/
oo Resmurch
0.00 Publishing

Journal of High Energy Physics, Gravitation and Cosmology, 2021, 7, 698-714
https://www.scirp.org/journal/jhepgc

ISSN Online: 2380-4335

ISSN Print: 2380-4327

Multifrequency Gravitational Wave
Background from Continuous Sources

C. Sivaram?, Arun Kenath2:3*

'Indian Institute of Astrophysics, Bangalore, India

*Department of Physics and Electronics, CHRIST (Deemed to Be University), Bangalore, India

*Department of Physics, Christ Junior College, Bangalore, India

Email: sivaram@iiap.res.in, *kenath.arun@cjc.christcollege.edu

How to cite this paper: Sivaram, C. and
Kenath, A. (2021) Multifrequency Gravita-
tional Wave Background from Continuous
Sources. Journal of High Energy Physics,
Gravitation and Cosmology, 7, 698-714.
https://doi.org/10.4236/jhepgc.2021.72041

Received: March 15 2021
Accepted: April 27, 2021
Published: April 30, 2021

Copyright © 2021 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

Abstract

Gravitational waves have been detected in the past few years from several
transient events such as merging stellar mass black holes, binary neutron
stars, etc. These waves have frequencies in a band ranging from a few hun-
dred hertz to around a kilohertz to which LIGO type instruments are sensi-
tive. LISA would be sensitive to much lower range of frequencies from SMBH
mergers. Apart from these cataclysmic burst events, there are innumerable
sources of radiation which are continuously emitting gravitational waves of
all frequencies. These include a whole mass range of compact binary and iso-
lated compact objects as well as close planetary stellar entities. In this work,
quantitative estimates are made of the gravitational wave background pro-
duced in typical frequency ranges from such sources emitting over a Hubble
time and the fluctuations in the A values measured in the usual devices. Also
estimates are made of the high frequency thermal background gravitational
radiation from hot stellar interiors and newly formed compact objects.

Keywords
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1. Introduction

Gravitational waves (GW) as predicted by Einstein over a century ago, were first
detected by LIGO in 2016 [1]. The waves came from two black holes circling
closer and closer to each other till they finally collided and coalesced. Most of the
radiation was released in the final orbit, which had a period of about a millise-

cond, with the wave frequency from 0.6 - 1.2 kHz, typical of such stellar events.
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About three solar masses were converted to energy of gravitational waves, Ze. ~5
x 10°* erg. LIGO has detected several such events of black hole mergers since.
Apart from black hole mergers, in 2017, LIGO detected gravitational waves from
the collision of two neutron stars. Unlike the black hole mergers which are only
detectable gravitationally, this event (GW170817) was also detected electromag-
netically [2].

These are long wavelength, low frequency gravitational waves. Future gravita-
tional wave detectors like LISA would be sensitive to much longer wavelengths
and lower fluxes [3]. However, compact stellar objects can generate high fre-
quency thermal gravitational radiation, which in the case of hot neutron stars
can be high. Also white dwarfs and main-sequence stars can generate such radi-
ation from plasma-Coulomb collisions. Gamma ray bursts could also be sources
of such radiation, as also the terminal stages of evaporating black holes [4] [5].

Here a study is made of the thermal gravitational wave emission from all of
the above sources, and the background flux is estimated. The earliest phases of
the Universe close to the Planck scale would also leave remnant thermal gravita-
tional waves. The integrated thermal gravitational flux as the Universe expands
is also estimated and compared with that from all the discrete sources discussed
above. Possible schemes to detect such sources of high frequency thermal gravi-
tational radiation are discussed and the physical principles involved are elabo-

rated.

2. Gravitational Waves from Merger of Compact Binary
Objects

Gravitational wave detectors like LIGO are hunting for waves from compact bi-
nary inspirals, which are produced by orbiting pairs of massive, compact objects
like neutron stars (NS) and black holes (BH). Gravitational waves detected so far
by LIGO fall in this category. These compact binary systems include binary neu-
tron stars, binary black holes, and neutron star: black hole binary.

It is expected that there should be about a billion neutron stars in the Milky
Way. Of the total of ~10° neutron stars in the galaxy, about half (5 x 10%) will be
part of NS binaries [6]. The two neutron stars orbiting each other closely emit
gravitational radiation and spiral inward. Their merger leads to the formation of
either a more massive neutron star, or a black hole (depending on whether the
mass of the remnant exceeds the Tolman-Oppenheimer-Volkoff limit). The
power radiated through GW for an equal mass binary system, each of mass A4
separated by a distance a (circular orbit), is given by [7]:

326G

P
5c¢®

M?a‘w® (1)

where the frequency of gravitational waves is:

v2
a)z(GI\SAj 2)

a

The merger time of the equal mass binary system is given by:
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¢ _5 ¢’ a’ 3)
merger 64 G3 M 3
4
Le. the merger time is related to the mass and separation as, ;... IVER

For the merger time to be of the order of the Hubble time, 7.e.
terger =t (z 4.35><1017S) , we have following Equation (3), t,M?® = constantxa®.
For instance, an equal mass binary, each 2M, would merge in Hubble time, if
their initial separation is =2.5 x 10" cm. The maximum initial separation (a;) of
the equal mass binary of different mass range to merge within the Hubble time is
given in Figure 1.

