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Nucleosynthesis in advection-dominated accretion flow (ADAF) onto a black hole is proposed to be an important
role in chemical evolution around compact stars. We investigate the nucleosynthesis in ADAF relevant for a black
hole of low mass, different from that of the self-similar solution. In particular, the presence of supersolar metal
mass fractions of some isotopes seems to be associated with the known black hole nucleosynthesis in ADAF,
which offers further evidence of diversity of the chemical enrichment.

PACS: 97.10.Cv, 26.40.+r, 97.10.Tk

Burbidge et all'l stated in 1957 that most of the
heavy nuclei beyond iron peak are synthesized by the
incessant growth of neutrons classified into two basic
principal capture processes: the slow neutron-capture
process (the s-process),l”! and the rapid neutron-
capture process (the r—process).[:g] Through decades of
extensive research, understanding the nature of nucle-
osynthesis of heavy elements beyond iron still is one
of the largest obstacles in astrophysics and physics.

For the sake of unveiling this long-standing prob-
lem, nuclear reaction networks under different con-
ditions, either cold or hot in temperature, are stud-
ied. Typical examples of nucleosynthesis network
involve proton—proton chains, CNO cycle processes,
etc., up to neutron-capture, from low temperatures
(T < 108K) to higher temperatures. After some nu-
cleosynthesis processes, elemental abundances can be
calculated, different from those produced in the cor-
responding reactions on different astrophysical sites.

The theory of accretion onto a compact star has
played essential roles in many fields of modern astro-
physics, such as supernovae Ia,l"” quasars, x-ray bi-
naries, active galactic nuclei (AGNs), and cataclysmic
variable binary star systems. Since Shakura et al.l’]
proposed the thin accretion disk model in the 1970s,
tremendous progress has been made through several
decades of extensive research to explain an enormous
number of high-energy astrophysical systems. To
overcome the problem of optically thin hot accretion
disks, Narayan et al.[”® put forward the advection-
dominated accretion flow (ADAF) theory devoid of
any thermal instability.

A possible site of nucleosynthesis is believed to be
in the hot accretion and outflow regions that stray
from black-hole accretion disks.[”) Earlier work['") re-
vealed an important role for accretion flows around
black holes with different masses as the significant nu-
cleosynthesis mechanism for forming various elements
from light to heavy. Obviously, among several differ-
ent sites responsible for the synthesis of elements, this
is a non-traditional nucleosynthesis channel distinct
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from that of core-collapse supernovae. Furthermore,
nuclear reaction of free neurons and protons produced
from the hot disk would likely synthesize some criti-
cal elements, e.g., nickel-56.['!] Unlike previous works,
Hu et all'”l calculated nuclear reactions and nucle-
osynthesis in the accretion flow models from ADAF.
However, the work by Hu et al. is based on the self-
similar solution of ADAF. In contrast to the global
solution, the advection factor is simply assumed to be
constant, and the transonic condition is not satisfied.
As a result, the self-similar solution deviates from the
global solution significantly, especially in the inner re-
gion of the disk.[""®] This motivates us to revisit the
nucleosynthesis in ADAF onto a black hole.
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Fig.1. Densities (left vertical axis) and temperatures

(right vertical axis) as a function of radius for the 10Mg
black hole. The solid line is the calculated density curve,
and the dashed line indicates the temperature of the pre-
dictions.

Considering the dynamics of black hole accretion
disks, the height-averaged basic equations depicting
the ADAF are as follows:

M = — 4mrpHv = const, (1)
dv 1dp
L DY 2
AR I+ S
0L (o) = - Lamrtr, ) 3)
5 (7)== (4mrin H),
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where M stands for the accretion rate, ¢s = +/p/p
stands for the isothermal sound speed, p = pgas/ Bt =
pc2 /B, stands for the total pressure of the tangled
magnetic field and the gas pressure, 3; stands for the
ratio of the gas pressure to the total pressure and is set
at its ‘typical’ value 5y = 0.9, T stands for the temper-
ature, and s stands for the entropy. The subscripts i
and e denote the quantities for ions and electrons, re-
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spectively. The quantity 7., = —ap stands for the
r@ component of the viscous stress tensor using the «
prescription, [’ H = ¢,/ denotes the vertical scale
height, 2x denotes the Keplerian angular velocity, §
is the fraction of the total energy that directly heats
the electrons and is fixed to be § = 0.3 in the wake of
the detailed modeling result to the supermassive black
hole in the Galactic center,['”] gt = r7,,(dQ/dr) rep-
resents the heating rate of the viscosity, g denotes
the volume energy transfer rate from ions to electrons
via Coulomb collisions, and ¢~ stands for the cooling
rate of the electrons, which involves bremsstrahlung,
synchrotron, and Comptonization.
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Fig.2. Heat map showing the mass fractions of different isotopes from 1C to 2Mg as a dependent variable
(horizontal axis) of the radial coordinates (vertical axis) for given black hole mass.
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Fig. 3. The same as Fig. 2, but for isotopes from 22Al to
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Table 1. Mass fractions of elements from C to S.

