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Abstract. Active galactic nuclei and black hole binaries are observed to follow the same
X-ray variability ’fundamental plane’, defined by the characteristic variability timescale,
black hole mass, and accretion rate. The physical origin of this empirical scaling relation,
extending from super-massive to stellar-mass black holes, is however not definitively estab-
lished yet. We suggest that the observed variability timescale is associated with the cooling
timescale of electrons in the Comptonisation process at the origin of the hard X-ray emis-
sion. We obtain that the Compton cooling time remarkably reproduces the observed func-
tional dependence on black hole mass and accretion rate. This result naturally arises from
general properties of the emission process itself, and may provide a simple interpretation of
the observed X-ray variability fundamental plane of accreting black holes.
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1. Introduction

Accreting black holes comprise two main
classes: super-massive black holes in active
galactic nuclei (AGN) and stellar-mass black
holes in binary systems (black hole binaries,
BHB). Similarities in their X-ray variability
properties have been known for a long time
(McHardy 2010, and references therein), and
X-ray variability analysis is thought to provide
constraints on the physical emission mecha-
nisms and possibly on the nature of the under-
lying accretion flows.

Send offprint requests to: W. Ishibashi

Quantitative analysis of X-ray variability is
often performed in terms of the power spec-
tral density (PSD). The observed power spec-
trum is generally modelled by power laws
of the form Pν ∝ να, where ν = 1/T
is the temporal frequency. A typical AGN
power spectrum is characterised by a slope
of α ∼ −1 at low frequencies (correspond-
ing to long timescales), steepening to a slope
of α ∼ −2 at higher frequencies (or equiv-
alently short timescales). The corresponding
break timescale, TB = 1/νB, associated with
the PSD break, is considered as a characteris-
tic X-ray variability timescale of the accreting
system. The measured values of the PSD break
timescales are typically of the order of ∼ days
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in Seyfert galaxies and fractions of seconds in
black hole binaries (McHardy 2010; Gilfanov
2010), broadly consistent with a linear scaling
with black hole mass.

A more quantitative scaling relation be-
tween variability timescale, black hole mass,
and accretion rate has been obtained by
McHardy et al. (2006). The resulting empiri-
cal scaling relation is observed to extend from
super-massive black holes in AGNs down to
stellar-mass black holes in binary systems,
covering several orders of magnitude in black
hole mass. This has led to the suggestion of the
so-called ‘variability fundamental plane’, and
has been claimed as a strong support for the
scale-invariance of accreting black holes.

The characteristic timescale derived from
the PSD break is thought to provide impor-
tant insight into the underlying emission pro-
cesses. A number of physical interpretations of
the observed variability scaling have been pro-
posed in the literature, trying to associate the
observed break timescales with various physi-
cal timescales of the accretion disc. Although
the PSD break is usually interpreted in the
framework of accretion disc models, the disc
itself cannot account for the hard X-ray emis-
sion component of accreting black holes, and
other interpretations may also be considered.

2. Compton cooling

Hard X-ray emission is generally attributed to
Compton processes (Titarchuk 1994), in which
soft seed photons are up-scattered to higher
energies by energetic electrons. It is thus in-
teresting to consider physical timescales asso-
ciated with the X-ray emission process itself
that can be compared with the observed X-ray
PSD break timescale (Ishibashi & Courvoisier
2012).

The power emitted by a single electron in
the inverse Compton scattering is given by

LC =
4
3

cσTγ
2β2uγ . (1)

The Compton cooling time, which sets the
characteristic timescale for the cooling of elec-

trons by inverse Compton emission, is defined
as

tC =
Ee

LC
, (2)

which in the non-relativistic limit leads to

tC �
3mec
8σT

1
uγ
, (3)

where uγ =
Ls

4πR2c is the radiation density at dis-
tance R, and Ls is the seed photon luminosity.

Assuming that seed photons are generated
in the radiatively efficient accretion process
(Ls = ηṀc2, η ∼ 0.1), and expressing the
radial distance in units of the Schwarzschild
radius (R = ζRS , with RS = 2GMBH

c2 ), we de-
rive the Compton cooling timescale (Ishibashi
& Courvoisier 2012)

tC =
6πG2me

σT c4

ζ2

η

M2
BH

Ṁ
. (4)

The Compton cooling time (Eq. 4) can be
considered as a characteristic X-ray timescale
of the accreting system since Compton cool-
ing is the physical process at the basis of the
observed X-ray emission. The corresponding
numerical values are typically of the order of
∼day (tAGN ∼ 0.1d) for AGNs and ∼second
(tBHB ∼ 0.07s) for black hole binaries, respec-
tively.

In particular, we note that the Compton
cooling time is mainly determined by the black
hole mass and the accretion rate, scaling as

tC ∝
M2

BH

Ṁ
. (5)

We see that the Compton cooling time is
shorter for small black hole mass and/or high
accretion rate. An increase in the accretion rate
leads to an enhanced seed photon emission,
which leads to a decrease in the characteris-
tic timescale. On the other hand, an increase
in the seed photon emission causes efficient
Compton cooling of the hot corona, which in
turn leads to a steepening of the Comptonised
X-ray spectrum. Combining the two results,
we thus expect a correlation between charac-
teristic frequency and spectral steepening, with



Ishibashi & Courvoisier: X-ray variability scaling in accreting black holes 697

higher accretion rate systems having both short
characteristic timescales and steep spectra.

