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ABSTRACT

We study properties of the superorbital modulation of thea)(-emission of Cyg X-1. We
find that it has had a stable period-e300 d in soft and hard X-rays and in radio since 2005
until at least 2010, which is about double of the previouglgrsperiod. This period, seen
in the hard spectral state only, is detected not only in thietlcurves but also in soft X-ray
hardness ratios and in the amplitude of the orbital modutatOn the other hand, the spectral
slope in hard X-rays;> 20 keV, averaged over superorbital bins is constant, anddfieand
hard X-rays and the radio emission change in phase. Thisstwat this mode of periodic
variability consists of a constant intrinsic spectrum djiag its overall normalization and of
changes of the absorbing column density with the phase,thdtimaximum column density
at the superorbital minimum. The amplitude changes ardylilkkebe caused by a changing
viewing angle of an anisotropic emitter, most likely a pissteg accretion disc. The constant
intrinsic spectrum shows that this variability is not cadibg a changing accretion rate. The
variable absorbing column density shows the presence ofge lamound the disc centre, as
proposed previously. Finally, we find no correlation of theay and radio properties with the
reported detections in the GeV and Te\fay range.

Key words: accretion, accretion discs — radio continuum: stars —:stad/idual: Cyg X-1
— stars: individual: HDE 226868 — X-rays: binaries — X-ragtsirs.

1 INTRODUCTION In some relatively rare cases, the SO periodicity is caugeddziu-
lation of the accretion rate, e.g., in the low-mass X-raahies 4U

Q mar Chs.rta‘l’te”St.'C | “m‘;. Sﬁa'.e I X-ray binaries is giVen g5, 3037 iarski. Wen & Gierlinski 2007a) and 4U 16365
y [helr orbital period, which, In many cases, 1S _Seen in (Shih et all 2005; Farrell, Barret & Skinner 2009).
their light curves as periodic modulations, see, e.g., Wel e

(2006) for a list of orbital periodicities from the the Alk$
Monitor (ASM) aboardRossi X-ray Timing Explorer (RXTE;
Bradt, Rothschild & Swamnk 1993; Levine et al. 1996). The ob-
served flux modulations appear due to a number édint physi-
cal gfects, see Poutanen, Zdziarski & Ibragimov (2008) (hereafte
PZ108) for a list of the possibilities.

In addition, a number of X-ray binaries show modulation at
periods much longer than their orbital periods, which atkedasu-
perorbital (hereafter SO), see, e.g., lists in Wen et alo§2@nd

In particular, Cyg X-1, a well-known high-mass X-ray bi-
nary containing a persistent accreting black-hole sousae,(
e.g., | Ziotkowsk| | 2005 for the properties of the binary),sha
shown such (quasi) periodicity in its X-ray, optical and ra-
dio emission with an average SO period &, = 150
d, found in a large number of investigations (Brocksopp et al
1999a;| Pooley, Fender & Brocksopp 1999; Kitamoto et al. 2000
Karitskaya et al. 20010zdemir & Demircan 2001; Benlloch etlal.
2001,/ 2004; LO6; 1ZP07). The modulation has been found in the
Ogilvie & Dubu$ [2001). In most of the known cases, the SO pe- hard X-ray spectral state, in which Cyg X-1 spends most of the
riodicity appears to be caused by precession of an accrdigm time.
andor jet, which either results in variable obscuration of emit The reality of the~150-d period was then questionedLby Rico
ted X-rays as in Her X-1[ (Kdtz 1973), or changes the viewing (2008), hereafter R0O8. Although he did find the strongest| an
angle of the presumed anisotropic emitter, as in SS 433 |(Katz highly significant, power-spectrum peak at 14& d using data
1980) or Cyg X-1 (e.g., Lachowicz etldl. 2006, hereafter L06, Similar to those analysed by 1ZP07 (who fouRgl, ~ 152 d), he

