 58302
and 58304, we cannot rule out that there was another earlier flare
that was missed, and thus the time delay between corona
expansion and radio flare would be less than 5 days. If the blob is
launched when the corona is most compact (MJD ∼58,298) and
travels at∼0.9 c (Bright et al. 2020), then a delay of∼5 days until
a radio flare would suggest that the radio-emitting blob is at

109 Rg. Unfortunately, there have been no published radio
measurements of the synchrotron break to independently estimate
the radius and distance of the jet ejecta, but this distance is
reasonable, when compared to the BHB MAXI J1535–571 where
the emission height above the black hole is∼ 108Rg (Russell et al.
2020). We also note that recent Chandra imaging showed a
transient X-ray jet ejecta at the time of the radio flare, inferring
that the ejecta was a cone of 1.5× 104 au by 7.7× 103 au
(Espinasse et al. 2020). As 1 au∼ 107Rg for a 10Me black hole,
this would lead to a vertical extent of the transient jet emitting in
X-ray of ∼1011 Rg, and the light travel distance of several days is
always below this upper limit. Therefore, it is plausible that the
expansion of X-ray corona is accompanied with a jet knot that
propagates downstream (moves higher up) with the jet material
when approaching the time when the radio flare was observed.
This interpretation is also suggested to explain the increased hard
lag amplitude during the transition in the high-mass X-ray binary
CygX-1 (Pottschmidt et al. 2000). It is consistent the physical
picture presented in Russell et al. (2019), where the soft X-ray flux
is observed to increase just before the radio flare in another
LMXB MAXI J1535–571, because the X-ray flare could result
from inverse Compton scattering of the synchrotron radiation
from the knot after it was ejected (Russell et al. 2019). Finally, this
behavior may be analogous to observations in some high-
luminosity AGNs, where X-ray flares and iron line narrowing
precede radio ejection events (Marscher et al. 2008; Lohfink et al.
2013; King et al. 2016). In this scenario, the source of the hard
power-law emission is more likely to arise from synchrotron
emission in addition to thermal Comptonization because the
optical depth along the jet axis (τ∝Nj/r where Nj is the power
injected in the jet, and r is the radius of the jet) drops quickly
(Lucchini et al. 2021), while efficient thermal Comptonization
requires a mildly optically thin medium (τ∼ 0.1–1).
We also notice that the corona is found to be physically and

radiatively compact within several tens of Rg from microlensing in
lensed quasars (Chartas et al. 2016), X-ray reverberation mapping
in Seyfert galaxies (Kara et al. 2016), and X-ray eclipses of the
corona (e.g., Gallo et al. 2021). Therefore, the exact values of the
coronal height (especially the ones at hundreds Rg in time-lag fits)

Figure 6. Close relationship between the X-ray corona and radio jet behavior. (a) The X-ray coronal height from time-lag fits (rainbow colors corresponding to those
in Figure 1, joined with the black dashed line), the radio flux density from AMI (red) and the Swift/BAT count rate in 15–50 keV (blue), as functions of MJD time.
The coronal height refers to the left black axis, the radio flux density and the Swift/Burst Alert Telescope (BAT) light curve refer to the right axis in red and blue. (b)
In the hard state, the X-ray corona contracts while the steady compact jet is weakened in the radio. (c) In the hard-to-soft state transition, the X-ray corona expands,
and there launched a ballistic transient jet (superposed on the quenching steady jet) several days lagging behind the X-ray change.
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need to be taken with caveats, such as possible contribution from
thermalization time in the disk (García et al. 2013) which we will
implement in reltrans the near future, or even the effects from
returning radiation that are shown to increase the reverberation
lags by ∼50% (Wilkins et al. 2020). With all this in mind, we
stress that within the reverberation model, the relative trend of
increasing coronal height during the state transition comes
fundamentally from the change in the reverberation lag frequency.

5. Summary

We have analyzed five epochs of MAXI J1820+070 in the
hard-to-soft transition using NICER, to study the spectral-timing
evolution of the system. Our major findings are as follows.

1. During the hard-to-soft transition, the frequency range
where the reverberation lag dominates decreases, and
reverberation lag amplitude increases, suggesting a growing
X-ray emitting region, possibly due to an expanding corona.

2. From the flux spectral fit, the inner edge of disk does not
decrease. This result challenges the state transition model
of a collapsed hot inner flow.

3. By fitting the lag-energy spectra in a set of Fourier frequency
ranges with the reverberation model reltransDCp, we
measure the coronal height to be anomalously large. The
height of the corona increases ∼5 days before a radio jet
ejection event.

4. We propose that the correlation between the X-ray corona
height and the radio jet behavior can be explained with a
model where the X-ray corona is the base of the jet thatis
ejejcted in its final moments before transitioning to the soft
state.

While this work was being finalized, we became aware of De
Marco et al. (2021), showing the decrease in the observed soft
lag frequency during the state transition, corroborating this
aspect of our work. J.W., G.M., E.K., and J.A.G. acknowledge
support from NASA grant 80NSSC17K0515, and thank the
International Space Science Institute (ISSI) and participants of
the ISSI Workshop “Sombreros and lampposts: The Geometry
of Accretion onto Black Holes” for fruitful discussions. J.A.G.
thanks the Alexander von Humboldt Foundation. A.I. and D.B.
acknowledge support from the Royal Society.

