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Abstract: The thermal radiation properties of the accretion disk around a non-rotating black hole
with a perfect fluid dark matter (PFDM) environment are investigated. A non-rotating black hole
surrounded by perfect fluid dark matter together with a classical geometrically thin but optically
thick Novikov-Thorne disk is selected as a system to be analyzed. It is observed that the perfect fluid
dark matter strengthens the gravitational field, which leads to both the increase of the radii of the
event horizon and the innermost stable circular orbit (ISCO). However, for the flux of the radiant
energy over the accretion disk, the maximum flux is reduced and shifted outwards the central object
under the influence of the perfect fluid dark matter. The dependence of the thermal profile of the disk
on the radial coordinate and the intensity of perfect fluid dark matter shows analogous behavior. It
has been demonstrated that the radiative efficiency of the accretion disk is increased from ~6% up to
~20% with the increase in the intensity of the surrounding perfect fluid dark matter. The thermal
spectra of the accretion disk has also been explored, which is shifted towards the lower frequencies
(corresponding to the gravitational redshift of the electromagnetic radiation coming from the disk)
with the increase in the intensity of the perfect fluid dark matter.

Keywords: black hole; dark matter; accretion disk; general relativity

1. Introduction

Einstein’s general relativity (GR) is consistent with very good precision with observa-
tions only in the weak field approximation in the Solar system. On other hand, cosmological
and astronomical observation of new forms of matter, such as dark matter in galactic and
intergalactic large cosmic web scale and dark energy in the cosmological scale in our uni-
verse [1], provides strong evidence to include an energy momentum tensor representing
an exotic hypothetical form of dark energy called quintessence and dark matter into the
right hand side of Einstein’s field equations for fitting the currently available data, which
leads to the modified BH solutions [2-8]. Kiselev, in a pioneering study [2,8], developed
new models for dark matter to be treated as a perfect fluid, and later, a new black hole
solution surrounded by PFDM was explored in [9]. Various optical, radiative and energetic
properties of several astrophysical black holes were investigated in our preceding studies
(see, e.g., [10-14]).

From an astrophysical point of view, comparison of observational data on thin accre-
tion to astrophysical black holes with inclusion of the expected thermal spectra can provide
a powerful tool to test the strong-field regime of gravity. Motivated by this opportunity,
we investigate in this work the properties of innermost stable circular orbits in spacetime
of non-rotating black hole surrounded by PFDM and analyze the main features of the
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geometrically thin Novikov-Thorne model for the accretion disk around the black hole,
which is treated as an optically thick disk. In particular, we present temperature and
spectral energy distributions for a thin Novikov—-Thorne disk and compare the obtained
results with those obtained using the standard black holes in the framework of GR.

The paper is constructed in the following way: in Section 2, the properties of the
spacetime around non-rotating BH with PFDM environment are discussed. In Section 3,
we present the Novikov-Thorne model for an accretion disk of a central BH surrounded by
PFDM, which is geometrically thin but optically thick. The flux of the radiant energy over
the accretion disk, radiative efficiency of the disk, temperature profile, and the spectrum of
the radiation emitted from the surface of the disk due to the thermal radiation are discussed
in Section 4. Section 5 summarizes the main results obtained in the paper. The geometrized
units G = ¢ = 1 are used, Greek indices are selected to run 0, 1,2, 3, and the signature of
the spacetime is taken as timelike (—,+,+,+).

2. Spacetime of Black Hole Surrounded by PFDM

The spacetime metric of non-rotating BH with mass M surrounded by PFDM has the
following form [15]:

ds? = —f(r)dt? + f(r)"tdr? +12dQ?, O
flr) = 1-21—%log .

Here, the parameter & takes into account the density and pressure of PFDM. The
known Schwarzschild spacetime is recovered in the limiting case when the extra spacetime
parameter « tends to zero.

The energy-momentum tensor of the PFDM

Tll;l - dlag(_P/ p}’/ PG/ plP) 7 (2)
is given through the relationship between the pressure and the density of the PFDM as

(44 o
P= = s PP g R

assuming that the parameter « > 0.

