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ABSTRACT

We continue the analysis of NuSTAR data from the recent discovery outburst of MAXI J1820+070 (optical counter-
part ASASSN-18ey), focussing on an observation including unusual flaring behaviour during the hard to soft state
transition, which is a short phase of outbursts and so comparatively rarely observed. Two plateaus in flux are sepa-
rated by a variable interval lasting ~ 10ks, which shows dipping then flaring stages. The variability is strongest (with
fractional variability up to Fya, ~ 10%) at high energies and reduces as the contribution from disc emission becomes
stronger. Flux-resolved spectra show that the variability is primarily due to the power law flux changing. We also
find a long soft lag of the thermal behind the power law emission, which is QOf}:g s during the flaring phase. The lag
during the dipping stage has a different lag-energy spectrum, which may be due to a wave passing outwards through
the disc. Time resolved spectral fitting suggests that the lag during the flaring stage may be due to the disc re-filling
after being disrupted to produce the power law flare, perhaps related to the system settling after the jet ejection
which occurred around 1 day before. The timescales of these phenomena imply a low viscosity parameter, oo ~ 1073,

for the inner region of the disc.
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1 INTRODUCTION

X-ray binaries (XRBs) are systems in which a compact ob-
ject (neutron star or black hole) accretes from its companion
star, releasing energy across the electromagnetic spectrum,
including substantial power in X-rays. While fundamentally
powered simply by gravity, the emission in XRBs displays a
rich phenomenology.

There are two principal components in the X-ray emission
of XRBs: thermal emission from the disc around the compact
object (Novikov & Thorne 1973; Shakura & Sunyaev 1973)
and Comptonised emission from a hotter, optically thin re-
gion of plasma known as the corona (Thorne & Price 1975;
Sunyaev & Truemper 1979; Haardt & Maraschi 1991). For
most of the active period of XRBs, one of these components
produces a large majority of the emitted power, and transi-
tions between periods when the disc dominates and periods
when the corona dominates are comparatively rapid (e.g. re-
view by Remillard & McClintock 2006).
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The reason for these state changes is not yet well under-
stood. One common model is that the inner region of the ac-
cretion disc changes from a hot, optically thin, highly ionised
flow in the hard state and to optically thick and thermally
emitting in the soft state (Esin et al. 1997; Done et al. 2007;
Gilfanov 2010). The hot inner flow then emits through Comp-
tonisation. However, the inner radius of the disc is often found
to be too small for this to be the case (Park et al. 2004; Reis
et al. 2013; Parker et al. 2015; Buisson et al. 2019). Instead,
the inner region of the disc may only emit a small fraction of
its energy thermally (Reis et al. 2010), while the remainder is
extracted by other, probably magnetic, processes, and powers
a corona elsewhere, such as the base of the jet (e.g. Markoff
et al. 2005; Fabian et al. 2012).

Since X-Ray Binaries (XRBs) cannot currently be resolved
spatially, other means must be used to determine the phys-
ical structure: variability is an important tool in determin-
ing both the processes (through the amount of variability
at different energies) and geometry (through echoes between
different components) involved in their emission. The vari-
ability observed in XRBs has been classified into a wide va-
riety of phenomena, which are seen at different points in the
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outburst. The majority of variability is associated with the
Comptonised emission so variability is principally observed
at times when and energies where this component dominates
the X-ray spectrum.

Typically, much of the variability is in the form of broad-
band noise: this shows relatively little structure in the light
curve and occurs over a wide range of Fourier frequencies,
(e.g. Belloni et al. 2005). While there is little structure in the
amount of variability at different time scales, there are partic-
ular lag properties between different energies. On short time
scales (2 1Hz), there are lags at soft energies and around
the iron-K line due to the extra light travel time of emis-
sion which is reflected from the disc (Uttley et al. 2014; De
Marco & Ponti 2016; Kara et al. 2019). On longer time scales,
emission at harder energies lags that at softer (Miyamoto &
Kitamoto 1989); this is thought to be due to the propagation
of fluctuations through the disc (Uttley et al. 2011).

Often, variability is particularly strong on particular
timescales; these are Quasi Periodic Oscillations (QPOs; e.g.
van der Klis 2006) and are further divided into subtypes based
on their frequency, coherence and the strength of different
harmonics (Wijnands et al. 1999; Homan et al. 2001; Remil-
lard et al. 2002).

Occasionally, variability may be much more structured. For
example, the Rapid Burster (MXB 1730-335, e.g. Hoffman
et al. 1978) and Bursting Pulsar (GRO J1744-28, Fishman
et al. 1995; Kouveliotou et al. 1996) show strong, brief in-
creases in flux referred to as Type II X-ray bursts. Other
sources occasionally show fast, repetitive transitions between
two distinct emission regimes (Miyamoto et al. 1991; Bogens-
berger et al. 2020) referred to as ‘flip-flops’. The most ex-
treme case of structured variability is seen in GRS 19154105,
where 14 distinct variability modes have been classified (Bel-
loni et al. 2000; Klein-Wolt et al. 2002; Hannikainen et al.
2005); such complex variability is observed in no other source,
apart perhaps from IGR J17091-3624 (Altamirano et al.
2011; Court et al. 2017).

