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A B S T R A C T 

Fast variability of the X-ray corona in black hole binaries can produce a soft lag by reverberation, where the reprocessed 

thermalized disc photons lag behind the illuminating hard X-rays. This lag is small, and systematically decreases with increasing 

mass accretion rate towards the hard–soft transition, consistent with a decreasing truncation radius between the thin disc and 

X-ray hot inner flo w. Ho we ver, the soft lag suddenly increases dramatically just before the spectrum becomes disc dominated 

(hard-intermediate state). Interpreting this as reverberation requires that the X-ray source distance from the disc increases 
dramatically, potentially consistent with switching to X-rays produced in the radio jet. Ho we ver, this change in lag behaviour 
occurs without any clear change in hard X-ray spectrum, and before the plasmoid ejection event that might produce such a 
source (soft-intermediate state). Instead, we show how the soft lag can be interpreted in the context of propagation lags from 

mass accretion rate fluctuations. These normally produce hard lags, as the model has radial stratification, with fluctuations from 

larger radii modulating the harder spectra produced at smaller radii. Ho we ver, all that is required to switch the sign is that the 
hottest Comptonized emission has seed photons that allow it to extend down in energy below the softer emission from the slower 
variable turbulent region from the inner edge of the disc. Our model connects the timing change to the spectral change, and gives 
a smooth transition of the X-ray source properties from the bright hard state to the disc-dominated states. 

Key words: accretion, accretion discs – black hole physics – X-rays: binaries – X-rays: individual: MAXI J1820 + 070. 
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 I N T RO D U C T I O N  

lack hole binaries show distinct ‘states’ in their accretion flow
pectra, switching from a sum of blackbodies (soft spectrum) to
ompton dominated (hard spectrum). The soft spectral state is well
escribed by the Shakura–Sunyaev optically thick, geometrically
hin disc (Shakura & Sunyaev 1973 ; Pringle 1981 ), but the nature
nd geometry of the accretion flow in the hard state are much more
ontro v ersial (Yuan & Narayan 2014 ). Most of the spectral and
ariability properties can be well described by models where the
nner thin disc is replaced by X-ray hot plasma (truncated disc, hot
nner flow models), where the truncation radius of the thin disc
ecreases as the source luminosity increases, until the disc reaches
he last stable circular orbit (e.g. Done, Gierli ́nski & Kubota 2007 ). 

Ho we ver, there is a persistent challenge to these models from the
etection of the iron line and reflected continuum produced by the
ard X-ray source illuminating the disc. The line is broadened by
pecial and general relati vistic ef fects, the extent of which depends
n the radial extent of the disc (Fabian et al. 1989 ). Many of the
ines detected in bright hard states are so broad as to require that the
isc extends down to the last stable circular orbit rather than being
runcated (e.g. Wang-Ji et al. 2018 ; Buisson et al. 2019 ). This may
e due to the assumption hardwired into current reflection models
 E-mail: ten yo.ka wamura@gmail.com 
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hat all the flux comes from abo v e, whereas there is clearly also
ntrinsic flux from the disc, which will change the baseline ionization
tate. Whatever the cause, the discrepancy in disc inner radius has
oti v ated studies of alternative geometries, where the X-ray plasma

s a compact corona on the black hole spin axis, illuminating an
ntruncated disc (lamppost; e.g. Miniutti & Fabian 2004 ), or is
xtended along the spin axis (jet corona; e.g. Kara et al. 2019 ). 

One way to distinguish between these different model geometries
s to use the additional information present in the fast variability. The
ariable hard X-rays illuminate the disc, and the reflected emission
hould follow this variability but with a light traveltime lag encoding
he mean distance of the X-ray source from the disc (Fabian et al.
009 ; see also the re vie w by Uttley et al. 2014 ). This is difficult
o see in data abo v e 2 keV as the iron line/reflected continuum
s not dominant in the spectrum at these energies. Ho we ver, the
hermalized, reprocessed emission can make a much larger contri-
ution to the intrinsic disc emission below 1 keV. Identifying this
everberation signal requires an instrument with high effective area
n this soft bandpass, so it was disco v ered with XMM–Ne wton data
De Marco et al. 2015 ), though now the NICER instrument is giving
etter constraints (De Marco et al. 2021 , hereafter dM21 ; Wang
t al. 2021 , hereafter W21 ). There is a very clear pattern in the data
hat the reverberation lag decreases as the source softens ( dM21 ;

21 ), consistent with the truncated disc model prediction, but also
onsistent with a source on the spin axis, where the mean height
ecreases as the source softens (Kara et al. 2019 ). 
© 2023 The Author(s) 
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Figure 1. Light curves of MAXI J1820 + 070. The top panel shows the 
2–10 keV NICER data from Obs IDs 1200120196, 1200120197, and 
1200120198 on 16 s time binning. The HIMS (red) is defined as the first 
54 ks of the Obs ID 1200120197, while the SIMS (green) is as the rest of 
the data but the abrupt change of the count rate. The lower panel shows the 
15–50 keV Swift BAT data. The vertical solid orange lines mark different 
estimates for the radio ejecta launch times, while the orange dashed line 
shows the time of the radio flare peak (Homan et al. 2020 ; Wood et al. 2021 ). 
The grey-shaded area marks the period when the Type-B QPOs are observed 
(Homan et al. 2020 ). 
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These reverberation (soft) lags do not exist in isolation. They 
re formed against a background hard lag, which is important to 
odel simultaneously in order to isolate the reverberating component 

