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Abstract

We present a detailed timing analysis of the bright black hole X-ray binary MAXI J18204-070 (ASASSN-18ey), during
its first detected outburst lasting from 2018 March until 2019 October based on Swift/XRT window timing mode
observations, corresponding UVOT data and NICER observations. The light curves clearly show four outbursts, with
the source remaining in the hard state during its first outburst, while the rise of the second outburst corresponds with the
transition to the soft state. A similar double outburst of GX339-4 has been observed in 2004. Here it is followed by two
hard-state only outbursts. In many observations the power density spectra showed type-C quasi-periodic oscillations
(QPOs) with characteristic frequencies below 1 Hz, which suggests that the source stayed in a state of low effective
accretion for large parts of its outburst. The absence of other types of QPOs hinders a precise determination of the state
transitions, but from combining NICER and Swift/XRT data, we find that MAXIJ1820+070 went from the hard-
intermediate to the soft state in less than one day. The covariance ratios derived from NICER data show an increase
toward lower energies, which indicate that the source should make a transition to the soft state. This transition finally
took place, after MAXI J1820+4-070 stayed in the hard state at rather constant luminosity for about 116 days. The
steepness of the increase of the covariance ratios is not correlated with the amount of rms variability and it does not
show a monotonic evolution along the outburst.
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1. Introduction

Almost all low-mass black hole X-ray binaries (BHBs) are
transient sources, which means that they show outbursts, which
typically last from weeks to months. During their outbursts they
evolve through different states (McClintock & Remillard 2006;
Belloni 2010). Using the hardness intensity diagram (HID; Homan
et al. 2001; Belloni et al. 2005, 2011; Homan & Belloni 2005;
Gierliriski & Newton 2006; McClintock & Remillard 2006; Fender
et al. 2009; Belloni 2010), hardness root-mean square (rms)
diagram (HRD; Belloni et al. 2005) and rms intensity diagram
(RID; Mufioz-Darias et al. 2011) the evolution during the outbursts
can be studied. At the beginning and end of an outburst the BHBs
are found in the low-hard state (LHS). In this state an rms of several
tens of per cent is observed and the emission is dominated by
thermal Comptonization in a hot, geometrically thick, optically thin
plasma located in the vicinity of the black hole, where softer seed
photons coming from an accretion disk are up-Comptonized (see
Done et al. 2007; Gilfanov 2010, for reviews). Many BHBs show
transitions to the high-soft state (HSS), in which the variability is
much lower (fractional rms ~1%, e.g., Belloni et al. 2005) and in
which the spectrum is clearly dominated by an optically thick,
geometrically thin accretion disk (Shakura & Sunyaev 1973).

It is thought that the transitions reflect major changes in the
properties of the inner accretion flow (e.g., Done et al. 2007). A
geometrically thin, optically thick accretion disk with an inner
truncation radius varying as a function of the accretion rate can
explain the different states and transitions between them (e.g., Esin
et al. 1997, 2001). While there is observational evidence that
during the HSS the accretion disk extends down to the innermost
stable circular orbit (Gierlinski & Done 2004; Steiner et al. 2010),
the extension of the accretion disk in the LHS is still a matter of
ongoing debate. Different observational studies give different
estimates of how close the disk comes to the black hole in this state

(e.g., Miller et al. 2006; Done & Diaz Trigo 2010; Kolehmainen
et al. 2014; Petrucci et al. 2014; Plant et al. 2015). The truncated
disk model assumes that the disk recedes in the LHS and that the
inner parts are filled by a radiatively inefficient, optically thin,
advection-dominated accretion flow (e.g., Narayan & Yi 1995;
Esin et al. 1997).

Not all Galactic BHBs make the transition to the soft state and
~40% of them remain in the hard state during the entire outburst
(Tetarenko et al. 2016). This type of outburst has been dubbed
“failed” outburst (Capitanio et al. 2009; Stiele & Yu 2016). The
physical reason why some outbursts remain in the hard state,
while other make it to the soft state, is a topic of ongoing research.
Failed outbursts tend to have lower peak luminosities (<0.11Lqqq)
and they seem to occur more commonly in shorter orbital period
systems (Shahbaz et al. 2013; Tetarenko et al. 2016). They might
be connected to a premature decrease of the mass accretion rate
(Capitanio et al. 2009) .

The different states also show different features in power
density spectra (PDS; Belloni & Stella 2014). In a large number of
sources type-C quasi-periodic oscillations (QPOs; Wijnands &
van der Klis 1999; Motta et al. 2011, and references therein)
have been observed in the LHS and hard intermediate state
(McClintock & Remillard 2006; Belloni 2010). These oscillations
have centroid frequencies ranging from 0.01 to 30 Hz, and their
quality factor (Q = v9/(2A), where vy is the centroid frequency,
and A is the half width at half maximum) is 210 (see e.g., Casella
et al. 2005; Rao et al. 2010). Often they appear with one or two
overtones and at times with a sub-harmonic. The PDS always
show band limited noise and the characteristic frequency of the
QPO is anti-correlated with the total broad-band fractional rms
variability. These oscillations are thought to be caused by Lense—
Thirring precession of a radially extended region of the hot inner
flow (Stella & Vietri 1998; Ingram et al. 2009). The presence of
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type-B QPOs together with a weaker power-law noise defines the
soft intermediate state. Type-B QPOs have centroid frequencies of
0.8-6.4Hz, Q > 6, have a 5%—10% fractional rms and appear
often together with an overtone and a sub-harmonic. The third type
of QPOs are type-A QPOs. They have centroid frequencies of
6.5-8 Hz, are broad (Q ~ 1-3) and weak (fractional rms <5%).
The three QPO types are well separated as a function of the total
integrated fractional rms in the power density spectrum.

