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Abstract

During the outbursts of black hole X-ray binaries (BHXRBs), their accretion flows transition through several
states. The source luminosity rises in the hard state, dominated by nonthermal emission, before transitioning to the
blackbody-dominated soft state. As the luminosity decreases, the source transitions back into the hard state and
fades to quiescence. This picture does not always hold, as ≈40% of the outbursts never leave the hard state.
Identifying the physics that govern state transitions remains one of the outstanding open questions in black hole
astrophysics. In this paper we present an analysis of archival RXTE data of multiple outbursts of GX 339−4. We
compare the properties of the X-ray variability and time-averaged energy spectrum and demonstrate that the
variability (quantified by the power spectral hue) systematically evolves ≈10–40 days ahead of the canonical state
transition (quantified by a change in spectral hardness); no such evolution is found in hard-state-only outbursts.
This indicates that the X-ray variability can be used to predict if and when the hard-to-soft state transition will
occur. Finally, we find a similar behavior in 10 outbursts of four additional BHXRBs with more sparse
observational coverage. Based on these findings, we suggest that state transitions in BHXRBs might be driven by a
change in the turbulence in the outer regions of the disk, leading to a dramatic change in variability. This change is
only seen in the spectrum days to weeks later, as the fluctuations propagate inwards toward the corona.

Unified Astronomy Thesaurus concepts: Stellar mass black holes (1611); Relativistic binary stars (1386);
Accretion (14)

1. Introduction

X-ray binaries (XRBs) are systems in which a stellar mass
compact object accretes from a companion star. XRBs are
further classified as low- or high-mass systems depending on
the mass M* of the companion (M*≈ 1 and 10Me,
respectively, e.g., Tauris & van den Heuvel 2006), and as
neutron star or black hole systems depending on the nature of
the compact object. Most low-mass black hole XRBs
(BHXRBs) are transient sources: they undergo bright outbursts
on timescales of ≈months, in between quiescent periods
lasting ≈ years or more (e.g., Tetarenko et al. 2016).

During each outburst, the X-ray spectrum of a BHXRB is
dominated by two components: a thermal component, peaking
in the soft X-rays around 1 keV, and a nonthermal power-law
component extending up to tens or hundreds of keV. The
former originates from a geometrically thin, optically thick

accretion disk (e.g., Shakura & Sunyaev 1973), while the latter
is powered by an optically thin (τ≈ 1), hot (kTe≈ 100 keV)
plasma called the corona, which inverse Compton scatters disk
photons up to hard X-ray energies (e.g., Shapiro et al. 1976).
The majority of BHXRB outbursts display a consistent

behavior (e.g., Homan & Belloni 2005; Remillard &
McClintock 2006; Belloni 2010), which is typically quantified
by plotting spectral hardness (defined here as the ratio of count
rates in a hard and soft X-ray band) against intensity (or
luminosity). At the start of an outburst, the corona dominates
the X-ray spectrum, and the X-ray emission is highly variable,
as the source rises in luminosity through the hard state (HS).
This continues until the source reaches a significant fraction
(≈10%) of the Eddington luminosity LEdd; at this point, the
corona weakens and the disk begins to dominate the emission,
causing the X-ray spectrum to soften rapidly. This state is
referred to as the “intermediate state” (IMS; further divided
between hard and soft intermediate state, or HIMS and SIMS),
and the evolution continues until the corona disappears almost
entirely, at which point the source has reached the “soft state”
(SS). After reaching the SS, the source decreases in luminosity
until ≈0.1%–1%LEdd, at which point it transitions back to the
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HS and then fades into quiescence. This trend forms a “q”
shape in the hardness–intensity diagram (HID; e.g., Homan
et al. 2001). Different outflows are launched from the system
depending on the state. During the HS and IMS, synchrotron-
emitting jets are observed ubiquitously (e.g., Fender et al.
2004; Fender & Belloni 2004), while in the SS the jet is
quenched but isotropic winds are common (e.g., Ponti et al.
2012; Díaz Trigo & Boirin 2016).

