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Abstract. We present the long term evolution of the fredebate. Most current models for the hard state posit an accre
quency-dependent X-ray time lags of the black hole candidalisk corona with a large covering factor that Comptonizes m
Cygnus X-1 as measured in 1996 and 1998 with the Rossi &f-the accretion disk radiatioﬂgtojﬂa—nen_lbg& and referen
ray Timing Explorer (RXTE). Lag spectra measured during thieerein). Its physical size is also assumed to be rather large.
1996 June soft state are very similar to those seen during 1996 other hand, the corona is assumed to have almost vanis
December and most of 1998 while Cyg X-1 was in its hard statduring the soft state, where the X-ray luminosity is dominat
During state transitions, however, the shape and magnitudebgfthermal radlatlori_(_GJ_eniiakl_e_t_a.L_lQﬂb)
the X-ray lag is highly variable and tends to be much larger than In recent years, several attempts have been made to
outside of the state transitions. This behavior is most obvious{rray timing methods to constrain these models. In ad
the 1-10 Hz band. The increase of the X-ray lag during the stéiten to the power spectrum analysis (Belloni & Hasinger 199
transitions might be related to the formation and destruction@flfanov et al. 1999), higher order statistics like the frequenc
the synchrotron radiation emitting outflows present during tliependent coherence function and time lags have proven t
hard state. useful in evaluating physical accretion mod19
Nowak et al. 1999a) by providing combined spectral and te
Key words: stars: individual: Cyg X-1 — stars: binaries: clos@oral information. For example, the maximum expected ti
— X-rays: stars delay between hard and soft photons is roughly the si
of the Comptonizing medium divided by the slowest pro
agation speed of a disturbance, while the minimum ti
lag is roughly the photon diffusion time through the coron
(Nowak et al. 1999b).
Galactic black hole candidates (BHC) are predominantly found The canonical BHC, Cygnus X-1, stays predominantly i
in two generic states: the hard state, in which the X-ray spehe hard state, but occasionally transits into the soft state fo
trum is a Comptonization spectrum emerging from a hot elelew months [(Gierfaski et al. 1999; Cui et al. 1997a,b, see als
tron cloud with a typical electron temperature ©150keV Fig[3). The apparent decrease of the X-ray lags during the 1
(Dove et al. 1997:; Poutanen 1998), and the soft state, in whisfate transitions was considered evidence that the size of
the X-ray spectrum is thermal with a characteristic tempegiecretion region during the soft state is smaller than during t
ature of kTgg < 1keV to which a steep power-law ishard statémggm). Firstcomparisons of transition a
added |(Cui et al. 1997a: Gignki et al. 1999, and referencessoft state lags to hard state lags, however, indicated that
therein). Transitions between these states have been seen iphglkical interpretation has to be more compmggg).
persistent galactic BHC, with the exception of LMC X-1. Op- In addition to the state transitions, quasi-regular vari
tically thick radio emission is observed during the hard statons on a~150d timescale are observed in the X-ray spe
during transitions between the hard and the soft states the ragib shape and soft X-ray flux as well as in other waveleng
emission tends to be optically thin and more highly variableands [(Pooley et al. 1999; Brocksopp et al. 1999). In 1998
Finally, during the soft state, galactic black hole candidat@sitiated a monitoring campaign with the Rossi X-ray Timin
tend to be radio quiet (see, e.%mmoo, for a revie®xplorer (RXTE) to systematically study the multi-wavelengt
Although the phenomenology of the states is rather well undésng term variation of Cyg X-1 over a period of several year
stood, the accretion geometry in these sources is still a matteDefring 1998, weekly pointings of-3 ks duration were per-
formed. In later years, longer exposure times (but larger sa

pling intervals) were used (Pottschmidt et al. 2000). In this L
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Fig. 1. Comparison of the X-ray lag spectrum for one of the 3 ks monli_.-. . . .
. . ; . : ig. 2. Diamonds: Temporal evolution of the average lag between
toring observations of 1998 with that obtained#a0 ks of the RXTE <4 keV and 18.3-72.9keV for the indicated frequency intervals. The

gsssgvgﬂg\?faln%gfs?igirg\?eégfﬁ g::rrl]aglaessh:r\/ee beii ng]ngusrtZ?a%\e/i'ation ofthe lag from its mean value as determined from all observa-

b ~ ) P yp flons of 1998 for the respective frequency band, in units of its standard

observations. deviation is shown. Dashes: RXTE ASM 2-10keV count rate binned
to a resolution of 1 d.

