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MAXI J1836−194 1395

Figure 2. Broad-band radio to X-ray spectra of MAXI J1836−194 taken during its 2011 outburst. Solid lines represent the XSPEC fits, irradiation of the outer
disc causes the slight excess in the IR to UV band. Dashed lines indicate possible ranges of parameters, where the dashed light blue line is the lower limit on
the spectral break frequency νb for September 12 and the dashed red lines are the lower and upper limits for the September 17 data. Horizontal bars denote the
uncertainty range for the spectral break from optically thick to optically thin synchrotron emission. Only four epochs of X-ray observational data (September
3, September 17, October 12 and October 27) are depicted to avoid crowding. The jet spectral break moves to higher (IR) frequencies following the transition
back to the hard state during the outburst decay.

upper limit dictated by the K-band detection and the lower frequency
IR band upper limits, allowing a minimum optically thin slope of
α > −0.70).

After September 17, the outburst faded as the source underwent
spectral hardening. MAXI J1836−194 transitioned back to the hard
state on September 28, following which the power-law component
hardened (to # = 1.78 ± 0.05 on October 27) and the disc contribu-
tion decreased, consistent with a typical transition from the HIMS
to the hard state (the disc temperature decreased to 0.10 ± 0.01 keV
and the inner disc radius increased to Rin = 20+4

−2 rg on October
27). Following the transition back to the hard state the spectral
index of the optically thick synchrotron spectrum remained fairly
constant, consistent with an inverted spectrum. As the system set-
tled in the canonical hard state we observed the jet spectral break
shift to much higher frequencies (over two orders of magnitude, to
∼5 × 1013 Hz by October 27) as the radio spectrum flattened to
αthick = 0.26 ± 0.03.

Our best-fitting spectral parameters are typical of LMXBs tran-
sitioning between the hard state and the HIMS (e.g. Homan &
Belloni 2005) and are in good agreement with those presented by
Ferrigno et al. (2012). Any discrepancy between them is a result
of differences between the data modelled, as well as differences
between the physical Comptonization model and a phenomeno-
logical model where the X-ray power law is not truncated at low
energies.

4.2.1 X-ray synchrotron model

For the epochs where we do not have any constraint on the po-
sition of the cooling break, we considered the possibility that the
synchrotron power-law component may have extended unbroken
into the hard X-ray band. Because of poor IR data constraints dur-
ing our September 12 and 17 observations there is a large possible
range of slopes for the optically thin synchrotron power law. As a
result the synchrotron component will either not contribute signif-
icantly to the X-ray emission (dominated by a Comptonized disc),
or may require a break in the X-ray band due to the observed
2–10 keV photon index being steeper than the optically thin syn-
chrotron slope. Therefore, we did not apply this model to these two
epochs.

For the final three observational epochs (September 26, October
12 and October 27) we fit the data without truncating the optically
thin synchrotron emission in the UV band (Table 2). For Septem-
ber 26, we cannot rule out the synchrotron power law extending
unbroken into the X-ray band. In that case we find that the syn-
chrotron component can account for ≈15 per cent of the 0.5–2 keV
emission, ≈40 per cent of the 2–10 keV emission and ≈72 per cent
of the 10–100 keV emission (the rest being due to Comptoniza-
tion). For the October 12 and 27 epochs, the slope and normaliza-
tion of the optically thin synchrotron emission and the high-energy
(hard) X-ray component are very similar. The unbroken synchrotron
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from that of the X-ray high-frequency component. At the same
time, the time lags show that the variability in the two bands is
correlated over a broad range of frequencies, including those
above the IR high-frequency break (Figure 2), which implies
the two signals are not independent.

We note that, so far, all the reported fast-photometry O-IR
observations of GX 339–4 have revealed a high-frequency
component at similar frequencies as reported here, although
never in the same outburst (Casella et al. 2010; Gandhi et al.
2010; Kalamkar et al. 2016; Vincentelli et al. 2018). This might
suggest that this frequency is indeed constant, but further
observations, especially longer monitoring campaigns, will be
needed to confirm this.

In the following, we discuss the implications of these results
in the context of possible physical scenarios.