log (T /Tschw) C N O F Ne Na Mg Al Si P S
3.30E+00 3.07TE—03 1.11E—03 9.62E—03 4.05E—07 1.75E—03 3.34E—05 6.60E—04 5.81E—05 7.11IE—04 8.16E—06 4.18E—04
3.26E+00 3.07TE—03 1.11E—03 9.62E—03 4.05E—07 1.75E—03 3.34E—05 6.60E—04 5.81E—05 7.11IE—04 8.16E—06 4.18E—04
3.22E+00 3.07TE—03 1.11E—03 9.62E—03 4.05E—07 1.75E—03 3.34E—05 6.60E—04 5.81E—05 7.11E—04 8.16E—06 4.18E—04
3.17TE+00 3.07TE—03 1.11E—03 9.62E—03 4.05E—07 1.75E—03 3.34E—05 6.60E—04 5.81E—05 7.11E—04 8.16E—06 4.18E—04
3.13E+00 3.07E—03 1.11E—03 9.62E—03 4.05E—07 1.75E—03 3.34E—05 6.60E—04 5.81E—05 7.11E—04 8.16E—06 4.18E—04
3.09E+00 3.07E—03 1.11E—03 9.62E—03 4.05E—07 1.75E—03 3.34E—05 6.60E—04 5.81E—05 7.11E—04 8.16E—06 4.18E—04
3.04E+00 3.07TE—03 1.11E—03 9.62E—03 4.05E—07 1.75E—03 3.34E—05 6.60E—04 5.81E—05 7.11E—04 8.16E—06 4.18E—04
3.00E+00 3.07TE—03 1.11E—03 9.62E—03 4.05E—07 1.75E—03 3.34E—05 6.60E—04 5.81E—05 7.11E—04 8.16E—06 4.18E—04
2.96E4+00 3.07TE—03 1.11E—03 9.62E—03 4.05E—07 1.75E—03 3.34E—05 6.60E—04 5.81E—05 7.11E—04 8.16E—06 4.18E—04
2.91E4+00 3.07TE—03 1.11E—03 9.62E—03 4.05E—07 1.75E—03 3.34E—05 6.60E—04 5.81E—05 7.11E—04 8.16E—06 4.18E—04
2.87E4+00 3.07TE—03 1.11E—03 9.62E—03 4.056E—07 1.75E—03 3.34E—05 6.60E—04 5.81E—05 7.11E—04 8.16E—06 4.18E—04
2.83E4+00 3.07TE—03 1.11E—03 9.62E—03 4.04E—07 1.75E—03 3.34E—05 6.60E—04 5.81E—05 7.11E—04 8.16E—06 4.18E—04
2.78E+4+00 3.07TE—03 1.11E—03 9.62E—03 3.65E—07 1.75E—03 3.34E—05 6.60E—04 5.81E—05 7.11E—04 8.16E—06 4.18E—04
2.74E4+00 3.07E—03 1.11E—03 9.62E—03 2.94E—10 1.75E—03 3.34E—05 6.60E—04 5.81E—05 7.11E—04 8.16E—06 4.18E—04
2.69E4+00 3.07TE—03 1.11E—03 9.78E—03 1.74E—13 1.55E—03 3.34E—05 6.60E—04 5.81E—05 7.11E—04 8.15E—06 4.18E—04
2.656E4+00 3.08E—03 1.10E—03 1.09E—02 1.32E—14 1.54E—04 3.34E—05 6.59E—04 5.81E—05 7.11E—04 8.10E—06 4.19E—04
2.61E4+00 3.62E—03 4.79E—04 1.09E—02 7.39E—17 1.30E—04 3.34E—05 6.57TE—04 5.79E—05 7.15E—04 4.82E—06 4.20E—04
2.56E+00 3.75E—03 4.63E—06 1.09E—02 1.15E—17 1.31E—04 3.18E—05 6.66E—04 4.89E—05 7.72E—04 2.81E—07 3.81E—04
