onthly Notices

MNRAS 507, 2744-2754 (2021)
Advance Access publication 2021 August 4

https://doi.org/10.1093/mnras/stab2191

Accretion geometry of the black hole binary MAXI J18204070 probed by
frequency-resolved spectroscopy

1,2% 345

Magnus Axelsson and Alexandra Veledina

' Department of Physics, Oskar Klein Center for CosmoParticle Physics, Stockholm University, SE-10691 Stockholm, Sweden
2Department of Astronony, Stockholm University, SE-10691 Stockholm, Sweden

3 Department of Physics and Astronomy, FI-20014 University of Turku, Finland

*Nordita, KTH Royal Institute of Technology and Stockholm University, Roslagstullsbacken 23, SE-10691 Stockholm, Sweden
S5Space Research Institute of the Russian Academy of Sciences, Profsoyuznaya Str 84/32, 117997 Moscow, Russia

Accepted 2021 July 26. Received 2021 July 15; in original form 2021 March 12

ABSTRACT

The geometry of the inner accretion flow in the hard and hard-intermediate states of X-ray binaries remains controversial. Using
Neutron star Interior Composition Explorer observations of the black hole X-ray binary MAXI J1820+070 during the rising
phase of its 2018 outburst, we study the evolution of the timing properties, in particular the characteristic variability frequencies
of the prominent iron K « line. Using frequency-resolved spectroscopy, which is robust against uncertainties in the line profile
modelling, we find that reflection occurs at large distances from the Comptonizing region in the bright hard state. During the hard-
to-soft transition, the variability properties suggest that the reflector moves closer to the X-ray source. In parallel, the peak of the
iron line shifts from 6.5 to ~7 keV, becoming consistent with that expected of from a highly inclined disc extending close to the
black hole. We additionally find significant changes in the dependence of the root-mean-square (rms) variability on both energy
and Fourier frequency as the source softens. The evolution of the rms-energy dependence, the line profile, and the timing properties
of the iron line as traced by the frequency-resolved spectroscopy all support the picture of a truncated disc/inner flow geometry.

Key words: accretion, accretion discs —stars: black holes — X-rays: binaries — X-rays: individual: MAXI J1820+070.

1 INTRODUCTION

Black hole X-ray binaries (BH XRBs) display a large range of
spectral states, linked to a striking variety in variability properties.
Spectral changes are coupled to changes in the geometry of the inner
accretion flow, driven by a varying accretion rate. Most sources
are transient, and during an outburst progress through a sequence
of spectral-timing states on a time-scale of weeks to months (e.g.
Zdziarski & Gierlifiski 2004). The states can be broadly classified as
‘hard’ or ‘soft’ based on the spectral hardness, with more detailed
state definitions being made based on parameters such as spectral
shape, broad-band variability, and the presence or absence of quasi-
periodic oscillations (QPOs) and jets (e.g. Remillard & McClintock
2006; Belloni & Motta 2016). Variations of the physical parameters
and geometry of these components can explain the large differences
between the spectral states. Spectral studies clearly indicate the
presence of a cool, geometrically thin, and optically thick accretion
disc (Shakura & Sunyaev 1973) in the soft state; in the low/hard state,
a region of hot plasma where soft photons are Comptonized into a
hard spectrum has been identified (see e.g. Zdziarski & Gierliriski
2004; Remillard & McClintock 2006; Done, Gierlinski & Kubota
2007, for reviews). However, there is currently no consensus on the
location of this region.
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Hard X-rays emitted by the hot flow may be intercepted by the
accretion disc, giving rise to Compton reflection. This reprocessing
leads to characteristic features in the spectrum, with one of the most
prominent being the Fe Ko line at 6.4keV (Basko, Sunyaev &
Titarchuk 1974; Fabian et al. 1989; George & Fabian 1991). The
iron line complex is often used as a probe of the inner accretion disc;
for example, relativistic broadening of the iron line can be used to
estimate the inner disc radius, and by extension the spin parameter
of the BH (e.g. Brenneman & Reynolds 2006; Miller et al. 2006;
Bambi et al. 2020).

Many studies suggest that the cool accretion disc extends down to
a few Schwarzschild radii (Rs = 2GMgy/c?, where G is gravitational
constant, Mgy is the BH mass, and c is the speed of light), i.e. at the
innermost stable circular orbit (ISCO; e.g. Tomsick et al. 2008; Reis,
Fabian & Miller 2010; Garcia et al. 2015) in the hard state, while
a large number of other works find that in this state the accretion
disc is truncated at a larger radius, tens of Schwarzschild radii (e.g.
Gierlinski & Done 2004; De Marco et al. 2015b; De Marco & Ponti
2016; Mahmoud, Done & De Marco 2019). The main techniques
used to infer the inner radius of the disc include spectral fitting of the
line shape (sensitive to the truncation radius; for a review see Bambi
et al. 2020), assessment of the temperature—luminosity relation of
the soft component (assumed to be coming from either a standard
or an irradiated accretion disc, see review in Done et al. 2007), and
timing properties of the iron line and the thermal soft emission (the
so-called thermal reverberation; see Uttley et al. 2014, for a review
of this method).
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All these methods have their shortcomings and in many cases the
inner radii inferred by different methods do not match even for the
same data set (e.g. Kolehmainen, Done & Diaz Trigo 2014; Garcia
et al. 2015). Emission at soft energies is affected by the Galactic
absorption, making the determination of the exact spectral shape
difficult and potentially leading to inaccurate estimates of luminosity
and temperature of the disc. Interpretation of timing results depends
on the pre-assumed contribution of different spectral components,
so that the lags of soft energies with respect to the harder ones are
typically ascribed to thermal reverberation. In addition, studies are
also often limited by either low photon statistics or instrumental
imperfections (such as pile-up effects, see discussion in Done &
Diaz Trigo 2010).