4.1. Outer Disk

The observed stability of the IR high-frequency component
could be easily explained if the observed IR variability were
dominated by reprocessing of the X-ray emission from the
outer disk. The maximum IR frequency would be then related
to the disk response function, which is not expected to change
with time.
However, the lags we measure are too small to be consistent

with the travel time from the X-ray-emitting inner regions of
the flow to the IR-emitting outer regions of the disk (or even
negative; see Figure 2, lower panel). Additionally, the same
0.1 s delay has been already reported a few times for this
source, and in those cases a thermal origin (Gandhi et al.
2008, 2017; Casella et al. 2010) had been robustly excluded.
Thus, we conclude that the reprocessing scenario can be
securely discarded.

4.2. Hot Inflow

We consider here the hypothesis that the whole IR variable
emission comes from a magnetized inflow, and that the
evolution of the X-ray PSD is interpreted in terms of
interference between two Comptonization continua (Veledina
et al. 2013; Veledina 2016). The observed IR variable emission
would then correspond to the seed synchrotron photons emitted
before the Comptonization takes place in the hot inflow, and
therefore can be interpreted as a proxy for the mass accretion
rate. A slow decay of all the IR characteristic frequencies could
then be associated with a slowly evolving geometry of the
accretion inflow (Ingram & Done 2012; Ingram et al. 2016). To
maintain a constant O-IR high-frequency component within
this scenario would require that the magnetized inflow extends
beyond ≈50 Schwarzschild radii (or 100 gravitational radii,
RG=GM/c2) during the entire re-brightening phase. Most of
the IR flux as well as variability in the magnetized inflow
model originate within a region of this size (Veledina et al.
2013). On the other hand, we clearly see a rise in IR flux as the
source evolves through our hard state observations (see
Figure 1). Therefore, under this same scenario, O-IR flux
changes cannot be attributed solely to a change in the size of
the hot inflow (see, e.g., Poutanen et al. 2014).
It is also relevant that in the hard state of GX339–4 and

other BHXRBs, the soft X-ray blackbody-like emission
thought to originate from the geometrically thin, optically
thick accretion disk is seen to vary significantly and also lead
the correlated X-ray power-law variations, over the timescale
range covered by the low- and high-frequency breaks observed
here (Wilkinson & Uttley 2009; De Marco et al. 2015; De
Marco et al. 2017). For geometrically thin disks, such relatively
short (seconds) timescales of large-amplitude (tens of percent)
disk continuum variability, presumably generated on the local
viscous timescale, would be difficult to explain if the disk
emission originates at >100 RG, as would be implied by the
hot-inflow model as presented in Veledina et al. (2013). On the
other hand, on even shorter variability timescales (>1 Hz),
blackbody “reverberation lags” are seen, some of which, if
simply interpreted as light-travel times, could be consistent
with such large radii (De Marco et al. 2017), but interpretation
of such lags is complex, as their combination with the
continuum lags is not simply additive (e.g., see Mastroserio
et al. 2019 for the case of Fe K reverberation plus continuum
lags in BHXRBs).

Figure 2. Results from the Fourier analysis of the strictly simultaneous
observation on 2015 September 17. Top panels: PSDs computed with 1024
(IR) and 16384 (X-ray) bins per segments. The dotted lines indicate the
Lorentzian components used to model the PSDs. The gray curves represent the
PSDs measured on the last epochs of the campaign, namely, on 2015 October 3
(X-rays) and September 30 (IR), for comparison. Bottom panel: frequency-
dependent time lags, computed with 128 bins per segment. Positive lags imply
IR lagging the X-rays.
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Figure 3. Evolution of the X-ray (blue) and IR (red) characteristic frequencies of the di↵erent Lorentzian components as a
function of time. The low-frequency (LF) components are indicated with squares, while the high-frequency (HF) components
with triangles. The intermediate-frequency X-ray component and the IR QPOs are indicated with circles, while the black cross
corresponds to the frequency of the marginally significant X-ray QPO. The inset shows a zoom on the two LF components in
linear scale. We shifted ⌫XLF by +0.05 Hz, to show how the two frequencies are consistent with having a constant o↵set between
each other.
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from that of the X-ray high-frequency component. At the same
time, the time lags show that the variability in the two bands is
correlated over a broad range of frequencies, including those
above the IR high-frequency break (Figure 2), which implies
the two signals are not independent.

We note that, so far, all the reported fast-photometry O-IR
observations of GX 339–4 have revealed a high-frequency
component at similar frequencies as reported here, although
never in the same outburst (Casella et al. 2010; Gandhi et al.
2010; Kalamkar et al. 2016; Vincentelli et al. 2018). This might
suggest that this frequency is indeed constant, but further
observations, especially longer monitoring campaigns, will be
needed to confirm this.