2.52E4+00 6.25E—04 4.80E—06 1.08E—02 1.06E—17 6.68E—05 1.31E—06 7.09E—04 5.15E—08 1.15E—03 7.81E—09 6.94E—05
2.48E+4+00 8.09E—05 2.23E—05 5.63E—03 1.33E—17 2.51E—07 1.18E—07 5.97TE—04 2.82E—07 1.78E—03 1.03E—12 4.26E—09
2.43E4+00 1.16E—07 5.10E—08 3.03E—06 5.19E—18 5.02E—09 3.45E—09 6.11E—06 7.99E—09 1.48E—05 1.55E—18 7.27E—19
2.39E4+00 1.63E—25 4.58E—26 1.63E—24 9.50E—29 4.17TE—27 3.98E—27 2.72E—24 7.78E—27 4.83E—24 3.90E—28 6.22E—28
2.35E4+00 1.14E—19 3.34E—20 3.47E—19 1.62E—28 5.76E—22 6.59E—22 2.17TE—19 4.83E—22 1.22E—19 3.90E—28 5.25E—28
2.30E4+00 5.00E—29 5.40E—29 9.90E—29 9.50E—29 1.64E—28 2.07TE—28 2.45E—-28 2.65E—28 3.42E—28 3.90E—28 5.25E—28
2.26E4+00 1.01E—27 5.40E—29 9.90E—29 9.50E—29 1.64E—28 2.07TE—28 2.45E—28 2.65E—28 3.42E—28 3.90E—28 5.25E—28
2.21E4+00 5.00E—29 5.40E—29 9.90E—29 9.50E—29 1.64E—28 2.07TE—28 2.45E—28 2.65E—28 3.42E—28 3.90E—28 5.25E—28
2.17E4+00 5.00E—29 5.40E—29 9.90E—29 9.50E—29 1.65E—28 2.07TE—28 2.45E—28 2.65E—28 3.42E—28 3.90E—28 5.25E—28
2.13E4+00 5.00E—29 5.40E—29 9.90E—29 9.50E—29 1.64E—28 2.07TE—28 2.45E—28 2.65E—28 3.42E—28 3.90E—28 5.25E—28
2.08E4+00 5.00E—29 5.40E—29 9.90E—29 9.50E—29 1.64E—28 2.07TE—28 2.45E—28 2.65E—28 3.42E—28 3.90E—28 5.25E—28
2.04E4+00 9.22E—28 5.63E—29 1.14E—28 9.50E—29 1.86E—19 2.07TE—28 2.45E—28 2.65E—28 3.42E—28 3.90E—28 5.25E—28
2.00E4+00 1.13E—26 2.58E—28 3.99E—-28 9.50E—29 9.62E—18 2.07E—28 2.45E—-28 2.65E—28 3.42E—28 3.90E—28 5.25E—28
1.95E+00 2.78E—26 6.13E—28 8.16E—28 9.50E—29 8.37TE—17 2.07TE—28 2.45E—28 2.65E—28 3.42E—28 3.90E—28 5.25E—28
1.91E+00 1.88E—19 2.57E—22 5.39E—07 9.50E—29 3.30E—16 2.07TE—28 2.45E—28 2.65E—28 3.42E—28 3.90E—28 5.25E—28
1.87E+00 1.51E—19 6.95E—22 6.56E—07 3.07TE—24 9.37TE—16 3.81E—12 7.13E—22 7.44E—23 4.28E—22 1.15E—23 5.34E—23
1.82E+00 1.11E—19 3.53E—22 7.41E—07 2.48E—24 2.38E—15 2.65E—11 1.97TE—22 2.10E—23 1.19E—22 3.26E—24 1.48E—23
1.78E+00 9.63E—20 3.38E—22 8.03E—07 1.02E—23 5.16E—15 2.50E—10 1.40E—22 1.51E—23 8.56E—23 2.44E—24 1.05E—23
1.73E+00 8.81E—20 3.14E—22 8.48E—07 1.03E—23 9.86E—15 3.93E—10 6.55E—23 7.18E—24 4.05E—23 1.22E—24 1.09E—10
