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Outline 

  Philosophy of this work 
  Aperiodic variability 

  Structure beyond the power-spectrum 
  Assessing the “propagating fluctuation model” 

  Quasi-periodic oscillations 
  Still no compelling model for HF-QPOs 
  Dynamo cycles seem generic – origin of LF-QPOs? 
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Philosophy 
  Paradigm : ang mtm transport 

due to MRI-driven turbulence 
(Balbus & Hawley) 

  Philosophy of this work… 
  We CANNOT yet make robust 

predictions of L(ν,t)... crucial physics 
missing (radiation, coronal physics…) 

  Hope : dynamics somewhat decouple 
from thermodynamics/radiation.   

  Approach : Use MHD simulations to 
ask qualitative questions about the 
dynamics of the disk. 
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Aperiodic variability 
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Mushotzky et al. (2011) 
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Mushotzky et al. (2011) 
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Log-normal fit (Cygnus X-1) 
Low/Hard State 
Uttley, McHardy & Vaughan 
(2005) 

P
ro

ba
bi

lit
y 

of
 g

iv
en

 fl
ux

 

Normalized flux 

Cygnus X-1 

2-
20

H
z 

R
M

S
 

Count Rate 



8/15/13 KITP Black Holes 8 

Poutanen (2000); Gilfanov et al. (2000);  
Nowak (2000); Uttley et al. (2011) 

Findings: 
•  Frequency dependent time lags 
(almost constant phase) 
•  Time lags can get very long (for 
M=10Msun, 10-2s≅200rg/c) 
•  Often see log-normal variability 

Cygnus X-1 Hard State 
(Belloni et al. 2000) 



8/15/13 KITP Black Holes 9 

Coherence… 

Computation of lags only makes sense if different realizations 
of the process give you a reproducible phase-lag.  Assess 
this through the coherence function: 

Break the light curve up into N segments.  Then compute the 
coherence function… 

This real function of frequency ranges from 0 (completely 
incoherent) to 1 (completely coherent). 
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White dwarfs do it too! 

Also show rms-flux relation 
and frequency-dependent 
time-lags  
(Scaringi et al. 2013)  

ULTRACAM/WHT 
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Lyubarskii (1997); Kotov, Churazov & Gilfanov (2001) 
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Simple 1-d accretion disk model with stochastic viscosity 
Let ν=ν0(1+β), β spatially uncorrelated gaussian process with 
temporal coherence time = local viscous time. 

r1/2 
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rms-”flux” relation for  
Mdot at r=1 

Mdot distribution skewed  
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Coherence function 

Viscous 
diffusion 
frequency 
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3-D MHD simulation of h/r=0.05 disk 
Cooling function used to keep disk thin 
R:4400rg; π/4 wedge; run for 1600 orbits (98000M ≅ 5s in CygX-1) 
Resolution of ~25 zones/h 
(O’Neill et al. 2011)  
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Mdot distribution becomes 
markedly less skewed 
away from the ISCO… 
doesn’t seem to fit with 
propagating fluctuations. 
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Noble & Krolik (2009) 
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Quasi-periodic oscillations 
(in brief!) 
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High-frequency QPOs 

KITP Black Holes 

Hot spots (Schnittman…) 
Oscillating slender tori (Mazur, Vincent…) 
Global g-modes (Kato; Wagoner; Nowak…) 
Epicyclic resonances (Kluzniak; Abramowicz…) 
Rossby wave instability (Varniere, Tagger, Vincent…) 
Disk/jet interactions (McKinney…) 

… I’m sure I’ve missed many… 
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Figure 1. Examples of the two types of PDS with type-C QPO. (a) PDS from one of the first five observations (Obs.: 30188-06-01-01). (b) PDS of an observation
after the first five (Obs.: 30191-01-19-00). In both panels, the solid line shows the best fit, while the dashed line represents the separate Lorentzian components (see
the text).

Custom timing-analysis software under IDL and MATLAB
was used. For each observation (in a few cases, an inspection of
the PDS showed significant variations in the QPO frequency
between different RXTE orbits, which were therefore split),
we produced a set of PDS from 128 s long stretches from the
PCA channel band 0–35 (corresponding to 2–13 keV). The time
resolution was 1/256 s, corresponding to a Nyquist frequency
of 128 Hz. These spectra were then averaged together and
logarithmically rebinned. The effect of dead time on Poisson
noise was not subtracted directly, but fitted in the power spectra
with an additional additive constant. Broadband and peaked
features were modeled by a combination of Lorentzians (Nowak
2000; Belloni et al. 2002) using XSPEC v11.3. The power
spectra were normalized according to Leahy et al. (1983);
however, the fitting results were converted to squared fractional
rms (Belloni & Hasinger 1990).