The behavior of the lapse function with the change of the radial coordinate is given in
Figure 1 for the different values of the parameter «. It is clearly seen from the figure that
the function tends to 1 as the radial coordinate tends to infinity, which, in turn, reduces the
given spacetime metric to the Minkowski spacetime written in Boyer-Lindquist coordinates.
One can also see that in the close environment of the central compact gravitating object,
an increase in the intensity of PFDM impacts the spacetime geometry. This impact should
have an effect on the electromagnetic radiation and other properties of the accretion disk
around a black hole in the center. The main aim of this work is to investigate such effects.

One can find the location of the event horizon radius as the function of the intensity of
PFDM from the condition f(r) = 0 as presented in Figure 2 with a black solid line. We see
that increasing a makes the event horizon become bigger, making the gravitational field
stronger. Indeed, when the gravitational field becomes stronger, a black hole can capture
particles (photons) emitted at farther distances, making the size of the event horizon bigger.
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Figure 1. Radial dependence of the lapse function for the selected values of the intensity parameter
of PFDM.
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Figure 2. Dependence of the event horizon radius (black solid line) and the ISCO radius (red
dashed line) on the intensity parameter of perfect fluid dark matter around a central black hole in
comparison with the dependence of the ISCO radius from the spin parameter in the Kerr spacetime
(blue dashed line).

3. Novikov-Thorne Model of the Accretion Disk

We assume that the accretion disk formed around the central BH surrounded by
PFDM is geometrically thin but optically thick according to the Novikov-Thorne model
used [16]. In terms of vertical size, the thin accretion disk is always negligible, as compared
to its comparatively long horizontal extension. Accordingly, the accretion disk height #,
being equal to the maximum half thickness of the disk in the vertical direction, is always
much smaller than the characteristic radius 7 of the disk in the horizontal direction; that is,
h < r. The pressure gradient and a vertical entropy gradient in the accreting matter are
negligible according to hydrodynamic equilibrium in the thin disk. The disk is prevented
from accumulation of the heat generated by stresses and dynamical friction due to the
efficient cooling through the thermal radiation over the whole disk surface. Consequently,
the thin vertical size of the disk is stabilized by this equilibrium. An inner edge of the thin
disk is at the marginally stable orbit around the compact object, and the accreting plasma
takes a classical Keplerian motion in the higher orbits.

The mass accretion rate My does not depend on time in steady-state accretion disk
models. The orbiting plasma is described by the physical quantities averaged over a
characteristic time scale, e.g., At, for a total period of the orbits over the azimuthal angle
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A¢ = 27 and over the vertical height I [16-18]. The effective potential of particle with
mass m moving in the equatorial plane of the central BH can be written as [16,18,19]

N E2gpp + 2ELg1p + LG

Veff(r) =-1 >
8ty — 81t8Ppg

4)

where the constants of motion E and L are a specific energy and a specific angular mo-
mentum of a test particle, respectively. These two conserved quantities can be expressed
through the components of metric tensor as

E—_ gt + gty 5
/=81 — 20810 — Oy
and
L= Oggp + 8ty ' ©
Here, the angular velocity is
0= d¢ _ 8ty - \/{_gt¢,r}2 - {g¢¢,r}{gtt,r} -

ot Sop,r

In the chosen model, the inner edge of the accretion disk around the central black hole
coincides with the ISCO of test particles orbiting the massive gravitating object in the center.
From the following set of conditions on the effective potential of the test particle

Veit(r) =0, Vig(r) =0, Vi(r)=0, 8)

one can find the location of ISCO as the function of the extra spacetime parameter, as
demonstrated in Figure 2 with the red dashed line. It is apparent from the figure that
increase in the intensity of PFDM makes the ISCO radius bigger, as in the case of the event
horizon radius, due to the same reason explained before. One can also see from the figure
that, for the retrograde motion of particles around a Kerr black hole, a similar increase in the
values of the ISCO radius can be obtained (blue dashed line). This similarity motivated us
to plot the degeneracy between the spin parameter and the intensity of PFDM for matching
values of the ISCO radii, as presented in Figure 3. It is clearly demonstrated in the figure
that the intensity of PFDM indeed can mimic the effect of spin on the ISCO radius for the
retrograde motion of particles in the inner edge of the accretion disk. The value of &/ M to
completely mimic the retrograde spin appears to be around ~0.88, as seen from the figure.