The properties of the X-ray variability also change as a
function of state (e.g., Remillard & McClintock 2006; Belloni
2010). Early in the HS, the lightcurves display featureless flat-
top noise across a broad range of Fourier frequencies, as well as
large (�10%) rms. As the source transitions to the HIMS, type-
C quasiperiodic oscillations (QPOs) appear and the broadband
noise becomes band-limited at ≈ a few Hz. Eventually, the
broadband noise disappears almost completely and the type-C
QPO is replaced by a type-B QPO, signaling the onset of the
SIMS. The SS shows flat-top noise of similar shape to the HS,
but with much lower (�0.1%) rms. Finally, two sources (GRS
1915+105 and IGR J17091-3624) show multiple classes with
unique variability signatures that do not fit this standard picture
(e.g., Belloni et al. 2000; Altamirano et al. 2011; Court et al.
2017); these are sometimes referred to as the “heartbeat”
sources.

Decades after its discovery (Tananbaum et al. 1972), the
exact physics that drive the state transition are poorly
understood. This is in part because the state transition occurs
very rapidly (e.g., Remillard & McClintock 2006; Tetarenko
et al. 2016, this work), and therefore is often the least
constrained observationally. Furthermore, roughly 40% of
outbursts never reach the SS, instead remaining in either the
HS or IMS (Tetarenko et al. 2016). These are typically referred
to as “failed” outbursts, or “hard-state” outbursts (e.g., Belloni
et al. 2002; Capitanio et al. 2009; Bassi et al. 2019); in this
paper we adopt the latter name. Recently, several authors have
attempted to identify a diagnostic that can be used during the
rising HS, in order to predict when, if at all, a given outburst
will result in a state transition. Finding such a diagnostic would
provide invaluable insight into the mechanism(s) that regulate
state transitions and, more broadly, the evolution of accretion
flows as a function of accretion rate. Unfortunately, results
have been somewhat inconclusive. Fürst et al. (2015) and de
Haas et al. (2021) showed that GX 339−4 follows different
tracks on the radio/X-ray plane (Hannikainen et al. 1998;
Corbel et al. 2000) during full and HS outbursts, indicating that
the coupling between disk and jet may be different depending
on the type of outburst. These authors also suggested that the
radio/X-ray correlation could be used in the early phases of the
outburst to predict its outcome. However, this behavior may
not be universal: H1743−322, for instance, shows the same
radio/X-ray correlation in full and HS outbursts (Williams
et al. 2020). To date, the most comprehensive comparison of
the properties of full and HS outbursts was published by
Alabarta et al. (2021). These authors found that X-ray
properties (like HID, variability, or lightcurve shape) alone
are not sufficient to predict whether or when the state transition
will occur. Additionally, these authors found that GX 339−4 is
brighter in the O/IR bands before a HS outburst, compared to a
full one. They suggested that the process responsible for
triggering the state transition is connected to the properties of
the disk in quiescence—either the size of the emitting region or
the accretion rate should be higher before HS outbursts,

compared to full ones. Finally, Kalemci et al. (2004) found that
during the decay of an outburst, the X-ray rms changes ahead
of the X-ray spectral properties, and state transitions are more
easily defined by changes in the former, rather than the latter.
In this paper we present a reanalysis of archival RXTE data

and demonstrate that in GX 339−4, the X-ray variability
during the rise can indeed be used to predict the outcome of an
outburst. In particular, the power spectral hue begins its
transitions before the “canonical” state transition; this evolution
never occurs during HS outbursts. We refer the reader to Heil
et al. (2015a, 2015b) for more details on the power spectral
hue, but briefly, it is an estimate of the shape of the X-ray
power spectrum, independent of its normalization. This change
in power spectral hue is mainly caused by a decrease in the
low-frequency broadband noise ≈2–5 weeks ahead of the state
transition. We find that the behavior of 10 outbursts from four
additional sources (GRO 1655−40, XTE J1550−564, XTE
J1752−223, and H1743−322) is consistent with that of GX
339−4, although in these sources the observational coverage is
more limited.
The paper is structured as follows. In Section 2 we present

the details of the data reduction process, in Section 3 we
present the main results of our analysis, and in Section 4 we
discuss these results and draw our conclusions.