Mastroserio, Ingram & van der Klis 2018 ; Mastroserio et al. 2021 ).
hese hard lags depend on the frequency of the fluctuation: slow 

uctuations show a larger lag than faster fluctuations (Miyamoto 
t al. 1988 ; Nowak, Wilms & Do v e 1999 ). Hard lags are generally
xplained in the truncated disc framework as fluctuations generated 
n and propagating down through a radially extended hot accretion 
ow (Ingram & Done 2011 , 2012 ). Slow fluctuations are generated
t large radii where the emitted spectrum is softer. These propagate 
own and modulate faster fluctuations generated at smaller radii 
here the spectrum is harder. Full physically based models of this can 
t all the variability seen in the 2–40 keV data of MAXI J1820 + 070

n a bright hard state (Kawamura et al. 2023 , hereafter K23 ). None the
ess, it may be possible to modify the model to fit with the alternative
ntruncated disc/compact corona, though this geometry is now 

hallenged by new X-ray polarization data (Krawczynski et al. 2022 ). 
Whatever the bright hard state geometry, there is a characteristic, 

uite sudden, increase in soft lag as the source softens at the end of
he bright hard state into the hard-intermediate state (HIMS; dM21 ; 

21 ; Wang et al. 2022 ). These authors interpreted this lag in the
ame framework of reverberation as used for the much smaller lags 
een in the bright hard state. This requires an equally sudden jump
n mean source distance, so they speculated that this was linked 
o the discrete radio ejection that happens at the end of the HIMS
Fender, Homan & Belloni 2009 ; Miller-Jones et al. 2012 ; Homan
t al. 2020 ). In this model, the increase in lag then marks the point
t which the X-ray source transitions from being close to the black
ole to being dominated by the base of the jet at a distance of
undreds of gravitational radii R g = GM BH / c 2 away from the black
ole on its spin axis ( dM21 ; W21 ). A similar jump is also seen in
he lags at the QPO frequency seen in transitions of the luminous
ransient GRS1915 + 104, which is similarly interpreted as a large- 
cale geometry change of the X-ray source (M ́endez et al. 2022 ).
o we ver, this is not easily compatible with the observation that the

adio jet ejections happen at the end (rather than at the start) of the
IMS (Bright et al. 2020 ; Homan et al. 2020 ; Wood et al. 2021 ),
or is there any evidence for any correlated dramatic change in the
oronal hard X-ray source, or the reflected spectrum from the disc, 
s shown in Section 2 . 

Here, we revisit the NICER and Swift data of MAXI J1820 + 070
n the HIMS, modelling both the spectrum and variability together 
o show that there is an alternative interpretation of the soft lag in
 propagating fluctuation framework rather than reverberation. The 
ey difference that turns the hard lag from propagation into a soft
ag is linked to the change in X-ray emission properties, where the
isc truncates at much smaller radii, so the turbulent inner edge 
mission peaks at higher energies. Fluctuations from this region 
ropagate down to modulate the inner Comptonization component 
hat extends the emission to higher energies, generating the classic 
ard lag. Ho we ver, this can also generate a soft lag if the inner
omptonization component has seed photons that extend its emission 

nto the 0.5–1 keV band, below the peak emission from the turbulent
nner disc edge. Our model connects the timing change to the spectral
hange, and gives a smooth transition of the X-ray source properties 
rom the bright hard state to the HIMS. 

 OBSERVATION  A N D  DATA  R E D U C T I O N  

e use NICER and Swift BAT data of MAXI J1820 + 070 around
he hard–soft state transition. We follow Kawamura et al. ( 2022 ) to
xtract energy spectra and light curves from the NICER data. We
plit the light curves into segments of 256 s with 1/128 s time bins
nd calculate power spectra and cross-spectra also as in Kawamura 
t al. ( 2022 ). Orbital light curves from the Swift BAT data are directly
btained 1 (Krimm et al. 2013 ), while energy spectra are extracted in
he same way as in Shidatsu et al. ( 2019 ). 

Fig. 1 (upper panel) shows the NICER 2–10 keV count rate per
ocal plane module (FPM) around the hard–soft state transition 
panning Obs IDs of 1200120196, 1200120197, and 1200120198. 
e follow dM21 and select the HIMS data from the first part of
bs ID 1200120197 (red markers) before the jump in count rate,
hich marks the transition from HIMS to the soft-intermediate state 

SIMS), and the appearance of Type-B QPOs (grey-shaded area, 
rom Homan et al. 2020 ). The second part of Obs ID 1200120197
green markers) is in the SIMS. The successive observation of Obs
D 1200120198 shows that the source is very stable in 2–10 keV flux
n the SIMS. 