In the following, we discuss the implications of these results
in the context of possible physical scenarios.

4.1. Outer Disk

The observed stability of the IR high-frequency component
could be easily explained if the observed IR variability were
dominated by reprocessing of the X-ray emission from the
outer disk. The maximum IR frequency would be then related
to the disk response function, which is not expected to change
with time.
However, the lags we measure are too small to be consistent

with the travel time from the X-ray-emitting inner regions of
the flow to the IR-emitting outer regions of the disk (or even
negative; see Figure 2, lower panel). Additionally, the same
0.1 s delay has been already reported a few times for this
source, and in those cases a thermal origin (Gandhi et al.
2008, 2017; Casella et al. 2010) had been robustly excluded.
Thus, we conclude that the reprocessing scenario can be
securely discarded.

4.2. Hot Inflow

We consider here the hypothesis that the whole IR variable
emission comes from a magnetized inflow, and that the
evolution of the X-ray PSD is interpreted in terms of
interference between two Comptonization continua (Veledina
et al. 2013; Veledina 2016). The observed IR variable emission
would then correspond to the seed synchrotron photons emitted
before the Comptonization takes place in the hot inflow, and
therefore can be interpreted as a proxy for the mass accretion
rate. A slow decay of all the IR characteristic frequencies could
then be associated with a slowly evolving geometry of the
accretion inflow (Ingram & Done 2012; Ingram et al. 2016). To
maintain a constant O-IR high-frequency component within
this scenario would require that the magnetized inflow extends
beyond ≈50 Schwarzschild radii (or 100 gravitational radii,
RG=GM/c2) during the entire re-brightening phase. Most of
the IR flux as well as variability in the magnetized inflow
model originate within a region of this size (Veledina et al.
2013). On the other hand, we clearly see a rise in IR flux as the
source evolves through our hard state observations (see
Figure 1). Therefore, under this same scenario, O-IR flux
changes cannot be attributed solely to a change in the size of
the hot inflow (see, e.g., Poutanen et al. 2014).
It is also relevant that in the hard state of GX339–4 and

other BHXRBs, the soft X-ray blackbody-like emission
thought to originate from the geometrically thin, optically
thick accretion disk is seen to vary significantly and also lead
the correlated X-ray power-law variations, over the timescale
range covered by the low- and high-frequency breaks observed
here (Wilkinson & Uttley 2009; De Marco et al. 2015; De
Marco et al. 2017). For geometrically thin disks, such relatively
short (seconds) timescales of large-amplitude (tens of percent)
disk continuum variability, presumably generated on the local
viscous timescale, would be difficult to explain if the disk
emission originates at >100 RG, as would be implied by the
hot-inflow model as presented in Veledina et al. (2013). On the
other hand, on even shorter variability timescales (>1 Hz),
blackbody “reverberation lags” are seen, some of which, if
simply interpreted as light-travel times, could be consistent
with such large radii (De Marco et al. 2017), but interpretation
of such lags is complex, as their combination with the
continuum lags is not simply additive (e.g., see Mastroserio
et al. 2019 for the case of Fe K reverberation plus continuum
lags in BHXRBs).

Figure 2. Results from the Fourier analysis of the strictly simultaneous
observation on 2015 September 17. Top panels: PSDs computed with 1024
(IR) and 16384 (X-ray) bins per segments. The dotted lines indicate the
Lorentzian components used to model the PSDs. The gray curves represent the
PSDs measured on the last epochs of the campaign, namely, on 2015 October 3
(X-rays) and September 30 (IR), for comparison. Bottom panel: frequency-
dependent time lags, computed with 128 bins per segment. Positive lags imply
IR lagging the X-rays.
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Jet Physics
Tetarenko, PC et al. (2021)

MAXI J1820+070 Jet variability 3867

Figure 2. Time-averaged broad-band spectrum of our radio–X-ray data of
MAXI J1820+070 (see Table 1 and Sections 2.3–2.5). The colours of the
data points correspond to the same colours of the electromagnetic frequency
bands in Fig. 1. The radio through sub-mm data appear to lie on the slightly
inverted optically thick portion of the jet spectrum (spectral index αthick ∼
0.25), while the infrared and optical data appear to lie on the steep optically
thin portion of the jet spectrum (spectral index αthin ∼ −0.5).

