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ABSTRACT
The X-ray transient MAXI J1631–479 went into outburst on 2018 December 21 and remained active for about seven months.
Owing to various constraints it was monitored by NICER only during the decay phase of the outburst for about four months.
The NICER observations were primarily in the soft state with a brief excursion to the hard intermediate state. While the soft
state spectrum was dominated by thermal disc emission, the hard intermediate state spectrum had maximum contribution from
the thermal Comptonization. Almost all intermediate-state power spectra had a Type-C low frequency quasi-periodic oscillation
(within 4–10 Hz), often accompanied by a harmonic component. The frequency of these oscillations increased and the fractional
rms decreased with inner-disc temperature suggesting a geometric origin. The rms spectra during the intermediate state had a
hard shape from above 1 keV. Below 1 keV the shape could not be constrained in most cases, while only a few observations
showed a rise in amplitude.
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1 IN T RO D U C T I O N

The outburst of a black hole binary (BHB) is characterized by
various states depending on the spectral and temporal properties.
Since the discovery of X-ray transients more than four decades ago,
the state classification schemes have undergone much sophistication
matching with the development in instrumentation (Miyamoto et al.
1993; Remillard & McClintock 2006; Done, Gierliński & Kubota
2007; Belloni, Motta & Muñoz-Darias 2011). With an intent to
incorporate all the observable properties, a typical BHB outburst can
be categorized into four states – the low hard state (LHS), the high
soft state (HSS), and the hard- and soft-intermediate states (HIMS
and SIMS) (Homan & Belloni 2005; Belloni 2010; Belloni & Motta
2016). These states can be identified by locating the source in the
hysteresis tracks of the hardness-intensity diagram (HID; Homan
et al. 2001; Belloni 2010) and the total rms–intensity diagram (RID;
Muñoz-Darias, Motta & Belloni 2011). The hardness–rms diagram
(HRD; Belloni 2010) also serves as a useful tool in this regard.
During an outburst, a BHB rises from quiescence in the LHS when
the accretion disc is truncated at a large distance and thermal viscous
instability kicks in (Lasota 2001). In the LHS, the energy spectrum
is hard and is dominated by power-law emission, due to inverse
Comptonization, with negligible contribution from the thermal disc
(Gilfanov 2010). The power density spectrum (PDS) displays a flat-
top band limited noise and is marked by maximum variability (30–
40 per cent). Strong Type-C quasi-periodic oscillations (QPO), often
accompanied by harmonics, are also a characteristic of the PDS
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during LHS (Casella et al. 2004; Casella, Belloni & Stella 2005;
Belloni 2010). From here, the hardness decreases as the contribution
of the thermal disc starts to dominate the spectrum. This is believed
to happen as the inner radius of the accretion disc moves inwards,
driven by an increase in accretion rate (Done et al. 2007). This
track is marked by a passage of the source to the HSS through the
HIMS and SIMS. The intermediate state have contributions from
both the thermal disc and power law with the HIMS being slightly
harder than the SIMS (Gierliński & Zdziarski 2005). Thus, it is
difficult to distinguish the two from the HID and energy spectrum.
A clear distinction between the two intermediate states can be drawn
from the variability properties. While the HIMS is an extension
of the LHS with fractional rms around ∼10 per cent, the SIMS
has much lesser rms (few per cent) and is often marked by Type-
B QPOs (Casella et al. 2005; Belloni & Motta 2016). The HSS is the
softest state with maximum contribution from thermal disc emission
and minimum variability (∼1 per cent or less), with occasional
QPO detection (Gilfanov 2010). With decrease in luminosity the
source moves from HSS back to the LHS via the same interme-
diate states. Occasionally, the source also undertakes excursions
to the intermediate and some anomalous states (Belloni & Motta
2016).