In this paper, we present a comprehensive study of the temporal
variability properties of the X-ray transient MAXIJ1820
4070 observed during four outbursts between 2018 March and
2019 October. On 2018 March 11 MAXI/GSC (Kawamuro et al.
2018) detected a bright uncatalogued hard X-ray transient. About
half a day later the source was detected by Swift/BAT (Kennea
et al. 2018). Based on follow-up observations in the radio, optical
and X-ray band the source has been classified as a BHB candidate
(Baglio et al. 2018; Bright et al. 2018). State transitions and the
detection of QPOs have been reported (Buisson et al. 2018;
Homan et al. 2018a, 2018b). Kara et al. (2019) found thermal
reverberation lags that are shorter than those previously observed
from BHBs. While the timescale of the reverberation lags shows
some evolution, the shape of the broadened iron K emission line
remains rather constant. These findings suggest that there is not
much evolution in the truncation radius of the inner disk during the
luminous hard state. A detailed analysis of the spectral properties
of MAXI1J1820+070 during this outburst based on MAXI/GSC
and Swift/BAT data has been reported (Shidatsu et al. 2019). The
results of a spectral study based on Swift/XRT and NuSTAR data
taken a few days after the detection of the outburst have been
presented (Bharali et al. 2019). X-ray spectra and a light curve
based on XMM-Newton data obtained during outburst rise are
presented in Kajava et al. (2019). The light curve shows
pronounced dipping intervals. In the same study the UV /X-ray
cross correlation function was investigated. A detailed optical
spectroscopic follow-up study of the optical counterpart ASASSN-
18ey detected clear accretion disk wind features in the hard state
(Mufioz-Darias et al. 2019). Here, we investigate the timing
properties of MAXIJ1820+070 using the Neil Gehrels Swift
Observatory/XRT, UVOT, and NICER (Neutron star Interior
Composition Explorer) data. More details on the data used and on
the data analysis are given in Section 2. We present our results in
Section 3 and discuss them in Section 4.

2. Observation and Data Analysis
2.1. Neil Gehrels Swift Observatory
2.1.1. XRT

All Swift/XRT (Burrows et al. 2005) monitoring data of
MAX1J1820+070 obtained in window timing mode between
2018 March 11 and 2019 September 28 are analyzed in this
study. To obtain PDS in the 0.3—-10keV energy band, we make
use of the GHATS package (v. 1.1.1), developed under the IDL
environment at INAF-OAB." We follow the procedure outlined in
Belloni et al. (2006), subtracting the contribution due to
Poissonian noise (Zhang et al. 1995), normalising the PDS
according to Leahy et al. (1983) and converting to square
fractional rms (Belloni & Hasinger 1990). We did not include any
corrections of the PDS due to background photons. We determine
the contribution due to Poissonian noise by fitting the flat tail of
the PDS at the high-frequency end with a constant. This allows us

! http:/ /www.brera.inaf.it /utenti /belloni/GHATS_Package/Home.html
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to take into account deviation from the expected value of two, that
are caused by pile-up effects in the Swift/XRT data (Kalamkar
et al. 2013). To fit the PDS within ISIS (v.1.6.2; Houck &
Denicola 2000) we use zero-centered Lorentzians for band-limited
noise (BLN) components, and Lorentzians for QPOs.

2.1.2. uvoT

For all Swift/XRT monitoring observations we also analyzed
the UVOT data (Roming et al. 2005). This data have been pre-
processed at the Swift Data Center (Breeveld et al. 2010) with the
current HEAsoft version and current calibration files and we use
the HEAsoft task uvotproduct to obtain magnitudes from the
images in the different bands available for each observation. As
source position we used R.A. = 18"20™21%9, decl. = +07°11/
07”3 (Tucker et al. 2018) with an extraction radius of five arc-
seconds. A nearby source free region was used to define a
background region with a radius of ten arc-seconds.

2.2. NICER

NICER (Gendreau et al. 2012) observed MAXIJ1820
4070 between 2018 March 12 and 2018 July 5, where
observations with an exposure of less than 1 ks have been
excluded from our study. NICER resumed observing this source on
2018 September 25 and followed it until 2019 October 25. (All
NICER observations taken between 2018 July 6 and 2018
September 24 are given with an exposure of zero seconds in the
HEADAS database.) We use the pre-processed event files provided
by the NICER data center. These files are produced using the
current HEAsoft version and current calibration files. We derive
Poissonian noise subtracted, Leahy normalized and to square
fractional rms converted PDS using HEAsoft (v. 6.23) tasks.