a/M

L L L 1 L L L 1 L L L 1 L L L 1 L L L |
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Figure 3. The degeneracy between PFDM parameter & and BH spin parameter a through the
ISCO location.
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4. Radiative Properties of the Accretion Disk around a Central Compact Object

As for the properties of the accretion disk, we will mainly focus on the flux of the
radiant energy over the disk, radiative efficiency of the disk, temperature profile, and the
spectrum of the radiation emitted from the disk due to the thermal radiation.

The flux of the electromagnetic radiation emitted from the accretion disk is given by
the following expression: [16,18]

MO C2 (@) r

F0) =~ 5k VRE O o~ O ®

where g is the determinant of the metric tensor. The radial dependence of the flux of the
radiant energy over the disk for the various values of the intensity of PFDM is shown in
Figure 4. We see that the maximum flux in the case of the Schwarzschild spacetime (when
« = 0) is always greater than the case when PFDM comes to the game. It is clearly seen that
an increase in the intensity parameter of PFDM not only reduces the maximum value of the
flux but also shifts this maximum towards a greater radial coordinate. It is also noticeable
that the points where the flux becomes zero also shift towards greater r. These points give
us the closest part of the disk, which is visible due to the radiation emitted by particles
in that regions. Such regions defines the inner edge of the accretion disk, which, in turn,
coincides with innermost stable circular orbits of test particles, and we have seen that an
increase in & indeed makes such orbits bigger (see Figure 2).
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§ 4x1021" ]
o
[
= 3x1021 ]
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Figure 4. Radial profile of the flux of electromagnetic radiation of the disk for the different values of
the PFDM parameter «.

The efficiency with which the central object converts rest mass-accreting matter into
outgoing electromagnetic radiation is the most important property of the mass accretion
process. The ratio of two quantities measured at infinity [16,18] as the radiation rate of
energy of photons emitted from the surface of disk and escaped to infinity to the rate at
which mass energy is transported to the central BH determines the efficiency. If all the
emitted photons can escape to infinity, the efficiency can be expressed through the specific
energy measured at the ISCO as

1 =1-Esco - (10)

From this relation and expression for the specific energy (5), one can get the values of
7 in a table form, as shown in Table 1. One can see that the radiative efficiency increases
with an increase in the intensity of PFDM.
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Table 1. Change in the ISCO radius and the radiative efficiency of the accretion disk with the change
in the intensity parameter of PFDM.

a/M TlscolM 1]0/0
0.1 6.878 6.397
0.2 7.396 6.970
0.3 7.792 7.487
0.4 8.111 7.969
0.5 8.374 8.427

From the numerical calculus, one can also obtain the dependence between the radiative
efficiency of the disk and the spacetime parameter « in a plot form, as demonstrated in
Figure 5. It is shown that, being around 6% for the Schwarzschild spacetime, the line then
goes up with the rise of the parameter « up to around 20%. Thus, one can conclude that
the presence of the dark matter around a black hole increases the radiative efficiency of the
disk monotonically.
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Figure 5. Monotonic growth of the efficiency of thermal radiation from disk with the increase in the
PFDM parameter a.

Since the flux of the black body radiation can be written as F = ¢ T*, where ¢ is the
Boltzmann constant, one can show the radial profile of the disk temperature as demon-
strated in Figure 6. One can see the similar behavior of the lines with the change in the
intensity parameter of perfect fluid dark matter surrounding the central compact object, as
in the case of the flux. In the left and right panels of Figure 6, the thermal profile of the disk
in the units of Kelvin and in the units of energy are given a place, respectively.

6
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-10
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8.0x10 — aM=01
— _ -10
_ 25x10% aM=03 | 5 3.x10
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Figure 6. Temperature profile of the disk for the different values of the spacetime parameter . On the
left, the temperature is given in the units of Kelvin (K), and on the right, in the units of energy (erg).