While the phenomenology of QPOs is fairly well understood,
their origin is still debated. Various models that attempt to explain
the phenomenon of QPOs can be broadly divided into two categories
– (1) based on intrinsic variability in the plasma and (2) due to
geometric effects. Tagger & Pellat (1999) proposed the Accretion–
Ejection Instability model in which spiral wave instabilities in the
density and scale height of a thin accretion disc results in standing
wave patterns that form LFQPOs. According to Molteni, Sponholz &

C© 2021 The Author(s)
Published by Oxford University Press on behalf of Royal Astronomical Society

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/505/1/1213/6274681 by guest on 24 August 2022

http://orcid.org/0000-0001-7590-5099
mailto:skrout@prl.res.in


1214 S. K. Rout et al.

Chakrabarti (1996) and Chakrabarti et al. (2008) LFQPOs can be
formed due to oscillations of the shock location in the two-component
accretion flow model. Pressure wave oscillations within the boundary
of Corona can also lead to resonant modes that modulate the Compton
upscattered photons resulting in LFQPOs and the associated noise
component (Cabanac et al. 2010). Apart from these, several other
attempts have been made to explain the QPO phenomena due to
some sort of oscillation or variability in the accretion flow (e.g.
Wagoner, Silbergleit & Ortega-Rodrı́guez 2001; Titarchuk & Fiorito
2004; O’Neill et al. 2011). Time-dependent Comptonization models
were developed to explain the various phenomenology of kilo-Hertz
QPOs in neutron star low mass X-ray binaries (Lee & Miller 1998;
Kumar & Misra 2014; Karpouzas et al. 2020). Recently, Garcı́a
et al. (2021) extended this model to explain the rms amplitude and
phase lag spectra of Type-B QPOs in the BHB MAXI J1348–630
by incorporating two separate Comptonization regions. Under the
assumption that there is a dynamical mechanism that excites the
oscillations, Garcı́a et al. (2021) were able to explain the radiative
properties, rms, and lag spectra of the Type-B QPO in this source.
While most of the models based on intrinsic variability are quite
different from each other, the other class of models based on
geometric effects attempt to explain the QPOs with the phenomenon
of Lense–Thirring precession. Stella & Vietri (1998) and Stella,
Vietri & Morsink (1999) proposed the relativistic precession model
(RPM) in which QPOs are formed due to Lense–Thirring precession
at some characteristic radius which decides the frequency. Ingram,
Done & Fragile (2009) extended the model under a truncated
disc framework to explain the QPOs and other noise elements by
precession of a hot inner flow (Corona). Schnittman, Homan &
Miller (2006) also proposed a slight variation of the RPM where
a precessing ring of matter leads to modulation of X-rays. Although,
ascertaining a particular model for the QPOs is still debated, several
studies done recently have strongly preferred a geometric origin over
intrinsic variability. Motta et al. (2015), Heil, Uttley & Klein-Wolt
(2015), van den Eijnden et al. (2017) have shown that the Type-C
QPOs have a significant inclination dependence in their strength.
They also suggest that Type-B QPOs likely have a different origin
than Type-C. Ingram et al. (2016, 2017) went on to carry out phase-
resolved spectroscopy of QPOs to verify that the reflection spectrum
varies with different phases of the QPO providing strong evidence
for geometric origin.

MAXI J1631–479 (hereafter J1631) is a newly discovered galactic
X-ray transient which hosts a rapidly spinning massive black hole at
its centre (Xu et al. 2020; Rout & Vadawale, in preparation). During
the HSS, J1631 exhibits outflow of matter in the form of ultra-fast
disc winds. It also shows radio flaring during state transitions and
a radio/X-ray luminosity pattern typical of BHBs (Monageng et al.
2021). Fiocchi et al. (2020) and Rout & Vadawale (in preparation)
have reported on the presence of hybrid plasma in the INTEGRAL
and NuSTAR spectra, respectively. In this work, we carry out a
comprehensive spectral and timing analysis of the X-ray transient
J1631 using data from NICER. We endeavour to understand the
phenomenology of state transition and the associated time variability,
especially the rms spectra and low-frequency QPOs.