(∼100 mJy), when compared to the lower frequency radio bands
(∼5–20 mJy). Further, the sub-mm band shows a higher average flux
level when compared to the radio bands (∼125 mJy in the sub-mm
versus ∼46–60 mJy in the radio bands; see Table 1), indicating an
inverted optically thick radio through sub-mm spectrum. The infrared
and optical bands appear to not lie on the extension of the radio–sub-
mm spectrum, but rather on the steep optically thin portion of the
jet spectrum, indicating the jet spectral break lies between the sub-
mm and infrared bands (see Fig. 2). This result is consistent with
previous reports of bright mid-IR emission in excess of the optical
emission during the hard state of the outburst (Russell et al. 2018).
All of these emission patterns are consistent with the radio, sub-mm,
infrared, and optical emission originating in a compact jet, where the
higher electromagnetic frequency emission is emitted from a region
closer to the black hole (with a smaller cross-section), while the
lower electromagnetic frequency emission is emitted from regions
further downstream in the jet flow (with larger cross-sections).

3.2 Fourier power spectra

To characterize the variability we observe in the light curves of MAXI
J1820+070, we opted to perform a Fourier analysis on the data.
We use the STINGRAY software package10 for this Fourier analysis
(Huppenkothen et al. 2016, 2019), and Figs 3 and 4 display the
resulting power spectral densities (PSDs).

As our light curves contain gaps, to build the PSDs over a wide
range of Fourier frequencies we stitch together PSD segments created
from light curves imaged/extracted with different time-bin sizes. In
particular, by building light curves on time-scales larger than the
gaps, we can manufacture a continuous time-series with which we
are able to probe a lower Fourier frequency range. For the radio
frequency VLA data, we use three PSD segments, built from light
curves with 5 s (final PSD segment is an average over 100 s chunks),
60 s (final PSD segment is an average over 15 min chunks), and

10https://stingray.readthedocs.io/en/latest/

Figure 3. Fourier power spectra (PSDs) of optical (0.7711 µm; ULTRA-
CAM), infrared (2.2 µm; HAWK-I), sub-mm (343.5 GHz; ALMA) and radio
(5.25–25.9 GHz; VLA) emission from MAXI J1820+070. Note that PSDs
of the X-ray bands are shown separately in Fig. 4 for clarity. The PSDs
shown here were built by stitching together PSD segments created from data
imaged/extracted with different time-bin sizes (with the shortest time-scales
sampled being 0.01/0.065/2/5 s for the optical/infrared/sub-mm/radio bands;
see Section 3.2 for details), in order to circumvent the gaps in the light curves
and sample the lower Fourier frequencies. In these PSDs, we observe a clear
trend in the shape of the PSDs with electromagnetic frequency band, where
the break in the PSDs moves to lower Fourier frequencies as we shift to lower
electromagnetic frequency bands. Note that all PSDs shown here have been
white-noise subtracted, and the pre-white noise subtracted PSDs are shown
in Appendix B.

Figure 4. Fourier power spectra (PSDs) of the NICER and XMM–Newton
X-ray emission from MAXI J1820+070. Note that the X-ray PSDs shown
here have been white-noise subtracted, and the pre-white noise subtracted
PSDs are shown in Appendix B.

MNRAS 504, 3862–3883 (2021)
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Hot accretion flow in black hole binaries 3203

Figure 5. Upper panels: geometrical evolution at state transition. Principal components are standard accretion disc (red) and inner hot flow: zone 1 (within
10RS, violet), zone 2 (within 30RS, blue) and zone 3 (within 100RS, green). Lower panels: spectral evolution at state transition. Contribution of different zones
are marked with lines: zone 1 (long-dashed), zone 2 (dotted), zone 3 (short-dashed) and thin accretion disc (three-dot–dashed). Colour coding is the same as
in the upper panels. The inner radius of the truncated accretion disc changes from (a) 100RS through (b) 30RS to (c) 10RS, replacing the corresponding zones
of the hot flow. Spectra are obtained for the case !inj = 3.0.

Figure 6. Spectral evolution at state transition: the pure hot-flow spectrum (solid lines), and spectra of the hot flow with the cold disc truncated at 100RS
(short-dashed), 30RS (dotted), and 10RS (long-dashed). (a) Spectra in νLν units and (b) spectra in Lν units (note the different photon energy range). Here the
outer disc radius is Rd, out = 3 × 104 RS.

soft-to-hard state transition: when the disc recedes, the hot flow
occupies larger and larger radii and its synchrotron luminosity in-
creases earlier at shorter wavelengths.

