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English Summary

In this Ph.D.thesis, I investigated the spectral and timing properties of neutron-star
low-mass X-ray binaries. I focused on two low-mass X-ray binaries (4U 1636−536 and 4U
1728−34), which show varieties of spectral and timing features. For these two sources,
we collected observations from the XMM-Newton, Suzaku and RXTE satellites. Using
spectral analysis, I could study in detail the radiation components from different parts
of the binary system. To investigate the origin of the mHz QPOs, I looked for the pos-
sible relations between the QPOs and the unstable nuclear burning on the neutron-star
surface. Below I summarize my main results, and discuss prospects for future projects.

Relation between the illuminating component and the reflec-
tion/iron line component

The X-ray spectrum of 4U 1636−536 shows that the flux of the iron emission line first
increases and then decreases as the flux of the Comptonised component increases.

This finding is inconsistent with the relation expected from the simple reflection sce-
nario: the flux of the iron line should always respond to the variation of the Comptonised
component since the accretion disc is illuminated and ionised by the Comptonised com-
ponent. The anti-correlation between the two fluxes that I found in this work suggests
that the real scenario is more complicated than the one proposed by the simple reflection
model. We found that the anti-correlation between the two fluxes can be well explained
by two mechanisms:

1. The accretion disc is highly or fully ionised. As the flux of the illuminating
component increases, the material in the disc would eventually become fully ionised,
leading to an absence of iron emission line. In this scenario, the central energy of the
iron line should gradually increase as the ionisation state of the disc increases since the
fraction of H-like iron ions relative to the He-like iron ions will increase. However, the
results in this work show no correlation between the line energy and the illuminating
flux. This may be due to the limitations of the iron emission line models or the fact that
we only fitted the iron line instead of the full reflection spectrum in this work.

2. There are light bending effects in the binary system. In this scenario, the observed
flux of the illuminating component depends strongly upon the height of the corona above
the disc. The observed flux of the direct emission can change by up to a factor of 20 as
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the height of the corona changes, while the reflected component, and hence the flux of
the iron line, is much less variable.

Reflection scenario in 4U 1728−34

The inclination angle of 4U 1728−34 is 33±2 degrees, and the thermal emission from
the accretion disc in this system is too weak to be detected.

The inclination angle describes the angle between the line of sight and the polar axis
of the accretion disc. The fitting results in this work show that the inclination angle of
this system is 33±2 degrees. This is the first time that this key parameter of the system
has been accurately measured. Besides, the energy spectrum of 4U 1728−34 is dominated
by the power-law component, while the soft thermal emission from the accretion disc is
not needed in the spectral analysis. The absence of the disc emission could be explained
by two mechanisms:

1. Most of the soft thermal emission from the accretion disc is reprocessed in the
corona, leading to a very weak direct disc emission observed by us.

2. The absorption due to the interstellar medium along the line of sight is high, as a
consequence, the number of soft disc photons that reach us is very small.

Spectral and timing analysis of mHz QPOs

There is no significant correlation between the mHz QPO frequency and the temper-
ature of the neutron-star surface.

MHz QPOs are proposed to be due to marginally-stable nuclear burning of Helium on
the surface of accreting neutron stars. Theoretical models suggest that the occurrence
and frequency of the mHz QPOs depend on the release of energy accumulated in the
crust into the layer in which the accreted material is burnt. In this work, I investigated
the frequency-temperature correlation in the mHz QPO cycle; the results show that there
is no significant correlation between the mHz QPOs frequency and the temperature of
the neutron-star surface, which is different from theoretical predictions.

Analysis of bursts indicates that all type I X-ray bursts associated with the mHz
QPOs have some common features: they are short, bright and energetic, which are the
characteristics of He-rich X-ray bursts. This finding suggests that there is a potential
connection between mHz QPOs and He-rich X-ray bursts.