2 O B SERVATION AND ANALYSIS

2.1 Data reduction

J1631 went into outburst on 2018 December 21 and was first detected
with MAXI/GSC. After an ambiguity due to its proximity with
the pulsar AX J1631.9–475, located within the MAXI error circle,

it was later confirmed to be a new X-ray transient using ∼14 ks
data from NuSTAR on 28 December (Miyasaka et al. 2018). Due
to Sun-angle constraints, the peak of the outburst was missed by
NICER as well as most other X-ray satellites. From 2019 January
15 onward J1631 was observed with NICER, almost daily, with
exposures ranging from a few hundred seconds to a few thousand
seconds till 2019 July 4. All the analysis in this work were done
using HEASoft-v6.25. Analysis of the X-ray Timing Instrument
(XTI; Gendreau, Arzoumanian & Okajima 2012) data was carried
out using NICERDAS-v5.0. After generating the event files using
nicerl2, the higher level products were generated with the ftool
xselect. Several observations in the beginning were affected by
flaring events. These were removed by setting COR SAX > 6. The
intervals with count rate greater than 1 counts s−1 in 13–15 keV
range were also rejected as they are affected by background flares.
The background spectra for each observation were generated using
nibackgen3C50-v5. Each NICER observation has several data
segments based on the ISS orbit. If the count rate in the individual
segments differed significantly (i.e. �400 counts s−1), they were
analysed separately. After 2019 March 20, the background starts
to dominate beyond 8 keV and spectral analysis was carried out in
the range of 0.5–8 keV. Further, from April 22 the background was
dominant even below 8 keV. Thus, in this paper we only present the
results till 2019 April 21. This amounts to a total of 88 observations
spanned between 2019 January 15 (OBSID: 1200500101) to 2019
April 21 (OBSID: 2200500131).

2.2 Timing analysis

Time-series analysis was done using the GHATS package.1 NICER
data were rebinned by a factor of 104, which brought down its
time resolution to 400μs, corresponding to a Nyquist frequency of
1250 Hz. PDS in the energy range of 0.5–10 keV were constructed for
a time series consisting of 65 536 time bins. Each series was, thus,
∼26.21 s long and led to a minimum frequency of ∼0.04 Hz. All
PDS in a segment were then averaged and rebinned logarithmically.
We have verified that the source shows very little variability for
frequencies below 0.04 Hz and the choice of a longer time-series
would result in decrease in their number which would lead to
poor statistics for the averaged PDS. The average power in the
100–1250 Hz, where the source showed no intrinsic variability, was
subtracted from the Leahy normalized PDS which were subsequently
converted to squared fractional rms (Belloni & Hasinger 1990). The
power spectral analysis was done with raw counts without subtracting
the background. The PDS during the HIMS were then fitted by
a multi-Lorentzian model (Belloni, Psaltis & van der Klis 2002).
Depending on the shape and number of QPOs, the PDS required
about 2 to 5 Lorentzians. The multi-Lorentzian model provided a
satisfactory fit for all the PDS. During the HSS, the PDS required
only a single power law to be fitted reasonably.

To construct rms spectra, the above method was repeated for
the following energy bands: E1:0.2–0.8, E2:0.8–1.0, E3:1.0–2.0,
E4:2.0–6.0, and E5:6.0–12.0 keV. These intervals were selected
so as to ensure that each of the energy bands receive roughly
similar throughput. The fractional rms in the 0.1–50 Hz range was
calculated by integrating the total variability from the best-fitting
multi-Lorentzian model. The rms was then plotted as a function of
the above defined energy bands.

1http://www.brera.inaf.it/utenti/belloni/GHATS Package/Home.html
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NICER view of MAXI J1631–479 1215

Figure 1. Top row: MAXI light curve in the 2–10 keV range. Second row: NICER light curve in the same energy range. Third row: Time evolution of hardness
with NICER. Fourth row: Time evolution of broad-band fractional rms measured with NICER. The red and black colours, in this and the other figures, represent
HSS and HIMS, respectively. The grey dots in the MAXI light curve are the points not observed by NICER.