Appendix A
Lag-frequency Spectra of Individual Epochs

Due to the reduced variability during the transition, in Figure 2,
the decrease in the frequency range where the soft lag dominates
during the transition is shown by comparing lag-frequency spectra
of Epoch 1 and combined Epochs 2–5. The individual epochs
exhibit the same decrease of soft lag frequency compared to the
end of hard state, as shown in Figure A1.

Figure A1. The decrease of reverberation lag frequency can also be seen in individual epochs. The horizontal lines in the inserted plot represent the frequency ranges
of soft lags, and the red and yellow frequency ranges are for Epochs0 and 1 at the start and end of hard state, which serve as benchmarks.
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Appendix B
Phenomenological Models

In the flux-energy spectral fit (Section 3.2), we see strong

residual features at low energies <3 keV. Using Epoch 3 as a

representative case, the lower panel of Figure B1 shows the

contributions to c2. We adopt phenomenological models (edge

and gabs) to model those features empirically. The effective area

of NICER with the vertical lines indicating the fitted characteristic

energies of phenomenological models, in this work and in a

previous NICER spectral analysis of another BHB GX 339–4

(Wang et al. 2020a), are shown in Figure B1 (top panel). The

features in MAXIJ1820+070could be attributed to oxygen

(∼0.5 keV), aluminum K edge (∼1.56 keV), and gold M edge

(2.1–4.5 keV complex). The characteristic energies are not

identical in the two cases, and that could be due to the updated

gain solution and response matrices; also, in previous work, a Crab

correction was applied. We suggest that readers be aware of such

residuals and follow the most recent NICER analysis guidelines.

Figure B1. (Upper) The effective area of NICER, with the fitted characteristic energies of phenomenological calibration models in Wang et al. (2020a) and this work.

(Lower) The residuals for NICER data in Epoch3 from simultaneous fits with or without the phenomenological calibration models. The c2 values quoted are for the
simultaneous fit of the 5 epochs.
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Appendix C
Lags at QPO Frequencies and the Choice of Frequency

Ranges in Time-lag Fits

For the epochs during the transition, we find “harder” lags
at the frequencies of type-C QPOs and their (sub)harmonics
than at neighboring frequencies (Figure C1). This suggests a
very likely different, or at least a more complicated,
mechanism to produce the time-lags involving geometric
effects such as Lense-Thirring procession (Stella & Vietri
1997), rather than a combination of the pivoting power law
and reverberation as considered in reltrans. Therefore, we

extract the lag-energy spectra and fit those with reltrans in

the frequency bands avoiding the QPO frequencies (see

Figure C2).
The phase lags at the type-C QPO frequencies have been

systematically investigated in Van den Eijnden et al. (2017)

and Zhang et al. (2020), but a similar feature has not been

reported. Perhaps this is because those observations were

mostly of type-C QPOs in the hard state, while we find that

such hard lags are specific to type-C QPOs observed during the

relatively short-lived transition and are not seen as clearly in

the hard state.

Figure C1. Top row: the power spectral densities and the fitted Lorentzian components. Bottom row: the lag-frequency spectra, where the shaded regions represent the
QPO frequencies (central frequency HWHM). We find “harder” lags at the frequencies of type-C QPOs and their (sub)harmonics than at neighboring frequencies.

12

The Astrophysical Journal Letters, 910:L3 (14pp), 2021 March 20 Wang et al.



ORCID iDs

Jingyi Wang https://orcid.org/0000-0002-1742-2125
Guglielmo Mastroserio https://orcid.org/0000-0003-
4216-7936
Erin Kara https://orcid.org/0000-0003-0172-0854
Javier A. García https://orcid.org/0000-0003-3828-2448
Adam Ingram https://orcid.org/0000-0002-5311-9078
Riley Connors https://orcid.org/0000-0002-8908-759X
Michiel van der Klis https://orcid.org/0000-0003-
0070-9872
Thomas Dauser https://orcid.org/0000-0003-4583-9048
James F. Steiner https://orcid.org/0000-0002-5872-6061
Jeroen Homan https://orcid.org/0000-0001-8371-2713
Matteo Lucchini https://orcid.org/0000-0002-2235-3347
Andrew C. Fabian https://orcid.org/0000-0002-9378-4072
Joe Bright https://orcid.org/0000-0002-7735-5796
Rob Fender https://orcid.org/0000-0002-5654-2744
Edward M. Cackett https://orcid.org/0000-0002-8294-9281
Ron A. Remillard https://orcid.org/0000-0003-4815-0481

References

Arnaud, K. A. 1996, in ASP Conf. Ser. 101, Astronomical Data Analysis
Software and Systems V, ed. G. H. Jacoby & J. Barnes (San Francisco, CA:
ASP), 17

Atri, P., Miller-Jones, J., Bahramian, A., et al. 2020, MNRAS: Letters,
493, L81

Bekhti, N. B., Flöer, L., Keller, R., et al. 2016, A&A, 594, A116
Belloni, T. M., & Motta, S. E. 2016, in Astrophysics of Black Holes,

Astrophysics and Space Science Library, Vol. 440, ed. C. Bambi (Berlin:
Springer), 61