3. Results
3.1. Diagnostic Diagrams

Based on Swift/XRT data we determined source count rates in
three energy bands using the online data analysis tools provided by
the Leicester Swift data center (which used HEAsoft v.6.22),
including single pixel events only: total (0.3-10keV), soft
(0.3-3keV), and hard (3—10keV). We also derived NICER count
rates in the 0.5-10keV, 0.5-2keV, and 2-10keV bands. The
Swift/XRT and NICER light curves and time evolution of the
hardness ratio (HR) and the fractional rms are shown in Figure 1.
To obtain HRs we divide the count rate observed in the hard band
by the one obtained in the soft band. For Swift/XRT the fractional
rms is determined in the 0.3-10keV band and in the 4 x
107°-35.13 Hz frequency range, while for NICER we use the total
energy band (0.0-15.01keV) and the 6.1 x 10 °-50 Hz fre-
quency range. The hardness-intensity diagram (HID) and hard-
ness-rms diagram (HRD) are shown in Figure 2, while Figure 3
is the rms-intensity diagram (RID).

The light curves show a steep rise lasting for about 15 days,
before a plateau at a rather constant count rate of about 10° (104)
ctss ' for Swift/XRT (NICER) is reached. This plateau lasts for
about 55 days, before the count rate starts to decrease slowly, as
can be seen from the NICER light curve, which provides a better
coverage during this part of the outburst. After another 30 days
the evolution of the light curves reverses and the count rate
starts rising again for about 15 days before a second, slowly
decaying plateau at a higher count rate of (3—4) x 10° cts s~ for

2 http:/ /www.swift.ac.uk /user_objects/
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Figure 1. Light curves and time evolution of the HR and the fractional rms (from top to bottom) of the four outbursts of MAXI J18204-070 between 2018 March and 2019
October based on Swift/XRT and NICER data. Each data point represents one observation. Observations of the four outbursts are indicated by different colors. The first two
outbursts are displayed in the left hand panels, while the third and fourth outbursts are shown in the right hand panels. Please notice the change on the scales of the y-axis for
corresponding panels. Observations in which a type-C QPO has been detected are marked by (green) triangles. In the case of NICER observations filled triangles indicate
QPOs detected at >30, while open triangles indicate QPOs with a detection significance below 30. T = 0 corresponds to 2018 March 11 00:00:00.000 UTC.

Swift/XRT 1is reached. This second plateau lasts for about
73 days. When the count rate drops to values comparable to the
highest values observed during outburst rise (around day 10) the
decay of the light curve steepens significantly. The NICER and
Swift/XRT motoring end after 255.8 and 252.2 days, respectively.
78.2 days after the last NICER observation NICER resumed
observing MAXI J1820-+070. About 37 days after the beginning
of these observations MAXI J18204-070 shows another outburst
that stays below the count rate at which the source was detected
originally. The rise is again rather steep and it is directly followed

by a decay similar to the one seen at the end of the first plateau.
The long-term MAXI/GSC light curve shows that the count rate
between the second and third outburst is similar to the pre-
detection level. About 64.62 days after the last observation of the
third outburst NICER resumed observing MAXIJ1820+070 and
covered another outburst that reaches a similar count rate and has
a similar shape as the third outburst.

The HID shows that the source softens during outburst rise and
that the softening continues during the first plateau seen in the light
curve until an HR of 0.15 (0.17) for Swift/XRT (NICER) is
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Figure 2. HID (upper panel) and HRD (lower panel), derived using Swift/XRT data (left panels). In the case of NICER data (right panels) the upper two panels are the
HID, where the lower one shows a higher HR range. These observations are not shown in the HRD (lower three panels; before the soft state, after the soft state, third
and fourth outburst from top to bottom) as their rms values are not constrained, due to their low count rates. Filled and open down-pointing triangles indicate
observations with a QPO detected above or below 30, respectively. Open squares indicate observations of the third outburst (after day 330), open up-pointing triangles
observations of the fourth outburst (after day 500). The star marks the first observation. Observations of the three outbursts are indicated by different colors, following
the color scheme of Figure 1. Each data point represents one observation.
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panels) data. While the middle panel uses linear axes, logarithmic axes are used

in the bottom panel. Each data point represents one observation. Symbols and
colors are the same as in Figure 2.

reached. The decrease in count rate takes place at a slightly higher
HR of 0.17 (0.18-0.19). The second plateau has softer HRs, where
most observations have an HR <0.1. The softest HR is obtained at
the end of the second plateau. During the steep decay MAXI J1820
+070 hardens. Below NICER count rates of 200 ctss™' the HR
decreases slightly from 0.26 to 0.24 with decreasing count rate,
before it hardens significantly at NICER count rates <30 ctss '
and softens again at <20 ctss . In observations taken before the
third outburst at a NICER count rate <5 ctss~ ' the source has HR
between 0.4 and 0.9. The HRs observed during the third outburst
are a little bit harder than the HRs observed toward the end of the
second outburst, but softer than the HR at the beginning of the first
outburst. Anyway, the source remained in the hard state during its
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third outburst. The HRs observed during the fourth outburst lie in a
similar range as those observed during the third outburst, so this
outburst remained again in the hard state.

From the HRD we see that the softening during outburst rise
and first plateau correlates with a decrease in the fractional rms to
about 15% (in Swift/XRT data), and that the decrease in count
rate takes place at higher rms values around 20%. In the second
plateau the fractional rms dropped significantly to values of about
2%—3%, although error bars are quite large at those low rms
values. During the steep drop of the count rate, when the source
hardens, we also observe an increase in rms, reaching values of
35% in the NICER data. The decrease in count rate below a
NICER count rate of 200 cts s~ corresponds to a decrease in rms
from 35% to 14%. The softening at <20 cts s~ ' corresponds to an
increase in the rms from 10% to 20%.