In this picture, X-ray luminosity variations
are mainly driven by electron density modu-
lations occurring in the up-scattering medium
(see also Ishibashi & Courvoisier 2009).
Density modulations can be transmitted, and
thus observed as luminosity variations, only if
the fluctuation time is greater than the elec-
tron heating/cooling time (t f > tC); while fluc-
tuations on timescales shorter than the elec-
tron cooling time (t f < tC) are smoothed out
and effectively suppressed. The suppression of
rapid fluctuations (on timescales shorter than
the critical value, tC) induces a break in the
variability power spectrum, which can be as-
sociated with the observed PSD break.

3. Comparison with observations

The measured PSD break timescales in Seyfert
galaxies are usually in the range ∼0.01 to a few
days, while the corresponding break timescales
observed in black hole binaries are of the order
of seconds or less (McHardy 2010; Gilfanov
2010). The numerical values of the Compton
cooling time, estimated in the previous section,
thus correspond to the typically measured val-
ues of the PSD break timescales in both AGNs
and galactic black holes.

The empirical scaling relation between
characteristic timescale, black hole mass, and
accretion rate, is of the form (McHardy et al.
2006)

TB ≈
M1.12

BH

ṁ0.98
E

, (6)

where ṁE = Lbol/LE is the ratio of the bolo-
metric luminosity to Eddington luminosity.
This result is based on a main sample of 10
AGNs with a large range of accretion rates, in-
cluding two galactic black holes in radio-quiet
states. As the Eddington luminosity scales with
the black hole mass (LE ∝ MBH), and assum-
ing that the bolometric luminosity is propor-
tional to the accretion rate (Lbol ∝ Ṁ), we can
re-write the observational scaling directly in
terms of the physical parameters as

TB ∝
M2.1

BH

Ṁ0.98
. (7)

Comparison of the observational scaling
(Eq. 7) with our model dependence, tC ∝ M2

BH

Ṁ
(Eq. 5), shows a remarkable agreement. We
thus obtain that the Compton cooling timescale
precisely reproduces the observed functional
dependence on black hole mass and accretion
rate.

X-ray variability properties are also related
to X-ray spectral features, and close couplings
between the two aspects have been observed in
accreting black holes. In particular, ‘spectral-
timing’ correlations have been reported in both
AGNs and black hole binaries, whereby an in-
crease in the characteristic frequency is associ-
ated with a steepening of the X-ray spectrum
(Gilfanov et al. 1999; Revnivtsev et al. 2001;
Papadakis et al. 2009). Such correlations can
be naturally interpreted in the framework of the
above discussed Comptonisation scenario, and
we may at least qualitatively account for the
observed ‘spectral-timing’ relation.

4. Discussion and conclusion

Different physical interpretations of the ob-
served X-ray variability scaling have been pro-
posed and discussed in the literature. The ob-
served PSD break timescales have been ini-
tially compared with characteristic timescales
of the inner accretion disc, including orbital,
thermal, and viscous timescales. For typical
AGN parameters the dynamical or orbital time
is of the order of ∼hours, and thus too short
compared to the typical break timescales mea-
sured in Seyfert galaxies; while for a standard
geometrically thin disc (H/R � 1), the vis-
cous time (of the order of ∼years) result to
be much too long. We note that all the phys-
ical timescales of the accretion disc are pro-
portional to the black hole mass, and thus the
approximate linear scaling of the characteristic
timescale with mass is easily obtained; how-
ever the dependence on the accretion rate is
less obvious, and cannot be simply accounted
for in this framework.

The currently favoured interpretation is
based on the so-called ‘inner propagating fluc-
tuations’ model (Lyubarskii 1997; Churazov
et al. 2001), in which accretion rate fluctua-
tions originating at different outer radii prop-
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agate inwards, leading to modulations at inner
radii and hence to variations in the observed
X-ray flux. In this picture, the geometrically
thin and optically thick accretion disc is as-
sumed to be truncated at some distance from
the centre, with the inner region being replaced
by a hot optically thin flow. The PSD break
timescale is then associated with a character-
istic timescale, usually the viscous time, at the
truncation radius of the disc. At high accretion
rates the disc extends down to the last stable
orbit, while at low accretion rates, the disc is
truncated far away from the centre. Variations
in the break timescales are then interpreted as
variations in the location of the disc trunca-
tion radius. Once the disc reaches the last sta-
ble orbit, a further decrease in the characteris-
tic timescale can only be obtained by varying
the disc thickness parameter. Therefore, com-
bining variations of the disc truncation radius
and disc thickness parameter one may qualita-
tively account for the observed trend with the
accretion rate.

We suggest another possibility, and asso-
ciate the PSD break timescale with the cooling
timescale of electrons in the Comptonisation
process at the origin of the observed hard X-
ray emission (Ishibashi & Courvoisier 2012).
In our picture, the characteristic timescale is
given by the Compton cooling time in both
AGNs and galactic black holes, suggesting that
the underlying emission mechanism is scale-
invariant. Moreover, if the characteristic X-
ray variability timescale is indeed set by the
Compton cooling time, this may provide fur-
ther support to the hypothesis attributing hard
X-ray emission to Comptonisation processes in

both classes of accreting black hole systems. In
particular, we obtain that the Compton cooling
timescale directly leads to the empirical scal-
ing relation, naturally reproducing the func-
tional dependence on black hole mass and ac-
cretion rate. It is interesting to note that the ob-
servational scaling simply derives from general
properties of the emission process itself, and
that this result is independent of the details of
any specific accretion model.
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