1.1 MAXI J1820+4070

MAXTI J18204070 is a black-hole X-ray binary discovered in
2018 in the optical by the All-Sky Automated Search for
SuperNovae as ASASSN-18ey (Shappee et al. 2014; Tucker
et al. 2018) and X-rays by MAXI (Kawamuro et al. 2018;
Denisenko 2018). It has provided an excellent target for study
due to its high brightness and low absorption column. It was
confirmed to host a black hole by Torres et al. (2019). Further
measurements (Torres et al. 2020) refine the mass estimate
to 5.7 < Mgu /Mg < 9.5, depending on the assumed binary
inclination. The most precise distance measured to date is
2.96 £ 0.33kpc from radio parallax (Atri et al. 2020); this is
consistent with the optical parallax from GAIA (3.572-2 kpc,
Bailer-Jones et al. 2018; Gandhi et al. 2019).

Its outburst began, as is typical, in the hard state but
declined to around one quarter of the peak flux before re-
brightening and undergoing a transition to the soft state
(Homan et al. 2018a,b). The NuSTAR data from the initial
hard state are analysed in Buisson et al. (2019), showing that
the evolution is governed by changes in coronal rather than
disc geometry, agreeing with the trend in reverberation lags
seen in NICER data (Kara et al. 2019). Several phenomena
during the transition have already been reported, including
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a bipolar radio plasma ejection (Bright et al. 2020) and a
type B QPO (Homan et al. 2020). The jet ejecta were also
observed in X-rays (Espinasse et al. 2020). NuSTAR observa-
tions during the soft state are analysed in Fabian et al. (2020),
showing excess emission at energies above the disc emission,
interpreted as emission from the plunge region inside the In-
nermost Stable Circular Orbit (ISCO). After around 80 days
in the soft state, it returned to the hard state (Homan et al.
2018c) while fading towards quiescence. The long-term light
curve and hardness-intensity diagram of this period is shown
in Figure 1. Since the main outburst, there have been several
smaller outbursts (Vozza et al. 2019; Xu et al. 2019b; Sasaki
et al. 2020), which remained in the hard state.

Here, we describe the spectra and variability of the X-ray
emission during a NuSTAR observation during the hard to
soft state transition. For context, we show the NICER light
curve around the transition and the mean spectra of this
observation along with the previous and following NuSTAR
observations in Figure 1.

2 OBSERVATIONS AND DATA REDUCTION

We analyse data from the first NuSTAR (Harrison et al. 2013)
observation of MAXI J1820+070 in the transition to the soft
state, OBSID 90401309023; this is epoch 9 in the notation of
Buisson et al. (2019), which analysed epochs 1-8, and Nu23
in the notation of Fabian et al. (2020). The data were re-
duced as in Buisson et al. (2019), the only non-standard
feature of this being the use of the status expression "STA-
TUS==b0000xxx00xxxx000" to avoid photons from the bright
source being spuriously flagged as ‘TEST’. We note that the
background for this observation is negligible and the illumi-
nation of the whole of the detector is source-dominated. The
total length of the observation is 38.1ks, of which 21.8/21.5ks
is on-source time, which has an average live fraction of 0.33
(due to the significant effect of dead time at these high count
rates) giving effective exposures of 7.1/7.4 ks for FPMA/B.

We also consider simultaneous NICER data, from OB-
SID 1200120198. We use the clean events from the standard
NICER filtering, apart from the filter for the minimum num-
ber of active detectors, and extract spectra and lightcurves
using XSELECT. We note that due to the extreme brightness
of MAXTI J1820+4-070 during this observation, most of the de-
tectors were switched off, reducing the effective area signifi-
cantly.

We also show data from the Neil Gehrels Swift Observa-
tory Burst Alert Telescope (Swift-BAT) transient monitor
(Gehrels et al. 2004; Krimm et al. 2013) for illustrative pur-
poses; we use the online daily light curve'.

3 RESULTS
3.1 Variability in the light curve

We first show the light curve of MAXI J1820+070 in the full
3 — 78keV NuSTAR band (Figure 2). We note that due to
the shape of the spectrum and the NuSTAR response, this is

L https://swift.gsfc.nasa.gov/results/transients/weak/
MAXIJ1820p070/
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Figure 1. Top left: Light curve of the outburst of MAXI J1820+070 from Swift-BAT (orange) and NICER (black) with times of NuSTAR
observations shown as vertical bars. The observation analysed here is shown in solid purple. Bottom left: Light curve of NICER data (black,
binned to 1s) covering the interval around the state transition. The rise of the radio flare (pink) is slightly (= 0.1 day) after the strongest
change in soft flux and = 0.4 days before the NuSTAR observation (purple and colours matching Figure 2). Top right: Hardness-Intensity
diagram of NICER data, averaged per day, with times of NuSTAR observations indicated by grey triangles and the NuSTAR observation
analysed here indicated by the purple square. Bottom right: Mean spectra of the NuSTAR observation analysed here (purple) and those
immediately before (black, hard) and after (black, soft) unfolded to a constant model (i.e. corrected for the instrument’s effective area
by comparison to a I' = 2 power law, but without instrumental broadening deconvolved). FPMA and B have been combined for display

purposes.