2. Data Reduction

We focus mainly on seven outbursts of GX 339−4 covered
by RXTE between 2002 and 2010. The source went into a
further outburst in 1998, but unfortunately only a few RXTE
observations were taken during the rising HS, and therefore we
exclude it from this work. We also selected a sample of
outbursts from the sources analyzed in Heil et al. (2015a) with
observations starting in the HS and good RXTE coverage up to
the state transition (or the decay, for HS outbursts). These are
the 2005 outburst of GRO 1655−40; the 2009 outburst of XTE
J1752−223; the 2008, 2010, and 2011 outbursts of H1743
−322; and all five outbursts of XTE J1550-564 (1999, 2000,
2001, 2002, and 2003). The properties of the outbursts
analyzed in this work are summarized in the Appendix in
Tables A1 and A2. In this paper, we concentrate on black hole
transients showing “canonical” outburst behavior (e.g.,
Remillard & McClintock 2006; Alabarta et al. 2021) and do
not consider the two “heartbeat” sources whose behavior is
more complex.
For each outburst, we downloaded all available RXTE data

from the High Energy Astrophysics Science Archive Research
Center (HEASARC) archive. The data were then reduced using
the publicly available Chromos pipeline (Gardenier & Uttley
2018, where the full details of the data reduction are provided).
Briefly, Chromos extracts both spectra (in standard-2 modes)
and lightcurves (in event, binned or good xenon modes,
depending on the observation) from the Proportional Counter
Array (PCA) following the standard RXTE cookbook through
a Python interface. Spectra are extracted from every layer of the
second Proportional Counting Unit (PCU), as it is the best
calibrated on the PCA (Jahoda et al. 2006; Shaposhnikov et al.
2012; García et al. 2014). Lightcurves are extracted between 3
and 13 keV, after which Chromos computes the power
spectrum (correcting for Poisson noise and dead time) in
segments of 512 s each. A power spectrum for each observation
is then computed by averaging over all segments, after which
the pipeline computes the power colors and power spectral hue
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identically to Heil et al. (2015a). These authors define four
continuous, logarithmically spaced bands in Fourier frequency
with boundaries at 0.0039, 0.031, 0.25, 2.0, and 16.0 Hz, and
then measure the variance in each by integrating the power
spectrum. From the variances in each band, they then define
two power colors as PC1= variance (0.25–2.0 Hz)/variance
(0.0039–0.31 Hz) and PC2= variance (0.031–0.25)/variance
(2.0–16.0 Hz). During an outburst, sources move in a loop
around the log(PC1)/log(PC2) plane as the shape of the power
spectrum evolves; as a result, one can use the location of each
observation on this loop to characterize the shape of the power
spectrum independently of its normalization. In practice, this is
done by defining a center point (we use [4.51920, 0.453724] in
linear units, identically to Heil et al. 2015a), and computing the
angle between a reference direction, which we (and Heil et al.
2015a) take to be at a −135° angle starting from the positive x-
axis, and each (PC1,PC2) point. This angle is defined as the
power spectral hue. An example of where a typical HS (scarlet
diamond) or HIMS observation would lie in the power color
diagram is shown in Figure 1, using the definitions above. If
the power spectrum is flat (as in the low HS or SS) then
PC1≈ PC2≈ 1, corresponding the top left of the PC1-PC2
diagram, and the observation will have a hue near 0°. On the
other hand, if the PSD is band-limited around a few Hz (as in
the HIMS) then PC1? 1 and PC2= 1 and the points move to
the bottom right of the PC1-PC2 plot, resulting in a hue
of ≈180°.

In each observation we then computed both the source count
rates (after background subtraction) between 3 and 6, 6 and 13,
and 3 and 30 keV and the hardness ratio (taking 3–6 and
6–13 keV for the soft and hard band, respectively). Given that
we are interested in whether each outburst results in a state
transition, here we only present results for observations in the
rise of the hard or intermediate state. We define these periods as
any observation from the start of the observations, until the
source reaches a hardness <0.4.

We selected four observations (Observation IDs 92052-07-
03-01, 92052-07-06-01, 92035-01-02-03, and 92035-01-03-00)
during the 2007 outburst of GX 339−4 to analyze in further
detail, as a representative sample of observations during the
rise. These are 3, 58, 75, and 79 days after the start of the X-ray

observations, respectively, and were chosen to highlight the
behavior of the source before and after the transitions in the
power spectral hue and spectral hardness (described in the next
section). We will refer to these observations as low/hard state
(LHS; t= 3. days), bright hard state (BHS; t= 58. days), first
intermediate state (HIMS1; t= 75. days), and second inter-
mediate state (HIMS2; t= 79. days). For these observations,
we rebinned the power spectra geometrically with a binning
factor of f= 0.1, in order to quantify in more detail their
evolution over a broad range of Fourier frequencies. We
corrected the time-averaged energy spectra for these epochs
using the PCACorr tool and included an additional 0.1%
systematic error in order to reduce the remaining systematic
features of the PCA as is commonly done (García et al. 2014).
Both power spectra and time-averaged energy spectra were
modeled in Xspec, version 12.11.1.

