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1 INTRODUCTION

Periodic variability of emission from Cyg X-1 flux at variofre-
quencies at the period 8150 d has been reported by, e.g., Brock-
sopp et al. (1999a), Pooley, Fender & Brocksopp (1992yemir

ABSTRACT

We study theoretical interpretations of thel 50-d (superorbital) modulation observed in X-
ray and radio emission of Cyg X-1 in the framework of modelsreecting this phenomenon
to precession. Precession changes the orientation of tiesiem source (either disc or jet)
relative to the observer. This leads to emission moduladio® to an anisotropic emission
pattern of the source or orientation-dependent amountsdréing medium along the line of
sight or both. We consider, in particular, anisotropy patef blackbody-type emission, ther-
mal Comptonization in slab geometry, jet/outflow beamingl absorption in a coronal-type
medium above the disc. We then fit these models to the datatireRXTE All Sky Monitor,
CGRO BATSE, and the Ryle and Green Bank radio telescopes, anddiatively small best-
fit angles between the precession and orbital plané®,—20°. The thermal Comptonization
model for the X-ray emission explains well the observed eéase of the variability amplitude
from 1 to 300 keV as a result of a reduced anisotropy of the gorisdue to multiple scat-
terings. Our modeling also yield the jet bulk velocity-0f(0.3—0.5)¢, which is in agreement
with the previous constraint from the lack of an observednterjet and lack of short-term
X-ray/radio correlations.

Key words: accretion, accretion discs — radiation mechanisms: thernadio continuum:
stars — stars: individual: Cyg X-1 — X-rays: binaries — Xgastars.

however, would require extreme fine-tuning. Namely, thea}(-r
source has the size 10°R, (WhereR, = GM/c?), as indicated
by the X-ray power spectrum and agreement with theoretiel p
diction on the range of radii where most of the accretion pase
released, while the disc size is generally much larger, upgwr-

& Demircan (2001), Benlloch et al. (2001, 2004), Karitskaya der of the size of the Roche lobe (10° R, in Cyg X-1). Another

al. (2001) and Lachowicz et al. (2006, hereafter L0O6). Thas p
riod is much longer than the 5.6-d orbital period (Brockseppl.
1999b), and this type of periodicity (or quasi-perioditity bina-
ries is called superorbital. The generally accepted inéation of
the underlying cause of superorbital periodicity in X-ragpdries
is precession of the accretion disc and/or jet (e.g. Kat812980;
Larwood 1998; Wijers & Pringle 1999; Ogilvie & Dubus 2001;
Torres et al. 2005; Caproni et al. 2006; L0O6; but with the etiom
of 4U 1820-303, e.g., Zdziarski, Wen & Gierlihski 2007). wo
ever, the question arises in which way the precession cdhses
modulation of the observed flux. There appears to be a nuniber o

possibilities.

Considering the X-ray modulation first, the outer edge of the
optically thick disc may partially cover the X-ray sourcehid,

possibility is that the outer part of the disc fully obscuties X-ray
source, but we see the X-rays scattered in a large corona dhev
disc (this appears to take place, e.g., in Her X-1, Leahy RpOU#s,
however, would dramatically affect the X-ray power spectyue-
moving oscillations at all frequencies above 1 Hz, whicleefis
clearly not seen, and thus this scenario can be ruled outdined-
free absorption in a spatially extended medium of moderatieal
depth associated with the outer regions of the disc appedns t
ruled out as there are a rather weak or no energy dependeicies
the modulation, see L06 and Section 3 below. (Bound-freergbs
tion in the wind from the companion is responsible for thbital
modulation of the X-rays in Cyg X-1, Wen et al. 1999). On the
other hand, a viable scenario is the wind/corona around diter o
disc being almost fully ionized, with scattering away frame tine

of sight being responsible for the X-ray superorbital matioh.

* E-mail: askar.ibragimov@oulu.fi (Al), aaz@camk.edu.ph@ Yet another possibility is that the X-ray emission is insiin
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Figurel. The (a) 1.5-3, 3-5 and 5-12 keV (red, greed and blue, respgtRXTE/ASM, (b) Ryle, (c) 2.25 and 8.30 GHz (red and green, respelg)i GBI

light curves for the available span of the data. The shadessashow the data

cally anisotropic. Such a possibility was considered bycRsopp
et al. (1999b) who have relied on the blackbody-type aroggtr
where the flux is proportional to the projected area. Howethere

is overwhelming evidence that the dominant radiative pgeq@o-
ducing X-rays in the hard state of Cyg X-1 (and other blacleho
binaries) is thermal Comptonization (e.g. Poutanen 19€8iatski

& Gierlihski 2004). Therefore, it is of interest to study deds of
the anisotropy of the Comptonized emission to see whettesr th
can reproduce the observed superorbital variability.