2.3 Spectral analysis

Spectral analysis was carried out usingxspec-v12.10.1 (Arnaud
1996). The background spectrum for each observation was generated
using the tool nibackgen3C50. In order to avoid oversampling,
the spectra were rebinned by a factor of 3 and ensured that each
spectral bin had a minimum of 30 counts. A systematic error of
1 per cent was added to all the channels. The two main components
of a black hole binary spectrum are a multicolour blackbody
(Matsuoka et al. 2009) and a thermal Comptonization component
(Zdziarski, Johnson & Magdziarz 1996; Życki, Done & Smith 1999).
Therefore, we fitted the 0.5–10 keV NICER spectra with the xspec
model – TBabs∗(diskbb + nthcomp). The solar abundances
in TBabs was set according to Wilms, Allen & McCray (2000) and
the cross-sections were taken from Verner et al. (1996). Residuals
around ∼2 keV revealed complex features which are caused due
to calibration uncertainty at the Si and Au edges. We added two
Gaussians at ∼1.7 and ∼2.2 keV. Another bump at ∼1.2 keV was
also apparent, which was also due to calibration uncertainty at the
low energy tails and became visible owing to the high absorption
suffered by the source. The best-fitting hydrogen column density
(NH) was found to be ∼6 × 1022 cm−2, albeit, with some variability
primarily because of degeneracy with diskbb norm. The average
of all best-fitting NH was found to be 6.34 × 1022 cm−2. In most
observations during the bright phase of the outburst, an emission
feature was apparent at the Fe K α range of 6–7 keV. So, another
Gaussian was added to each spectrum. The strength of this line
varied across the observations. In some occasions, the line energy
pegged at 6.4 keV suggesting that the Gaussian is, perhaps, not

the best model for a relativistically skewed line. However, a more
sophisticated reflection spectroscopy was not the plan of this paper
and hence we did not pursue it. During the HSS, on 2019 January
16, the residuals indicated a dip at ∼7.2 keV. A negative Gaussian
was added to the model to account for the dip. The best-fitting line
energy was ∼7.4 keV with an FWHM of ∼0.1 keV. These features
are an indication of absorption by blue-shifted H- or He-like Fe ions
originating from an equatorial disc wind and have also been detected
by Xu et al. (2020).

Although a reasonably good fit was obtained using the above
procedure, the instrumental Gaussians seemed to over fit the
continuum. There was also a clear zig–zag pattern in the residuals
between 1 and 2.5 keV. Therefore, we re-fitted all the spectra in the
range of 2.5–10 keV avoiding the instrumental features. The best-
fitting parameters and fluxes were very similar to the previous case,
the average NH being 6.44 × 1022 cm−2. This suggests that both
ranges could be used for studying the spectral properties but, we
chose the later range of 2.5–10 keV in this work. To avoid the effect
of the correlation between NH and diskbb norm on the parameters,
NH was fixed to the average value of 6.44 × 1022 for all observations.

3 R ESULTS

3.1 Outburst evolution

The MAXI light curve of J1631 is shown in the top panel of the
Fig. 1. The peak of the outburst is on 2019 January 07, following
which the flux continuously decayed. As mentioned before, NICER
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Figure 2. Hardness–intensity diagrams with MAXI (left-hand panel) and NICER (right-hand panel). The grey points in the MAXI HID are those that do not
have a corresponding point in NICER. The initial points in the MAXI HID are marked with dark grey squares to distinguish from the final points.

Figure 3. RMS–Intensity diagram (RID). The source begins from low
variability soft states and transitions to intermediate variability in the HIMS.
Finally, it moves back to the low variability soft state till the last observation.

started observing from 2019 January 15. NICER light curve and
hardness ratio curve are displayed in the second and third panels of
Fig. 1. NICER started observing the source when it was in the HSS
(shown with red colour). On 2019 January 24 J1631 transitioned into
a harder state which was marked by a drop in count rate by about
∼1000 counts s−1 and an increase in hardness. The transition is even
more clearly seen in the increase of the broad-band rms from about
2 per cent to 7 per cent as shown in the bottom panel of Fig. 1. From
a timing and spectral study, we find that the source transitioned into
the HIMS and remained there till 2019 March 3 (shown in black
circles in the figure). Following this date, a long data gap ensued and
when the source was re-observed it had transitioned back to the HSS.