1.69E+00 1.34E—19 1.07TE—21 8.77E—07 1.91E—06 5.94E—13 5.79E—10 3.99E—-23 4.42E—24 2.49E—-23 8.01E—25 3.18E—-10
1.65E+00 1.13E—19 9.44E—22 8.91E—07 2.26E—06 1.33E—12 8.43E—10 3.02E—23 3.38E—24 1.90E—23 6.67TE—25 8.27TE—10
1.60E+00 1.07TE—19 8.98E—22 8.76E—07 2.56E—06 2.88E—12 1.09E—09 2.51E—23 2.84E—24 1.59E—23 5.82E—25 8.99E—10
1.56E+00 1.06E—19 9.20E—22 8.21E—07 2.84E—06 6.11E—12 1.33E—09 2.82E—23 3.20E—24 1.80E—23 3.43E—10 9.26E—10
1.52E+00 1.02E—19 9.56E—22 7.14E—07 3.12E—06 1.26E—11 1.53E—09 2.80E—23 3.20E—24 1.80E—23 4.15E—10 1.00E—09
1.47E4+00 9.09E—20 9.51E—22 5.55E—07 3.38E—06 2.49E—11 1.63E—09 2.95E—23 3.39E—24 1.91E—23 4.86E—10 1.09E—09
1.43E+00 7.01E—20 8.24E—22 3.69E—07 3.62E—06 4.67TE—11 1.55E—09 6.88E—24 7.95E—25 4.46E—24 5.52E—10 3.62E—10
1.38E+00 4.46E—20 6.05E—22 1.96E—07 3.84E—06 8.30E—11 1.27E—09 5.55E—24 6.43E—25 3.61E—24 6.10E—10 3.78E—10
1.34E+00 2.21E—20 3.51E—22 7.69E—08 3.96E—06 1.38E—10 8.03E—10 4.60E—24 5.35E—25 3.01E—24 5.70E—10 3.66E—10
1.30E+00 8.72E—21 1.68E—22 1.99E—08 4.17TE—06 2.27E—10 4.00E—10 3.80E—24 4.42E—25 2.49E—24 6.87E—10 4.05E—10
1.25E+00 3.63E—21 8.34E—23 3.11E—09 4.29E—06 3.54E—10 1.29E—10 3.04E—24 3.54E—25 1.99E—24 7.21E—10 4.18E—10
1.21E+00 2.20E—21 5.41E—23 4.49E—10 4.20E—06 5.07TE—10 2.43E—11 2.31E—24 2.69E—25 1.51E—24 5.48E—10 3.98E—10
1.17E+00 2.01E—21 4.98E—23 2.69E—10 4.41E—06 6.81E—10 6.58E—12 1.90E—24 2.23E—25 1.25E—24 7.88E—10 4.43E—10
1.12E+00 2.28E—21 5.64E—23 2.11E—10 4.41E—06 6.83E—10 7.48E—12 2.13E—24 2.49E—25 1.40E—24 7.89E—10 4.42E—-10
1.08E4+00 2.61E—21 6.46E—23 2.08E—10 4.41E—06 6.79E—10 8.77E—12 2.41E—24 2.82E—25 1.59E—24 7.89E—10 4.41E—10
1.04E+00 3.00E—21 7.42E—23 2.34E—10 4.41E—06 6.70E—10 1.07TE—11 2.756E—24 3.22E—25 1.81E—24 7.89E—10 4.40E—10
9.92E—01 3.44E—21 8.52E—23 2.63E—10 4.41E—06 6.56E—10 1.36E—11 3.18E—24 3.71E—25 2.09E—24 7.90E—10 4.39E—10
9.48E—01 4.03E—21 9.94E—23 3.79E—10 4.42E—06 6.38E—10 2.03E—11 3.69E—24 4.31E—25 2.43E—24 7.90E—10 4.38E—10
9.05E—01 4.67E—21 1.15E—22 4.59E—10 4.42E—06 6.17TE—10 2.62E—11 4.33E—24 5.05E—25 2.85E—24 7.90E—10 4.37TE—10