Bogdanov, S. 2019, AAS Meeting, 233, 426.02
Bright, J., Fender, R., Motta, S., et al. 2020, NatAs, 4, 697
Buisson, D., Fabian, A., Barret, D., et al. 2019, MNRAS, 490, 1350
Buisson, D., Fabian, A., Gandhi, P., et al. 2021, MNRAS, 500, 3976
Chartas, G., Rhea, C., Kochanek, C., et al. 2016, AN, 337, 356
Connors, R. M., García, J. A., Dauser, T., et al. 2020, ApJ, 892, 47
Connors, R. M. T., García, J. A., Steiner, J. F., et al. 2019, ApJ, 882, 179
Corbel, S., Fender, R., Tzioumis, A., et al. 2000, A&A, 359, 251
Dauser, T., García, J., Wilms, J., et al. 2013, MNRAS, 430, 1694
De Marco, B., Ponti, G., Petrucci, P., et al. 2017, MNRAS, 471, 1475
De Marco, B., Zdziarski, A. A., Ponti, G., et al. 2021, arXiv:2102.07811
Dhawan, V., Mirabel, I., & Rodríguez, L. 2000, ApJ, 543, 373
Done, C., Gierliński, M., & Kubota, A. 2007, A&ARv, 15, 1
Dziełak, M. A., Zdziarski, A. A., Szanecki, M., et al. 2019, MNRAS,

485, 3845
Espinasse, M., Corbel, S., Kaaret, P., et al. 2020, ApJL, 895, L31
Fabian, A., Buisson, D., Kosec, P., et al. 2020, MNRAS, 493, 5389
Fabian, A., Rees, M., Stella, L., & White, N. E. 1989, MNRAS, 238, 729
Fabian, A., Zoghbi, A., Ross, R., et al. 2009, Natur, 459, 540
Fabian, A. C. 2012, ARA&A, 50, 455
Falcke, H., Körding, E., & Markoff, S. 2004, A&A, 414, 895
Fender, R., Corbel, S., Tzioumis, T., et al. 1999, ApJL, 519, L165
Fender, R. P., Belloni, T. M., & Gallo, E. 2004, MNRAS, 355, 1105
Ferreira, J., Petrucci, P.-O., Henri, G., Saugé, L., & Pelletier, G. 2006, A&A,

447, 813
Gallo, E., Fender, R. P., & Pooley, G. 2003, MNRAS, 344, 60
Gallo, E., Miller, B. P., & Fender, R. 2012, MNRAS, 423, 590
Gallo, L. C., Gonzalez, A. G., & Miller, J. M. 2021, ApJL, 908, L33
Gandhi, P., Makishima, K., Durant, M., et al. 2008, MNRAS, 390, L29
García, J., Elhoussieny, E., Bautista, M., & Kallman, T. R. 2013, ApJ, 775, 8
García, J. A., Fabian, A. C., Kallman, T. R., et al. 2016, MNRAS, 462, 751
García, J. A., Kallman, T. R., Bautista, M., et al. 2018, in ASP Conf. Ser. 515,

Workshop on Astrophysical Opacities, ed. C. Mendoza, S. Turck-Chiéze, &
J. Colgan (San Francisco, CA: ASP), 282

García, J. A., Steiner, J. F., McClintock, J. E., et al. 2015, ApJ, 813, 84
García, J. A., Tomsick, J. A., Sridhar, N., et al. 2019, ApJ, 885, 48

Figure C2. The QPO frequencies (central frequencyHWHM), and the frequency bands outside of those QPO frequencies in which we extract the lag-energy spectra
and fit with reltransDCp in each epoch. The data points representing QPO frequencies are shifted in x-axis for clarity.

13

The Astrophysical Journal Letters, 910:L3 (14pp), 2021 March 20 Wang et al.