From this we can express the separation in terms of the mass as:

g,m2 Y
a=|—"——| =constant’'xM?* (4)
constant

From Equations (4) and (2) we have the frequency of GW in terms of the mass
Mas:

o = constant” x M %8 (5)
with the constants, this scaling of @ with mass M is given as:
M -5/8
©=27x10"Hz| — (6)
M [0}

From Equations (4) and (5), we have a*cM® and @®oc M4 respectively.
These along with Equation (1), gives the mass dependence of power, P as,

P oc M¥*. With the constants this scaling is given as:
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Figure 1. Initial separation for various mass for 1. =t, .
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M 5/4
P =15x10% erg/s[M—] (7)

0]

Figure 2(a) gives the variation of frequency (w) of GW with mass () and
Figure 2(b) gives the variation of power (P) emitted in GW with mass (M). The
total energy emitted over the Hubble time (#y) is E, =t xP. This will give a
background flux which could affect gravitational waves measured from distant
bursts. These values for varying masses of the equal mass binary black holes are
tabulated in Table 1. These values of frequency and power are those associated
with the initial stages of the separation of the equal mass binaries. They evolve
over time as the separation decreases, with both w and P increasing with de-
creasing separation. The frequency detected by gravitational wave detectors, like
LIGO, is that during the merger as the separation, a = 2 x radius of the NS, or 2x
Schwarzschild radius in the case of BHs.

As the binary components continue to approach each other, the frequency in-
creases, culminating with the chirp frequency as they ultimately merge which is
the one measured by GW detectors. The rate of change of the frequency with

decreasing distance between the binary components is given by:

do _(QGM j“

da \ 2a°
The variation in frequency, for binary systems with different masses, with respect

(8)

to decreasing distance (as they approach) is plotted in Figure 3(a). As the binary
components continue to inspiral, the power emitted due to gravitational radia-
tion increases, and the corresponding change in power is:
dP 32G*M°
da  c%a’

The variation in power with respect to decreasing distance is plotted in Figure

€

3(b), for binary systems with different mass.
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Figure 2. Variation with mass of the binary components in the: (a) frequency of GW; (b) power emitted in GW.
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Table 1. Variation with BH mass of frequency, power, and total energy over Hubble time

emitted in GW.
M(M,) w(Hz) P(erg/s) E, (erg)
5 9.87 x 107° 1.12 x 10* 4.87 x 10*
6 8.81 x 107° 1.41 x 10* 6.13 x 10
7 8.00 x 10™° 1.71 x 10* 7.44 x 10%
8 7.36 x 107° 2.02 x 10% 8.79 x 10%
10 6.40 x 107° 2.67 x 10% 1.16 x 10*°
15 4,97 x 107° 4.43 x 10* 1.93 x 10%°
20 4.15%x 107° 6.34 x 10* 2.76 x 10°°
25 3.61 x 107° 8.38 x 10* 3.64 x 10*°
30 3.22x 107° 1.05 x 10* 4.57 x 10*°
40 2.69 x 107° 1.51 x 10* 6.57 x 10°°
50 2.34 x 107° 1.99 x 10* 8.66 x 10°°
60 2.09 x 107° 2.50 x 10% 1.09 x 10>
70 1.90 x 107° 3.04 x 10% 1.32 x 10°!
80 1.75 x 107° 3.59 x 10% 1.56 x 10°!
920 1.62 x 107° 4.16 x 10% 1.81 x 10%
100 1.52 x 10~° 4.74 x 10* 2.06 x 10!
30 15| "
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Figure 3. Variation with decreasing distance between equal mass binaries (of different masses) in the: (a) frequency; (b) power
radiated.

The total power radiated during the merger can be obtained by integrating
Equation (9) from the initial separation to that at the merger (=2x radius of the
NS, or 2x Schwarzschild radius for BHs). For a 2Mg NS binary, the total energy
emitted in GW over the merger time is then given as:
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E_ 2.7x10%

- 10
t(in s)]/4 1o

For a merger time of about a billion years, the total energy emitted is
E ~10°'erg. With one NS merger per galaxy in 10° years, the total number of
mergers in the whole Universe (with ~10"' galaxies) is ~10° per year. Then in the
Hubble time, total mergers that have already taken place would be ~10'°. Each of
these mergers would release an energy of ~10% ergs (= GM?/R, the binding
energy of the NS, where R is the radius of the NS) in GW. This then implies that
a total energy of ~10% ergs is released in GW. This is spread over the Hubble
volume of 27°R} ~10%cc, hence the energy density is ~10"" ergs/cc and the
corresponding flux on Earth is ~10~° ergs/cm?/s in the frequency range of 100 Hz
- 1 kHz (the chirp frequency detected by the GW detectors at the final stages of

the merger). The flux of gravitational waves is related to the strain as:
= La)zh2 (11)

321G

For frequency of 100 Hz, the strain will be: h~10"*. This is the strain due to
the background flux, and it is about one order lesser than the sensitivity of
LIGO, which is =1072.

