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Strong disk winds traced throughout outbursts in

black-hole X-ray binaries

B. E. Tetarenko!, J.-P. Lasota®3, C. O. Heinke!, G. Dubus* & G. R. Sivakoff"

Recurring outbursts associated with matter flowing onto compact
stellar remnants (such as black holes, neutron stars and white
dwarfs) in close binary systems provide a way of constraining the
poorly understood accretion process. The light curves of these
outbursts are shaped by the efficiency of angular-momentum
(and thus mass) transport in the accretion disks, which has
traditionally been encoded in a viscosity parameter, oc. Numerical
simulations'~> of the magneto-rotational instability that is believed
to be the physical mechanism behind this transport yield values
of o of roughly 0.1-0.2, consistent with values determined from
observations of accreting white dwarfs*. Equivalent viscosity
parameters have hitherto not been estimated for disks around
neutron stars or black holes. Here we report the results of an analysis
of archival X-ray light curves of 21 outbursts in black-hole X-ray
binaries. By applying a Bayesian approach to a model of accretion,
we determine corresponding values of « of around 0.2-1.0. These
high values may be interpreted as an indication either of a very high
intrinsic rate of angular-momentum transport in the disk, which
could be sustained by the magneto-rotational instability only if a
large-scale magnetic field threads the disk>~, or that mass is being
lost from the disk through substantial outflows, which strongly
shape the outburst in the black-hole X-ray binary. The lack of
correlation between our estimates of o and the accretion state of the
binaries implies that such outflows can remove a substantial fraction
of the disk mass in all accretion states and therefore suggests that the
outflows correspond to magnetically driven disk winds rather than
thermally driven ones, which require specific radiative conditions®.
The disk-instability model’'* was developed to explain outbursts
in compact binaries in which a white dwarf accretes from a low-mass
companion'®. A cool (neutral) quiescent disk is built up through steady
mass transfer from the companion star, causing the temperature of
the disk to increase. At some radius (called the ignition radius), the
temperature of the disk will eventually reach the temperature at which
hydrogen ionizes. This triggers a thermal-viscous instability within
the disk, due to the steep temperature dependence of opacity in this
temperature range. As a result, the disk cycles between a hot, ionized,
outburst state and a cold, neutral, quiescent state. The growth of the
thermal-viscous instability at the ignition radius results in two heating
fronts propagating inwards and outwards through the disk. This prop-
agation brings the disk into a hot state, causing rapid in-fall of matter
onto the compact object and a bright optical and ultraviolet outburst.
As the disk is depleted over time (because mass falls onto the com-
pact stellar remnant at a higher rate than it is being transferred from the
companion star), the temperature and mass-accretion rate in the outer
radii will eventually be reduced to the point at which hydrogen can
recombine. This triggers the formation and propagation of a cooling
front that returns the disk to its quiescent (neutral) state. This predicted
behaviour, which is characterized by alternating periods of outbursts
and quiescence, matches observations of accreting white dwarfs well.

However, changes to the theory are needed for the close binaries known
as low-mass X-ray binaries, which contain more compact stellar rem-
nants (such as neutron stars and stellar-mass black holes).

There are 18 confirmed black-hole low-mass X-ray binaries in our
Galaxy, identified through bright X-ray outbursts which indicate rapid
accretion episodes'®. These outbursts'® last considerably longer, and
recur much less frequently, than those from many types of accreting
white dwarf, owing to heating of the outer disk by X-rays emitted in
the inner regions of the accretion flow!”.

X-ray irradiation keeps the accretion disk in its hot (ionized)
state over the viscous timescale. This timescale, which is encoded in
observed outburst light curves, is related to the efficiency of angular-
momentum transport directly and thus provides a means of measuring
this efficiency. See Methods and Extended Data Fig. 1 for a detailed dis-
cussion of the characteristic three-stage outburst decay profile present
in the light curve of a black-hole low-mass X-ray binary.

The magneto-rotational instability is thought to provide the physical
mechanism behind angular-momentum (and mass) transport in accre-
tion disks'®. The effective viscosity in these disks, which is commonly
parameterized using the « viscosity prescription'®, encapsulates the
efficiency of this transport process. Physically, the viscosity parameter
«a sets the viscous time of the accretion flow through the disk and thus,
according to the disk-instability model, is encoded within the decay
profile of the light curve of an outburst. A disk with higher viscos-
ity (higher o) in outburst will accrete mass more quickly, resulting in
shorter decay times and shorter outburst durations®.