3. Results

Here we present results of comparisons between the time
variability and spectral characteristics over time. The evolution
of the power spectral hue (blue points) and spectral hardness
(pink points) for the 2007 (full) and 2009 (HS) outbursts are
shown in Figure 2. In the former (left panel), the state transition
is marked by an increase in power spectral hue and drop in
spectral hardness, which is not present in the latter (right
panel). However, the power spectral hue begins evolving
roughly 2 weeks earlier than the spectral hardness, meaning
that the state transition first affects the power spectrum, with
the time-averaged energy spectrum changing later. This
behavior is repeated in every outburst of GX 339−4 we
analyzed, as shown in the Appendix in Figure A2. For the
outbursts of GX 339−4 we quantified this behavior by fitting
either linear (for HS outbursts) or double linear (for full
outbursts) models to the time evolution of both power spectral
hue and spectral hardness, using the scipy function
curve_fit. The double linear model is defined as

=
+ <
- +

+
t

m t h t t

m t t

m t h t t
hue 1

1 hue,0 hue,trans

2 hue,trans

1 hue,trans hue,0 hue,trans

⎧

⎨
⎩

( ) ( ) ( )

where m1 and m2 are the slopes before and after the transition
time thue,trans, and hhue,0 is the power spectral hue at t= 0,
which for these fits we define as the start of the first RXTE
observation. We define the model parameters for the spectral
hardness identically, using the subscript hr instead. The best-
fitting values for thue,trans and thr,trans are reported in Table A1 in
the Appendix. We note that for the 2002 outburst, the power
spectral hue is already rising at the start of the observations,
and therefore the constraints on thue,trans are far worse than in
the other outbursts. Regardless, in all outbursts the spectral
hardness transition time thr,trans is systematically larger than the
power spectral hue transition time thue,trans by ≈10–40 days.
The four observations from the 2007 outburst we selected

are marked with arrows in Figure 2. These were chosen so that
one observation is at the beginning of the HS (LHS, green), one
is shortly before thue,trans (BHS, cyan), one is shortly before thr,
trans (HIMS1, light blue), and one is immediately after thr,trans
(HIMS2, purple). We fitted the power spectrum from each with
a broad zero-centered Lorentzian to account for the low-
frequency noise, one additional broad Lorentzian for the high-

Figure 1. Example of the hue evolution. The purple cross indicates the central
point at (PC1, PC2) = (4.51920, 0.453724), and the dashed gray line the line is
the reference from which the hue angle is calculated. The scarlet diamond, near
(PC1, PC2) = (1, 1), corresponds to the low HS. The blue cross, at (PC1,
PC2) = (30,0.1), corresponds to the HIMS.
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frequency noise, and added additional narrow Lorentzians for
the QPOs as necessary. These fits are shown in Figure 3, and
the best-fitting parameters are reported in the Appendix in
Table A3.

There is a noticeable evolution in the low-frequency
broadband noise, which shifted to increasingly high frequen-
cies at similar rms roughly until thr,trans= 77 days (first three
epochs), before decreasing in rms at a similar frequency;
similar behavior has been reported previously in various
sources (e.g., Cui et al. 1999; Pottschmidt et al. 2003; Belloni

et al. 2005). At the same time, the high-frequency noise shifted
more subtly toward higher frequencies, and its rms slowly
decreased. Type-C QPOs appeared around thr,trans, but these are
not expected to dramatically affect the power spectral hue (Heil
et al. 2015b). Thus, the change in power spectral hue we
observe is driven mainly by the decrease in long-timescale
variability (quantified by the low-frequency Lorentzian).
The time-averaged energy spectra, on the other hand, vary

more subtly. Figure 4 shows the ratio plots for each spectrum
fitted (in the 3–30 keV band) with a simple absorbed

Figure 2. Left panel: evolution over time of the power spectral hue (blue points) and spectral hardness (pink points) for the 2007 full outburst. The vertical brown and
gray lines and shaded region indicate the best-fitting values and 1σ contours for thue,trans and thr,trans, respectively, and the shaded region indicates the uncertainty on the
model fits. The four arrows indicate the four observations we model in Section 3. Right panel: identical plot for the 2009 HS outburst.