There are contemporaneous data from Insight-HXMT around this 
ime (Peng et al. 2023 ), but the closest data set starts just after
he transition into the SIMS, so we cannot use these to extend
he spectral/timing HIMS analysis to higher energies. Instead, we 
se the Swift BAT all-sky data. Fig. 1 (lower panel) shows the 15–
0 keV count rate from this instrument. This does not have the clear
ump in flux seen at lower energies; there is only a gradual decline
hroughout this time period. We extract the Swift BAT spectral data
orresponding to the HIMS, and to the SIMS. 

We also mark on Fig. 1 the times from Homan et al. ( 2020 ) for the
adio flare peak (orange dashed line) and their estimate for the start
ime of this radio event (orange solid line, within the grey-shaded
egion; see Bright et al. 2020 ). An alternative estimate for the time
f the radio ejection event is that of Wood et al. ( 2021 ) of MJD
5305.60 ± 0.04 (leftmost orange solid line), i.e. 2 h before the
ransition from Type-C QPOs to Type-B QPOs. These two estimates 
or the launch time of the discrete ejecta span the time range of the
MNRAS 525, 1280–1287 (2023) 
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Figure 2. Comparison of absorption corrected energy spectra in the bright 
hard state ( NICER and NuSTAR : blue; Kawamura et al. 2022 ), HIMS ( NICER 

and Swift BAT: red), and SIMS ( NICER and Swift BAT: green). The galactic 
absorption of N H = 1 . 4 × 10 21 cm 

−2 is assumed (Zdziarski et al. 2021 ). It 
is clear that the main change from HIMS to SIMS is the shape of the disc 
component, not the high-energy tail. 
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nd of the HIMS/beginning of the SIMS X-ray transition. Plainly
hey do not extend back as far as the start of the HIMS. This clearly
hallenges the model of dM21 and W21 , where the corona changes
rom a compact region close to the black hole to being at hundreds
f R g , associated with the jet ejection event. The jet ejection event
appens around the HIMS/SIMS transition, so cannot be responsible
or the change in lag behaviour that happens before this, at the
ransition from the bright hard state to the HIMS. 

 E VO L U T I O N  O F  SPECTRAL-TIMING  

ROPERTIES  

ig. 2 shows the absorption corrected spectra for the HIMS (red) and
IMS (green), together with a bright hard state (blue: NICER and
uSTAR : Kawamura et al. 2022 ) for comparison. These are some
f the best broad-band spectra of the HIMS and SIMS obtained to
ate due to the combination of low galactic column that allows the
oft band to be studied in detail and source brightness that allows the
igh-energy source spectrum to be extracted from the Swift BAT all-
ky monitor data. The comparison clearly shows that the transition
s associated with a change in the soft component shape, not the
igh-energy coronal tail. The soft component in the HIMS appears
uite strongly Comptonized rather than having a classic disc shape
ith a Wien rollo v er at energies abo v e the peak disc temperature.
he SIMS is more disc-like (though we note it is still difficult to fit
ith classic disc models). 
This association of the HIMS/SIMS transition with a change in the

isc rather than the high-energy Compton tail is again challenging
or the model of dM21 and W21 , where they associate the increasing
ags with the corona changing from a compact region close to the
lack hole to being at hundreds of R g , associated with the jet ejection
vent. It is hard to imagine how such a dramatic change in coronal
tructure has such a little impact on the coronal emission spectrum or
uminosity. There is also still a strong, broad iron line residual in the
IMS spectrum, as well as in the bright hard state. If the location of

he corona had changed from close to the black hole to a much more
istant source, then the ionization parameter, ξ = L /( nR 

2 ), of the X-
ay illuminated disc should drop dramatically. The line should also
e much less affected by relativistic smearing as the illumination
rom a large scale height source is more like r 0 than r −3 (or even
teeper with light bending). Yet the line residual appears similarly
NRAS 525, 1280–1287 (2023) 
or perhaps even more strongly) broadened in the HIMS as in the
right hard state. These disconnects moti v ate our approach to find
nother way to interpret the long soft lag in the context of the same
odel geometry used for the bright low/hard state. 
Since the long soft lag already emerged before the HIMS/SIMS

ransition associated with discrete jet ejection events and the appear-
nce of Type-B QPO (Fig. 1 ), it is natural to try to smoothly connect
he HIMS spectra and timing with the bright hard state spectra and
iming. Fig. 3 shows the bright hard state (left) and HIMS (right)
ower spectra in different energy bands (upper), and the lags between
he 0.5–1 and 1–10 keV bands (lower), corresponding to the spectral
ata (bright hard state: blue and HIMS: red) in Fig. 2 . Our previous
 ork (Kaw amura et al. 2022 ; K23 ) w as able to fit the bright hard