ter we present results of the first year of the campaign, focusing ) _ )
on the X-ray time lags. We describe our data analysis methods According to our previous experience, the methods used to
(Sect[®2) and compare the temporal behavior of Cyg X-1 diempute the uncertainty of the time lag spectrum are applicable

ing 1998 with that seen during 1996 (S&t. 3). Specifically, viYer a large range of source fluxes and exposure times. Since
show that large X-ray lags appear to be associated wetisi- most of the 1998 observations were quite short, however, we in-

tionsbetween the soft and hard state, botwith the state itself. dependently verified the determination of the lag in these cases

In Sect{% we discuss implications for the accretion models # comparing them to much longer observations. As an exam-
galactic black hole candidates. ple, Fig[1 displays the time lag spectra for two RXTE observa-

tions spaced by 1.25years. Taking the much larger uncertainty
from the short observation into account, the overall agreement
2. Observations and data analysis is excellent. To further increase the signal to noise ratio in the

The RXTE data presented here were obtained with the Prop?fqiztr?gmbng?sn we rebinned the X-ray lag spectrum into five

tional Counter Array (PCA: Jahoda et al. 1997) and with the
All Sky Monitor (ASM; |IRemillard & Levine 1997). We used _
the standard RXTE data analysis software, ftools 4.2. A I Temporal evolution of the lag

of the observations is presented in Table 1 which is availalle i 3 we display the evolution of the average time lag for
in electronic form only from the Centre de Degs Stellaires v, oq representative frequency bands and the RXTE ASM count
(CDS). The data were reduced using the procedures descripgd the Figure shows that a clear long term variability of the
in detail in our analysis of the RXTE observations of GX 339 lags is present during 1998. For frequencies aboteéiz, the
(Wilms et al. 1999). Intervals with large background flux werg,q o |ag s significantliarger during the interval in 1998 July
removed after visually inspecting the “electronratio”. Asaresylf o is characterized by a larger ASM count rate. At lower fre-
of the data screening,2 ks of usable data were left for each of, o cies the fractional change of the lag decrease€{Fig. 2). This
th.e 3ks momt_ormg observations. We then extracted lightcury, dency is a consequence of the temporal evolution of the shape
with a resolution of 16 m:li‘,or three energy banddkeV,~8— ¢ e |ag spectrum as characterized by its royight propor-
13keV, and 18.3-72.9 kel)The computation of the time 1agsi;, 5 |ity- During 1998 Julye~0.6, compared to its usual value

for these energy bands follows Nowak & Vaughan (1996) apd >0 7 (Nowak et al. 1999a)

Nowak et al. (1999a). Compared to the hard state, intervals like 1998 July

! Since the PCA data modes used to obtain the 1996 datadifferfrjmri.ow ank'lncrefased qISk.lfonmbu“?n tgo the Xc-jrat)]/ spectfrtum
those used in 1998, it was impossible to use identical energy ba ziarski et al. 19€9] Gilfanov etal. 1999) an ave oren

for all observations. The bands used to compare the 1996 data toRR€N associated with “failed state transitions”. One would ex-

1998 data were the closest matches possible (the highest energy e the lag behavior to show the same tendency as during a
is unavailable for some of the 1996 soft state data). The detailed bast€cessful state transition. At first glance, the 1996 data pre-
are given in Table 1 available from the CDS. sented bmm) suggest that we should expect the
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Fig. 3. aTemporal evolution of the ab-
solute value of the average lag betwee
<4keV and~8-13keV in the 3.2 to
10Hz band and ASM count rate for
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Fig.4. X-ray lag spectra between
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[ r of the hard to soft state transition, the
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0.1 1.0 100 01 1.0 10.0 ical hard stateb Comparison of the 1996

Frequency [HZ] Frequency [HZ] soft state and the hard state.

