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ABSTRACT

Low-mass X-ray binaries (LMXBs) are systems in which a lowss companion
transfers mass via Roche-lobe overflow onto a black hole (Bld)weakly magnetized
neutron star (NS). It is believed that both the solid surfaicd the magnetic field of
an NS can affect the accretion flow and show some observdbld®fUsing the disk
emission dominant data, we compare the disk evolution ofwloetypes of systems
from low luminosity to super-Eddington luminosity. As thendinosity decreases the
disk in the NS LMXB 4U1608-522 begins to leave the innermtatle circular orbit
(ISCO) at much higher luminosity( 0.1 Lgq4q), compared with BH LMXBs at much
lower luminosity ¢ 0.03Lgqg), due to the interaction between the NS magnetosphere
and accretion flow. However, as the luminosity increasese@bacritical luminosity,
the disks in BH and NS LMXBs trace the same evolutionary pattbecause the
magnetosphere is restricted inside ISCO, and then both $heuxface emission and
(dipole) magnetic field do not significantly affect the secwdvolution of the accretion
disk, that is driven by the increased radiation pressurbeririner region. We further
suggest that the NS surface emission provides additioftahration of accretion disk,
not available in BH systems. Through the observed NS sudatssion, we argue that
the disk thickneshl /Ris less than (B—-0.4, and that the significant outflow from inner
disk edge exists at luminosity close to Eddington luminosit
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1. Introduction

Low-mass X-ray binaries (LMXBs) are systems in which a loassicompanion| < 1M)
transfers mass via Roche-lobe overflow onto a black-hole) @th weakly magnetized neutron
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star (NS; see reviews by Tanaka & Lewin 1995; van Paradijs &Mitock 1995). Based on
their X-ray spectral and timing properties, LMXBs with an Nfémary can be classified into two
subclasses (Hasinger & van der Klis 1989; van der Klis 20@$ources with high luminosity
(close to Eddington luminosity,eqg) and Atoll sources with low luminosity~ 0.001—-0.3_g4g).

Compared to NSs, astrophysical BHs are relatively simpjeatd, possessing only mass and
spin. As luminosity increases, BH LMXBs go through the qoest state, low/hard state (LHS),
intermediate state (IMS), high/soft state (HSS), and vegh Istate (VHS) (Esin et al. 1997).
Because IMS and VHS have similar spectral and timing behduib with different luminosity,
they can be taken as the same state and represent tranbiitwveen LHS and HSS (Done et al.
2007).

In the X-ray color-color diagram (CCD) or hardness intgndiagram (HID), Atoll sources
trace a U-shape or C-shape track as the spectra evolve. Bio bottom, the three states are
the extreme island state, the island state, and the banatea(&ierlhski & Done 2002; Lin et
al. 2007). To be consistent with BH LMXBs, however, we refethese branches as LHS, IMS
and HSS, respectively. On the other hand, Z sources displapproximate Z shape in CCD,
and the upper, diagonal, and lower branches are calleddmalz normal, and flaring branches
(HB/NB/FB), respectively. Z sources typically stay at higiminosity (close to Eddington lumi-
nosity) with very soft spectra on all three branches (LinleR809, hereafter LRH09).

There are two key differences between NSs and BHs — the mresgrthe absence of a solid
surface and a (dipole) magnetic field. These differences gse respectively to Type | X-ray
bursts, which are thermonuclear explosions in the surfagers of NSs, and coherent pulsations,
which are the signals resulting from the dipolar magnetild$ieanchored in NSs (Done et al.
2007). These two phenomena are very common in NS X-ray leisidout have never seen in the
BH systems. It is believed that both the solid surface andhthgnetic field can also affect the
accretion flow, and show some observable effects.

For comparable mass accretion rates, the observatioralstgigest that BH LMXBs are
fainter than NS LMXBs by a factor of 100-1000 in quiescent state. The large X-ray luminosity
difference can be naturally explained by the advectionidated accretion flow (ADAF) model.
The bulk of thermal energy is trapped in the advective floveeng into the BH event horizon, and
is lost from sight. Whereas in the case of NS, the thermalggnisrradiated from its solid surface,
and makes NS LMXB much brighter than BH system (Narayan & NGtk 2008). However,
ADAF model overestimates the luminosity of quiescent NS LBjXinless most of the accretion
flow is prevented from reaching the NS surface on accountefgiopeller” effect (Zhang et al.
1998; Menou et al. 1999).

