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Introduction

After the first detections of gravitational waves (GWs) using ground-based laser interferometers
LIGO and VIRGO [1H3] based on the method proposed in [4], it can be argued that a new instrument
for precision measurements in the field of astrophysics and cosmology has appeared. Gravitational waves
are space-time perturbations predicted in metric theories of gravity (including general relativity) that
travel at the speed of light and can be characterized by frequency f and dimensionless amplitude hgyy .

Modern ground-based detectors have a maximum sensitivity in the frequency range from 10 Hz to
10 kHz [143|, in which the development of observation technology and the abundance of astrophysical
sources, such as black hole and neutron star mergers, provided the first detections of gravitational waves.
The projected space laser interferometer LISA is designed for the frequency range 0.1 — 10 Hz focusing
mainly to detect gravitational waves from binary black holes and white dwarfs [5].

The motivation for the study of high-frequency gravitational waves is that there are no known
astrophysical objects that are compact and dense enough to emit gravitational waves at frequencies
above 10 kHz. Thus, any discovery of gravitational waves at higher frequencies will correspond either
to exotic astrophysical objects (such as primordial black holes, cosmic strings or bosonic stars) [6] or
they are caused by cosmological perturbations in the early universe at the inflationary stage of its
evolution [7H9].

Relic gravitational waves have not been directly observed, which leads to a large number of
theoretical models of cosmological inflation that explain the origin and evolution of the large-scale
structure of the universe and are consistent with currently available observational data on anisotropy
and polarization of the CMB [10].

Nevertheless, the specifics of the transition from the inflationary stage to the stage of radiation
predominance has a significant effect on the spectrum of relic gravitational waves [11H14]. Deviations of
the state parameter from the value w = 1/3 for radiation at a given transition correspond to a significant
increase in the energy density of relic gravitational waves in the high-frequency range. These deviations
are associated with the presence of an additional stage of stiff energy predominance between the end
of the inflationary stage and the beginning of the radiation domination stage. The energy density of
relic gravitational waves corresponding to the cutoff frequency of their spectrum f, following from BBN
constraint in such a models is estimated as Qg < 1076 [11H14].

In the framework of general relativity, such cosmological models correspond to quintessential
inflation, in which a scalar field is a source of accelerated expansion of the early universe at the
inflationary stage and the second observed accelerated expansion of the universe at the modern era of
its evolution. The frequency of relic gravitational waves corresponding to the maximum energy density
in these cosmological models is estimated as f. ~ 10'° Hz [15-17].

Also, the cosmological models based of the scalar-tensor gravity theories with an additional stage
of stiff energy predominance were considered in [18|. The main features of these cosmological models are
the direct connection between the physical potentials of the scalar field and the known theories of scalar-
tensor gravity and the satisfaction to the observational constraints for an arbitrary implementation of
the inflationary scenario (arbitrary potential of a scalar field), which is impossible to implement in the
cosmological models based on general relativity. However, at large times these cosmological models are
reduced to the case of the ACDM model and gravity coincide with GR. The frequency of gravitational
waves corresponding to the maximum energy density predicted in these cosmological models is estimated
as f. ~ 10° — 107 Hz [18].

As other sources of the stochastic gravitational wave background, we also consider cosmic strings
and primordial black holes.

As a result of phase transitions in the early universe, various topological defects can arise, one of
which is a cosmic strings. Cosmic strings arise in different inflationary models such as supersymmetric
hybrid inflation [19] or in the brane world cosmological scenarios [20]. For frequencies f ~ 1079 — 1014
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Hz, the spectrum of gravitational waves from cosmic strings closes to the flat one, and the value of the
energy density is estimated as Qg < 1078 [21).

As hypothetical components of dark matter, primordial black holes are considered, which can exist
both in the form of separate binary systems and binary systems in dark halos [22]. Primary binaries
originate from two primordial black holes that were formed close enough to each other that the dynamics
of the evolution of this system did not depend on the expansion of the universe until the equilibrium
period of matter and radiation. The gravitational interaction of one or more nearby primordial black
holes does not allow two black holes to merge directly, which leads to the formation of a binary system.
In some cases, the binary system is quite stable, and the merger of two primordial black holes requires
a time of the order of the age of the universe [22]|. The frequency of gravitational waves in stochastic
gravitational wave background from the primary black holes mergers is in range f ~ 10 — 10 Hz and
its energy density is estimated as Qgw < 1072 [23).