The RID shows the hard line at outburst rise, at fractional rms
values similar to those seen in GX 339-4 (Mufioz-Darias et al.
2011). During the first plateau the fractional rms drops to about
20% and then again increases slowly to 30% while the total rms
decreases, leading to a flat loop-like structure in the RID. During
the second rise the total rms increases with increasing count rate,
while the fractional rms decreases. The points of the second
plateau lie in the region of the soft branch (Mufioz-Darias et al.
2011). During the steep decay seen in the light curve, the increase
in fractional rms corresponds to an increase of total rms, until the
fractional rms gets close to 20%, when the total rms starts to
decrease and MAXI J1820+4070 follows again the hard line.

3.2. UVOT Light Curves

UVOT data are available in the V, U, UVWI1, UVW2, and
UVM2 bands. Not all bands are covered in each observation. Light
curves in the different bands together with the Swift/XRT light
curve are shown in Figure 4. The beginning of the outburst is well
covered in the UVW2 band. In this band, as well as in the other
two UV bands, the first outburst appears to be much more peaked
than in the X-ray data and the first plateau seen in the X-ray band
is not present in the UV data. The coverage of the beginning of the
outburst in the V band is sparse, while in the U band the detector
saturates in many observations when the source is at its brightest
stage, which results in a constant magnitude with a large error bar.
Comparing the UV bands to the X-ray data, we also notice that the
second outburst, which is brighter than the first one in the X-ray
data, does not reach the magnitudes of the first outburst in the UV
bands. We also notice that during the decay of the second outburst
a rebrightening occurs in all UVOT bands around day 214. This
feature is most prominent in the V band, and it is not seen in the
corresponding X-ray data. The rebrightening takes place when the
source evolves along the lower horizontal branch in the HID
(Figure 2) in the LHS at Swift/XRT HRs between 0.14 and 0.22.

Investigating the correlation between fluxes in the near-
ultraviolet band (UVW1) and the Swift/XRT hard X-ray band
(see Figure 5) we find a linear correlation of these two quantities
at the beginning of the first outburst, before the first plateau in the
X-rays. The same correlation is found for data points corresp-
onding to observations taken after the peak of the rebrightening in
the UVOT bands. The data points of the third and fourth outburst
also follow this correlation rather closely. These findings can be
interpreted that it is the same process that creates the UV emission
at the beginning of the outburst and after the peak of the
rebrightening, while the UV emission in between is due to another
process. The rebrightening in the UVOT bands indicates a change
in the accretion morphology e.g., in the structures of the accretion
disk or jet.
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Table 1
Parameters of the BLN Components of the PDS Derived from Swift/XRT data
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Figure 4. Light curve in the different UVOT bands. For comparison the Swift/
XRT light curve is shown in the lowest panel. Each data point represents one
observation. Observations of the four outbursts are indicated by different
colors, following the color scheme of Figure 1. The U band observations in
which the detector saturates when the source is at its brightest stage are not
shown. The dashed lines indicate the time of the brightest magnitude in the UV
bands and of the rebrightening in the UVOT data during the decay of the
second outburst. The dashed—dotted lines indicate the times of the highest
observed X-ray flux and of the X-ray peak of the third and fourth outburst.

3.3. X-Ray Timing Properties

3.3.1. Swift’XRT

The PDS of the observations taken until day 22.4 can be well
described by two BLN components. From day 23.8 onwards a
QPO is present and it can be detected in most observations of

Table 2
Parameters of the QPOs of the PDS Derived from Swift/XRT
Day V0,QPO1 Agroi IMSQpo1 QOqrol OQPOI1
23.80 0.068°3%%53  0.00573%¢  0.05579%1} 6.89 2.08
24.24 0.064753%¢ <0.006  0.043*991 5.74 1.81
26.88 0.07379:000 <0.003 0.04110:00% 13.02 2.45
28.31 0.075703%8  0.00273%%  0.0427991) 23.41 1.81
29.41 0.08270%%  0.00973%2  0.05473918 476 2.71
10948  0.116+39% <0.006  0.029799% 10.53 2.15

Note. rms: root mean square; vg: centroid frequency; A: half width at half
maximum; o: significance; QPO: quasiperiodic oscillation.

(This table is available in its entirety in machine-readable form.)

the first plateau and during the first decay and at the beginning
of the second rise. Observations where the PDS shows a QPO
have a Swift/XRT count rate between ~400 and 1280 ctss ™'
and a total fractional rms between 15.6 and 25.4%. The
characteristic frequency ranges from 0.08 to 0.86 Hz, which
only covers the low frequency end of the range in which QPOs
are typically observed in black hole XRBs. For most
observations the Q factor is between ~3 and 10. Details on
individual observations can be found in Tables 1 and 2 and
examples of PDS are shown in Figure 6. The PDS of
observations taken during the HSS (total fractional rms ~2%)
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Figure 6. Examples of PDS for three Swift/XRT observations, taken during brightening of the outburst. PDS of corresponding NICER observations are also shown. In
addition, two NICER PDS obtained on day 116 and day 215 are shown.
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Figure 7. Correlation of the total fractional rms variability with the
characteristic QPO frequency, derived from Swift/XRT data. Circles indicate
observations taken during the first outburst and the rise of the second outburst,
while squares indicate observations taken during the decay of the second
outburst (open symbols indicate QPOs with a detection significance below 30).
For observations in which more than one QPO is detected (only the case during
outburst rise) up-pointing triangles, stars, and down-pointing triangles indicate
QPOs at higher frequencies (including upper harmonics). In the lower panel the
x-axis is logarithmic to display the data points at lower frequencies more
clearly.