1998 July lags talecreasaluring this interval. This contradicts4. Discussion and conclusions

our results (Fid.]2). We therefore went back to the 1996 s ftFig.IZIawedispIayexampIes for the whole range of lag spec

state data and applied the same analysis as for the 1998 Qtas’entinthis analysis. Taking the shape of the typical hard st

We also computed X-ray lags for two observations perform 4§ frum baseline. the lag is sianificantly lonaer duri
after the 1996 soft state, one in 1996 Octom 19gg) spectium as a baseline, the 1ag Is sighiticantly longer du
1998 July failed state transition. The frequency range fro

mg a), as well as the one in 1996 Decembeg 10 Hz exhibits these changes most prominently. During t
). Fig13 shows the absolute values of the aver rd to soft transition in 1996 May, the lag is longer by almog

lag between<4 keV and~8-13 keV for 1996 and 1998. The%rf ctor 10 at 6 Hz. As already shown in SEEL. 3, these res

lags are indeed longer during the state transitions than they icate that the magnitude and shape of the X-ray lag spectr

. x : I
h h h If, th I X o
in the soft state, however, during the soft state itself, the abso uﬁ yg X-1 is related to the state transitions.

value of the X-ray lag equals that of the hard state. In fact, the Previous models for the generation of the X-ray lags a

frequency dependence of the lag is very similar for the soft and ed more or less static media to broduce the X-rav la
hard state (Fig.l4b). Previous analyses of two hard state obseimed ¢ ! produ . y lag
tering of seed photons in a Comptonizing medium. The s

. scat
ations already suggested that the soft and hard state lags m Fi'} . i .
vad y sugg gs m e region required to produce the observed lags in suc

not be so different as previously thougm999). Our nu- i s i I %
merous hard state monitoring observations now clearly indic é)del is large 300 gravitational rad 9b).

thatthe X-ray lag spectrum of Cyg X-1 is rather independent ]L; (r:w? :)r:acr:?)?oiz(?sSrlnr?fc):lrzﬂzrsnamllggirlmsa:tr\:\é hf:r(;hsia?gfi;rt:
the spectral stateTheenhanced lags are then associated wit P

transition or failed transition intervalsand not with the state as had been initially mfgrred frpm the 1996 soft state lag
of the source itself. and spectral shape. Indirect evidence for the change of f

size of the X-ray emitting corona has also been presented

Zdziarski et al. (1999), Gilfanov et al. (1999), and commente
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on byl di Matteo & Psaltis (1999), with the latter authors sugicknowledgementsThis work has been financed by DFG grant
gesting an upper limit for the hard state coronal radius 80 Sta 173/22, by NASA grants NAG5-3072, NAG5-3225, and NAG5-
gravitational radii. Zdziarski et al. (1998) suggested that in tH@65, and by a travel grant from the DAAD. We are indebted to the
hard state of GX 3394 there is a correlation between the XRXTE schedulers, most notably E. Smith, for making such a long
ray power law photon index and the fraction of this power |affponitoring campaign feasible. We thank C_. Brocksopp, R. Fender,
that is reflected by cold material. Specifically, they Sugges,[gdKretschmar, I. Kreykenbohm, and W. Cui, the referee, for helpful
. . . . . . .comments.
that softer power laws implied greater reflection, which implies
smaller coronae in certain models. Within the hard state, softer
power laws are associated with higher luminosities, implyirfgeferences
again that the corona is shrinking as the source goes from g&goni T., Hasinger G., 1990, A&A 227, L33
hard to the soft state. Ourdgta_l cIearI_yshowthatthe soft an_d hgp cksopp C., Fender R.P., Larionov V., et al., 1999, MNRAS 309,
state lag spectra are very similar. This makes the geometrical in1gg3
terpretation of the lags in terms of Comptonization models aloggrbel S., Fender R., Tzioumis T., et al., 2000, A&A submitted
difficult. We therefore need to look for other models to explaiQui W., 1999, In: Poutanen J., Svensson R. (eds.) High Energy Pro-
the observed lags. In the following we present a qualitative pic-cesses in Accreting Black Holes, ASP Conf. Proc. 161, p.102
ture, based on recent observational results. Note, however, $itW., Heindl W.A., Rothschild R.E., et al., 1997a, ApJ 474, L57
a detailed theoretical model is beyond the scope of this Lettéui W., Zhang S.N., Focke W., Swank J.H., 1997b, ApJ 484, 383

In recent years, evidence has emerged that the state trafidiiatteo T., Psaltis D., 1999, ApJ 526, L101
tions are not solely an X-ray phenomenon. Studies of Cyg X%;’SQ‘J'B" Wilms J., Maisack M.G., Begelman M.C., 1997, ApJ 487,
and GX 339-4 have revealed that in the hard state the %

