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A B S T R A C T

We present a model for the short time-scale spectral variability of accreting black holes. It

describes the time-averaged spectra well, and also temporal characteristics such as the

power-density spectrum, time/phase lags, and coherence function of Cygnus X-1. We

assume that X/g -rays are produced in compact magnetic flares at radii & 100GM=c2 from

the central black hole. The tendency for magnetic loops to inflate and detach from the

underlying accretion disc causes the spectrum of a flare to evolve from soft to hard because

of the decrease of the feedback from the cold disc, so causing time delays between hard and

soft photons. We identify the observed time lags with the evolution time-scales of the flares,

which are of the order of the Keplerian time-scale. We model the overall temporal variability

using a pulse avalanche model in which each flare has a certain probability of triggering a

neighbouring flare, thus occasionally producing long avalanches. The duration of the

avalanches determines the Fourier frequencies at which most of the power emerges.

Key words: accretion, accretion discs ± radiation mechanisms: non-thermal ± stars: flare ±

stars: individual: Cygnus X-1 ± X-rays: general ± X-rays: stars.

1 I N T R O D U C T I O N

The X-ray emission of many sources harbouring a black hole

shows strong variability, on time-scales of milliseconds to hours

for objects like Cygnus X-1 and other Galactic black holes

(GBHs), and minutes to days for an active galaxy like MCG±6-

30-15. The time-averaged spectra are often interpreted as the

result of the Comptonization of soft photons in a hot static

electron cloud (e.g. Shapiro, Lightman & Eardley 1976; Sunyaev

& TruÈmper 1979). Surprisingly, even modern X/g-ray data of one

of the best-studied bright sources, Cyg X-1, are explained

relatively well in terms of such models (GierlinÂski et al. 1997;

Poutanen 1999; Zdziarski et al. 1998), despite the observed rapid

variability. Detailed studies of the X-ray colours, however, have

shown rapid spectral changes (Nolan et al. 1981; Negoro, Miya-

moto & Kitamoto 1994), which imply the presence of rapid

changes in the physical conditions of the source.

The properties of the observed variability are somewhat

puzzling. In the case of Cyg X-1, the power-density spectrum

(PDS) shows that most of the power emerges at Fourier

frequencies corresponding to time-scales between 0.1 and 5 s

(Belloni & Hasinger 1990; Van der Klis 1995). Studies of the

autocorrelation function have also revealed the existence of strong

correlations for lags up to ,5 s (Nolan et al. 1981; Meekins et al.

1984). These time-scales exceed by orders of magnitude the

characteristic time-scales of the processes operating close to the

black hole.

Another intriguing feature is the Fourier-frequency-dependent

time lags between hard and soft photons (Miyamoto et al. 1988;

Miyamoto et al. 1991; Cui et al. 1997; Nowak et al. 1999). As it is

generally believed that Comptonization is responsible for spectral

formation, these lags are sometimes attributed to the delays

expected from scattering in a hot cloud. Hard photons are the

result of more scattering and so emerge after, or lag behind, softer

ones (Payne 1980). In order to explain lags of order ,0:1 s, a huge

hot cloud of size R , 109±1010 cm is then required. Comptoniza-

tion in a uniform cloud, however, produces lags independent of

Fourier frequency (Miyamoto et al. 1988). This led Kazanas, Hua

& Titarchuk (1997) to propose an inhomogeneous density distri-

bution of the hot cloud. While solving one problem, however, this

model raises another, more serious, one of how physically to

support a cloud of such huge size for which most of the energy is

at the outer boundary while all the dissipation is at the centre.

Besides this, when modelling the time lags, it is also often

assumed that the Compton cloud is static and it is the soft photon

input that varies, contrary to what is observed (Miyamoto et al.

1991).

Miyamoto & Kitamoto (1989) were the first to propose the

spectral evolution as a solution for these problems. However, in

their model an ad hoc scaling between time-scales of hard and soft
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pulses is assumed. Here we present a new model for the spectral

variability of accreting black holes and assume that the basic unit

of energy release is a flare, which defines the shortest variability

time-scale. The flares are assumed to be produced from an active

region in a stochastic manner, which we model as a pulse

avalanche. Individual flares are assumed to move away from the

disc, so that the fraction of the reprocessed soft flux that crosses

the flare emission region �; ER� decreases with time during the

life of a flare. This produces the spectral variability that causes the

time delays between hard and soft photons of the order of the flare

time-scale.