dominated by the low energy flux. This shows a stable flux
with little variability in the first orbit and last four orbits
(apart from two isolated flares), with the first at considerably
(~ 30%) higher flux. The width in the flux distributions of
these sections is similar to that expected from measurement
noise. Calculating power spectra using the standard formu-
lae (e.g. Priestley 1981) confirms that Poisson measurement
noise is dominant, with the only feature being a ~ 9Hz QPO
in the final plateau. The amplitude of this QPO is low, re-
quiring the NICER data to detect it. We discuss this feature
further in Section 4. The transition between these two sec-
tions shows strong variability, the nature of which appears
to differ between the two orbits. The first variable orbit (yel-
low) is the brighter of the two and shows little structure to
its variability. The flux distribution (Figure 2) shows a longer
low than high-flux tail. Contrastingly, the second variable or-
bit (green) is highly structured, consisting of flares from a
baseline flux similar to that in the following steady period.

The flares increase the rate by a factor of ~ 20 — 25% and
are spaced by ~ 200s at the start of the orbit, increasing
in frequency towards the end of the orbit. The properties of
the two variable orbits are the focus of the remainder of this
work; we treat them separately and refer to them as the dip-
ping (yellow) and flaring (green) stages based on the shape
of the light curve.

3.2 Spectral analysis — full observation

Before considering the variability in detail, we fit the spec-
tra to determine which components are present to inform our
models of the likely sources of variability. We split each of the
four stages of the observation into high and low flux, splitting
at the mean flux of that stage. We use 50 s bins to do this since
this is long enough that the lags between bands do not move
flux into different sections but short enough that we are still

MNRAS 000, 1-12 (2020)
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Figure 2. Top left: 3—78keV NuSTAR light curve, binned to 10s. Between two roughly steady sections is a period of significant variability.
The black bars at the top of the plot mark the times of simultaneous NICER coverage. Top right: Flux distributions for each light curve
section (colours match left panel). The steady sections (red/blue) have width similar to that expected from measurement noise on a
constant intrinsic flux (black curves); the first (yellow) variable section has a low flux (dipping) tail; and the second (green) variable
section has a peak matching the following steady section with a tail due to excursions to higher flux. Bottom panels: Zooms to each

variable NuSTAR orbit to show variability more clearly.

Table 1. Parameters of reflection component of fit to full NuSTAR
observation.

Parameter Value
Coronal height h/rg > 78
Spin a Unconstrained
Inclination 0/° 65 £ 15
. _ +0.4
Ionisation log(¢/ergcms™1) 4.0707

Iron abundance Afe 3‘4t8€§

Reflection fraction  Rper > 3.5

able to resolve the variability. We perform fits in 1s1s (Houck
& Denicola 2000) version 1.6.2-41 across the full NuSTAR
band (3 —78keV) and always include a cross-calibration con-
stant between FPMA and FPMB (Madsen et al. 2015). We
group the spectra to a minimum signal-to-noise ratio (SNR)
of 25, such that small residuals are readily visible, and use x>
statistics.

We model the spectrum initially with a disc blackbody
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(p1sKkBB) plus powerlaw model. This leaves significant resid-
uals around 8 keV (x?/(d.o.f.) = 1657/355 = 4.67 for the low
flux state of the third stage/ NuSTAR orbit), so we add an ad-
ditional blackbody, as has been found in other observations
of MAXI J1820+070 and interpreted as emission from the
plunge region (Fabian et al. 2020). This reduces the residuals
to below 10% (x?/(d.o.f.) = 520/353 = 1.47 for the low flux
state of the third stage/ NuSTAR orbit) but bumps are still
present at around 7 and 20 keV. We account for these with the
addition of a relativistic reflection component (RELXILLLP,
Dauser et al. 2010; Garcia et al. 2014). We tie parameters
for the reflection component between spectra and fit jointly,
with the parameters of the disc, blackbody and powerlaw in-
dependent between stages and flux states. This gives fits with
no coherent structure to the residuals, which have significant
contributions from the remaining calibration differences be-
tween FPMA/B, and x?/(d.o.f.) = 3715/3098 = 1.20. Ex-
amples of the residuals to each of these models are shown
in Figure 3; the best-fit parameters are given in Table 1 and
shown in Figure 4.
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Figure 3. Residuals to the models described in the text. Each
panel includes a description of the model and the value of
x?/degrees of freedom. For clarity, only the low flux state of the
flaring section is shown. Note that the reflection model is a joint
fit across all datasets, hence the significantly greater degrees of
freedom.