. . ove J.B., Wilms J., Nowak M.A., et al., 1998, MNRAS 289, 729
ray and radio behavior is correlated (Brocksopp et al. 1999

ender R., Corbel S., Tzioumis T., et al., 1999, ApJ 519, L165

0). In GX 3394, there is strong evi- pengerR.p., 2000, In: KaperL. etal. (eds.) Black Holes. Lecture Notes
dence that the source is radio quiet during the soft statg, physics, Springer, Berlin in press

(Fender et al. 1999). At least in one case, optically thin reocke W.B., 1998, Ph.D. thesis, University of Maryland, College Park,
dio flares accompanied the state transition. In Cyg X-1, nomd.

radio data are available for the soft state. The end of théerlinski M., Zdziarski A.A., Poutanen J., et al., 1999, MNRAS 309,
1996 soft state as well as the 1998 July “failed state transi-496

tion”, however, coincided with radio flares (Zhang et al. 199%ilfanov M., Churazov E., Revnivtsev M., 1999, A&A 252, 182
Brocksopp et al. 1999). Such flaring events are typically a3¥a X-M., Kazanas D., Cui W,, 1999, ApJ 512,793

sociated with the ejection of a synchrotron emitting clo hoda K., Swank J.H., Giles A.B., et al., 1997, In: Siegmund O.H.

S . . (ed.) EUV, X-Ray, and Gamma-Ray Instrumentation for Astronomy
- e
from the central, X-ray emitting region (Corbel et al. 2000; VII. Proc. SPIE 2808, p.59

9). . . . Nowak M.A., Vaughan B.A., 1996, MNRAS 280, 227
We suggest that the scattering of primary X-rays in eject@fhyak M.A., Vaughan B.A., Wilms J., et al., 1999a, ApJ 510, 874

material may be responsible for the enhanced transition X-f@¥wak M.A., Wilms J., Vaughan B.A., et al., 1999b, ApJ 515, 726
time lags in Cyg X-1: Inthe hard state, a stable, presumably peéoley G.G., Fender R.P., Brocksopp C., 1999, MNRAS 302, L1
tially collimated, radio emitting outflow (“jet”) exists, while the Pottschmidt K., Wilms J., Staubert R., et al., 2000, In: Proc. 5th Comp-
soft state shows no outflow (Brocksopp et al. 1999). During theton Symposium. AIP Conf. Ser., in press

formation and (failed) destruction of the jet, when radio flaringoutanen J., 1998, In: Abramowicz M.A.,@psson G., Pringle J.E.

is observed, outflows that are uncollimated and much larger tharfeds.) Theory of Black Hole Accretion Disks., Cambridge Univ.
those of the hard state might be present. Assuming that the hargress. Cambridge, p. 100 _

state lag spectrum is produced in the accretion disk (which sfmillard R-A., Levine AM., 1997, In: Matsuoka N., Kawai N. (eds.)
poses a problem for most modéls; N | | 1999b) and tha‘IA‘”'Sky X-Ray Observations in the Next Decade., Riken, Tokyo,

. L .29
the rather weak hard state jet does not significantly affect th%ﬁns J., Nowak M.A., Dove J.B., et al., 1999, ApJ 522, 460

intrinsic lags, the prolonged lags during the transitions cougyiarski AA.. Lubiski P., Smith D.A., 1999, MNRAS 303, L11

be produced in these large ejected outflows. Additional scatt@giarski A.A., Poutanen J., Mikajewska J., et al., 1998, MNRAS
ing might also be responsible for the reduced X-ray coherenceso1, 435

that was reported 7b) for the 1996 state trafirang S.N., Mirabel I.F., Harmon B.A., et al., 1997, In: Dermer C.D.,
sitions. Such a model wherein a fraction of the observed lags isStrickman M.S., Kurfess J.D. (eds.) Proc. 4th Compton Symposium.
created near the base of a radio emitting jet or wind has beerIP Conf. Proc. 410, AIP, Woodbury, p.141

previously suggested in analogy to blazar jet emission models

(van Paradijs 1999, priv. comm., see also_Fender et al| 1999).

The state change following the flaring/ejection could then lead

to a new accretion disk configuration with different X-ray spec-

tral emission characteristics, different power spectra, but similar

inherent lag spectrum.
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