We note that the hot Comptonizing plasma most likely also
forms the base of the jet, which is present in the hard state an
radiates, at larger distances from the black hole, nontalesyn-
chrotron radio emission correlated with the X-rays (e.gll&a
Fender & Pooley 2003). However, the radiative process givin
rise to the X-rays is still thermal Comptonization. Early cets
accounting for the radio-X-ray correlation postulatedt e ob-
served X-ray emission is due to nonthermal synchrotron -emis
sion of very energetic power-law electrons with a fine-tuhiggh-
energy cutoff. However, that process cannot account, fegthe
sharpness of the observed cutoffs (Zdziarski et al. 200B&nT
recent X-ray jet models turned to thermal Comptonizatiomade
count for the high-energy cutoff. However, the electron pgera-
ture in that model is very highkT ~ 3—4 MeV (Markoff, Nowak
& Wilms 2005), yet still fitted to the cutoff observed &tL00 keV.
Those authors do not explain how it is done; if it is due to tee 1
order scattering by the thermal electrons, very strong finang in
all hard-states of black-hole binaries is obviously reggirtGener-
ally, assuming the jet X-ray origin also leads to a numbertbéo

not taken into account in our analysis.

conflicts with the observations (e.g. Poutanen & Zdziar§lkd3
Zdziarski et al. 2003, 2004; Maccarone 2005; Yuan et al. p007

The synchrotron, radio, emission of the jet may be isotropic
the comoving frame (in the presence of a tangled magnetit)fiel
However, if the jet bulk motion is at least mildly relativistthe ob-
served flux will depend on the jet angle, and will thus changh w
the jet precession. Indeed, Stirling et al. (2001) find that ab-
sence of an observable counter jet requires such a velanityé
extended part of the jet. This constraint combined with goenf
the lack of radio—X-ray correlations on short time scalelei&sner
etal. 2004) leads to the estimate on the jet velocity ¢0.5-0.7)c.

If the jet precesses together with the disc, the radio eomsasill be
modulated with the precession period. On the other hand,ave h
no information on the velocity in the core of the jet, whicindze

in principle much lower. In that case, the process resptméiy
the radio superorbital modulation may be free-free abgmrgh
the wind from the companion star, which will depend on the di-
rection the jet is inclined. This may provide an alternagwelana-
tion of the superorbital modulation of the radio emissiona8ek

& Zdziarski 2007). Furthermore, both the Doppler beamingd an
precession-dependent absorption may take place in Cyg X-1.

Here, we study the precession physical scenarios leading to
superorbital modulations in a systematic way. In generslemis-
sion anisotropic (in the rest frame of the system) with respethe
disc/jet axis will be observed to be modulated when the tdwac
of that axis changes.

© 2007 RAS, MNRASD00, 1-10
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2 THE DATA

We use the X-ray dwell data from the All-Sky Monitor (ASM)
aboardRoss X-ray Timing Explorer (RXTE; Bradt, Rothschild &
Swank 1993; Levine et al. 1996). We also @@ampton Gamma

Ray Observatory BATSE data in the 20-100 keV and 100-300
keV energy ranges, the 15-GHz radio data from the Ryle Tefesc

of the Mullard Radio Astronomy Observatory, and the 2.25 and
8.30 GHz data from the Green Bank Interferometer (GBI) of the
National Radio Astronomy Observatory, Green Bank, WV, USA.
See LO6 for a detailed description of those data sets. Cadgar

the analysis of L06, we also include more recent ASM and Ryle
data. We study th&XTE/ASM data for MJD 50087-53789 (1995
May 1-2006 February 23), the BATSE data for MJD 48371-51686
(1991 April 25-2000 May 22), the 15 GHz Ryle data for MJD
50377-53791 (1996 October 10-2006 February 25), and the GBI
data for MJD 50409-51823 (1996 November 22—2000 October 6).
Hereafter, we refer to thBXTE/ASM channels of 1.5-3, 3-5 and
5-12 keV as the ASM A, B and C, respectively, and the BATSE
20-100 keV and 100-300 keV data as the BATSE A and B, respec-
tively.

Cyg X-1 is a highly variable source. Therefore, in order to
accurately analyze its superorbital variability it is mefble to
use observations affected in the least way by its aperiodic v
ability. Thus, we study only the hard state, in which Cyg Xsl i
for majority of the time. We define it following Zdziarski et.a
(2002), requiring the average photon spectral index derfvem
the RXTE/ASM fluxes to be< 2.1. In addition, we exclude hard-
state intervals with high X-ray variability, following theriterion
used by LO6. Namely, we define MJD 50660-50990 as our ref-
erence interval. We then include only those 30-d intervélthe
ASM data where< 40 per cent of points exceed by the av-
erage flux in the reference interval. This has resulted irokenof
the following time intervals: MJB< 50350, 50590-50660, 50995—
51025, 51400-51640, 51840-51960, 52100-52565, 5277686528
52975-53115, 53174-53554, 53690. We apply the above selec-
tion to RXTE/ASM and Ryle data sets, as shown in Fig. 1.

On the other hand, the GBI data cover a relatively short time
interval, also shown in Fig. 1. That interval is entirely irethard
state. Therefore, we have not applied any additional sorgeami-
teria to those data except the removal of the data markedds ba
Then, for the BATSE data, we exclude the periods of the safest
of 1994 and 1996, i.e., MID 49250-49440 and MJD 50230-50307
(asin LOG).

3 PERIODIC MODULATIONSIN THE DATA

The currently most comprehensive analysis of the orbitdisaper-
orbital modulations of Cyg X-1 has been done by L06. In palécg
they found the superorbital period f150 d consistent with con-
stant in all the available data sinee1976. Furthermore, they found
the phase of the superorbital also compatible with congteat fig.
7 and table 3 in LO6).