The « viscosity has been inferred only in (non-irradiated) disks
around accreting white dwarfs, by comparing the outburst timescales
from observed light curves to synthetic model light curves created by
numerical disk codes for different o inputs®. Values of o have not previ-
ously been measured in irradiated accretion disks, such as those around
stellar-mass black holes in low-mass X-ray binaries. The assertion®!
that v~ 0.2-0.4 in such systems was deduced from calculations?® of
“detailed models of complete light curves’, not from detailed compar-
ison of models with observations. Note that we learned of a recent
study?? of the black-hole low-mass X-ray binary 4U 1543-475 after
acceptance of this manuscript.

Accordingly, we have built a Bayesian approach that characterizes
the angular-momentum (and mass) transport that occurs in disks in
low-mass X-ray binary systems. The « viscosity parameter in a hot,
outbursting disk (cy,) sets the timescale on which matter moves through
the hot (ionized) portion of the disk and thus controls the duration of
the first stage of the decay profile observed in an X-ray light curve (see
Methods for details). This (viscous) timescale varies depending on the
mass of the compact object and the size of the accretion disk, with the
size of the disk itself governed by the ratio of component masses in
the system and the orbital period of the binary. To reconcile the multi-
level, interconnected relationships that exist between these parame-
ters that define the properties of the accretion flow, we use Bayesian
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Figure 1 | Example light curves of outbursts in low-mass X-ray binaries.
The figure displays the observed bolometric X-ray light curves for the
2000 (left) and 2001-2002 (right) outbursts of the low-mass X-ray binary
XTE J1550—564, which harbours a black hole with a mass of 10.4 +2.3
solar masses (Mg)'®. In this source, which has undergone multiple
outbursts in the past two decades, we measure an extremely high value of
the viscosity parameter «. Shading in the background indicates the
accretion state of the source during the outbursts: blue, hard; yellow,
intermediate; red, soft. Although XTE J1550—564 transitions from the soft
to hard accretion state during the decay of the 2000 outburst, the light
curve shows no signature of that transition. Disk outflows have been
observed only in the soft and intermediate states, or at high flux levels
(greater than 10% Eddington)?, above the grey bar (left) in the hard state.

hierarchical modelling (see Methods of details). This technique allows
us to derive: (i) the timescales associated with individual stages of the
decay of the outburst, and (ii) the rate of mass accretion through the
disk during, and the time of occurrence of, the transitions between the
individual decay stages. Ultimately, the Bayesian technique allows us to
take into account effectively our prior knowledge of the orbital param-
eters that define a low-mass X-ray binary system (black-hole mass,
companion mass and orbital period) and thus to sample ay, directly
from its observed X-ray light curve.

We analysed a representative sample of X-ray light curves of 21 indi-
vidual outbursts of 12 black-hole low-mass X-ray binary systems from
the WATCHDOG project® (Extended Data Table 1). In Fig. 1 we show
examples of the analytical irradiated-disk-instability model fitted to
observed data. In this figure, we overlay predicted decay profiles that
illustrate the way in which varying ay, changes the predicted light-curve
decay profile. For these 21 outbursts, we derive 0.19 < o, < 0.99 (see
Fig. 2 and Extended Data Table 2). These results represent a derivation
of av in accretion disks of low-mass X-ray binaries from a fit to the
observed light curves of outbursts in such systems.

There are two possible explanations for the high values of « that we
measure. The first is that we really are measuring the intrinsic value
of a for these disks. The only way to reproduce such high intrinsic
values of o in accretion-disk simulations is for a net magnetic field
to thread the disk, with concurrent mass outflows strongly shaping
the outburst as a whole. Simulations of angular-momentum transport
driven by the magneto-rotational instability, carried out in vertically
stratified boxes that represent a local patch of the disk (shearing box),
typically yield v~ 0.02 without a net magnetic flux***%, Convection
enhances transport to yield a2 0.2 in the conditions appropri-
ate to accreting white dwarfs' . This value is consistent with those
deduced from observations of outbursts in the non-irradiated disks
around these objects®, but is insufficient to explain the higher values
of a2 0.2 that we measure from outbursts in black holes. However,
when the shearing box is threaded by a net magnetic flux, simulations
show that cv scales as 32 (where [31s the ratio of the thermal pressure
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Coloured circles represent data from different X-ray instruments: the
Proportional Counter Array aboard the Rossi X-ray Timing Explorer
(RXTE/PCA), or the Advanced CCD Imaging Spectrometer aboard the
Chandra X-ray Observatory (Chandra/ACIS). Translucent data indicate
the rise of the outburst, which was not included in the fits. Error bars show
the statistical uncertainties of the instruments. The insets show the
outbursts on a linear scale. The best-fitting analytical model (solid black
line) and residuals (lower panel) are displayed in both panels. We measure
an=0.96£0.15 and oy, = 0.993 13 from the light curves of the 2000 and
2001-2002 outbursts, respectively. We over-plot the resulting decay
profiles corresponding to ay, = 0.7 (dot-dashed line) and oy, = 0.5 (dashed
line), demonstrating the way in which the shape of the light curve changes
with different values of . MJD, modified Julian date.
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Figure 2 | Characterization of the mass-transport process in accretion
disks. The o viscosity parameter in the hot, ionized zone of the disk (ay,),
which encompasses the efficiency of angular-momentum (and mass)
transport in accretion disks, as derived using our Bayesian methodology,
is plotted against the orbital period (P,) of the binary system, for the