tate spectrum and variability (power spectra in different energy
ands and lags) in a physically based model where the accretion
isc truncates at some radius around 40 R g , transitioning into a hot
ow. The disc inner edge is turbulent, producing intrinsic variability
f the disc blackbody, whose temperature is around 0.2 keV at
his truncation radius. This gives the low-frequency ‘hump’ peaking
round 0.05 Hz in these data, and these fluctuations propagate into the
ot flow, modulating its higher energy emission, so the higher energy
omptonized emission from the hot flow also has this characteristic
ariability feature (Uttley et al. 2011 ; Rapisarda et al. 2016 ). This
s in addition to the turbulence generated in the hot flow itself,
hich has fluctuations generated at all radii by the MRI dynamo.
he viscous frequency in the hotter flow should be much higher, so

he turbulence generated in the flow has higher frequencies than that
rom the disc edge, forming the second peak in the power spectrum
t ∼5 Hz (Rapisarda et al. 2016 ). There is an energy dependence
n this second peak as the flow is radially stratified, emitting softer
omptonized photons close to the disc, and harder Compton closer

o the black hole, where the turbulence is fastest (see fig. 2 of K23 for
 schematic of the model). The Comptonized emission from the hot
ow illuminates the truncated disc, producing a thermal reprocessed
omponent at low energies (in addition to the reflection/iron line
mission at higher energies), which lags behind the variability of the
omptonized emission. This reverberation component forms a large

raction (around half) of the soft component seen in these bright
ard state data as the intrinsic disc emission is quite weak due to
he large truncation radius, so reprocessing from the energetically
ominant Comptonized emission that peaks at ∼100 keV can make
 large contribution to the soft band ( � 2 keV ). K23 sho wed ho w this
odel could explain the spectrum, and quantitatively fit the power

pectra in different energies, and the lags between different energies
s a function of frequency (see also Kawamura et al. 2022 for the
everberation lags). 

The HIMS power spectra are quite different (Fig. 3 , upper right).
he variability at low energies is strongly suppressed (black), and

he shape of the variability at high energies (blue) is much narrower
han in the bright hard state, with only a single peak in the power
pectrum around ∼5 Hz rather than also having a second hump at
ower frequencies. These two differences are easily interpreted with
he same bright hard state model geometry, but where the disc now
runcates very close to the black hole. This is clearly consistent with
pectral evolution. The soft component in the HIMS is much hotter
nd brighter than in the bright hard state. Most of this soft emission
hould be intrinsic disc flux as the tail in the HIMS is weak and steep,
o its contribution to reprocessing should be rather small. Only the
nner edge of the truncated disc is turbulent in the disc, so the majority
f the soft component seen in the HIMS should be stable, as observed
n the power spectrum. We note that the abrupt drop in power at the
ighest frequencies seen in 0.5–1 keV (abo v e 12 Hz) and 1–2 keV
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Figure 3. Comparison of fast variability properties of MAXI J1820 + 070 in the bright hard state (Obs ID: 1200120106) and HIMS (Obs ID: 1200120197, first 
54 ks). Top: Power spectra for 0.5–1 keV (black), 1–2 keV (red), 2–4 keV (green), and 4–7 keV (blue). Bottom: Time-lag spectrum between 0.5–1 and 1–10 keV. 
The inset shows the time lags on a linear scale. 
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abo v e 25 Hz) is most probably due to there being a systematic
 v erestimate of the Poisson noise level in our data. This is very small
ut does have an impact when the intrinsic variability is very low. 

The temperature of the inner edge of the disc is rather hard to
etermine as there is no clear transition seen between the disc 
nd Comptonized emission in the HIMS spectra. None the less, 
here is some sort of inflection in the spectrum at 2–3 keV that

ight correspond to the inner edge of the disc but this merges quite
moothly in the spectrum into the steep Comptonized tail from the hot 
ow. Thus, the turbulence from the much smaller truncation radius is
xpected to contribute at higher energy and higher frequency than in 
he bright hard state, impacting the spectrum in the 2–3 keV bandpass. 
o we ver, the way the spectrum merges smoothly from the disc edge

o the Comptonized emission suggests that the turbulence from these 
wo regions might also merge, forming a single high-frequency peak 
n the power spectra, as observed for the highest energy emission. 

This picture where the HIMS has a much smaller hot inner flow
lso can explain the change in frequency of the QPO, from 0.025 Hz
bright hard state) to 5 Hz (HIMS), e.g. in the specific model where
he QPOs are produced by Lense–Thirring (relativistic vertical) 
recession of the hot inner flow (Ingram, Done & Fragile 2009 ).
e note that the HIMS QPO appears to be quite broad, but some of

his is due to the systematic decrease of QPO frequency within the
ICER HIMS data (see Homan et al. 2020 ). 
Thus, the energy and power spectral evolution between the bright 