Fourier frequency-resolved spectroscopy serves as an independent
diagnostic to probe the geometry of the BH vicinity. The technique
has previously been applied to accreting neutron stars, where it helped
discriminating between the disc and the boundary layer spectra
(Gilfanov, Revnivtsev & Molkov 2003; Revnivtsev & Gilfanov
2006). Applications to BHs included extraction of broad-band spectra
at various ranges of aperiodic variability frequencies (Revnivtsev,
Gilfanov & Churazov 1999, 2001; Gierlinski & Zdziarski 2005;
Uttley et al. 2011; Cassatella, Uttley & Maccarone 2012; Ax-
elsson, Hjalmarsdotter & Done 2013; Axelsson & Done 2018),
or at harmonics of the QPOs (Axelsson, Done & Hjalmarsdotter
2014; Axelsson & Done 2016). An important assumption is the
high coherence of variability in different energy channels, as, for
instance, interplay between two components varying out of phase
may lead to interference patterns in power spectra and mimic the
reduction/enhancement of variability at certain frequencies (Veledina
2016, 2018).

High coherence is expected to be achieved in energy ranges
with spectral features, such as the iron line complex. Early studies
(Revnivtsev et al. 1999; Gilfanov, Churazov & Revnivtsev 2000;
Revnivtsev et al. 2001) showed that the dependence of the iron line
equivalent width (EW) on the Fourier frequency can be used to infer
the disc transfer function. A benefit of this method is that it only
depends on the total line flux, and therefore does not require detailed
modelling of the line profile. These studies found a clear drop of EW
at higher frequencies, which could be explained either by the finite
size of the reflector or that the emission from the innermost regions,
where rapid variability is assumed to originate, does not strike the
disc. Both cases require the accretion disc to be truncated at some
distance from the BH. Albeit being robust, the technique can only
be applied to bright targets, such as Cygnus X-1 and GX 3394, and
using an instrument free of pile-up effects. Both conditions have been
satisfied for the exceptionally bright BH XRB MAXI J1820+4-070 as
viewed by the Neutron star Interior Composition Explorer (N/CER)
instrument (Gendreau et al. 2016) mounted on the International Space
Station.

The BH XRB MAXI J18204-070 was detected in X-rays starting
in 2018 March (Kawamuro et al. 2018). It rapidly brightened,
reaching a peak flux of about 4 Crab (Shidatsu et al. 2019), and
proceeded to undergo a complete outburst cycle before again nearly
reaching quiescence in 2019 February (Russell, Baglio & Lewis
2019). The high brightness of the source combined with the low
column density (N ~ 10> em™2; Uttley et al. 2018), have led
to monitoring campaigns by many instruments, including NICER,
allowing detailed studies of the evolution during the outburst.

In this paper, we analyse observations taken by NICER during the
rising phase of the outburst. In contrast to previous studies, we track
the changes of spectra and timing properties throughout the whole
transition to the soft state. We study the evolution of the temporal
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Table 1. Summary of NICER observations analysed in this work.

Epoch NICER ObsID Obs date Exposure (ks)
1 1200120103 2018-03-14 9.5
2 1200120106 2018-03-21 5.4
3 1200120130 2018-04-16 10.6
4 1200120194 2018-07-03 5.0
5 1200120196 2018-07-05 3.6
6 1200120210 2018-07-18 1.9

properties as a function of energy and frequency, iron line shape,
and dependence of its EW on frequency — all being tracers of the
inner accretion geometry. We discuss the results in the context of
two alternative geometries: truncated disc-inner flow and lamp-post
corona with non-truncated disc.

2 DATA

The NICER data have been reduced using the NICERDAS tools
included in the HEASOFT software package version 6.28. We applied
standard screening criteria and the instrument background for each
observation was estimated using nibackgen3C50 tool (Remillard
et al., in preparation) supplied by the NICER Guest Observer
Facility.! Response files were retrieved from the HEASARC Cal-
ibration Database system, version 20200727. The NICER response
has undergone a series of improvements since launch, leading to
noticeable changes when comparing spectra for different responses.

In order to determine the position of each observation in the
hardness—intensity diagram, a hardness ratio was determined as the
ratio of count rates in the 5-7 and 2—4 keV bands. Observations were
then chosen to span the rising phase of the outburst. Table 1 shows a
summary of the observations.

To study the variability, power spectra were calculated from the
light curves using the HEASOFT tool powspec. The normalization
was chosen so that the integral of the power spectrum gives the
fractional root-mean-square variability (fractional rms; Miyamoto
et al. 1991). At high count rates, telemetry saturation may cause
fragmentation of the data. In order to avoid contamination of the
power spectra, we have screened the good time intervals for each
event file so that only complete light-curve segments are used in
calculating the power spectrum.

3 ANALYSIS AND RESULTS

A hardness—intensity diagram of all NICER observations of MAXI
J1820+4-070 is shown in Fig. 1(a). The data sets considered in this
work are indicated by the coloured circles. We note that the analysed
observations were chosen to span a large range of hardness and cover
the complete evolution of the source from hard to soft state. The first
observation (Epoch 1) is one of the first NICER observations during
the outburst, when the source was in the low/hard state. At the other
end is the last observation (Epoch 6), when the source has completed
the transition to the soft state.

Fig. 1(b) shows the spectra of the observations all deconvolved
against a power law with photon index I' = 2. The figure clearly
shows the change in overall flux as well as the spectral shape. As
seen in Fig. 1(b), in the early stages of the outburst the spectrum is
dominated by a power-law component over the entire energy range,
generally interpreted as a Comptonization continuum (Zdziarski &

Thttps://hera.gsfc.nasa.gov/docs/nicer/analysis_threads/background/
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Figure 1. Left-hand panel: hardness—intensity diagram showing the location of the observations analysed in this paper. Numbers correspond to the Epochs in
Table 1. Right-hand panel: comparison of spectra for all Epochs: 1 (red), 2 (green), 3 (cyan), 4 (blue), 5 (magenta), and 6 (grey). All are deconvolved against a

power law with photon index I' = 2.

Gierlinski 2004). As the outburst evolves, with flux increasing and
hardness decreasing, a second component starts to appear at lower
energies. This component is likely connected to thermal emission
from the accretion disc (Shakura & Sunyaev 1973). As the source
moves into a softer state, both the strength and temperature of this
component increase, and in the softest observation (Epoch 6) it
dominates the spectrum. In order to probe the connection between the
spectral evolution and the accretion geometry, we also consider the
temporal evolution and employ the frequency-resolved spectroscopy
technique. We start by summarizing the spectra, power spectra, and
rms-energy evolution for Epochs 1-5 in Fig. 2 (Epoch 6 is not
included in detailed timing analysis because of the low level of
variability, as expected for the disc-dominated state).

