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ABSTRACT

We report the discovery, usifgXTEdata, of a dependence of the X-ray orbital modulation
depth on the X-ray spectral state in the ultracompact atolity 4U 1820-303. This state
(measured by us by the position on the X-ray colour-coloagdim) is tightly coupled to
the accretion rate, which, in turn, is coupled to the phagb@#~170-d superorbital cycle of
this source. The modulation depth is much stronger in the-higuinosity, so-called banana,
state than in the low-luminosity, island, state. We find thea)t modulation is independent of
energy, which rules out bound-free X-ray absorption in aicagly thin medium as the cause
of the modulation. We also find a significant dependence obffeet phase of the orbital
modulation on the spectral state, which favours the modehich the modulation is caused
by scattering in hot gas around a bulge at the disc edge, Vvioithsize and the position vary
with the accretion rate. Estimates of the source inclimegippear to rule out a model in which
the bulge itself occults a part of an accretion disc cororaceiculate the average flux of this
source over the course of its superorbital variability @httas the period 6£170 d), and find

it to be fully compatible with the model of accretion due te @ingular momentum loss via
emission of gravitational radiation. Also, we compare théd of all X-ray bursts observed
from this source bBeppoSAXandRXTEwith the RXTElight curve, and find all of them to
coincide with deep minima of the flux, confirming previousulésbased on smaller samples.

Key words: accretion, accretion discs — binaries: general — globllsters: individual: NGC
6624 — stars: individual: 4U 1820-303 — X-rays: binaries ra)s: stars.

1 INTRODUCTION 1987), but it may possibly be due to gravitational acceienabf

. . . th tem in th t globul luster NGC 6624 (CGO01).
4U 1820-303 is an ultracompact X-ray binary consisting aive | © system in the parent globufar cluster ( )

mass He white dwarf accreting via Roche-lobe overflow onteta n The source distance has been estimatedas- 6.4 + 0.6

tron star (e.g., Rappaport et al. 1987). The mass transftersdue kpc, 7.4-7.6 kpeg.6 + 0.4 kpe, and7.6 + 0.4 kpc based on cal-
to the loss of the angular momentum of the binary via emission ibration of horizontal-branch stars in NGC 6624 by Vaccayine

of gravitational radiation (e.g., Rappaport et al. 1987ziZski, & van Paradijs (1986), Rich, Minniti & Liebert (1993), Ridét,
Wen & Gierlihski 2007, hereafter ZWGO7). Its orbital pefiof Grebel & Seggewiss (1994), and Kuulkers et al. (2003; based o
P ~ 685 s was discovered in x_rays asa modulation W|t.haper theHST I’esults Of Heasley et al. 2000), respectively. Kuulkel’ﬁ.et a
cent peak-to-peak amplitude (Stella, Priedhorsky & WhRg7). (2003) foundD = 7.6 = 0.4 kpc compatible with the peak X-ray
The period is very stable, with a lo/P = (—3.5+1.5) x 10~° burst luminosity being a standard candle in their sampleofces,

yr~! (Chou & Grindlay 2001, hereafter CGO1), which makes it and equal to the Eddington limit for He. Then, Cumming (2003)
certain it is due to the binary motion. The < 0 appears to be in ~ found D' = 7.6 kpc consistent with his theoretical modelling of
conflict with the gravitation-radiation induced mass tfangrom X-ray bursts in 4U 1820-303. On the other hand, Shaposhrékov

the light white dwarf to the heavier neutron star (Rappapbsl. Titarchuk (2004) claimed> = 5.8 kpc based on their model of
a single X-ray burst observed from 4U 1820-303Ryssi X-ray

Timing Explorer(RXTH.