2 P H Y S I C A L P I C T U R E

Magnetic flares have long been considered as the source of the

rapid variability of Cyg X-1 and other similar accreting black

holes (Galeev, Rosner & Vaiana 1979; Haardt, Maraschi &

Ghisellini 1994; Stern et al. 1995; Beloborodov 1999). Magnetic

fields are amplified by the differential motion in the disc, and rise

up into the corona where they reconnect and liberate their energy

in a flare. Exactly how this process takes place is not clear, but

there are indications that they expand and detach from the disc

(see Mikic, Barnes & Schnack 1988; Amari, Luciani & Tagger

1996; Romanova et al. 1998). One expects the overall evolution

time-scale of the magnetic field configuration to be of the order of

the Keplerian time-scale (Romanova et al. 1998). As most of the

energy in the accretion disc is dissipated within radii & 50Rg from

the central black hole (here Rg ; 2GM=c2), these time-scales lie

between , 1 ms and a few tenths of a second for a M , 10 M(

black hole.

The characteristic size, R, of the magnetic loop (giving an upper

limit for the size of the ER) is of the order of the turbulent cell

size, equal to the half-thickness of the accretion disc (Galeev et al.

1979). For the innermost part of the accretion disc it is then R ,
_mRg (Shakura & Sunyaev 1973), where _m ; _Mc2=LEdd , 1 in the

case of Cyg X-1, and can be smaller if a large fraction of energy is

dissipated above the disc, when the disc height is reduced

(Svensson & Zdziarski 1994).

The reconnection of the magnetic field lines in one location can

force the neighbouring field configurations into an unstable state,

causing subsequent reconnections and, possibly, a long avalanche.

The evolution of an individual avalanche may roughly parallel that

of a solar active region (Lu & Hamilton 1991).

3 S P E C T R A L E VO L U T I O N O F A M AG N E T I C

F L A R E

We follow here the scenario in which magnetic fields are moving

away from the underlying accretion disc in the course of the flare

and estimate how the flare spectrum varies in time. We assume

that a heating rate lh�H��l ; Lst=�Rmec3) is the compactness

parameter, and L is the luminosity] is a function of height, H

(measured in units of the characteristic size of the ER, R), and is

zero both when the ER is at the surface of the disc and when it is

far away, reaching maximum in between.

The hot electrons produced by the dissipation are cooled by

Comptonization of intrinsic soft photons produced in the disc by

viscous dissipation (with corresponding compactness ls,0) and

photons produced by reprocessing in the disc of flare radiation. In

the beginning of the flare, when lh is smaller than ls,0, the soft

photons are just the average background of luminosity ls,0, and the

spectrum emitted by the flare is very soft. When lh is large,

the hard X-rays produced in the ER heat up the cold disc in the

vicinity of the flare, so creating extra soft photons which then

dominate the cooling. The emitted spectrum defined by the

geometry of the system is hard (Stern et al. 1995; Svensson 1996).

The luminosity of the soft photons that crosses the ER is

ls�H� � ls;0 � D�H�lh�H�. The height- (and time-) dependent

feedback factor, D(H), determines what fraction of the hard

luminosity after reprocessing in the disc returns to the ER. During

the whole feedback phase when ls�H� @ ls;0 the emission region

moves away from disc thus decreasing D(H). This causes a

continuous increase of the Compton amplification factor,

A ; lh�H�=ls�H�, and a corresponding hardening of the spectrum.

In the very last phase, when intrinsic disc photons dominate

cooling, the spectrum becomes soft again.

A hardening of the spectrum during the phase of maximal

energy dissipation agrees well with the observation of the short

time-scale spectral evolution of Cyg X-1 (Negoro et al. 1994). The

luminosity in hard photons reaches a maximum later than the soft

luminosity does. In order to show that the model described above

can qualitatively be applied to GBHs, we have computed the

temporal evolution of the flare spectrum and the time-averaged

spectrum using the code of Coppi (1992) and compared it with

that of Cyg X-1. For an ER of R & Rg, we can assume that the

spectrum is produced instantaneously (i.e. there are no time delays

caused by Compton upscattering). This is a good approximation as

long as the characteristic time-scale of the flare t @ R=c. The

spectral evolution can then be described as a sequence of steady

states. At any given moment the spectrum is defined by three

parameters: ls, lh and the Thomson optical depth of the ER, tT.