The interaction of accretion flow with magnetic field can bearegterized by the size of
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magnetosphere co-rotating with the central NS; the boynofathe magnetosphere is determined
where the ram pressure of the flow is balanced by the magnetsspre. When falling into the
magnetosphere, the accreting gas is forced to co-rotatelmatmagnetosphere/NS, since the mag-
netic force dominates the flow dynamics in this region (Larhble 1973). The radius of an NS
magnetosphere increases with decreasing accretion aatepfiessure), that is,
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given by Cui (1997), wheréy is the bolometric X-ray luminosityB is the NS surface magnetic
field strength, andRys is the NS radius. If the magnetosphere expands beyond thetaien
radius, the centrifugal barrier prevents most materialetotgy onto NS, and the disk is truncated at
the magnetosphere radius. Itis well known as “propellédeaf and its evidence has been reported
in some X-ray pulsars and Atoll sources (Cui 1997; Zhang.et298; Campana et al 1998). The
Atoll source 4U1608-522 is found to undergo an abrupt spkectrange during the luminosity
declines of its 2004 outburst (Chen et al. 2006). Chen et28l0§) argued that this event can be
interpreted as the propeller driven spectral state triansisimilar to that found in Agl X-1 (Zhang
et al. 1998; Campana et al 1998). In the next section, wefigads the 2007 outburst of 4U1608—
522, that was observed with Swift and the Rossi X-ray Timingl&rer (RXTE) simultaneously.
We compare the BH LMXBs with NS LMXBs from low to super-Edding luminosity in &8, and
present our conclusions ifg84.

2. The 2007 outburst of 4U1608-522

4U1608-522 is a typical Atoll source (Hasinger & van der KIB389), in which the kHz
guasi-periodic oscillations and the Type | X-ray burstsehbgen detected (Nakamura et al. 1989;
Remillard & Morgan 2005). Its distance of 3.6 kpc is estindafteem some bursts that showed
photospheric radius expansion (Nakamura et al. 1989). gkaal. (1996) first detected its hard
X-ray outburstin low state over 20-100 keV with the Burst dnainsient Source Experiment on the
Compton Gamma Ray Observatory. Taking advantage of the dhatgbase obtained with RXTE,
Lin et al. (2007, hereafter Lin07) evaluated various sgéctrodels for 4U1608-522. However,
due to the lack of sensitivity below 2 keV with RXTE, they cdulot provide a substantial con-
straint on the thermal component, especially in the low hosity soft and hard states (LinQ7).
Thanks to the superior low energy response and schedulixigifiey of Swift, we can break the
new ground relative to the comprehensive study of 4U1608432Lin07. Here we present the
simultaneous RXTE and Swift observations of 4U1608-522hduits 2007 outburst in this sec-
tion, and give a new insight of its accretion disk evolutioonfi high to low luminosity soft state.
Most of the observations from these two X-ray missions weaide@nwithin half to one day, and the
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observations of 00030791017 (Swift) and 92401-01-11-04T(R) were made exactly simultane-
ously on 2007 June 27, as shown in Figure 1. In the next twoestilosis, we describe the RXTE
and Swift data reduction. The spectral modeling resultshosvn in §2.8.

2.1. RXTE Data Reduction

RXTE has three instruments - the Proportional Counter A{PEyA), the High-Energy X-ray
Timing Experiment, and the All Sky Monitor (ASM). We analy2&l1608—-522 data from RXTE
observations taken between 2007 June 19 and 2007 Augush 4h&iFTOOLS software package
version 6.@. The detailed studies presented in this work rely on data fitee PCA. We only use
the Standard2 data from the top layer of PCU2, that operaiedglall the observations (data of
300s before and 1000s after the Type | X-ray burst in July 8leacluded). The data are filtered
with the standard criteria: the Earth-limb elevation angiger than 10and the spacecraft pointing
offset less than .02°. The background files are created using the prograabackest and the
latest bright source background model since the sourcedgitye> 40 counts/s/PCU. We create the
PCA background-subtracted light curves for each energgredlan 128 s time bins. These light
curves are used to build CCD, defining the soft and hard calsithe ratios of the counts in the
(3.6-4.9)/(2.1-3.6) keV bands and the (8.6-18.0)/(48)-BeV bands, respectively. Figurigs 1 and
show that the source stays in the lower branch (diamond, lHS8e outburst, and traces the
upper branch in the CCD (triangle, LHS) before and after ttéurst. However, the observations
are not dense enough to cover IMS.