8.61E—01 5.54E—21 1.36E—22 6.58E—10 4.42E—06 5.93E—10 3.56E—11 5.10E—24 5.96E—25 3.36E—24 7.90E—10 4.35E—10
8.17TE—01 6.62E—21 1.61E—22 9.01E—10 4.42E—-06 5.66E—10 4.62E—11 6.06E—24 7.06E—25 3.99E—24 7.90E—10 4.34E—10
7.74E—01 8.16E—21 1.97E—22 1.36E—09 4.43E—06 5.35E—10 6.21E—11 7.24dE—24 8.45E—25 4.77TE—24 7.90E—10 4.32E—10
7.30E—01 1.01E—20 2.41E—22 1.82E—09 4.43E—06 5.08E—10 7.97E—11 8.63E—24 1.01E—24 5.68E—24 7.90E—10 4.30E—10
6.87TE—01 1.26E—20 3.00E—22 2.45E—09 4.43E—06 4.81E—10 1.02E—10 1.03E—23 1.20E—24 6.78E—24 7.91E—10 4.29E—10
6.43E—01 1.65E—20 3.88E—22 3.47TE—09 4.43E—06 4.53E—10 1.33E—10 1.23E—23 1.44E—24 8.12E—24 7.91E—10 4.27E—10
5.99E—01 2.27E—20 5.27E—22 5.13E—09 4.43E—06 4.24E—10 1.73E—10 1.48E—23 1.72E—24 9.74E—24 7.91E—10 4.25E—10
5.56E—01 3.30E—20 7.52E—22 7.74E—09 4.44E—06 3.95E—10 2.24E—10 1.77TE—23 2.07TE—24 1.17E—23 7.91E—10 4.23E—10
5.12E—01 4.98E—-20 1.12E—21 1.17E—08 4.44E—-06 3.67E—10 2.88E—10 2.13E—23 2.48E-24 1.40E—23 7.91E—10 4.21E-10
4.68E—01 7.55E—20 1.68E—21 1.71E—08 4.44E—06 3.39E—10 3.67E—10 2.56E—23 2.98E—24 1.69E—23 7.91E—10 4.19E—10
4.25E—01 1.15E—19 2.55E—21 2.43E—08 4.44E—06 3.11E—10 4.64E—10 3.08E—23 3.59E—24 2.03E—23 7.91E—10 4.17TE—10
3.81E—01 1.79E—19 3.92E—21 3.45E—08 4.44E—06 2.85E—10 5.80E—10 3.70E—23 4.31E—24 2.44E—23 7.91E—10 4.14E—10
3.3TE—01 2.79E—19 6.09E—21 4.86E—08 4.45E—06 2.60E—10 7.20E—10 4.46E—23 5.20E—24 2.94E—23 7.91E—10 4.12E—10
2.94E—-01 4.37E—19 9.52E—21 6.77TE—08 4.45E—06 2.36E—10 8.85E—10 5.39E—23 6.28E—24 3.55E—23 7.91E—10 4.10E—10
2.50E—-01 6.86E—19 1.49E—20 9.31E—08 4.45E—06 2.13E—10 1.08E—09 6.54E—23 7.62E—24 4.31E—23 7.91E—10 4.08E—10
2.06E—01 1.08E—18 2.34E—20 1.26E—07 4.45E—-06 1.91E—10 1.31E—-09 7.99E—23 9.31E—24 5.27E—23 7.91E—10 4.06E—10
1.63E—01 1.72E—18 3.71E—20 1.70E—07 4.45E—06 1.71E—10 1.57E—09 9.90E—23 1.15E—23 6.52E—23 7.91E—10 4.04E—10
1.19E—01 2.80E—18 6.056E—20 2.30E—07 4.45E—06 1.51E—10 1.89E—09 1.26E—22 1.46E—23 8.27E—23 7.91E—10 4.02E—10
7.54E—02 4.88E—18 1.05E—19 3.14E—07 4.46E—06 1.33E—10 2.30E—09 1.68E—22 1.96E—23 1.11E—22 7.91E—10 3.99E—10