Based on the fact that high-frequency relic gravitational waves can have a higher energy density
(or amplitude) than those inspired by cosmic strings or primordial black holes, we will focus on the
analysis of the possibility of direct detection of high-frequency relic gravitational waves.

1. Characteristics of relic gravitational waves

To analyze the possibility of direct registration of relic gravitational waves, we firstly consider their
main characteristics, taking into account the recent new constraint on the value of their amplitude
compared to scalar cosmological perturbations, which follows from observations of the anisotropy and
polarization of the CMB [24].

The energy density of relic gravitational waves pgw is defined in terms of following dimensionless
quantity [11414]

1 dpew

Qew(f) = o dlos | (1.1)

where p, is the critical density, f is the frequency of relic gravitational waves.

The spectrum of relic gravitational waves at the present time for the cosmological models with
additional stiff energy domination (SD) stage can be defined by expression [13}14]

0 1 ) f<< fRD7
Qaw(f) ~ Q(va X

;o\
1.27 x (H) , > frp,

where the plateau of the spectrum is
R0~ x 10715, (1.2)

tensor-to-scalar ratio r < 0.032 characterizes the contribution of relic gravitational waves to the
anisotropy and polarization of the relic radiation w.r.t. scalar perturbations [24], reduced Hubble
parameter is estimated as h ~ 0.68 [10], and frp is the present day frequency corresponding to the
horizon scale at the transition from the stiff energy domination (SD) stage to the radiation domination
(RD) stage.

Also, parameter ag is related with the state parameter wg as follows

3w571
—o (250, 1.
as (3w5+1) (13)

The maximum value of the parameter ag = 1 corresponds to extremely stiff matter with state
parameter wg = 1, for which the speed of sound is equal to the speed of light in vacuum, the minimum
value ags = 0 corresponds to the radiation with state parameter wg = 1/3.
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For f > fgrp and ag > 0 one has Qgw (f) > Q(GOE/V, i.e the energy density of relic gravitational
waves can be defined as follows [18]

as
W2 Qew (f) ~ 1.27 x 1 x 1071 x (f> . (1.4)
frD
From the LIGO bound Qgw (f ~ 10°Hz) < 1079 |25] and expression (1.4) one can estimate the
lower limit on the frequency frp as

13.6+1In ()

frp 2100 x exp |[——— "2 | Hz. (1.5)
as

To find the cutoff frequency of the spectrum of relic gravitational waves f, one can use the BBN
constraint [26]

f
/ hQQGW(f)% <1.12x107°, (1.6)

fBBN
where fppy ~ 1.41 x 1071 Hz.
Taking into account that f., > frp and f. > fgpny from and one has following
constraint on the cutoff frequency

«a 1/ag
fo < frp x (75 X 109) . (1.7)

Thus, from LIGO and BBN constraints we obtain lower limit on the GW’s frequency corresponding
to the horizon scale at the SD-to-RD transition and upper limit on the cutoff frequency for
the cosmological models with additional stiff energy domination era.

From expressions , and we define following value of the energy density of relic
gravitational waves corresponding to the cutoff frequency is

Qaw (f) $2.7 x ag x 1075, (1.8)

for any cosmological model with 0 < awg < 1, and for any value of the cutoff frequency f..

For the case wg = 1/3 (ag = 0), the spectrum of relic gravitational waves closes to the flat one,
and energy density can be defined by expression .

Also, we note, that the dimensionless amplitude of relic gravitational waves is defined as follows [9}
26|

he(f) =1.26 x 10718 <ij) VR2Qaw (f) . (1.9)

This parameter can be used for assessing the possibility of direct registration of relic gravitational
waves by existing and advanced GW'’s detectors.

2. High-frequency relic gravitational waves

We can consider the characteristics of relic gravitational waves for various models of cosmological
inflation, which can be divided into two classes, namely: standard cosmological models with avg = 0 and
models with an additional stiff energy domination era with 0 < ag < 1.