Here, we use the Lomb-Scargle method (Lomb 1976; Scargle
1982) to characterize the periodicities in the data analymeus.
The periodograms for the ASM C and Ryle data are shown on Fig.
2. We clearly see the peaks corresponding to 5.6 d~alsD d for
both data sets. In addition, we see strong peaks corresppiali
periods longer than 150 d for the Ryle data. Their origin resa
unclear though they are likely to be artefacts, see LO6 fecudi-
sion.

(© 2007 RAS, MNRASD00, 1-10
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Figure 2. The Lomb-Scargle periodograms for (a) the ASM C and (b)
the Ryle data (before prewhitening; corresponding pedoaims after
prewhitening are shown by L06).

We first consider the orbital modulation (caused by absompti
in the wind, Wen et al. 1999; Brocksopp, Fender & Pooley 2002;
Szostek & Zdziarski 2007; see the latter paper for corraestim
Brocksopp et al. 2002). For it, we use the spectroscopicraphie
(Brocksopp et al. 1999a; LaSala et al. 1998)

min[MJD] = 50234.79 + 5.599829F, 1)

where E is an integer. At those times, the companion star is in
front of the X-ray source. We then fit the light curves foldaeio
the orbital period and averaged within each of 20 phase bifes.
use then logarithm¢G = In F', of the photon or energy fluxes or
count ratesF, for fitting with the sum of harmonics,

Gmoa(#) = (G) = Y _ G cos[2mk(é — ¢n)], &y
k=1

where¢ is the 0-1 phasg,G) is the (fitted) average value of the
logarithm of the flux, andx;, and¢;, are the amplitude and the off-
set phase, respectively, for theh harmonic. We adopt the conven-
tion thatGy, > 0and—0.5 < k¢r < 0.5. The obtained parameters
for N = 3 for the RXTE/ASM and Ryle data and&v = 1 for the

GBI data (see L06) are given in Table 1. We do not consider here
the orbital modulation for the BATSE data since it is very Wea

< 3 per cent (L06).

We note that assigning errors to the folded and averagedsfluxe
is not a unique procedure. Here, we first divide the light eurv
into time bins of the 1/20 of the period (orbital or supertabi
and obtain the average of the flukj;, where: is the number
of the phase bin angd is the number of the time bin contribut-
ing to thei-th phase bin, weighted by the inverse squares of their
measurement error. In this way, we avoid any contributionup
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Table 1. The coefficients for the orbital modulation fitted by equat{@). The units obxp(G)) are s™! for the RXTE/ASM data, and Jy for the Ryle and GBI

data.
Detector (G) G1 b1 G2 @2 Gs @3
RXTE/ASM A 1.829+-0.005 0.113-0.008 0.00#40.011 0.0420.008 —-0.0Z0.01 0.01A0.008 —0.0%0.02
RXTE/ASM B 1.825+0.004 0.066:0.006 0.005:0.013 0.022Z0.006 0.03:0.02 0.008-0.006 —-0.06:0.04
RXTE/ASM C 2.188+0.003 0.03%0.005 0.005:0.022 0.01%0.005 -0.040.04 0.00ZA0.005 -0.02Z0.04
Ryle —-4.4290.007 0.1670.011 0.14-0.01 0.035-0.010 0.16-0.02 0.017A0.010 0.15-0.03
GBI (8.30 GHz) —-4.1220.011 0.064:0.015 0.170.04 - - — -
GBI (2.25GHz) -4.18#0.010 0.024-0.014 0.4+0.1 - - - -

Table 2. The periods and amplitudes of the superorbital modulatiché analyzed data. The amplitudes have been calculated tig average superorbital
period of L0O6, 151.43 d. The errors are. The second set of thé values gives the modulation amplitudes obtained by L06.

Detector Energy P[d] A A (LO6)

RXTE/ASM A 1.5-3 keV 153.5+ 1.5 0.120+£0.005 0.133 £ 0.005

RXTE/ASMB  3-5keV 153.54+ 1.5 0.10540.003 0.114 4 0.003

RXTE/ASM C  5-12 keV 153.5+1.3 0.103+£0.003 0.114 + 0.003

BATSE A 20-100keV ~ 151.0+£1.1  0.08340.001  0.081 4 0.001

BATSE B 100-300 keV 152.0+ 3.0 0.075£0.002 0.070 £ 0.001

Ryle 15 GHz 152,74+ 1.4 0.140£0.005 0.105 4= 0.002

GBI 8.30 GHz 148.8+ 3.1 0.116 £0.004 0.123 £ 0.003

GBI 2.25 GHz 150.74+3.5 0.12240.004 0.107 4 0.003

L A DO L BN I
folded/averaged light curves from the source variability tone 04k ]
scales shorter than that corresponding to the length of bar ¢ L (a) .
sen phase bin. The resulting measurement uncertaintiés;are - —
rather small, and we neglect them. Then, we consider the aver 0.2 - .
age and standard deviation of all time bins contributing givan C ]
phase bin. Here, we want to take into account the actual@gieri 0.0 ]
variability of the source, not just the measurement errorere- - E
fore, we calculate the unweighted average withinttiephase bin, ——02 [ ]
F, = (Z;.V:il Fij) /N, whereN; is the number of time bins con- ™ L N
tributing to thei-th phase bin, and the corresponding rms standard <7 0.4 r -
deviation,o;, given byo? = [Z;.V;I(Fi—Fij)Q} /[Ni(N; — 1)]. & —————
Then, we takér; = In F; and fit with equation (2). o
Subsequently, we prewhiten the logarithmic light curves by —

subtracting from them the orbital variability fitted above,
G'(t) = G(t) — Gmoa(t) + (G). 3)