The equation of state is one more relation as fol-
lows:

Pgas = k(Ti/:ui +Te/:ue)/muﬂ (6>

where 1 denotes the mean molecular weight, k& denotes
Boltzmann’s constant, and m, denotes the atomic
mass unit.

Therefore, we have obtained a group of six equa-
tions consisting of one integral, two algebraic, and
three differential equations, i.e., Eqs. (1)—(6) for six
unknown quantities, H (or ¢s), v, p, 2, T; and Te.
This group of equations can be calculated under three
outer boundary conditions with some specialized pa-
rameters, which will be given in the following.

049701-3


http://cpl.iphy.ac.cn

CHIN.PHYS.LETT. Vol. 34, No.4(2017) 049701

It should be noted that we ignore the outflow for
simplicity as the first estimation, which means that
our results are the upper limit. Therefore, we consider
a stellar mass black hole (10Mg) and choose mass ac-

cretion rate of 1072 Mg (Mg denotes the Eddington
accretion rate). In units of the Schwarzschild gravi-
tational radius, the calculated results are presented in
Fig. 1, which demonstrates densities and temperatures
of solution of ADAF as a function of radius. It can
be seen that the temperature and density clearly de-
crease with the increasing radius, different from that
of Hu et al.l'”]

At any given time, a traditional nuclear reaction
network code including reaction rates!'*'”) employed
in this study contains about 500 relevant isotopes from
light through heavy, such as hydrogen, helium, deu-
terium, up to ?'Tc. It is well known that the nuclear
reaction networks include a set of adjoined ordinary
differential equations, and mass fractions of isotopes
change over time associated the process of the global
solutions of the ADAF. Similar to the hypothesis of
Hu et al.,l'” we also postulate that the nuclear burn-
ing is hydrostatic, namely, constant temperature and
density (dT'/dt = 0 and dp/dt = 0). Without loss of
generality, solar abundances is adopted as the initial
composition. In addition, the temperature is in units
of kelvin and density is in gram per cubic centimeter.
We calculate nucleosynthesis in ADAF and obtain the
mass fractions of various isotopes using nuclear reac-
tion network. Our goal is concerned with the abun-
dances of light isotopes and the calculated results are
shown in Figs.2 and 3 and Table 1.

Heatmaps in Figs. 2 and 3 show the variation char-
acteristics of different isotopes, when the material is
accreted onto a black hole. The horizontal axis is mass
fractions (10728-1073) of isotopes from 1C to 42S in
logarithmic units and the vertical axis denotes the ra-
dial coordinates set in the Schwarzschild gravitational
units. Colors in each zone of the heatmap present the
mass fraction of a given radius. Zones deeper to red
show the higher abundances in the nucleosynthesis in
ADAF onto a black hole.

Figures 2 and 3 illustrate that some isotopic abun-
dances may present abnormal patterns due to nucle-
osynthesis in ADAF onto a black hole. In particular,
supersolar metal abundance is one of the most im-
portant probes for nucleosynthesis in ADAF around
the galactic center or the afterglow of the gamma-
ray burst (GRB). Savaglio et al.l'") have detected the
abnormally high metallicity observed at high redshift
with the very large telescope spectrum of GRB. More-
over, on account of hot temperature, the abundance
of protons may influence the gamma-ray spectrum
originated from the proton-proton collisions and 7°
decay.['™) In addition, it should be noted that the cur-
rent instruments cannot measure the spectra of iso-
topes in ADAF onto a black hole, which requires the

more powerful equipments.

It is important to note that the ultimate mass
fractions of some nuclides display significantly high
(for example, 5Li even as high as ~ 107° near black
hole). Although researchers still do not obtain the ob-
served isotopic abundance of the nucleosynthesis sites
of black hole accretion disks, from the calculated re-
sults it can be predicted that the abundances of some
isotopes should present supersolar metal abundances,
probably revealed by the spectrum of ADAF onto
black hole in the future.

It is well known that self-similar solutions of ADAF
would lead to a significant uncertainty in the hot ac-
cretion disks and outflow regions.['®] Therefore, based
on the global solution of ADAFSs, we revisit nucle-
osynthesis mechanism in accretion disks around black
holes. It is found that our simulation results show a
predicted isotopic abundance to the observations from
high-resolution spectroscopic data. In a sense, this
means the intrinsic nucleosynthesis characteristic in
the chemical evolution of black hole accretion disks.
Obviously, to test this hypothesis, further accurate
spectrum observation of accretion disks around com-
pact stars is desired, which will initiate the new clue
of chemical evolution and nucleosynthesis in the early
galaxy.[19:20]

We thank Qiu-He Peng, Zhan-Wen Han and F X
Timmes for their kind assistance in this work.
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