The Compton reflection component is also assumed to be

produced in the vicinity of the flare, thus varying together with

the Comptonized radiation.

The feedback factor can be parametrized as

D�H� � D0=�1� 3H2�, where the uncertainties in geometry of

the ER, structure of the cold disc and the angular distribution of

the flare radiation are incorporated into the factor D0. The

temperature of the disc that produces soft seed photons for

Comptonization also depends on the distance of the ER from the

disc:

T s�H� <
mec3

stRssbp
ls;0 � hlh�H�

1� 3H2

� �� �1=4

; �1�

and equals Ts�H� � 0:25�ls;0 � hlh�H�=�1� 3H2��1=4 keV for R ,
3 � 106 cm (,Rg, for a 10-M( black hole). The factor h combines

the uncertainties in the angular distribution of the hard radiation

and albedo for the reflection from the disc.

Assuming ls;0 � 0:01, the temperature of the cold disc between

flares is T s;0 � 80 eV. We fix the compactness of a flare at the

peak of the energy dissipation at lh;max � 10 (Haardt et al. 1994;

Beloborodov 1999). As long as the ratio lh;max=ls;0 is large, the

spectrum depends weakly on our choice of lh,max (and ls,0), but

depends strongly on the feedback and the height where most of the

energy dissipation occurs. We further assume, for illustration, that

the heating rate varies with time as lh�t� / �t=t�j exp �2t=t�, and

the ER moves away from the disc with a constant velocity, so that

H � H0t=t. The exact shape of the flare profile (value of j ) does

not affect any of the qualitative results. Hard spectra observed in

GBHs require most dissipation to occur at a height approximately
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equal to the size of the ER (Svensson 1996) if the X-ray emission

is isotropic (i.e. h , 1=2). Thus we take j � 2 (ad hoc),

H0 � 1=j � 1=2, h � 1=2, and fit D0. Altogether, we have only

two free parameters, D0, and the Thomson optical depth, tT, that

determine the flare spectrum. To be specific, D0 determines the

slope of the spectrum, while tT determines the electron

temperature and the spectral cut-off. We note that parameters H0

and D0 are strongly correlated, i.e., if one decreases H0, the same

spectrum can be produced decreasing D0. In the case of a thermal

plasma (assumed here) and l , 10, the contribution from the e^

pairs is negligible for the spectrum observed in Cyg X-1.

With these assumptions, we compute the spectral evolution of

the flare (see Fig. 1a) and find that the time-averaged spectrum of

the flare gives a very good fit to the data of Cyg X-1. If there were

anisotropy breaks in the time-resolved spectra (Stern et al. 1995)

because of the anisotropy of the soft photon injection into the ER

(neglected here), the spectral evolution would smooth them out. In

the isotropic case, the time-averaged Comptonized spectrum is

slightly concave and generally cannot be described by a Comp-

tonized spectrum with a fixed optical depth and temperature.

From the spectral evolution we can compute the flare light

curves in various energy bands (Fig. 1b). Owing to the soft-to-hard

evolution, soft photons come first, while the hard photon flux (at

,100 keV) follows the evolution of the heating rate and peaks later.

This delay of hard photons relative to soft ones causes time lags to

appear in the composite light curves from an ensemble of flares.

4 T H E P U L S E AVA L A N C H E M O D E L

GBHs as well as many other complex physical systems often show

1/f noise in their PDS (Press 1978). There is no accepted theory

for the origin of this noise. One possibility is that a system

develops into a self-organized critical state (Bak, Tang &

Wiesenfeld 1987; Mineshige, Ouchi & Nishimori 1994; Mine-

shige & Negoro 1999). In general, correlations between signals

(flares) of very different time-scales are required. We model such

correlations using a version of a simple stochastic pulse avalanche

model from Stern & Svensson (1996), originally invented to

describe the temporal characteristics of gamma-ray bursts.