The most significant change between high and low flux
states is in the normalisation of the powerlaw. The remaining
parameters are consistent with being equal between high and
low flux, although constraints are often weak. There are also
changes across the full observation. The disc cools; the extra
blackbody also decreases in normalisation and possibly tem-
perature; and the powerlaw displays a softer when brighter
trend, as is typical for X-ray coronae. This is compatible with
the following findings from the variability spectra that the
flaring is largely due to changes in the powerlaw emission.

3.3 Energy dependence of the variability

To determine the source of the variability, we consider how
the variability changes with energy. We divide the NuSTAR
data into several energy bands, chosen to have approximately
equal counts. We use 18 bands, sufficient that the highest
energy band is dominated by the power law component of the
spectrum. We divide the NICER data into bands of at least
0.1keV width and to satisfy a minimum counts threshold
chosen to give similar error bars to the NuSTAR data.

8.8.1 Variability spectra

First, we consider how the amount of variability changes with
energy. We measure the fractional variability, after removing
the contribution for Poisson noise, using the formulae from
Nandra et al. (1997); Edelson et al. (2002); Vaughan et al.
(2003), for each energy band. This shows (Figure 5) that the
variability is greatest at high energy, where the emission is
dominated by the power-law component. Similarly shaped
variability spectra are also found in later observations of the
soft state (Fabian et al. 2020). The spectral shapes of the two
stages are very similar but the flaring stage shows a higher
amplitude (=~ 9% rather than ~ 7%).
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Figure 4. Values of fit parameters to flux resolved stages of observa-
tion. Colours match those of Figure 2; upwards/downwards point-
ing triangles mark high/low flux spectra respectively. The largest
difference within a stage is due to the power law flux. Across the
observation, the thermal components become cooler and the power
law becomes fainter and harder.

3.8.2 Lags

We also consider the time difference between changes at dif-
ferent energies. We first show the light curves of soft and
hard bands during the structured flaring overlain (Figure 6);
this shows that the soft band lags the hard by a few seconds,
at least during this stage. To determine this lag numerically,
we use the Cross-Correlation Function (CCF, Figure 7) be-
cause there are relatively few cycles, so Fourier methods are
hard to apply reliably. We calculate the CCF between each
band and the rest of the energy range covered by the instru-
ment. The peak correlation is significantly less than 1 (which
would imply that the light curves are linearly correlated at
the lag of the peak) and becomes lower at low energies but
this does not take into account the dilution of the intrinsic
correlation by Poisson noise. The large number of flares in
the light curve means that a spurious correlation is unlikely
to arise by chance alignment of independent flares at differ-
ent energies and, since the physical components emit over a
wider energy range than the bands used in the analysis, some

MNRAS 000, 1-12 (2020)
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Figure 5. Fractional variability spectrum of the variable stages of
the observation. Black: NICER; yellow/green: NuSTAR. The vari-
ability is greatest at high energy, where the spectrum is dominated
by the powerlaw component. The flaring (green, lower) phase shows
a higher amplitude than but similar shape to the dipping (yellow,
upper) phase.

correlation between energies is expected. From the CCFs, we
calculate the lag as the centroid of the CCF over the lag
range [—60, 60]s. We find errors on these lags using the flux
randomisation/subset selection method (Peterson et al. 1998,
2004).

The resulting lag-energy spectrum is shown in Figure 8.
This shows a soft lag (i.e. changes at lower energies happen
later) in the bands covering ~ 3 — 78keV, which flattens off
at lower energies. This corresponds to a flat lag-energy pro-
file where the spectrum is disc-dominated and progressively
earlier changes in emission as the Comptonised component
becomes more significant. To demonstrate this numerically,
we fit this with a simple model including only changes in the
normalisation of a thermal and a power law component (we
consider more detailed models in Section 3.4). We approxi-
mate the spectrum of each variable component (thermal or
power law) as the equivalent component in the mean spec-
trum multiplied by its fractional variability, effectively requir-
ing that the coherence is independent of energy. Due to the
lower signal-to-noise than the mean spectrum we do not in-
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Figure 6. Lightcurves in hard (green, 3—78keV NuSTAR) and soft
(black, 0.5 — 2keV NICER) bands, zoomed in to a few flares to
show that the soft emission lags the hard.
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Figure 7. Cross-correlation functions (lines, left axis) and centroids
(points with errorbars, band energies on right axis) of given energy
band against all others, for NuSTAR data. For clarity, only 4 bands
are shown, covering the full energy range; these are the 15t, 4th,
9th and 12** bands in Figure 8 (the two lower energy bands have
been rebinned by a factor 2 from the resolution used for fitting).
Colours match between CCFs and their centroids: yellow (palest)
is softest; blue (darkest) is hardest. The peak and centroids shift
to higher lag in softer bands.

