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ABSTRACT

Using the data from the Proportional Counter Array on board the Rossi X-Ray Timing Explorer satellite, we study the
orbital modulation for the spectrum and mass accretion rate of Cir X-1 during its two orbital periods. We use a model
consisting of a blackbody, a multicolor disk blackbody, and a line component to fit the spectrum and find that the spec-
trum is obviously modulated by the orbital phase. It is shown that the disk accretion rate in Cir X-1 undergoes three
states during the orbital period. At the periastron with orbital phase 0 - 0.1, the disk accretion rate is sup-Eddington,
then from phase 0.1 to the apastron (phase 0.5) it decreases dramatically and becomes near-Eddington, and from the
apastron to the next periastron (phase 1) the disk accretion rate approximates Eddington and tends to be steady. We ar-
gue that the evolution of the disk accretion rate is attributed to the high orbital eccentricity of this source. The mass ac-
cretion rate onto the neutron star is much less than that onto the inner disk, indicating significant outflows in this source.
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1. Introduction

1.1. Cir X-1

Circinus X-1 (Cir X-1), a peculiar X-ray binary with an
orbital period of ~16.6 days [1] and a distance of 5.5 kpc
[2], was suspected to be a black hole or a neutron star
(NS) ago. It cannot easily be classified into any of the
major categories of X-ray binaries and it is debatable
whether it is a low-mass X-ray binary (LMXB) or a
high-mass X-ray binary (HMXB). Cir X-1 was discov-
ered by Margon et al. [3]. Due to the close similarity in
the millisecond variability in X-ray emission from black
hole candidate Cyg X-1 and Cir X-1, Toor [4] suggested
that it is a black hole. From the optical, infrared (IR), and
radio emission, Nicolson et al. [5] believed that it is a
binary in which a compact object is surrounded by an
accretion disk that is being replenished by a companion.
A strong radio flare of Cir X-1 was observed with the
observations of Very Long Baseline Interferometry
(VLBI) [6]. The European Space Agency’s Observatory,
EXOSAT, observed type 1 X-ray bursts from Cir X-1,
indicating that its compact star is a NS [7,8]. Also from
EXOSAT observations, low-frequency (1.4 Hz, 5 - 20 Hz)
quasi-periodic oscillations (QPOs) and much higher fre-
quency (100 - 200 Hz) QPOs were detected in this source
[9,10]. Qu et al. [11,12] investigated the time lags of this
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source.

Since the early 1990s, the observations with unprece-
dented resolutions have updated our understanding to Cir
X-1. The high-resolution radio studies with the Australia
Telescope showed clear evidence for jet-like structure
within the nebula surrounding Cir X-1, implying that Cir
X-1 is a runway binary from the supernova explosion
[13]. Oosterbroek et al. [14] reported that its fast-timing
properties resemble those of atoll sources sometimes.
The observation from the Advanced Satellite for Cos-
mology and Astrophysics (ASCA) showed the spectral
evidence for partial covering near zero phase [15]. Using
the observations from the Rossi X-ray Timing Explorer
(RXTE), Shirey et al. [16,17] detected Z-source QPOs in
Cir X-1, refuting the hypothesis for Cir X-1 to be an atoll
source. With Chandra observations, the X-ray Cygni
lines were discovered in Cir X-1, which may arise in the
moderate temperature (~5 x 10° K) region of the wind
from an X-ray-heated accretion disk, suggesting a rela-
tively edge-on disk [18]. Using observations from RXTE,
Ding et al. [19] studied the hard X-ray tail on its hard-
ness-intensity diagram (HID) and found the similarity
between this source and Z sources. Also using RXTE
observations, Boutloukos et al. [20] discovered twin kHz
QPOs in Cir X-1, which have been detected in many NS
X-ray binaries (NSXBs).
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Cir X-1 is an NSXB in which both radio and X-ray
outflows (jets) have been observed. Fender ef al. [21]
observed its ultra-relativistic radio outflows and found
that the velocity of the outflow is comparable to the fast-
est-moving flows detected in active galactic nuclei
(AGNSs). Heinz et al. [22] found the evidence of X-ray jet
from Cir X-1, making it the first NSXB in which an ex-
tended X-ray jet is detected. Calvelo et al. [23,24] re-
ported that from the radio and millimetre observations of
Cir X-1 the flare was detected at the periastron and it
proceeded and declined afterwards, showing the orbital
modulation for radio emission. Miller-Jones et al. [25]
carried out observations of radio resolved imaging, then
observed the milliarcsecond-scal jets in detail, and found
that the radio emitting is symmetric and mildly relativis-
tic. Moreover, using Chandra observations, Soleri et al.
[26] detected X-ray structures. Additionally, the Chandra
observations revealed the bipolar X-ray outflows spa-
tially coincident with the radio jets and with wide open-
ing angles, suggesting that the jets are either not very
well collimated or precessing [27]. From the X-ray spec-
tra obtained with the High-Energy Transmission Grating
Spectrometer on Chandra, a rich set of X-ray P Cygni
lines were detected, which indicates the presence of a
high-velocity outflow in this source, interpreted as an
accretion-disk wind [18,28]. Considering the rotational
effect of the NS, from the “relativistic precession” model,
Torok et al. [29] estimated the mass range of the compact
object of Cir X-1, which extends up to 3 Me. Using the
observations from three satellites, i.e. RXTE, Swift, and
Chandra, D’Ai et al. [30] studied the broadband X-ray
spectral evolution of Cir X-1 during its 2010 May-June
outbursts and found that the X-ray spectrum can be sat-
isfactorily described by a thermal Comptonization model.