2.2. Swift Data Reduction

Swift has three scientific instruments on board: the BurstrtATelescope (BAT), the X-ray
Telescope (XRT), and the UV/Optical Telescope. 4U1608-%a8 observed with XRT from
2007 June 20 to August 3. The data are reduced and analyZeth@FTOOLS software package
version 6.9.

The XRT data were taken in window-timing (WT) mode beforeydi2 and after July 30, and
switched to photon-counting (PC) mode between July 12 alyBlu However, the source was so
bright that all PC mode data were strongly affected by pilelipus the PC mode data cannot be
used, and only WT mode data are included in the subsequéeysana

1Seentt p: // heasarc. gsf c. nasa. gov/ docs/ sof t war e/ [ heasot t/


http://heasarc.gsfc.nasa.gov/docs/software/lheasoft/

Fan - T T
‘n [ l
T 0ok A B00Rg, ! ]
o E o O
6\ r AAAAAAAAA
S oL | ou&AMAA ]
[S) E ! ! A
PO |
= 1%65 + +

F 1 1

Foe =
- Fool - I
‘0 1ok~ — .o
g F! - ! - + o+
g8 Ty gt T

1 1

4270 4280 4290 4300 4310 4320
MJD-50000

Fig. 1.— Upper panel: light curves of 4U1608-522 observeith WXTE (blue symbol) at D -
50.0 keV and Swift/XRT (red symbol) at.6—10.0 keV (see text for description of the spectral
model used). The diamonds between the two dashed linespord to the high/soft state data,
and the triangles correspond to the low/hard state dataeffbebars are smaller than the symbol
size. Lower panel: RXTE ASM daily-averaged count rates.@t=22.0 keV of 4U1608-522
during its 2007 outburst.
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Initial event cleaning is performed using tRket pi pel i ne script, with standard quality
cuts, and only events with grades 0-2 are selected as goodisevés spectra are extracted with
xsel ect, from a rectangular box of 20 pixels wide and 60 pixels longtesed at 4U1608-522,
and background spectra are taken from a rectangular reitve same size outside of the source
region. To correct for bad columns, the exposure maps arerged withxr t exponap. We also
produce the ancillary response files witht nmkar f to facilitate subsequent spectral analyses. The
latest response files (v011) are taken from the CALDB dawbamally, the spectra are grouped
to require at least 20 counts per bin to ensure valid ressitgy? statistical analysis.

The uncorrected light curves varied drastically becausewblent change in the XRT effec-
tive area (by a factor of 10) in the observations on June 22 and June 26. As a resuliptutra
of these two observations cannot be fitted with any physicalehand excluded in the subsequent
analyses .

2.3. Spectral Modeling

Various models are proposed to explain the X-ray spectra®tMXBs (Barret 2001), but
not all of them are self-consistent, though providing atalele fits. Using multiple evaluation
criteria, Lin07 suggested that the RXTE spectra of NS LMXBr be well interpreted with the
hybrid model: for the hard state, a single-temperaturekiblady (BB) plus a broken power law
(BPL); for the soft state, two thermal components (standlairdaccretion disk and BB) when the
luminosity is high, and an extra constrained BPL is needdit tioe hard excess above 15 keV due
to low levels of comptonization at lower luminosity. In thi®rk, we apply their hybrid model to
fit the spectra of 4U1608-522 with XSPEC version 12.6.0 (Ath#996).

The PCA is now well calibrated up to about 50 keV using PCARMEl(?)@, which was
released in 2009 July. The PCA spectra of 4U1608-522 ard fitter the energy range of 2.6-
50.0 keV, and a systematic error ab@6 is added to all energy channels. On the other hand, fits
made with the XRT data are restricted to the 0.6-10 keV raag&aid calibration uncertainties at
energies less than 0.6 keV (Rykoff et al. 2007).