21 individual outbursts that occurred in our sample of 12 Galactic
black-hole low-mass X-ray binaries with measured orbital periods. The
different colours represent individual sources. Error bars represent the
68% confidence interval. The values of ay, are derived both for outbursts
during which the source cycles through all accretion states (hard,
intermediate and soft; circles) and for those during which the source
remains in the hard accretion state (triangles).
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Figure 3 | Toy model of a disk ‘wind’ Two model light curves for an
irradiated disk with o, = 0.2 around a 6 Mg, black hole are shown: dashed
line, assuming no mass loss; solid line, including a term to account for
mass loss during the outburst. The latter is computed assuming mass loss
is proportional to the central mass-accretion rate onto the black hole
(M, = £,M_) during the decay (meant to be representative of a disk-wind-
type outflow). Although the shape of the profile remains the same, the
effective timescale 7, is reduced to (1 — &,,)7.. Thus, as the fraction of mass
lost increases, T. decreases, mimicking the effect an arbitrary large value of
« has on the light-curve profile (that is, high o corresponds to fast decay).
A measurement of & =1 would correspond to a disk with &« =0.2 and
ew=0.8 in the toy model, indicative of a substantial outflow. Note that,
although this model assumes that the local outflow rate is related to
the local accretion rate in the disk, this need not be the case. Further,
this simplifying assumption, used purely to solve for the light curve
numerically, limits what we can say about how much mass is lost in the
outflow. This model requires M,/ M. < 1, but it is certainly possible that
the outflow rate is larger than the central mass-accretion rate onto the
black hole (M, / M, > 1). The transition (which occurs at a flux frand time
toreak) between the viscous and irradiation-controlled stages of the decay in
each light-curve is indicated by a black filled circle.

to the imposed magnetic pressure), reaching values as high as o~ 1
when 3is roughly 1-10°, with 3= 1 the lower limit for the magneto-
rotational instability to operate in a thin disk®~”. Hence, strong intrinsic
angular-momentum transport indicates the presence of a large-scale
field in the accretion disk, origin and evolution of which have yet to be
determined in black-hole transients. Moreover, simulations that repro-
duce high intrinsic « also display strong outflows, which actually do not
remove much angular momentum; thus, angular-momentum transport
is still primarily driven by the magneto-rotational instability.

The second possibility is that the intrinsic values of « for accretion
disks of black-hole low-mass X-ray binaries are smaller than we meas-
ure (for example, comparable to 0.2) and that unspecified strong mass
outflows are shaping the overall light-curve profiles that we observed.
Figure 3 illustrates how including a term to account for mass (and
angular-momentum) loss within the irradiated-disk-instability model
results in a model that mimics the effect that high o has on the light-
curve decay profile.

In both cases, substantial outflows appear to have a key role in
regulating the disk-accretion process. Strong mass outflows have
been observed in outbursting low-mass X-ray binaries in the soft or
intermediate accretion states, or at high flux levels (greater than 10%
Eddington) in the hard accretion state®~%, in the form of accretion-disk
winds. These outflows have been attributed to thermal winds driven by
X-ray irradiation or to magnetic winds driven by centrifugal accelera-
tion along magnetic field lines anchored in the disk®%%. It has recently
been shown that thermally driven winds (such as Compton-heated
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winds®®) can be produced only in the soft accretion state, because the
ionization state of the wind becomes unstable in the hard accretion state
(see, for example, refs 29, 30). The absence of a correlation between
the values of o and the X-ray flux or accretion state in our outburst
sample suggests that the outflow mechanism is generic, and favours
magnetically driven over thermally driven outflows.