1.2. The Orbital Modulation in Cir X-1

One of the special parameters of Cir X-1 is its high or-
bital eccentricity (e ~ 0.7 - 0.9) [31-33], which makes it a
peculiar source. Oosterbroek ef al. [14] suggested that it
is its highly eccentric orbit that leads to the complex
spectral and fast-timing behaviors of this source. Using
ASCA observations for Cir X-1, laria et al. [34] studied
its spectral evolution along one orbital period and found
that this source experiences three states during the orbital
period. Making use of RXTE observations, Ding et al.
[35] investigated the evolution of its broadband spectra
(3 - 220 keV) during two orbital periods and found that
its hard X-ray emission is modulated by the orbital phase.
With RXTE observations, Shirey et al. [36] studied the
evolution of the Fourier power density spectrum during
one orbital period and found strong correlation between
the QPO behavior and the phase.

Johnston et al. [33] made the optical and IR observa-
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tions for Cir X-1. In order to interpret the the optical and
IR emission lines, Johnston et al. [33] consider Cir X-1
as a system which comprises a giant star with mass 3 - 5
Me and a NS orbiting around the star on an orbit with
high eccentricity. Furthermore, from their model, Johns-
ton et al. [33] proposed a scenario for the mass accretion
to evolve along the orbital phase: during the periastron
(phase 0) the NS is closest to the companion star, so the
accretion disk might be disrupted by the huge tidal force,
possibly resulting in large X-ray fluctuation; after the
periastron passage until the apastron (phase 0.5), an ac-
cretion disk is formed gradually; after the apastron,
steady accretion via the disk occurs. From the scenario
proposed by Johnston ef al. [33], it is feasible to foresee
the evolution of mass accretion rate along the orbital
phase: the mass accretion rate will be high at the perias-
tron due to much mass transferred from the companion
star to the NS, then after the periastron it will be de-
creased, because the NS departs from the companion star,
and until after the apastron the mass accretion rate on the
disk will be steady, owing to the cease of mass transfer.
However, the mass accretion rates of Cir X-1 at different
orbital phases have never been calculated quantitatively.

In this work, using the data for Cir X-1 from the Pro-
portional Counter Array (PCA) on board the RXTE, we
study its spectra, calculate its mass accretion rates during
two orbital periods, and investigate the orbital modula-
tion for mass accretion rate. We describe our data analy-
sis in Section 2, describe and discuss the results in Sec-
tion 3, and present our conclusions in Section 4.

2. Data Analysis

2.1. Section of Observationsand the Spectral
M odel

In this work, we choose the observations during two or-
bital periods of Cir X-1 to perform our analysis. The first
and second orbital periods include 18 and 11 OBSIDs,
respectively, which were made between 1996 September
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Figure 1. The correlation between the inferred NS radius
and the disk accretion rate aswell asthe NS accretion rate.

1J4A4



258 G.Q.DING ET AL.

21 and October 7 (MJD 50,347 - 50,363), and between
1996 March 8 and March 19 (MJD 50,150 - 50,161),
respectively. Following Stewart et al. [37], the time of
zero phase is given by the ephemeris equation

JD, =2443076.87 +(16.5768—0.0000353N)N (D

We use this equation to determine the orbital phase in-
terval of every OBSID.

We use the Standard Mode 2 data from PCA to extract
the spectra and use the bright background model supplied
by RXTE team to produce the background spectra. We
use software HEASOFT 6.11 and FTOOLS Vé6.11 to
perform our data analysis. The soft color is defined as the
ratio of count rate in 6.3 - 13 keV to that in 2 - 6.3 keV,
while the hard color is defined as the ratio of count rate
in 13 - 18 keV to that in 6.3 - 13 keV. The source inten-
sity is the count rate per PCA top layer in 2 - 18 keV.
Figure 2 shows the evolution of the source intensity, soft
color, and hard color along the orbital phase. When the
spectra are produced, only the data from the top layers of
the five Proportional Counter Units (PCUs) are used and
the observations with RXTE pointing offsets larger than
0.02° or elevation angles less than 10° are discarded.