The left-hand panel of Fig. 2 shows the HID using MAXI light
curve. The outburst began in a hard state with the hardness ratio
being ∼1 till 2018 December 31. By 2019 January 7, the source had

reached the peak and was in a soft state (hardness ratio ∼0.5). As
the decay began, J1631 remained in the HSS till January 24 when it
transitioned to the HIMS (shown with black points). The excursion to
HIMS lasted for a little more than a month following which the source
transitioned back to HSS. During the decaying HSS, the hardness was
stable around 0.2 while the flux decreased by an order of magnitude.
Finally, the source transitioned to the LHS at very low count rates.
The NICER HID (plotted in the right-hand panel of Fig. 2) is more
clear, but is sparse given that the observations did not cover the entire
outburst. NICER began the observations on January 15 when J1631
was in the HSS and continued through the transition to the HIMS. The
HIMS observations were abruptly halted on March 3 and when the
observations resumed the source was already in the HSS. A peculiar
feature of the NICER HID is that during the prolonged excursion to
the HIMS the count rate decreased by a large factor from ∼5500
counts s−1 to ∼2000 counts s−1 giving it a vertical shape. Generally,
these excursions occur for shorter periods and at a similar flux level.

3.2 Timing properties

The state classification for J1631 is confirmed by studying the time
variability (see Fig. 3). The HSS was marked by very low variability
(∼1 per cent broad-band rms), while rms in the HIMS was in the
range of 8–10 per cent. Apart from the broad-band rms, all the PDS
during the HIMS were characterized by a flat-top noise and a Type-C
QPO whose centroid frequency roughly coincided with the break
frequency of the red noise. Fig. 4 shows three characteristic PDS
spaced across the outburst. The PDS during the HSS (2019 January
17) shows 0.38 ± 0.05 per cent variability and contains significant
power upto only ∼0.3 Hz. All the PDS during the HSS have a
similar power distribution and were fitted by a power-law model. The
second and third panels display PDS in the HIMS measured on 2019
January 27 and February 11, respectively. The right-hand panel shows
the only PDS which has a sub-harmonic QPO. The sub-harmonic
and second harmonic QPOs have a frequency of 2.19 ± 0.03 and
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NICER view of MAXI J1631–479 1217

Figure 4. From left to right: NICER PDS observed on 2019 January 17, March 26, and April 16.

Figure 5. From top to bottom: Variation of QPO frequency, quality factor,
and QPO rms for all observations in the HIMS.

8.95 ± 0.04 Hz which are well-placed compared to the fundamental
QPO at 4.45 ± 0.01 Hz. Most of the other PDS only have the second
harmonic and some PDS do not even have any harmonic component.

The middle panel shows the PDS which displays a QPO-like
feature below the fundamental frequency at a non-harmonic ratio.
While the fundamental and the second harmonic are at 5.72 ± 0.02 Hz
and 11.54 ± 0.10 Hz, respectively, this non-harmonic feature is
detected at a frequency of 4.09 ± 0.08 Hz and has a quality factor of
4.06. Although these properties qualify it to be considered as a QPO,
we remark that the addition of that Lorentzian component accounts
for the extra power around 4 Hz, but no clear peak is visible in the
PDS, making the identification as a 4 Hz QPO uncertain.

The time evolution of the fundamental QPO and its properties,
during the HIMS, is shown in Fig. 5. The QPO frequency laid,
mostly, within 4–7 Hz going beyond 8 Hz on two occasions. The
quality factor varied between 2 and 10 throughout the observations.
The QPO rms showed a declining trend, starting from 4–5 per cent
during the beginning of HIMS and reaching 2–3 per cent towards the
end.

Nine representative rms spectra in the broad-band frequency range
of 0.1–50 Hz are displayed in Fig. 6. The NICER energy range was
divided into five energy bands (as spelled in Section 2.2) and the rms
was calculated by fitting the PDS in each of these bands. The rms
of almost none of the energy bands could be constrained during the
HSS. It was only during 2019 January 22 (Panel b) that the rms of
the last two bands were constrained. Since all other spectra in the
HSS only have upper limits, it would be difficult to infer much from
them. The rms spectra in the HIMS were characterized by a hard
shape with the rms rising from to E3 to E5. Here also the first two
bands could not be constrained for most of the observations, possibly
owing to low statistics. However, in a few occasions, as shown in
Panels (d), (e), (f), and (g), one or both of the E1 and E2 bands were
constrained. If these were to represent the entire ensemble, it could
be inferred that the rms in the first two bands (E1 and E2) would be
slightly higher than E3 with the entire spectrum having a concave
shape.