We now again apply the Lomb-Scargle method to the prewtitene
data. (We do not prewhiten the BATSE data, as their orbitad-mo
ulation is very small, see above.) The obtained maiti50-d) su-
perorbital periods are presented in Table 2. The gilererrors
have been estimated using the method described in sectiaof 4.
Schwarzenberg-Czerny (1991). The superorbital periodyof X

1 was determined by L06 using the weighted average, 151.d83 d,
periods determined for a large number of data sets. For dar da
alone we findl52.4 + 0.6 d, and including th&inga andAriel 5
data from LO6, we obtain a similar valu®, = 152.0 0.4 d (1o
error), consistent with that of LO6. Thus, for consistendthw.06,

we hereafter use their ephemeris,

min[MJD] = 50514.59 + 151.43E. (4

We then fold and average within each of 20 superorbital phase

bins the prewhitened data, and fit them using equation (2) Mit=

1. The errors used in the fit are calculated in the way described

above. The fits give us the amplitude of the variability, wihvee
define as,

1.0
Phase

Figure 3. The superorbital phase diagrams for two of our data setsjisgo
the light curves folded over the superorbital ephemerisaton (4), and
averaged within each phase bin. (a) The ASM A X-ray data neddly
thermal Comptonization in the slab geometry. The best fitesponds to

1 = 32° andd = 18° (see Section 4.2, Fig. 9). The Ryle radio data fitted
with the jet model (see Section 4.1 and Fig. 6), with the agslialues of

1 = 40° andg = 0.4, which yield the best-fit 06 = 11°.

%
o
0
o
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Figure 4. The assumed geometry of Cyg X-1 at the zero orbital phase (i.e
at the superiour conjunction of the X-ray source).

Fmax_Fmin 7R_]-
Fmax+Fmin _R+1’

where Fi,ax and Fiin are, respectively, the maximum and min-
imum fitted fluxes, which ratio iR = Fmax/Fmin, and R =
(14 A)/(1 — A). For our harmonic fit withV = 1, Frnax,min =
exp((G) £ G1). The obtained values ofl are listed in Table 2.
We see that the amplitudes of the superorbital modulatidvoth
the ASM and radio data are almost independent of the enesgy, ¢
firming the previous result of LO6. On the other hand, we camfir
the result of LO6 that the modulation amplitudes in the 2@-8&V
energy range are significantly smaller than those in thelR. keV
range. Two of the resulting superorbital phase diagramstawen
in Fig. 3.

We point out that the obtained amplitudes are somewhat af-
fected by systematic uncertainties, in particular thotated to the
selection criteria. We have tested that indeed changingriteria
used to choose the fitted parts of the light curves result®ines
changes of the values of. To illustrate this effect, Table 2 also
gives the values ofd of L06, who used both somewhat differ-
ent selection criteria and different prewhitening methodn(ely,
prewhitening the data with all other significant modulasiponot
only the orbital one). We can see that their values diffemfiaurs
by typically 10 per cent, which can be taken as the systeratic
certainty of the values ofi. The largest difference is for the Ryle
data, which appears to result from not applying the seledtite-
ria obtained from the ASM data to the Ryle data in L0O6. Also, we
note that LO6 treated each modulation as due to absorptioichw
lead to increases of the average fluxes after each prewhdteim
our method, we preserve the average fluxes, see equation (3).

A= (5

4 FLUX VARIATION FROM PRECESSION

Let us consider a precessing slab model with a constanntitea
5, see Fig. 4, and a constant angular velogity= 2rP~*, where
P is the superorbital period. Then, the superorbital phageoisor-
tional to time within each cycle, e.gpso = ¢t/P for ¢t < P. Note
that the precession is independent of the orbital motiomefslys-
tem, i.e., the disc inclination in an inertial frame does dioéctly
depend on the orbital phase. The precession may also inalude
structure attached to the disc, e.g., a corona and/or aljet.ah-

(© 2007 RAS, MNRASD00, 1-10
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gle,v, between the normal to the disc and the direction towards the
observer is given by

6)

wherei is the orbital inclination to the line of sight. Herg;, =

0 corresponds to the disc being most inclined with respechdo t
observer. The emissivity of the disc (and any additionalcitire,
e.g., ajet) integrated over its surface and over the orpéebd can

be only a function of the direction with respect to the normal,

1. The value ofy varies between + § at ¢, = 0 and|: — §]| at

dso = 0.5. We note that since no secondary maxima are observed
in the X-ray folded superorbital light curves (Fig. 3), wesmnly

one side of the disc, i.e., always < 90°, implyingi + § < 90°.
Otherwise, we would see at some moment only the disc edge and
then its opposite side. Note also that equation (6) is symimeith
respect to an exchange ©&ndd. Thus, for any configuration with

1 > ¢ there is an equivalent one with> ¢ but with the two values
exchanged. Thus, we will consider only the case of §, keeping

in mind the existence of the symmetry.

cos 1) = | cosd cosi — sin d sin i cos(2mdso ) |,

4.1 Analytical models

If the emission from the precessing structure is anisotrofbix
variations over the precession period take place. We cen8idt a
few simple models. Her&® < ¢ < 90°.

