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Summary (Abstract) of doctoral thesis contents

We study clumpy outflows from supercritical accretion flow around a stellar mass
black hole by means of global three-dimensional (3-D) radiation-hydrodynamic
(RHD) simulations. We for the first time solve a full set of the radiation
hydrodynamics equations in the 3-D geometry. We consider the electron scattering
opacity, and the Rosseland mean free-free absorption opacity, for solar metallicity.
The radiation fields are evaluated by adopting the M1-closure method so that the
conservation of the total energy and the total momentum of radiation and fluid are
guaranteed. To save the computational time, we only solve the outflow part,
postulating the presence of an underlying quasi-steady disk of which the mass
accretion rate onto the black hole is 10% Lggq/c?, where Lggq is the Eddington
luminosity and c is the speed of light. Numerically, we start calculation from the
axisymmetric 2-D simulation data but with small perturbations in the azimuthal
direction and we keep the same values for the physical quantities at any times later on
as their initial values at the bottom and inner boundaries of the computational domain.
Here we note that the perturbation with small wavelength is not so important for the
ultimate structure of the clumpy outflow. In a few seconds after the start of the
simulation we find that the radiatively driven outflow with the outflow rate of ~10
Lega/c?® fragments into many clumps above the photosphere located at a few hundreds
of Schwarzschild radius (rs) from the central black hole. Such clumps have a shape of
a torn sheet, and are rotating around the central black hole with a sub-Keplerian
velocity. We understand that the material is blown away, keeping its angular
momentum, since the radiation force in the 0 -direction is too small to change the
angular momentum. It is important to note that significant sub-Keplerian rotation
means slow rotation speed, which in turns lead to long variation timescales caused by
obscuration of central light by moving clumps. To examine the statistical properties of
clump, it is useful to calculate auto-correlation function of the density. The typical
clump size is 30 rs or less in the radial direction and is more elongated in the angular
directions, ~ hundreds of rs at most. When discussing the formation mechanism of
clumpy outflow, it is instructive to refer to the discussion in the 2-D RHD simulations
who summarize the following key features: (i) the clumpy structure appears in the
upwardly accelerating layer by radiation force (ii) the optical depth of clump size is
around unity (iii) a clear anti-correlation is found between the gas density and the
absolute value of radiation force (iv) the cloud temperature varies in a complex
fashion. Our 3-D simulation confirms most these features [except item (iv)]. For
example, item (i) is obvious from the model setting. We also confirm item (ii) within
numerical resolution. That is, form the typical (radial) clump size of ~30 rs ~10° cm
and the typical density ~10" g cm™, we find the scattering optical depth to be a few.
It is very important to note that this value does not depend on the black hole mass so
that we will be able to discuss for the outflow from supermassive black holes. This is
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natural consequence of the following scaling relations. One thing that we did not
confirm is item (iv) above, due probably to limited numerical resolution. We thus
tentatively conclude that the radiation Rayleigh-Taylor instability coupled with some
radiation hydrodynamic instability could be a key cause of the clump formation.
Another interesting issue is concerning the origin of the torn-sheet clump structure.
We conjecture that the asymmetry in the 3-D structure could be understood in terms of
the anisotropic radiation field in the sense that radiation flux is super-Eddington only
in the radial direction. This results in a torn-sheet structure. Further extensive study is
needed to confirm if this conjecture can be justified.

When such clumps pass across the line of the sight of a distant observer, stochastic
luminosity variations will be produced. The variation timescales are several seconds
for a stellar-mass black hole with mass of ten to several tens of the solar mass and are
in rough agreement with the observational results of some ultraluminous X-ray
sources (ULXs). Our results thus provide a strong support of a hypothesis that the
ULXs are powered by the supercritical accretion onto the stellar mass black hole. In
addition, we suggest that our clumpy outflow model may explain some observational
features of the ultra-fast outflows and the origin of broad line-emitting clouds in
active galactic nuclei.
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