Fig. 6(b) shows the Lν spectra in more detail. Here we see that
the pure hot-flow spectrum below the cutoff in the IR band is a
power law with index α = 5/2 corresponding to the optically thick
non-thermal synchrotron. We note that such a hard spectrum is
obtained under the assumption of an absence of the hot flow – disc
overlap, i.e. that at distances larger than the hot-flow outer radius,
the electron density is zero. In reality, a corona may exist atop of
the cold disc; thus, a gradual transition from the hot flow to the
cold accretion disc is expected leading to the much more gradual
turnover of the OIR spectrum.

Fig. 7 illustrates possible spectral features appearing for different
sizes of the outer disc radius. We see that the hot flow completely
dominates the spectrum below ∼10 eV if its size is larger than
100RS. In this case, the exact value of Rd, out does not play any
role (unless reprocessing in the outer disc starts to be important;
see Section 4.1.4). The largest changes occur for smaller truncation
radius and large Rd, out = 106RS. For such large discs (see Fig. 7a),
radiation in the far-IR is dominated by the Rayleigh–Jeans part of
the spectrum from the outer cold disc. The UV radiation is mostly

produced at the inner disc edge. Synchrotron from the hot flow is
still important in the optical.

4 C OMPARISON W ITH O BSERVATIONS

In the present work we considered an inhomogeneous hot accretion
flow model for the broad-band spectra of the accreting BHs. In the
hard state, when the standard cold disc is truncated at a large radius,
the central hot region is radiating mostly via thermal Comptoniza-
tion of the non-thermal synchrotron photons. Hot flow extending
over a large range of radii produces a power-law-like flat spectrum
in the OIR range.

In the soft state, the cold disc moves in, brightens and takes over
as a source of seed soft photons for Comptonization. This effectively
reduces the role of synchrotron radiation in electron cooling. At the
same time, the reduction of the size of the emitting region results
in an increase of the synchrotron self-absorption frequency, making
the synchrotron emission in the IR band negligible.

The scenario considered in this work is capable of reproduc-
ing the broad-band spectra from the IR to the γ -rays of BHs in
all spectral states. However, the spectral data alone are not capa-
ble of distinguishing among various models and they have to be
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Figure 3. (a) Optical/X-ray CCFs (shifted vertically for clarity), arbitrary normalized (b) X-ray and (c) optical PSDs, (d) optical/X-ray phase lags from
different outburst stages top to bottom: 2005 July 6 (epoch 1, black lines, dotted line in panel d), July 7 (epoch 2, red, short-dashed), August 9 (epoch 3, green,
solid), 2007 June 13 (epoch 4, blue, long-dashed) and 2008 August 10 (epoch 5, magenta, dot–dashed). Positive time lags in panel (a) correspond to lag of
optical photons and dotted lines indicate zero level for each CCF. We subtract 2π from the 2005 August 9 phase lag spectrum in panel (d) at frequencies below
∼0.07 Hz for clarity. The evolution of CCF shape is apparent.

The change of the seed photon source can explain substantial
spectral hardening at the initial stages of the outburst, together with
almost constant hardness at later stages (see Fig. 2). The truncated
disc scenario is also supported by the lack of the broad iron line
component and weak reflection (Kolehmainen, Done & Dı́az Trigo
2014; Tomsick et al. 2015). Spectral fitting reveals a weak soft
component, referred to as the soft excess, in almost all spectra
(Chiang et al. 2010), which could be attributed to the standard
accretion disc going down to innermost stable circular orbit. Its
spectral properties, however, were found to contradict this picture,
in particular its temperature is found to be stable throughout the
outburst (Kajava et al. 2016).

Infrared/optical spectral energy distribution is well described by
a power law with Fν ∝ ν1 (Froning et al. 2014; Rahoui et al. 2015;
Tomsick et al. 2015), which is consistent with the synchrotron emis-
sion from the stratified hot flow (Veledina, Poutanen & Vurm 2013a;
Poutanen, Veledina & Revnivtsev 2014). Interestingly, the object re-
cently demonstrated several short incursions into the soft state at
very low luminosities (Yoshikawa et al. 2015; Shaw et al. 2016a),
challenging the simple one-to-one relation of the disc truncation
radius and the X-ray luminosity. The accretion history is likely an
important factor in such relations.