https://orcid.org/0000-0002-1742-2125
https://orcid.org/0000-0002-1742-2125
https://orcid.org/0000-0002-1742-2125
https://orcid.org/0000-0002-1742-2125
https://orcid.org/0000-0002-1742-2125
https://orcid.org/0000-0002-1742-2125
https://orcid.org/0000-0002-1742-2125
https://orcid.org/0000-0002-1742-2125
https://orcid.org/0000-0003-4216-7936
https://orcid.org/0000-0003-4216-7936
https://orcid.org/0000-0003-4216-7936
https://orcid.org/0000-0003-4216-7936
https://orcid.org/0000-0003-4216-7936
https://orcid.org/0000-0003-4216-7936
https://orcid.org/0000-0003-4216-7936
https://orcid.org/0000-0003-4216-7936
https://orcid.org/0000-0003-4216-7936
https://orcid.org/0000-0003-0172-0854
https://orcid.org/0000-0003-0172-0854
https://orcid.org/0000-0003-0172-0854
https://orcid.org/0000-0003-0172-0854
https://orcid.org/0000-0003-0172-0854
https://orcid.org/0000-0003-0172-0854
https://orcid.org/0000-0003-0172-0854
https://orcid.org/0000-0003-0172-0854
https://orcid.org/0000-0003-3828-2448
https://orcid.org/0000-0003-3828-2448
https://orcid.org/0000-0003-3828-2448
https://orcid.org/0000-0003-3828-2448
https://orcid.org/0000-0003-3828-2448
https://orcid.org/0000-0003-3828-2448
https://orcid.org/0000-0003-3828-2448
https://orcid.org/0000-0003-3828-2448
https://orcid.org/0000-0002-5311-9078
https://orcid.org/0000-0002-5311-9078
https://orcid.org/0000-0002-5311-9078
https://orcid.org/0000-0002-5311-9078
https://orcid.org/0000-0002-5311-9078
https://orcid.org/0000-0002-5311-9078
https://orcid.org/0000-0002-5311-9078
https://orcid.org/0000-0002-5311-9078
https://orcid.org/0000-0002-8908-759X
https://orcid.org/0000-0002-8908-759X
https://orcid.org/0000-0002-8908-759X
https://orcid.org/0000-0002-8908-759X
https://orcid.org/0000-0002-8908-759X
https://orcid.org/0000-0002-8908-759X
https://orcid.org/0000-0002-8908-759X
https://orcid.org/0000-0002-8908-759X
https://orcid.org/0000-0003-0070-9872
https://orcid.org/0000-0003-0070-9872
https://orcid.org/0000-0003-0070-9872
https://orcid.org/0000-0003-0070-9872
https://orcid.org/0000-0003-0070-9872
https://orcid.org/0000-0003-0070-9872
https://orcid.org/0000-0003-0070-9872
https://orcid.org/0000-0003-0070-9872
https://orcid.org/0000-0003-0070-9872
https://orcid.org/0000-0003-4583-9048
https://orcid.org/0000-0003-4583-9048
https://orcid.org/0000-0003-4583-9048
https://orcid.org/0000-0003-4583-9048
https://orcid.org/0000-0003-4583-9048
https://orcid.org/0000-0003-4583-9048
https://orcid.org/0000-0003-4583-9048
https://orcid.org/0000-0003-4583-9048
https://orcid.org/0000-0002-5872-6061
https://orcid.org/0000-0002-5872-6061
https://orcid.org/0000-0002-5872-6061
https://orcid.org/0000-0002-5872-6061
https://orcid.org/0000-0002-5872-6061
https://orcid.org/0000-0002-5872-6061
https://orcid.org/0000-0002-5872-6061
https://orcid.org/0000-0002-5872-6061
https://orcid.org/0000-0001-8371-2713
https://orcid.org/0000-0001-8371-2713
https://orcid.org/0000-0001-8371-2713
https://orcid.org/0000-0001-8371-2713
https://orcid.org/0000-0001-8371-2713
https://orcid.org/0000-0001-8371-2713
https://orcid.org/0000-0001-8371-2713
https://orcid.org/0000-0001-8371-2713
https://orcid.org/0000-0002-2235-3347
https://orcid.org/0000-0002-2235-3347
https://orcid.org/0000-0002-2235-3347
https://orcid.org/0000-0002-2235-3347
https://orcid.org/0000-0002-2235-3347
https://orcid.org/0000-0002-2235-3347
https://orcid.org/0000-0002-2235-3347
https://orcid.org/0000-0002-2235-3347
https://orcid.org/0000-0002-9378-4072
https://orcid.org/0000-0002-9378-4072
https://orcid.org/0000-0002-9378-4072
https://orcid.org/0000-0002-9378-4072
https://orcid.org/0000-0002-9378-4072
https://orcid.org/0000-0002-9378-4072
https://orcid.org/0000-0002-9378-4072
https://orcid.org/0000-0002-9378-4072
https://orcid.org/0000-0002-7735-5796
https://orcid.org/0000-0002-7735-5796
https://orcid.org/0000-0002-7735-5796
https://orcid.org/0000-0002-7735-5796
https://orcid.org/0000-0002-7735-5796
https://orcid.org/0000-0002-7735-5796
https://orcid.org/0000-0002-7735-5796
https://orcid.org/0000-0002-7735-5796
https://orcid.org/0000-0002-5654-2744
https://orcid.org/0000-0002-5654-2744
https://orcid.org/0000-0002-5654-2744
https://orcid.org/0000-0002-5654-2744
https://orcid.org/0000-0002-5654-2744
https://orcid.org/0000-0002-5654-2744
https://orcid.org/0000-0002-5654-2744
https://orcid.org/0000-0002-5654-2744