In the case of BHs, a 20 - 300 BH is formed by the collapse of a 50 progeni-
tor star. On average a massive star collapses every second in the Universe. So in the
Hubble time, total of ~10'” such collapses will occur. The number of stars from
20 to 50Mp mass range is given by (using the usual Salpeter mass function):

_ 50Mokd—M

~ Jaomg 25 (12)

where, k~1 star/( pC3MO) , this works out to be, N =0.02 star/( pC3MO) .

Stellar mass BH mergers are estimated to occur once every 200 - 300 seconds
in the Universe. So the total number of such mergers in the Hubble time will be
~10". The energy flux is comparable to NS mergers. The energy released is 10 -
100 times more than that in the case of NS mergers, but the frequency is 100
times lower, hence the background strain is comparable.

In the case of mergers of SMBH, the frequency is very low, but the energies
are much higher, so only LISA can detect the corresponding background strain.
For example, the binary system OJ 287 consists of two orbiting supermassive
black holes about a Gpc away. The mass of the primary black hole is deduced to
be 18 billion solar mass, and the secondary black hole of O] 287 has a mass of
150 million solar mass. For the orbital period of 12 years, the orbit separation is
~10* AU. The energy released as gravitational radiation when the merger occurs
would be ~10% erg. Even at Gpc distance the strain on a gravitational wave de-
tector would be, h~10", with a typical frequency ~5 - 10 microhertz. This
would be a very “bright” signal for LISA (which has a threshold of ~107**) [8].

3. Thermal Gravitational Waves: Sources and Background

Apart from mergers of binary compact objects, compact stellar objects can gen-
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erate high frequency (10'° - 10*! Hz) thermal gravitational radiation. In the case
of hot neutron stars, these thermal GW can be high. Main-sequence stars can
generate such thermal gravitational radiation from plasma-Coulomb collisions,
as also white dwarfs. Apart from these stellar and stellar remnants, gamma ray
bursts could also be a source of thermal GW. Another possible source of such

thermal GW is the terminal stages of evaporating black holes.

3.1. Thermal Gravitational Waves from Hot Stellar Cores and
Compact Stellar Remnants

Due to Coulomb collisions in the core of the stars, thermal gravitational waves
can be generated. These thermal gravitational waves can arise in white dwarfs
and neutron stars due to the fermion collisions in the dense degenerate Fermi
gas.

If n,n, arethe number densities of gas particles undergoing collision with a

doy,

and reduced

mass [, , then the power per unit volume per unit frequency interval is given

by the quadrupole formula as [9]:

[352? o vlzz 1 sm eij (13)

KT,
where, Vis the volume of the stellar coreand v = % ~10"Hz is the frequency

~10"K, and the cor-
responding velocity of the particles, V,, ~8x10" cm/s. The typical number den-
sity, N, =n, =p/m, ~10°cm, and volume of the stellar core, V ~10%cm?.

corresponding to the core temperature of the star of T,

And for a main sequence star [10],

4

~5x107 cm? (14)

2.,4
2712

> dd?; sin? @ =
These values give the power of thermal gravitational waves emitted as,
E ~10" erg/s, at a frequency of, v ~10"Hz . The flux of thermal gravitational
waves from the Sun, received at Earth is of the order of half a watt.
Considering all the 10" stars in all the 200 billion galaxies, the power asso-
ciated with the thermal gravitational waves from all these stars is of the order of,
E ~10%® erg/s . The total energy emitted due to the thermal gravitational waves
by these stars over their average life span of =3 x 107 s is, E ~3x10®erg/s.
In the case of white dwarfs (WD), the number density is of the order of,
n, =n, x10*cm™, and the velocity corresponding to the white dwarf core tem-

perature of T . ~10°K, is of the order of =2 x 10 cm/s and the corresponding

frequency is v ~10"Hz. And for a white dwarf, z it Sln 0 ~10*cm?. The

power of thermal gravitational waves emitted by the white dwarf works out to be
of the order of, E ~10" erg /s, at a frequency of, v ~10"*Hz.

In the case of neutron stars, N, =n, ~10®cm™, and the velocity correspond-
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ing to the nascent neutron star core temperature of T ~5x10"K, is of the

order of =5 x 10° cm/s, and the corresponding frequency is v ~10*Hz . And for

doy, . _ I
a neutron star, Zd_gl;smz 0 ~10*cm?. The power of thermal gravitational

waves emitted by the neutron star works out to be of the order of, E ~10% erg / S,
at a frequency of, v ~10%"Hz.

If one out of every 100 stars is a neutron star, then the power associated with
the thermal gravitational waves from all the neutron stars is, E ~10%erg/s.
The total energy emitted due to the thermal gravitational waves by these NS
cores over the average life span of their nascent hot-core stage of ~10% s is,
E ~10°"erg .