Ibragimov, Zdziarski & Poutan&n 2007, hereafter |ZP07)paih. claimed it to be “an artifact of Fourier-power-based analys'he
basis for this claim was his finding of a variali¥g, in three sep-

arate sub-samples each coveri¥800 d. We disagree with this re-
* E-mail: aaz@camk.edu.pl jection of the reality of the 150-d peak. First, determioatof the
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Figurel. (a) The light curves starting from MJD 53500 showing theydailerages from ASM (black, 1.5-12 keV), BAT (red, 15-50 kearid the RylgAMI
radio telescope (green, 15 GHz), normalized to their ras@eaverage values within the hard state of MID 53880-5%8&bneated by the vertical dashed
lines). For clarity, the uncertainty of the radio points & shown. The vertical dotted lines delineate the previard Istate, MJD 53540-53800. The arrows
show the times of the reportedray detections by MAGIC (magenta) aAGILE (black). (b) The corresponding 3—12 keV photon spectrateg] determined
using the ASM data. The data at M3D65375 show the 2010 soft state of Cyg X-1.

modulation period based on a single interval covern@Ps,, is
obviously questionable. Although R08 claimed those irttiiei pe-
riods were highly significant statistically, he determirtie€iir prob-
ability under the assumption of the presence of white noigg, o
which is well known to strongly overestimate the actual gign
cance in astrophysical sources (€.g., Israel & Stellal19&jond,
unlike the periodic orbital modulation, the SO modulatiepne-
sents a quasi-periodic modulation, in which the underlyitark
is not perfect, and where the period changes from one cya@e-to

other. Furthermore, the presence of an aperiodic long-tariabil-

ity, related to the variable stellar wind from the companfatich

also causes spectral state changes in Cyg X-1, le.g., Gieseta
2003), and possible accretion disc instabilities, obvipastorts

the SO period (presumably related to precession) if meddora
short interval.

Thus, the 150-d period does represeniaVeEage Ps,,as mea-
sured from~ 1980 to 2004 (L0O6; I1ZP07). The physical reality of
this average period was then strongly confirmed by PZI108, who
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found that both the X-ray spectral hardness and the deptheof t
X-ray orbital modulation are modulated with thits,,.

On the other hand, R08 found a striking change of the SO
period to Ps,,~> 300 d occurring in 2005. The data at his dis-
posal, until 2008, covered only 3Ps,, during which the pe-
riod was=~ 320-330 d. Notably, the new period is similar to that,
294+ 4, seen in the optical and X-ray ranges from 1969 1980
(Priedhorsky, Terrell & Hali 1983; Kemp etlal. 1983), and app
ently in the optical data till 1985 (Kemp et/al. 1987).

In the present work, we find the300-d period to persist until
the recent switch to the soft state in 2010 June (Negora [204aD;
Rushton et al. 2010) (in which state the SO modulation has not
been observed, though it seems to reappear approximatefy ke
ing the phase at the next hard state, L06; 1ZP07). We find the ne
Psup ~300-d modulation to have the same physical properties as
those found by PZI08. Namely, it appears not only in the sodt a
hard X-ray and radio light curves, but also in the phase dégere
of the X-ray hardness and of the depth of the X-ray orbital ntad
tion. Furthermore, we find very strong evidence that the S@uno
lation is due to changes of the source geometry but not due-a va
able accretion rate.

2 THE DATA

We study monitoring data from thBXTE/ASM, which contain
energy channels at 1.5-3 keV, 3-5 keV and 5-12 keV. We then
use the monitoring by thewift Burst Alert Telescope (BAT,
Barthelmy et all. 2005). We use both the 15-50 keV data from the
BAT web pagE and 14-195 keV 8-channel light curves created for
this work. The channels are between energies of 14, 20, 25035
75, 100, 150 and 195 keV.

The ASM count rates are converted into energy fluxes us-
ing the matrix of_Zdziarski et all (2002), hereafter Z02. Wavén
checked that the fluxes obtained are within 10 per cent oktbbs
tained by scaling the count rates to those from the Crab aing us
the best fit to the 0.5-180 keV Crab energy spectrum to data fro
several detectors of Rao & Vadawale (2001). We convert th€ BA
8-channel data into energy fluxes by scaling to the Crab gpact
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Figure 2. The Lomb-Scargle periodograms for the ASM 5-12 keV dwell
data (red curve) obtained using the hard-state intervalsdd 53540—
53800 and 53880-55375. The horizontal dashed line showswkeof the

90 per cent significance. We see many apparently highlyfgignt peaks.
The black curve shows the ASM periodogram divided by the aeiib-
ing the red noise (blue curve) using the method of Israel 8&(4996),
see Sectiop 311. Now only the300 d and the (orbital) 5.6-d peaks are sig-
nificant.