(a) F(¢) = Ccos1. This case corresponds to a slab/disc
emitting with a constant specific intensity, i.e., blackjpdiéte.

(b) F(¢¥) = Ccost(l + acost). A more general case,
wherea is an anisotropy parameter parameterizing departures from
the blackbody. Hereq = 0 corresponds to the constant spe-
cific intensity (blackbody) casey = 2 is for Chandrasekhar-
Sobolev optically-thick electron scattering atmosphe@han-
drasekhar 1960; Sobolev 1963), and some values ir-the a <
0 range correspond to Comptonization in a slab with a moderate
optical depth (Sunyaev & Titarchuk 1985; Viironen & Poutane
2004; see also Section 4.2 below). Values ef —0.5 correspond
to the Thomson optical depth across the ste®1.

(€) F(¥) = C[y(1 — Bcos )]~ D), whereF is the energy
flux. This law corresponds to the emissivity pattern of adyget or
disc outflow when the retardation effect is absent (see g/gicki
& Lightman 1979; Sikora et al. 1997). Hefe = v/c is the bulk
velocity in units ofc, v = (1 — 8%)~%/2, andI is the observed
photon spectral index. Note that if this model is appliedh® jet
case, the counter jet may be visible as well (unless obsdoyed
the disc and/or free-free absorbed in the wind, Szostek &afslzi
2007). In the counter jet is visible, a second term witheplaced
by — 3 should be added to the above expressior0y).

(d) F(yp) = Ce™7/ %% wherer is the optical depth. This
law corresponds to anisotropy caused by an absorber wittatihe
symmetry as the disc.

Using these models, we relate either the amplitutieor the
flux ratio, R, to the model parameters. We assuime 90° — i, in
which case the global flux minimum correspondsite- i + 6. For
the case (a), we have,

A =tand tani. (7)
In the case (b),
14 2acosdcosi)sindsini

cosécosi (14 acosdcosi) + asin?§ sin? i’

and
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Figure5. The relations between amplitudg the precession anglé&, and other parameters of our analytical models fer 40°. The panels (a—d) correspond
to the models (a—d) described in Section 4.1. (a) The deperdg) betweem andé. (b-d) The dependencies between model parameters andatespion
angled. The assumed values of the variability amplitudedof= 0.10 and 0.14 are shown by the solid and dashed curves, respgdtivthe case (c)I" = 1
was used. We also show the result§'at 1.7 for the above two values of by the dotted and dash-dotted curves, respectively.

o= sin§ sin i — Acos § cos (9 an observed flux ratio at a given inclination is achieved wtien

Acos2? § cos2i — 2cos§ cosisindsini + Asin? § sin? ¢ precession angle is given by
Note that in equations (8-9) we have assumed that the flux RY(O+D) 4 q )
monotonously decreases with increasing disc viewing angle tand = RO _ 1 tani. (12)
This is generally the case far > —0.5. If a < —0.5, the above . . . .
formulae apply only in the range af > arccos(—1/2a). Other- Note that this value 06 is generally> i, i.e., the interchange sym-
wise, the maximum flux is achieved either/at= arccos(—1/2a) metry between and? is no longer present here.
or at the maximum value af of the precession (i.ei,+ ). In the In the case (d), we find,
former case, there will be two local minima of the flux, andhe t ) .

- . o R= 0) — -0}, 13

latter, the minimum flux would be achieved at the minimum ealu xp {T[Selc(;: ) — sec(i ik (13)
of . Both those cases can be ruled out for Cyg X-1. First, only one - = . n _ . (14)
minimum per superorbital period is seen, and second, they6u- sec(i + 8) — sec(i — 4)
perorbital modulation is in phase with the radio one (LO6Y & is Various authors have obtained different constraints orirthe

highly unlikely that our case (b) witth < —0.5 would apply to the clination of Cyg X-1, e.g., Gies & Bolton (1986), Wen et alogb),
jetradio emission. Therefore, we hereafter assume thetttédux Abubekerov, Antokhina & Cherepashchuk (2004) and Ziokkiv
monotonously decreases with increasingnd equations (8-9) are  (2005) goti = 28°-39°, 10°—40°, 31°—44°, and23°-38°, respec-