One can be more informative to demonstrate the dependence of the temperature
profile from the radial coordinate and the extra spacetime parameter in a “density-plot”
form, as shown in the left panel of Figure 7. One can now clearly see the dark region inside
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the inner edge of the accretion disk, which increases in size with the rise of « and once more
demonstrates the change of the ISCO location with the change in «. The red parts represent
the regions close to the maximum temperature of the disk that shift towards large distances
when « goes up. The disk then cools down with the increase in the radial coordinate, as
shown in the picture with green regions. The last one is even more demonstratively shown
in the right panel of Figure 7 for the fixed « = 0.3. The black round in the center represents
the black hole with the same event horizon radius as the radius of this round. One can see
that the temperature starts increasing sharply from zero to a few millions of Kelvin (thin
region between the red and dark regions), reaches its maximum (inner parts of the red
region), and then starts cooling down smoothly with increasing distance from the central
compact object (outer regions).

30F

TIK] 20

3x 106

2x 108

YM

1x106 =10

20

a/M

Figure 7. Temperature profile in the density-plot form. In the right panel, X and Y define the Cartesian
coordinates, with the X-Y plane lying on the equatorial plane.

The luminosity of the radiation can be found from the following expression [20]:

27
270 = 8 verdcpdr
L(v) =4mdiI(v) = cosz/ / exp(ve/T) =1 (11)

where d; denotes the distance from an observer to the far source, i denotes the inclination
angle of the accretion disk, ;, is the inner edge and 7,y is the external edge of the disk, and
I(v) is the Planck distribution function. One can select r; = rigco and r, — oo due to the
fact that at the asymptotic infinity, when r — oo, the flux over the disk surface vanishes
as for any astronomical object. The emitted frequency v, = v(1 + z) is given through the
redshift factor z, which can be written in the form

1+ Qrsin¢sini
\/ —git — 20819 — O?gpp

where the light bending is neglected [21,22]. The spectrum of the disk is presented in
Figure 8 for the fixed values of the intensity parameter of PFDM. It is noticeable that an
increase in the parameter « shifts the peak of the lines towards the lower frequencies. One
can interpret this phenomena in the following way. Since the increase in the intensity of
perfect fluid dark matter strengthens the gravitational field in total, the energy of escaping
photons becomes smaller and reflects in the thermal spectrum of the disk. This is shown
even more clearly in the right panel of the figure. It can be calculated that an increase in the
PFDM intensity from 0 to 0.3 M can decrease the frequency of photons, corresponding to
the peak of the spectra, by approximately 23%.

14+z= (12)
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Figure 8. Spectra of the accretion disk around a non-rotating black hole surrounded by perfect
fluid dark matter. The inclination angle is chosen to be i = 77/6. Graph in the left is shown in the
logarithmic scale, while the graph in the right is plotted in the ordinary scale in the close region to
the maxima of the lines.

5. Summary

In this work, the effect of the perfect fluid dark matter on the properties of the accretion
disk around a non-rotating black hole solution in GR has been investigated. The model
considered was a system consisting of a Schwarzschild black hole surrounded by perfect
fluid dark matter and a geometrically thin but optically thick Novikov—Thorne disk. It
was shown through the behavior of the event horizon radius and the ISCO radius that,
with an increase in the values of the intensity of the perfect fluid dark matter, the resultant
gravitational field becomes stronger. Our study of the flux of the radiant energy over the
disk has shown that an increase in the intensity of perfect fluid dark matter reduces the
maximum flux and shifts it towards larger orbits. Similar behavior has been detected in the
change in the thermal profile of the disk with the change in the radial coordinates and the
intensity of the perfect fluid dark matter. We have also shown the change in the radiative
efficiency of the accretion disk and demonstrated that the efficiency is increased from ~6%
up to ~20% with the increase in the intensity of perfect fluid dark matter. Lastly, the spectra
of the accretion disk has been studied. We demonstrated that an increase in the intensity of
perfect fluid dark matter shifts the spectra towards lower frequencies, corresponding to the
gravitational redshift of the electromagnetic radiation coming from the disk.
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