https://orcid.org/0000-0002-8294-9281
https://orcid.org/0000-0002-8294-9281
https://orcid.org/0000-0002-8294-9281
https://orcid.org/0000-0002-8294-9281
https://orcid.org/0000-0002-8294-9281
https://orcid.org/0000-0002-8294-9281
https://orcid.org/0000-0002-8294-9281
https://orcid.org/0000-0002-8294-9281
https://orcid.org/0000-0003-4815-0481
https://orcid.org/0000-0003-4815-0481
https://orcid.org/0000-0003-4815-0481
https://orcid.org/0000-0003-4815-0481
https://orcid.org/0000-0003-4815-0481
https://orcid.org/0000-0003-4815-0481
https://orcid.org/0000-0003-4815-0481
https://orcid.org/0000-0003-4815-0481
https://ui.adsabs.harvard.edu/abs/1996ASPC..101...17A/abstract
https://doi.org/10.1093/mnrasl/slaa010
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493L..81A/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493L..81A/abstract
https://doi.org/10.1051/0004-6361/201629178
https://ui.adsabs.harvard.edu/abs/2016A&A...594A.116H/abstract
https://ui.adsabs.harvard.edu/abs/2016ASSL..440...61B/abstract
https://ui.adsabs.harvard.edu/abs/2019AAS...23342602B/abstract
https://doi.org/10.1038/s41550-020-1023-5
https://ui.adsabs.harvard.edu/abs/2020NatAs...4..697B/abstract
https://doi.org/10.1093/mnras/stz2681
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490.1350B/abstract
https://doi.org/10.1093/mnras/staa3510
https://ui.adsabs.harvard.edu/abs/2021MNRAS.500.3976B/abstract
https://doi.org/10.1002/asna.201612313
https://ui.adsabs.harvard.edu/abs/2016AN....337..356C/abstract
https://doi.org/10.3847/1538-4357/ab7afc
https://ui.adsabs.harvard.edu/abs/2020ApJ...892...47C/abstract
https://doi.org/10.3847/1538-4357/ab35df
https://ui.adsabs.harvard.edu/abs/2019ApJ...882..179C/abstract
https://ui.adsabs.harvard.edu/abs/2000A&A...359..251C/abstract
https://doi.org/10.1093/mnras/sts710
https://ui.adsabs.harvard.edu/abs/2013MNRAS.430.1694D/abstract
https://doi.org/10.1093/mnras/stx1649
https://ui.adsabs.harvard.edu/abs/2017MNRAS.471.1475D/abstract
http://arxiv.org/abs/2102.07811
https://doi.org/10.1086/317088
https://ui.adsabs.harvard.edu/abs/2000ApJ...543..373D/abstract
https://doi.org/10.1007/s00159-007-0006-1
https://ui.adsabs.harvard.edu/abs/2007A&ARv..15....1D/abstract
https://doi.org/10.1093/mnras/stz668
https://ui.adsabs.harvard.edu/abs/2019MNRAS.485.3845D/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.485.3845D/abstract
https://doi.org/10.3847/2041-8213/ab88b6
https://ui.adsabs.harvard.edu/abs/2020ApJ...895L..31E/abstract
https://doi.org/10.1093/mnras/staa564
https://ui.adsabs.harvard.edu/abs/2020MNRAS.493.5389F/abstract
https://doi.org/10.1093/mnras/238.3.729
https://ui.adsabs.harvard.edu/abs/1989MNRAS.238..729F/abstract
https://doi.org/10.1038/nature08007
https://ui.adsabs.harvard.edu/abs/2009Natur.459..540F/abstract
https://doi.org/10.1146/annurev-astro-081811-125521
https://ui.adsabs.harvard.edu/abs/2012ARA&A..50..455F/abstract
https://doi.org/10.1051/0004-6361:20031683
https://ui.adsabs.harvard.edu/abs/2004A&A...414..895F/abstract
https://doi.org/10.1086/312128
https://ui.adsabs.harvard.edu/abs/1999ApJ...519L.165F/abstract
https://doi.org/10.1111/j.1365-2966.2004.08384.x
https://ui.adsabs.harvard.edu/abs/2004MNRAS.355.1105F/abstract
https://doi.org/10.1051/0004-6361:20052689
https://ui.adsabs.harvard.edu/abs/2006A&A...447..813F/abstract
https://ui.adsabs.harvard.edu/abs/2006A&A...447..813F/abstract
https://doi.org/10.1046/j.1365-8711.2003.06791.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.344...60G/abstract
https://doi.org/10.1111/j.1365-2966.2012.20899.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.423..590G/abstract
https://doi.org/10.3847/2041-8213/abdcb5
https://ui.adsabs.harvard.edu/abs/2021ApJ...908L..33G/abstract
https://doi.org/10.1111/j.1745-3933.2008.00529.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.390L..29G/abstract
https://doi.org/10.1088/0004-637X/775/1/8
https://ui.adsabs.harvard.edu/abs/2013ApJ...775....8G/abstract
https://doi.org/10.1093/mnras/stw1696
https://ui.adsabs.harvard.edu/abs/2016MNRAS.462..751G/abstract
https://ui.adsabs.harvard.edu/abs/2018ASPC..515..282G/abstract
https://doi.org/10.1088/0004-637X/813/2/84
https://ui.adsabs.harvard.edu/abs/2015ApJ...813...84G/abstract
https://doi.org/10.3847/1538-4357/ab384f
https://ui.adsabs.harvard.edu/abs/2019ApJ...885...48G/abstract