* E-mail: aaz@camk.edu.pl A very unusual feature of 4U 1820-303 is thmerinsic lu-
+ E-mail: Marek.Gierlinski@durham.ac.uk minosity variation by factor of> 2 at a (superorbital) period of
1 E-mail: wen@aei.mpg.de P; ~ 170 d (Priedhorsky & Terrell 1984; Smale & Lochner 1992;
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CGO01; Simon 2003; Wen et al. 2006; ZWG07). CGO01 found the
modulation to be stable wit®, = 171.0 + 0.3 d and|P./Ps| <

2.2 x 107* yr~! based on data from 1969 to 2000. This value of
P is also compatible with thRXTEAII Sky Monitor (ASM) data
from 1996 through 2006 (Wen et al. 2006; ZWGQ07). X-ray bursts
from the source take pla@aly around the flux minima (Cornelisse
et al. 2003; Sectiofl 2 below), which proves that the obsevaeid
ability is indeed due to intrinsic accretion rate changdss Ts fur-
ther supported by strong correlations between the obséwednd

the source spectral state, varying with the flux in a way @fpic
of atoll-type neutron-star binaries (Bloser et al. 2000ad3tone,
Done & Gierlifiski 2007), and between the frequency of kHZ33P
observed from the source and the flux (Zhang et al. 1998; van de
Klis 2000).

To explain the long-term periodic variability of the acdoet
rate, CGO1 proposed a hierarchical triple model, in whichisa d
tant tertiary exerts tidal forces on the inner binary. Thiscalled
Kozai process results in quasi-periodic changes of thenéice
ity of the inner system (e.g., Kozai 1962; Mazeh & Shaham 1979
Ford, Kozinsky & Rasio 2000; Wen 2003). This causes chanfjes o
the distance between the inner Lagrange paint, and the cen-
ter of mass of the donor, changing, in turn, the accretioa rBhis
model has been elaborated in detail by ZWGO07 and found fully
compatible with the observational data.

Here, we study the possibility of a dependence of the depth of
the X-ray modulation on the accretion rate (related to theesor-
bital phase). There are a number of reasons to predict symEnee
dence. First, the modulation may be due to obscurationésoay
of the X-rays by a structure at the disc edge forming aroued th
point at which the accretion flow from the companion impabts t
outer edge of the disc, as proposed by Stella et al. (198)i- Si
lar obscuration is present in a number of other low-massybra
naries, e.g., in another short-period, white-dwarf-raustar sys-
tem, 4U 1916-053 (White & Swank 1982). Then, the parameters
of the edge structure will, most likely, depend on the adonatate.

scarE(also used in ZWGO07) for the time interval of 1999 Febru-
ary 5-2007 February 24. The vertical lines show the minima of
the superorbital cycle according to the ephemeris of CGhg.ar-
rows in Fig[d(a) show the times of X-ray bursts from this seur
observed by th8eppoSAXWide Field Camera (Cornelisse et al.
2003 and theRXTEPCA (Galloway et al. 2007). Beside the 4
PCA bursts listed by Galloway et al. (2007), we also show thray)X
burst that triggered the 3-hr superburst observed fromsthisce
(MJD 51430, Strohmayer & Brown 2002), and an additional one
found during our analysis of the PCA data (see below), on MJD
5327%. We see thaall of the X-ray bursts took place in deep min-
ima of the X-ray flux (as pointed out by Cornelisse et al. 20013 f
the BeppoSAXdata), confirming the intrinsic character of the ob-
served variability.

We then study th®&XTEspectral data from the PCA (detector
2, top layer only) and HEXTE (both clusters) detectors, aoted
usingrTooLsV. 5.3, and with time intervals containing the X-ray
bursts removed. We use all publically-available obseovetibe-
tween 1996 March 9 and 2005 November 19. We use a spectral
model (normalized to the PCA data) similar to that of Done &
Gierlinski (2003), consisting of a multicolour disc bldaddy (Mit-
suda et al. 1984) and thermal Comptonization (Zdziarskingon
& Magdziarz 1996) absorbed by a medium withy = 2.4 x 102
cm~2 (Bloser et al. 2000). In addition, a smeared edge (approx-
imating effects of reflection) and a Gaussian line were ithetl
However, unlike Done & Gierlihski (2003), we allow the teemnp
ature of the seed photons for Comptonization to be diffefiemn
the maximum temperature of the blackbody disc, which we have
found to be required by the soft-state data. Elg. 1(c) shbwge-
sulting light curve of the intrinsic bolometric flux from tHated
model, Fi,o.