applicable. If anisotropy is interpreted as resulting frGempton tively. Hereafter in this Section, we assume 40°. Relationships
scattering is a slab, the above constraints:@iso mean that the betweens and other model parameters are shown in Fig. 5.
slab Thomson optical depth is2 1, which is consistent with the We then fit the anisotropy laws (a—d) to the observed profiles
estimates of from the X-ray spectra (see Section 4.2). of the superorbital variability (Section 3). The (blackpeike)
In the case (c), we can obtain formulae relating the flux ratio model (a) yieldsy = 8°2 + 0°5, 7°2 & 0°5, 7°0 & 0°5, 9°5 =+ 1°5,
R, to 3 (neglecting hereafter the counter jet emission), 8°4 + 1°7 and§ = 870 + 1°6 for the ASM A, B and C bands,
) i Ryle and GBI 2.25 and 8.30 GHz data, respectively. For the-mod
n— {1 — Beos(i+ 5)] (10) els (b—d), the correlations between the parameters (se&)iad
1 — Beos(i—9) ' to elongated error contours, which we show in Fig. 6. Theaslu
RY/O4T) _ 4 of the statisticy? = x?/dof for the best fits are as follows for the
p= RY/0HT) cos(i — 0) — cos(i + 0) (11) ASM A, B and C bands, the 15 GHz Ryle data and the 2.25 and

8.30 GHz GBI data, respectively. For the model (&):= (8/17,
(see also Gregory et al. 1989). Note that for giveandi, there is 11/17, 14/17, 10/17, 11/17, 21/17), (b): (8/16, 11/16, 64110/16,
alow limitond (asg@ < 1). The minimumg required to explain 11/16, 17/16), (c): (9/16, 11/16, 13/16, 11/16, 12/16, 8R/1d):

© 2007 RAS, MNRASD00, 1-10
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Figure 6. The 90% confidence contours for the models (b—d) (marked ®@pahels) fitted to the observed superorbital variabilitfifgs (Section 3) at the
assumed = 40°. In the case (c), we udeé = 1.7 and 1 for the fits to the X-ray and radio data, respectivelye 3tlid and dotted contours are for the ASM
A data and the Ryle data, respectively. The ASM B, C and GBi giegld similar respective contours.

(8/16, 11/16, 14/16, 10/16, 11/16, 17/16). Thus, we see et
cannot distinguish between the models based on the fit gualit

For the model (c), we useé = 1.7 (the average X-ray power-
law index of the hard state of Cyg X-1) for the ASM data, and
I' = 1 (corresponding to the observed 2.2-220 GHz radio emis-
sion of Cyg X-1 in the hard state, Fender et al. 2000) for theeRy
data. In the latter case, we do not include emission of thateou
jet. The results for those two cases are consistent withanebout-
flow at 8 ~ 0.3 explaining the X-ray Compton reflection strength
(Malzac, Beloborodov & Poutanen 2001), and the inferredbrpd
velocity of 8 ~ 0.5-0.7 in Cyg X-1 (Stirling et al. 2001; Gleiss-
ner et al. 2004), respectively. The model (c) fitted to theeRidta
superorbital phase diagram is shown in Fig. 3(b).

We point out that the jet in Cyg X-1 is embedded in the stellar
wind from the companion, which causes the orbital modutatib
the radio emission via free-free absorption (Szostek & ki
2007). Thus, a jet precession, which changes the path ofethe j
during the course of the orbital motion, will also changeaherage
optical depth in the wind along the line of sight. This will/girise
to a superorbital modulation in addition to that caused feyjét
beaming.

4.2 Anisotropy of thermal Comptonization

The dominant radiative process giving rise to X-rays in thedh
state of Cyg X-1 is, most likely, Comptonization of some soft
seed photons by predominantly thermal electrons at the@éemp
ature of ~50-100 keV (Gierlifski et al. 1997; Poutanen 1998;
Di Salvo et al. 2001; Frontera et al. 2001; Zdziarski et aD20
McConnell et al. 2002; Ibragimov et al. 2005). This is eviceth
mostly by the characteristic form of its high-energy cutpffesent

(© 2007 RAS, MNRASD00, 1-10

also in other black-hole binaries in the hard state (e.gv&et
al. 1998; Zdziarski et al. 1998; Wardzinski et al. 2002; iAdki
& Gierlihski 2004). The location of the thermally Comptaimig
plasma is either a hot inner accretion flow (e.g. Poutaneoijks
Ryde 1997; Esin et al. 1998; Poutanen 1998; Zdziarski e0alR2
Yuan et al. 2007) or a coronal outflow (Beloborodov 1999; Malz
et al. 2001).