We assume that some flares occur spontaneously according to a

Poisson distribution with a mean rate of l flares per second (as in

the shot noise model; Terrel 1972). All flares can stimulate the

production of flares, the number following a Poisson distribution

of mean number m. Each spontaneous flare (; pulse) gives rise to

a `pulse avalanche', and the whole light curve is produced by an

overlap of such avalanches. Stimulated pulses are delayed from

the stimulating pulse by a time Dt, which is drawn from a Poisson

distribution of mean at1, where a is a delay parameter and t1 is

the time constant of the stimulating pulse. This could be

interpreted as a `reservoir' effect (Begelman & de Kool 1991).

A long (i.e. energetic) flare would drain the system of a larger

amount of stored energy, which results in a longer time being

required to store up enough energy for a subsequent flare. The

presence of such reservoirs is also supported by the observations

(Negoro et al. 1995). The time constant of energy dissipation, t ,

for all pulses (spontaneous and stimulated) is assumed to be

distributed according to a power law, r�t� / t2p between tmin and

tmax. We assume that all pulses have the same shape and

amplitude as shown in Fig. 1 and differ only in time constant, t . In

total we have six parameters: l , m , a , tmin, tmax and p, but it is

quite easy to navigate in the parameter space. In order to describe

the role of the parameters, we discuss how each of them influences

the PDS of a simulated light curve.
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Figure 1. (a) Spectral evolution of a magnetic flare. Time-resolved spectra (without Compton reflection) are shown by dotted curves; marks are times in units

of t from the beginning of the flare. The time-averaged Comptonized spectrum plotted by a thin solid curve corresponds to the Compton amplification

A , 10. The Compton reflection is computed by convolving the flare spectrum with the angle-dependent Green functions of Magdziarz & Zdziarski (1995)

with inclination fixed at 308. The time-averaged spectrum of Cyg X-1 (simultaneous Ginga and OSSE data from 1991 June, data set 1 in GierlinÂski et al.

1997) is plotted by crosses and the best-fitting flare model by a thick solid curve (x2=dof � 50:0=75). Interstellar absorption is removed when plotting the

model spectrum. The best-fitting model parameters are D0 � 0:50�0:02
20:02 and tT � 1:8�0:1

20:1. Here for spectral fits we use xspec v10 (Arnaud 1996), and the

errors are given for a 90 per cent confidence interval (Dx2 � 2:7). The amount of Compton reflection is V=�2p� � 0:30�0:03
20:03, the equivalent width of the Fe

line is 100 eV, and absorber column density NH � �0:9�0:2
20:2� � 1022 cm22. The contribution to x2 is shown at the bottom of the panel. (b) The flare light curves

(in arbitrary units) at 3, 9, 27 and 81 keV are shown by dotted curves; the heating rate, lh(t), by a solid curve. The temperature of the ER, kTe (dashed curve),

peaks at the time when Compton amplification A(t) is largest. Pulses at different energies are almost self-similar, i.e. they can be represented by the same

(t=tE�2 exp �2t=tE) law with time constants at photon energy E approximately following a logarithmic dependence, tE < t�1� (1=8) ln�E=Ep��, where t is

the time constant of the energy dissipation lh(t) and Ep is the photon energy where EFE peaks. Thus the delay between photons of energies E and E0 is

Dt < (t=4) ln�E=E0�.



L34 J. Poutanen and A. C. Fabian

5 R E S U LT S O F S I M U L AT I O N S

We assume that all flares produce the time-resolved spectra and

energy-dependent pulses shown in Figs 1(a) and (b). The

variability and interaction between individual flares are described

by a pulse avalanche model. Thus we are now able to simulate the

light curves (Fig. 2a). The model parameters �l � 45; m � 0:8;

a � 7; p � 1; tmin � 1 ms; tmax � 0:15 s) were selected to match

a typical PDS of Cyg X-1, which can be described as a doubly

broken power law: a flat, white noise, part f 0, below some

frequency fflat; flicker noise, f 21, between fflat and fbr; and `red'

noise, f 2b with b , 1:5±2, above fbr. Normally, f flat ,
0:05±0:1 Hz and f br , 2 Hz (Fig. 2b; Belloni & Hasinger 1990;

Nowak et al. 1999).