In this paper, we present the study of the evolution of the variabil-
ity properties in SWIFT J1753.5−0127. We show that the temporal
characteristics of the source can be explained by the expanding
hot accretion flow, which emits in the optical through X-rays. We
investigate the evolution of power spectral densities (PSDs), cross-
correlation functions (CCFs) and phase lag spectra and find that the
optical emission can arise from simple reprocessing at the outburst
peak, that it has an additional synchrotron component in the out-
burst tail, and that the decline stage can also be reproduced if the
X-rays are produced by both synchrotron and disc Comptonization.
Our findings support a picture where the cold accretion disc is re-
ceding towards the tail of the outburst, and a hot accretion flow is
developing within its truncation radius.

2 DATA

We reanalyse the optical data obtained on 2005 July 6 and 7 with
the Argos CCD photometer on the McDonald Observatory 2.1-m
telescope (Nather & Mukadam 2004), on 2005 August 9 with
the FORS2 instrument on the Very Large Telescope/UT2 tele-
scope using High Time Resolution fast imaging mode (O’Brien
2008) and on 2007 June 13 and 2008 August 10 with

MNRAS 470, 48–59 (2017)
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Peculiar transient regime

P. Casella et al.: A variability study of the Black Hole Candidate XTE J1859+226 591

Table 2. Continued.

Obs. Id. Date MJD QPO Type νqpo FWHMqpo rmsb
qpo Phase Lagc 0.03−64 Hz rmsb

(Hz) (Hz) % (rad) (%)

40124-01-39-00 “ 51 485.875 ? 5.61 2.3 2.68 –0.51 ± 0.04 4.1 ± 0.1
40124-01-40-00 1999 Nov. 04 51 486.828 ? 5.37 1.7 3.00 –0.43 ± 0.07 3.1 ± 0.3
40124-01-40-01 “ 51 486.873 ? 5.22 1.3 2.89 –0.3 ± 0.1 4.0 ± 0.2
40124-01-41-00 1999 Nov. 05 51 487.009 ? 4.74 1.3 2.18 –0.42 ± 0.05 3.5 ± 0.1
40124-01-42-00 1999 Nov. 06 51 488.409 ? 7.08 2.4 1.75 –0.88 ± 0.06 4.46 ± 0.08
40124-01-49-01 1999 Nov. 15 51 497.255 ? 5.21 1.9 2.82 –0.36 ± 0.07 4.1 ± 0.2
40124-01-58-01 1999 Dec. 15 51 527.004 ? 9.1 0.8 2.17 0.0 ± 0.2 8.9 ± 0.2
40124-01-59-00 1999 Dec. 18 51 530.133 ? 8.15 2.1 2.91 0.0 ± 0.2 6.71 ± 0.25
40124-01-61-00 2000 Jan. 03 51 546.036 ? 4.65 0.8 2.3 –0.17 ± 0.25 4.3 ± 0.4

a Only observations with evidence for low frequency QPO are listed.
b Normalization according to Belloni & Hasinger (1990).
c Phase lag in radians between the 2−5 and 5−13 keV light curves and integrated over the frequency range νqpo ± FWHM/2.

Table 3. RXTE/PCA data modes active during the XTE J1859+226
observations.

Mode Time res. Number of PHA

name (s) PHA channels Energy range (keV)

Standard1 2−3 1 2−60

Standard2 2 4 129 2−60

Binned 2−7 36 2−15

SB1 2−13 14 2−6

SB2 2−13 22 6−15

Event 2−16 16 15−60

approximate the peak’s shape. This was also the case for the
second harmonic, which was always present. A broad (Q ∼ 2)
subharmonic was also detected in all cases, except for the first
observation (40124-01-04-00) where the frequency of the fun-
damental was at its lowest value). The harmonic relation be-
tween the three peaks was confirmed by allowing the centroids
to vary independently. We decided to fix the centroid frequen-
cies to harmonic ratios to obtain self-consistent estimates of the
amplitude and width.