are dominated by power law noise. The first three observations
where the rms is above 10% show again QPOs with a
characteristic frequency between 0.43 and 0.87Hz. The
observed Q factors are low (<3). The PDS of the remaining
observations can be described by one or two BLN components
and no QPO is detected. The correlation between total
fractional rms and characteristic frequency is shown in
Figure 7. The PDS of the observations during the third outburst
can be well fitted by two BLN components. In the observation
taken on day 374.12 a QPO with a characteristic frequency of
~6.19 Hz and a Q factor of 18.4 is detected at 2.970.

3.3.2. NICER

Like for the Swift/XRT data, the PDS of the NICER
observations taken until day 5.2 can be well described by two
BLN components. In most of the NICER observations taken
after day 10 and until day 116 two QPOs are detected, with the
characteristic frequency increasing from 0.03 to 1.57 Hz and
from 0.08 to 3.17 Hz, respectively, although in some observa-
tions these features are detected at less than three sigma. The O
values lie between 2 and 10 for most observations. In some
observations the lower detection significance is related to the
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fact that two Lorentzians, a broader and a narrow one, are
required to obtain a proper fit of the QPO. In other observations
a rather sharp, edge like feature is visible, which gives a high Q
factor (>10) if fitted with a Lorentzian. Between day 35 and
116 most observations show an additional peaked noise
component, with a characteristic frequency between 3 and
8 Hz. Details on individual observations can be found in
Tables 3—6 and examples of PDS are shown in Figure 6. From
Figure 8, which shows the evolution of the characteristic
frequency up until day 116, it seems that for most observations
taken between day 92 and 109 only the QPO at higher
frequency is detectable. The data point at lower frequencies on
day 26.28 indicates that on this day the sub-harmonic was
detected by chance (together with the QPO).

On day 116 two QPOs are detected, with the characteristic
frequency increasing from 2 to 4Hz and from 4 to 8§ Hz,
respectively. At the beginning of this observation the higher
frequency QPO, which has a lower Q factor, is detected at a
higher significance than the lower frequency QPO. Then a third
QPO with a characteristic frequency around 0.6-0.8 Hz
appears. After this third QPO has disappeared again, the
detection significance of the other two QPOs differs much less.
The evolution of these QPOs is shown in Figure 8 and details
are given in Tables 4 and 6.

In the observations taken after 2018 September 25, QPOs
with >2.90 and Q > 2are detected on days 199, 215, 233,
241, 246 and have characteristic frequencies of 0.11, 0.17,
0.02, 0.49, 0.50 Hz, respectively. There are a few more QPOs,
with high Q values and characteristic frequencies between 0.6
and 0.03 Hz, that are detected around 2¢. These QPOs are also
included in Table 4.

During the third and fourth outburst (observations taken in
2019) we find some more QPOs with high Q values that are
detected around 20. Two QPOs are detected with more than 3o
on days 375 and 380 and have characteristic frequencies of
0.23 and 3.17 Hz, respectively. At the brightest point of the
third outburst at day 372 we find a QPO at a characteristic
frequency of 13.75 Hz that is detected at 2.8¢. These QPOs are
also included in Table 4.

The correlation between total fractional rms and character-
istic frequency is shown in Figure 9. Most QPOs detected at
>30 follow an anti correlation between rms and frequency.
This anti correlation holds from the lowest frequency of
0.03 Hz to the highest at 8 Hz, and suggests that the QPOs are
of type-C. The QPOs observed between day 92 and 109, where
only the QPO at higher frequency is detected, seem to follow a
steeper anti-correlation than the remaining QPOs. It also seems
that the QPOs observed during the third and fourth outburst
(most of them only detected <30) follow a flat correlation at
~43% rms.

We derive covariance spectra on long (5 s; 20 bins) and short
(0.01 s; 50 bins) timescales (Wilkinson & Uttley 2009; Stiele &
Yu 2015). The covariance ratios, obtained by dividing spectra
on long timescales by those on short timescales, for a sample of
observations, are shown in Figure 10, and show an increase
toward lower energies, as observed e.g., in GX339-4 and
SwiftJ1753.5-0125 (Wilkinson & Uttley 2009; Stiele &
Yu 2015). Although the steepness of the increase changes
over time it is present throughout the hard state over more than
100 days. We also find that the steepness of the increase is not
correlated with the amount of rms variability and that it does
not show a monotonic evolution along the outburst (see
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Table 3
Parameters of the Noise Components of the PDS Derived from NICER Data
Day Vmax;BLN1 TMSBLN1 Vmax;BLN2 IMSpLN2 Vmax;PN1 I'MSpN1 QPNI OPN1
1.58 0.369993 0.334+0.900 0.018+3:992 0.40079913
2.61 0.418+093 0.350+3.903 0.020 3,993 0.40179918
3.00 0.38240513 0.33670:004 0.01655:902 0.42970:019
4.03 041840018 0.34075:9%7 0.023+0:502 0.375°9313
5.19 0.492+3034 0.295+3:907 0.028+5:9% 0.35050012

Note. rms: root mean square; Vmax: characteristic frequency; o: significance; BLN: band limited noise; PN: peaked noise.