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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METHODS

Archival X-ray data collection and reduction. We have collected all outburst
data available since 1996, for each of the 12 systems in our source sample, from
(i) the Proportional Counter Array (PCA) aboard the Rossi X-ray Timing Explorer
(RXTE), (ii) the X-ray Telescope (XRT) aboard the Swift Observatory, (iii) the
Gas-Slit Camera (GSC) aboard the Monitor of All-sky Image (MAXI) Telescope,
(iv) the Advanced CCD Imaging Spectrometer (ACIS-S) and High Resolution
Camera (HRC-S) aboard the Chandra X-ray Observatory, and (v) the European
Photon Imaging Camera (EPIC) aboard XMM-Newton.

All X-ray light-curve data from RXTE/PCA was collected from the
WATCHDOG project'®. These authors compiled all available good pointed PCA
observations (no scans or slews) from the HEASARC archive, for 77 black-hole
X-ray binary sources in the Galaxy, over the entire 16-year RXTE mission. For
each individual source in our sample, we use scripts from the WATCHDOG
project, including the rex script within the Heasoft Software Package (http://
heasarc.nasa.gov/lheasoft/), to reduce and extract (mission-long) daily time-
binned, background-subtracted light curves in the 2-10-keV band from the
PCA Std2 data available on that source in the WATCHDOG database. We also
compiled all available MAXI/GSC data using the WATCHDOG project’s online
light-curve tool (http://astro.physics.ualberta.ca/ WATCHDOG). This tool
compiles all of the publicly available data from the MAXT archive (http://maxi.
riken.jp/top/) in three standard bands (2-4keV, 4-10keV, 10-20keV) and runs
it through the WATCHDOG processing pipeline!®. Using this tool, we extracted
(mission-long) daily time-binned, background-subtracted light curves in the
2-10-keV band for each individual source (where available).

In addition, we use the Swift/XRT online product builder®? (http://www.

swift.ac.uk/user_objects/index.php) to compile (mission-long) daily time-binned,
background-subtracted light curves in the 2-10-keV band, using all available
windowed-timing- and photon-counting-mode XRT pointed observations. Last,
we collected all available Chandra/ACIS-S, Chandra/HRC-S and XMM-Newton/
EPIC pointed observations from the literature for individual outbursts (where
available). We then convert individual instrument count rates to fluxes in the
2-10-keV band using PIMMS v4.8c (http://cxc.harvard.edu/toolkit/pimms.jsp)
and the spectral information available in the literature.
Conversion from count rate to bolometric flux. We use crabs as a baseline unit of
flux to calculate approximate count-rate equivalences in the 2-10-keV-band data
from RXTE/PCA, Swift/XRT and MAXI/GSC. Integration of the now-accepted,
‘canonical, simple power-law spectrum of the Crab Nebula® over the 2-10-keV
band gives us a straightforward method for converting between count rate and
flux in this band. Assuming that a source spectrum is Crab-like in nature results
in uncertainty in the computed source flux. However, given that it has been found
that assuming a Crab-like spectral shape in narrow X-ray energy bands (such as the
2-10-keV band we make use of here) produces no more than a 20% (and typically
less than 10%) error in the source flux for a flat power law versus a blackbody¢,
this approach is justified.

To convert flux in the 2-10-keV band to bolometric flux, we use the following

bolometric corrections (BCs), estimated for each individual accretion state®* that
occurs during outbursts of black-hole low-mass X-ray binaries: hard state, BC =5;
soft and intermediate states, BC = 1.25. By combining the bolometric corrections
discussed above with the daily accretion-state information for each outburst,
obtained from the WATCHDOG project’s'® online Accretion-State-By-Day tool
(http://astro.physics.ualberta.ca/ WATCHDOG), we are able to compute daily time-
binned bolometric light curves.
Markov chain Monte Carlo (MCMC) fitting algorithm. We use a Bayesian
approach to estimate the five parameters that describe the shape of an observed
light-curve decay profile: (i) the exponential (viscous) decay timescale (7e), (ii) the
linear (irradiation-controlled) decay timescale (1), (iii) the X-ray flux of the system
at the transition between exponential and linear decay stages (f;), (iv) the time after
the outburst peak when the transition between exponential and linear decay stages
occurs (fpreak), and (v) the X-ray flux limit of the exponential decay stage (f,); see
Extended Data Fig. 1. Using the emcee python package®, an implementation of
the Affine Invariant MCMC Ensemble Sampler®®, we apply a MCMC algorithm
to fit the exponential (viscous) and linear (irradiation-controlled) stages of each
decay simultaneously (as described in the main text and Extended Data Fig. 1),
where applicable.