When the source is in LHS, the PCA spectra are fitted with BB+;B#hile the Swift/XRT
spectra are fitted with BBopody in XSPEC) plus a power-law (Ppp in XSPEC) model. 4U1608—
522 was active between June 19 and July 4, and the state obtineestransits into HSS. Lin07
showed that the low levels of comptonization has influenctherspectra above 15 keV and a con-
strained BPL lopkn in XSPEC) componentis only required at low luminosity stdts observations.
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At higherLy, most spectra can be fit by the multi-color disk model (M@Bkbb in XSPEC) plus
BB. Because the RXTE observations do not cover IMS and thé&/SWT is lack of hard X-ray
data, we fit both Swift/XRT and PCA spectra with the MCD+BB mabdA Gaussian line with
the width fixed at 0.1 keV is added to describe the Fe line in BpActral fitting. Fitting the
Swift/XRT spectra, we find the neutral hydrogen column dgrefiNy = (0.92-1.06) x 1072 cmi?,
which is in good agreement with those reported in litera(Benninx et al. 1989). Thus all models
include an interstellar absorption component with the bgen column fixed aly = 1.0 x 10%?
cm2 (Lin07), and the unabsorbed flux is calculated in 2.0-50\ ke PCA and 0.6-10.0 keV for
Swift/XRT, respectively (Figurgl1l and Table 1).

In the soft state, the inner disk radius can be estimated fhediskbb model as:

Rin = n I\Itgi)i'ssk %kpc COS@_O'S f(:20| km7 (2)
whereNgisk is the normalizationD is the distanceq is the angle of the diskf, is the fractional
change of the color temperature amds the correction factor for the inner torque-free boundary
condition (Zhang et al. 1997; Gienki & Done 2002). For X-ray Binaries, we cannot restrict the
inclination very well in most cases, unless the companibgtgt curve modulation is observed.
Since neither eclipses nor absorption dips have been ab€n07), we assume a reasonable
inclination angle~ 70°, however, do not exclude the possibility of smaller or@s: 3.6 kpc,n =
0.7, andf,, = 1.7 are adopted in this work. Our main interest here is the tadratcretion disk
evolution that does not strongly depend on the precise sadfi¢he inclination angle and these
correction factors. With the inner disk radius and its terapee, the bolometric luminosity of the
disk can also be derived abgisx = 4TR?0sgT*. The Eddington luminosity ifgqq = 1.3 x 10°8 x
M /M, erg s with M being the mass of central compact object. Assuming that #esmof NS is
1.4 solar mass, then its Eddington luminosity i821x 10°8 erg s* .

In Figure[3 we plot the radius of the inner accretion disk usrthe bolometric luminosity of
the disk in units oLgqq. Above~ 0.1Lgqq, the inner disk radius remains constant (3 km), that
is, the innermost stable circular orbit (ISCO) of NS. Thehdmkline in the right panel of Figure 3
represents gisx = 4rR%0ssT# with R= 13 km. These results are in agreement with Lin07 (Figure 7
in their paper).

There are two XRT observations below Q344 that deviate from the constant radius and
Lgisk o T4, Since these two observations cover the lower luminosig|l just before the source
returns to LHS, we need to check the spectral model caref#iiging the data with MCD+BB
and BB+PL shows that the MCD+BB model is favored; adding a Bingonent to MCD+BB,
the photon index pegs at the hard limit of 10.0. However,dhga caveat when we use the sim-
ple PL model to depict the Compton component in fitting thecspeof X-ray binaries: it rises
without limit at low energies, which evidently disagreeshwComptonization. To eliminate this
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Fig. 2.— Color-color diagram of 4U1608-522, with bin sizel@B s. The meaning of the symbols
is the same as in Figure 1: the diamonds and triangles maitkighésoft state and low/hard state
data, respectively.

Table 1. Best-fit Spectral Parameters of Soft State

ObsID KTdisk Naisk KTeg Nes fx X /dof
RXTE
92401-01-10-00 55:§;§§ 1078314 2.43’:§;§§ o.o70ﬁ§;§§g 1.741i§;§§§ 72.39/73
92401-01-10-01 54f8; 1103’%5-‘21 2.38’:8; ; 0.051°0008 1.307i8;88i 62.36/73
92401-01-11-00 B4 11145 2417 0.068"; 1.426'; 68.22/73
02401-01-1102  B00DS 100870 235008 00520008 11080004 455673
) e 08 ossS08 [ 10g9888 o
92401-01-11-03 J42f8; 1254%8‘% 2,22_8;og 0.052:8;886 1,109i8;808 52.42/73
92401-01-11-04 143’:8;8g 1284’:%%‘7 2.31t8;§g 0.053’:8;882 1.14{8;8§g 51.72/73
92401-01-11-01 51f8; 1032’:8;; 2.37t8;8Z o.o47t8;88i 1.1138188% 103.7/73
93408-01-01-00 143’:8;gg 1100’:88;9 2.30’:8;gi 0.041’:8;88% O'geltgiggg 62.77/73
93408-01-01-01 ﬂtg;gg 97.7'88 2,358;8% o.osig;gg% 0,935i8;88g 88.11/73
93408-01-01-02  B6'005 1198795 228'005 00575007 10019003 95.24/73
SWift’XRT