Ding et al. [35] used the data from PCA and the data
from High-Energy X-ray Timing Experiment (HEXTE)
during the two orbital periods together to study the broad-
band spectra of Cir X-1 and found the orbital modulation
for the hard tail. In order to have sufficient statistics for the
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Figure 2. Top: the source intensity in 2 - 18 keV. Mid: soft
color. Bottom: hard color. Every point represents the 16 s
averaged value.
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HEXTE spectra, several observations were combined to-
gether to produce a broadband spectrum. Ding ef al. [35]
extracted 11 broadband spectra using the data from the
same 29 OBSIDs. Nevertheless, in this work we focus on
the orbital modulation for the low-energy spectrum and
mass accretion rate. The PCA spectrum is feasible to our
investigation and, moreover, we wish to have enough sta-
tistics for this study, so we discard the data from HEXTE
and extract 29 PCA spectra.

Shirey et al. [17] used several spectral models to fit the
PCA spectra of Cir X-1 and found that the best-fit model
is the so-called “Eastern model”, consisting of a black-
body (BB) and a multicolor disk blackbody (MCD),
which are interpreted as the emission from the NS sur-
face and the optically thick accretion disk, respectively.
We adopt this model and use it to fit the 29 PCA spectra.
Generally, a line component, interpreted as the iron
emission line, is detected in the spectrum of X-ray bina-
ries, so a line component is included in the spectral
model. The interstellar absorption is also taken into ac-
count and, however, the lack of spectrum below ~3 keV
presents XSPEC from determining the hydrogen column
density (Ny), so we fix it at 1.80 x 10* cm ™ [34,38]. We
us XSPEC version 12.7 to fit the spectrum. When fitting,
a systematic error of 1% is added to the spectrum due to
the calibration uncertainties. Figure 3 shows two un-
folded spectra and the corresponding residuals. The
spectral fitting results are listed in Table 1.

2.2. Estimate of M ass Accretion Rate

In the duration d¢, attracted by the NS gravity, when
mass dm is accreted from the infinity to the inner disk
radius (Rm), the released gravitational potential energy
dE will be

dE =GM,dm/R,, , 2)
where G and M,  are the gravitational constant and

NS mass, respectively. From the above equation, we
have

dE/dt = (GM, /R, )dm/dt, 3)

where dE/dr should be the disk luminosity provided by
accretion and dm/dr is the mass accretion rate of the
disk. Let dE/dr=Ly, and dm/dr=(dM/dt) we
get

disk ?

(dM/ dt )disk = Lyy R, (GM s ) , 4)

where L;, and R, are the disk luminosity and the
inner disk radius, respectively, which can be obtained
from spectral fitting. With known G and M, (M, =
1.4 Mo), we can calculate the mass accretion rate of the
disk by using Equation (4).

Some accreting matter will not stop at the inner disk
edge and goes across the magnetospheric surface onto
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Figure 3. Panel A: the unfolded spectrum and the corresponding residual at orbital phase 0.32 in periodl. Panel B: the un-
folded spectrum and the corresponding residual at orbital phase 0.76 in period 2. The individual components are shown,
namely, a blackbody (dash line), a diskbb (dot line), and an iron emission line at ~6.6 keV (dot-dash line). The solid line on
the top representsthe sum of the three individual components.

Table 1. The spectral fitting parameters during two orbital periods of Cir X-1, using a model consisting of a blackbody, aline,
plusa multicolor disk blackbody.

Orbital phase ~ kT,, (keV) — °f,, E.(keV) on(keV)  f K (keV)  ReosO iy 2 (dof)