For each observation, a spectrogram was also accumulated in
order to detect time variations of the QPO parameters within a
single observation. This consists in a time sequence of the single
128 s power spectra, i.e., a time–frequency image. We fitted each
PDS in the spectrogram (limited to a narrow frequency range
centered on the main QPO peak) with a model consisting of a
Lorentzian peak and a power law for the local continuum. In
this way, we derived the frequency shift with time on a 128 s
timescale.

For each observation, we also produced PDS in different
channel ranges: eight sub-bands of the 0–35 range plus channels
36–89 (corresponding to 13–33 keV).

2.1. PDS Model

In order to characterize the LFQPO behavior, a consistent
model is required to describe the full PDS for the observations
showing a type-C QPO. During the initial rise of the outburst, a

state transition from LHS into HIMS takes place: the spectrum
softens considerably, and the QPO frequencies increase well
above 1 Hz (Cui et al. 1999; Sobczak et al. 2000b; Remillard
et al. 2002). Therefore, changes are expected in the overall shape
of the PDS. We find that the PDS of the first five observations
appear different (see Figure 1). For them, we adopted a model
consisting of a flat-top noise component Lft, one or two band-
limited noise components LBLN1/2, and a QPO peak LF with its
second harmonic QPO Lh (see Figure 1, panel (a)). For all other
observations with type-C QPOs, we used a model consisting of
a flat-top noise component Lft, a peaked noise component Lpn, a
QPO LF, with a sub-harmonic Ls, and a second harmonic Lh (see
Figure 1, panel (b)). For some PDS, a third harmonic appears.
These two models fit the data reasonably well, with best-fit re-
duced χ2 values less than 2 (for ∼265 degrees of freedom), with
a typical value of 1.5. Hereafter, we concentrate on the second
part of the observations, which we identify as an HIMS. As pre-
sented below, the results of our analysis suggest that the funda-
mental frequency of the oscillation is Ls rather than the conven-
tional LF. However, for clarity, we will refer to LF as the funda-
mental throughout the paper. For all noise and QPO components,
we consider their characteristic frequency νmax =

√
ν2

0 + (∆/2)2,
where ν0 and ∆ are the centroid frequency and the FWHM of the
Lorentzian peak, respectively (see Belloni et al. 2002 for a dis-
cussion). This is the frequency at which the νPν power spectrum
peaks. In the case of broad components, this is a more rational
choice than the centroid frequency, since the use of Lorentzian
models does not have a physical motivation (see Nowak 2000;
Belloni et al. 2002). With this definition, it is possible to com-
pare homogeneously narrow and broad features, which have
been to evolve from one to the other (see, e.g., Di Salvo
et al. 2001) and to discover major correlations between charac-
teristic frequencies both in neutron-star and black hole systems

XTEJ1550-564; Rao et al. (2010) 

KITP Black Holes 

Orbiting blobs/spirals 
Alfven wave oscillations (Wang)  
Accretion ejection instability (Tagger, Varniere…) 
LT-induced precession of tilted disk (Fragile, Done…) 
Dynamo cycles in MHD disks 

… again, I’m sure I’ve missed many… 
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White dwarfs show very 
similar characteristics… 
clearly do not need GR 
or rad-dom disks to get 
LFQPOs! 

MV Lyrae w/Kepler 
(Scaringi et al. 2012) 
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+2π global model  
(Flock et al. 2011) 

Local model 
Miller & Stone (2000) 

Global model 
O’Neill et al. (2011) 
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Conclusions 
  MHD simulations are valuable tool to assess 

phenomenological variability models 

  Aperiodic variability : Jury still out on propagating 
fluctuation model.  Our MHD disk has ISCO accretion 
rate showing linear “rms-flux” relation, but accretion rate 
further out still Gaussian. 

  QPOs : HFQPOs remain mysterious.  Dynamo cycles 
are interesting possibility for LFQPOs (but then we 
couldn’t tolerate truncated disks in low-hard states) 
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