Figure 3. Power spectra of the four epochs highlighted in Figure 2. The top left observation was taken at the start of the outburst, the top right immediately before thue,
trauns, the bottom left between the transition times thue,trauns and thr,trauns, and the bottom right immediately after thr,trauns. The vertical lines indicate the frequency
bounds used to compute the power spectral hue. Dashed–dotted lines indicate the zero-centered Lorentzian and dashed lines the broad Lorentzian used to model the
broadband noise. Dotted lines indicate the narrow Lorentzians used to model the QPOs. The solid lines represents the total model.
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Comptonization model (tbabs∗nthcomp in Xspec). The iron
profile remains similarly broad in every epoch. We also jointly
fitted these spectra with a reflection model (tbabs∗
(nthcomp+relxillCp) in Xspec); we assume a maximal
spin of a* = 0.998 and tied the inclination and Iron abundance
among all epochs. The fits are relatively insensitive to the
column density nH, which we froze to nH= 0.7 (e.g., García
et al. 2015) in all epochs. Finally, the fit to the LHS spectrum is
insensitive to the emissivity profile q, which we froze to q= 3.
The best-fitting parameters are reported in Table A4 and the fits
are shown in the Appendix in Figure A1. We find consistently
small truncation radii for the disk, as is common with reflection
modeling (e.g., García et al. 2015; Connors et al. 2019; Sridhar
et al. 2020; Wang et al. 2021). Therefore, it appears that while
the X-ray variability was changing significantly during these
observations, the innermost accretion flow was not.

4. Discussion and Conclusions

We have shown that during full BHXRB outbursts, the low-
frequency variability begins dropping ≈10–40 days ahead of
any spectral change. This behavior is never displayed by HS
outbursts. In other words, one can tell whether the source will
transition or not from the properties of the X-ray variability,
before any large change in the hardness ratio or time-averaged
energy spectrum. This is the main result of our paper. Our
results are in contrast to those of Alabarta et al. (2021), who
found X-ray data are not sufficient to predict the state
transition, purely due to how we visualized our data—to our
knowledge, our work is the first to compare the time evolution
of the power spectral hue and spectral hardness.

In particular, we find that the main change leading to the
state transition is a decrease in the variability at low Fourier
frequency. In the standard model of propagating fluctuations
(e.g., Lyubarskii 1997; Arévalo & Uttley 2006; Ingram & Done
2011; Rapisarda et al. 2016), a decrease in low-frequency
variability indicates that the outer regions of the accretion flow
generated less variability and become progressively more
stable. Therefore, our findings suggest that the state transition is
driven by a decrease in the turbulence generated from the outer
thin disk, which is effectively divided in two parts: an inner,
turbulent flow responsible for generating the low frequency
variability, and an outer, stable flow. The transition from stable
to turbulent flow can be thought of as a “quiet front”; as the

luminosity increases this “quiet front” propagates inwards,
causing the accretion flow to stabilize progressively until the
SS is reached. Indeed, it is well established that the direct thin
disk emission is highly variable in the HS (Wilkinson & Uttley
2009; Uttley et al. 2011) and remarkably stable in the SS
(Belloni et al. 2005); our findings indicate that the transition
between the two types of thin disks is likely linked to the state
transition.
Following Churazov et al. (2001), Done et al. (2007), and

Ingram & Done (2011), we can estimate the radius Rtrans at
which the thin disk is switching from turbulent to stable, by
associating the peak of the low-frequency Lorentzian νl to the
viscous frequency (the reciprocal of the viscous timescale)
νvisc= α(h/r)2νf, where h/r is the (thin) disk aspect ratio, α
the disk viscosity, and νf is the (Keplerian) orbital frequency.
Using the relativistic expression for the orbital frequency and
rearranging gives