3.1 Power spectra and rms-energy dependence

We compute the power spectra in two energy bands, 0.5-2 and 5-
10 keV. These are shown in column (B) of Fig. 2. These power spectra
clearly show an evolution of the temporal behaviour. As the source
softens, there is an overall shift of power towards higher frequencies
and an appearance of the QPOs, both of which are common features
in X-ray transients (Remillard & McClintock 2006). Comparing the
two energy bands allows us to find also other trends.

In Epochs 2-4, the power spectra in the two energy bands are
quite similar, but the lower energy band is suppressed at higher
frequencies. The relative suppression of variability in the 0.5—
2keV band increases as the spectrum becomes softer. In the final
observation (Epoch 5; BS) nearly all variability lies in the 5-10keV
band, and the lower energy power is suppressed. An interesting
behaviour is detected in Epoch 1 (panel B1), where the variability
at lower energies dominated over the variability at higher energies
for frequencies up to 2 Hz (an indication of power excess for
lower energies might also be seen in panel B4, below 0.05 Hz).
Similar behaviour, with lower energies having higher power at lower
frequencies, has been reported for Cyg X-1 (Rapisarda, Ingram &
van der Klis 2017).

To further study the variability, we compute the rms in three
frequency ranges: 0.01—-0.2, 0.5—1, and 5-10 Hz. The right column
(C) in Fig. 2 shows the rms in these ranges as a function of energy.
Throughout the data sets, the highest frequency range rms (the black
points) is an increasing function of energy, with fractional rms of
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~10 per cent above 5keV. On the other hand, the lowest frequency
range rms (the orange points) declines from a fractional rms of
>30 per cent in Epoch 1 (Cl) to < 5 per cent in Epoch 5 (CS).
Column C also allows us to see how the suppression of variability
at low energies first appears in the lowest frequencies (the orange
points; panels C1-C5), then later in the outburst also affecting the
middle frequency range (the brown points; panels C4 and C5). Panels
B5 and C5 together show that in this state variability is suppressed
at frequencies below 0.05 Hz or energies below 1keV.

The evolution of rms-energy dependence during the outburst can
be seen in Fig. 3(a), where the rms in the 0.01-10 Hz range as
a function of energy is shown for all the analysed observations
(also including Epoch 6 where the overall rms is very low). The
rms decreases as the source evolves to softer states, which is a
general trend for XRBs and has been reported in several previous
studies (e.g. Churazov, Gilfanov & Revnivtsev 2001; Grinberg et al.
2014). Comparing with Fig. 2, it becomes clear that the changes
are primarily tied to the lower frequencies. We also find a change
in energy dependence: initially the rms increases towards lower
energies, but at later stages in the outburst it is instead suppressed
(similar to previous findings, e.g. Gierlifiski & Zdziarski 2005; Uttley
etal. 2011; Cassatella et al. 2012; De Marco et al. 2015a). Although
it does not reach statistical significance, there is a weak indication of
the rms being systematically lower around the energy of the iron line.

The rms in the soft state observation (Epoch 6) is below 5 per cent
up to ~5 keV, as commonly reported for the disc-dominated state in
XRBs (van der Klis 2006). At higher energies there is a tendency for
the variability to increase; however, we caution that the count rate is
low and the uncertainties are large.

3.2 Iron line shape

An apparent feature in all spectra in Fig. 1(b) is the iron line around
6.4 keV, arising as hard emission is reprocessed in the accretion disc
(Basko et al. 1974; George & Fabian 1991). It is most prominent
in the spectra of the initial stages of the outburst, but appears to be
present also at later stages. As the source transits to softer states, the
shape of the line is expected to change in response to many factors:
changing ionization of the cool disc material, inner disc radius as
well as the shape (power-law slope) of the incident X-ray continuum
may all affect the width of the line and its peak energy.
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Figure 2. Comparison of 3-9 keV spectra (column A), power spectra (0.5-2 and 5-10 keV; column B) and rms versus energy in three different frequency bands
(column C), for Epoch 1-5.
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Figure 3. Upper panel: Evolution of rms versus energy for all Epochs. From
top to bottom: Epoch 1 (red), 2 (green), 3 (cyan), 4 (blue), 5 (magenta), and
6 (grey). Lower panel: Evolution of the iron line shape throughout the state
transition. Residuals compared to a power-law fit in the 4-10keV band for
Epochs 1 (red), 2 (green), 3 (cyan), 4 (blue), and 5 (magenta).

Excess emission (to the Comptonization continuum) between 5
and 7keV originates from the K« lines of iron at different levels
of ionization, as well as from the photoionization edges. We assume
that the line emission completely outshines the possible contribution
from the edges. We fit a power law to each spectrum, which represents
the underlying continuum, ignoring the 5.5-7.5 keV range. The ratio
of the data to this model gives the excess emission, which can be
attributed to the fluorescent line. While it is clear that the spectrum
has some curvature even in this narrow range, the approach allows
us to at least qualitatively study the iron line. The results are shown
in the left column (A) of Fig. 2.

The figures clearly show changes in strength and shape of the
iron line region as the spectral state of the source changes. In the
first observation (Epoch 1; panel A1), the line is not so strong and
the peak is less than 10 per cent above the power-law model. In the
following observations, the line grows stronger and also appears to
broaden towards higher energies. In the last observation (Epoch 5;
panel AS5) the line complex appears to extend above 9 keV. However,
we believe this is more likely to be due to the power law being a poor
representation of the underlying continuum — as can be seen from
the overall spectrum there is significant curvature likely caused by
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the disc component becoming stronger and influencing the spectrum
above 3 keV.

To better see the evolution of the line, we perform a power-law fit
to the 4-10 keV range without exclusions, and show the residuals for
Epochs 1-5 in Fig. 3(b). In the first three epochs, the main changes
to the line are in the core and blue wing. As the source reaches softer
states (Epochs 4 and 5), there is a clear change to the centroid of
the line, which is found to shift to higher energies. As the high-
energy emission (>7 keV) substantially decreases between Epoch 2
and 5 (the observed 7-10keV flux is ~40 per cent lower in Epoch 5
compared to Epoch 1), the increase in line centroid is unlikely to be
caused by an increase in disc ionization.