Before fitting occurs, secondary maxima and other rebrightening events
that contaminate the decays are removed by hand. These data are not included in
the fits; analysis of these rebrightening events will be presented in a later paper.
The removal of these rebrightening events has no effect on the determination of
«a from the X-ray light curves. The remaining data are then fitted in logarithmic
(bolometric) flux space with our five-parameter analytical model (see below for
details).

20,37,38
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The emcee python package runs a modified version of the Metropolis-Hastings
algorithm, in which an ensemble of ‘walkers’ move simultaneously through and
explore the parameter space. To fit each light curve, we use 50 walkers—10 times
the dimension of model. For emcee to run optimally, we first set the initial positions
of our ensemble of walkers appropriately in parameter space. To do so, we use
pyHarmonySearch®®, an implementation of the harmony search global optimization
algorithm, to perform an initial survey of our parameter space. pyHarmonySearch
acts essentially as a less-time-consuming version of a brute-force grid-search
method, allowing us to place our ensemble of walkers in a tight ball around the
best guess that it finds. This best guess provides a starting point for the MCMC
algorithm.

Prior distributions for each of the five parameters are also set from the results of
pyHarmonySearch. In the case of a well-sampled light curve (near-continuous daily
data throughout the outburst), a Gaussian prior for each parameter with a mean
set by the results of pyHarmonySearch is used. In the case in which only scattered
data are available on only a portion of the full decay, wide flat priors (based on
expectations from other outbursts of the same source, or outbursts from sources
with similar orbital periods) are used for each parameter.

After initialization, we begin running the MCMC algorithm on each light curve
with a 500-step burn-in phase. Here the ensemble of walkers are evolved over a
series of steps to ensure that the initial configuration that we have set enables
the walkers to explore the parameter space sufficiently. At the end of the burn-in
phase, if the initial configuration is appropriate for the problem, the walkers will
have ended up in a high-probability region, a place in parameter space in which
the states of the Markov chain are more representative of the distribution being
sampled. After this phase, the MCMC algorithm is restarted, with the walkers
starting at the final position they acquired during the burn-in phase, and run
until convergence. The number of steps required for convergence depends on the
amount of data available and the complexity of the decay profile of the outburst.

After likelihood maximization is performed, the MCMC algorithm outputs
the converged solution in the form of posterior distributions of each parameter.
We take the best-fit result (the best-fit value along with the upper and lower limits
on this value) as the median and 1o (68%) confidence interval of each posterior
distribution, respectively.

The analytical outburst decay model. Extended Data Fig. 1 shows the predicted
characteristic three-stage decay profile shape present in the light curve of a black-
hole low-mass X-ray binary?*”40,

In the first stage (viscous decay), X-ray irradiation keeps the whole disk in a
hot (ionized) state, preventing the formation of a cooling front. As more mass is
accreted onto the black hole than is transferred from the companion at this time,
the disk is drained by viscous accretion of matter only, resulting in an exponential-
shaped decay profile on the viscous timescale. Eventually, as the mass in the
disk and the mass transfer rate decrease, the dimming X-ray irradiation can no
longer keep the outer regions of the disk in the hot (ionized) state and a cool-
ing front forms, behind which the cold matter slows its inward flow drastically.
At this point, the system enters the second stage (irradiation-controlled decay),
during which the propagation of the cooling front is controlled by the decay of
the irradiating X-ray flux. The hot (ionized) portion of the disk continues to flow
and accrete, but gradually shrinks in size, causing a linear-shaped decay profile.
Eventually, the mass accretion rate onto the black hole becomes small enough
that X-ray irradiation no longer has a role. In this third and final stage (thermal
decay), the cooling front propagates inward freely on a thermal-viscous time-
scale, resulting in a steeper linear decay in the light curve down to the quiescent
accretion level.

The analytical model that we use to describe the outburst decay profiles in the
light curves of black-hole low-mass X-ray binaries, predicted by the (irradiated)
disk-instability model, is rooted in the ‘classic’ King and Ritter formalism®”. This
formalism combines knowledge of the peak X-ray flux and of the outer radius of
the irradiated disk to predict the shape that the decay of an X-ray light curve of a
transient low-mass X-ray binary system would follow.