clude both the disc and secondary black body; rather, we use
a single thermal component with power equal to the total of
the two components used in the mean spectrum. Further, we
allow the temperature, kT, of this component to be a free
parameter, such that the energy at which the sloped part of
the lag-energy relation occurs can be fitted for. The lag is
introduced by allowing the change in thermal emission (with
flux change dfThermal(E,kT)) to occur a time At after the
change in power law emission (dfpr(F)). The mean time of
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Figure 8. Lag-energy plots of the variable stages of the observation.
The lower (green: NuSTAR, black: NICER) plot shows the time of
flaring variability; this shows a soft lag consistent with being due to
a change in the thermal disc component following a change in the
coronal powerlaw component. The upper (yellow: NuSTAR, black:
NICER) plot shows the time of less structured/dipping variability;
this shows the lag occurs at lower energies. The first 6 plotted bins
of the NuSTAR data have been rebinned by a factor of 2 for clarity.

arrival (and so the measured lag) in a given band is then

dfThermal (E7 kT)
dfThermal (Ea kT) + dfPL (E)

where to is the zeropoint. We then fit for to, At and kT.
We use x? statistics. This fits the overall shape well. For
the flaring stage, the temperature of the thermal component,
1.11 £ 0.03 keV, is between the temperatures of the disc and
secondary thermal component found from spectral fitting (see
Section 3.2). The time difference of 20.073$ s corresponds to
around 10% of the typical flare recurrence time (which is
the dominant variability time scale). For the dipping stage,
the temperature, 0.53700%keV, is significantly lower than
that observed in the flaring stage: forcing the temperature
to match that of the flaring stage produces Ax? = 15. It is
also lower than any of the thermal components found in the
spectral model. Thus, this model predicts that the lag oc-
curs some way out in the disc. A more likely scenario could

H(E) = to + At

be that the process which produces the lag acts across all
radii and becomes longer at larger radii (lower energies). The
longer lag at lower energies produces a sloped lag-energy pro-
file which is similar to a lower disc temperature. Due to the
variety of possible lag-radius relations and limited signal, we
do not attempt to fit a more complex model.

Therefore, the lag-energy spectra imply that the lag is
caused by a change in the disc which occurs after the change
in the Comptonised emission. For example, two possible
changes are in the inner emitting radius (Rin) or the local disc
temperature at a given radius (T'|g). In the following section,
we test what type of change is supported by the data, before
proposing a likely physical scenario in Section 3.5.

3.4 Spectral analysis — flares

We may also try to find the changes directly in time-resolved
spectra. There is insufficient signal to place useful constraints
across any individual change in flux, so some stacking is re-
quired. Since the variability in the third NuSTAR orbit is
dominated by flaring events, we stack these flares (the vari-
ability during the dipping stage is less structured, so we can-
not easily perform a similar analysis for that stage), with the
caveat that the flares differ in light curve (Figure 9), so the
stacking adds slightly different spectra in each time bin. We
identify flare peaks as points in the light curve which are
above 850 cts/s and higher than their nearest two neighbours
before and after (i.e. 4 nearest neighbours in total). These
cuts are chosen to avoid smaller fluctuations which appear to
be part of a larger flare. We align the flares at their peaks and
extract spectra in time segments of 10s, summing each seg-
ment over all flares. Since NuSTAR observes the high energy
tail of the disc, there is a significant degeneracy between the
inner radius and temperature. To reduce this, we also include
the NICER data. Owing to the soft spectrum and high soft
throughput of NICER, this can lead to the powerlaw com-
ponent fitting to small deviations from the disc model rather
than the true high energy Comptonised emission. Therefore,
we include a 2% systematic error on the NICER data, suffi-
cient that the powerlaw fits the high energy data well. We fit
the resulting spectra with the model from Section 3.2. Due
to the limited SNR available, we freeze the reflection param-
eters to the best fit values from Section 3.2. This is not ideal,
since during this highly variable interval these parameters
may change. The focus on changes in the disc parameters is
justified by the inference from the lag-energy spectra that the
lags are caused by delays between disc and coronal changes.
Further, the disc temperature structure may not match the
equilibrium profile used in DISKBB. We use a Markov Chain
Monte-Carlo (MCMC) run (with 175 walkers and 430 steps
after a burn-in period of 570 steps) such that we may di-
rectly explore parameter degeneracies. We use the implemen-
tation in ISIS of the implementation of Foreman-Mackey et al.
(2013) of the method of Goodman & Weare (2010). We use
flat priors on each parameter, with ranges based on the fits
from Section 3.2.