As the iron line arises through reprocessing in the accretion disc,
it is a good tracer of the disc transfer function. In particular, the
variability associated with the iron line can be used to track the
evolution of the inner disc radius, as shown in Revnivtsev et al.
(1999), Gilfanov et al. (2000), and Revnivtsev et al. (2001). We
repeat their approach here for the sake of completeness. The time
dependence of flux of the reflected emission Fi.q(E, t; where E is
the photon energy) can be expressed through the convolution of the
incident X-ray flux Fi,.(E, r) with the disc transfer function 7(z):

Frea(E, 1) = /Oo Fine(E, t — )T (#")dt'. ey
0

Following the convolution theorem, the Fourier image of reflected
emission, Frq(E, f), is the pointwise product of the Fourier images
of the incident emission, Fi,.(E, f), and the transfer function, 7'( f):

Fen(E, ) = Fnc(E, T (). 2)

Using the total frequency-resolved spectra F(E, f) =
Fron(E, H+ Fino(E, f), we compute the (frequency dependent)
EW as

Fol(E, ) |Fen(E, )l »
- l — ———— = o = s
EWLD ZE: Ene(E, f) | Finc(E, ) L)

where the summation is over the energy bins. Hence, the EW of the
iron line can be used as a direct probe of the disc transfer function.

In our analysis, we follow the same procedure as described in
Revnivtsev et al. (1999). Light curves are extracted from 3 to
9.6keV in bins of width AE = 0.3keV. Above 7.2keV the count
rate becomes quite low, forcing us to use bins of 0.6 keV. The final
bin is extends from 8.4 t0 9.6 keV. A power spectrum is calculated for
each energy range, and integrated to determine the contribution from
each frequency range chosen: 0.01 — 0.02, 0.02 — 0.04, 0.04 — 0.08,
0.08-0.2,02-04,04-0.8,08—-1.6,1.6—-32,32—-6,6-9,
and 9-12 Hz. We also evaluated the coherence (using 2-10keV as
the reference band), and confirmed that it is high (>95 per cent) in
the energy and frequency ranges used. This allows us to create a
spectrum corresponding to each frequency range for Epoch 1-3. In
the later epochs, the combination of weaker variability and lower
count rates at higher energies mean that we are unable to trace the
iron line even with a bin width of 0.3 keV. Fig. 4 shows examples of
the frequency-resolved spectra obtained.

Each spectrum was fit using x 2 statistics with a model (the solid
lines in Fig. 4) comprising a power law for the incident continuum
and a Gaussian component for the line.

In the frequency-resolved spectra, the EW probes the contribution
of the line to the total flux at each frequency, and hence is not
sensitive to the detailed modelling of the line shape. As can be seen
in the figure, this simple model is an adequate description of the line
with 0.3 keV binning. The width of the Gaussian was allowed to vary
between 0.1 and 1keV. The best-fitting index of the power law was
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Figure 4. Examples of the frequency-resolved spectra from which the EW
of the line is derived. The solid lines indicate the model comprising a power
law and Gaussian line. The upper panel (a) shows three spectra from Epoch
1, the middle panel (b) three spectra from Epoch 2, and the bottom panel
(c) three spectra from Epoch 3. The frequency ranges corresponding to each
spectrum are marked in the figure. In each panel, the spectra have been shifted
vertically for clarity.

close to that of the time-averaged spectra, but for Epoch 1 the index
in the frequency-resolved fits was somewhat (a shift of ~0.1) softer.
The EW of the iron line was then calculated and the uncertainty was
derived from the fit parameters of the Gaussian component.

Reprocessing of the X-rays may also take place in the cool outflow-
ing material — the disc wind, which spectroscopic and polarization
signatures have been detected during the hard state (Mufioz-Darias
et al. 2019; Kosenkov et al. 2020). This additional component
may affect the flux at the core of the line and its variability. We
therefore also tried to model the line using two Gaussian components,
one broad and one narrow. However, the data do not allow both
components to be constrained. With the bin width required to provide
an adequate signal-to-noise ratio, a single Gaussian is able to provide
a good fit to the line, and this simple model is thereby sufficient for
our analysis.
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3.3 Variability of the iron line

Fig. 5 shows the resulting evolution of the EW as a function of
frequency throughout Epochs 1-3. Although the uncertainties are
large, we can see significant changes between the observations. In
Epoch 1 (left-hand panel), early in the outburst, the iron line cannot
be detected at all above 0.1 Hz, and we can only determine the upper
limits. The EW of the line at lower frequencies is below 100 eV. In
Epoch 2 (middle panel), the line can be detected at frequencies up to
~5Hz. The EW is also greater, reaching up to 300 eV. In Epoch 3
(right-hand panel), there is no detectable cut off, although the data do
not allow us to go higher than 8 Hz as the count rate becomes too low
(~10cts s~!) in the highest energy bins. The values of the EW here
are again around 150 eV. The absolute values of EW of the iron line
in MAXI J18204-070 are thus similar to those seen in the hard state
of both Cygnus X-1 and GX 3394 (Revnivtsev et al. 1999, 2001).

In order to investigate whether the choice of a Gaussian function
introduces a systematic bias to the EW, we also test a more model-
independent approach. We again fit the continuum with a power-law
component, and extract the excess flux in the 5.5-7.5 keV range. Even
for maximal spin the peak of iron line emission is in the 67 keV
range for regions of the disc beyond two gravitational radii, hence
this range ensures that we capture contributions also from small radii.
The results are compared in Fig. 6. Although the normalization is
systematically shifted, the shape and cut-off frequency are largely
the same in both data sets, signifying that our use of the Gaussian
model for the line captures the trend in the EW.

Another potential source of uncertainty is our use of a power
law to model the continuum. As noted above, the later epochs
shows signs of a different underlying spectral shape. However, the
frequency-dependent EW probes the variability of the line. While an
incorrect assumption for the continuum will give a systematic over-
or underestimation of the line flux, this will only lead to a shift in
normalization and will not introduce any frequency dependence.