*a p n
p n

=
-

R
h r c R a

R
R

2

2
, 2trans

2
g l

g l

2 3

g
⎡
⎣⎢

⎤
⎦⎥

( )
( )

where c is the speed of light and a
*

the black hole spin. From
the fits to the power spectra in Figure 3 we can estimate
νl≈ 0.06, 0.1, 0.36, and 0.5 Hz, respectively. Assuming an
8Me black hole and conservatively13 taking h/r= α= 0.1 and
a
*

= 0, we find Rtrans≈ 16, 11, 6, and 4 Rg respectively for
each observation. While we note that in the first epoch there are
hints of additional noise at frequencies below the first
Lorentzian, meaning Rtrans could be larger, these in general
constitute upper limits on Rtrans, as larger values of h/r or a

*

will result in lower radius estimates. These values of Rtrans are
larger than, but on the order of, the estimates for Rin we found
from modeling the time-averaged energy spectra (Table A4),
indicating that both X-ray variability and reflection originate
close to the black hole.
Alternatively, one can associate the (much longer) timescale

for the state transition thr,trans − thue,trans with the viscous
timescale (Frank et al. 2002; Done et al. 2007), which we can
rewrite in the a

*

= 0 limit as

a= -
-

t
h

r

m R
4.5

10 6
ms, 3visc

1
2

trans
3 2

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

( )

where m is the mass of the black hole in units of solar masses
and r the radius in units of Rg. Setting tvisc= thr,trans− thue,
trans≈ 10–40 days and solving for the radius (again assuming
h/r= α= 0.1 and an 8Me black hole) gives Rtrans≈ 104–5 Rg,
a far larger radius. This is not surprising: as Equation (3)
shows, long times inevitably correspond to large radii. In other
words, if the state transition is caused by a viscous process over
timescales of weeks, then this process must originate from the
outermost regions of the disk. Interestingly, Homan et al.
(2005) reported a similar ≈2 week delay between the optical/
IR and X-ray emission (which originate in the outer and inner
disk, respectively) in the SS (after the state transition has
occurred) during the 2002 outburst.
The presence in the HS of a turbulent disk, strong corona,

and powerful jet all point to the presence of dynamically

Figure 4. The iron line profile in the four epochs highlighted in Figure 2,
shown as the ratio to a Comptonization model. The color coding is identical to
Figure 3. We only show the 3–11 keV band for clarity.

13 Smaller values of h/r and α and larger spins both result in smaller inferred
values for Rtrans.
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important magnetic fields in the accretion flow during the HS
(e.g., Liska et al. 2020; Dexter et al. 2021; Liska et al. 2022);
vice versa, the lack of these observational features in the SS
suggests that in this state the flow is not strongly magnetized.
We can then speculate that the flow in the HS is in the
magnetically arrested disk (MAD) regime (Narayan et al.
2003), and that the “quiet front” driving the state transition is a
relatively stable, unmagnetized region of the disk that is slowly
moving toward the black hole. Eventually, as the source
reaches the SS, the entire flow leaves the MAD state and the
corona and jet are severely weakened or entirely quenched.
This picture is similar to that proposed by Begelman &
Armitage (2014).

The outbursts of GX 339−4 are notable because of their
recurring nature, the excellent RXTE coverage during both the
HS rise and state transition, and because the latter does not
always happen at the same luminosity (e.g., Alabarta et al.
2021). Comparing all the full outbursts observed by RXTE, we
find that outbursts transition faster if the source switches states
at higher luminosities. This is shown in Figure 5, in which we
plot the difference in transition times thr,trans− thue,trans against
the source count rate when the state transition occurs,14 defined
either as the count rate at thue,trans, or that at thr,trans. While the
sample size is limited, the two appear to be anticorrelated.

Assuming that the radiative efficiency is unchanged between
outbursts, this finding implies that whatever instability drives
the system evolution operates faster at higher accretion rates.
This trend is similar to that found by Yu & Yan (2009), who
found that the luminosity during the state transition is
correlated with the rate of increase in the X-ray luminosity
during the rising HS.
Finally, we note that the trend of evolving power spectral