3.3 Spectral properties

As mentioned in Section 2.3, the spectral fitting was done with the
model TBabs∗(diskbb + nthComp + Gaussian). The
seed photon temperature in nthComp was tied to the inner-disc
temperature in diskbb. The inp type parameter was fixed to
1, thus, assuming a disc blackbody for seed photons. None of the
observations could constrain the electron temperature due to the
relatively soft response of NICER, thus it was fixed to 1000 keV.
Fig. 7 shows two characteristic spectra representing the two spectral
states that the source was in. The time evolution of the primary
components is shown in Fig. 8. The top panel shows the evolution
of the unabsorbed flux and the subsequent two panels display the
evolution of photon index (�) and inner-disc temperature (Tin). The
first three observations were completely disc dominated and did
not require the Comptonization component. The total unabsorbed
flux during these three days and the following seven days, while
the source was in the HSS, is ∼1.2 × 10−7 erg s−1 cm−2 in 0.5–
10 keV range. From 2019 January 24 onwards, when the source
transitioned to the HIMS, the flux started decaying gradually till the
end of observations. The contribution of the disc and Comptonization
components to the total flux is marked with orange and green points,
respectively. It is interesting to note that, although the state transition
from HSS to HIMS took place on January 24, the Comptonization
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Figure 6. Characteristic rms spectra spaced across the entire outburst. From panels (a) to (i): 2019 January 20, January 22, January 26, February 2, February
13, February 17, February 21, March 1, March 20.

component started dominating the total flux five days before that
from January 19. When the observations resumed on 2019 March 18
the contribution of the individual components to the total flux had
flipped, with the disc dominating the total flux, which is consistent
with the state transitioning back to HSS. While in the initial HSS,
the photon index varied between 4 and 7 and during the HIMS it
remained stable around 3. During the third phase of observations,
when the source was back in HSS, � had increased slightly but
mostly remained unconstrained. One possible reason for this might
be that the background had started dominating the high energy tail
of the spectrum and starting from January 20, the spectra were fitted
in the 2.5–8 keV. Thus, for the final 20 soft state observations, �

was fixed to the last constrained best-fitting value of 4.39 (OBSID:
2200500110). The best-fitting inner-disc temperature also displays
a declining trend during the HSS. It starts from ∼1.1 keV on the
first observation and decreases to ∼0.8 keV on January 24. During
the entire HIMS, Tin varied between 0.5–0.7 keV. Then, again during
the second HSS it increased to ∼0.8 keV and decreased gradually to
0.7 keV till the end of the observations.

4 D ISCUSSION

We present a detailed spectral and temporal analysis of J1631 during
its discovery outburst in 2018–19 with quasi-daily monitoring data
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NICER view of MAXI J1631–479 1219

Figure 7. Top panel: Two characteristic spectra representing HSS (red, 2019
January 18) and HIMS (black, 2019 February 28), along with individual
model components. The dotted line represents the thermal disc component
and the dashed line represents the thermal Comptonization component. The
gaussians for Fe line are plotted with dot-dashed lines. The bottom two panels
show the best-fitting residuals.

from NICER. NICER observed J1631 for a little more than three
months from 2019 January 15 to 2019 April 21. By the time NICER
commenced observation the source was already in HSS. Hence, the
initial LHS and the subsequent intermediate states were missed by
NICER. This initial transition from the LHS to the HSS was so
fast that it was also missed by MAXI. The left-hand panel of Fig. 2
displays the full outburst HID using MAXI light curve and the right-
hand panel displays the NICER HID (also see Fiocchi et al. 2020;
Monageng et al. 2021). J1631 is discovered in the LHS with the
hardness lying between 1 and 2 (MAXI HID) and reaches the peak at
a lower hardness ratio of ∼0.5. During this rising phase the source
would have transitioned to the HSS. However, the transition is missed
by NICER and by the time it commences observations the source is
already in the HSS. On January 24, the source transitioned to HIMS
and remained there for about two months when observations were
interrupted resulting in a data gap. When observations resumed on
March 18, the source had again transitioned back to the HSS. Till
the end of NICER observations, the source remained in the HSS.
The RID, in Fig. 3, tracks the state transitions quite clearly. During
the HSS the broad-band variability remained around 1 per cent. The
transition to the HIMS was marked by an increase in the variability
to a range of 7–10 per cent. As the source moved out of HIMS, the
variability further decreased to the 1 per cent level.