Gendreau, K. C., Arzoumanian, Z., Adkins, P. W., et al. 2016, Proc. SPIE,
9905, 99051H

Grinberg, V., Hell, N., Pottschmidt, K., et al. 2013, A&A, 554, A88
Guan, J., Tao, L., Qu, J., et al. 2020, arXiv:2012.12067
Haardt, F., Maraschi, L., & Ghisellini, G. 1994, ApJL, 432, L95
Hannikainen, D., Hunstead, R., Campbell-Wilson, D., & Sood, R. 1998, A&A,

337, 460
Hickish, J., Razavi-Ghods, N., Perrott, Y. C., et al. 2018, MNRAS, 475, 5677
Homan, J., Bright, J., Motta, S. E., et al. 2020, ApJL, 891, L29
Homan, J., Buxton, M., Markoff, S., et al. 2005, ApJ, 624, 295
Ingram, A., Mastroserio, G., Dauser, T., et al. 2019, MNRAS, 488, 324
Ingram, A., van der Klis, M., Middleton, M., et al. 2016, MNRAS, 461, 1967
Ingram, A. R., & Motta, S. E. 2019, NewAR, 85, 101524
Jiang, J., Fabian, A. C., Wang, J., et al. 2019, MNRAS, 484, 1972
Kajava, J., Motta, S. E., Sanna, A., et al. 2019, MNRAS: Letters, 488, L18
Kalberla, P., Burton, W., Hartmann, D., et al. 2005, A&A, 440, 775
Kara, E., Alston, W. N., Fabian, A. C., et al. 2016, MNRAS, 462, 511
Kara, E., Steiner, J., Fabian, A., et al. 2019, Natur, 565, 198
Kawamuro, T., Negoro, H., Yoneyama, T., et al. 2018, ATel, 11399, 1
King, A. L., Lohfink, A., & Kara, E. 2017, ApJ, 835, 226
King, A. L., Miller, J. M., Bietenholz, M., et al. 2016, NatPh, 12, 772
Lohfink, A. M., Reynolds, C. S., Jorstad, S. G., et al. 2013, ApJ, 772, 83
Lucchini, M., Russell, T., Markoff, S., et al. 2021, MNRAS, 501, 5910
Markoff, S., Falcke, H., & Fender, R. 2001, A&A, 372, L25
Markoff, S., & Nowak, M. A. 2004, ApJ, 609, 972
Markoff, S., Nowak, M. A., & Wilms, J. 2005, ApJ, 635, 1203
Marscher, A. P., Jorstad, S. G., D?Arcangelo, F. D., et al. 2008, Natur, 452, 966
Mastroserio, G., Ingram, A., & van der Klis, M. 2018, MNRAS, 475, 4027
Mastroserio, G., Ingram, A., & van der Klis, M. 2019, MNRAS, 488, 348
Mastroserio, G., Ingram, A., & van Der Klis, M. 2020, MNRAS, 498, 4971
Matsuoka, M., Kawasaki, K., Ueno, S., et al. 2009, PASJ, 61, 999
Merloni, A., Heinz, S., & Di Matteo, T. 2003, MNRAS, 345, 1057
Muñoz-Darias, T., Jiménez-Ibarra, F., Panizo-Espinar, G., et al. 2019, ApJL,

879, L4
Narayan, R., & McClintock, J. E. 2008, NewAR, 51, 733
Nowak, M. A., Vaughan, B. A., Wilms, J., Dove, J. B., & Begelman, M. C.

1999, ApJ, 510, 874
Olive, J., Barret, D., Boirin, L., et al. 1998, A&A, 333, 942
Paice, J., Gandhi, P., Shahbaz, T., et al. 2019, MNRAS: Letters, 490, L62

Papadakis, I., Nandra, K., & Kazanas, D. 2001, ApJL, 554, L133
Plotkin, R. M., Markoff, S., Kelly, B. C., Körding, E., & Anderson, S. F. 2012,

MNRAS, 419, 267
Pottschmidt, K., Wilms, J., Nowak, M., et al. 2000, A&A, 357, L17
Remillard, R. A., & McClintock, J. E. 2006, ARA&A, 44, 49
Reynolds, C. S. 2020, arXiv:2011.08948
Russell, D., Fender, R., Hynes, R., et al. 2006, MNRAS, 371, 1334
Russell, T., Lucchini, M., Tetarenko, A., et al. 2020, MNRAS, 498, 5772
Russell, T., Tetarenko, A., Miller-Jones, J., et al. 2019, ApJ, 883, 198
Sánchez-Sierras, J., & Muñoz-Darias, T. 2020, A&A, 640, L3
Shakura, N. I., & Sunyaev, R. A. 1973, A&A, 24, 337
Shappee, B. J., Prieto, J., Grupe, D., et al. 2014, ApJ, 788, 48
Shidatsu, M., Nakahira, S., Murata, K. L., et al. 2019, ApJ, 874, 183
Sridhar, N., García, J. A., Steiner, J. F., et al. 2020, ApJ, 890, 53
Steiner, J. F., García, J. A., Eikmann, W., et al. 2017, ApJ, 836, 119
Stella, L., & Vietri, M. 1997, ApJL, 492, L59
Torres, M., Casares, J., Jiménez-Ibarra, F., et al. 2019, ApJL, 882, L21
Torres, M., Casares, J., Jiménez-Ibarra, F., et al. 2020, ApJL, 893, L37
Tucker, M., Shappee, B., Holoien, T.-S., et al. 2018, ApJL, 867, L9
Uttley, P., Cackett, E., Fabian, A., Kara, E., & Wilkins, D. 2014, A&ARv,

22, 72
Van den Eijnden, J., Ingram, A., Uttley, P., et al. 2017, MNRAS, 464, 2643
Van der Klis, M., Hasinger, G., Stella, L., et al. 1987, ApJL, 319, L13
Veledina, A., Berdyugin, A. V., Kosenkov, I. A., et al. 2019, A&A, 623, A75
Verner, D., Ferland, G., Korista, K., & Yakovlev, D. 1996, ApJ, 465, 487
Wang, J., Kara, E., Steiner, J. F., et al. 2020a, ApJ, 899, 44
Wang, Y., Ji, L., Zhang, S., et al. 2020b, ApJ, 896, 33
Wang-Ji, J., García, J. A., Steiner, J. F., et al. 2018, ApJ, 855, 61
Wilkins, D., & Fabian, A. 2012, MNRAS, 424, 1284
Wilkins, D., & Gallo, L. C. 2015, MNRAS, 449, 129
Wilkins, D., García, J., Dauser, T., & Fabian, A. 2020, MNRAS, 498, 3302
Wilms, J., Allen, A., & McCray, R. 2000, ApJ, 542, 914
You, B., Tuo, Y., Li, C., et al. 2021, NatCo, 12, 1025
Zdziarski, A. A., Dziełak, M. A., De Marco, B., Szanecki, M., &