The phase-lag behaviour of the type-C power spectra is
similar to that found in GRS 1915+105 by Reig et al. (2000).
It is strongly correlated with the frequency of the QPO, with
a trend towards negative lags for increasing QPO frequency.
Figure 6 (all panels except the bottom one) shows four ex-
amples covering the whole observed range in QPO frequency.
Owing to poor statistics, lags became unmeasurable at high fre-
quencies; we thus plot them only below 20 Hz. In all observed
cases, the fundamental of the QPO showed negative lags (see
Fig. 17 and the discussion), with a clear trend towards zero for
decreasing centroid frequency, consistent with the Reig et al.
(2000) results on GRS 1915+105 (where peak lags are pos-
itive at frequencies below ∼1 Hz). The lags of subharmonic
peak were always negative as well, while the second harmonic
always showed positive lags. It is important to mention the ab-
sence in the cross spectra of narrow features standing out at the
frequency of the QPO and harmonics peaks. This suggests that
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Fig. 2. Examples of type A, B and C QPOs from our XTE J1859+226
observations. QPO and harmonics peaks are indicated. Upper panel:
Obs. 40124-01-12-00. Middle panel: Obs. 40122-01-01-03. Bottom
panel: Obs. 40124-01-10-00). The Poisson noise was not subtracted.

we are measuring the phase-lags of the underlying noise contin-
uum rather than the phase lags associated with the QPO peaks.

3.2. Type-C∗ QPOs

Later in the outburst, type-C QPOs appeared again (see
Table 2). In this case, however, the centroid frequency was
higher and the rms amplitude lower. We refer to these QPOs
as a type-C∗. The power spectra showed a strong red-noise
component and a broad QPO peak at a centroid frequency
of 7−9 Hz (Fig. 7, upper panel). Again a Gaussian component
was added in many cases in order to better approximate the
peak shape. A second harmonic peak was sometimes present,
as well a subharmonic one. Phase lags were negative and large,
up to 10 ms, over the range νp ± FWHM/2, and decreased
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Table 2. Continued.

Obs. Id. Date MJD QPO Type νqpo FWHMqpo rmsb
qpo Phase Lagc 0.03−64 Hz rmsb

(Hz) (Hz) % (rad) (%)
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40124-01-41-00 1999 Nov. 05 51 487.009 ? 4.74 1.3 2.18 –0.42 ± 0.05 3.5 ± 0.1
40124-01-42-00 1999 Nov. 06 51 488.409 ? 7.08 2.4 1.75 –0.88 ± 0.06 4.46 ± 0.08
40124-01-49-01 1999 Nov. 15 51 497.255 ? 5.21 1.9 2.82 –0.36 ± 0.07 4.1 ± 0.2
40124-01-58-01 1999 Dec. 15 51 527.004 ? 9.1 0.8 2.17 0.0 ± 0.2 8.9 ± 0.2
40124-01-59-00 1999 Dec. 18 51 530.133 ? 8.15 2.1 2.91 0.0 ± 0.2 6.71 ± 0.25
40124-01-61-00 2000 Jan. 03 51 546.036 ? 4.65 0.8 2.3 –0.17 ± 0.25 4.3 ± 0.4

a Only observations with evidence for low frequency QPO are listed.
b Normalization according to Belloni & Hasinger (1990).
c Phase lag in radians between the 2−5 and 5−13 keV light curves and integrated over the frequency range νqpo ± FWHM/2.
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amples covering the whole observed range in QPO frequency.
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quencies; we thus plot them only below 20 Hz. In all observed
cases, the fundamental of the QPO showed negative lags (see
Fig. 17 and the discussion), with a clear trend towards zero for
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(2000) results on GRS 1915+105 (where peak lags are pos-
itive at frequencies below ∼1 Hz). The lags of subharmonic
peak were always negative as well, while the second harmonic
always showed positive lags. It is important to mention the ab-
sence in the cross spectra of narrow features standing out at the
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we are measuring the phase-lags of the underlying noise contin-
uum rather than the phase lags associated with the QPO peaks.

3.2. Type-C∗ QPOs

Later in the outburst, type-C QPOs appeared again (see
Table 2). In this case, however, the centroid frequency was
higher and the rms amplitude lower. We refer to these QPOs
as a type-C∗. The power spectra showed a strong red-noise
component and a broad QPO peak at a centroid frequency
of 7−9 Hz (Fig. 7, upper panel). Again a Gaussian component
was added in many cases in order to better approximate the
peak shape. A second harmonic peak was sometimes present,
as well a subharmonic one. Phase lags were negative and large,
up to 10 ms, over the range νp ± FWHM/2, and decreased
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X-rays fast phot.:   RXTE                        ~7.8 ms

Optical fast phot.:  Ultracam (NTT)         62.6 ms

Infrared fast phot.: ISAAC (VLT)              62.5 ms

mid-IR: VISIR (VLT)                                    slower


X-ray/optical/UV: Swift                              slower 
Optical: LCO                                    much slower
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RIN (disk) = 40-50 km (Motta et al. 2011)

H ~ 400 * R  (!!!)