We first investigate data from the time interval considergd b
RO08 but extended until 2010. Also, we study the unintermjtag
hard state of 2006—2010, which lasteti500 d.

3 RESULTS

3.1 Thelight curvesand power spectra

We use the results of Rao & Vadawzle (2001) up to 100 keV, and at Fig.[dl(a) presents the daily-average light curves from ASMN{

higher energies we use those_of Jourdain & Raques (200%9dbas
on theINTEGRAL/SPI data. This gives us,

F(E) = A exp(-Nyo)(E/1keV) ", @)

where the H column density iy = 3.23 + 0.02 cnT?, o is the
bound-free cross section per H atom averaged over the casmic
position,A; = 10 cnt?s71, I’y = 2.10+0.01 forE < E, = 100 keV,
I, = 224+ 0.02 atE > Ep,, andA; follows from the continuity at
Ep.

In addition, we use 15-GHz data from the Ryle Telescope and
the AMI Large Array. The AMI Large Array is the re-built and
reconfigured Ryle Telescope. The monitoring by Ryle wasezrr
out until 2006 June 16, and the AMI monitoring of Cyg X-1 stalrt
2008 April 17. The new correlator has a bandwidth of about £4GH
(compared with 350 MHz); but theffective centre frequency is
similar, and in any case the radio spectrum of Cyg X-1, at lieas
the hard state, is known to be very flat (Fender &t al. [2000¢. Th
data are subject of variations in the flux calibration of aliduper
cent from one day to another.

1 httpy/swift.gsfc.nasa.ggdocgswift/resultgransients
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12 keV), the BAT transient monitoring (15-50 keV), and the
Ryle/AMI 15-GHz monitoring. They have been renormalized to
their respective average values during the long 2006—-2@t6 h
state, MJD 53880-55375. The (un-weighted) averages afes20.
0.173 s?, and 12.7 mJy, respectively. The corresponding rms, i.e.,
the fractional intrinsic standard deviation (after suttien of the
contribution from the measurement errors), is 0.27, 0.10G84,
respectively.

We see that the fluxes from the two X-ray instruments closely
follow each other during the 2006-2010 hard state as wehas t
previous one, MJD 53540-53800. The radio flux, when availabl
strongly correlates with the ASM flux in the hard state. Weals
calculate an equivalent spectral index for each pair ofcaljaen-
ergy channels using the method of Z02, see Appdndlix A foiildeta
This spectral index corresponds to a power law spectrunwibiald
have the same energy flux in each of the channels as that cdthe d
During both hard states, the 3—-12 keV photon spectral index w
I' ~ 1.7, and it was always (except for three isolated occurrences)
< 2.1, as shown in Fid.J1(b). We see a significant increase of the
ASM flux around MJD~55000, during which, however, the source
remained in the hard state, as showrTy2 and the correlation of
the ASM and the radio fluxes.
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Figure 3. (a) The MJD 53880-55375 light curves from ASM at 1.5-3 ke\A¢kltriangles), 5-12 keV (blue circles) and BAT at 15-50 kead(crosses)
folded over the SO period for the ephemeris of equafibn (8% dependencies are normalized to their respective aveaqugs. (b) The corresponding photon
spectral indices in the energy ranges of 1.5-5 keV (blaekges), 20-35 keV (red crosses), 35-75 keV (magenta sjuard 75-150 keV (blue circles). (c,
d) The light curves and spectral indices as in (a, b), resdgtbut folded over the orbital period.

Fig. 0 also shows (arrows) the times when MAGIC We use here this method as implemented in Wenlet al. (2006), se

(Albertetal. 12007) and AGILE

(Sabatini et al.
Bulgarelli et al.| 2010) reported detections of Cyg X-1 in TeV

20104a,b;

that paper for details. The corrected probabilities are giwen by
the same formula as above, but using the rescBleg which is

and GeV respectively. We see that these events do not seem tashown by the black curve in Fi§] 2. For the ASM and BAT data,

correlate with any source properties in X-rays, except ffier last
detection byAGILE, which took place around the transition to the
soft state in 2010 June. All of thaGILE detections occurred in

rather low radio states.