0.0526-0.0570 1.76+£0.02 530+030 549+0.11 127+£0.13 145+25 133+0.03 1512+021 582+0.11 26.69(33)
0.0607 -0.0788 1.67+0.02 4.83+047 6.54+0.06 0.57+0.07 39+06 126+0.01 20.94=021 7.85+0.06 32.86(34)
0.0809 -0.0875 1.56+0.02 6.04+032 639+£0.07 090+0.10 6.6+13 1.16+0.01 2725+033 9.70+0.08 31.39(34)
0.2021-0.2084 1.89+0.03 291+0.12 6.72+0.08 0.18+0.19 0.8+02 123+0.01 21.49+0.17 6.80+0.04 36.03(34)
0.2626 -0.2689 2.02+0.02 393+0.33 640+0.08 093+0.09 4.0+05 134+0.01 1548=+0.15 553+0.05 61.98(37)
0.3190-0.3250 2.18+0.03 4.15+0.19 647+0.07 0.70+0.09 33+05 152+0.01 10.74+0.12 4.40+0.05 43.63(37)
0.4077-0.4104 2.14+£0.02 590+023 6.19£0.10 096+0.08 49+08 1.49+0.02 10.06+0.17 3.06+0.05 39.05(37)
0.4601 - 0.4627 197+0.02 7.15+031 645+0.06 0.65+0.12 25+04 133+0.02 13.85+0.18 4.28+0.05 56.52(37)
0.4744 -0.4805 222+0.04 6.85+0.27 6.09+0.10 1.14+0.07 65+0.6 1.59+0.03 826+0.40 3.15+0.04 49.05(39)
0.5206 - 0.5266 2.13+0.02 7.14+024 6.45+£0.04 062+0.10 25+04 1.48+0.02 10.02+0.06 3.45+0.04 53.83(37)
0.6294-0.6317 230+£0.02 897+029 641+£0.08 077012 29+05 1.63+0.03 7.87+0.19 3.12+0.05 39.19(36)
0.6375-0.6391 230+0.03 11.63+0.55 649+0.06 0.71+0.11 42+05 1.63+0.04 834+038 3.48+0.06 37.51(37)
0.6939-0.7001 222+0.02 1047+0.27 630+0.08 0.69+0.11 3.6+06 151+0.02 11.33+0.13 4.81+0.05 20.61(36)
0.7422-0.7483 222+0.01 10.70+0.24 570+0.25 1.81+0.13 10.6+1.8 1.48+0.03 10.04+0.16 3.43+0.05 25.78(36)
0.8034-0.8150 2.25+0.01 10.02+0.26 6.17+0.09 080+0.12 43+08 1.54+0.02 1094+0.13 4.83+0.05 15.68(36)
0.8591-0.8692 2.52+0.02 12.54+032 6.52+0.05 0.53+0.09 2.7+03 186+0.03 585+0.09 2.83+0.05 30.68(35)
0.9204-0.9295 235+0.01 1290+0.29 620+0.06 0.72+0.12 33+06 1.58+0.02 931+0.13 3.89+0.06 18.22(36)
0.9799-0.9902 2.80+0.09 1.77+020 645+0.07 039+0.15 1.6+04 1.70+0.03 795+0.13 3.65+0.06 26.06(33)

0.1437-0.1566 1.52+0.02 996+0.53 595+0.08 131+0.08 153+1.7 1.01+0.01 43.90+£0.66 14.52+0.10 34.35(40)
0.2744-0.2860 2.09+0.02 3.25+0.09 6.19+0.07 1.05+0.07 6.0+£05 137+0.01 1447+0.12 531+0.04 54.16(43)
0.3816-0.3949 2.17+0.02 5.60+0.24 629+0.06 099+0.06 88+09 150+0.02 1136022 4.59+0.08 40.32(42)
0.4555-0.4603 2.13+£0.02 7.54+026 633+£0.05 097006 7.6+07 153+0.02 9.65+0.10 434+0.05 44.89(43)
0.5023-0.5082 2.19+0.03 838+0.25 630+0.05 1.01+0.06 83+06 159+0.02 942+0.10 4.00+0.04 33.53(43)
0.6071-0.6094 2.14+0.01 10.75+0.22 6.41+£0.06 098+0.07 59+06 1.49+0.02 10.85+0.11 4.15+0.04 46.82(44)
0.6278 -0.6336 2.28+0.02 930+029 6.44+0.04 084+007 54+05 1.67+0.02 820+0.10 3.73+0.05 44.67(43)
0.6882-0.6973 230+0.02 10.86+0.27 6.49+0.04 083+0.08 48+05 1.65+0.02 816+0.09 3.54+0.05 43.80(43)
0.7533-0.7583 230+0.01 1227+030 648+0.05 0.77+0.09 4.0+05 1.61+0.03 8.41+0.11 3.42+0.05 48.45(43)
0.7778 -0.7786 226 +0.02 13.75+035 6.36+0.07 093+0.10 53+0.7 151+0.05 958+0.28 3.45+0.06 52.11(43)
0.7819-0.7826 229+0.03 12.82+043 645+0.06 082+0.11 42+06 156+0.04 9.17+0.17 3.54+0.06 44.99 (43)