Fig.[2(a) shows the light curve of the ASM count rate folded
on the superorbital ephemeris of CGO1. The histogram shiogrs t
the light curve averaged within 10 phase bins, and the salidec
shows the theoretical model of ZWGO7 fitted by them to these. da

These size changes may, in turn, change the depth of the modu-Fig.[2(b) shows the same fét,.;. Here, we use the same model as

lation. Furthermore, the flow through tlig point in an eccentric
binary is modulated at the orbital period. The modulatiompktode
depends on the value of the eccentricity, which, as discleiseve,
is most likely variable in 4U 1820-303. Though smoothed ryri
the viscous flow through the disc, a residual modulation ntily s
occur in the X-ray producing region near the surface of théme
star. Finally, the inner binary plane precesses during theakpro-
cess, which effect may be observable if the mutual inclaratf
the outer and inner binaries is low (ZWGOQ7). If the orbitalduta-
tion is due to obscuration/scattering, precession of tharlgiplane
is very likely to affect its amplitude.

We test and confirm the above prediction usingRYTEPro-
portional Counter Array (PCA) and High Energy X-Ray Timing
Experiment (HEXTE) data. We also estimate the average bettom
ric flux from this source, and present a comparison of thesdatte
all X-ray bursts observed bBeppoSAXandRXTEwith the RXTE
light curve. Also, we discuss contraints on the source fation.

2 THE DATA
Fig. [(a) shows theRXTE ASM light curve of 4U 1820-303

ZWGO07, and fit the normalization and the phase offset tofthe
phase-folded and averaged within each bin. We find the pHfsse o
to begs,0 /2w = —0.074, very similar to that for the PCA scanning
data (ZWGO07).

Based on the data and the spectral model, the average flux
is (Fool) ~ (8.7 £0.2) x 107° erg cn? s™', which corre-
sponds to the average isotropic luminosity 6§ ~ (6.0 £ 0.2) x
10" (D/7.6kpc)? erg s*. The stated uncertainty of the average
is only statistical, equal to the standard deviatiotgf; divided by
the square root of the number of measurements (and it do¢akeot
into account a systematic uncertainty related to the fluibcs
tion of the PCA and that related to the adopted spectral moéisl
discussed in ZWGO07, this luminosity is fully compatible lwthe
standard theoretical mass-transfer rate of Rappaport £&1987).
Similarly to the result of ZWGO07 based on the ASM and scanning

1 lheawww.gsfc.nasa.gov/users/craigm/galscan/htmi820-30.html

2 Those bursts occured on MJD 50339 (1), 50340 (2), 503410345 (2),

50343 (1), 50564 (5), 50572 (2), 50900 (2), 50901 (1), 5184,/51057 (4),

51058 (1), 51091 (3), 51092 (4), 51230 (3), 51231 (4), 512351233 (3),

51234 (1), 51262 (1), 51597 (1), where the number in pareethgives the
number of bursts detected in a given day (Jean in 't Zandaggicommu-
nication).

for 1996 January 1-2007 February 20 (the same as used in3 |n total, the PCA detected X-ray bursts on MJD 50570, 5142798,

ZWGO7). Fig[1(b) shows theXTEPCA data from Galactic bulge

52802, 52805, 53277.