The temperature of most of the accretion disk in transient low-mass X-ray
binaries during outburst is dominated by X-ray heating from the inner accretion
region. The X-ray light curve will show an exponential decline if irradiation by the
central X-ray source is able to ionize the entire disk, keeping it in the hot (ionized)
state and preventing the formation of the cooling front*!. The X-ray light curve
will show a linear decline if irradiation by the central X-ray source is able to keep
only a portion of the entire disk in the hot (ionized) state. In this case, the central
X-ray flux will no longer be able to keep the outer regions of the disk above the
hydrogen ionization temperature (around 10*K) and a cooling front will appear
and propagate down the disk. Because the cooling front cannot move inward on
a viscous timescale (the farthest it can move inward is set by the radius at which
T=10"K), a linear-shaped decline is observed in the light curve.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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By assuming, as do many studies of X-ray irradiated disks in close binary
systems, an isothermal disk model (that is, the disk is assumed to be vertically
isothermal because it is irradiated, with the central mid-plane temperature equal
to the effective temperature set by the X-ray irradiation flux at the disk surface*?),
the critical X-ray luminosity for a disk radius R;; (in units of 10! cm) has been
derived" to be Leit,pir = 1.7 X 10%7 R}, erg s~ ! above which the light curve should
display an exponential decay shape and below which the light curve should display
a linear decay shape. In this formalism, a well-sampled light curve (in both time
and amplitude) should show a combination of exponential- and linear-shaped
stages in the decay profile. The exponential decay is replaced with a linear decay
when the X-ray flux has decreased sufficiently, resulting in a distinct brink (such
as a break in slope) in the light-curve shape. By deriving analytical expressions for
the shape that light-curve decays of transient low-mass X-ray binaries systems take,
the timescales of the exponential and linear stages of a decay, the peak mass-
accretion rate (and in-turn X-ray luminosity for a given accretion efficiency) and
the time at which the exponential decay is replaced by the linear decay have been
predicted®.

This approach has since been validated by smooth-particle-hydrodynamics
accretion simulations*’ and applied to observations of various classes of X-ray
binaries**~* with varied success. However, although the King and Ritter formal-
ism has, coincidentally, been found to agree relatively well with observations, it
oversimplifies the physics of the X-ray-irradiated disks to which it is applied*!.
Therefore, we instead use a modified version of the King and Ritter formalism.

In this modified version we (i) include the effects of continuing mass transfer
from the donor star*”#$, and (ii) use a disk structure?®*” in which X-ray irradiation
that affects the disks of black-hole low-mass X-ray binaries is modelled using a
general irradiation law:

4 _ Cilx
i 4moR?

Here, the irradiation parameter Cy, is defined as the fraction of the central X-ray
luminosity (Lx = nc2M. for accretion efficiency 1) that heats up the disk. Because
Cir contains information about the illumination and disk geometry, and the tempe-
rature profile of the X-ray irradiation, it effectively parameterizes our ignorance
of how these disks are actually irradiated. Physically, Gy, controls the timescale of
the linear decay stage (and the overall outburst duration) and when the transition
between decay stages occur, and sets a limit on the amount of mass that can be
accreted during the outburst. Stronger irradiation (larger Cy;) increases the dura-
tion of the outburst and thus the relative amount of matter able to be accreted
during an outburst. Consequently, if more matter is accreted during outburst, the
subsequent time in quiescence will lengthen because the disk will require more
time to build up again.

Following the procedure outlined in previous work?”*3, but instead using the
general irradiation law defined above, yields the following analytical form for the
flux of a black-hole low-mass X-ray binary as a function of time during the expo-
nential (viscous) and linear (irradiation-controlled) stages of the decay:

G —fz)exp[—t’jﬂ] +1,

e
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Here 7, and 7 are defined as the viscous (exponential) decay timescale in the hot
(ionized) zone of the disk and the linear decay timescale, respectively;
h= nc2(—My)/(47d?) is the flux limit of the exponential decay, which depends
on the mass-transfer rate from the companion — M, and the distance to the source
d; threak is defined as the time when the temperature of the outer edge of the disk is
just sufficient to remain in a hot (ionized) state; and f; is the corresponding X-ray
flux of the system at time fyrear. We perform fits in flux, as opposed to luminosity,
space to avoid the correlated errors (due to an uncertain distance) that would arise
if we were to fit the latter; the uncertain distance (and other parameters) are incor-
porated below.

By fitting this model to our sample of observed X-ray light curves we can
derive the viscous decay timescales in black-hole low-mass X-ray binaries to
range between roughly 50 and 190 days, consistent with previous conclusions®;
see Extended Data Table 2 for fit results.

The Bayesian hierarchical methodology. We quantify the angular-momentum
(and mass) transport that occurs in the irradiated accretion disks in low-mass
X-ray binary systems using the « viscosity parameter. In the current form of the
disk-instability model, the use of this simple parameter results from the inability
of current numerical simulations to follow ab initio turbulent transport driven by

the magneto-rotational instability on viscous timescales in a global model of the
accretion disk.