We identify fbr with the longest time-scale of an individual flare

tmax < 1=�2pf br). We note that flares of duration t , with the

dissipation varying as (t=t�j exp �2t=t), produce a PDS /
��2pf �2 � �1=t�2�2�j�1� decaying as f 22�j�1� at high frequencies

and giving contributions to the total PDS in a very narrow

frequency interval around f , 1=�2pt� . f br, so that an actual

value of j affects none of the qualitative results. The absence

of a break at f , 1=�2ptmin), corresponding to the minimum

time-scale, in the Cyg X-1 data, constrains tmin & 2 ms. The flare

time-scales can be related to the Keplerian time-scales at radii

between the innermost stable orbit and ,30Rg. The low-frequency

break f flat , 0:1 Hz is related to the duration of the avalanche:

,a �tm=�1 2 m� , 1 s, where �t is the time-scale of the flare

averaged over r(t ). The power-law index p of the time-scale

distribution is related to the slope, b � 3 2 p, of the PDS at f .
f br (e.g. Lochner, Swank & Szymkowiak 1991). The hardening of

the PDS with photon energy (Nowak et al. 1999) is not reproduced

by our model, which predicts the same b for all energies.

Parameters a and m determine the duration of the avalanches,

which, in turn, define the length and slope of the flicker noise part

of the PDS, where most of the power emerges. The 1/f part of the

PDS is present for a very broad range of parameters (4 & a & 10

and 0:6 & m & 0:9). The larger a and m , the longer the

avalanches, the smaller fflat, and the larger the fractional root-

mean-square (rms) amplitude of the variability (i.e. the normal-

ization of the PDS). Increases in both a and m can thus account

for the observed anticorrelation between fflat and the rms

amplitude (Belloni & Hasinger 1990). The average number of

spontaneous pulses, l , is a trivial parameter which defines the rms

amplitude, rms / 1=
���
l
p

(,30 per cent in the case of Cyg X-1:
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Figure 2. (a) An example of a simulated light curve at 3 keV. (b) The power-density spectrum (PDS) at 3 keV (solid curve) and 27 keV (dashed). For a very

broad range of parameters, the PDS can be represented as a doubly broken power law. The slope b at high frequencies is related to the slope of the time

constant distribution, b � 3 2 p (in our case b � 2). (c) Normalized cross-correlation functions for 9 keV (solid curve) and 81 keV (dashed curve) versus

3 keV. The 9-keV CCF peaks at a lag , 1023 s and is almost symmetric; for higher energies, the peak of the CCFs shifts more towards positive lags and the

CCFs become more asymmetric. The insert shows CCF behaviour near the peak. (d) Time lags, dt�f � � df�f �=�2pf � (thick curves), and phase lags, df( f )

(thin curves), for various energy bands: 9 keV (solid), 27 keV (dotted), and 81 keV (dashed) versus 3 keV. The maximum time lags can be approximately

described by dtmax < (tmax=8) ln �E=E0�, where E and E0 are the corresponding energies and tmax is the maximum flare time-scale. As time lags are

proportional to the time-scale of the flare (see Fig. 1b), dt� f � / t < 1=�2pf � (i.e. phase lags are almost constant) at frequencies f . f br related to individual

flares. (e) Coherence functions, with the same definitions as (d). Note the different behaviour at frequencies below and above fbr and the decrease of the

frequency at which loss of coherence occurs when E increases.
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Belloni & Hasinger 1990;Van der Klis 1995 ). The rms amplitude

decreases slightly with photon energy, in agreement with the data

(Nowak et al. 1999).

Besides the PDS, we also compute the normalized cross-

correlation functions (CCFs), time/phase lags and coherence

functions. The CCFs (Fig. 2c) are slightly asymmetric (see e.g.

Nolan et al. 1981) and peak at almost zero lags. They are well

described by a stretched exponential law exp�2jt=t0jn� with the

index n , 1=2 and t0 , 0:4 s within jtj & 2 s. A similar stretched

exponential behaviour is found in the autocorrelation function of

gamma-ray bursts (Stern & Svensson 1996) and is known to

describe some characteristics of turbulence (see e.g. Ching 1991).