hue ahead of the canonical state transition appears to be
applicable to BHXRBs as a whole, for two reasons. First, the
evolution of the additional sources we analyzed is shown in the
Appendix in Figures A3 and A4. These sources display
behavior consistent with GX 339−4: if the power spectral hue
is large at the start of the available observations, then a state
transition inevitably occurs (e.g., XTE J1550−564 in 1999 and
2000, panels (a) and (b) of Figure A4; H1743−322, panels (c),
(d), and (e) of Figure A3). If instead the power spectral hue
early on is low, the state transition only occurs after it has
reached large values (e.g., GRO 1655-40, XTE J1752-223,
panels (a) and (b) of Figure A3 although in the latter case
observations are extremely sparse). If the hue does not evolve,
then state transitions never occur (XTE J1550−564 in 2001,
2002, and 2003, panels (c), (d) and (e) of Figure A4).
Unfortunately, the more sparse observational coverage for
these additional sources makes it impossible to estimate
thue,trans. The outburst that is most similar to GX 339−4 is
that of GRO 1655−40, which shows the same rising trend in
the power spectral hue while the spectral hardness remains
constant. Second, Figure 2 of Heil et al. (2015b; who analyzed
an even larger sample of sources) shows that for a near-
constant hardness of ≈1 sources display a wide range of power
spectral hues, and demonstrated that this trend is not dependent
upon inclination. While lacking the time evolution of both
quantities, this plot indicates that the power spectral hue
consistently varies at near-constant spectral hardness, ahead of
the canonical state transitions.
To conclude, we have demonstrated for the first time that it is

possible to predict in a model-independent fashion whether a
source will leave the HS, before any spectral changes occur.
These findings indicate that the state transition is driven by a
decrease in the turbulence in the outer disk, and that this change
occurs more quickly at higher accretion rates. Our results will
also enable observers to more effectively coordinate observa-
tional campaigns of these systems, providing further insight on
the evolution of their accretion flows.
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Appendix

In this section we provide additional information about the
data we analyzed. Tables A1 and A2 summarize the properties

of all the outbursts we analyzed. Tables A3 and A4 report the
best-fitting values for the power spectra and time-averaged
energy spectra, respectively. Figure A1 shows the time-averaged
spectra from the four observations discussed in the main text.
Figures A2, A3, and A4 show the evolution of the hue and
hardness for all the outbursts analzyed in this work. We only
modeled the evolution of the power spectral hue and spectral
hardness in GX 339−4 due to the more regular behavior and
better sampling of the rising HS and state transition.

Table A1
Properties of All the Outbursts of GX 339−4 Analyzed in This Work

Outburst Year and Type Start (MJD) End (MJD) ttrans,hue (days) ttrans,hr (days)

GX 339−4 2002, Full 52359 52784 -
+20 5

5
-
+40.08 0.26

0.26

GX 339−4 2004, Full 53044 53514 -
+143 7.3

7
-
+180.0 0.25

0.25

GX 339−4 2006, Hard State 53769 53878
GX 339−4 2007, Full 54060 54385 -

+64.3 0.7
0.7

-
+77.08 0.21

0.21

GX 339−4 2008, Hard State 54631 54758
GX 339−4 2009, Hard State 54884 55023
GX 339−4 2010, Full 55178 55632 -

+65.0 2.5
2.5

-
+87.11 0.17

0.17

Note. Start and end dates have been defined from Plant et al. (2014) and Grebenev et al. (2020).

Table A2
Properties of the Additional Outbursts Analyzed in This Work

Source, Outburst Year and Type Start (MJD) End (MJD) Reference

GRO 1655−40 2005, Full 53420 53445 Shaposhnikov et al. (2007)
XTE J1752−223 2009, Full 55125 55350 Shaposhnikov et al. (2010)
H1743−322 2008, Full 54732 54804 Grebenev et al. (2020)
H1743−322 2010, Full 55411 55471 Grebenev et al. (2020)
H1743−322 2011, Full 55656 55712 Grebenev et al. (2020)
XTE J1550−564 1999, Full 51063 51280 Cui et al. (1999), Sobczak et al. (2000)
XTE J1550−564 2000, Full 51635 51700 Jain et al. (2001)
XTE J1550−564 2001, Hard State 51900 52000 Curran & Chaty (2013)
XTE J1550−564 2002, Hard State 52250 52350 Curran & Chaty (2013)
XTE J1550−564 2003, Hard State 52700 52800 Curran & Chaty (2013)

Table A3
Best Fit of the Power Spectra for Each of the Four Epochs Highlighted in Figure 2