The constancy of the EW at low frequencies suggests that the
variations of the incident and reflected continuum have the same
frequency dependence, while the suppression at high frequencies
suggests that the amplitude of variations of the reflected emission
becomes progressively smaller as compared to the variations of the
incident X-ray continuum (note that there is no suppression of the
incident continuum variability, as seen in panels B of Fig. 2). We note
that there is a dip in the EW around 0.1 Hz, matching the frequency of
the QPO seen in the power spectrum (although the large uncertainties
point to a low significance for this feature).

The suppression of the EW at higher frequencies indicate that the
characteristic size of the region where the line forms becomes smaller
as the source moves to softer spectral states during the outburst.
The highest frequency of the ‘plateau’ changes from <0.015Hz in
Epoch 1 to 24 Hz in Epoch 3, indicating that the size scale of the
reflector changes by a factor of 250.

4 DISCUSSION

Much effort has been made in trying to determine the geometry of
the inner accretion flow, in particular in the (bright) low/hard state.
Different methods often find different, and not seldom conflicting,
results. The first indications of disc truncation came from spectral
studies. A change from a standard accretion disc to a geometrically
thick optical flow was early suggested as an explanation for the
spectral states (e.g. Ichimaru 1977; Esin, McClintock & Narayan
1997; Poutanen, Krolik & Ryde 1997). A truncated disc scenario
also explains the observed correlation of the X-ray reflection strength
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Figure 5. EW dependence on Fourier frequency for Epochs 1, 2, and 3. In the first two epochs there is a clear cut off at higher frequencies, while no such

feature is seen in Epoch 3.
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Figure 6. Comparison of the equivalent width calculated using a power
law+Gaussian model (green) and estimated from the excess flux in the 5.5—
7.5keV range above a power law (black). For the last two points there is no
excess flux. The two methods give systematically shifted values, but show
the same overall trend and high-frequency roll over.

with the width of the iron line (Gilfanov, Churazov & Revnivtsev
1999; Revnivtsev et al. 2001), and further support comes from the
evolution of the spectral shape during the outburst (favouring the
change of the source of seed photons for Comptonization; Kajava
et al. 2016) as well as the evolution of the short-term optical/X-ray
correlation (Veledina et al. 2017). The picture is usually challenged
by studies of the relativistically broadened iron line, which favour
inner disc radii close to <1Rs in the bright hard state and often
require the BHs to be highly spinning (Fabian et al. 2014; Garcia
et al. 2015).

The accretion geometry can also be probed using temporal studies.
The energy dependence of both variability and lags between spec-
tral bands require spectral stratification such that rapid variability
(produced in the inner regions of the disc) are connected to harder
spectra (e.g. Maccarone, Coppi & Poutanen 2000; Kotov, Churazov
& Gilfanov 2001; Poutanen & Veledina 2014; Axelsson & Done
2018). This is naturally achieved when the disc is truncated, and
replaced by a hot inner flow at smaller radii. Such a geometry is also
the basis for the model of the QPOs as Lense-Thirring precession
of the hot inner flow (Fragile et al. 2007; Ingram & Done 2011);
this model can be used to predict the truncation radius and shows
agreement with values inferred from the low-frequency cut-off of the
power spectra. Studies of reverberation, where the reprocessing of the
high-energy photons in the accretion disc introduces soft lag features
in the energy-dependent high-frequency variability, often find lags
pointing to disc truncation (e.g. De Marco et al. 2015b). However,
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there are also reverberation studies which find small lags, interpreted
as a small inner disc radius in the bright low/hard state (Uttley et al.
2014). This disagreement between measured inner disc radii exists
for the same source (Plant et al. 2015; De Marco et al. 2015a; Basak
& Zdziarski 2016; Basak et al. 2017; De Marco et al. 2017; see also
fig. 11 in Garcia et al. 2015 for a compilation of different results);
however, the models where the cold disc is not truncated in the hard
state have difficulties explaining the QPO of the iron line centroid
(Ingram et al. 2016).

In the case of MAXI J18204-070, a picture with a lamp-post and a
non-truncated disc has been put forward to explain timing properties
of the iron line and thermal reverberation lags (Kara et al. 2019).
The short time delays and a shift of the thermal reverberation lags
towards higher frequencies found in (our) Epoch 2 onwards prompted
their interpretation of a small truncation radius and a compact and
contracting X-ray corona. Moreover, the computed intrinsic lags of
the iron line with respect to the continuum were found to be consistent
with the thermal reverberation lags. Another pillar of the contracting
corona model comes from spectral modelling of the iron line region
in Buisson et al. (2019), who advocate a stable inner radius of the
disc during the hard and hard-intermediate states as evidenced by the
stable shape of the red wing of the iron line.

The lamp-post picture for MAXI J18204-070 was challenged in
Zdziarski et al. (2021), who find that the iron line shape can instead be
described by reflection of two X-ray continua, one of them produced
in the hot medium on top of the inner parts of the truncated disc,
and the other originating from the medium within the disc truncation
radius. Further, De Marco et al. (2021) use the covariance function
to extract the thermal component (associated with the reverberation
lags) from the total spectra. They show that the temperature of this
component significantly changes throughout the rising phase and
state transition, in agreement with the scenario of the decreasing
inner disc radius. Here we discuss the application of the lamp-post
and truncated disc geometries to the BH binary MAXI J18204-070
in terms of the results of our analysis.