Time lags, d t( f ) (Fig. 2d), decay approximately as 1/f above fbr,

where individual pulses dominate the PDS:

dt�f � < dtmax �
1; f , f br;

�f=f br�21; f . f br;

(
�2�

where dtmax < �tmax=8� � ln�E=E0� is the maximum achievable

time lag (here E and E0 are the corresponding photon energies).

As time lags are proportional to the time-scale of the pulse,

t < 1=�2pf �, which gives the contribution to the PDS at frequency

f, they are smaller at higher frequencies. The maximum lag d tmax

is a factor of 2 smaller than expected in a shot noise model with a

fixed time constant tmax (see Fig. 1b), as a result of averaging over

different time-scales. A wide distribution of time-scales of the

individual flares ensures that there are non-negligible time lags

and, at the same time, CCFs peaking at almost zero lags. The

logarithmic dependence of time lags on E is consistent with the

observations of Cyg X-1 and other GBHs (e.g. Cui 1999; Nowak

et al. 1999). An amusing fact is that a similar logarithmic relation

holds for Comptonization in a static cloud (Payne 1980), where

higher energy photons, which spend more time in the medium, lag

behind softer ones. The data for Cyg X-1 (Nowak et al. 1999)

show more complicated behaviour of the time-lags with Fourier

frequency. Our model reproduces successfully a 1/f dependence

above ,1 Hz and a `shoulder' at ,0:5±1 Hz. A break in the time

lag at ,0:5 Hz is not reproduced by the model. In Section 6, we

speculate on a possible origin for such a break.

The coherence function (cf. Bendat & Piersol 1986; Vaughan &

Nowak 1997) is close to unity (Fig. 2e), because the light curves at

different energies are almost perfectly synchronized. Deviations

from unity become visible at frequencies where individual pulses

contribute to the PDS ( f * f br , 1 Hz) and large E, which is

consistent with the data for Cyg X-1 at f & 10 Hz (Nowak et al.

1999), but not as strong as might be seen for f * 10 Hz (although

we note that those data are especially prone to systematic

uncertainties that were not fully considered by Nowak et al.). The

larger E, the smaller the coherence function and the smaller the

Fourier frequency where loss of coherence starts. The same

behaviour is expected for any energy-dependent shot noise model.

The parameter j of the individual pulse profile affects the time

delays between photons of different energies. This, in turn, affects

the time lags and the coherence function in such a way that the

larger j, the larger the coherence and the smaller the time lags.

Changing a , m , p or l in the pulse avalanche model hardly has

any influence on the dependence of the time lags and coherence

function on frequency. We note that changing tmax affects the

break in the PDS, f br , 1=�2ptmax�, and correspondingly changes

the frequency where loss of coherence occurs. The maximum

achievable time lag is also affected, dtmax / tmax.

The total averaged luminosity of the system, L �
Lh;max �tle2=�2�1 2 m�� erg s21, determines the average peak

luminosity of individual flares, Lh,max. We find Lh;max , 1:6 �
1036 erg s21 taking the Cyg X-1 luminosity L � 4 � 1037 erg s21

(GierlinÂski et al. 1997). The peak compactness of the flare is then

lh;max < 15�R=Rg�21. This confirms a posteriori our choice of

lh,max in Section 3. There are l �t=�1 2 m� , 7 flares active at any

given time. The total energy dissipated during the flare Efl ,
Lh;max �t constrains the magnetic field in the flaring region to be of

the order of B ,
����������������
6Efl=R3

p
, 108 G.

6 D I S C U S S I O N

The model we present can be developed in numerous ways. We

assumed that the spectral evolution occurs because of the inflation

of the magnetic loop configuration. This is, of course, not a unique

possibility. A number of other scenarios can produce similar

behaviour (see Poutanen & Fabian 1999). Another assumption,

that the spectrum is formed instantaneously, is no longer valid for

short flares, t & a few R/c (,1 ms in our case, with a more

stringent limit for higher observed photon energy), because delays

resulting from Compton upscattering and production of repro-

cessed soft photons then have to be incorporated. The delays in the

production of soft (reprocessed) photons can make the Comp-

tonized spectrum hard in the beginning of the flare and soft later,

producing negative lags at f * 50 Hz.