This parameter is encoded within the viscous (exponential) stage of the light-
curve decay profile. During this first stage of the decay, irradiation of the disk traps
it in a hot (ionized) state that allows a decay of the central mass-accretion rate only
on a viscous timescale: 7, = Rﬁv dise/ (BVkR) » where vk is the Shakura-Sunyaev
viscosity', the average value of the kinematic viscosity coefficient near the outer
edge of the disk®’, and Ry, gis is the radius of the hot (ionized) zone of the disk. For
Keplerian disks, the Shakura—Sunyaev viscosity is related to the dimensionless
viscosity parameter in the hot disk oy, by vgr = ahcsz/.Qk , where (2 is the
Keplarian angular velocity and c is the sound speed in a disk (proportional to T,
where T¢ is the central mid-plane temperature of the disk). Therefore, using
= (GM,/R*)"2, the viscous timescale in the disk can be written as a function of o,
the mass of the compact object M; and the radius of the accretion disk Ry, gisk:

2]
s

where G is the gravitational constant, my, is the mass of a hydrogen atom, +y is the
adiabatic index (the ratio of the specific heats of a gas at a constant pressure and
a gas at a constant volume) and kg is the Boltzmann constant. Because T; is only
weakly dependent on viscosity and X-ray irradiation in irradiated disks, we can

approximate its value as a constant, 16,300 K (ref. 51).
Solving for oy, yields

op)

[ 0.1 ] -

Because oy, depends on parameters that characterize the outburst decay profile of a

low-mass X-ray binary (that is, observed data) as well as on the orbital parameters

that define the binary system (that is, parameters that we have prior knowledge of,

namely, M, and Ry, gisk, which is itself dependent on Mj, the mass of the companion

star in the system and the orbital period P,y,), we require a multi-level Bayesian
statistical sampling technique to effectively sample c,.

We therefore built a Bayesian hierarchical model. A Bayesian hierarchical model
is a multi-level statistical model that enables the posterior distribution of some
quantity to be estimated by integrating a combination of known prior distributions
with observed data. In our case, the established orbital parameters of the binary
(M, binary mass ratio g, Poyp,) for a system act as the known priors, and the quanti-
tative outburst decay properties derived from fitting the light curves of a low-mass
X-ray binary system with the analytical version of the irradiated disk-instability
model that we developed (7.) act as the observed data.

Using emcee™ (see above for details), our hierarchical model samples o, simul-
taneously for all outbursts of each of the 12 sources in our sample using 240 walk-
ers, 10 times the dimension of our model: 12 of these dimensions correspond
to 6 established measurements of black-hole mass, 4 known binary mass ratios
and 2 observationally based Galactic statistical population distributions (the Ozel
black-hole mass distribution® and the distribution of binary mass ratios for the
dynamically confirmed stellar-mass black holes in the Galaxy'®); the remaining
12 dimensions correspond to the accretion disk radii for each system.

Initialization is accomplished by placing our ensemble of walkers in a tight ball
around a best guess that corresponds to the best known estimates of the binary
parameters (M, g, Poy,) for each system. If a reliable estimate of M; is not known
for a system, then the mean of the Ozel mass distribution® is used. Similarly, if g
is not known for a system, then the median of the uniform distribution between
the minimum and maximum of the known values of mass ratio for all dynamically
confirmed black holes in the Galaxy'® is used.

Our hierarchical model samples accretion disk radii from a uniform distribution
between the circularization radius (Rg.) and the radius of the Roche lobe of the
compact object (R;) in the system, both of which depend on only M, g and Poyy,.
Initial values of Ry, gisk are set as the median of the uniform distribution between
Reirc and R for each system, calculated using the best guess for M; and g (discussed
above), and the known Py,

The prior distributions for each of the 24 parameters are also set using the
best-guess orbital parameters for each binary system. If a constrained measure-
ment of the parameter exists (that is, a value with uncertainty), then a Gaussian
prior based on this measurement and its uncertainty is used. If only a range is
quoted in the literature for a parameter, then a uniform prior is used. The prior
distributions for Ry, g;k are taken as the uniform distribution between R, and
R, for each system.

After initialization, we begin running emcee on the observed data (7.) with
a 500-step burn-in phase. After this phase, emcee is restarted, with the walkers

3vkpT, 0.1) (Mg 10'% cm

G *my M (10°) ][ah]l[Ml]o's[ Rh, disk ]0'5

G muM2>(10%) [E]* M °'5[ Ridisk ]"'5
3k T: s Mg, 10'° cm
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starting at the final position they ended at in the burn-in phase, and run until
convergence. Ultimately, emcee outputs the converged solution in the form of
posterior distributions of ay, for each outburst or system. The converged value
and upper and lower limits on this value are taken as the median and 1o con-
fidence interval of each posterior distribution, respectively; see Extended Data
Table 2.