4.1 Evolution of the broad-band variability

The overall evolution of both the total rms variability and power
spectrum found in MAXI J1820+070 (Figs. 3a and columns B
and C of Fig. 2) matches that seen in other BH transients, in
particular GX339-4 (e.g. Belloni & Motta 2016). The increase
in rms towards lower energies (seen in Epoch 1) has previously
been explained by the varying Comptonization continuum, which
has a pivoting point around 50 keV (Gierliniski & Zdziarski 2005).
This interpretation faces difficulties with the observed difference
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of rms-energy dependence at different Fourier frequencies (Fig. 2,
C1). Alternative explanations have involved the cold accretion disc,
which gives substantial contribution to the soft energy band and
is intrinsically variable at frequencies <0.1 Hz (Uttley et al. 2011;
De Marco et al. 2015a). The disc emission has to have a variability
amplitude higher than that of the Comptonization continuum in order
to comply with the rms enhancement at lower energies (Dzietak,
De Marco & Zdziarski 2021). This scenario is in line with the
different behaviour of the rms at different frequencies; however,
it faces difficulties in explaining the evolution of the rms between
our Epochs 1 and 2. At later stages of the outburst, when the disc
contribution to the soft energy band is stronger, we instead see a
suppression at low energies, supporting earlier suggestions that the
disc is stable at these frequencies (e.g. Churazov et al. 2001; Mayer
& Pringle 2006). It is difficult to explain how the disc can change
variability behaviour between observations. Invoking the presence
of aregion in the disc irradiated by the X-ray source (e.g. Gierlifiski,
Done & Page 2009) does not solve the problem either, as in this case
it is not clear what causes the drop of the rms at later stages (from
Epoch 2 onwards), when the Comptonization continuum is clearly
present, and the disc is expected to remain illuminated.

The variability of disc emission and Comptonizing continuum are
not independent, and explaining the detailed timing results made
possible by NICER requires understanding the manifestation of
their interplay. A promising mechanism producing the observed
complex dependence of the rms on energy, Fourier frequency, and
the evolution of these characteristics over the course of the outburst
involves the presence of two Comptonization continua, one of
which has a pivoting point in the NICER energy range (Veledina
2018). At low Fourier frequencies, we would then see variability
from both components, while at high frequencies, the constant-
slope component is suppressed, and the high rms above ~2keV is
explained by the pivoting component. In this scenario, we expect to
see an upturn of the rms-energy spectra at high energies, above about
10keV, similar to what has been observed in GX 3394 with RXTE
data (Belloni, Motta & Mufioz-Darias 2011). Detailed modelling of
the evolving aperiodic variability properties in such a framework will
be presented in a separate work.

The presence of two types of variability, constant-slope and
pivoting, has been observed in the XRB Cyg X-1 (Zdziarski
et al. 2002), and a requirement of two Comptonization continua
in MAXI J1820+4-070 was recently put forward by Zdziarski et al.
(2021), based on spectral analysis of the 2018 outburst using NuSTAR
data. They find a preferred geometry where the hard X-rays are
produced in a central Comptonization region with large scale height,
with a second soft Comptonization region placed at somewhat greater
radii, at least partially overlapping the disc. In this scenario, it seems
likely that it is the soft Comptonization region which produces the
variability we see at low energies in Epoch 1, and which is suppressed
as the stable disc moves to smaller radii during the outburst, replacing
the contribution of the soft Comptonization at lower energies.

4.2 Evolution of the iron line profile

Although detailed spectral modelling of the iron line lies outside
the scope of this study, it is clear that the iron line region changes
throughout the outburst. Interestingly, Fig. 3(b) seems to indicate that
the changes are mainly in the core and blue wing of the line — the red
wing seems quite stable by comparison. The same results were found
by Kara et al. (2019) and Buisson et al. (2019). There could be many
reasons for such variations, e.g. changes in ionization or scattering
in hot/outflowing material (e.g. Garcia & Kallman 2010; however,
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Nayakshin & Kallman 2001 show that changes in ionization do not
shift the peak of the line when accounting for hydrostatic balance
in the disc rather than assuming constant density). For example,
increasing ionization of the wind towards the soft state was indicated
by the disappearance of the P-Cyg line profiles in the optical range
(Mufioz-Darias et al. 2019), while the presence of winds themselves
were still evidenced by the lines in the near-infrared range (Sanchez-
Sierras & Munoz-Darias 2020).

Furthermore, the inclination of the system will impact the peak
energy of the iron line, with the strongest effect seen for small disc
radii (Laor 1991). This coupling between a broad shape of the iron
line and inclination is a decisive factor also in the results of Buisson
et al. (2019), who find an inclination of ~34°, drastically different
from the measured angle of the orbital (~ 75°, Torres et al. 2019) and
jet (~63°, Atri et al. 2020; Espinasse et al. 2020) inclinations. This
low value for the inclination, inferred from the iron line, is needed for
the peak of the iron line to lie at the observed energy of 6.5 keV (see
also Wang et al. 2021). The peak of the line produced at moderate
disc radii, between about 3 and 20Rs, will be blueshifted due to the
dominant role of special relativistic effects (Doppler shift). While
this effect is minor at inclinations i < 30°, it becomes increasingly
important for high inclinations: at inclinations higher than about
55°, the overall line peak will be located at 7 keV (Dov¢iak, Karas &
Yaqoob 2004; Dauser et al. 2010; Wilkins & Fabian 2011; Poutanen
2020). On the other hand, at inclinations smaller than 30° the line
Doppler shifts are negligible, and we instead expect the gravitational
redshift effect to completely dominate, reducing the iron line peak to
energies below 6.4 keV. The interplay between the Doppler shift and
gravitational redshift effects is optimal at ~30° to obtain the peak
of the line at energy close to that of the rest frame. Alternatively,
the same result can be obtained by placing the illuminating X-ray
source far above the disc, at a distance 2 100Rs, as in this case the
line profile will be dominated by the contribution from the radii of
the order of the source height.

The relatively small changes in the iron line seen during the
evolution of the hard state observations were used to support a stable
inner disc radius at the ISCO (Buisson et al. 2019; Kara et al. 2019).
However, the same argument would mean that we expect the disc to
be at the ISCO also in our Epoch 1, very early on in the outburst.
As noted above, this makes it hard to explain the differences in
variability for Epoch 1. Instead, a more straightforward explanation
is that the changes seen in the line profile during Epochs 4 and 5, after
the observations considered in Kara et al. (2019) and Buisson et al.
(2019), are connected to a decreased inner disc radius. The line peak
then appears at about 7 keV, consistent with the expectation of the
maximal energy for an inclined disc. In principle, emission from H-
like iron (Fe XX VI) could be contributing at this energy, but we do not
expect to see it increasing in prominence with the observed decrease
of hard X-rays (spectral softening). The shift in line peak can signify
that the disc reaches the ISCO in Epochs 4 and 5. This is also the point
in the outburst where the covariance spectra show that the disc inner
radius stabilizes, although there are signs that the disc truncation
radius is again larger between Epochs 5 and 6 (De Marco et al. 2021).