Niedźwiecki, A. 2021, ApJL, 909, L9
Zdziarski, A. A., Johnson, W. N., & Magdziarz, P. 1996, MNRAS, 283, 193
Zhang, L., Méndez, M., Altamirano, D., et al. 2020, MNRAS, 494, 1375
Zhao, X., Gou, L., Dong, Y., et al. 2020, arXiv:2012.05544
Zwart, J., Barker, R., Biddulph, P., et al. 2008, MNRAS, 391, 1545

14

The Astrophysical Journal Letters, 910:L3 (14pp), 2021 March 20 Wang et al.

https://doi.org/10.1117/12.2231304
https://ui.adsabs.harvard.edu/abs/2016SPIE.9905E..1HG/abstract
https://ui.adsabs.harvard.edu/abs/2016SPIE.9905E..1HG/abstract
https://doi.org/10.1051/0004-6361/201321128
https://ui.adsabs.harvard.edu/abs/2013A&A...554A..88G/abstract
http://arxiv.org/abs/2012.12067
https://doi.org/10.1086/187520
https://ui.adsabs.harvard.edu/abs/1994ApJ...432L..95H/abstract
https://ui.adsabs.harvard.edu/abs/1998A&A...337..460H/abstract
https://ui.adsabs.harvard.edu/abs/1998A&A...337..460H/abstract
https://doi.org/10.1093/mnras/sty074
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.5677H/abstract
https://doi.org/10.3847/2041-8213/ab7932
https://ui.adsabs.harvard.edu/abs/2020ApJ...891L..29H/abstract
https://doi.org/10.1086/428722
https://ui.adsabs.harvard.edu/abs/2005ApJ...624..295H/abstract
https://doi.org/10.1093/mnras/stz1720
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488..324I/abstract
https://doi.org/10.1093/mnras/stw1245
https://ui.adsabs.harvard.edu/abs/2016MNRAS.461.1967I/abstract
https://doi.org/10.1016/j.newar.2020.101524
https://ui.adsabs.harvard.edu/abs/2019NewAR..8501524I/abstract
https://doi.org/10.1093/mnras/stz095
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484.1972J/abstract
https://doi.org/10.1093/mnrasl/slz089
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488L..18K/abstract
https://doi.org/10.1051/0004-6361:20041864
https://ui.adsabs.harvard.edu/abs/2005A&A...440..775K/abstract
https://doi.org/10.1093/mnras/stw1695
https://ui.adsabs.harvard.edu/abs/2016MNRAS.462..511K/abstract
https://doi.org/10.1038/s41586-018-0803-x
https://ui.adsabs.harvard.edu/abs/2019Natur.565..198K/abstract
https://ui.adsabs.harvard.edu/abs/2018ATel11399....1K/abstract
https://doi.org/10.3847/1538-4357/835/2/226
https://ui.adsabs.harvard.edu/abs/2017ApJ...835..226K/abstract
https://doi.org/10.1038/nphys3724
https://ui.adsabs.harvard.edu/abs/2016NatPh..12..772K/abstract
https://doi.org/10.1088/0004-637X/772/2/83
https://ui.adsabs.harvard.edu/abs/2013ApJ...772...83L/abstract
https://doi.org/10.1093/mnras/staa3957
https://ui.adsabs.harvard.edu/abs/2021MNRAS.501.5910L/abstract
https://doi.org/10.1051/0004-6361:20010420
https://ui.adsabs.harvard.edu/abs/2001A&A...372L..25M/abstract
https://doi.org/10.1086/421099
https://ui.adsabs.harvard.edu/abs/2004ApJ...609..972M/abstract
https://doi.org/10.1086/497628
https://ui.adsabs.harvard.edu/abs/2005ApJ...635.1203M/abstract
https://doi.org/10.1038/nature06895
https://ui.adsabs.harvard.edu/abs/2008Natur.452..966M/abstract
https://doi.org/10.1093/mnras/sty075
https://ui.adsabs.harvard.edu/abs/2018MNRAS.475.4027M/abstract
https://doi.org/10.1093/mnras/stz1727
https://ui.adsabs.harvard.edu/abs/2019MNRAS.488..348M/abstract
https://doi.org/10.1093/mnras/staa2735
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498.4971M/abstract
https://doi.org/10.1093/pasj/61.5.999
https://ui.adsabs.harvard.edu/abs/2009PASJ...61..999M/abstract
https://doi.org/10.1046/j.1365-2966.2003.07017.x
https://ui.adsabs.harvard.edu/abs/2003MNRAS.345.1057M/abstract
https://doi.org/10.3847/2041-8213/ab2768
https://ui.adsabs.harvard.edu/abs/2019ApJ...879L...4M/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...879L...4M/abstract
https://doi.org/10.1016/j.newar.2008.03.002
https://ui.adsabs.harvard.edu/abs/2008NewAR..51..733N/abstract
https://doi.org/10.1086/306610
https://ui.adsabs.harvard.edu/abs/1999ApJ...510..874N/abstract
https://ui.adsabs.harvard.edu/abs/1998A&A...333..942O/abstract
https://doi.org/10.1093/mnrasl/slz148
https://ui.adsabs.harvard.edu/abs/2019MNRAS.490L..62P/abstract
https://doi.org/10.1086/321722