We show the changes in important pairs of parameters in
Figure 9; the coloured regions show the 68% of the posterior
weight with highest density. As expected, the most prominent
change is the increase in powerlaw flux during the flare. We
also expect a change in the disc parameters reflecting a peak
in disc emission after the peak in powerlaw emission. This
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Top left: Each flare shifted to peak at ¢ = 0 (green) and their mean (purple). The coloured patches at the top indicate the

times used to extract spectra and match the colours in the remaining panels. Remaining panels: parameter evolution of fits to stacked
flare spectrum. Arrows indicate the direction of time (the highest count rate occurs one bin after the power law peak and one before the
Rin minimum). Top right: the disc shows a change in the Rj,-T'|g plane with a potential change in R;, and at most a small change in
temperature at a given radius, T'|g (shaded regions include 68% of the posterior density). bottomn left: any change in T'|g is small, but
consistent with rapid re-radiation of illumination from the corona. bottom right: the smallest Rj, (and hence strongest disc emission)
occurs after the peak in powerlaw flux, so is the best candidate to be responsible for the soft lag.

could be due to a change in the inner radius (Rin) or in the
temperature at a given radius (T'|r, reflecting the combina-
tion of mass accretion rate and re-radiation of illuminating
power). Several points after the powerlaw peak are clearly
offset in the Rin-T'|r plane. However, due to the degener-
acy between Rin and T|g, identifying this as due to one of
these parameters is less clear. We also consider whether the
changes relative to the powerlaw agree with the disc change
lagging. While any change in T'|r is poorly constrained, it is
consistent with being linearly dependent on powerlaw flux,
as would be expected from re-radiation of the coronal illu-
mination of the disc (which should occur much more rapidly
than the timescales probed here). Contrastingly, the apparent
decrease in Ri, occurs after the peak in powerlaw emission,
forming an anticlockwise loop in the Rin-T'|r plane. Since
flux is greater at smaller Ri,, this hysteresis agrees with the
observed lag.

Therefore, a change in the inner radius being responsible
for the lag is supported by the data, although the simplifica-
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tions and limited SNR mean that this is not unambiguously
proved from the data alone.

3.5 Physical interpretation and checks

Based on the lag-energy spectra and the suggestions from
the time resolved spectral fitting, we propose the following
scenario for the observed variability properties.

During the dipping phase, we observe that the powerlaw
and inner disc change together and lower energies change
later. This could be initiated by a drop in inner disc den-
sity and emission (which is also powering the coronal emis-
sion). This is followed by a rarefaction wave passing outwards
through the disc, causing a drop in flux at progressively larger
radii and lower energies, so generating the observed lags. Dur-
ing the flaring phase, there may be a more extreme disruption
of the inner disc, ejecting material/power into the corona and
causing a small increase in the inner disc radius; the disc then
refills, restoring the disc emission and producing the observed
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lags. It is not clear what has changed in the system that such
different processes occur but the phenomenological difference
in the light curve clearly shows that there is a difference be-
tween the two variability cases.

We also test that these proposed changes are consistent
with the timescales expected for accretion discs. In this sec-
tion, we use a mass M = 9.2Mg (the middle of the range
from Atri et al. 2020) and an Eddington ratio m = 0.2 (using
the luminosity of 2.26 x 10®® ergs™" from Fabian et al. 2020).
To use the calculations of Shakura & Sunyaev (1973), we use
an inner radius Ri, = 6rg, matching the ISCO of a zero spin
black hole; this is reasonable since Buisson et al. (2019) find
a low spin.

We first consider the proposed disruption/refilling during
the flaring (green) variability. From equations 2.11,16,19 of
Shakura & Sunyaev (1973), we integrate the radial (inward)
velocity from 1.1Rin to Rin (the fractional change in radius
found in Figure 9 and assuming that the minimum observed
Riy is m1sco) and hence the time for the disc to refill by ac-
cretion. This time is inversely proportional to «, the viscosity
parameter; we find that a ~ 6 x 10~* gives a refilling time
of 20s, matching the observations. This « is rather smaller
than the common fiducial value a ~ 0.1 (King et al. 2007;
Martin et al. 2019), although most previous empirical con-
straints giving a 2 0.1 (such as modelling long-term outburst
light curves, e.g. Dubus et al. 2001; Kotko & Lasota 2012;
Tetarenko et al. 2018) are dominated by the outer regions of
the disc, where the viscosity may differ from the innermost
regions probed here. Optical variability in AGN, which is gen-
erated at intermediate disc radii, can imply a slightly lower
0.01 < a < 0.03 (Starling et al. 2004), which supports the
idea that « is smaller at smaller radii. Also, our value does
agree with some early estimates of the viscosity: Shakura &
Sunyaev (1973) suggest 10~% may be suitable close to the
inner radius; and arguments on the Reynolds number of the
flow by Lynden-Bell & Pringle (1974) imply o < 1072, More
recent simulations of discs also tend to give values a < 0.02
(e.g. Stone et al. 1996; Hirose et al. 2006 but see Hawley &
Krolik 2001).