In our model, the longer flares appear to be very smooth, while,

in reality, they can consist of a train of correlated, much shorter,

flares. This effect can also significantly affect the PDS behaviour

at high frequencies (possibly even accounting for the hardening of

the PDS with photon energy; Nowak et al. 1999).

Another simplification is that we assumed that Compton

reflection is produced in the vicinity of the flare. However, it is

possible that some fraction of the hard radiation is reflected, e.g.

from the outer disc, the wind, or the companion star. This would

cause a suppression of the variability of this component at short

time-scales (acting as a low-pass filter) and produce additional

time lags independent of Fourier frequency. A break in the time

lag±Fourier frequency relation should then appear for energies

where Compton reflection is not negligible (e.g. comparing E *
7 keV and E & 2 keV channels), and it can be used to determine

the distance of the reflector from the X-ray source. We propose

that the break in the time lags at f , 0:5 Hz observed in Cyg X-1

(Nowak et al. 1999) can be a consequence of this effect.

An important issue is the small amplitude of Compton

reflection seen in Cyg X-1 and other GBHs in their hard state

(Ebisawa et al. 1996; GierlinÂski et al. 1997; Zdziarski et al. 1998),

V=�2p� < 0:3. These observations have been interpreted as an

absence of reflecting material in the direct vicinity of the X-ray

source (cf. Dove et al. 1997; Poutanen, Krolik & Ryde 1997). In

the present model, we explicitly assume that cold material exists

in the vicinity of the flare and produces soft photons by

reprocessing hard X-ray radiation. Possible solutions include the

following alternatives: (i) the cold disc is disrupted into a number

of cold filaments that produce enough seed soft photons for

Comptonization, but have too small a covering factor to produce

visible Compton reflection (Lightman 1974; Krolik 1998;

Poutanen 1999; Zdziarski et al. 1998); (ii) there is bulk motion

directed away from the disc and more flare radiation is beamed

toward the observer than the disc (Beloborodov 1999); or (iii) the

disc is highly ionized (Ross, Fabian & Young 1999).
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An interesting question is why the time lags in the soft state of

Cyg X-1 are smaller than those in the hard state (Cui et al. 1997).

We can suggest at least two reasons. First, because the soft state

spectrum is softer, the amplitude of the spectral evolution is much

smaller. Secondly, if in the soft state X/g -rays are produced only

within ,10Rg from the black hole, the dynamical time-scales are

on average smaller, causing smaller lags.

7 S U M M A RY

We have presented a model for the short time-scale spectral

variability of accreting black holes, and showed using Cyg X-1

that it is able to describe time-averaged spectra as well as the

general behaviour of temporal characteristics such as power-

density spectra, time/phase lags and coherence function. We based

our spectral model on the fact that magnetic loops have a tendency

to inflate and detach from the accretion disc. The corresponding

decrease of the feedback from the cold disc causes the soft-to-hard

evolution of the flare spectrum, which is the reason for time lags

between hard and soft photons. We assumed that all properties of

the flares scale with their time-scale, t . This produces the time

delays between hard and soft photons in an individual flare, also

scaling with t . In their turn, the time lags from an ensemble of

flares of different duration show an 1/f dependence on the Fourier

frequency.

The model for the temporal variability is based on a pulse

avalanche model where flares can, with some probability, trigger

other flares. The duration of the avalanches, which are the result of

this interaction, determines the Fourier frequencies at which most

of the power emerges.

We identified the break in the PDS at fbr with the maximum

time-scale of an individual flare tmax < 1=�2pf br� and pointed out

that statistical properties are very different at f , f br and f . f br.

Deviation from unity of the coherence function and the break in

the time/phase lag spectrum occur also close to f br. The PDS,

time/phase lags and coherence at f . f br are related to the

properties of the individual flares, while the behaviour at f , f br

is a property of a stochastic process. Our model predicts that

variations of fbr in the PDS should be accompanied by

corresponding changes in the time/phase lag and coherence

spectra.

The success of the model in reproducing most of the spectral

and temporal properties of Cyg X-1 supports the point of view in

which X/g-rays are produced in localized hot regions (magnetic

flares) that interact with each other. We expect that this model

may also be useful when analysing data from other accreting

objects such as active galactic nuclei and weakly magnetized

neutron stars.
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