In Fig.[, we also clearly see the800-d modulation (exclud-
ing the soft states), covering now 6 periods. The signifieanic

this periodicity can be quantified using the periodograrn @b

(1976) ano_Scargle (1982). The periodogram obtained usiag t
ASM 5-12 keV (which channel is leasffacted by the orbital mod-
ulation) dwell data is shown by the red curve in Kiy. 2. Thd-per
odogram for the BAT 15-50 keV orbital data is similar, and, fo
clarity, it is not shown. Under the assumption of the preseoic

periodicities and white noise only, the probability of findia peri-

odicity by chance in one dfl trials is,
pn=1-(1-py)",

@)

wherep; = exp(-Pys) is the probability for a single triaR s is the

Lomb-Scargle power and the number of independent freqesnci
N, approximately equals/2 of the number of the independent data
points. Using this definition, we would have obtained mang-pe
odicities withextreme significance. This was, in fact, done by R08,

who claimed, e.g., the chance probability of ¥0for the ~300-d

peak in his ASM periodogram (obtained using daily averaged,

until MJD 54592).

However, it is well-known that power spectra of X-ray bina-

ries, and in particular, Cyg X-1, show quite strong compésiet

low frequencies, and are thus not at all compatible with evhdise,
see, e.gl, Reig et al. (2002). Thifext, often called red noise, can

be taken into account, e.g., by averaging the periodogramfos-

guencies surrounding a given peak, and then dividing thgi-ori
nal Lomb-Scargle power by the average one (Israel & Stel@®19

the rescaled peak power has the same vall® & 20, and is at
Psup =~ 319+ 5d, 312+ 5 d, respectively, where the uncertainty has
been calculated using eq. (3).of Wen etial. (2006). For theees
tive N = 15174 and 10431, we fing\ ~ 3x10°%, 2x1075. We note
that these are conservative estimates since the numbedeygen-
dent data points is lower (and the corresponding probwlbiiter)
because the light curves clearly exhibit a degree of autelzdion,
and thus adjacent measurements within the autocorrelkiayih
are not independent, see, e.g., L06. However, since we haaslg
established the significance of the periodicity at a venh hayel,

we ignore this complication. Note that we do not find any peak a
Psup = 1000 d, which was found by R08 and speculated to be real,
but which appears to simply reflect the total duration of laiadet.

Given the 2006-2008 gap in the radio coverage, the power
spectrum of the radio data has a rather broad SO peak, and we do
not study it in detail. Still, the maximum LS power corres@siio
Psup = 316, in agreement with those of the ASM and BAT data.

The full data set considered abovefsus from being inter-
rupted by the occurrence of the soft state during MJD 53800-
53880, which appears to have introduce some phase shiftiiato
SO modulation resulting in an apparent lengthening of tis¢ €y-
cle, see Figl]l. On the other hand, the data sets for MJD 53880—
55375 dfer us an opportunity to study a very long, uninterrupted,
hard state covered by both the ASM and BAT as well as partly
by the radio monitoring. The periodograms for MJD 53880763
look relatively similar to those shown in Flg. 2, and thus veendt
show them here. We finBs,, = 315+ 6 d, 306+ 6 d for the ASM
5-12 keV and BAT 15-50 keV data, respectively.

© 2010 RAS, MNRAS000, [1H8
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3.2 Folded light curves

For the MJD 53880-55375 data set, we now search for the de-
pendence of the X-ray hardness and the depth of the orbitalyX-
modulation on the SO phase, whicfieets were earlier found by
PZ108 for the~150-d SO modulation. We average now the loga-
rithms of the count rates (without weights), which is matadhby
their normal distributions, whereas the count rates théraséave
the distributions far from normal (PZ108). The uncertaiston the
averages are calculated from the dispersion of the indiichea-
surements (without taking into account their errors). Asvah we
use the ASM dwell and BAT orbital data. The zero SO phdse,0

is taken to correspond to the minimum ASM count rate. To facil
itate the study of the dependence of the orbital modulatiothe
SO phase, we take a value of the SO period within the uncégsin
of the periods found in the data but equal to a multiple of tftal
period,P,, = 5.6 d. This results in the ephemeris,