(© 2007 RAS, MNRASDOO, [1H7
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Figure 1. (a) TheRXTHASM light curve based on 1-day average measurements,n@ito the minimum significance 8&. The short arrows shows the
times of X-ray bursts, and the long arrow indicates the Xiagst followed by the superburst. (b) The PCA light curvedobsn Galactic bulge scans. (c) The
light curve of the bolometric flux calculated from the PCA a#EXTE data. The vertical lines show the minima (the phase= 0) of the superorbital cycle

according to the ephemeris of CG01. See Seéfion 2.

PCA data, we find the dynamic range of the folded/averaged
to be by a factor of-2.

We then use the fit results to calculate the intrinsic colour-
colour diagram, i.e., based on physical, absorption-ctetk fluxes
in four energy bands, shown in F[d. 3(a). We divide the datim &
spectral substates, with the substates 1-2 and 3-8 condisgdo
the so-called (Hasinger & van der Klis 1989) island and banan
states, respectively. Fifl] 3(b) shows the dependence ofiadhd
colour on Fy,1. Although we see here some overlapfib, be-
tween the island and banana statBs, generally increases with
the substate number. Also, Bloser et al. (2000) found thanwh
individual superorbital cycles are considered, the position on the
colour-colour diagram follows the superorbital phase.

For each pointed observation, we have also extracted ht lig
curve from the PCA Standard-2 data, detectors 0 and 2, dtday
in 16-s hins, in the full 2-60 keV PCA energy band. We have sub-

(© 2007 RAS, MNRASD0O, [1H7

tracted background from the light curves and applied bartyte
corrections.

3 VARIABILITY OF THE ORBITAL MODULATION

We can see in Fifl] 1(c) that the coverage of the 4U 1820-368 lig
curve by pointedRXTE observations is relatively sparse, as well
the flux varies within a factor of up te-3 for a given superorbital
phase¢s. This agrees with th&XTEASM light curve (Fig[la),
where we see that although the superorbital ephemeris oflCGO
gives a generally good prediction of the flux minima, in saler
cases the minima occur tens of days away from the predicii®n,
well as there are a number of additional minima, indicatihg t
presence of strong aperiodic variability in addition to fegiodic
one (cf.Simon 2003). A more detailed view of the ASM light curve
is given in fig. 1 of ZWGO07. Thus, the value ¢f is notan accurate
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Figure 2. (a) The ASM light curve of Fig.]1(a) folded on the superorbita
ephemeris of CGO1. (b) The folded light curve for the bolaimdtux (see
Section[2). On each panel, the histogram shows the lightecaveraged
over 10 phase bins, and the solid curve shows the theoretiocdel of
ZWGO7 fitted to the averaged data.
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Figure 3. (a) The intrinsic colour-colour diagram, as given by théoraf
the energy fluxes in the photon energy ranges of (9.7-16 &4)/9.7 keV)
and (4.0-6.4 keV)/(3.0-4.0 keV) for the hard colour and sofour, re-
spectively. The boxes show our division into 8 spectral mibs. (b) The
corresponding dependence of the hard colour on the bolanfietx.

enough criterion to determine the actual stage of the supieab
cycle corresponding to a given pointed observation. $t#l,have
divided the available pointed observations into 8 bins baseys
(Figs.[Ac[2b), in order to find the average amplitude of thuwtal
modulation as a function of that phase. However, the digiob
of the PCA count rateR, within a given phase bin is highly non-
Gaussian, with, e.g., three individual peaks in the bin et on
os
range of spectral colours.

Therefore, for the purpose of studying average orbital rreedu
tion, we remove the variability on time scales much longantthe
orbital period,P. This is done by fitting a straight line to each unin-
terrupted part of the light curve contributing to a giveneugpbital
bin and then dividing the light curve by that dependence. éila@s;
we do not take into account those resulting pieces of the tigtve
that have the lengtkc P. Within each superorbital bin, we fold
and average the renormalized PCA light curves (with theedeted
count rate,R4) on the orbital period using the quadratic ephemeris
given by eq. (4) of CG01. We then fit the the detrended coust rat
R4, by a sinusoidal dependencécos(¢— ¢o)+C, whereg is the
orbital phase given by the ephemeris, and the constant aoenpo
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Figure 4. The fractional orbital modulation shown for the 8 spectiah-s
states defined in Fidl] 3. The error bars By /C represent the standard
deviation within the data set contributing to a given phase b

C (=~ 1 after the renormalization), the modulation amplitude,
and the offset phasey, are free parameters. This method is used
hereafter.

