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Abstract. We study the spectral and timing properties of a two component advective flow (TCAF) around a black hole by numerical simulation.
Several cases have been simulated by varying the Keplerian disk rate and
the resulting spectra and lightcurves have been produced for all the cases.
The dependence of the spectral states and quasi-periodic oscillation (QPO)
frequencies on the flow parameters is discussed. We also find the earlier
explanation of arising of QPOs as the resonance between infall time scale
and cooling time scale remain valid even for Compton cooling.
Keywords : black hole physics – accretion, accretion discs – radiation
mechanisms: general – methods: numerical

1. Introduction
The spectral and timing properties of the accretion disk around a black hole give away
the vital information about understanding the nature of the black hole at the centre.
Assuming the most general accretion flow configuration, namely, two-component advective flow (TCAF) model (Chakrabarti & Titarchuk 1995), we study by numerical
simulation how the spectral and timing properties of an accretion disk around a black
hole are explained.

2. Simulation set up and procedure
In Fig. 1, the schematic diagram of our simulation set up is presented. The outer
) whereas that of
boundary of the sub-Keplerian matter is at Rin = 100rg (rg = 2GM
c2
the Keplerian disk at the equatorial plane is located at Rout = 200rg . At the center, a
non-rotating black hole of mass 10M⊙ is located. The sub-Keplerian flow dynamics
is simulated using a TVD code (Molteni, Ryu & Chakrabarti 1996; Giri, Chakrabarti,
Samanta & Ryu 2010). For a particular simulation, we use the Keplerian disk rate
(ṁd ) and the sub-Keplerian halo rate (ṁh ) as parameters. The specific energy (ǫ)
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Figure 1. The schematic diagram of our simulation set up. The velocity vectors of the infalling
matter are shown. The colors show the normalized density in a logarithmic scale. The zig-zag
trajectories (blue on line) are the typical path followed by the photons. The velocity vectors are
plotted for λ = 1.73 and ǫ = 0.0021.

and the specific angular momentum (λ) determines the hydrodynamics (shock location, number density and velocity variations etc.) and the thermal properties of the
sub-Keplerian matter. The radiative properties of the accretion disk is studied using a Monte Carlo code (Poznyakov, Sobol & Sunyaev 1983; Ghosh, Chakrabarti &
Laurent 2009). The hydrodynamic code and the radiative transfer code are coupled together and are run back to back. The details of the coupling procedure can be found in
Ghosh, Garain, Giri & Chakrabarti (2011) and Garain, Ghosh & Chakrabarti (2012).

3. Results and discussions
Table 1: Parameters used for the simulations and a summary of results.
tin
Case ID
ǫ, λ
ṁd
ṁh
< Rsh >
νQPO
<α>
tcool
C1
0.0021, 1.73
1E-4
0.1
25.75
No QPO
0.826
0.694
C2
0.0021, 1.73
2E-4
0.1
22.82
10.63
0.853
0.844
C3
0.0021, 1.73
3E-4
0.1
20.39
12.34
0.868
0.954
C4
0.0021, 1.73
4E-4
0.1
18.62
14.63
0.873
0.944
C5
0.0021, 1.73
5E-4
0.1
18.33
22.74
0.901
1.071
C6
0.0021, 1.73
1E-3
0.1
15.02
18.2
1.074
0.993
C7
0.0021, 1.73
1E-2
0.1
3.4
No QPO
1.139
3.558
C8
0.0021, 1.73
1E-1
0.1
3.6
No QPO
1.102
33.236

In Table 1, we show the parameters used for the simulations and a summary of the
results. In column 5, we present the time averaged shock location in rg near the
equatorial plane. For some combinations of ṁd and ṁh , we find QPOs and we list the
QPO frequencies (Hz) in column 6. The time averaged spectral slope (α, I(E) ∝ E −α )
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Figure 2. Variation of the shape of the spectrum when ṁd is increased by a factor of 10 starting
from ṁd = 0.0001 to 0.1 keeping halo rate constant at ṁh = 0.1. Case IDs are marked for each
plot. The spectrum becomes softer as ṁd is increased.

Figure 3. Left panel: The lightcurves of the photons (in the unit of 1042 ) which are in the power-law
region (0.5keV< E < 100keV). Right panel: Power Density Spectra (PDS) for these cases are presented.
Here, ṁd is increased keeping ṁh = 0.1 constant.

is given in column 7. In the last column, we show the ratio of the infall time scale (tin )
and the cooling time scale (tcool ).
Spectral properties: In Fig. 2, we show the variations of the shape of the final
emergent spectra. The case IDs are marked on each plot. As ṁd is increased, the
relative intensity increases since increasing ṁd increases the number of soft photons
in a given energy band. However, the spectra become softer as the centrifugal pressure
dominated inner region (including the post-shock region, when present) is cooled
faster and the region collapses with the increase of ṁd . Also, the number of available
hot electrons reduces.
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Timing properties: We compute the time variations of the photon count rates for
all the cases in order to generate simulated lightcurves. In the left panel of Fig. 3,
we plot lightcurves of the photons in the energy band 0.5keV to 100keV (for C7
and C8, 2 keV< E < 100 keV). The photons in this energy range are mostly the
inverse-Comptonized photons. The variations in the lightcurves are arising because
of the variations in the hydrodynamic and thermal properties of the post-shock region.
In the right panel of Fig. 3, we show the Power Density Spectra (PDS) for all the
cases. We find low frequency quasi-periodic oscillations (LFQPO) for some cases.
The frequencies are listed in Table 1. We find that LFQPO frequencies increase with
the increase of ṁd . We have seen that the spectra become softer with the increase of
ṁd . Therefore from Fig. 2 and 3b, we find that the LFQPO increases as the object
transits from the harder state to the softer states.
It has been argued in literature (Molteni et al. 1996; Chakrabarti et al. 2004)
that the oscillation in the centrifugal barrier dominated hot region is responsible for
the LFQPO observed in the black hole candidates. LFQPO arises when the infall
time scale of post-shock matter roughly matches with the cooling time scale. For
the present case, we compute the infall time scale tin and the cooling time scale tcool ,
and we present the ratio tin /tcool in the last column of Table 1. We see that this ratio
is nearly 1 for all the cases when LFQPOs are seen. Thus the proposal of LFQPOs
arising out of resonance oscillation of the post-shock region appears to be justified.
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