(This table is available in its entirety in machine-readable form.)

Table 4
Parameters of the QPOs of the PDS Derived from NICER Data
Day V0,QpPO1 Agpol rmsqpo1 QOqro1 oQpol
1039 0.034759%2 0.00379%%4 0.06475913 6.62 2.32
11.99  0.04079%% 0.0000:9% 0.003793%% 7.63 3.07
18.04 0.050* 9% 0.00993% 0.10079918 278 2.85
19.39 0.058793% 0.000*5:9%2 0.07893% 420 3.92
22.03 0.052:9:53 0.015793%¢ 0.10470932 1.72 2.81

Note. rms: root mean square; v: centroid frequency; A: half width at half
maximum; o: significance; QPO: quasiperiodic oscillation.

(This table is available in its entirety in machine-readable form.)

Table 5

Additional Lorentzian Needed to fit QPO at Higher Frequency in NICER Data
Day 7 A rms 0 o

23.32 0.160+0.928 0.07253:938 0.12250:03¢ 1.11 1.71
24.02 0.1945918 0.0613:0%9 0.09475:99¢ 1.58 5.73
36.07 0.30870:308 0.0489311 0.059793%¢ 3.21 6.58
52.23 0.62279923 0.37775%9 01177313 0.82 425
53.24 0.64113:% 0.38270942 0.11475933 0.84 2.49

Note. rms: root mean square; v: centroid frequency; A: half width at half
maximum; o: significance; QPO: quasiperiodic oscillation.

(This table is available in its entirety in machine-readable form.)

Table 6
Additional QPOs or Peaked Noise Features
Day v A rms 0 o
85.26 0.131+3:9% <0.014  0.032%939 475 2.42
93.17 1.40173:9% <0.056  0.02455%4 12.59 2.80
96.24 0.5007098  0.30010013 0.152159% 0.83 25.40
116.65 05011392 0.37273%8} 0.033+9:0%4 3.08 4.82
116.71 0.6807096  0.32875098¢  0.02610:9%¢ 3.96 3.76
525.05  0.087%99%%¢ 0.063700% 0.215709% 0.69 5.29

Note. rms: root mean square; vy: centroid frequency; A: half width at half
maximum; o: significance; QPO: quasiperiodic oscillation.

(This table is available in its entirety in machine-readable form.)

Figure 10). We also derived covariance spectra and ratios for
observations of the third outburst (Figure 11). Due to the
coverage of this outburst by NICER data, we only have one
observation before the outburst peak (and several observations
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Figure 8. Evolution of the characteristic frequency of the fundamental QPO
(red circles) and its upper-harmonic (blue triangles) derived from NICER data
until day 116. Open symbols indicate QPOs with a detection significance
below 3.

after the peak). Considering only covariance ratios above 4 keV
and below 0.8 keV, the ratios appear to be much flatter than the
correlations observed during the first and second outburst. A
comparison of the covariance ratios for the different outbursts
in the 0.8—4 keV range shows that the covariance ratios of the
third outburst show a decrease toward lower energies in this
energy range. The covariance ratio of the fourth outburst that
are obtained in a similar count rate range as those of the third
outburst show the same shape as those of the third outburst.
Although earlier phases of this outburst are covered compared
to the coverage of the third outburst, we cannot determine the
shape of the covariance ratios in these observations due to the
low count rate.

4. Discussion

We investigate the Swift/XRT and NICER monitoring
observations of MAXIJ18204-070 taken in 2018 and 2019.
The HID derived from the Swift/XRT data show the typical
g-shape or turtle-head pattern observed in many BHB
outbursts. The light curve reveals that MAXIJ18204-070
underwent four outbursts, with the source remaining in the hard
state during its first outburst, while the rise of the second
outburst corresponds with the transition to the HSS. These two
outbursts are followed by two weaker outbursts during which
MAXIJ1820+4-070 remains again in the hard state, so-called
“failed” outbursts. The first two outbursts can be regarded as a
double outburst and a similar outburst of GX 339-4 has been
observed in 2004 (Joinet et al. 2007; Plant et al. 2014). In case
of GX 339-4 the outburst lasted about twice as long as the
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Figure 9. Correlation of the total fractional rms variability with the
characteristic QPO frequency, derived from NICER data. Circles indicate
observations taken during the first outburst and the rise of the second outburst,
while squares indicate observations taken during the decay of the second
outburst (open symbols indicate QPOs with a detection significance below 30).
For observations in which more than one QPO is detected up-pointing (down-
pointing) triangles indicate QPOs at the higher frequency (including upper
harmonics) in observations taken during outburst rise (decay). In some
observations taken during outburst rise (before day 117) two Lorentizans are
need to fit the QPO at higher frequency. If this is the case, green stars indicate
this additional feature. Observations taken during the third outburst (after day
330) are indicated using a diamond shape. The black asterisk indicates the QPO
at 13.7 Hz found in the observation at the peak of the third outburst. The QPOs
and upper harmonics observed during the fourth outburst are indicted by cyan
cross points and pink x-shape points, respectively. The inset displays data
points at frequencies below 2 Hz more clearly, while in the lower panel the
x-axis is logarithmic to display the data points at even lower frequencies
(<0.5 Hz) more clearly.

double outburst of MAXIJ1820+070 reported here. Compar-
ing the UV to the X-ray light curves shows that the first
outburst, which is brighter than the second outburst in the UV
bands, is much more peaked in the UV bands than in the X-ray
band, and that the plateau seen in the X-ray data is not present
in the UV data. During the decay of the second outburst a
rebrightening is visible in the UVOT data that has no
corresponding feature in the X-ray light curves.