ard state and the HIMS can be interpreted as a decreasing truncation
adius between the disc and hot flow. The challenge is now to explain
he time lags. Fig. 3 (lo wer) sho ws the lag between 0.5–1 and 1–
0 keV as a function of Fourier frequency. The difference in lag
mplitude and structure from the bright hard state to the HIMS is
 vident, as sho wn in dM21 and W21 . The mean lag in the HIMS is
round ∼10 ms at high frequencies, much larger than the 1–2 ms soft
ag seen in the bright low hard states, and there is no clear sign of
he propagation (hard) lag that dominates at low frequencies in the
right hard state. The latter is easy to explain, as the long propagation
ags in the bright hard state are interpreted as fluctuations generated
t the (large) disc truncation radius taking time to propagate down
hrough the (large) hot flow. A smaller truncation radius in the HIMS
eans that the inner disc edge temperature is higher, so these intrinsic
uctuations are generated at 2–3 keV not at 0.5–1 keV. The smaller
isc truncation radius also means that the size scales for propagation
re smaller, so any propagation time-scale is likely shorter. 

Thus, the key challenge is to explain the long negative time lags in
he HIMS between 0.5–1 and 1–10 keV in the context of the truncated
isc/hot inner flow geometry as in the bright hard state. With this
icture, it is difficult to attribute the long soft lag to reverberation
ue to the small size scales. Instead, we explore below how this
e gativ e lag might be produced by propagation. 

 M O D E L L I N G  T H E  VA RI ABI LI TY  

e use our previous model framework developed for the bright 
ard state (Kawamura et al. 2022 ; K23 ). This assumes that there
s a truncated disc, and a radially stratified hot flow such that it
mits softer Comptonization at larger radii, where it sees more seed
hotons from the inner edge of the disc, and harder Comptonization
t smaller radii, closer to the black hole (see Fig. 4 ). K23 developed
 full spectral-timing model fit formalism, but the HIMS spectrum 
MNRAS 525, 1280–1287 (2023) 
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Figure 4. Schematic geometry for the bright hard state (upper, from K23 ) 
and the HIMS (lower). The disc (grey) is not variable except at radii close to 
where it truncates, forming a turbulent soft component on the inner disc edge 
(red). The Comptonized emission is radially stratified, emitting softer spectra 
closer to the disc where there are more seed photons (green) and harder 
spectra closer to the black hole (blue). The HIMS geometry is assumed to be 
similar, but for a much smaller transition radius, where the inner disc edge 
and softer Comptonization merge (green/red hatched). 
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Figure 5. Simultaneous fit to the four power spectra (upper) and three phase- 
lag spectra (lower) with our broad-band variability model. The power spectral 
model also includes two Lorentzian functions for the two QPOs, with these 
indi vidual components sho wn as a grey dotted line for the highest energy 
band (4 –7 keV ). The grey-shaded areas are outside the fit range, and we also 
ignore the power spectrum for 0 . 5 –1 keV abo v e 17 Hz and for 1 –2 keV abo v e 
27 Hz due to likely o v ersubtraction of the Poisson noise. 

Figure 6. The black line shows the HIMS spectrum from Fig. 2 , decomposed 
into the shapes of the three spectral components derived from the fits to the 
power spectra and lags (Fig. 5 ). These are the constant soft component (red), 
the merged turbulent inner disc edge/soft Comptonization region (green), and 
the hotter inner Comptonization region (blue). The variability is assumed to 
start on the turbulent inner disc edge and propagate down through the hot 
flow, so the blue component lags behind the green component. This gives 
the soft lag as this component has a broader spectrum, so it dominates the 
variability in the 0.5–1 keV bandpass. 
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s very difficult to fit with standard components such as DISKBB ,
specially given the very small statistical uncertainties in the NICER
ata. We can find a fit within ∼1 per cent of the data using three
ifferent Comptonization components, together with a broad iron
ine, but the parameters of these components are very difficult to
onstrain. Hence, instead of doing a full spectral-timing fit, we fit
nly to the timing components (energy-resolved power spectra lags),
nd use these variability properties to constrain the contribution of
ach spectral component in each energy band (see section 4 of K23 ).

We assume that there are three spectral components, and that
he softest is constant while the other two are variable only in
ormalization. We associate the softest component with the stable
isc blackbody, the outer variable component with the merged inner
dge of the disc/soft Comptonization component, and the inner
ariable component with the hotter Comptonization component. This
roposed geometry for the HIMS is also shown schematically in
ig. 4 , and the full model is detailed in Appendix A . We do not

nclude reverberation in our model, so this is a clean test as to whether
ropagation alone can explain the long soft lags. 
The constant softest component only affects the normaliza-

ion of the fractional power spectra [we use physical units of
 rms / mean ) 2 Hz −1 ]. We do not consider spectral pivoting, i.e. the
hange in spectral shape, for the two variable spectral components as
he much narrower bandpass of NICER compared to the NICER plus
nsight-HXMT data used in K23 means that we are not so sensitive
o spectral pivoting. 