4.3 Evolution of the iron line timing properties

Our analysis showed a possible suppression of the rms around the
iron line energies in Epochs 1-5 (Fig. 3a). Such a suppression has
previously been observed in GS 20234338 (Oosterbroek et al. 1996)
and was interpreted as signs of the line being formed far out in the re-
flector, possibly the outer accretion disc. In our case, this suppression
is not significant, and we can access the characteristic radius of the
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reflector more carefully using our results from frequency-resolved
spectroscopy.

We first model the disc transfer function (see equation 3) for
both the lamp-post and truncated disc geometries. For the truncated
disc geometry, we compute the response function of a disc with a
central hole following the formalism described in Poutanen (2002).
We assume the BH mass is M = 7 Mg (Where M, is the solar mass)
and the system inclination is i = 75° (Torres et al. 2019). To mimic
the truncated disc geometry, we assume the X-ray source is located
close to the disc plane, at height Hx = 0.3Rs. The disc is assumed to
have aspect ratio H/R = 0.1, extending from (varying) Rj, to Roy =
10°Rs (fixed) and be non-flared. A flared disc for this source has been
suggested in Zdziarski et al. (2021), and is required to give a strong
iron line at large truncation radii. However, the difference between
the flared and non-flared disc can be seen at low frequencies, and
mostly affects phase/time lags, with minor modification to the shape
of the response function (Poutanen 2002). As the data do not allow
us to distinguish between a flared and non-flared disc, we adopt the
simplest model using a non-flared disc for these calculations. For the
lamp-post, we assume a disc inner radius Ry, = 0.618Rs (equal to
1.235 gravitational radii, i.e. ISCO for a maximally spinning Kerr
BH) and vary the height of the X-ray source Hx. The other parameters
are assumed to be the same as in the truncated disc geometry.

Fig. 7 shows model curves for a range of radii overlaid with the
data. To an order of magnitude, we find that the distance between
the source and the reflector in both geometries is R ~ 3 x 10°Rs
for the Epoch 1 and R ~ 10?Rs for Epoch 2. We also evaluate the
uncertainties on the distance in Epoch 2, by interpolating the transfer
functions and testing against the data. For each distance we allow the
normalization of the transfer function to vary, and require that the
function lies below the two upper limit points. We then calculate the
x? value from the points at lower frequencies, and find the distance
interval for which A x? < 1. From this we obtain an allowed range of
R = 100—250Rg for the truncated disc and R = 150—300Rg for the
lamp-post geometry. Although these are relatively crude estimates,
they are similar to the values found through the detailed spectral fits
of Zdziarski et al. (2021).

In Fig. 8, we show the range of functions (for lamp-post and
truncated disc geometries) introduced by the uncertainties in mass of
the BH and system inclination. As these two parameters are related,
we take the Torres et al. (2020) estimates for the mass function and
constraints on the inclination and arrive at the range covering Mgy =
6 Mg ati=81°to Mgy = 8 Mg ati = 66°. In all cases, the distance to
the X-ray source is R = 102Rs. As the figure shows, the uncertainty in
the transfer function is small compared to the error bars of the data,
meaning that we cannot provide any additional constraints on the
mass or inclination. It is also clear that the distance to the reflector
produces the major effect on the transfer function, and this is the
only parameter our data is able to provide constraints on. We also
note that for a given distance, the roll-over starts at lower frequencies
in the truncated disc geometry, as compared to the lamp-post. We
additionally considered the lamp-post distances, previously found
from phase lags and modelling of the iron line profile, 2Rs < Hx
< 50Rs (Buisson et al. 2019; Kara et al. 2019; Wang et al. 2021),
and found they all predict a cut-off frequency of the transfer function
much higher than that given by the EW (Epochs 1 and 2), even
allowing for a lower inclination.

Reflection also depends on the ionization parameter, which is
often assumed to be constant across the disc but in reality will
vary with radius. An increase of the ionization level in the disc can
reduce the strength of the iron line, leading to a decrease of the EW
(Nayakshin & Kallman 2001). Assuming that ionization increases
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Figure 7. The transfer function versus Fourier frequency for the lamp-post
and truncated disc geometries. The inclination is set to i = 75°, and the disc is
assumed to have a constant scale height of H/R = 0.1 and extend out to 10° Rs.
In both cases, the source is placed at R = 0, and the normalization is varied to
separate the curves. Upper panel: Lamp-post geometry where the disc extends
inward to Rj, = 0.618Rs. The solid lines show the transfer function for arange
of source heights above the disc plane: 3 x 103 Rs (the long-dashed line),
103 Rg (the dashed line), 3 x 10% Rs (the dotted line), and 10? Rs (the solid
line). Lower panel: Truncated disc geometry where the source is placed at a
height of 0.3 Rs. The lines show the transfer function assuming the disc is
truncated at an inner radius of 3 x 10° Rg (the long-dashed line), 103 Rs (the
dashed line), 3 x 10% Rs (the dotted line), and 10> Rs (the solid line). The
normalization of each curve has been arbitrarily shifted.
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Figure 8. Uncertainties in the transfer function from assumptions on mass
and inclination. The curves show the extremes for values between 6 Mg <
Mph < 8 Mg and 66° < i < 81°. Note that for a given distance to the reflector,
the transfer function for a truncated disc geometry (magenta) has a sharper
roll-over than in a lamp-post geometry (cyan).
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towards smaller radii, the decrease of EW at high frequency could
indicate that the line is not produced in the inner parts of the disc.
However, the spectral analysis shows a rather constant red wing of
the line, attributed to the inner part of the disc (e.g. Kara et al. 2019),
which contradicts this interpretation. In addition, the spectral fits of
Zdziarski et al. (2021) show little change in the overall ionization
between Epoch 1 and 2, meaning that the large change in EW between
these observations has other origins.