min[MJD] = 532758 + 3136E, ®3)

whereE is an integer. The resulting folded curves of the count rates
are shown in Fid.13(a). We see that the amplitude of the SO modu
lation decreases with energy. The amplitude at 1.5-3 keYasia
+30, —40 per cent whereas it is only abattO per cent in the 15—
50 keV range. This is compatible with the modulation being en
hanced by bound-free absorption around the flux minima (@sdo

by Pz108 for the~150-d modulation), as well as with the degree
of anisotropy of Compton-scattered spectra decreasiny ptib-

ton energy, see 1ZP07. Figl 3(b) shows the correspondinctrse
hardness as given by the photon spectral index calculated the

method of Z02. We see that indeed the 1.5-5 keV spectra become

significantly harder at the minimum of the SO modulation. &a t
other hand, we see no spectral modulation above 20 keV, asisho
by three spectral indices in the 20-150 keV range. The SO laodu
tion thus consists of a modulation of the total flux and of thienmn
density only, but not of the slope of the intrinsic spectr(rhis is
fully compatible with the modulation being caused by chagghe
viewing angle of the precessing accretion disc, but not langing
the accretion rate.

Compared to the previous hard states covered by the ASM,
from MJD 50350 to 53174 (1ZP07; PZ108, during which periodswa
Psup = 150 d), the present SO modulation is significantly stronger,
especially the minima caused by absorption are deeper. The S
modulation ofl'(1.5-5) keV is also much stronger now, as com-
pared to its variability withinl ~ (1.3-1.5) during the previous
hard states.

Figs[3(c,d) show the same light curves and indices as il (a,b
but folded over the 5.6 d orbital period, for which the epheme
oflLaSala et &l.(1998) and Brocksopp et al. (1999b) has bsed u
(see eq. [1] in 1ZP07). Overall, the orbital modulations qtéte
similar to the SO ones. The mainfidirence is the relative weak-
ness of the 15-50 keV modulation (though still significanfw
about+2 per cent. This result is similar to that found by LO6 for
the CGRO/BATSE 20-100 keV data. It is explained (LO6) as be-
ing due to Compton scattering of hard X-rays away from the lin
of sight by the same gas (of the stellar wind of the donor star)
that causing the orbital modulation of soft X-rays due torzbu
free absorption| (Wen etgl. 1999). Again, we see no modulatio
of the spectral indices & > 20 keV, which is explained by the
weakness of the bound-free absorption and constancy ofahgC
ton cross section at those energies. Compared to the psevaod
states (MJD 50350-53174), the present orbital modulatsig-

© 2010 RAS, MNRAS000, [TH8
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Figure 5. (a) The MJD 53880-55375 light curves from the ASM 1.5-3
keV folded over the orbital period and for a chosen interfahe SO phase
of equation[(B)® = —0.05 to +0.05 (black triangles), and 0.55-0.65 (red
squares). The dependencies are normalized to their ragpagerage val-
ues. (b) The corresponding 1.5-5 keV spectral index.