For the standard cosmological models with ag = 0 from expression , taking into account the
constraint on the tensor-to-scalar ratio » < 0.032, we obtain

Qow <T7x 10717, (2.1)
The upper limit on the frequency of relic gravitational waves was estimated in [27] as follows

fe~3x101°H 2. (2.2)
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For cosmological models with an additional stiff energy domination era and 0 < ag < 1 from (1.8)
we obtain following constraint on the energy density

Qaw (fe) $2.7x107°, (2.3)

and the lower limit on the frequency of relic gravitational waves corresponding to maximal energy density
Qaw = QU9 ~ 2.7 5 1076 (for g = 1) can be obtained from (1.5) and (1.7), namely

fe 2 3x10°Hz, (2.4)

where the frequency frp > 9 x 1076 Hz.
Thus, in general case, for the models with an additional stiff energy domination era (0 < ag < 1)
we can consider the following constraint on the cutoff frequency of relic gravitational waves

3x10°Hz < f, <3 x10"°Hz, (2.5)

~

corresponding to the maximal energy density.
The maximal amplitude of relic gravitational waves in such a models can be estimated from ({1.9)),

(2.3) and (2.4) as
3x107"Hz S he $3x 107 Hz, (2.6)

which is significantly less than the amplitude of low-frequency gravitational waves [18].
As possible method for detecting high-frequency relic gravitational waves let us consider the use of
the gravitational-optical resonance effect in the multi-beam Fabry-Perot interferometers [28-30].

3. Gravitational-optical resonance

Gravitational-optical resonance in a multi-beam interferometer occurs if the condition is satisfied
that an integer number of half-waves of gravitational radiation fits on the length L of the resonator [28-
30]

L= %f n=1,2,3,.. (3.1)
where c is the speed of light.

We also note that when using a multi-beam interferometer to register high-frequency gravitational
waves, it is not required to create a complex system for decoupling mirrors used for the ground-based
gravitational antennas operating in the low-frequency part of the spectrum. This is due to the fact
that the frequency of mechanical vibrations of the interferometer mirrors in this case turns out to be

significantly less than the frequency of the gravitational wave.
4. The sensitivity of the detector

Consider the case of tuning a multi-beam resonator at n = 1. Then the response W (¢) of such a
gravitational wave detector of the high-frequency gravitational waves can be estimated by expression |28~
30]

QL
Ae

W (t) = Wohe(t), (4.1)
where 0W is the power variation of the laser radiation transmitted by the interferometer, @) is the quality
factor of the Fabry-Perot interferometer, ). is a laser wavelength, W is the power of laser radiation at
the entrance to the interferometer. We also note that expression depends on the tuning point of
the Fabry-Perot interferometer.

On Fig. [1] a scheme of a gravitational-wave detector based on a Michelson interferometer, in the
arms of which two Fabry-Perot interferometers are placed, is shown.
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Fig. 1. A scheme of a high-frequency gravitational-wave detector based on the Michelson interferometer: 1 -
laser, 2 - beam splitter, 3 - mirrors of Fabry-Perot interferometers, 4 - photodetector.
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Fig. 2. A scheme of a high-frequency gravitational-wave detector based on the Mach-Zehnder interferometer:
1 - laser, 2 - beam splitters, 3 - mirrors of Fabry-Perot interferometers, 4 - mirrors for bending the beam inside
Fabry-Perot interferometers, 5 - photodetectors.

On Fig. 2| an alternative scheme of the high-frequency gravitational wave detector based on a
Zander-Mach interferometer, which contains one main and two auxiliary photodetectors is shown.
Since gravitational waves stochastic background is often characterized by its spectral density [26,31]

h2(f)
= _¢ 4.2
Sh (f) 2f ) ( )
one can rewrite expression (4.1]) in terms of the spectral density of power variations Ssy as follows
Q2L2
Ssw (f) = TWoQSh(f)- (4.3)

To increase the sensitivity of the gravitational wave detector, it is possible to use the averaging
procedure of the spectral density of power variations Ssw (f) over the time period T. This makes it
possible to increase the sensitivity of this detector by a factor [30]

K:,/éT:,/%. (4.4)

In this case, expression (4.3) for the spectral density of power variations is

s 3/273/2
Ssw (f) = KSsw (f) = \/mTLWOQSh(f)? (4.5)
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and, therefore, one can define the spectral density of detectable gravitational waves as

A2 .
) = Fargen 2w ) (0

Thus, from expressions ((1.9)) and (4.6) one has following amplitude of detectable gravitational waves

1/4 )
ne=2(3) " (g ) S @)

corresponding to the sensitivity of the detector.