We fit for the fraction of each component in each energy band,
ssuming that the mass accretion rate fluctuations are generated
hroughout the flow responsible for the two variable components, and
hat fluctuations generated at larger radii propagate inwards through
he rest of the flow. Fig. 5 shows that this model, which uses only
ropagation and not reverberation, matches the broad-band power
pectra in different energy bands simultaneously with the phase lags
related to time lag via 2 π f τ ( f ) = φ( f )]. We add the QPOs as separate
orentzians (fundamental and harmonic), assuming that these are
roduced by only a geometric modulation of the hot flow, so they do
ot contribute to the phase lags. 
We convert the fraction of each component in each energy band

erived from the timing fit to produce the energy spectrum of
ach component (Fig. 6 ). The stable disc (red) dominates at the
owest energies, and the soft Comptonization/turbulent inner disc
dge dominates in 2–4 keV and is a rather narrow, blackbody-
ike component. The hotter Comptonization is broader: it extends
NRAS 525, 1280–1287 (2023) 



Soft lags in the hard-intermediate state 1285 

Figure 7. The propagation frequency determined from the fits to the power 
spectra and lags (Fig. 5 ) for the HIMS (solid line). The dashed line shows 
a comparison to those derived by K23 for the bright hard state, with the 
grey dash–dotted line showing the Keplarian frequency. Fitting to the HIMS 
requires a smaller truncation radius as expected, but also shows that the 
propagation speed is lower at these small radii than in the bright hard state. 
This might imply that the scale height of the hot flow is getting smaller, as 
expected from the stronger disc cooling (see also Ingram & Done 2012 ). 
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o higher energies as expected but also extends down to lower 
nergies as well so that at the softest energies it dominates o v er
he soft Comptonization/inner disc edge component. This could 
hysically arise if some fraction of the seed photons for the hotter
omptonization are from lower energies than the inner edge of the 
isc. These could be from the stable disc at a lower temperature
han its turbulent inner edge (very likely given the dominance of
his component in the spectrum), or from cyclo-synchrotron photons 
ithin the hot flow (especially if the electrons are partly non-thermal: 
alzac, Belmont & Fabian 2009 ; Poutanen & Vurm 2009 ; Veledina,

outanen & Vurm 2013 ). Whatever their origin, this low-energy 
xtension of the hottest Compton component down below the softer 
mission from the turbulence at the disc edge is all that is required
o make a soft lag from propagation rather than reverberation. 

Fig. 7 shows the propagation frequency (left axis in Hz, right axis
n c / R g ) derived from this model of the HIMS (solid line) compared
o that derived from the bright hard state (dashed line; K23 ), with
he Keplarian orbital velocity indicated for comparison (grey dash–
otted line). The truncation radius in the HIMS is around ∼10–15 R g ,
uch smaller than the 25–40 R g truncation derived for the bright hard

tate. The propagation speed, v p = rf prop ( r ) in units of c , is smaller
n the HIMS hot flow than that derived for bright hard state at the
ame radius. This is likely indicating that the scale height of the hot
ow decreases along with the decreasing inner disc radius due to 

he much stronger cooling of the hot flow from the much stronger
ntrinsic disc emission (e.g. Ingram & Done 2012 ). 

 DISCUSSION  A N D  C O N C L U S I O N S  

e show that the abrupt change in lag behaviour at the HIMS/SIMS
ransition is quite incompatible with the proposed large change in 
-ray source scale height. First, there is no similarly abrupt change 

n hard X-ray coronal spectrum or luminosity . Secondly , the implied
arge change in the distance of the source from the disc should
ive a large change in the iron line profile from the combination of
hanging ionization parameter and illumination pattern. This is not 
een. Thirdly, the association of the large scale height source with 
he jet ejection is incompatible with the observation that the ejection 
ccurs after the change in lag behaviour, not before. 
Instead, in our model we propose that there is a continuous change
n source properties, specifically the disc truncation radius from the 
right hard state to the HIMS. The key difference in the HIMS is
hat the disc truncates much closer to the innermost stable circular
rbit (ISCO), so the turbulence on its inner edge merges with the
much smaller radius) turbulent hot flow, forming only a single high-
requency power spectrum peak rather than the double peak seen in
he bright hard state from the much larger disc truncation radius. 

We explain the soft lag as propagation from the merged inner edge
f the truncated disc/softer Comptonization region into the hotter 
omptonization region. This only requires that the spectrum of the 
otter Comptonization extends down to lower energies than that of 
he inner disc edge/cooler Comptonization. The hotter Comptoniza- 
ion with its propagation lag can then dominate the variability in the
.5–1 keV range, where the spectrum is instead dominated by the
table disc. 

Interpreting the long lag as reverberation automatically gives a 
arge source distance, as the signal propagates at light speed. Instead,
n our model, the signal is transmitted at a much slower propagation
peed through the hot flow, so the observed long lag can be produced
rom a small source size. We show that this propagation model can
uantitatively fit the power spectra and lags, and that the derived
pectral component shapes are physically reasonable. Rather than 
equiring a huge change in X-ray source geometry, these data can
e more easily interpreted as a continuation of the truncated disc/hot
nner flow model to smaller truncation radii. 
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Table A1. Model parameter values used in Fig. 3 . 