Thus, we fit such a model to a representative hard-state spec-
trum of Cyg X-1. We choose theXTE observation 10238-01-03-
00 together with th€GRO/OSSE observation VP 612.5 (spectrum
6 of Ibragimov et al. 2005), which gives us a broad-band gnerg
coverage 0f-3—-1000 keV. Our detailed model consists of the main
component due to thermal Comptonization in a slab geomelry ¢
culated using the iterative scattering method of Poutan&véns-
son (1996) ¢comppsin XSPEC, Arnaud 1996). In addition, we
include Compton reflection (Magdziarz & Zdziarski 1995),eofl
rescent Fe K line, and a soft excess. We attribute the last compo-
nent to thermal Comptonization as well, but in a plasma with t
Comptony parameter much smaller than that of the main Comp-
tonizing plasma, and neglecting its Compton reflectionridson-
tera et al. 2001). Hergy = 47kT./mec?, wherer is the optical
depth of the plasma, anf. is its electron temperature. The seed
photons for Comptonization are from a blackbody spectraipn
nent at the temperature @f,,, which we keep equal to 0.2 keV in
the fit. Also, we assume the inclination ¥f= 40°. The spectrum
with the resulting fit components is shown on Fig. 7. The main fi
parameters arkT. = 88 keV andr = 1.17 for the main Comp-
tonization component, the solid angle of the Compton redteat
Q/2r = 0.17, and 7 0.87 of the soft-excess Comptonizing
plasma, for whichkT, = 20 keV was assumed. The absorber col-
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Figure 7. An example of the broad-band X-ray spectrum of Cyg X-1 in
the hard state (data points), see Section 4.2. The data tact lfiy a ther-
mal Comptonization and reflection model. The solid, daskiethdashed
and dotted curves represent the total model, the main Camzptidn com-
ponent, the soft excess (also fitted by Comptonization), thadeflection
component together with an Fenkfluorescence line, respectively. At low
energies, the spectrum is absorbed by interstellar androstellar media.
The bottom panel shows the residuals to the fit.
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Figure8. Anisotropy patterns of thermal Comptonization in a slaltamted
for our representative X-ray spectrum of Cyg X-1 in the haedes Fig. 7.
The solid, dotted, dashed, dot-dashed, and three-doedashves give the
photon flux integrated over the 1.5-3 keV, 3-5 keV, 5-12 kéW1D0 keV,
and 100 300 keV energy bands, respectively. The curvesareafized
fO (cos1p)d cos 1. The blackbody emission pattern would be
represented by a diagonal straight line, whereas the anigotaw of the
case (b) of Section 4.1 witlh = —0.4 lies between the shown dependencies
for 5-12 keV and 20-100 keV.
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Figure 9. The 90 per cent confidence contours for the inclination aed th
precession angle. The solid and dot-dashed curves congs$pathe joint fit

of all three ASM data and the BATSE A data, respectively. Toedl and
dashed curves show the confidence contours of the fit to theedyé for the
jet model withI" = 1 for 8 = 0.3 and 0.5, respectively. The two horizontal
lines marki = 30° and45°, approximately corresponding to the range of
the inclination of Cyg X-1 allowed by other observationahstraints. The
line in the bottom right corner correspondsite= 4, below which there is

a symmetrici < 4, solution (ruled out for Cyg X-1 by tha0 <: < 45°
constraint).

umn density isVg = 2.3 x 10?2 cm
X2 = 371/401.

We then vary the inclination of this model, and for eagh
we integrate the photon flux in five energy bands, 1.5-3 ke¥, 3—
keV, 5-12 keV, 20-100 keV, 100-300 keV. The resulting depen-
dencies ofF'(y)) are shown in Fig. 8. We also compare the re-
sulting functions toF' () = cos¢(1 + acosy)/(1/2 + a/3),

i.e., the normalized case (b) of Section 4.1. We find~ —0.4

as the closest overall approximation for the shown angwéped-
dencies. On the other hand, the normalized blackbody depesd
equalsF'(y) = 2 cos 1, which yields less (more) emission than the
normalized thermal Comptonization dependencies:ai) < 0.65

(2 0.65).

We now use the dependende(y), in an energy band together
with ¥ (i, 0, ¢s0) Of equation (6) to fit thel’(¢s,) observed in that
energy band, with andé as the fitted parameters. We use here the
ASM and BATSE data. (Since the BATSE data are given as energy
fluxes, we use the corresponding integrated energy fluxeiséar.)
This yields very good fits to all the data, e.g? at the best fits to
the ASM A, B, C data, and the joint fit for all three detectorsaq
9/17, 11/17, 13/17 and 34/57, respectively. We have cdkedlthe
90 per cent confidence contours for all the data, and fourtdtbg
all remain in excellent mutual agreement. We show the coatou
for the ASM joint fit and for the BATSE A data in Fig. 9 by the
solid and dot-dashed curves, respectively (the BATSE Baost
are very similar to those of BATSE A, except for extending to a
somewhat higher value éfat a giver:).

This agreement provides a strong argument for the correct-
ness of our model of anisotropy as due to thermal Comptaaizat
in a geometry similar to that of a slab. Namely, we see in Table
that the fractional X-ray modulation decreases monotdiyigéth
the increasing photon energy band, from 1.5 keV to 300 keV. In
particular, the ASM A channel shows the amplitude highentha

~2, The fit statistic is good,

© 2007 RAS, MNRASD00, 1-10
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that of the channels B and C, and the BATSE data show the ampli- disc plane and the orbital plane, of the ordepoef 10°-20°. The

tudes lower than those of the ASM. This is in excellent agesgm
with the theoretical anisotropy patterns shown in Fig. 8. $&e
there that the degree of anisotropy of thermal-Compton &oms

statistical quality of all the models is similar, thus, theannot be
distinguished on the basis of thejf. The model with absorption
by a disc corona yields strongly anticorrelated the optiegith and

as measured by the slope of the curves, decreases mondifonica the precession angle.

with the increasing energy (fafos 1) = 0.3, which corresponds to
all of our fits). This effect is due to the average number ofteciag

in the plasma increasing (thus leading to less anisotrapission)
with the photon energy. This then leads to a decrease thiveela
amplitude of the precessional modulation, which is botts@ne in
the X-ray data sets (Table 2), and very well fitted by our model

