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Abstract

The research of this dissertation is mainly devoted to two scientific goals. First is
to understand the origin and characteristics of multi-frequency emission of X-ray bina-
ries. Second is to study the properties of magnetohydrodynamic (MHD) turbulence by
numerical simulations, on the basis of statistical techniques of synchrotron polarization
dispersion. Based on an assumption of hadronic or leptonic origin, we propose radia-
tive models located at the main active region of an X-ray binary, such as the base or
middle region of jets, the region of jet termination interacting with surrounding ISM,
the accretion disk and magnetoshperic regions, in order to study multi-wavelength pho-
ton spectra and high-energy neutrino emissions. MHD turbulence is an inevitable result
of matter motions in astrophysics. It is important to study MHD turbulence because it
not only can promote us to understand high-energy processes of X-ray binaries, but
also influence on star formation, transportation and acceleration of cosmic rays, heat

conduction, and magnetic reconnection and so on.

On the basis of an assumption of hadronic-dominated emissions, we in Chapter
2 study multi-wavelength photon spectra and high-energy neutrino emissions from d-
ifferent regions of jets. First, to predict potential neutrino emissions from low-mass
microquasars, we develop a model located at the base of jets. By the constraints of
both the current observations at low-energy waveband and the sensitivity limits of tele-
scopes from Fermi Large Area Telescope (LAT), High Energy Stereoscopic System
(HESS) and Cherenkov Telescope Array (CTA), we obtain the event number of possible
neutrino emissions. The result demonstrates that low-mass microquasars are potential
neutrino source, neutrinos from which are likely to be identified with several years of
observations from the kni*-scale neutrino detectors. Second, we propose another model
extended from jet’s base to large jet scale to investigate broadband emission origin, or-
bital modulation due to the orbital-phase and angular dependence -y absorption. We
find that the model can explain multi-wavelength observations of LS I +61° 303 at near
the superior and inferior conjunctions. Third, thanks to motivations from Cygnus X-1
observations, we want to know that whether the region of jet termination interacting
with ISM can produce high-energy or very high-energy emissions, and whether it is
possible for the new generation CTA to detect emission signal. Through developing a
double-shock model in this region, we find that the answers above are optimistic and

microquasar population is a possible contributor for Galactic cosmic rays.

In the study of the leptonic models (Chapter 3), we develop a two-dimensional,
time-dependent radiation model for a high-mass X-ray binary by analogy with the
methods used in studies of blazars. We study the spectral properties of electron evolu-
tion, its dominant cooling mechanisms and emission spectral characteristic at different

heights of the emission region located in the jet. The fitting results are given as follows.
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(1) The radio emission signature is from the region extending from the binary system
scales to the jet termination. (2) The emissions in the GeV band should be from the
distance close to the binary system scales. (3) The TeV band emissions, which could
be probed by the upcoming CTA, could be inside the binary system. (4) The MeV
tail emissions, which show a strongly linearly polarized signal, are emitted inside the

binary system. The location of which is very close to the inner region of the jet.

In the framework of the 2D leptonic model, we study broadband radiation of
Cygnus X-3 during the high soft state by injecting piecewise power-law electron dis-
tribution. We stress that Cygnus X-3 is a special example violating the traditional
paradigm of X-ray binary state transition, that is, there is the presence of jets during the
high soft state. We find that the emission region in the Cygnus X-3 jet is different from
the universal persistent jets, whose dissipation region only occupies a slice region of
jet, that is, emission signal is from highly compact region, which corresponds to the jet
height equal to one orbital radius. The results can explain the current multi-frequency
observations and also predict the TeV band emission. The model could be tested by
a polarization measurement at IR band. In addition, the neutrino survey done recent-
ly motivated us to propose a 2D leptonic radiation model of low-mass microquasars.
Numerical results show that radiation spectra induced by pure leptons can successfully
extend to high-energy and very high-energy bands. We apply this model to GX 339-4
having relatively complete observations available at low-energy band. The results not
only can reproduce the currently available observations, but also predict detectable ra-
diation at GeV and TeV bands by the Fermi and CTA telescopes. This model could be

employed to distinguish the origin of X-ray emissions.

Under the framework of the magnetized accretion ejection structures, we in Chap-
ter 4 analyse the energy balance properties of the jet-emitting disk (JED) model, and
study the spectral energy distributions of the JED model for black hole X-ray transients.
With various cooling processes taken into account, we solve the thermal equilibrium
equation self-consistently and find three solutions, of which the cold and the hot solu-
tions are stable; they corresponds to geometrically thick and optically thin advection-
dominated accretion flow (ADAF), and optically thick and geometrically thin standard
disk (SSD), respectively. After investigating the theoretical spectra for these two sta-
ble solutions, we find that the hot JED model can naturally explain the spectra of the
Galactic microquasars in their hard states. As an example, we apply this model to XTE
J1118+480. In addition, we also suggest a radiation model in the magnetospheric gap
region of accreting X-ray binary pulsars, in which electrons are accelerated by electric
field force. Applying the model to LS I+ 61° 303 with a signal of the magnetar, we find
that the model can explain the spectral cutoff feature at a few GeV. Therefore, we claim

that the high-energy emissions from accreting X-ray binary pulsar system originate in
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the magnetospheric region of the pulsar.

In Chapter 5, we use synthetic observations to test analytical predictions of the
new statistical techniques. We find that numerical results are in good agreement with
theoretical predictions. Based on 3D, 2D and 1D synthetic observations, numerical
results we have obtained are briefly summarized as follows. (1) The studies of the
polarization dispersion of synchrotron radiation demonstrated that for the region dom-
inated by stochastic rotation measure (RM) fluctuations, the variance of polarization
gives the universal slope A~2. In a region with the dominant RM effect arising from
the regular magnetic field, the variance of polarization follows A\=2~2™, Thus, the po-
larization variance reflects statistics of the magnetic field component perpendicular to
the line of sight. (2) The studies of the dispersion of polarization derivative with re-
gard to \? shows a power-law relation, which should reflect the fluctuation statistics of
Faraday rotation. (3) The spectral index of relativistic electrons does not change the
slope of the polarization frequency analysis (PFA) measure, and thus does not prevent
us from extracting spectral properties of magnetic turbulence. (4) The PFA technique
can be practically used, as we presented that the effects of angular resolution and in-
evitable observational noise are not be obstacles for recovering the underlying spectra

of turbulence.

We in Chapter 6 summarize the main research results of this PhD thesis, and dis-
cuss the prospects of the next research work. First, we will carry out the work about
how the high-energy particle is accelerated in X-ray binaries. Second, we will further
study the properties of the MHD turbulence and its influence on various astrophysical

processes.

Key Words:  X-ray binary; Microquasar; Accretion disk; Radiative mechanism;
Magnetohydrodynamic turbulence
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