Notes: Errors quoted are 90% confidence limit for the fitting parameters ( Ay* = 2.7 ), assuming a distance of 5.5 kpc to the source [2]. The interstellar hydro-
gen column density is fixed at 1.80 x 10??cm 2 [34,38]. “The unabsorbed flux of blackbody in 0.01 - 30 keV, in units of 10~ ergs cm™ ™. "The unabsorbed

flux of the iron line, in units of 10~ photons cm s, °The inner disk radius (times ~/cos@ , where @ is the angle between the normal to the disk and the line
of the sight), in unit of km. “The unabsorded flux of disk blackbody in 0.01 - 30 keV, in units of 10~ ergs cm > s~
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the NS to form accretion columns above the magnetic
poles [39]. Applying Equation (4) to the accretion onto
the NS, we get the mass accretion onto the NS as

(dM/dt) =L,R,/(GM,,), Q)

ns ns

where R, is the NS radius (R,; = 10 km), L, is the NS
luminosity, which can also be derived from spectral fit-
ting. Therefore, the NS mass accretion rate can be in-
ferred from Equation (5).

When L, and L, are computed, a distance of 5.5 kpc
to the source is taken [2] and the flux in the whole energy
band is used. The flux below ~2 keV cannot be estimated
from the PCA response matrix. Due to the inner disk
temperature (k7,,) or the blackbody temperature
(kT,,) is lower than several keV, the disk flux below ~2
keV or the NS flux lower than ~2 keV contributes a con-
siderable portion of the flux in the whole energy band.
We apply the XSPEC command “dummyrsp” to create a

dummy response matrix below ~2 keV, so that we obtain
the flux in the whole energy band.

In the case of a spherically symmetric accretion flow,
the NS Eddington luminosity was given by Burger and
Katz [40] as

Leyq =41cGM, /K, (6)

where & (0.398 cm 2 g ') is the opacity and ¢ is the
light velocity. The NS Eddington luminosity will be 1.76
x 10% ergs s 'under condition M,, = 1.4 Mo, and the NS
Eddington accretion rate will be

(dM/dr) . = LR, [(GM, )=4ncR, [k . (7)

Edd

Taking the NS radius to be 10 km, the NS Eddington
accretion rate (dM/d¢)., . will be 1.50 x 10° Mo yr .
Hereafter, in order to discuss more physically, we take
the Eddington accretion rate as the unit of accretion rate.
The estimated mass accretion rates are listed in Table 2.

Table 2. The estimated mass accretion rates of Cir X-1.

Orbital phase ‘R, "L “(dM/dr) st ‘0, “(dM/dt )m‘F.dd
0.0526 - 0.0570 21.38+0.29 1.86 +0.03 2.26+0.07 0.19+0.01 0.11+0.01
0.0607 - 0.0788 29.61 +£0.30 2.84+£0.03 4.78 £0.09 0.17+£0.01 0.10+0.01
0.0809 - 0.0875 38.53+£0.46 3.51+£0.03 7.69+0.15 0.22+0.01 0.12+0.01
0.2021 - 0.2084 30.39+0.24 2.46 +0.02 4.25+£0.06 0.11 +£0.01 0.06 £ 0.01
0.2626 - 0.2689 21.89 +0.21 2.00+0.02 2.49 £0.05 0.14+£0.01 0.08 £0.01
0.3190 - 0.3250 15.19+0.17 1.59 +£0.02 1.37+£0.04 0.15+0.01 0.09+0.01
0.4077 - 0.4104 14.23 +£0.23 1.11+£0.02 0.89+0.03 0.21 £0.01 0.12+0.01
0.4601 - 0.4627 19.59 +£0.26 1.55+0.02 1.73 £0.05 0.26 £0.01 0.15+0.01
0.4744 - 0.4805 11.68 £ 0.57 1.14+£0.02 0.76 £0.05 0.25+0.01 0.14+£0.01
0.5206 - 0.5266 14.17 £ 0.09 1.25+0.02 1.01 £0.03 0.26 £0.01 0.15+0.01
0.6294 - 0.6317 11.13+0.27 1.13+£0.02 0.71 £0.03 0.32+0.01 0.18+£0.01
0.6375 - 0.6391 11.79 £ 0.53 1.26 £ 0.02 0.84 +£0.06 0.42+£0.02 0.24+£0.01
0.6939 - 0.7001 16.02+0.18 1.74 £0.02 1.59 £ 0.04 0.38 £0.01 0.22+£0.01
0.7422 - 0.7483 1420+ 0.22 1.24+£0.02 1.00 + 0.03 0.39+0.01 0.22+0.01
0.8034 - 0.8150 1547 +£0.18 1.75+0.02 1.54 +0.04 0.36+0.01 0.21 +0.01
0.8591 - 0.8692 8.27+0.12 1.02 +£0.02 0.48 +£0.02 0.45+0.01 0.26+0.01
0.9204 - 0.9295 13.17+£0.18 1.41+0.02 1.05+0.03 1.41+0.02 1.05+0.03
0.9799 - 0.9902 11.24+0.18 1.32+£0.03 0.84 £0.03 0.06 £0.02 0.04 £0.01
0.1437 - 0.1566 62.08 +0.93 5.26 £0.04 18.55+0.41 0.36+£0.02 0.20+£0.01
0.2744 - 0.2860 20.46 +0.16 1.92+£0.02 2.24+£0.04 0.12+0.01 0.07 £0.01
0.3816 - 0.3949 16.06 +0.31 1.66 £ 0.03 1.52 £ 0.06 0.20+0.01 0.12+0.01
0.4555 - 0.4603 13.65+0.15 1.57+0.02 1.22+0.03 0.27+0.01 0.16 £0.01
0.5023 - 0.5082 13.32+0.14 1.45+£0.02 1.10+£0.03 0.30+£0.01 0.17+£0.01
0.6071 - 0.6094 15.34+0.15 1.50 £0.02 1.31£0.03 0.39+0.01 0.22+0.01
0.6278 - 0.6336 11.60 = 0.14 1.35+0.02 0.89+0.03 0.34+0.01 0.19+0.01
0.6882 - 0.6973 11.54+0.13 1.28 £ 0.02 0.84 £0.03 0.39+0.01 0.22+0.01
0.7533 - 0.7583 11.89+0.16 1.23 £0.02 0.84 +0.03 0.44+£0.01 0.25+0.01
0.7778 - 0.7786 13.55+0.39 1.25+0.02 0.96 £ 0.05 0.50+0.02 0.28 £0.01
0.7819 - 0.7826 12.97+0.24 1.28 £0.02 0.95+0.04 0.46 £0.02 0.26+0.01