We have then found only a weak dependence of the relative
modulation depthA/C, on the superorbital phase, with the value
for the bin centered ops = 0 of 0.008 compared to- 0.01 in
other bins. As discussed above, this result does not rularat-
tual strong depedence ¢f/C on the phase in asingle superor-
bital cycle because of the relatively large scatter of theation
of each cycle and the presence of additional minima and gtron
aperiodic veriability in general. Those effects result lar@e scat-
ter of the fluxes (and the spectral states) contributing tivang
phase bin. Also, the statistics of the PCA data contributmg
given superorbital bin is rather limited. We have found,dilition,
¢o/2m ~ —0.07 ~ constant. The fact thato < 0 in the aver-
age PCA data indicates the long-term decreask béing slightly
faster than that predicted by the ephemeris of CG01. We alt® n
that CGO1 used heliocentric time with some approximatiamsle
we strictly use the barycentric time.

We have then used the PCA count rate as the criterion, divid-
ing the data into 8 bins, with the average rate before therneale
ization,(R) within each bin spanning the range from about 500 s

0. We have also found that those data correspond to a wide to 2700 s!. In that case, the fractional modulation amplitude in-

creases fromi/C ~ (5-8) x 10~ % in the first two count-rate bins
to ~ 0.01 at higher(R), and increasing to the rather high value of
~ (2.1 4£0.2) x 1072 at the highestR).

Then, we have studied the dependence of the fractional mod-
ulation on the spectral state, which results we show in deétay.
[ shows the fractional orbital modulation profilé& /C — 1 (i.e.,
after removing the long-term variability, see above), for 8 spec-
tral substates defined in Fld. 3. We see a clear differencecest
the low orbital modulation in the island state (substate®) hnd
the banana state (substates 3-8). The island state, comcisg
to the lowest accretion rates, has a much weaker fractiabého
modulation. We also note that the modulation is more comibian
sinusoidal in some cases.

(© 2007 RAS, MNRASDOQ [TH47
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Figure 5. The average PCA count rate, the offset phase, and the adeplitu
of the fractional modulation vs. the spectral substate if@efiin Fig.[3).

The error bars o R) represent the standard deviation, not the error of

the average (which are negligibly small). The errorsgen27 and A/C
correspond to 90 per cent confidence intervals for the fits.

Fig.[3 quantifies our results. We see th&} increases with the
spectral state number, consistent with the increasingtioorrate.

Then, the differences id /C between the island and banana states

are much larger than the errors. Therefore, we establistigpen-
dence of the depth of the orbital modulation on the spectedts
and thus on the accretion rate, at very high confidence. \Wenalke
that though the fractional modulation first strongly in@esfrom
the island into the banana state, it then somewhat decreaties
extreme banana state, indicating a further complexityisfdapen-

dence. We also see a marked increase of the offset phasetfeom t

island state to the banana state.

Then, we have looked into the dependence of the orbital mod-

ulation on energy. To study it, we have obtained spectraspond-

ing to the maximum and minimum of the modulation. We used the

spectral state 4, where the amplitude of the modulation gi-hi
est, and formed spectra for the 4 points around each the rmaxim
and the minimum (Fid.]4). Fi@l] 6 shows the ratio between the tw
spectra. We see it is constant to a rather high accuracy.shbiss
the modulation cannot be due to bound-free X-ray absorpten
it strongly decreases with energy. The constant ratio cagither

due to scattering by an ionized medium with the bound-free ab

sorption negligible at> 3 keV (e.g., an accretion disc corona) or
partial obscuration by a Thomson-thick medium.