nificantly stronger, e.g., the minimum of the 1.5-3 keV rig&aflux
was before about 0.85, affl.5-5 keV) was within 1.3—-1.6 only.
Another measure of the orbital X-ray modulation is the fre-
quency of X-ray dips, defined by increases of the X-ray hasine
by IBatucihska-Church et al. (2000). They are presumed igi-or
nate during passage of clouds of the clumpy wind throughittee |
of sight. Batucifiska-Church etlal. (2000) defined them asin
the ASM dwell light curve with the ratio of counts of eithe&
keV)/(1.5-3 keV)> 2 or (5-12 keV)(3-5 keV)> 2.5. Fig[4 shows
the fractional occurrence of the dips as a function of thetairb
phase. We see the dips are concentrated around the orlitse ph
as found before (Batucifska-Church et al. 2000;PZI08)) sdome
shift of the peak towardg¢ > 0. We also found an SO dip modu-
lation, with similar shape as in PZI08. Compared to the mewi
hard states, within MJD 50087-53789, studied by PZI08, we fin
the dips are now much more frequent. We find 2251 of them among
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| ' ' ] modulation and superorbital phase are those in the low-Xaay
16 - binary 4U 1820-303| (Zdziarski etlal. 2007b) and in some X-ray
F 4 4 1 pulsars|(Raichur & Paul 2008). In the latter case, this phesrmn
44 44 1 appears also be due to a changing viewing angle of a pregessin
] system.
. ’ ’ _ On the other hand, thanks to tiSaift/BAT data, we find a
Foo s + \ } 4 + \ } 1 new feature of the SO modulation of Cyg X-1. Namely, the ayera
F ot ' t ' spectral slope aE > 20 keV is completely constant with the SO
be be phase. As discussed, e.g., in Z02, the long-term varighifiCyg
] X-1 in the hard state is driven mostly by variable irradiatiof
] 2 the hot, Compton-scattering plasma, by some soft photansiieg
superorbital phase, & changes of the spectral slope and related to changing excrate.
This type of variability is absent when averaged over the 8.
Figure 6. (a) The MJD 53540-53800 and 53880-55375 light curves from This provides strong evidence that the SO modulation is ricél
the Ryl¢AMI radio telescope folded over the SO periodRafi, = 3136 d. by a variable accretion rate. The SO modulation consisteafiges
of the amplitude of the intrinsic spectrum, and of enhanaéthé
ray absorption around the minimum flux of the SO cycle. These
features are fully compatible with the model of a bulge acbtire
centre of a precessing disc, proposed by PZI08.

We note that the precession mechanism should be compatible
with the change of its period by a factor of 2. This appearseeas
to achieve with radiation driven precession than with thatsed

t purely by the tidal forces exerted by the donor (Wijers & Bhkn

secondary peak at ~ 0.6 claimed (based on data with rather low 1999, Og.ilvie. & DUbl.JS‘ 2001). Qgilvie &.D.ubus; (2.00.1) fi.nd that
statistics) by_Batucifiska-Church et al. (2000), in agreemmwith Cyg X-1 lies in a region of marginal stability of radiationdinced
the finding of PZI08 . ' precession, which possibly can explain the observed ldigage

PZ108 found that the orbital modulation is significantly Of Psup . . .
stronger near the minimum of the SO cycle than near its maxi- We also study the orbital modulation of the X-ray light cisve

mum, and fitted its dependence using a model of a bulge around,We firdghz;tthzde.pth of this modulra]ttionbinfthe so;tlx-rlaysiﬁf-'
the centre of the precessing disc. Here, we confirm it for thegnt icantly higher during 2006-2010 than before. This also fiests

data (with the highePs,). Fig.[B(a) shows the profile of the orbital itself in the frequency of the X-ray dips, much higher in tfoch

modulation for two ranges of the SO phase; around the SO mini- than before. This appears to indicate that the stellar viordsome
mum,® = (~0.05 to+0.05), and near the maximum (see fFig. 3a) reasons, has become more anisotropic than before. Likeljulge

® = (0.55-0.65). We see that the latter profile is much shallower, 2t the disc centre may have now a higher optical depth thaéef
about+0.1, —0.15, than the former-0.4. This is also very clearly We find clear orbital modulation of the flux (but not of the
seen in the modulation of the 1.5-5 keV spectral index, sge Fi speptral slope) in th8wift BAT light curve. The cause of the mod-
[Bi(b), again much stronger at the former rang@dhan the latter. glatlon appears to be Comptgn scattering of phptons gwaytﬂne
Fig.[d shows the SO modulation of the radio flux. Given the line of sight (LO6). As the optical depth of the wind is higlathe

2006-2008 gap in the radio coverage, we use now both of the-occ superior conjunction than at the inferior one, this scattecauses
rences of the hard state. We see a very significant modu)atizin changes of the observed hard X-ray flux by absiiper cent.

stronger then during the previous hard states (which velatinpli- _ Finally, we find no correlation of the X-ray and radio prop-
tude was about 0.7-1.3). As discussed in 1ZP07, the mody like erties of the source with the reported detections in highrggne

cause of the modulation is the precession of the jet tiedabdh y-rays. The TeV detection happened during a relatively high X

the disc. Then, the jet emits anisotropically due to thetirédic ray flux (see alsp Malzac etlal. 2008), whereas the GeV onés too
beaming place when both the X-ray and radio fluxes were low. We note tha

Fermi LAT detected no GeV emission from Cyg X-1 (Hill et al.
2010) during the first two flares reported AILE (Sabatini et al.
2010a| Bulgarelli et al. 2010).