We also propose that a wave travelling outwards provides
the lags during the dipping (yellow) variability. We find a sim-
ilar lag time (O(10)s) over a factor O(10) in energy. Since
E o« T o r73/* the change in radius associated with this
is also O(10), or O(100) times larger than the radius range
involved in the flaring variability. Such a wave is likely to
travel at around the sound speed, governed by the thermal
timescale, as opposed to the viscous timescale for disc refill-
ing. The thermal timescale is rather faster, tyn ~ (h/R)2tv
(e.g. Pringle 1981), so the required O(100) speed increase
would be associated with a plausible (h/R) ~ 0.1 (e.g. Mc-
Clintock et al. 2006). Overall, within the current understand-
ing of accretion disc theory, the required timescales for the
processes we propose are not impossible.

4 DISCUSSION

We have described a brief period of strong variability late
during the hard to soft state transition of the X-ray binary
MAXI J1820+070. The variability occurs principally in the
flux of the Comptonised emission, as is typically seen in
XRBs (e.g. Belloni et al. 2005), but unusually shows a long
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Figure 10. The 9Hz QPO found in the plateau following the
strongly variable section (blue), which is consistent with the power
spectrum of the low phase during the flaring (orange/green) but
not the high phase during the flaring stage (black/green). The
power spectra shown are calculated from 0.5-10keV NICER data.

soft lag, of 20.07]5s. The state transition is, as with most
XRBs, short compared with the full outburst, so datasets
from pointed, sensitive telescopes covering transitions are
comparatively rare and valuable; therefore, strong, transient
variability such as that observed here may be more common
than is apparent from the existing literature.

The flaring we observe has more regular structure in the
light curve than the broadband noise variability which is most
often observed in XRBs. Another qualitatively similar phe-
nomenon is the Type II X-ray bursts observed in some ac-
creting neutron stars (Hoffman et al. 1978; Fishman et al.
1995; Kouveliotou et al. 1996). The occurrence of Type II
bursts is rather different to the flares observed here: they are
observed in very few sources (2 of over 100 known neutron
star low mass XRBs) but frequently in the sources where they
are seen (e.g. Court et al. 2018). Any flaring behaviour in an
X-ray binary can be compared with V404 Cyg (e.g. Gandhi
et al. 2016; Walton et al. 2017; Motta et al. 2017), though
again the flares in V404 Cyg are different to those observed
here: they have a wide variety of shapes, strengths and recur-
rence times, whereas the flares in MAXI J18204-070 are very
regular.

A more similar type of behaviour is that of ‘flip-flop’ phases
(Miyamoto et al. 1991), which have been seen in a small num-
ber of sources. These are characterised by repeated transi-
tions between the same two states; the transition between
the states is typically much faster than the duration in each
state. from a few tens of seconds (Miyamoto et al. 1991) to
several thousand seconds (Bogensberger et al. 2020). Slower
changes may exist but this makes observing sufficient changes
to recognise these as a ‘flip-flop’ less likely (e.g. compare Xu
et al. 2019a; Bogensberger et al. 2020). They may also in-
volve changes between QPO types in the different states (e.g.
Casella et al. 2004), although the QPO types involved are not
consistent between cases. There are also different dominant
spectral changes; for example a significant change in disc tem-
perature may (e.g. Bogensberger et al. 2020) or may not (e.g.
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Miyamoto et al. 1991) be observed. All previous cases have
occurred while the source was in an intermediate state, i.e.
when there was significant contribution from both disc and
coronal emission. Also, a QPO is usually seen in at least one
of the states. There is a QPO in the steady state following
the flaring (Figure 10, this is also mentioned briefly in Homan
et al. 2020); this interval (blue in Figure 2) is very similar in
spectrum and flux to the low phase of the flaring. The power
spectrum during the low state of the flaring stage is consis-
tent with the QPO occurring then also, although there are
not enough data to confirm this; the QPO is not present dur-
ing high flux phases of the flaring stage (or the earlier steady
stage). Therefore, though the full range of this ‘flip-flop’ be-
haviour is still poorly defined, the flaring in MAXI J18204070
agrees with the spectral and temporal properties of this class.
Phillipson et al. (2018) note the similarity of this behaviour to
the Duffing oscillator, a double welled (hence two typical flux
states) non-linear (hence chaotic) oscillator. However, they
do not determine the properties of the binary system which
correspond to the variables in the Duffing equation: there
is not yet a physical explanation for ‘flip-flop’ behaviour, so
this identification still leaves the physical change to be deter-
mined.

Various forms of highly structured variability are also seen
in GRS 19154+105. A structure particularly similar to the
light curve shown here was analysed by Belloni et al. (1997),
which showed a high steady phase separated from a low
steady phase by a period of rapid variability. Several such
cycles were observed in GRS 1915+4105; while only one is ob-
served in MAXI J18204-070 it is not impossible that others
occurred outside times of observation. Belloni et al. (1997)
suggest that this behaviour is due to the Lightman-Eardley
instability (Lightman & Eardley 1974), although since this
instability is always expected to occur during bright phases
(where the disc includes a region with higher radiation than
gas pressure) of X-ray binary outbursts, it is unclear why this
variability pattern is only rarely seen. One possibility is that
a fine-tuned balance with another stabilising mechanism is
required.