4 INTERPRETATION

4.1 Inclination

The value of the inclination;, between the normal to the binary
plane and the line of sight is of major importance for corsing
models of the observed orbital modulation. We first derive up-

per limit, imax, due to the lack of eclipses. The radius of the white

(© 2007 RAS, MNRASD0O, [1H7
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Figure 6. The ratio between the spectra corresponding to the maximha an
minima of the orbital modulation for the spectral substat€de Sectiofh]3
for details.

dwarf, Rs, can be derived by combining the mass-radius relation
for He white dwarfs, the Kepler law and the Roche-lobe rattius
mula (Rappaport et al. 1987; see also ZWGO07). Here, we censid
the range of mass of the neutron stanéf = (1.28-1.5)M¢, and

of the white dwarf mass aff> = (0.057-0.077)M¢, which cor-
responds to its radius being between 0 and 20 per cent higher t
that of the fully degenerate He configuration (Zapolsky &pesdr
1969), which corresponds in turn B, = (2.08-2.29) x 10° cm.
For the above ranges of masses, the separation (from therKepl
law) isa = (1.28-1.36) x 10'° cm. Then,R2/a ~ (0.15-0.18)
andimax = 90° — arcsin(Rz/a) ~ (80-81)°.

Anderson et al. (1997) have derivee- 4375° by interpreting
the orbital modulation discovered by them in the UV as duerte i
diation of the white dwarf by the X-ray source, using the tietioal
model of Arons & King (1993). However, their stated uncertpis
only statistical, and neglects systematic uncertaintiébeomodel,
in particular, they neglect shadowing of the white dwarf by ac-
cretion disc. Including that effect would move the allowadge of
i to higher values than that above.

On the other hand, Compton reflection (e.g., Magdziarz &
Zdziarski 1995) and a fluorescent Fexkemission line were dis-
covered in the X-ray spectra of the superburst from this sour
(Strohmayer & Brown 2002). It was then theoretically intetpd
as due to irradiation by the X-rays from the neutron staremerf
of the surrounding accretion disc by Ballantyne & Strohnmaye
(2004). These spectral features were relatively stromg, the line
equivalent width of~70-200 eV (Strohmayer & Brown 2002),
which, provided the reflection is indeed from a flat disc in lite
nary plane, rules out inclinations close to edge on. Baflamt&
Strohmayer (2004) have also fitted the reflection inclimatising
the relativistic broadening of the reflection features.ylbletained
a compatible result of < 36° at the2¢ significance, which is
marginally compatible with the constraint of > 34° of Ander-
son et al. (1997). Both those results strongly favour intatiate
inclinations, ruling out close to the eclipse limit.

4.2 Models

Stella et al. (1987) proposed that the X-ray modulation stdwoc-
cultation by a structure at the edge of the accretion disinghat
such structure is thickest at the point where the gas stregoadts.
In the first of their two models, the structure is opticallyntiand
strongly ionized. Then, scattering by that medium would geen
some photons from the line of sight. In the second model, areac
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tion disc corona above the disc (but not the primary X-raye®u
itself) is partially obscured by an optically-thick diserri(which
is highest at the point of impact of the gas stream), analslgdo
models of dipping low-mass X-ray binaries (e.g., White & 8wa
1982; Hellier & Mason 1989). In both cases, the height anchfof
the edge structures is highly likely to depend on the acumetate,
explaining the dependence found by us (Sedfion 3).

In both models, the height/radius ratio of the occultingistr
ture has to be more thaR. /a, which is constrained to be in the
range of 0.15-0.18 (Sectién #.1). This appears to be pessly.,
the largest height/radius ratio of an optically-thick diga found
by Hellier & Mason (1989) i=~0.22. Still, this value corresponds
toi > 76°, which appears ruled out for 4U 1820-303 (Sedtioh 4.1).