Symbol Value 

M BH 8 
r in 6 
r sh 9 
r ds 12 
N r 40 
F var 0.41 
B f 226 
m f 3.77 
S d (0 . 5 –1 keV ) 0.879 
S s (0 . 5 –1 keV ) 0 
S h (0 . 5 –1 keV ) 1 − S d (0 . 5 –1 keV ) − S s (0 . 5 –1 keV ) 
S d (1 –2 keV ) 0.670 
S s (1 –2 keV ) 0.157 
S h (1 –2 keV ) 1 − S d (1 –2 keV ) − S s (1 –2 keV ) 
S d (2 –4 keV ) 0.188 
S s (2 –4 keV ) 0.518 
S h (2 –4 keV ) 1 − S d (2 –4 keV ) − S s (2 –4 keV ) 
S d (4 –7 keV ) 0.016 
S s (4 –7 keV ) 0.545 
S h (4 –7 keV ) 1 − S d (4 –7 keV ) − S s (4 –7 keV ) 

i  

r  

r  

o  

n
 

a  

T

X

w  

o
 

o

w

w  

r  

e  

h  

d

S

w  

a  

u

w  

c  

v  

W  

n  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/525/1/1280/7238491 by guest on 25 January 2024
ngram A. , Done C., 2012, MNRAS , 419, 2369 
ngram A. , van der Klis M., 2013, MNRAS , 434, 1476 
ngram A. , Done C., Fragile P. C., 2009, MNRAS , 397, L101 
ara E. et al., 2019, Nature , 565, 198 
a wamura T. , Ax elsson M., Done C., Takahashi T., 2022, MNRAS , 511, 536

(K22) 
awamura T. , Done C., Axelsson M., Takahashi T., 2023, MNRAS , 519,

4434 (K23) 
rawczynski H. et al., 2022, Science , 378, 650 
rimm H. A. et al., 2013, ApJS , 209, 14 
alzac J. , Belmont R., Fabian A. C., 2009, MNRAS , 400, 1512 
astroserio G. , Ingram A., van der Klis M., 2018, MNRAS , 475, 4027 
astroserio G. et al., 2021, MNRAS , 507, 55 
 ́endez M. , Karpouzas K., Garc ́ıa F., Zhang L., Zhang Y., Belloni T. M.,

Altamirano D., 2022, Nat. Astron. , 6, 577 
iller-Jones J. C. A. et al., 2012, MNRAS , 421, 468 
iniutti G. , Fabian A. C., 2004, MNRAS , 349, 1435 
iyamoto S. , Kitamoto S., Mitsuda K., Dotani T., 1988, Nature , 336, 450 
owak M. A. , Wilms J., Do v e J. B., 1999, ApJ , 517, 355 
eng J. Q. et al., 2023, MNRAS , 518, 2521 
outanen J. , Vurm I., 2009, ApJ , 690, L97 
ringle J. E. , 1981, ARA&A , 19, 137 
apisarda S. , Ingram A., Kalamkar M., van der Klis M., 2016, MNRAS , 462,

4078 
hakura N. I. , Sunyaev R. A., 1973, A&A, 24, 337 
hidatsu M. , Nakahira S., Murata K. L., Adachi R., Kawai N., Ueda Y.,

Negoro H., 2019, ApJ , 874, 183 
ttley P. , Wilkinson T., Cassatella P., Wilms J., Pottschmidt K., Hanke M.,

B ̈ock M., 2011, MNRAS , 414, L60 
ttley P. , Cackett E. M., Fabian A. C., Kara E., Wilkins D. R., 2014, A&AR ,

22, 72 
aughan S. , Edelson R., Warwick R. S., Uttley P., 2003, MNRAS , 345, 1271
eledina A. , Poutanen J., Vurm I., 2013, MNRAS , 430, 3196 
ang J. et al., 2021, ApJ , 910, L3 (W21) 
ang J. et al., 2022, ApJ , 930, 18 
ang-Ji J. et al., 2018, ApJ , 855, 61 
ood C. M. et al., 2021, MNRAS , 505, 3393 

uan F. , Narayan R., 2014, ARA&A , 52, 529 
dziarski A. A. , Dziełak M. A., De Marco B., Szanecki M., Nied ́zwiecki A.,

2021, ApJ , 909, L9 

PPENDIX  A :  SPECTRAL-TIMING  M O D E L  

he variability model used here is a simpler version of the propa-
ating mass accretion rate fluctuation formalism of K23 . The details
re described in K22 and K23 . Here, we mainly pay attention to the
ifferences between the variability model formalism for the HID and
hat of K23 for the hard state. 

The disc emission is assumed to be constant here, whereas it
as assumed to be variable in K23 . This comes from the properties
f observed power spectra (Fig. 4 ). Standard low/hard state power
pectra are double-peaked, and so are most easily explained by a
iscontinuity in viscous time-scale between the inner edge of the
isc and the hot flo w. Ho we ver, the po wer spectrum in the HID here
s single-peaked so we assume that the variability is dominated by
he hot flow. 