3.2. Thermal Gravitational Waves from PBHs

Primordial black holes (PBHs) are hypothetical type of black holes that are
formed not by the gravitational collapse of a star but by the extreme densities of
matter present during early Universe [11]. As these PBHs evaporate through
Hawking radiation, part of the energy could be released in the form of thermal
gravitational waves [5]. In the case of spontaneous graviton emission, the qua-

drupole gravitational power is given by:
E =%m2w6R: (15)
c
A typical PBH, that evaporates over the Hubble time has a mass of ~10"* g and

the corresponding Schwarzschild radius, R, ~107*cm. The power due to the

gravitational waves can be written as:
G(m?Y
E= —5(—} (16)

where vis the typical velocity and ¢is the time scale, of the underlying explosive

processes giving rise to the gravitational wave emission. The term within the

bracket corresponds to the power of the explosion, therefore we have, E = (C:;_S Pe)z(p .
The total energy released in the form of gravitational waves is then,
E =(S—5F’e§p]t (17)
The number of quanta of gravitational waves is then given by:
2
o R a
where, E,, =P,,t is the energy of the explosion and A/t is the energy of each

gravitational wave quanta. For the typical PBH of mass ~10' g, the energy of the

explosion is:
E,,, =mc” ~10%erg (19)

And the number of quanta, Ng, ~10%. The frequency and the correspond-
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ing energy of the gravitational wave quanta are given by, v =1/t and e=n/t,
respectively. Here t=R /c~107’s. Therefore each quanta of gravitational
waves has an energy of =107 erg (100 MeV) with a frequency of =10* Hz. The
total energy associated with the thermal gravitational waves is then given as,
E = Ngye ~10%erg.

We see that 10% of the energy of PBH explosion is converted to high
frequency gravitational waves, with a typical frequency of ~10* Hz correspond-
ing to ~100 MeV.

According to current estimates, the number density of PBHs in the Universe
could be ~1/ (kpc)3 [12]. Then the total energy associated with the gravita-
tional waves from these PBHs over the entire volume of the Universe of (10%
cm)*is, E,. ~10>erg.This corresponds to a cosmic background energy densi-
ty of ~10 erg/cc, and a flux of, f, ~10®erg/cm?/s in high energy thermal
gravitational waves at typical energies of ~100 MeV.

If the number density of PBH is higher, say, ~ ]7/( pC)3 , then the flux would
be f. ~10"erg/cm?/s.

The above discussion pertains to only those PBH’s that evaporate over the
Hubble time of 10" years. The integrated flux from all the PBH’s over the entire
Hubble time will give the background thermal gravitational flux. The number of

the PBH’s as a function of mass can be written as [13]:

Ny, (M) =1y, (mo)(%jn (20)

where, ny, (M) is the present number density of PBHs, m is the mass of the
PBH that evaporate over the Hubble time and n=3. The integrated energy of
the gravitational wave emission over the entire volume of the Universe is given

by:

m m’c* ¢ my )"
o = Joy TH—Onbh (mO)[Fj dmxV (21)

The upper limit of the integral m, =10"g is the mass of the PBH that will
evaporate over the Hubble time scale and the lower limit m, =10"g, below
which the flux is too small. Volume = 2n°R’, where R,, =10®cm is the Hub-
ble radius. With these values we get the total integrated energy as, E,. ~10%erg,
~10? erg/cm?/s.

total

and the total integrated energy flux as, f,

3.3. Thermal Gravitational Waves from Gamma Ray Bursts

Similar to stellar cores, in GRBs also, Coulomb collisions can result in the emis-
sion of high frequency gravitational waves. The power of the thermal gravita-
tional waves is given by the same expression as that for the stars, but the bulk
properties will be altered by factors of ' (Lorentz factor), due to the relativistic
velocities encountered in GRBs. The number density will be increased by a fac-
tor of gamma and the volume associated with the GRB, will be given by the de-

celeration volume. In gamma ray bursts, due to the general relativistic effects,
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the shock wave (from a spherical shell around the blast) propagated from the
burst will be decelerated.
With the Lorentz factor taken into consideration, the power of the thermal

gravitational waves emitted from a GRB will be [4]:

. (326 2 o e E,
E=|——(T n°v. v 22
{Sc5 (et ) 12(/,!122V142 rnm,c? 22)

where Ey leSlerg , is the energy of the GRB. For n =10%cm™, we have the

power, E ~T*x3.5x10"erg/s. For a gamma ray burst corresponding to a
' =100, the power works out to be of the order of 3.5 x 10% erg/s at the fre-
quency of v ~10%Hz.

3.4. Thermal Gravitational Waves from Short Duration GRB

Short duration gamma ray bursts have a shorter duration (<0.2 - 2 s) and a
harder spectrum as compared to the duration of 2 - 200 s for long GRBs. Short
GRBs are due to the merger of two neutron stars, whereas, the long GRBs are
due to the collapse of very massive stars. The spectrum observed is harder be-
cause the objects merging to produce the GRB are more compact.