On the other hand, the disc rim may be surrounded by an
optically-thin, highly ionized, gas, with a higher scaladre. This
gas may, in fact, connect to the corona above the outer pihe o
disc. The difference in the Thomson optical depth@f.02 in the
lines of sights corresponding to the orbital phasegr = 0
and 0.5 can explain the modulation. Then, both the opticptide
and the nodal angle of that gas are likely to depend on thetaor
rate. The latter can then explain the dependence of thet pifsese
of the orbital modulation on the spectral state.

Also (as discussed in ZWGO07), the binary plane may mea-
surably precess due to the influence of the tertiary, depgnein
the relative inclination between the inner and outer birganes
(which remains not determined). This would change the iivar
clination, ¢, which is also likely to affect the strength of any ab-
sorption/scattering process. However, this process atonet ex-
pected to yield any changes of the offset phase, contraryuto o
results. Still, a binary plane precession may take placelditian
to changes of the occulting structure.

In addition, the presence of eccentricity will cause a maeul
tion of the flow rate through th&; point over the course of an orbit.
As calculated by ZWGO07, this flow rate will be variable by atéac
of ~10-20 near the maximum of the eccentricity, i.e., around the
maxima of the superorbital cycle (and much less at the miifa
the cycle). This modulation will, however, be damped ovenitis-
cous timet.is, it takes for the accreted matter to flow from its outer
rim to the inner one. In the standard cold accretion modeik8ia
& Sunyaev 1973)t,is ~ 10° s for the parameters of 4U 1820-
303, in which time any plausible dispersion of the inflow spee
will probably make the modulation of thi, -flow unobservable in
the X-rays, which are emitted close to the neutron star.

However, Gilfanov & Arefiev (2007) found breaks in the
power spectra in a number of X-ray binaries at frequenciepgr
tional to the orbital frequencies. They interpreted thosguencies
as occuring at_,!, which then implied that,:s were much shorter
than in the standard model, which they explained by the presef
hot coronal flows. In particular, they claimeds ~ 300s ~ P/2
in 4U 1820-303. After such a short time interval, most of toevfl
rate modulation at thé; would still be present close to the neutron
star surface. Then most of the large modulation amplitu}jé[),
present around the maxima of the superorbital cycle (seeeabo
should be visible, but it is clearly not seen. Thus, if theesop
bital modulation is due to the variable eccentricity (ascessfully
modelled by ZWGO07)t.is ~ 300 s is ruled out for 4U 1820—
303. [We note that Gilfanov & Arefiev (2007) found the break in
the power spectrum of 4U 1820-303 to look significantly défe
from those in other X-ray binaries of their sample, and thus o
result does not rule out their general interpretation of hheaks
as equal ta;,!.] Then, there could be some intermediate value of
tvis which would explain the observed strength orbital modatati

However, it is again not clear how to explain the observedhise
offset phase in this model.

We note that while a modulation due to obscuration or scat-
tering depends on the binary phase (e.g., with respect tsupe-
riour conjunction of the secondary), a modulation due tceiteen-
tricity would depend on the phase with respect to the pedast
which position precesses within a superorbital cycle. lmftrmer
case, the measured period of the X-ray modulation is exaotly
orbital period, whereas for the latter case, it is a beat betwthe
orbital rotation and the periastron precession. Howeveengthat
P,/P ~ 2.2 x 10%, this effect appears difficult to measure.

5 COMPARISON WITH OTHER SOURCES

As discussed by ZWGO07, the intrinsic, accretion-rate eglathar-
acter of the long-term periodic flux changes in 4U 1820-303 ap
pears unique among all sources in which superorbital véitiab
has been discovered so far. In other cases, the changes alf-the
served flux are thought to be caused by accretion disc arat/forg-
cession (e.g., in Her X-1, SS 433, Cyg X-1; Katz 1973, 1980; La
chowicz et al. 2006). However, in that precession the iatiom an-
gle of the disc with respect to the orbital plane is constamd, thus

it cannot change the accretion rate (or the luminosity) oAtke
ratio between the superorbital and orbital periods:ig.2 x 104,
which is much higher than that possible to obtain from anylloh
disc precession at the mass ratio of the system (e.g., Lar\@@83;
Wijers & Pringle 1999).