Data availability. The datasets generated during and analysed during this study
are available from the corresponding author on reasonable request.
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Extended Data Figure 1 | Schematic light curve for an outburst of a
low-mass X-ray binary system. The profile shown corresponds to the
light curve predicted by the (irradiated) disk-instability model for an
outbursting irradiated disk. 7. and 7 represent the timescales of the
exponential (viscous) and linear (irradiation-controlled) decay stages in
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the light curve, respectively. The time and flux at which the transition
between the viscous and exponential stages of the decay occurs (marking
the point at which the temperature in the outer disk drops below the
ionization temperature of hydrogen) are represented by tyreak and fi,
respectively. The inset shows the same light-curve profile on a linear scale.
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Extended Data Table 1 | Binary orbital parameters for our Galactic black-hole low-mass X-ray binary source sample

Source Name distance M, q Py
(kpe) (M) (My/My)  (hrs)
XTE J1118+480 1.72+01 72+£072 0.024+0.009 4.1
MAXI J1305—-704 - - - 9.74
Swift J1357.2—-0933 1.5-6.3 124+ 3.6 - 2.8
GS 135464 - - 0.12+0.04 61.1
4U 1543-475 7.5+0.5 9.4+2.0 0.25-0.31 26.8
XTE J1550-564 44+0.5 10.39+2.3 0.031-0.037 37.0
XTE J1650-500 2.6+0.7 4.7+2.2 - 7.7
MAXI J1659—-152 1.6-8.0 - - 2.414
GX 3394 8.0+2.0 - - 421
Swift J1745—-26 - - - <21
MAXI J1836—194 - - - <4.9
XTE J1859+226 843 10.83+4.67 - 6.6

When no acceptable estimates of distance, black-hole mass M; or binary mass ratio g are available (indicated by dashes), known Galactic distributions'®%2 are used.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Table 2 | Quantities derived to describe the mass-transport process in the accretion disks of outbursting low-mass X-ray
binaries

Source Name Outburst ID Te Rise ap, Accretion State(s) Max Eddington

(days) (x10'° cm) Reached Fraction

4U1543-475 2002 58.94+0.42 27.917127  0.667015 H,1,S 0.16
GS1354—64 2015 139.697062 52107185 0.36270 500 H 0.085%"
GX339—4 1996-1999  167.177317  37.301175  0.25070:020 H,1.S 0.011¢
2008 168.24738)  37.24%15%  0.2477505¢ H 0.0059¢
2009 166.887495  37.337131  0.24970-069 H 0.0088"

2013 172.37131 37.2071532 (.24270-058 H 0.014

2014/2015  188.901035  37.20%1%7  0.2227002) H,1.S 0.15%
MAXIJ1305—704 2012 52.90791 12727570 049701 H,1,S 0.0514:

MAXIJ1659—152 2010/2011  60.697135  5.4947331  0.265700) H,1,.S 0.15%
MAXIJ1836—194 2011/2012  93.097180  8.838T35  0.22070-043 H 0.11b
SwiftJ1357.2—-0933 2011 68.311305  6.850139°  0.34675 95T H 0.0019
2017 64.897347  6.7307295  0.3667058 H 0.00038

SwiftJ174510.8—-262411  2012/2013  81.497192  23.497371  0.41075:057 H 1.200
XTEJ1118+480 1999/2000  85.96792%  12.947180  (.27910-017 H 0.0017
2005 79.011529  12.957578  0.30375:0% H 0.00047

XTEJ1550—564 2000 61.787038  55.9775%7  0.967018 H.,1.S 0.043
2001 619273590 56.1475%%  0.96270 0% H,l 0.0068

2001/2002  60.38100;  56.0673%5  0.99702 H 0.013

2003 61.897025  55.9975%7  0.967015 H 0.015

XTEJ1650-500 2001/2002  93.12+1.26  9.804733¢  0.18575:02) H,1,S 0.016

XTEJ1859+226 1999/2000  56.617095¢  11.627528  0.50570 542 H,1,S 0.18

The efficiency of angular-momentum (and mass) transport o, assuming no mass loss in the hot disk, and related quantities, sampled using our Bayesian hierarchical model, are presented.
The accretion state(s) reached in each outburst are indicated as hard (H), intermediate (I) or soft (S).

aM, is unconstrained, so we assume M; = 10Me.

bDistance d is unconstrained, so we assume d=8kpc.
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