92052-07-03-01 92052-07-06-01 92035-01-02-03 92035-01-03-00

Lorentz 1σ (Hz) -
+0.13 0.05

0.07
-
+0.21 0.03

0.03
-
+0.75 0.05

0.05
-
+1.27 0.16

0.14

Lorentz 1 K (rms Hz−1) ´-
+ -5.5 101.2

1.0 2 ´-
+ -4.45 100.42

0.42 2 ´-
+ -2.82 100.15

0.15 2 ´-
+ -6.18 100.39

0.86 3

Lorentz 2 fc (Hz) <2.4 -
+0.3 0.3

0.3
-
+2.24 0.30

0.28 ´-
+ -7.76 100.17

0.09 3

Lorentz 2σ (Hz) -
+2.34 0.25

0.31
-
+4.6 0.3

0.3
-
+7.22 0.22

0.26 ´-
+ -9.8 101.5

1.5 2

Lorentz 2 K (rms Hz−1) ´-
+ -8.4 100.6

0.6 2 ´-
+ -3.6 100.5

0.7 2 ´-
+ -1.38 100.07

0.07 2 ´-
+ -1.28 100.09

0.04 2

Lorentz 3 fc (Hz) // // -
+0.36 0.06

0.06
-
+1.127 0.019

0.011

Lorentz 3σ (Hz) // // ´-
+ -5.4 101.3

1.1 2 ´-
+ -9.8 101.5

1.5 2

Lorentz 3 K (rms Hz−1) // // ´-
+ -7.5 101.2

1.2 2 ´-
+ -1.24 100.2

0.02 3

Lorentz 4 fc (Hz) // // // -
+2.281 0.012

0.007

Lorentz 4σ (Hz) // // // ´-
+ -1.67 100.75

0.01 1

Lorentz 4 K (rms Hz−1) // // // ´-
+ -3.82 100.34

0.28 3

Δχ2/d. o. f. 53.52/72 82.04/72 115.32/69 78.30/66

Note. The first Lorentzian was fixed to be zero-centered fits. Limits shown at 90% confidence.
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Table A4
Best Fit of the Time-averaged Energy Spectra for Each of the Four Epochs Highlighted in Figure 2

92052-07-03-01 92052-07-06-01 92035-01-02-03 92035-01-03-00

nH (cm−2) 0.7a

i (deg) -
+32.5 2.5

1.9

q 3a -
+3.0 0.6

1.1
-
+2.9 0.5

0.4
-
+2.32 0.14

0.21

Rin (Rg) -
+6 4

8
-
+4.5 2.4

2.8
-
+4.9 3.0

1.6
-
+2.3 1.0

2.0

xlog( ) -
+1.9 0.4

0.6
-
+3.17 0.05

0.05
-
+3.49 0.13

0.09
-
+3.76 0.09

0.11

AFe -
+4.3 0.5

0.6

Γ -
+1.59 0.03

0.03
-
+1.653 0.012

0.012
-
+1.732 0.007

0.009
-
+1.923 0.007

0.009

kTe (keV) 300a 300a 26 + 5−4 -
+38 4

8

Normrelxill ´-
+ -0.9 100.4

0.2 3 ´-
+ -8.0 101.0

1.0 3 ´-
+ -8.5 101.0

1.0 3
-
+4.1 0.4

0.4

Normnthcomp ´-
+ -9.2 100.7

0.5 2
-
+0.74 0.02

0.02
-
+1.62 0.07

0.08
-
+2.52 0.18

0.13

Δχ2/# bins 33.60/53 53.44/54 78.11/54 50.82/54

Note. Limits shown at 90% confidence. The total fit statistic is Δχ2/degrees of freedom = 215.98/188.
a Parameter frozen.

Figure A1. Time-averaged energy spectra of the four epochs highlighted in Figure 2. Dashed lines indicate the continuum, dashed–dotted lines indicate the reflection,
and continuous lines indicate the total model.
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Figure A2. Evolution of the power spectral hue and spectral hardness for the 2002, 2004, 2006, 2008, and 2010 outbursts of GX 339. The color coding is identical to
Figure 2.
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Figure A3. Evolution of the other outbursts analyzed in this work, which have more limited coverage than GX 339−4. Top left: the 2005 outburst of GRO 1655−40.
Top right: the 2009 outburst of XTE J1752−223. Remaining panels: the 2008, 2010, and 2011 outbursts of H1743-322. The color coding is identical to Figure 2.
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