_GM?/R .

merge E or

The time taken for the merging of two NS is given by, t

two neutron stars of mass 1.5Mg the merger time typically works out to be of the
order of 10° years. Due to the longer merger time of the NS, the short GRBs are
found in older population elliptical galaxies [14].

In the case of the merger of two neutron stars, the number density as well as
the temperature is substantially high compared to the long duration GRB, with
temperature of the order of 10" K and n=10"cm™. Considering all the gam-
ma factors associated with the GRB [15] [16], as in the previous case, the gravita-
tional power is given by, E ~Tx4x10%erg, at a frequency of v ~T'x10®Hz.

During the short duration burst, the two neutron stars undergo collision.
During the tidal breakup of the neutron stars, its binding energy is released,
which for a pair of neutron stars each of mass 1.5Mp and radius of about 10° cm,

is

2
BEzz(gGr ]z6x1053erg (23)

For a gamma factor of about 100, the power radiated due to the thermal gra-
vitational wave emission is of the order of E ~4x10*erg/s. This implies that
about 1% of the energy released in the short duration gamma ray burst could be
in the form of thermal gravitational waves. For a GRB at a typical distance of 100

Mpec, the flux is given by:
E
f =—— ~4x102%erg/s/cm? 24
4md? g/ / 24)

Since the event occurs over a time scale of one second, the flux is equivalent to

the fluence.
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4. Cosmic Background Thermal Gravitational Radiation

At the Planck epoch in the early Universe, with t,, ~10™*s, all the interactions
were of equal strength so that thermal equilibrium was maintained between gra-
vitons and other particles. As the Universe expanded, the gravitational interac-
tion weakened and gravitons decoupled from other particles [9]. If NV is the
number of particles that were coupled with the graviton, then the temperature of

the background thermal gravitational radiation is given by:

13
43

T =|—1 T 25

(o] ™ (9)

where, 7; is the background radiation temperature. And for the present cosmic
radiation temperature of 2.7 K and with N ~ 30, we have the temperature of
the background thermal gravitational radiation of about 1 K.

This result has consequences for the inflationary model of the Universe. At
the time of inflation, the expansion of the Universe occurred at an exponential
rate where the expansion was increased by a factor of 10%, when the Universe

was 107%¢ sold [17]. The radiation temperature at this epoch is given by:
_ 2x 10"

Jt

The temperature of the background thermal gravitational radiation correspond-

T

~ 2x10%K (26)

ing to this radiation temperature is given by,

3
T, = (%) T ~8x107K (27)

and the corresponding wavelength is,

2="C L10%em (28)

KT,

At the end of the inflation phase, the wavelength of the gravitational radiation
background islcm. However, in order not to interfere with nucleosynthesis in

the hot dense phase, its energy density would have to be <1% of the radiation
2 2.2

energy density. This would give an A of the order of . Now the wave

would be stretched by a further factor of 10* (at the present epoch). This would
give a wavelength of 10" cm at present. Detection of such waves through fluctu-
ations in the cosmic microwave background radiation could verify the existence
of such a phase in the early Universe [18]. If inflation had not taken place, we
would be left with a thermal gravitational wave background with a temperature
of ~1 K. If at all this can be detected, it would provide evidence against inflation
[7].

Also the detection of these thermal background gravitational waves provides a
basis to verify the validity of the big bang model itself. There are claims that the
most convincing evidences of the big bang, the microwave background and ab-

undance of helium, can be accounted for without invoking the big bang. But
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these thermal gravitational waves cannot be generated without the Universe

passing through the super-hot, super-dense Planck epoch [19].

Integrated Background Thermal Gravitational Radiation

Thermal gravitational waves continue to be generated in the early Universe as it
expands, as the temperature and particle densities continue to be high. We can
estimate the integrated power emitted in thermal gravitational waves as the Un-
iverse cools from say 10 K - 10° K [20]. This is similar to what was done for
stellar core (in Section 3.1) but now all the quantities are time dependant. The
time range, corresponding to the above temperatures is 10 s - 10'° s. The power
per unit volume per unit frequency interval is given by the same expression as in
Equation (13).

2
t
The number density is dependent on time as, n=n, (le , where the quanti-

ties with subscript 7indicates the initial values of theses quantities at time of 107¢

Y2
s. The time dependence of frequency and velocity is, v =y, [le and

Y4
V=Y, (le , respectively. Since the radius of the Universe is related to the tem-

34
perature as, R7T = constant, the volume is given as, V =V, [t_] . Hence the
i

power radiated by the thermal background gravitational radiation is:

34
. 2
E= (3 ?jnfvie4viui t (29)
5¢c t;
The initial values corresponding to time 10~ s is given by:
2 5 N
n =n . proton/m® 13.7x10 ><71:,.15><10 (30)
t; 10
KT, 3KT,
v, =—~2x10%Hz; v = |—-=~c; V, =2n°R’ ~10¥m®
h m,

I . 2x10% . .
This gives the power as, E = o The integrated energy (over the time
range of 107 s - 10" s) is given by:

- 100 2 ><1056 67
[Edt = jm_e thdt ~10%erg (31)

This is the integrated energy radiated by the background thermal gravitational
radiation in the early Universe as the temperature cooled from 10" K - 10° K,
and this is spread over the Hubble volume.