Connection between mHz QPOs and type I X-ray bursts

All type I X-ray bursts associated with the mHz QPOs in 4U 1636−53 have positive
convexity and short rising time.
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The convexity measures the shape of the rising part of the burst light curve and,
according to recent models, it is related to the ignition site of bursts on the neutron-star
surface. We found that all type I X-ray bursts associated with the mHz QPOs (39 in
total) in 4U 1636−53 have positive convexity. We did not find a single case in our sample
of an X-ray burst with negative convexity associated to a mHz QPO. The probability
that this happens only by chance is less than 6×10−4, corresponding to a significance
level of ∼ 3.5 σ.

By comparing with the results from numerical simulations (see Table 6.2), we con-
cluded that all the 39 bursts with positive convexity and short rising time that are
associated with mHz QPOs ignited at the neutron-star equator. In the simplest sce-
nario, the marginally-stable burning (that produces the QPO) and the unstable burning
(that produces the burst) take place at the same physical location. So the marginally-
stable nuclear burning process responsible for the mHz QPOs also takes place at the
neutron-star equator.

During accretion, the in-falling matter first reaches the equator and then spreads over
the whole surface of the neutron star, therefore local accretion rate will be higher at the
equator than at high latitudes. If this is correct, we can bridge the gap between the high
accretion rate required for triggering the mHz QPOs in the models and the relatively low
accretion rate implied from observations: When the local accretion rate near the equator
is close to the Eddington rate, the marginally-stable nuclear burning happens; in the
meantime, the global accretion rate deduced from the observed luminosity is much lower
than the Eddington rate.

Future Prospects

Light bending

In Chapter 2 we found that the flux of the iron line first increases and then decreases
as the flux of the Comptonised component increases, which can be explained by either the
light bending model, if the height of the corona changes, or by changes in the ionisation
state of the accretion disc.

The light bending effect has already been confirmed in several narrow line Sefert
1 galaxies. Recently, Reis et al. (2013) found that, in the black-hole candidate XTE
J1650–500, the flux of the iron line initially remains constant and eventually decreases
as the total flux of the source above 7 keV increases. This result is consistent with the
prediction of the light bending model and hence makes XTE J1650–500 the first LMXBs
showing light bending effects.

Apart from the above two cases, no other possible light bending effect has been re-
ported in any LMXBs so far. Therefore, we are going to begin a project to search for
light bending effects in LMXBs. The detection of the light bending effect enables us to
further explore geometric properties of the system, for example, the height of the corona
from the central compact object should be less than 7 gravitational radii, otherwise the
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light bending effect is very weak. Furthermore, since the light bending effect is sensitive
to the properties of the central compact object, it provides us a new way to measure
the key parameters (mass and spin) of the central compact object in LMXBs. The final
goal of this project is to make a category of the light bending sources in LMXBs, which
maybe interesting and useful for further work involving the light bending effect.

MHz QPOs and X-ray bursts

In this thesis, I investigated the properties of the mHz QPOs and the connection
between the QPOs and type I X-ray bursts. For the future, we plan to keep digging
potential relations between the QPOs and the bursts in more detail, which can help us
to understand the physical processes of marginally-stable nuclear burning on the neutron-
star surface.

In Chapter 5 I showed that the seven type I X-ray bursts with mHz QPOs in that work
are all He-rich, and in Chapter 6 I have identified in total 39 bursts with QPOs. As the
next step, we are going to explore the properties (peak flux, duration and energy) of these
39 bursts to see whether they are all He-rich X-ray bursts. The chemical compositions
of the fuel for the associated bursts will be a good indicator of the fuel for marginally-
stable nuclear burning process, if we assume that the bursts and the QPOs occur at the
same place on the neutron-star surface. The understanding of the composition of the
fuel for the marginally-stable nuclear burning will help us to proceed the study of the
nuclear burning on the neutron-star surface. Besides, we also plan to search for possible
correlations between the observed mHz QPO properties (frequency and amplitude) and
the convexity or the rise time of the associated X-ray bursts. Since the QPOs and
associated X-ray bursts are closely related, there is likely some other correlations between
them. Last but not the least, we have a plan to search for new sources with mHz QPOs
using archive observations from several X-ray missions. So far mHz QPOs have been
discovered in only a few sources, it will be very meaningful if we can find more systems
with the QPOs.
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