A further source of information is the time lag between
changes at different energies: the lags we find are unusual in
both their sense and duration. Most lags observed in X-ray
binaries have the hard emission lagging the soft (e.g. Uttley
et al. 2011) and soft lags are seen at high frequencies with
correspondingly short magnitude (typically milliseconds, e.g.
Kara et al. 2019). Conventional soft lags are explained by
reflection of coronal emission from the disc which lags the di-
rect coronal emission by the light travel time from the corona
to disc. However, the light travel distance associated with the
lag observed here is ~ 6 x 10'! cm, many orders of magnitude
larger than the X-ray emitting disc. Reprocessing from X-ray
to optical can produce lags of the required magnitude (e.g.
Gandhi et al. 2010) but these have been found to be slightly
shorter in MAXI J1820+070 (~ 5s Paice et al. 2019) due
to the smaller disc; hard X-ray to soft X-ray reprocessing is
expected to give even shorter lags. Therefore, reprocessing in
the disc is unlikely to be the primary source of lags. The light
travel distance is a good match for the distance to the com-
panion but the scattered emission from the companion star
does not have the correct spectrum (which the lag-energy
spectrum shows can be approximated by a ~ 1keV thermal
component) and would be too weak to produce the observed
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lags. A change in the underlying accretion system seems a
more likely explanation.

The variability in MAXI J1820+070 analysed here occurs
close to but distinct in time to several other features in the
state change. There may be some association with the jet:
around 1 day before the flaring variability, there is a jet ejec-
tion coincident with a type B QPO (Bright et al. 2020; Es-
pinasse et al. 2020; Homan et al. 2020). The flaring is too late
to be directly associated with the ejection but could repre-
sent settling from the post-ejection state to an equilibrium.
We note that a strong increase in radio flux was also seen
before the onset of the ‘flip-flops’ in Swift J1658.2—4242. The
flaring may be a small-scale manifestation of the jet cycle
(e.g. Lohfink et al. 2013) possibly due to settling after the
ejection event. This agrees with the cooling and increase of
inner radius at the start of the flare, as though the inner disc
was ejected, and the later decrease in inner radius and in-
crease in temperature, which could be due to the inner disc
refilling. The flaring variability occurs during a gap in the ra-
dio coverage presented in Homan et al. (2020) but the radio
flux around 0.5 days later is low, so this cannot form a new
strong jet, although the flares are much smaller than the orig-
inal state change so this would not necessarily be expected.
A piece of evidence against this is that similar flaring was
also observed in an outburst of 4U 1630—47, which showed
no significant radio activity (Tomsick et al. 2005). This could
be because the bimodal flaring is not directly related to the
radio activity, but requires a specific narrow set of param-
eters which can be induced after a jet ejection; perhaps in
4U 1630—37, the relatively complex outburst profile allowed
the required conditions to be met.

Long duration soft lags have also been observed in ULXs
(Heil & Vaughan 2010; De Marco et al. 2013; Herndndez-
Garcfa et al. 2015; Pinto et al. 2017; Kara et al. 2020), where
they appear to be associated with the hard component of
emission; like MAXI J1820+4-070, they typically show a lag of
around 10% of the variability timescale probed. There is no
consensus on the reason for these lags. If the lags observed
here are manifestations of the same phenomenon, this would
imply that there is a similar causal connection between the
hotter and cooler thermal components seen in ULX spectra
as is present between the more standard disc and corona in
MAXI J1820.

5 CONCLUSIONS

e We find a period of strong variability between two
plateaus in flux in the latter stages of the hard to soft state
transition of MAXI J1820+070. As is typical for XRBs, the
time for the transition to occur is a small fraction of the total
outburst length, so this is a comparatively rare dataset.

e The first orbit of the variable epoch shows dipping with
relatively little long-term structure.

e The second orbit consists of flares from the eventual
plateau flux to around 25% brighter. These flares increase
in frequency through the orbit. Unfortunately, the eventual
assumption of the final plateau flux occurs during an orbital
gap.

e The variability is primarily due to changes in the flux of
the powerlaw emission; there is also a smaller change in the
disc emission.
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e We also find a soft lag of the thermal peak behind the
powerlaw flux of 20.071 5 s.

e The emission components must also change spectral
shape. Fitting time-resolved spectra around the flare peaks
suggests that this is a change in the disc temperature and
inner radius, consistent with the change being governed by
removal /refilling of the inner disc, with the temperature at a
given radius remaining constant.

o We suggest that the lags during the dipping phase are
from a sonic wave passing outwards through the disc, while
in the flaring phase, the inner disc is disrupted during the
coronal flare and then refills viscously. This is consistent with
the timescales expected from classical accretion disc theory
for a relatively low o < 1073,

e These oscillations between disc and coronal emission
could be due to the disc/corona power balance returning to its
ground state after being perturbed by the jet ejection ~ 1 day
earlier.

DATA AVAILABILITY

The data on which this work is based are available from
HEASARC.
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