https://ui.adsabs.harvard.edu/abs/2001ApJ...554L.133P/abstract
https://doi.org/10.1111/j.1365-2966.2011.19689.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.419..267P/abstract
https://ui.adsabs.harvard.edu/abs/2000A&A...357L..17P/abstract
https://doi.org/10.1146/annurev.astro.44.051905.092532
https://ui.adsabs.harvard.edu/abs/2006ARA&A..44...49R/abstract
http://arxiv.org/abs/2011.08948
https://doi.org/10.1111/j.1365-2966.2006.10756.x
https://ui.adsabs.harvard.edu/abs/2006MNRAS.371.1334R/abstract
https://doi.org/10.1093/mnras/staa2650
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498.5772R/abstract
https://doi.org/10.3847/1538-4357/ab3d36
https://ui.adsabs.harvard.edu/abs/2019ApJ...883..198R/abstract
https://doi.org/10.1051/0004-6361/202038406
https://ui.adsabs.harvard.edu/abs/2020A&A...640L...3S/abstract
https://ui.adsabs.harvard.edu/abs/1973A&A....24..337S/abstract
https://doi.org/10.1088/0004-637X/788/1/48
https://ui.adsabs.harvard.edu/abs/2014ApJ...788...48S/abstract
https://doi.org/10.3847/1538-4357/ab09ff
https://ui.adsabs.harvard.edu/abs/2019ApJ...874..183S/abstract
https://doi.org/10.3847/1538-4357/ab64f5
https://ui.adsabs.harvard.edu/abs/2020ApJ...890...53S/abstract
https://doi.org/10.3847/1538-4357/836/1/119
https://ui.adsabs.harvard.edu/abs/2017ApJ...836..119S/abstract
https://doi.org/10.1086/311075
https://ui.adsabs.harvard.edu/abs/1998ApJ...492L..59S/abstract
https://doi.org/10.3847/2041-8213/ab39df
https://ui.adsabs.harvard.edu/abs/2019ApJ...882L..21T/abstract
https://doi.org/10.3847/2041-8213/ab863a
https://ui.adsabs.harvard.edu/abs/2020ApJ...893L..37T/abstract
https://doi.org/10.3847/2041-8213/aae88a
https://ui.adsabs.harvard.edu/abs/2018ApJ...867L...9T/abstract
https://doi.org/10.1007/s00159-014-0072-0
https://ui.adsabs.harvard.edu/abs/2014A&ARv..22...72U/abstract
https://ui.adsabs.harvard.edu/abs/2014A&ARv..22...72U/abstract
https://doi.org/10.1093/mnras/stw2634
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464.2643V/abstract
https://doi.org/10.1086/184946
https://ui.adsabs.harvard.edu/abs/1987ApJ...319L..13V/abstract
https://doi.org/10.1051/0004-6361/201834140
https://ui.adsabs.harvard.edu/abs/2019A&A...623A..75V/abstract
https://doi.org/10.1086/177435
https://ui.adsabs.harvard.edu/abs/1996ApJ...465..487V/abstract
https://doi.org/10.3847/1538-4357/ab9ec3
https://ui.adsabs.harvard.edu/abs/2020ApJ...899...44W/abstract
https://doi.org/10.3847/1538-4357/ab8db4
https://ui.adsabs.harvard.edu/abs/2020ApJ...896...33W/abstract
https://doi.org/10.3847/1538-4357/aaa974
https://ui.adsabs.harvard.edu/abs/2018ApJ...855...61W/abstract
https://doi.org/10.1111/j.1365-2966.2012.21308.x
https://ui.adsabs.harvard.edu/abs/2012MNRAS.424.1284W/abstract
https://doi.org/10.1093/mnras/stv162
https://ui.adsabs.harvard.edu/abs/2015MNRAS.449..129W/abstract
https://doi.org/10.1093/mnras/staa2566
https://ui.adsabs.harvard.edu/abs/2020MNRAS.498.3302W/abstract
https://doi.org/10.1086/317016
https://ui.adsabs.harvard.edu/abs/2000ApJ...542..914W/abstract
https://doi.org/10.1038/s41467-021-21169-5
https://ui.adsabs.harvard.edu/abs/2021NatCo..12.1025Y/abstract
https://doi.org/10.3847/2041-8213/abe7ef
https://ui.adsabs.harvard.edu/abs/2021ApJ...909L...9Z/abstract
https://doi.org/10.1093/mnras/283.1.193
https://ui.adsabs.harvard.edu/abs/1996MNRAS.283..193Z/abstract
https://doi.org/10.1093/mnras/staa797
https://ui.adsabs.harvard.edu/abs/2020MNRAS.494.1375Z/abstract
http://arxiv.org/abs/2012.05544
https://doi.org/10.1111/j.1365-2966.2008.13953.x
https://ui.adsabs.harvard.edu/abs/2008MNRAS.391.1545Z/abstract

	1. Introduction
	2. Observations and Data Reduction
	3. Results
	3.1. A Phenomenological First Look
	3.2. Time-averaged Flux Spectral Fitting
	3.3. Fitting the Lag-energy Spectra with the Reverberation Model
	3.4. Comparison Between Time-lags and Flux Spectra, and Lessons Learned

	4. Discussion
	5. Summary
	Appendix ALag-frequency Spectra of Individual Epochs
	Appendix BPhenomenological Models
	Appendix CLags at QPO Frequencies and the Choice of Frequency Ranges in Time-lag Fits
	References