00030791010 23’:§;§8 217723086 183950 o.osdg;gig 1.487i§;§ﬁ‘ 692.2/556
00030791013 131’:8;% 1434’:2%50 192339 0079505 1.34{8;8§ 669.75/554
00030791014 30t8; 69,3t§%; 537568  0.2100116 1,6748;8%8 601.503/572
00030791015 53i8; 1111%%2 610399 0206015, 139170 306.662/312
00030791017 134f8;14 1312ig§ 3 2,31f§;§§ o.o77ﬁ§;§§§ 1,228i8;81 607.722/587
00030791018 28’:8&2 1556%572 214703 0 064’:8;886 1 176:8:8% 688.549/567
00030791019 _’148’:8%% 97.4t§§;7 3.08’:%;gi 0.086'0004 121{38%5 712.975/583
00030791020 134t8; 109.1%%% 3.46t8; 0.069t§;§85j§ 0'89{8:883 759.609/576
00030791021 m2f8; 3312%?;4 1,82f8; 1 0025:888% 0’438:8:883 497.757/487
00030791022 67005 695970148 1497008 0018000 0217050S  468.277/307

Note. — At soft state, the data from PCA are fitted witdbs* (diskbb+bb+gau) and the Swift/XRT spectra are fitted
with wabs* (diskbb+bb). kTyisk: inner disk temperaturéyyisk: normalization of diskkTgg: BB temperatureNgisk:
normalization of BB;fy : 2.0-50.0 keMntrinsic flux in the units 108 erg cni2 st for RXTE, while 0.6-10.0 keV for
Swift/XRT; ledof: Xz and degrees of freedom for the best-fit model.
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divergence, we further fit the data with a more appropriaten@on model (SIMPLsimpl in
XSPEC), which is developed by Steiner et al. (2009). Witlydwlo free parameters, SIMPL in-
corporates the basic features of Compton scattering opbofions by energetic coronal electrons.
Since the seed photons for the Comptonized component catneMCD and/or BB, we com-
bine the SIMPL, DISKBB, and BB in a variety of ways to fit the sfya (i.e.,simpl* (diskbb+ bb),
(simpl*diskbb+bb), and (diskbb+simpl*bb)). Though all these models cannot constrain the pa-
rameters owing to limited photons, the fitting results atliagate that the inner disk radius really
moves out.

Figurel4 shows the ratio between the BB and MCD luminositgwetthe inner disk radius.
Assuming that the accretion matter falls freely from theeindisk to the surface of NS, the grav-
itational potential energy is converted to radiation onk& surface. The dashed line represents
that the luminosity of BB component (i.e., the emission fribia NS surface) is equal to the grav-
itational potential energy, taking NS radiRgs = 10 km. The data above the line mean that the
accretion matter does not fall freely from the disk but alsntains some initial kinetic energy as
the matter leaves the inner disk boundary. The two obsenatdata in IMS lying far below the
line indicate that significant outflow is accompanied withration.

3. Comparing NS LMXBs with BH LMXBs
3.1. Transition from Low/Hard State to High/Soft State

Since Cui (1997) first presented evidence for “propelleféafin two X-ray pulsars, GX
1+4 and GRO J1744-28, further observational evidence toinieraction between magnetosphere
and accretion disk has been found in other NS X-ray binaggas,(Zhang et al. 1998; Campana
et al. 1998). Although the details vary, all magnetospheoeets predict that the inner disk is
truncated at the magnetosphere radius, that expands wetieat#ng accretion rate. The entire
process should simply reverse: with increasing accret@ the magnetosphere moves inward
(Cui 1997). However, when the inner disk is truncated at isévwanes ofRsco, most of disk
components with the temperature around 0.5 keV are out aftiberved bandpass of RXTE. Thus,
direct measurement of magnetosphere radius cannot be nméetes uhe data from instruments
covering the softer X-ray bandpass are used (Done et al.; Z&erinski et al. 2008).

