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NS low-mass X-ray binaries
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Motivations to study NS LMXBs

• Physics of the matter at ultra-high density

• Investigate GR in the strong-field regime

• Understanding the physics of NS atmosphere

• Physics of the plasma in strong-gravity regions
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KHz Quasi-Period Oscillationsshow up as kHz QPOs. Besides, many other authors have
used the general relativistic frequencies in various ways to
explain the properties of kHz QPOs (e.g., Wijnands et al.
(2003); Lee et al. (2004); Zhang (2004); Mukhopadhyay
(2009)).

Figure 12: This figure shows the radial profiles of various frequencies
(color coded) of equatorial circular orbits in Kerr spacetime (see
§ 3.3.1). Two angular momentum parameters (j = 0.0 (solid) and
j = 0.3 (dotted)), and neutron star mass = 1.35M! are used. These
frequencies may be useful to understand the kHz QPOs (see § 3.3.1).

Apart from the observed frequencies of kHz QPOs,
one also needs to explain the modulation and decoherence
mechanisms. Some of the plausible methods have been
discussed in van der Klis (2006) and references therein.
Méndez (2006) proposed that, although the kHz QPO
frequencies are plausibly determined by the characteristic
disk frequencies (see the previous paragraph), the modu-
lation mechanism is likely associated to the high energy
spectral component (e.g., accretion disk corona, boundary
layer between the disk and the neutron star, etc.). This is
because the disk alone cannot explain the large observed
amplitudes, especially at hard X-rays where the contribu-
tion of the disk is small. Detection and measurement kHz
QPOs above 20−30 keV may be able to resolve this issue.
In addition, observations of sidebands, overtones, and very
high frequency QPOs may be useful to identify the correct
kHz QPO model (van der Klis , 2006; Bhattacharyya ,
2009). We will not discuss these aspects further. Rather
we note that the fluid dynamical simulation corresponding
to any successful kHz QPO model must naturally give rise
to the observed frequencies and other properties.

3.3.2. Kilohertz Quasi-periodic Oscillation Method

Since no kHz QPO model can yet explain all the major
aspects of this timing feature, currently it is not possi-
ble to constrain the neutron star parameters using this
QPOs with certainty. However, all proposed models in-

volve plasma motion in the strong gravitational field around
the neutron star, and with one exception (photon bubbles;
Klein et al. (1996a,b)) suggest that the kHz QPOs orig-
inate in the disk (van der Klis , 2006). Moreover, most
models identify one of the kHz QPO frequencies (usually
νu; but can also be νl) with the orbital motion at a pre-
ferred disk radius (van der Klis (2006); see also § 3.3.1).
If this is true, two reasonable conditions can constrain the
M −R space (Miller et al. , 1998):

R ≤ r, (12)

where r is the radius of the orbit associated with νu or νl
via equation 9; and

rISCO ≤ r, (13)

where rISCO is the radius of the ISCO. This is because the
first condition gives a mass-dependent upper limit on R
via equation 9; and the second condition gives an upper
limit on M : M < c3/(2π63/2Gνφ|r) (for Schwarzschild
spacetime). These constraints on M −R space are shown
in Figure 13.

Figure 13: This figure shows the M −R space of neutron stars with
the curves corresponding to a few representative EoS models (same
as Figure 1). The green patch shows the allowed M −R space using
equations 12 and 13, and an upper kHz QPO frequency of 1200 Hz
(Miller et al. (1998); see § 3.3.2). This example figure demonstrates
the potential of kHz QPOs to constrain the neutron star mass and
radius, and hence the EoS models.

The general relativistic frequencies depend on the neu-
tron star parameters M and j, and many models use these
frequencies to explain kHz QPOs (§ 3.3.1; see also van
der Klis (2006) and references therein). Therefore, in
a more general sense the identification of any of the kHz
QPO frequencies with the beating, resonance, or any other
combination of νφ, νr, νθ, νperi, νnodal and νspin has the
potential to constrain the neutron star parameter space.
Besides, the identification of νh with νnodal (§ 3.3.1) can be
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KHz Quasi-Period Oscillations

Barret, Olive & Miller 2005 

 Drop of the quality factor Q 
and rms amplitude of the 

lower kHz QPO

Signatures of 
the ISCO

4U 1636-534 Barret, Olive & Miller

Figure 2. Lower QPO frequencies versus count rates (normalized
by the number of PCA units operating). Note the clean limitation
in frequency around 920 Hz seen for the lower QPOs.

two classes, those contributing to Qseg larger than 15 (the
lower QPOs) and those associated with Qseg smaller than
15 (the upper QPOs). The lower QPO spans a frequency
range from 620 Hz to 920 Hz. We divide this range with
steps of 15 Hz. In each frequency bin (e.g. 620-635 Hz), all
the individual PDS whose strong QPO frequency fall in the
bin are shifted-and-added to a mean QPO frequency mea-
sured within the bin. The lower QPO is then fitted, and its
quality factor and rms amplitude estimated from the fit. An
upper QPO is always present. However, it is broad (! 70
Hz) and therefore difficult to fit. We could obtain reliable fit
parameters for 18 segments. We repeat the analysis for the
PDS associated with Qseg less than 15, but with frequency
bins of 30 Hz (as we have less individual PDS involved).
A significant fit for the lower QPO is obtained on only 2
occasions.