On the other hand, a dependence of the profile of the X-ray
orbital modulation on the spectral state and/or on the supial
phase has been found in two other X-ray binaries showing both
orbital and superorbital modulations. Scott & Leahy (1988y
Ibragimov, Zdziarski & Poutanen (in preparation) found fre-
files of the orbital modulation to depend on the superoripiteise
in Her X-1 and Cyg X-1, respectively. In both cases, the prier
tation of these effects is geometrical, via the dependehtteemb-
served flux on the viewing angle of a precessing disc and egsdc
changes of the obscuring medium. In Cyg X-1, this effect$ead
the minimum of orbital modulation (caused by bound-freeoas
tion in the wind from the companion, Wen et al. 1999) at the max
imum of the superorbital cycle, i.e., when the disc is viewsabt
face-on and the absorption is weakest. This is oppositeet@éh
pendence found in 4U 1820-303, where it is caused by thengryi
accretion rate.

We have also looked in tHRXTHASM data for a dependence
of the orbital modulation on the superorbital phase in ottira-
ries showing both periodicities, namely 2S 0114+650, LM@& X-
and SS 433 (see Wen et al. 2006). Unfortunately, the statisfi
the data in all cases was insufficient to either confirm orctejee
presence of this effect. However, we have not looked at the de
pendence of the orbital modulation directly on X-ray flux orag
hardness (found to be dominant in 4U 1820-303, see Sdgdtion 3)
For Her X-1, we have confirmed the presence of this dependence
and its stationarity in the 1996—-20063,800-d interval, ASM data
(as compared to the-800-d interval analyzed by Scott & Leahy
1999).

6 CONCLUSIONS

We have analyzed the currently availabRXTE PCA/HEXTE
spectral data. From broad-band spectral fitting with a piajis-

(© 2007 RAS, MNRASDOO, [1H7
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motivated model, we have determined the average bolonfhixic
as (Fhol) ~ 8.7 x 1072 erg cm 2 s™'. At the most likely dis-
tance of D ~ 7.6 kpc, the corresponding bolometric luminosity
fully agrees with the detailed model of R87, in which the ation
proceeds via a Roche-lobe overflow due to the angular mommentu
loss via emission of gravitational radiation.

We have found that the strength of X-ray orbital modulation i
4U 1820-303 depends on the accretion rate, as measurechby eit
the spectral state (as given by the position on the cololaucali-
agram) or the X-ray flux, and which is closely related to theesu
orbital phase of this source. The relative strength of thdutaiion
is about twice as high in the high-accretion rate, banarie gtan
in the low-accretion rate, island state.
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We also see a dependence of the phase of the modulation onMazeh T., Shaham J., 1979, A&A, 77, 145

the spectral state. The phase dependence favours the atxptan

of the dependence as due to scattering by a hot gas around th{

accretion-stream bulge at the outer disc edge, which betlsite
and position are likely to depend on the accretion rate.rAdtéve
explanations are precession of the binary plane duringupersr-
bital Kozai cycle, and the residual modulation of the rataadre-
tion onto the neutron star due to the (superorbital-phagerdient)
eccentricity of the orbit. However, it is not clear how to &ip the
dependence of the phase of the orbital modulation on therspec
state in those models. Also, occultation of an accretioo disona
by the bulge itself appears to be ruled out by estimates afdbhece
inclination.

We also find that the orbital modulation is approximately in-
dependent of energy. This rules out the model of the moduati
as due to bound-free absorption in an accetion disc coram, a
it shows that the process causing the modulation is itselfgn
independent.
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