Investigating the simultaneous RXTE and Swift observatioidtU1608-522 during its 2007
outburst, we find that the inner disk radius increases albegoutburst declining phase. This
can be naturally interpreted as the interaction betweemtignetosphere and the accretion disk.
Using Equation (1) we can further derive the magnetic field-of0® G, in agreement with the
value derived from the “propeller” effect (Chen et al. 2Q0®he fitting result also implies that
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Fig. 3.— Left panel: the inner disk radius vs. the disk lunsityy and the dot-dashed line corre-
sponds tdRyisk = 13 km. Right panel: the disk luminosity vs. the inner diskperature, and the
dashed line showsgigx = 47R%0sgT* With Ryigk = 13 km.
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magnetically driven outflowing is significant at lower lurosity (< 0.1Lgqq; See discussion above
about Figure 4), possibly as a result of disk-magnetosgh&eaction.

To explain the spectral state of BH LMXBs, Esin et al. (199/0pgmsed a possible scenario:
an accretion flow around a BH consists of two zones with a iiangadiusR;, an inner ADAF,
and an outer standard thin disk. The ADAF can extend outsjdey above the disk in the form
of a hot corona. The transition radius is correlated invgrag&h accretion rate, that is, the outer
thin disk is restricted to a larger radius at a lower massedicer rate, and vice versa. Substantial
theoretical and observational efforts have been made #ece however, some major issues still
remain unresolved so far. More observations have showrthkearansition occurs at a range of
luminosity, even in a single object. These suggest that tesraccretion rate is a dominant but not
the only parameter in determining spectral state tramst{u et al. 2004). Because the behavior
of a disk is hard to track as the temperature is below 0.5 kelMtagrcontribution is dominated by
non-thermal component, whether the thin disk extends ddesedo the central compact object in
the hard state has remained another controversial topalforg time (Liu et al. 2011). Using the
same data of XTE J1817-330 during its 2006 outburst, Rykadf.e(2007) showed that the cool
disk remained near ISCO at very low luminosity0.001Lgqq, but Gierlhski et al. (2008) argued
that the disk receded when the source left the disk domiradhstate. To avoid this uncertainty,
we only investigate the disk dominant observations in tles@nt work. It was found that its inner
disk radius increases as the luminosity falls belovd.02-0.03Lgq44 (Cyan triangles in Figurgl 5)
(Rykoff et al. 2007; Gierski et al. 2008); the mass of BH in XTE J1817-330 is 6 solarsess
and the inclination angle is 8@Sala et al. 2007). Some other work also supported that #ie di
in BH LMXBs begins to leave ISCO as the luminosity decreasdew~ 0.02-0.03Lgqq O even
lower (Nowak et al. 2008; Maccarone 2003).

When the accretion rate is sufficiently high in NS LMXB systetimee magnetosphere can
be pushed inside ISCO, and thus significantly decoupled trmraccretion disk, assuming that
the disk’s physical boundary cannot extend beyond ISCO. Aesalt, above this critical lumi-
nosity, the disk in BH and NS LMXBs should share very similaolationary pattern, as the
disk-magnetosphere interaction in NS LMXBs is not impatiarthis case. Figure 5 shows that
the thin accretion disk extends down to ISCO for both BH LMX&el Atoll sources in HSS with
luminosity ~ 0.1-0.3Lgqq. It has been suggested that ISCO is just outside the radidSpand
providing constraint on the NS equation of state (Done e2@0D7). On the other hand, ISCO is a
monotonically decreasing function only of the BH spin. Thihe spin of BH can be immediately
derived from the ISCO if the distance, mass, and inclinaticthe systems are available (Zhang et
al. 1997; for recent developments please refer to McClina@l. 2006).
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Fig. 5.— The inner disk radius normalized to ISCO, as a fumctf the disk luminosity, where
all data used here are disk dominant. The red and blue crossdsthe Swift and RXTE data
of 4U1608-522, respectively. We also mark the data of XTELJ1R30 (Gierlhski et al. 2008),
GRS 1915+105 (McClintock et al. 2006), XTE J1701-462 (LRH@r X-1 (Ding et al. 2011, in
preparation), and LMC X-3 (Steiner et al. 2010) by cyan gias, green triangles, the gold line,
black crosses, and the navy dashed line respectively. s the text for the mass of central
compact objecM, and the Eddington luminosityeqg = 1.3 x 10% x M /M, erg s is used here.
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3.2. Transition from High/Soft State to Super-Eddington Sate