As the Universe expanded, this energy is red shifted by a factor given by,

R
P ~10°. Therefore the present energy associated with the integrated

at10°K
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background thermal gravitational radiation is of the order of 10 erg. The flux
associated with this integrated background thermal gravitational radiation
(IBTGR) is given by, f ~2x10™erg/s/cm? .

The energy density associated with the cosmic microwave background radia-
tion is of the order of 107" erg/cm?, and the corresponding flux is,
fous ~107° erg /S/ cm®. We see that the flux associated with integrated back-
ground thermal gravitational radiation is about 10 orders less than that of the
CMB radiation.

The contribution of the microwave background radiation to the normalised
critical density of the Universe is Q5 ~4x107. Since the flux associated with
IBTGR is about 10 orders less the contribution to Q due to this will be
Qgrer ¥107°. The overall energy associated with the emission of thermal gra-
vitational waves from stellar sources is of the order of 10* erg, which is still about
5 orders less than that associated with IBTGR (10%* erg) as arrived at earlier.

As for the PBH’s, we need something like 10*° of them to match the thermal
gravitational wave background. This would need a density of such objects much

more than what is implied by the gamma ray background.

5. Detection of Thermal Gravitational Waves

When a weak gravitational wave passes through a system of particles along a line
perpendicular to the plane of the particles then the particles will oscillate. The
area enclosed by the particles does not change, and there is no motion along the
direction of propagation. Passing of gravitational waves through a system of
masses sets it into harmonic oscillations, hence causing a strain A.

However, current devices in operation like LIGO are expected to detect an
h~10". But what about the detection of thermal gravitational waves. So far
there have been few attempts to conceive detection of such waves. The flux of
thermal gravitational wave from the Sun (around frequency of ~10'¢ Hz) at earth
is about 0.5W (5 x 10° erg). How can we detect this kind of high frequency gra-
vitational wave radiation? For example, in magnetised plasma, gravitational
waves can be coupled to electromagnetic waves and can get damped. The
damping time is given by:

Wy

rT=— (32)
GnTY?m¥?

For a magnetic field of 10"° G and T ~10”K, the damping time is of the order
of 10%s.

If two particles in the gas are separated by a distance of d, and the passing of
gravitational wave causes a strain A, then the change in the distance between the
particles is given by, Ad =hd . The distance of separation is given by, d =V/®
where, w is the frequency and V= m is the particle velocity. The change
in velocity due to the passing of the gravitational wave is given by, Av=ndw,

2
and the energy change per collision is given by, dE = %m(ﬂj . If the number
v
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density of particles is 7and A is the mean free path, the total power radiated over

the volume is given as:
2 2
. hd
E:lm av ﬂnzlmzﬂn( ©) (33)
2 \v 2 KT
(hoc )2
G
expression for power we get the time scale for the damping of the wave as [4]:
3 2 3 2
z':/l(gj ( @ ]:z[fj [“’—ZJ (34)
v/ { Gmn v) g

The quantity Gmn has the same dimensions as ®°, hence YGmn can be

The energy density of the wave is of the order of,

. On integrating the

interpreted as the gravitational plasma frequency @; associated with the par-
ticles undergoing oscillations due to the passing of the gravitational waves.

In the case of neutron stars with temperature of the order of T ~10"K we
have ® ~ @ . The damping time will be of the order of 10™'® s and hence waves
may be trapped within the NS. The trajectories of charged particles may be af-
fected by passage of gravitational waves, which involves generation of electric
current in the magnetised plasma.

The high frequency gravitational waves can also be detected through the
atomic transitions induced by them at a very slow rate [7]. The quadrupole tran-
sition of hydrogen from 3d > Is state with emission of a graviton occurs at a

frequency of =10" Hz. The quantum mechanical transition rate is given by [21]:

P
¢ = Fo where, Pis the power emitted by a dipole. For the case of spontaneous
@

2Gw®
raviton emission, the quadrupole gravitational power is given by, P = @ 12,
g q pole g p g Yy 5c
C
Therefore we have the transition rate:
P a’Gml w01
=—=——""=~6x10"s 35
d ho  360h° .

where, o = is the Bohr radius. And the corresponding lifetime of the

m,e?

e

transition is:

5i?

:—:10365 36
"~ 256Gcatm? (36)

The frequency of this transition is of the order of 10'® Hz, which is within the
range of thermal gravitons emitted from the Sun. About 10° gravitons fall per
square metre per second on the Earth from the Sun at this frequency. Thus there
is a finite probability of detecting induced emission with a sufficiently large de-
tector. This radiation will be very penetrating.

By coincidence, the lifetime for this transition to take place is the same as the
proton decay time (10*® s). Proton decay is a major prediction of GUTs and de-
spite the long lifetime is being tested by several experiments. So it may not alto-

gether be impossible to also observe the effects of high frequency thermal gravi-
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tational radiation, which can also induce transitions with a lifetime comparable
to that of proton decay.