Fig. 8 shows the evolution of the primary spectral parameters
during the outburst. During the initial HSS, the photon index (�) laid
between 3–7 and the inner disc temperature (Tin) ranged from 0.7 to
1.1 keV. The HIMS was then characterized by a stable � at ∼3 and

a Tin that remained within 0.5–0.7 keV. After transitioning back to
HSS, at a lower luminosity, Tin started from 0.8 keV and gradually
decreased to 0.7 keV. The power-law index, on the other hand, could
not be well constrained and was fixed to 4.39. The individual flux
contribution to the total flux showed a disc dominance during the
HSS and a power-law dominance during the HIMS. One peculiarity
being that the power-law flux started dominating 5 d before the
timing properties indicate a state transition. With a limited energy
range, primarily covering the soft X-rays, NICER is not well suited
to constrain the power-law component. This effect becomes more
serious for J1631 as the thermal disc covers a major portion of
the spectrum. This could be a possible reason behind the observed
anomaly in the individual flux contributions.

The study of temporal properties serve as a better tool for
understanding state transitions. The track of the source in the RID, for
example, clearly distinguishes the states. The shape and properties
of the PDS are also well defined according to the spectral states.
During the HSS, they have a power-law shape with very little
variability (Fig. 4). Being dominated by the unmodulated thermal
disc component, this is expected from soft state PDSs. During the
HIMS, the PDS have a flat top red noise with a moderate variability
∼10 per cent. There PDS are also usually accompanied by Type-C
QPOs superposed on the broad-band noise.

4.1 QPO identification and origin

LFQPOs have been classified into three distinct types based on
various properties of the PDS (Casella et al. 2004, 2005). Although
the QPO frequency and quality factor of the three types have consid-
erable overlap, a somewhat clear distinction arises upon comparing
the shape and variability of the underlying noise component. Fig. 9
displays the relation between the frequency of the primary QPO and
the broad-band rms. The anticorrelation clearly observed in this plot
indicates that the QPOs are all Type-C in nature.

Several models have been proposed to explain the origin of the
LFQPOs. These are broadly classified into two categories based
on the nature of origin of the QPOs, i.e. geometrical and intrinsic
variability. The geometrical models of QPOs based on the Lense–
Thirring precession of the inner hot flow have advanced considerably.
Motta et al. (2015) and van den Eijnden et al. (2017) have demon-
strated the inclination dependence of Type-C QPOs. Type-B and A
QPOs, however, are not dependent on inclination and thus could
have a different origin (Garcı́a et al. 2021). Ingram et al. (2009),
and Ingram & Done (2011) have shown that the QPO frequency
is strongly anticorrelated with the outer radius of the hot flow,
which is nothing but the truncation radius between the thin and
thick disc. This means that the inner-disc temperature, which is also
anticorrelated to the inner-disc radius assuming that the accretion
rate does not vary much during the HIMS (see top panel of Fig. 8),
should be positively correlated with QPO frequency. The correlation
of QPO frequency and rms with inner disc temperature is shown in
Fig. 10. The frequency shows a positive correlation with temperature
supporting the predictions of the Lense–Thirring precession model.
Since the intrinsic disc emission has little variability and QPOs
originate from the hot flow, the increase in disc contribution should
lead to a decrease in the rms (Sobolewska & Życki 2006; Axelsson,
Done & Hjalmarsdotter 2014). Fig. 10 shows such an anticorrelation
between QPO rms and Tin, although it is weak compared to the
previous case. The Spearman’s rank correlation coefficient for the
two parameters is ∼−0.35 with a p-value of ≈0.0099 indicating less
than 1 per cent chance of being created by random noise. Kalamkar
et al. (2015) have shown that this type of correlations are typical
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Figure 8. Top panel: Time evolution of unabsorbed flux along with the two primary contributors. Middle panel: Evolution of photon index. After January 20,
the index was fixed to 4.39 as it could not be constrained. Bottom panel: Variation of inner-disc temperature. In the last two panels, the red and black colours
represent HSS and HIMS, respectively.