Our most physical model appears to be thermal Comptoniza-
tion for the X-rays and jet Doppler boosting for the radio gmi
sion. The joint constraint to the X-ray and radio data yidiois
B = 0.3 the values of§ > 10°, : <47°; and for3 = 0.5, the
values of5° < 4§ <10°, 40° <i < 60° (see Fig. 9). If we assume
30° < ¢ < 45° (from other observational constraints on the in-

On the other hand, we see the contours are very elongated clination, see Section 4.1), we obtaih < § < 22° from the X-ray

which results from a strong correlation betweeland § in the

data, which then implieg ~ 0.3-0.5 using the Ryle data. Thus,

model. Thelo contours are only slightly smaller than the shown both the disc/jet precession angle and the jet velocity ig &yl

90 per cent ones, indicating that the minimaydf are very shal-
low. Therefore, in order to constraifyy we use the constraint of

appear relatively small. We also point out that our Comatidn
model also explains and well fits the decrease of the fraatism

30° < i < 45° (approximately corresponding to the constraints on  perorbital modulation amplitude with the increasing pimoémergy

1 by various authors listed in Section 4.1), with the boureaof
this region shown by the horizontal lines in Fig. 9. Then, wel fi
8° <4 <11° ati = 45°, and17° <6 <22° ati = 30°. We then
compare these results with the 90 per cent confidence canftmur
the radio emission as fitted with the jet model. We find that ehod
is compatible with the Comptonization model for the X-rayedii

8 = 0.3-0.5 (shown by the dotted and dashed contourgfer0.3
and 0.5, respectively), but not if = 0.7. For 3 = 0.3-0.5 and
30° <1 < 45°, the radio data provide constraints dtess restric-

observed in the 1.5-300 keV X-ray emission of Cyg X-1. The de-
crease is explained by the Comptonization anisotropy dsorg
with the photon energy due to the correspondingly increpsirer-
age number of scatterings suffered by a photon.

Finally, it is interesting to compare our results for Cyg X-1
with those for the well-known precessing jet source SS 43&hat
case, the jet velocity and the precession angle are veryspihgc
determined based on the Doppler shift of spectral linesr(éatin
the jets). Their values aré ~ 0.265 andd ~ 21° (Eikenberry et

tive than the X-ray data. We show the best-fit ASM A model and al. 2001; see Fabrika 2004 for a review). They are rathedaira

a model for the Ryle data on the superorbital phase diagreees,
Fig. 3.

those determined by us for Cyg X-1. However, the disc emissio
is not seen at all due to heavy obscuration, and the radiosemnis

The main caveat to our results here is related to using the shows no periodic variability on either orbital or precéssal pe-

slab model for Comptonization. It is unlikely that the a¢tderay
source in Cyg X-1 has exactly this geometry, and it is propbdss
anisotropic. This would yield somewhat higher precessiogies
than those obtained by us, but it is unlikely to affect ourlgaa
tive conclusions. Also, we have used a specific (but rath@Ecay)
single spectrum to obtaif’(y)). However, though there is some
spectral variability in the hard state (e.g. Ibragimov e2805), it
is aperiodic and its effect will be averaged out over a nunolbeu-
perorbital cycles. Thus, using this assumption is unlikelgaffect
significantly our results.

5 DISCUSSION AND CONCLUSIONS

riod. This appears to be related to the rather large inétinaif SS
433 ofi ~ 78°, at which the disc/jet system goes through the edge-
on orientation at some point of each precessional cyclen,Tihe
counter jet is seen at a lower inclination than the primatydje-
ing a part of the cycle, and both of them contribute comparabl
to the observed flux (see Section 4.1). Also, free-free gibigor
of the radio emission is of importance in that system (e.tyrika
2004), which introduces a major complication to predictiofithe
precessional variability given that details of the wind metry are
unknown. On the other hand, the precessional modulatioerig v
significant in X-rays (Wen et al. 2006), emitted by the jets.

The disc/jet precession in SS 433 is probably caused by the
precession of the companion star, with the rotation axisned
to the orbital plane (see Fabrika 2004 and references the@n

We have studied a general problem of how precession cart affec the other hand, this precession mechanism is unlikely in Xyg
the observed fluxes and spectra. Apart from an obvious caae of 1, where the orbit is strictly circular (Brocksopp et al. 289, in-

full or partial covering of the central source by an accrretitisc
(e.g., in Her X-1, Leahy 2002), the observed flux can be maeddla
if the emission pattern of the precessing source is anisiotroVe
have studied a number of likely anisotropy patterns, dudttee
intrinsic anisotropy of the emission pattern in the sousst frame,
or Doppler boosting of emission isotropic in the rest fraoreab-
sorption/scattering by a corona covering the disc. We havieetl
formulae for the flux as a function of the precession phasthfmse
processes. In addition, we have numerically calculatedXtnay
anisotropy pattern due to thermal Comptonization and Compt
reflection in a plasma with parameters characteristic tokshele
binaries in the hard state and assuming a slab geometry.

dicating that tidal forces have also brought the stellaatioh to
alignment. Then, the precession may be caused, e.g., byake g
tational force of the star acting on the inclined disc (d.grwood
1998; L06).
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