It has been realized for a long time that the super-Eddingtmmetion flow seems to occur
in many astrophysical situations, such as in ultra-lumggtray sources (ULXs), Narrow Line
Seyfert 1's, and the growth of the first BHs in the early unseefDone et al. 2007). Investigating
the spectra of M33 X-8, Weng et al. (2009) suggested that swrhk Xs occupy a new state —
super-Eddington state (or slim state; see also Gladstoale 2009). However, because all these
sources are out of the Galaxy and thus with inadequate dadahyacontrast, most BH LMXBs
and Atoll sources in the Galaxy are well below the Eddingtamihosity, our knowledge on the
super-Eddington accretion flow is extremely rudimentanyemntly.

GRS 1915+105 is one of the few BH LMXBs that transit among the ¢iassical states and
super-Eddington state. Fitting the thermal dominant dat@RS 1915+105, McClintock et al.
(2006) found that the value of the BH’s spin remained corstdnen its luminosity was less than
0.3Lgqq, but was depressed when the luminosity exceeded a crigéeall. [Observationally it means
that the disk inner edge increased with luminosity. Sucmpheenon can be explained in two very
different ways. (1) The inner disk edge is still located afCg but its emission is shaded by the
outer disk when the luminosity goes higher and the disk besaimicker. Therefore the inner disk
radius obtained from the spectral fitting is not the true gdlut just the larger radius at which the
emission is not blocked by outer disk (McClintock et al. 2D0@) The inner disk really recedes
at high luminosity. However, the data of GRS 1915+105 alareot distinguish between these
two pictures.

Unlike Atoll sources, Z sources typically radiate at lunsitg close to Eddington luminosity.
During its 2006-2007 outburst, the extraordinary NS LMXBEKJ1701-462 evolved from super-
Eddington luminosity to quiescence. The source firstly ldigp Cyg-like Z track, then Sco-like
Z track, finally evolved smoothly into the Atoll track (see HB9 for the definition of the source
branches), with the disappearance of the FB and through BiEBNvertex. According to the
spectral analysis, the intimate relation between the Atatlk and the NB/FB vertex is suggested
by LRHO09. The Atoll HSS is characterized by a constant inngk dadius, whereas the NB/FB
vertex stage exhibits a luminosity dependent expansioheiitner disk (LRHO09).

We plot the ISCO-scaled radius of inner disk versus the losity in units ofLgqq in Figure
5, whereD =110 kpc,M = 14.0 M, andd = 66° are adopted for GRS 1915+105, and the inner
disk radii obtained from the Figure 1. in McClintock et alO(5) are marked by green triangles.
The inner disk radii of XTE J1701-462 taken from Figure 17 RHO9 are denoted by the gold
solid line, because the number of data points is too numdorudisplay. Note in LRHO9 gqq =
3.79x 10%8 erg s is adopted for NS, wheredsqq = 1.82 x 10°® ergs st is used here.

It is interesting that the disk evolution of GRS 1915+105 XdE J1701-462 track the same
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way from HSS to super-Eddington state as shown in Figure & ifiiplies that both NS surface
emission and (dipole) magnetic field do not significantleeffthe secular evolution of the accre-
tion disk. Note that such evolutionary feature is also foumdther Z sources, e.g. Cir X-1 (Ding
et al. 2011, in preparation) and BH X-ray binaries, e.g. LM@ XSteiner et al. 2010). Steiner
et al. (2010) analyzed hundreds of observations of LMC X4{Bcted by eight X-ray missions,
and found that the source is habitually soft and highly \@eaThe inner disk radius stably kept
at ISCO when LMC X-3 varied between low Eddington luminogiy0.05Lgqq) and~ 0.3 Lggg,
whereas it moved out when the source is brighter thah@3(see Figure 2 in Steiner et al. 2010).
Thus this luminosity-dependent expansion of the inner deknot be attributed to the extreme
physical parameters in GRS 1915+105 or XTE J1701-462 {egh,spin in GRS 1915+105), but
would be caused by the radiation pressure enhancementiatdsity close to Eddington luminos-
ity (i.e., the local Eddington limit effect as mentioned iRHO09).