As a result, the disc emission does not join the propagation
f mass accretion rate fluctuations and thus is not involved with
he shape of power spectra and lag spectra in this paper. It only
ffects the normalization of power spectra and cross-spectra in units
f (rms/mean) 2 Hz −1 because constant emission suppresses them
Vaughan et al. 2003 ). The propagation of mass accretion rate
uctuations happens only within the hot flow. In other words, the
 ariable flo w corresponds to the hot flow. In the modelling of the
ropagating fluctuations, the variable flow is logarithmically split
NRAS 525, 1280–1287 (2023) 
nto multiple rings from r ds to r in , instead of from r out to r in , where
 ds is the transition radius between the disc and soft Comptonization,
 in the inner edge of the hard Comptonization, and r out the outer edge
f the variable disc in the hard state. Given that the variable disc does
ot exist in HID, we drop the parameter r out in this paper. 
The calculation method of the model used here is almost the same

s that of K23 , despite the alteration of the scope of the variable flow.
he Fourier transform of the flux of energy E at time t is 

( E, f ) = 

N r ∑ 

n = 1 

w( r n , E) Ṁ ( r n , f ) , (A1) 

here Ṁ ( r n , f ) is the Fourier transform of the mass accretion rate
f n th ring ( n = 1, 2, . . . , N r from outer to inner rings) centring at r n
ut of N r rings. We call w( r n , E ) the weight and define it as 

( r n , E) = λ( r n ) 
S 0 ( E, r n ) 

ṁ 0 
, (A2) 

here ṁ 0 = 1 is the average of the normalized mass accretion
ate at all the rings. S 0 ( E , r n ) is the normalized time-averaged
nergy spectrum at n th ring. It takes the energy spectrum of the
ard Comptonization S h ( E ) or that of soft Comptonization S s ( E ),
epending on the location of the ring: 

 0 ( E, r n ) = 

{ 

S h ( E) ( r in ≤ r n < r sh ) , 

S s ( E) ( r sh ≤ r n < r ds ) , 
(A3) 

here r sh is the transition radius between the soft Comptonization
nd hard Comptonization. The normalized energy spectra sum up to
nity: ∑ 

Y = h , s , d 

S Y ( E) = 1 , (A4) 

here S d ( E ) is the energy spectrum of the constant disc. The spectral
omponents to be considered here are the constant disc emission,
ariable soft Comptonization, and variable hard Comptonization.
e do not include reflection components for simplicity, and we do

ot include spectral pivoting as the energy band o v er which we see
he Comptonization is small. How much each ring contributes to the
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otal flux is regulated by 

= ε( r n )2 πr n 	 r n 

/ ∑ 

r m ∈ r Y 
ε( r m 

)2 πr m 

	r m 

, (A5) 

here 	 r n = r n − r n + 1 , and r Y (Y = h, s) is the collection of rings
elonging to the spectral region Y. ε( r n ) ∝ r −γ b ( r ) is the emissivity,
here b ( r ) is the boundary condition. The power spectra and cross

pectra for the mass accretion rate, ( Ṁ ( r m 

, t)) ∗Ṁ ( r n , t) ( m, n =
 , 2 , · · · , N r ), can be calculated from the power spectrum of the
ntrinsic variability of the mass accretion rate 

 A ( r n , f ) | 2 = 

2 σ 2 

πμ2 

f visc ( r n ) 

f 2 + ( f visc ( r n )) 2 
, (A6) 

nd the propagation speed v visc ( r ) = rf visc ( r ) (Ingram & van der
lis 2013 ; K23 ). Unlike K23 , we do not distinguish the generator

requency and propagation frequency. Thus, we replace both f gen ( r )
nd f prop ( r ) in K23 with the viscous frequency f visc ( r ), returning to
ur original model in K22 in this regard. Since the disc emission is
table here, the viscous frequency is only for the hot flow, 

 visc ( r) = B f r 
m f f K ( r) ( r in ≤ r < r ds ) , (A7) 
2023 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
here f K = (1/2 π ) r in units of c / R g is the Keplerian frequency,
= 1 and σ 2 are the mean and variance of the intrinsically

ariable mass accretion rate. In the expression ( A6 ), we employ
he normalized power spectra such that their integral over positive 
requency corresponds to ( σ / μ) 2 . We use the parameter F var to set
he variance through σ/μ = F var / 

√ 

N dec , where N dec is the number
f rings per radial decade and thus, F var is the fractional variability
er radial decade. Using the equations abo v e, we can analytically
alculate the power spectra | X ( E , f ) | 2 and cross spectra ( X ( E 1 ,
 )) ∗X ( E 2 , f ) ( E 1 �= E 2 ) for the flux. 

In the fitting, the spectral parameters S Y ( E ) for every energy
and ( E = 0 . 5 –1 , 1 –2 , 2 –4 , 4 –7 keV ) are model parameters with the
onstraint of equation ( A4 ). We list the parameter values used in
ig. 5 in Table A1 . 
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