Notes: The disk inclination angle, distance to the source, and Eddington accretion rate are assumed to be 60°, 5.5 kpc, and 1.50 x 10 *Mo-yr ', respectively.
“The inner disk radius, in unit of km. "The unabsorbed luminosity of accretion disk, in units of 10°® ergs s™'. °The disk accretion rate, in unit of Eddington accre-

tion rate (dM/dr)

Edd

Copyright © 2012 SciRes.

. “The unabsorbed NS luminosity, in units of 10°® ergs's™'. °The NS accretion rate, in unit of Eddington accretion rate (dM/dr)

Edd "
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The BB in our spectral model is interpreted as the
emission from the NS, so the BB radius inferred from BB
parameters, including BB temperature and BB luminosity,
will be the NS radius. However, we find that the inferred
BB radii are much less than the typical NS radius (10
km). Therefore, in order to get the typical NS radius 10
km, the inferred BB radii are multiplied by a coefficient.

3. Result and Discussion

3.1. The Evolution of Spectral Parameter along
the Orbital Phase

As shown in Figure 2, the source intensity and colors are
obviously modulated by the orbital phase. Each of the two
periods can be divided into three epochs with orbital
phase 0- 0.1 (or 1 - 1.1),0.1 -0.5 (or 1.1 - 1.5), and 0.5 -
I (or 1.5 - 2), respectively. In the first epoch, around the
periastron, the source intensity increases dramatically
with orbital phase, while the colors decrease. However, in
the second epoch from orbital phase 0.1 to the apastron
(phase 0.5), the source intensity continuously decreases
with the orbital phase and meanwhile the colors increase.
In the third epoch, both the count rate and the colors do
not show obvious evolution, in other words they basically
keep unvaried or fluctuate around a central value. Our
results are generally in agreement with those of Iaria et al.
[34], whereas some of ours are different from theirs: dur-
ing the whole orbital period, the source intensity continu-
ously decreases with the orbital phase; within the orbital
phase interval 0 - 0.1, the hardness decreases with the
orbital phase, but during all the left orbital phases from
0.1 to 1, the hardness continuously increases with the or-
bital phase.

Figure 4 shows the orbital modulation of the spectral
parameters. In the first epoch, with increase of orbital
phase, both the disk temperature and the BB temperature
decrease and, however, both the disk flux and the inner
disk radius increase. The evolution of thermal tempera-
tures, or disk flux, or inner disk radius in the second ep-
och is just the opposite from that in the first epoch. In the
third epoch, the BB temperature increases, but the inner
disk temperature, or the disk flux, or the inner disk radius
fluctuates.

As shown in the two bottom panels in Figure 4, it is
peculiar that the NS radius, inferred from the BB pa-
rameters, fluctuates around the typical NS radius (10 km)
during the two orbital periods and it is an only inde-
pendent parameter, which gives us the confidence for our
spectral model. Moreover, Figure 1 shows that in most
cases, the inferred NS radius is not correlated with the
disk accretion rate or the NS accretion rate. However,
Shirey et al. [17] found that as long as the mass accretion
rate increases along the direction of the “Z” track, the BB
radius increases with the mass accretion rate.