ONE-ZONE model 
(cylinder;   pel = 2.5  γmax >> γmin = 1) 

νbreak ~ 1.4x1014 Hz (Ks filter)

Speak ~ 1 mJyC
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R ~ 850 h-0.5 km (νbreak-1  D17/18  ξ-1/18  Speak17/36)

B ~ 105 G (h1/9 νbreak-1  D-2/9  ξ-2/9  Speak-1/9)

D ~ 7 kpc

(equipartition: ξ = 0.5)


def: h = H/R
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AND 
a lot of synchrotron IR emission

Plasma and Fusion Research: Review Articles Volume 4, 017 (2009)

Fig. 2 A schematic illustration of the inner regions of an MHD accretion flow around a black hole. β is the usual plasma beta (the ratio
of gas to magnetic pressures). The wind can drive mass loss from the disk, while the jet may be dominated by Poynting flux.

we briefly review an analytic model for turbulent MHD
black hole disk accretion that forms the theoretical basis
for our numerical investigations. In Sec. 3, we describe the
simulations we are currently developing, including non-
ideal MHD effects and radiation. We present some con-
cluding remarks in Sec. 4.

2. MHD Disk Accretion Theory
The analytical foundation for our approach is based

on the model of Kuncic and Bicknell [42]. This model em-
ploys a mass-weighted statistical averaging of the MHD
equations to obtain a mean-field description of turbulent
MHD disk accretion that is steady-state and axisymmet-
ric in the mean. Angular momentum and energy are trans-
ported radially outwards by turbulent Maxwell stresses and
vertically outwards by a large-scale MHD wind and/or jet.
The inner region of the black hole accretion disk is also
surrounded by and magnetically coupled to a hot, diffuse
corona, analogous to the solar corona.

Two important observational predictions of the model
are: 1. The disk emission spectrum is degraded by the
electromagnetic extraction of gravitational binding energy
from the accreting matter (see [43, 44]); and 2. The pres-
ence of a magnetized jet substantially enhances the rate of
mass accretion in the disk and hence, the rate of black hole
growth, resulting in a correlation between black hole mass
and radio emission (see [45]). The model is schematically
illustrated in Fig. 2. The main results pertinent to our simu-
lations are summarised below — more details can be found
in the original paper [42].

2.1 Statistical averaging
In the mass-weighted statistical averaging approach,

all variables are decomposed into mean and fluctuating
parts, with intensive variables such as velocity u mass av-

eraged according to

vi = ṽi + v
′
i , 〈ρv′i〉 = 0 , (1)

while extensive variables such as density ρ, pressure p and
magnetic field B, are averaged the following way:

ρ = ρ̄ + ρ′, 〈ρ′〉 = 0 , (2)

p = p̄ + p′, 〈p′〉 = 0 , (3)

Bi = B̄i + B′i , 〈B′i〉 = 0 . (4)

For clarity, in the following equations the tilde and bar
have been omitted from the averaged intensive and exten-
sive variables, respectively: averaged quantities are implic-
itly assumed. We consider below only the simplest case
where B̄i = 0, although it is straightforward to generalize
to the case with a nonzero net mean magnetic field. We
have also omitted negligible correlation terms2.

2.2 Mass transfer
Integration of the mean-field continuity equation gives

Ṁa(r) + Ṁw(r) = constant = Ṁ , (5)

where Ṁa(r) is the mass accretion rate and Ṁw(r) is the
mass outflow rate associated with a mean vertical velocity
at the disk surface, i.e. at the base of a disk wind. Under
steady-state conditions, the radial mass inflow decreases
towards small r at the same rate as the vertical mass out-
flow increases in order to maintain a constant net mass flux,
Ṁ, which is the net accretion rate at r = ∞.

2In particular, triple correlation terms of the form 〈ti jv′j〉 are assumed
negligible compared to analogous correlations with the mean fluid veloc-
ity 〈ti j〉ṽ′j.
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