Nevertheless, the sensitivity of such a GW detectors is restricted by the shot photon noise and
radiation pressure noise, since the laser light arrives on a mirrors of the Frabri-Perot resonators and
the photodetector as discrete quanta which produce the additional power fluctuations W, that can be
registered by the photodetector [31}32].

In this case, we will consider the shot photon noise and radiation pressure noise as the factors,
which restrict the sensitivity of such a gravitational waves detectors, assuming the influence of other
factors is significantly less than these ones [311[32].

5. Photon shot noise

Now, we estimate the minimal detectable amplitude of gravitational waves due to reducing the
power of laser radiation incident on the photodetector to decrease the photon shot noise.

The average power measured at the photodetector during the observation time is [31]

2mch

1
th = OZWO = fN’the = ﬁ

N, (5.1)

where A is the reduced Planck constant, « is a factor that determines the difference between the power
of the laser radiation that measured at the photodetector Wy, and the power of laser radiation at the
entrance to the interferometer Wj.

The fluctuation in a large number of photons is |31]

ON, = /N, (5.2)

since the Poisson distribution is reduced to the Gaussian distribution for a large number of photons,
and one can define the produced fluctuations in the observed power as follows

2mch 2mch
(6W)shot = Th. N,i/z = m. (53)

The signal-to-noise ratio can be defined as [31]

S sW QL [ TAWy\ /2 Q TA\Y2/ e \Y?
B — he = =W, — he. (5.4)
N (6W)shot Ae \ 2mcha 2f Won 2w A h

Thus, to increase the signal-to-noise ratio it is possible to reduce the power of laser radiation

arriving at the photodetector Wpy,, which will be restricted by the detectable spectral density of power
variations Sy (f)-

To analyze this possibility we consider the photon shot noise registered by the photodetector in
more detail.

The photon shot noise dispersion is defined as follows

7 = VS (18] = 220, 65
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where Af = f/Q is the resonant line width, since the detector perceives the gravitational wave signal
only in a narrow range of the spectrum.
If averaging time is 7' > 1/Af, then the noise dispersion o, is reduced to &, = 0., /K, and the

power fluctuations are

(W )aror = /S (g = |/ 20D, (5.6)

From expressions (5.3) and (5.6) we obtain the power of a laser radiation

min S’(?W(f))‘e
corresponding to the minimal detectable spectral density of laser radiation variations S’(;W( ).
Thus, from (5.7)) one has following factor
o= P _ sw (f)Ae (5.8)

Wo 2 ChWO ’

corresponding to minimal power of a laser radiation restricted due to the sensitivity of the photodetector.
Further, from expressions (4.1) and (5.6) the signal-to-noise ratio is

S SW QLWoh.

N W [ 9
Thus, under condition S/N = 1, from and one has
pmin) — o f ( Ae > Ssw (f) v (5.10)
¢ QWye T ’ '
and from and we obtain
he = (QTf)!* h{mim. (5.11)

Thus, from expression (5.11) and condition he = h{™™ (or, otherwise, S/N = 1) one has T(min) =
@Qf)~*

Therefore, for observation time

1
rl_Q

Af  f
one has T' > T(™") for Q > 1, i.e. under condition 1) photon short noise can be reduced below the
sensitivity of such a gravitational wave detector (4.7).

(5.12)

6. Radiation pressure noise

The radiation pressure noise of a Frabri-Perot resonator is derived from fluctuations of the mirror
positions due to fluctuations of the laser power.

The relationship between the fluctuation of the mirror position dx and the laser power fluctuations
oW is [31},32]

oW

bo = — 20
v 2Mcm2f2’

(6.1)

where M is the mass of the mirror of the Frabri-Perot resonator, and the expression for the laser power
fluctuations can be obtained from (5.4) for oo = 1, namely

2mch
oW =4/ T Wo. (6.2)
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The response of detector on the radiation pressure noise can be defined as follows [31}32]

ra 5:1:
hrad) — T (6.3)
Thus, from expressions (3.1]) and (6.1)—(6.3) one has following restriction on the radiation pressure

noise

. 1 [ 2Woh Y2
hc > h(fad) _ = (=0 4
e Mf \m3c3\T ’ (64)

where condition h{"?

= h, defines the mirror’s mass M (™" corresponding to signal-to-noise ratio
S/N =1, and for M > M (™) the radiation pressure noise can be reduced below the sensitivity of such
a gravitational wave detector (4.7).