Figure 9. Broad-band (0.1–50 Hz) rms as a function of QPO frequency.

of BHBs in HIMS and not seen in other states. It should be noted
that the decrease in count rate during the HIMS could possibly result
in a corresponding decrease in mass accretion rate. However, this
relation is not straightforward as the count rate also depends on the
inner radius. The width of the Fe line, fitted by a Gaussian, can be
used as a proxy for the inner radius. Discs closer the black hole will
experience stronger gravitational potential resulting in a broader Fe
line while discs truncated at a larger distance will result in narrower
Fe lines (Fabian et al. 2000), but also see Miller et al. (2006) and Reis,
Fabian & Miller (2010). We verified that Tin is inversely correlated

to the best-fitting width of the Fe line and hence also the inner radius
of the accretion disc.

4.2 rms spectra

The study of fractional rms spectra is an important tool to help
distinguishing the contribution of the individual processes and the
origin of variability. Gierliński & Zdziarski (2005) had studied the
shape of the rms spectra for various spectral states and deciphered
the relative contributions of the various components to the total
variability (see also Belloni et al. 2011, for a similar description with
a slightly different state classification scheme). While flat rms spectra
indicate variability in the normalization of the Comptonization
component, hard and inverted spectra would require the variation
of spectral shape along with normalization (Gierliński & Zdziarski
2005). The rms spectra of J1631 is displayed in Fig. 6. During the
HSS, almost all the energy bands have very little variability and the
amplitude could not be constrained. This is not surprising considering
that even the energy integrated PDS (see Fig. 4) during the HSS had
almost no power. The rms spectra during the HIMS have a hard shape
that is characteristic of a late state HIMS which is about to transition
to the HSS (Belloni et al. 2011). As mentioned above, this shape
would arise because of variability in the Compton tail along with
normalization of the Compton spectrum. The first two energy bands
(E1 and E2) during the HIMS could not be constrained for most of
the observations. Some of the best case scenarios are shown in Fig. 6,
particularly in Panels (d), (e), (f), and (g). Since we only have upper
limits for the first two energy bands, the true shape is uncertain. It
could either be flat as expected for the very high state (VHS) cases
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Figure 10. Variation of QPO frequency (left-hand panel) and rms (right-hand panel) as a function of inner disc temperature.

studied by Gierliński & Zdziarski (2005), or could have an inverted
shape with a soft excess. One clear example of this kind of spectrum is
shown in Panel (d). Panels (e) and (g) could also fall in this category,
but we cannot be certain. While the minima in the E3 (or sometimes
E2) energy band can be understood as a dominant contribution from
the unmodulated thermal disc, the excess in the E1 and E2 bands
is puzzling.

5 SU M M A RY

In this work, we present a comprehensive spectral and timing study
of the black hole transient J1631 during its 2018–19 outburst using
observations from the NICER observatory. The main results are noted
below.

(i) NICER observed J1631 for about three months tracking the
decay phase of the outburst. The observations began while the source
was in the HSS and after that the source moved to the HIMS for a
couple of months. The transition back to the HSS was missed by
NICER and the source continued to decay with decreasing hardness
till the end of the outburst. Both the beginning and end LHS of the
source were missed by NICER.

(ii) The spectra could be fitted by a combination of a multicolour
blackbody and a thermal Comptonization component. During the
bright phases, a Gaussian was required to account for the fluorescent
Fe line.

(iii) During the HSS, the variability was very low (∼1 per cent)
and the PDS was a featureless power law. The PDS in the HIMS had
a broad-band noise component along with peaked noises and QPOs.
All QPOs were of Type-C in nature.

(iv) The frequency of the QPOs increase and QPO rms decrease
with increasing inner disc temperature.

(v) The rms spectrum of J1631 in the HIMS is hard above 1 keV.
The shape of the spectra below 1 keV is uncertain because the
power in the first two bands could not be constrained. Some of the
observations have more power in the lower energy bands. This effect
is puzzling and not explained by merely varying the normalization
and power-law slope of the Compton spectrum.
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