Copyright © 2012 SciRes.
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Figure 4. The spectral parameters at different orbital
phases. The spectra are fitted by the BB + MCD + LINE
model. The fluxes are the ones in 0.01 - 30 keV. The NS
radius (R,,) is inferred from the blackbody temperature
and blackbody luminosity.

3.2. The Orbital Modulation for M ass
Accretion Rate

In this work, with the spectral fitting parameters, we cal-
culate the mass accretion rates of Cir X-1 at different
orbital phases, which are shown in Figure 5. One can see
the obvious orbital modulation for the disk accretion rate.
At the periastron with phase 0 - 0.1, the disk accretion
rate is super-Eddington and increases abruptly, then from
phase 0.1 to the apastron (phase 0.5) it decreases and
becomes near-Eddington, and from the apastron to the
next periastron (phase 1) the disk accretion rate ap-
proaches Eddington and basically keeps unvaried as well.
As suggested by Johnston et al. [33], the orbital modula-
tion for the disk mass accretion rate is attributed to the
high orbital eccentricity of this source.

At the first epoch with phase 0 - 0.1, i.e. at the perias-
tron, the NS is close to the companion star which over-
fills its Roche lobe, resulting in the mass transfer from
the companion star to the NS at the super-Eddington
mass accretion rate. Meanwhile, at this episode, due to
tidal interactions, it is difficult for the accretion disk to
form or the disk is disrupted, leading to large X-ray fluc-
tuations (see the top panels of Figure 2 or the middle
panels of Figure 4). Some special phenomena have been
observed at the periastron. Shiery ef al. [17] detected a
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Figure 5. The orbital modulation for the mass accretion
rates. Top: the disk mass accretion rate. It is shown that in
the first epoch (orbital phase O - 0.1, or 1 - 1.1), the disk
mass accretion rate increases with orbital phase, but it de-
creases with orbital phase in the second epoch (orbital
phase 0.1 - 0.5, or 1.1 - 1.5), and it steadies in the third ep-
och (orbital phase 0.5 - 1, or 1.5 - 2). Bottom: the NS mass
accretion rate. The NS mass accretion rate fluctuatesin the
orbital phaseinterval 0- 0.2 (or 1- 1.2), and, however, after
orbital phase 0.2 (or 1.2) it continuoudly increases with or-
bital phase. Additionally, the NS accretion rate is much less
than the disk accretion rate.

line component at ~10 keV in the spectrum of this source,
and Ding ef al. [35] conformed it and found that it only
occurs at the periastron. Also at the periastron, the partial
covering was found by Brandt et al. [15] and a long-term
dip was present, which could be attributed to the partial
covering [41]. Maybe, these special behaviors are linked
to the tidal interaction at the periastron. The huge tidal
force could destroy the disk and the matter of the dam-
aged disk might be thrown out by the large NS radiation
pressure to form outflows. Sequentially, the line compo-
nent at ~10 keV could be resulted from the emission of
some heavy elements such as Ni, as suggested by Asai et
al. [42], which could come from the outflows, and the
outflows might cover the source’s emission partially.

In the second epoch from phase 0.1 to the apastron
(phase 0.5), the NS departs from the companion star,
then the companion star partially overfills its Roch-lobe
surface, and thus the mass transfer decreases, resulting in
the rapid decrease of accretion rate. Meanwhile, an ac-
cretion disk is gradually formed, which might be geo-
metrically thick, because the disk accretion rate exceeds
or approaches the Eddington limit.

After the apastron passage, the NS is far away from the
companion star, then the companion star is detached from
its Roch-lobe surface, so mass transfer ceases. However,
accretion via a steady disk continues to operate till the
next periastron passage, where the disk is disrupted by the

Copyright © 2012 SciRes.

tidal interaction. When the NS proceeds the next perias-
tron, the companion star overfills its Roch-lobe again,
switching on another cycle of super-Eddington accretion,
formation of disk, and steady disk accretion.

When accretion onto the inner disk takes place in the
steady disk, the accreting matter approaches the magne-
tosphere, then it will be controlled by the NS magnetic
field and moves along the magnetic field line onto the NS
to form an accretion column above the magnetic poles.
We investigate the accretion onto the NS and calculate the
mass accretion rate onto the NS using Equation (5). Mass
continuity requires that the mass accretion rate onto the
NS should be equal to the disk mass accretion rate. How-
ever, as shown by Figure 5, the disk accretion rate is
much larger than the NS accretion rate, indicating sig-
nificant outflows in this system. Moreover, the evolution
of the NS mass accretion rate differs from that of the disk
mass accretion rate. Except at the periastron, the NS ac-
cretion rate continuously increases with the orbital phase.
It is likely that the increase of NS accretion rate is attrib-
uted to the steady accretion in the disk. After the perias-
tron passage, an accretion disk is formed and the steady
mass accretion in the disk takes place, resulting in that the
accreting matter is accumulated in the inner disk and
more accreting matter is supplied for the NS accretion.