Figure 3 and 4 show the quality factor and rms ampli-
tude of the lower and upper QPOs as estimated with our
analysis. The patterns seen for Q in Figure 1 are evident,
but this time with much less scatter. The most striking fea-
tures of these two figures are the following: the quality factor
of the lower QPO shows a smooth increases with frequency,
reaching a maximum at 850 Hz, and decreasing sharply af-
terwards. On the other hand, the quality factor of the upper
QPO smoothly increases up to 850 Hz, with no evidence
for a drop afterwards (note however that only the narrower
signals have been fitted and the error bars are relatively
large). Finally, the rms amplitude of both QPOs decreases
steadily at the highest frequencies. The upper QPO is de-
tected close to the rms detection threshold of our analysis:
typically ∼ 2.0% rms (3σ) for a typical width of 50-100
Hz. Therefore its non-detection at frequencies higher than
∼ 1150 Hz could be due to a lack of sensitivity1. On the

1 Note however that if the lower QPO frequency is limited to ∼

920 Hz with the frequency difference between the upper and lower
QPOs remaining less than half the spin frequency, as suggested
in Figure 5, the upper QPO frequency is not expected to reach
values higher than ∼ 1150 − 1200 Hz.

Figure 3. rms amplitude and quality factor of the lower kHz
QPO of 4U1636-536, as measured every 15 Hz. Points marked
with filled squares have been obtained from fitting the lower QPO
in segments where the upper QPO was the strongest.

Figure 4. rms amplitude and quality factor of the upper kHz
QPO of 4U1636-536 as derived every 30 Hz. Points marked with
filled squares have been obtained from fitting the upper QPO in
segments where the lower QPO was the strongest.

other hand, for the lower and narrower QPO, our detection
threshold is closer to ∼ 1.0% rms. This value is less than
one fourth of the rms measured for its highest frequency at
∼ 920 Hz, thus providing further support to the idea that
the lower QPO truly disappears.

2.3 Relation with spin

From X-ray burst oscillations, the spin frequency (νspin) of
the neutron star is thought to be 581 Hz (Strohmayer &
Markwardt 2002). As shown in Figure 5, when we detect
both QPOs in the above analysis, the frequency difference
remains within ∼ 60 Hz of half the spin frequency, with a
mean value around 300 Hz (our results are fully consistent
with the one presented in Jonker et al. (2002)). It is interest-
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XTE J1701-462
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XTE J1701-462
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Coherence and rms% seem not to be driven only by R disk
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we suggest that changes in the properties of 
the accretion flow can explain those differences

Coherence and rms% seem not to be driven only by R disk
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Fabian et al. 
2000
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Fig. 3.— The profile of the broad iron line is caused by the interplay of Doppler and transverse-Doppler
shifts, relativistic beaming and gravitational redshifting. The upper panel shows the symmetric double
peaked profiles from two narrow annuli on a non-relativistic disk. In the second panel the effects of transverse
Doppler shifting and relativistic beaming have been included, and in the third panel gravitational redshifting
has been included. These give rise to a broad, skewed line profile, such as that show in the lower panel. A
more detailed discussion of this figure is given in section 2.2.

broadened line emission from a neutron star accretion disk
(model 3). All parameters of the disklinemodel were allowed
to vary during the fit. We initially attempted to vary only the
diskline parameters and fix all other parameters at their values
from model 2, but we found that a better fit can be achieved by
allowing the continuum model parameters to vary as well. This
is an indication that the spectrum outside the 3Y10 keV energy
range is insufficient to correctly determine all continuummodel
parameters. Model 3 provides a good fit to the data with!2

" values
of 1.23, 1.22, and 1.18, respectively.