Besides the evolution of the accretion disk, Figure 17 in DRKhowed that the boundary
emission area maintained its small and nearly constanfreimethe Atoll stage to the NB/FB ver-
tex. Lin07 speculated that the small size of the boundargrlagn be evidence of a geometrically
thin accretion stream feeding a rather well-defined impanezand the BB emission is restricted
in a small symmetric equatorial belt on the NS surface. Welavbke to further suggest that, the
guantitative constraint of disk thickness can be given lgyrésult of the constant BB radius if
the inclination of system is known. Assuming that a disk kbits with higher luminosity, when
the value of thicknesBl /R > cosf ~ 0.3—-0.4, the boundary layer emission should be partially
obscured by the outer disk, and the observed BB radius shimdaase with intensity increase.
However, this picture obviously conflicts the observed tamsBB radius. In the NB/FB vertex
branch, the luminosity of BB is much less than the disk luraitypand the deficit of the BB com-
ponent becomes more severe when luminosity increasesyimgghat most inflowing matter is
ejected as outflow before reaching the NS surface.

4. Conclusions

Type | X-ray bursts and the coherent pulsations are unigyreasiires of NSs; however, not
all NSs show these characteristics (Done et al. 2007; Leth. €1993). It is believed that both
the solid surface and the magnetic field can affect the daooréibw and show some observable
effects as evidence of NSs. Comparing the disk evolutiontéfaBd NS X-ray binary systems
with the disk dominant data, we find that different phenomexist below~0.1 Lgqq, Whereas the
same evolution pattern is shared above the critical luniiypo®ur main results and discussions
are summarized in the following.

1. The inner disk expands outward at low luminosity as lumeityadecreases in the soft state
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in both BH and NS LMXBs’ systems. The disk in a BH LMXB stays&CO until luminosity near
or even below~ 0.03Lgq4qdue to the disk’s secular evolution. However, the disk inAtal source
4U1608-522 begins to leave ISCO at much higher luminosif).1 Lgqq, that can be interpreted
as the interaction between magnetosphere and accretionpitowiding further evidence for NS
in the system. The fitting result also indicates that the retigally driven outflow is significant
at lower luminosity and the NS’s surface (dipole) magnegtdfis ~ 108 G in 4U1608-522, in
good agreement with previous works. However, a major drawléthe work presented here is
the small sample of sources investigated, and thus at #ge ste cannot claim with confidence
generality of the results presented here, that should bieardad in the future with further analyses
of more observations in larger samples.

2. Above the critical luminosity, the disks in BH and NS LMXBace the same evolutionary
pattern. We suggest that the magnetosphere is pushed I8§i@ and both NS surface emission
and (dipole) magnetic field do not significantly affect thewdar evolution of the accretion disk at
high luminosity. When the source is brighter than 0:z3,, its disk expands roughly &&isx o< Lisk,
as a result of radiation pressure increase in the innermedibe simple standard thin disk model
rather than more sophisticated models is used in this wagkalse of its simplicity, uniform
treatment of all spectral fittings, and consistent trendisk @volution obtained. However, some
physical assumptions of the thin disk would break down ah higninosity. To more accurately
describe the high accretion rate flow, relativistic effes&df-irradiation of the disk, color correction
factor, the inner torques on the disk, etc., should be takiEnaccount and treated with caution in
the future.

3. We have made the first quantitative constraint on the tlisknessH /R < 0.3-0.4, with
the observed surface NS BB emission at around Eddingtomiosity; our result also implies that
most inflowing matter is ejected as outflow before reachimgNI$ surface. Since we expect at
high luminosity the accretion disks in BH systems have tmesproperty as that in NS systems,
the above conclusion indicates that the advected fractionld be very small in BH systems at
high accretion rate, because most accreted material shewdgected as outflow in this case.

Finally we mention that we only studied in this work the AtdIES, the NB/FB vertex branch
of XTE J1701-462, and the disk dominant state of GRS 1915+Hbvever, both two sources
are variable, and the spectra show complicated featurag &heir transitions. Different branches
may contain very different accretion physics (LRHO09; Fer&®elloni 2004), that is beyond the
scope of this work.

This research has made use of data obtained from the Highg¥retrophysics Science
Archive Research Center (HEASARC), provided by NASA's GaxdidSpace Flight Center.
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