The absorption rate of these high frequency gravitons can be estimated as
=107, for terrestrial detectors, so one requires a detector of several hundred
square kilometres to detect a few transitions in some decades [22].

Another way of detecting these thermal GW is to convert them into electro-
magnetic waves of same frequency. When an electromagnetic wave of amplitude
Hy propagates through a constant magnetic field A, as it produces a quadrupole

stress term given by:

Tyy = HyH, cos(kx - ot) (37)

This stress term gives rise to gravitational waves given by the linear Einstein eq-
uation [20]:
167G
hvv = kTYY k= ot (38)
Alternatively, a weak gravitational wave Ayy propagating through a magnetic

field H, gives rise to a magnetic field perturbation given by [23]:
H, = o’hyH, (39)

The fraction of the gravitational wave energy converted into electromagnetic
waves of frequency w is given by [24] [25]: f =kHZd®, where, d is the spatial
extent of the uniform magnetic field.

6. Conclusions

The gravitational waves detected so far by the LIGO and Virgo collaboration are
from transient events, such as the final stages of mergers of black holes and neu-
tron stars. These waves have frequencies in a band ranging from a few hundred
hertz to around a kilohertz to which LIGO type instruments are sensitive. Here
we study various sources of continuous background gravitational waves. The
frequency and background flux for a whole mass range of compact binary and
isolated compact objects are estimated. As shown, these gravitational wave
backgrounds are produced in typical frequency ranges, over a Hubble time. The
fluctuations in the strain due to these backgrounds GW fall within the sensitivity
range of either existing or proposed GW detectors.

Such gravitational waves are also associated with close planetary stellar enti-
ties. For instance, the total power emitted in GW by Jupiter as it orbits the Sun is
about a few kilowatts. For a system of a hot Jupiter (104 orbiting a solar mass
star with a period of a day (at a distance of =0.02 AU) the power emitted in GW
is =7 x 10* erg/s, at a frequency of 107 Hz. There could also be a new class of
planetary dark matter objects that could emit gravitational radiation [26].

We have also given detailed estimates of the high frequency thermal gravita-
tional radiation flux emitted from a variety of high energy sources including
nascent neutron stars, gamma ray bursts, evaporating primordial black holes,

etc. We have also estimated the integrated thermal gravitational wave flux pro-
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duced in the expanding early universe. This integrated cosmic thermal gravita-
tional wave background has a present energy density about five orders of mag-
nitude higher than that from all other discrete sources. Gravitational waves also
provide a testing tool for various theories of gravity, ie. general relativity and
extended theories of gravity, and will be the definitive test for general relativity
[27].

Conflicts of Interest

The authors declare no conflicts of interest regarding the publication of this
paper.

References

[1] Abbott, B.P., et al (2016) Observation of Gravitational Waves from a Binary Black
Hole Merger. Physical Review Letters, 116, Article ID: 061102.

[2] Abbott, B.P., et al (2017) Multi-Messenger Observations of a Binary Neutron Star
Merger. The Astrophysical Journal, 848, L12.

[3] Amaro-Seoane, P., et al (2012) Low-Frequency Gravitational-Wave Science with
eLISA/NGO. Classical and Quantum Gravity, 29, Article ID: 124016.
https://doi.org/10.1088/0264-9381/29/12/124016

[4] Sivaram, C. and Arun, K. (2011) Thermal Gravitational Waves. The Open Astron-
omy Journal, 4, 65. https://doi.org/10.2174/1874381101004010065

[5] Sivaram, C. and Arun, K. (2011) Thermal Gravitational Waves from Primordial
Black Holes. The Open Astronomy Journal, 4, 72.
https://doi.org/10.2174/1874381101004010072

[6] Sartore, N., Ripamonti, E., Treves, A. and Turolla, R. (2010) Galactic Neutron Stars
I. Space and Velocity Distributions in the Disk and in the Halo. Astronomy & As-
trophysics, 510, A23. https://doi.org/10.1051/0004-6361/200912222

[7] Sivaram, C. (1984) Thermal Gravitational Radiation from Stellar Objects and Its
Possible Detection. Bulletin of the Astronomical Society of India, 12, 350.

[8] Sivaram, C. (2008) OJ 287: New Testing Ground for General Relativity and Beyond.
arXiv:0803.2077

[9] Weinberg, S. (1972) Gravitation and Cosmology. Wiley, New York.

[10] Cox, J.P. and Guili, R.T. (1968) Principles of Stellar Structure. Pergamon, New
York.

[11] Sivaram, C. and Arun, K. (2010) Charged Black Holes and Constraints on Baryon
Asymmetry. arXiv:1003.1667

[12] Montero-Camacho, P., et al (2019) Revisiting Constraints on Asteroid-Mass Primor-
dial Black Holes as Dark Matter Candidates. Journal of Cosmology and Astroparticle
Physics, 8, 31. https://doi.org/10.1088/1475-7516/2019/08/031

[13] Shapiro, S.L. and Teukolsky, S. (1983) White Dwarfs, Neutron Stars and Black Holes.
Wiley, New York. https://doi.org/10.1002/9783527617661

[14] Chincarini, G. (2006) Gamma-Ray Bursts: Learning about the Birth of Black Holes
and Opening New Frontiers for Cosmology. Messenger, 123, 54.