Figure 1 shows the observed spectra for the three observations,
the best fit with model 3, the individual model components, and
the residuals between data andmodel. The excess of the line emis-
sion over the continuum model is shown in Figure 2. The figure
clearly shows a broad and asymmetric Fe K# line with a peak
flux of 5%Y8% over the continuum. The line profile is well de-
scribed by the diskline model. The best-fit parameters of the
continuum and line components formodel 3 are shown inTables 2
and 3.Also shown are the uncertainties of the parameters at a 90%
confidence level (95% for upper and lower limits). When calcu-
lating the confidence regions, all continuum and line parameters
were allowed to vary. We found that the commonly used error

and steppar commands in XSPEC frequently failed to converge
or underestimated the uncertainties. We therefore calculated
the confidence regions for many of the parameters by manually
searching for the parameter value that produced the appropriate
change in !2.

The continuum parameters for model 3 are generally consis-
tent between the three observations, although the fit indicates a
higher disk temperature and stronger Comptonization compo-
nent for the later observations. We find a significant difference
in the rest-frame energy E0 of the Fe K# line. For observations 1
and 3, E0 is consistent with 6.4 keV for weakly ionized iron,
whereas, for observation 2, E0 is close to 7.0 keV for highly
ionized Fe xxvi. The power-law index $ of the emissivity profile
is in the typical range found for iron lines from black hole ac-
cretion disks. The diskline model provides lower limits on
the disk inclination of 81! for observations 1 and 3 and 64! for
observation 2. A lower limit of 81! is clearly inconsistent with
the fact that 4U 1636-536 is not an eclipsing system, as well as
with the results by Casares et al. (2006), who constrained the
orbital inclination to 36!Y74! using phase-resolved spectroscopy.
The high limit on the disk inclination for observations 1 and 3
is likely the result of a slightly broader line profile compared to
observation 2. Our fit with the diskline model suggests that
the line profile is broader than physically possible for a single
Fe K# emission line. One possible explanation for a broader line
profile is a smaller radius of the inner disk edge Rin. However,
the best-fit value of Rin for observations 1 and 3 is already at
6Rg (Rg ¼ GM /c2), the lower limit of the diskline model and
the radius of the innermost stable circular orbit (ISCO) for a non-
rotating neutron star. An inner disk radius much smaller than
6Rg, while possible for rotating black holes, is unlikely for the
accretion disk around the neutron star in 4U 1636-536, which
is rotating at a rate of 581 Hz. The most likely explanation for
a broader line profile is the presence of several blended Fe K#
lines with different rest-frame energies. The presence of iron in
more than one ionization state is already indicated by the differ-
ence in E0 between the three observations (6.30 and 6.43 keV
vs. 7.06 keV).

To test whether blended Fe K# lines are a viable explanation,
we added a second diskline component to the model (model 4).
Because the iron lines are broad and significantly blended, the pa-
rameters of the two diskline components are strongly corre-
lated, and it is not possible to fit all line parameters independently.
We therefore fixed the line energy of the diskline components
at 6.4 and 7.0 keV, respectively, and linked the disk inclination
parameters. We also found that the outer disk radius Rout is poorly
constrained by the fit, so we kept it fixed at 1000 Rg. The con-
tinuum parameters, which were allowed to vary simultaneously
with the line parameters, did not change significantly compared to
model 3.Adding the second line component does not significantly
improve the fit (Table 1), but it does result in more reasonable line
parameters (Table 3). The lower limits on the disk inclination
change to 64! and 65!, respectively, which, unlike for model 3,
are now consistent with the 36!Y74! constraint by Casares et al.
(2006). The inner radius Rin for the 7.0 keV component appears
to be generally smaller than for the 6.4 keV component, as is ex-
pected for an accretion disk in which the temperature increases
toward the center. The flux ratio of the 7.0 keVand the 6.4 keV
component increases from 0.9 to 1.6 to 4.9 between the three
observations, indicating that iron is generally in a higher ioniza-
tion state for the later observations. This is consistent with the
increase in X-ray flux between observations. We conclude that
the presence of iron at different ionization states is a viable ex-
planation for the unusually broad line profiles and that at least

Fig. 2.—Relativistic iron line profiles in 4U 1636-536. Shown are the observed
flux (error bars) and the model flux (solid line), normalized to the continuum flux
from model 3 (i.e., the model flux without the diskline component).

RELATIVISTIC IRON LINE EMISSION FROM 4U 1636-536 1291No. 2, 2008
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 shows strong broad iron emission line

 shows plenty of kHz QPOs

 we have simultaneous high-time resolution 
observations (RXTE) and moderate-energy resolution 
observations (XMM-Newton)

4U 1636-53
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Summary
kHz QPOs diagnose dynamics of the accretion disk near the 
compact object, but QPO properties are not only driven by the 
geometry of the disk

Relativistically broadened iron emission lines diagnose the 
dynamics of the accretion disk near the compact object

We need to investigate how reliable are the models used to fit 
relativistic Fe lines in neutron-star systems

We need other sources to test whether the previous results are 
a general behavior of LMXBs or only a peculiarity of 4U 1636-36
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