3.3. The Evolution of the Inner Disk Radius
along the Orbital Phase

As demonstrated in Figure 6, the disk luminosity devi-
ates from the relation of Loc 7%, which is obviously
attributed to that the inner disk radius (Rm) or the disk

T T 7T

10

T LI e S R

Lycp & Ly, (10% ergs/s)

0.1
T

L | L L
1 2
KT, & KT, (keV)

Figure 6. The luminosities of spectral components (MCD/
BB) vs. their characteristic temperatures. The red squares
and blue triangles represent the results of MCD and BB,
respectively. The dashed line and dotted line correspond to
L=4nR*T*, with R=15 km and R=3 km, respec-
tively. The solid line correspondsto L oc T72°,
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emission area (47tR;) is varied, because the disk lumi-
nosity (Ldisk ) , the inner disk temperature (7:” ), and the
inner disk radius (R,,) are correlated via [43]

Ly = 4’":Ri2no-];: ) (®)

where o is the Stefan-Boltzmann constant. The bottom
panels of Figure 4 shows the evolution of the inner disk
radius along the orbital phase. From phase 0.1 to the
apastron, the inner disk radius decreases rapidly, in other
words, the disk goes to the NS fast. Shirey et al. [36]
reported that in the phase interval ~(0.4 - 0.8), the fre-
quency of QPOs increases with the increase of phase,
just in agreement with the decrease of inner disk radius,
if the QPO frequency is assumed to be the kepler’s fre-
quency of the inner disk. After the apastron, the inner
disk radius fluctuates around a value slightly larger than
the NS radius (10 km), indicating that the disk neighbors
the NS. It is interesting that the disk luminosity is in-
versely correlated with the inner disk temperature (see
Figure 6). This inverse relation is resulted from that
when the NS departs from the companion star, the inner
disk temperature increases slowly and, however, the in-
ner disk radius decreases rapidly.

Similarly, the disk emission of the first transient Z
source XTE J1701-462 also deviates from the relation of
L oc T*, which Lin et al. [44] attributed to the local Ed-
dington limit, while Ding et al. [45] ascribed to the in-
teraction between the disk and the magnetosphere of the
NS. However, Lin et al. [46] found that the inner disk
radius is unvaried in two atoll sources, i.e. 4U 1608-52
and Aql X-1, and suggested that the constant inner disk

radius is set by the innermost stable circular orbit (ISCO).

The NS surface magnetic field might be responsible for
the evolution of inner disk radius. The NS surface mag-
netic field strength of atoll sources might be low, so that
the magnetosphere possibly shrinks within the ISCO and
then the inner disk edge terminates at the ISCO, which is
similar to the case of black hole X-ray binaries (BHXBs)
[47]. However, in Z sources, the NS surface magnetic
field strength is high, so the magnetosphere could exceed
the ISCO and, therefore, the magnetosphere interacts
with the disk, resulting in the evolution of the inner disk.

Additionally, in Figure 6, it is shown that the NS
emission also does not obey the relation of LocT*,
which is resulted from the fact that the BB emission ra-
dius (R,;) or area (47IR§B) is changed, because the
BB luminosity (L), the BB temperature (7j,), and
the BB radius (R,,) are correlated via

Ly, = 47TR;B oT, ;B . 9

The varied BB emission radius or area indicates that the
size of the hot spot formed by the accreting matter onto
the NS surface is changed.

Copyright © 2012 SciRes.

4. Conclusion

We analyzed the spectra of Cir X-1 during its two orbital
cycles and investigated the evolution of mass accretion
rates along the orbital phase. The spectra can be fit by a
model consisting of a BB, plus a MCD. At the periastron,
the disk accretion rate is super-Eddington and increases
abruptly, then after the periastron passage until the apas-
tron it decreases rapidly and becomes near-Eddington,
and finally after the apastron until the next periastron, the
disk accretion rate approaches the Eddington and keeps
steady. We propose that the evolution of the disk accre-
tion rate is attributed to the high orbital eccentricity of
this source. The disk emission deviates from the relation
of LocT* and the disk luminosity is inversely corre-
lated with the inner disk temperature, which is resulted
from the slow increase of inner disk temperature and,
however, the rapid decrease of inner disk radius during
the passage for the NS to leave the companion star.
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