F/<F>
-
>
-
>

05 | 4 4 4_|

25147 of the data points, compared to 1/B3P11 in the study of
PZI08. In Fig[4, we also show the dip distribution for theient
currently available ASM data, with the frequency of 3@BD18
(similar to that of PZI08). The present increase of the dygfrency
is compatible with the orbital modulation being strongerinigithe
presently considered interval than at previous occuriefehe
hard state (see above). In either case, we see no evidenbe of

4 DISCUSSION AND CONCLUSIONS

We have found that the SO period-ef300 d, which onset in 2005
was found by R08, has persisted in the X-ray and radio lightesi
of Cyg X-1 at least until the switch to the soft state of Cyg X1
2010 June. The statistical significance of this periodi@itys,, ~
310-320 d, corresponds to a chance probability 8fx 1075, We thank A. Ogorzatek and L. Wen for help with calculat-

In addition to the X-ray and radio light curves, we find the ing the rescaled periodograms, H. Krimm and P. Lubifski for
SO modulation to also be very significantly present in thecspe help with the BAT data, and G. Dubus for discussion of radi-
tral hardness, or, equivalently, a local spectral indexsoft X- ation induced precession. This research has been supparted
rays, E <10 keV. Also, the depth of the soft X-ray orbital modu- part by the Polish MNiSW grants NN203065933 and /36%2-
lation (caused by absorption in the stellar wind) is foundéoa INTEGRAL/2008090. The AMI Arrays are operated by the Uni-
strong function of the SO phase, with the orbital modulatieing versity of Cambridge and supported by the STFC. We acknayeled
much stronger around the minimum flux of the SO cycle tharsat it the use of data obtained through the HEASARC online servige p
minimum. Other known cases of correlations between thearbi  vided by NASAGSFC.
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APPENDIX A: CALCULATION OF THE EQUIVALENT
SPECTRAL INDICES

Often, hardness of spectra is described by the ratio of caies or
fluxes,R, in two channels. However, even if energy or photon fluxes
are used, this value depends on the width of the channelss arst
specific to a given instrument. On the other hand, a hardmiss r
can be uniquely converted to the equivalent spectral indegor-
responding to a power law spectrum with the same ratio of duxe
as the actual data. Thus, this gives a local spectral slopiehvean
usually be interpreted physically, unlike an abstract asttument-
dependent quantity, which is the hardness ratio. Note higirtdex
is a unigue and monotonous function of the flux hardness. fitiis
index is analogous to colours used in stellar astrophysibs;h
also describe a spectrum in an instrument-independent Tiay.
technique was introduced by Z02, who, however, gave noldeifi
the calculation. We present them here.

The condition of the ratio of the energy fluxes in a power law
spectrum being equal to that in the observed spectRjman be
written as,

E2T - E2T
EZ—F _ EZ—F ’ r# 2’

=42 1 (A1)
In E4/E;3 r=2
In E,/E; ’ -

where the channel boundary energies & E,), (Es, E4). For ad-
jacent channels with increasing ener8y, = Ez, which, however,
is not required. We define,

E Es

EEZ<1’ bEE—3>1, g=2-T. (A2)
In order to find['(R), we need to solve,
f(g)=h*+Ra%-1-R=0, g=#0; (A3)

Inb
R=-1. g=0 (A4)

Equation[(A3) can be readily solved by Newton’s method, ifclvh
case the derivative is also needed,

f'(g) = a®RIna+b%Inb. (A5)
The uncertainty of is given byAI' = AR/|dR/dI|, whereAR
is the uncertainty oR. We find,

ad(h? — 1 Ina+b¥(1-a%Inb
1- a9)? ’
Inb)In b’ Y

drR

ar (A6)

‘: (Ina-
Ina
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If Ris given by the ratio of photon, rather than energy, fluxes,
then 2-T is replaced by +I'in equation[(Al) andj= 1-T. The
special cases df = 2 are now fol" = 1.

© 2010 RAS, MNRAS000, [TH8
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