For many observations during the first outburst and the rise
of the second outburst QPOs have been detected in the Swift/
XRT and NICER data. For most of these observations the
characteristic frequencies of the QPOs detected at about the
same time in both data sets agree with each other. Due to
the much better signal-to-noise ratio in the NICER PDS, QPOs
at lower frequencies and weaker features (like upper harmonics
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Figure 10. Covariance ratios of a sample of observations taken during the LHS
with NICER. The small percentage numbers indicate the fractional rms values
of the individual observations. The steepness of the increase toward lower
energies neither correlates with the amount of rms variability nor with the
outburst evolution.
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Figure 11. Covariance ratios of a sample of observations taken during the third
and fourth outburst with NICER. The small percentage numbers indicate the
fractional rms values of the individual observations. For comparison the
covariance ratios for the observation on day 4 are given.

or additional peaked noise components) can be detected in
these data, which are not detectable in Swift/XRT PDS. For the
QPOs observed during outburst rise (up until day 116), the
frequency range in which the QPOs are observed, the Q factors
and the anti-correlation between total fractional rms and
characteristic frequency suggest these QPOs to be type-C
QPOs, consistent with the detection of these QPOs during the
hard state. The QPOs detected during the first plateau, the first
decay and at the beginning of the second rise are detected at
rather low characteristic frequencies below 1 Hz. Only in the
last two NICER observations taken before the source entered
the soft state, QPOs with a characteristic frequency above 1 Hz
are detected and the characteristic frequency increases from
1.57 to 3.94 Hz within 24.8 hr, while the overall total fractional
rms decreases from 10.47]7 to 6.37):0%. In the Swift/XRT
observations taken about 19 hr after the last N/CER observation
the rms has decreased to 23% and MAXIJ1820+070 has
entered the soft state, in which it stayed for about 81 days. On
day 199.4 the rms has increased to 10.97]3% and two QPOs
with characteristic frequencies of 0.11 and 0.20Hz are
detected. On day 202 and 203 QPOs with characteristic
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frequencies of about 0.5 and 0.4 Hz, respectively, are detected
in both Swift/XRT and NICER data. A few more QPOs are
detected in the NICER data during the decay of the second
outburst and during the two “failed” outbursts.

At the brightest point of the third outburst at day 372 we find
a QPO at ~13.75 Hz. It is worth noting that a QPO at ~21 Hz
has been observed in the initial LHS of XTEJ1752-223
(Muiioz-Darias et al. 2010).

We would like to point out that during the first outburst and
during most of the times of the second, third and fourth
outburst, the characteristic frequency of the QPO remains
below 1 Hz, while in other BHBs that normally show single-
peak outbursts (including so-called failed outbursts), the
characteristic frequency of type-C QPOs increases up to
10 Hz (Stiele et al. 2013). The observation of type-C QPOs
below 1Hz during large parts of an outburst of a BHB is
exceptional. A comparison of the QPOs and their properties
observed here to those detected in the 2004 outburst of
GX 339-4, shows that during the 2004 outburst only one QPO
with a characteristic frequency below 1 Hz was detected (Motta
et al. 2011). QPO-like features at rather low characteristic
frequencies (0.03 and 0.05 Hz) have also been observed in the
initial LHS observations of XTE J1752-223 (Muifioz-Darias
et al. 2010), but during its evolution the source showed QPOs
at frequencies above 1 Hz in many observations (Shaposhnikov
et al. 2010). QPOs at frequencies between 0.1 and 1 Hz have
also be detected in Cyg X-1 (Pottschmidt et al. 2003). The
QPOs below 1 Hz do not show a correlation with the source
flux, as has been observed for example in Shidatsu et al.
(2014). During the first plateau we observe an increase in the
characteristic frequency from ~0.04 to ~0.3 Hz, while the
source luminosity is slightly decreasing.

In case of the 2004 double outburst of GX 339-4 only in one
observation during the decay of the second outburst a QPO was
detected. For MAXIJ1820+070 we found five QPOs in the
NICER data of the decay of the second outburst. So it seems
that double outbursts show QPOs only in a few observations
during the decay of the second outburst compared to the higher
numbers of QPOs observed during the decay of single-peak
outbursts of other BHBs (Stiele et al. 2013). However, one
needs to be cautious when comparing the amount of QPOs
detected in individual outbursts and in different parts of an
outburst, as the number of QPOs found not only depends on the
properties of the system, but also on the amount of observations
that are available for each part of an outburst.

It is also remarkable that the increase in QPO frequency and
the transition to the soft state take place in less than two days.
This is an exceptional fast state transition (see Table 16 of
Tetarenko et al. 2016 that lists durations of state transitions for
transient Galactic BHBs).