Summarizing our results from the EW, the data require a very large
characteristic distance between the X-ray source and the reflector
in both geometries. In the lamp-post geometry, this means that
the X-ray source needs to be placed far above the disc, at least
~3 x 10°Rs in Epoch 1. It is difficult to explain the presence of a
luminous (>10% erg s~! using the NICER flux) X-ray source at this
distance. Both Kara et al. (2019) and Buisson et al. (2019) propose a
geometry with a vertically extended corona, where the upper region
is connected to reflection in the outer parts of the disc and thereby
connected to the core of the iron line. However, the height found in
Buisson et al. (2019) is around 50 Rs, well below the values required
in Fig. 7. In order to achieve the observed EW values above ~150¢€V,
the ionization fraction of the disc must be high (Matt, Fabian & Ross
1993; Nayakshin & Kallman 2001). This is hard to reconcile with a
lamp-post placed at the large heights required in Epoch 1.

On the other hand, a truncated-disc geometry can produce sig-
nificant EW of the iron line even when the inner radius is large, as
long as the disc is flared, allowing a large fraction of the high-energy
photons to be intercepted. Such a geometry for MAXI J1820+4-070
has recently been suggested in Zdziarski et al. (2021). They find
that solutions with a non-truncated disc are possible only for low
inclinations (i ~ 30°), whereas the truncated-disc geometry allows
acceptable spectral fits for higher values (i = 66), which are consistent
with the recent spectroscopic inclination estimates (Torres et al.
2020). The work finds a very low level of ionization in the reflector for
the hard-state emission, indicating that the central X-emitting region
is reflected off material quite far out in the disc (several hundred
Rs), well beyond the truncation radius. In order for the reflection
fraction to be sufficiently high, the outer disc is assumed to be flared.
This scenario fits well with the results presented here. Placing the
reflection at large radii also explains the relatively small changes to
the iron line profile in the hard state, as the line profile is then not
primarily driven by the location of the truncation radius.

Moreover, Dzietak et al. (2021) suggest a stratified structure of
the hot flow with more rapid variability seeing hotter seed photons,
consistent with propagating fluctuations. The same result would also
be seen if the hardest component has a pivoting point at low energies,
as suggested above. Both interpretations can be accommodated in
the truncated disc scenario (Kotov et al. 2001; Veledina 2018), but
are more difficult to explain in a lamp-post geometry. In the latter
case, we would expect the soft photons to lag the hard ones at low
frequencies, in contrast to what is observed.

As noted in Kara et al. (2019), the observational characteristics
of MAXI J1820+070 in many ways resemble those of GX 339—
4, where an order of magnitude larger lags have been used to
suggest disc truncation (De Marco et al. 2017). The smaller lags in
MAXI1J1820+070, instead, seemingly signify a non-truncated disc.>
However, reverberation lags are strongly dependent on inclination,
and smaller lags in MAXI J18204-070 may be expected from its

2Note that the lags in Kara et al. (2019) were systematically underestimated
due to an error, and that De Marco et al. (2021) find longer phase lags for the
same data sets.
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higher inclination (as compared to GX 339—4), rather than a physical
difference in R;,. Namely, for the lamp-post model and non-truncated
disc, one expects the minimal reverberation lags of the order Aty
~ (1 4 cos i)Hx/c, while for the truncated disc with an X-ray source
in the middle the corresponding lag is At, ~ (1 — sini)Rj,/c. For
the same physical distance from the X-ray source to the reflector,
Hyx = Ry,, and for the inclination i 2 60°, the reverberation lags in
the truncated disc geometry are one-two orders of magnitude smaller
than those of the lamp-post model.

Regardless of geometry, our results point to a large change in
characteristic distance to the reflector, and that it decreases as the
source moves toward softer states; however, we find that the disc is not
at the ISCO during the bright(est) hard state (Epoch 2). For Epoch 3,
the fact that we see no cut-off of the EW in the frequency range
studied gives an upper limit of ~10 Ry, two orders of magnitude
smaller than in Epoch 1.

5 CONCLUSIONS

We performed spectral and timing analysis of the evolving X-ray
spectra of BH XRB MAXI J1820+4-070 during the rising phase of
the outburst. Our main findings can be summarized as follows:

(1) We observe change of the rms-energy dependence (Fig. 3a). In
Epoch 1 the rms decreases with energy, while starting from Epoch 2
the rms is an increasing function of energy. We find a correlated
change in the power spectra, where the high energies show greater
variability at low frequencies in Epoch 1, and low energies dominate
in the remaining epochs.

(i) We see no change of the shape of the iron line up to (and
including) Epoch 3 (Fig. 3b). Starting from Epoch 4 we start to see
excess emission above ~7keV, and the peak of the line shifts from
6.5 to 7keV.

(iii) The characteristic variability frequencies of the iron line, as
probed by frequency-resolved spectroscopy, increases from Epoch 1
onward (Fig. 5). Between Epochs 1 and 3, the damping frequency
increases by at least two orders of magnitude.

We show that the geometry with the lamp-post X-ray source and a
stable disc inner radius have severe difficulties in explaining the shape
and variability of the iron line: physical explanation for the shift of the
iron line peak remains elusive, and the dependence of the EW on the
Fourier frequency cannot be reproduced for the lamp-post heights
deduced from the previously-found reverberation lags or spectral
fits. On the other hand, the truncated disc-inner hot flow geometry
is able to accommodate our results. The rms-energy dependence
and its evolution with time may be attributed to the presence of
two Comptonization continua, which contribution is being replaced,
at soft energies, by the more stable, cool accretion disc. A large
truncation radius together with large inclination will give a small
damping frequency, as evidenced by the EW, and the small phase
lags previously reported for this source. As the disc truncation moves
to smaller radii, it dampens the low-energy rms. Furthermore, as the
optically thin accretion flow in the vicinity of the BH is gradually
replaced by the cool, optically thick accretion disc, we expect an
appearance of the relativistically broadened iron line. For the source
at high inclination, such as MAXI J18204-070, its peak should be lo-
cated at ~7 keV, in agreement with the one observed on/after Epoch 4.
Our modelling suggests that the disc inner radius decreases both
during the hard state and state transition. We derive the truncation
radius of the order of R, ~ 10°Rys in the rising hard state (Epoch 1),
which then decreases to ~100Rs in the brightest hard state (Epoch
2) and reaches S10Rg at the hard-to-soft-state transition (Epoch 3).
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