[15] Sivaram, C. (1999) Constraints on the Photon Mass and Charge and Test of Equi-
valence Principle from GRB 990123. Bulletin of the Astronomical Society of India,

DOI: 10.4236/jhepgc.2021.72041

713 Journal of High Energy Physics, Gravitation and Cosmology


https://doi.org/10.4236/jhepgc.2021.72041
https://doi.org/10.1088/0264-9381/29/12/124016
https://doi.org/10.2174/1874381101004010065
https://doi.org/10.2174/1874381101004010072
https://doi.org/10.1051/0004-6361/200912222
https://doi.org/10.1088/1475-7516/2019/08/031
https://doi.org/10.1002/9783527617661

C. Sivaram, A. Kenath

(16]

(17]

(18]

(19]

(20]

(21]

[22]

(23]

(24]

[25]

[26]

(27]

27, 627.

Tokuoka, T. (1975) Interaction of Electromagnetic and Gravitational Waves in the
Weak and Short Wave Limit. Progress of Theoretical Physics, 54, 1309.
https://doi.org/10.1143/PTP.54.1309

Zel’dovich, Ya.B. and Novikov, I.D. (1997) Relativistic Astrophysics Vol. II. Univ. of
Chicago Press, Chicago.

Zeldovich, Ya.B. (1973) Primordial Magnetic Fields and Gravitational Wave Effects
on CMBR. Soviet Physics JETP, 38, 652.
Biscoveanu, S., Talbot, C., Thrane, E. and Smith, R. (2020) Measuring the Primor-

dial Gravitational-Wave Background in the Presence of Astrophysical Foregrounds.
Physical Review Letters, 125, Article ID: 241101.
https://doi.org/10.1103/PhysRevLett.125.241101

Abbott, B., et al. (2005) Upper Limits on Gravitational Wave Bursts in LIGO’s
Second Science Run. Physical Review D, 72, Article ID: 062001.

Misner, C.W., Thorne, K.S. and Wheeler, J.A. (1973) Gravitation. Freeman, San
Francisco.
De Logi, W.K. and Mickelson, A.R. (1977) Electrogravitational Conversion Cross

Sections in Static Electromagnetic Fields. Physical Review D, 16, 2915.
https://doi.org/10.1103/PhysRevD.16.2915

Sivaram, C. (1990) Plasma Damping of Gravitational Waves. In: Priest, E. and
Krishnan, V., Eds., Proceedings of the [AU Symposium No. 142, Kluwer Academic

Press, Boston, 62. https://doi.org/10.1017/S007418090008774X

Boughn, S. and Rothman, T. (2006) Aspects of Graviton Detection: Graviton Emission
and Absorption by Atomic Hydrogen. Classical and Quantum Gravity, 23, 5839.

https://doi.org/10.1088/0264-9381/23/20/006

Chen, P. (1991) Gravitational Beamstrahlung. Modern Physics Letters A, 6, 1069.
https://doi.org/10.1142/S0217732391001111

Sivaram, C. and Arun, K. (2019) Dark Matter Objects: Possible New Source of Gra-
vitational Waves. Earth Moon Planets, 123, 9-13.
https://doi.org/10.1007/s11038-019-09527-2

Corda, C. (2009) Interferometric Detection of Gravitational Waves: The Definitive
Test for General Relativity. International Journal of Modern Physics D, 18, 2275.
https://doi.org/10.1142/S0218271809015904

DOI: 10.4236/jhepgc.2021.72041

714 Journal of High Energy Physics, Gravitation and Cosmology


https://doi.org/10.4236/jhepgc.2021.72041
https://doi.org/10.1143/PTP.54.1309
https://doi.org/10.1103/PhysRevLett.125.241101
https://doi.org/10.1103/PhysRevD.16.2915
https://doi.org/10.1017/S007418090008774X
https://doi.org/10.1088/0264-9381/23/20/006
https://doi.org/10.1142/S0217732391001111
https://doi.org/10.1007/s11038-019-09527-2
https://doi.org/10.1142/S0218271809015904

	Multifrequency Gravitational Wave Background from Continuous Sources
	Abstract
	Keywords
	1. Introduction
	2. Gravitational Waves from Merger of Compact Binary Objects
	3. Thermal Gravitational Waves: Sources and Background
	3.1. Thermal Gravitational Waves from Hot Stellar Cores and Compact Stellar Remnants
	3.2. Thermal Gravitational Waves from PBHs
	3.3. Thermal Gravitational Waves from Gamma Ray Bursts
	3.4. Thermal Gravitational Waves from Short Duration GRB

	4. Cosmic Background Thermal Gravitational Radiation
	Integrated Background Thermal Gravitational Radiation

	5. Detection of Thermal Gravitational Waves
	6. Conclusions
	Conflicts of Interest
	References