The detection of a disk wind in the optical during the hard
state (Mufioz-Darias et al. 2019) together with the fast
transition from the hard to the soft state, seems to indicate
the presence of a standard accretion disk in the hard state of
MAXIJ18204+070. However, the fact that the characteristic
frequencies of the QPOs remains below 1 Hz for most of the
outburst seems to imply that the source remains in a
configuration close to the one typically observed at the
beginning of an outburst, when the accretion efficiency is still
low and the disk is truncated far away from the black hole. In
the Lense—Thirring precession model (Ingram et al. 2009) low
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QPO frequencies correspond to an accretion disk truncated at
several tens of gravitational radius from the central black hole.
Hence the observed low QPO frequencies imply an accretion
disk truncated far away from the black hole and not much
evolution of the truncation radius during the outburst. This is
consistent with the results of Kara et al. (2019) that the
truncation radius of the accretion disk does not show much
evolution during the hard state based on X-ray reverberation
lags. An explanation why the source remains in a state of low
accretion efficiency can be the presence of the disk wind in the
hard state that has not been observed in any other BHB before,
and that hampered the formation of a stable accretion regime.

We also investigate Swift/UVOT light curves. In the UV
light curves the first outburst is brighter than the second one,
contrary to what has been observed in the X-rays, and it is
much more peaked than in the X-rays. The source of UV
emission in the hard state of BHBs can be the jet, the cool disk,
the hot advection-dominated accretion flow or X-ray reproces-
sing in the accretion disk (Markoff et al. 2003; Yuan et al.
2005; Rykoff et al. 2007; Maitra et al. 2009). As the shape of
the light curves differs between the X-ray and UV bands,
viscous dissipation in the disk does not seem to be the primarily
cause of the UV emission. Jet quenching, which has been
suggested as the cause of a similar feature observed in Swift
data of the 2010 outburst of GX 339-4 (Yan & Yu 2012), also
does not seem to be a good explanation here, as MAXI J1820
4070 remains in the hard state for about another 100 days
before the transition to the soft state takes place.

Furthermore, the Swift/UVOT light curves show a rebrigh-
tening that peaked about 15 days after the source left the HSS.
The X-ray light curves do not show a corresponding feature
and keep on decaying. The rebrightening was accompanied by
an increase in the X-ray HR, which indicates a change in the
accretion morphology. This change in the accretion morph-
ology is further supported by the finding that a linear
correlation between the hard X-ray count rate and the near-
UV flux similar to the one at the beginning of the outburst is
observed after the peak of the rebrightening feature. A similar
UV rebrightening with continued decay in the X-rays and an
increase in the X-ray HR was observed in the 2012 outburst of
SWIFT J1910.2-0546 (Degenaar et al. 2014). The rebrighten-
ing in the UVOT bands is reminiscent of the secondary nIR/
optical maxima seen in other BHBs that have been ascribed to
the revival of a jet (e.g., Dinger et al. 2012; Kalemci et al.
2013). Alternatively, the rebrightening may be interpreted as
the recovery of a hot inner flow (Veledina et al. 2011, 2013).

The covariance ratios derived from NICER data of the first
and second outburst show an increase toward lower energies. In
previous studies, we related the increase in covariance ratio to
outbursts making a transition to the HSS, while for outbursts
that remain in the hard states, we observed a flat or decreasing
covariance ratio (Stiele & Kong 2016; Stiele & Yu 2016). Thus
the increase in the covariance ratios of MAXI J1820+4-070 indi-
cated that the source should make a transition to the soft state,
which in the end took place, after MAXI J18204-070 stayed in
the hard state at rather constant luminosity for about 116 days.
A similar shape of the covariance ratio has also been found
from XMM-Newton observations taken during the first outburst
of the 2004 double-outburst of GX 339-4 (Stiele & Kong 2019).
The steepness of the increase is not correlated with the amount
of rms variability and it does not show a monotonic evolution
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along the outburst, contrary to what has been observed during
the 2015 outburst decay of GX 339-4 (Stiele & Kong 2017).
This finding gives further evidence that there is no correlation
between the shape of the covariance ratio and the amount of
fractional rms variability, as reported in Stiele & Kong (2019).

The overall shape of the covariance ratios of the third and
fourth, hard state only outbursts clearly differs from the shape
seen in the first two outbursts. Between 0.8 and 4 keV the
covariance ratios decay toward lower energies. There seems to
be a slight increase to even lower energies and the shape is
different from the ones reported in Stiele & Kong (2016) and
Stiele & Yu (2016). This difference may be related to the phase
of the outburst during which the observations have been taken.
Here, covariance ratios are obtained from NICER observations
of MAXIJ1820+070 shortly before the peak of its third and
fourth outburst and the outburst decays are well covered. In
contrast, the observations studied in Stiele & Kong (2016) and
Stiele & Yu (2016) have been taken during early outburst rise
of the hard state only outbursts. Furthermore, the two hard state
only outbursts of MAXIJ1820+4070 follow a bright double
outburst, while the outbursts studied in Stiele & Kong (2016)
and Stiele & Yu (2016) are single hard state only outbursts that
are separated by much longer time span from any previous
outburst. Hence, the accretion geometry from the hard state
only outbursts studied here may be different from the one in the
outbursts studied in Stiele & Kong (2016) and Stiele & Yu
(2016). More observations of other hard state only outburst will
be needed to study the evolution of the covariance ratios during
this kind of outburst and to further investigate differences
between full and hard state only outbursts.
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