7. Parameters of GW’s detector

Now, we consider the possibility of detection of relic gravitational waves by proposed method for
the following parameters: the laser wavelength A, = 1.064 um, the quality factor of the Fabry-Perot
resonator Q = 109, the power of a laser radiation at the entrance to the interferometer Wy = 103 W.

Also, we consider for the photodetector DET10N2 with following parameters: an operating spectral
range 500 — 1700 nm, the sensitivity band up to 70 MHz, and an equivalent noise power 2 x 10714
W/H2z'? [30].

For this photodetector, the minimal detected spectral density of laser radiation variations is [30]

Ssw =4 x 1072 W?2/Hz. (7.1)
From expression (/5.8)) one has
(min) ~
ph S(SW/\e —12
= = = 2.2 10 7-2
TV, 2y o 72

i.e. the reduced power of laser radiation on the photodetector must be equal to WZEZ””) =22x1079 W.
From expressions (1.9) and (4.7)) one has following observation time

T4 _ 1.6 x 1018 Ae
- Hz Wohe

which it is necessary to detect the gravitational waves.
Also, from (5.12) and ([7.3) one has following condition on the frequency of detectable gravitational
waves

- 1/4
2 9
Sow f , (7.3)

Q* Wy

2 1/5 2/5
f>52x107% x (hQGW) (QWOcHz) : (7.4)
S(;W )\e

Thus, for proposed detector’s parameters the lower limit on the frequency of detectable gravitational
waves can be estimated as follows f > 2 x 10° Hz.

To estimate the upper limit on the frequency of gravitational waves which can be detected by this
method we consider the time of detection for GW’s with energy density Qgw ~ 107° closed to the
maximum value.

In Tab. [1] the observation time and the length of the Fabri-Perot resonator, which is necessary to
detect of the high-frequency relic gravitational waves are represented. Also, we note that realistic masses
of the mirrors of the Frabri-Perot resonators are M > M (™) thus, in this case, the short photon noise
can be considered as the main factor that restricts sensitivity of the detector.
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Table 1. The parameters of the Fabri-Perot resonator for detectable gravitational waves with energy
density Qqw ~ 1076,

L Hz he T, sec L,m | M) kg
3x10% | 3x10°28 9 50 6 x 1076
5x 106 | 2 x 10728 879 30 5x 1076

1x107 | 1x10728 | 4.6 x 105 15 2x 108
2x107 | 5x10729 | 24x10% | 7.5 1x107°

As one can see, the minimal length of the Fabri-Perot resonator can be estimated as L") ~ 15m
with corresponding observation time T ~ 4.6 x 10° sec ~ 5 days, since in the latter case for L = 7.5m
m the observation time is 7' = 2.4 x 108 sec ~ 7.6 years.

Thus, the proposed approach in principle makes it possible to detect relic gravitational waves in the
frequency range f ~ 3 — 10 MHz, if condition of gravitational-optical resonance in the Fabri-Perot
resonator with length L ~ 50 — 15m is met for a certain GW’s frequency in this range.

We also note that relation 1} implies T' ~ QE,IQ/V, for this reason, if the energy density of stochastic
gravitational wave background is less than Qgyw ~ 1076, the detection time T increases significantly
(by two orders w.r.t. detection time presented in Tab. . For this reason, frequency range f ~ 3 — 5
MHz is more optimal for detection than the wider one f ~ 3 — 10 MHz.

Conclusion

In this paper, we analyzed the possibility of detecting high-frequency relic gravitational waves by
using the effect of gravitational-optical resonance in Fabry-Perot interferometers.

Also, we considered the characteristics of relic gravitational waves for standard inflationary models
and cosmological models with an additional stage of stiff energy domination. For the second class of
cosmological models, the energy density of relic gravitational waves can significantly exceed the energy
density for standard inflation, but the amplitude of high-frequency gravitational waves is much less than
the amplitude of low-frequency gravitational waves. This fact causes interest in the low-frequency part
of the spectrum of gravitational waves in the design of advanced detectors such as LISA, DECIGO,
BBO etc. [33].

Nevertheless, the high-frequency part of the spectrum of relic gravitational waves is interesting in
that their direct detection, because it make possible to determine the correctness of a class of cosmological
models with presence of an additional stage between the end of inflation and the beginning of the
radiation domination era.

Based on the restrictions associated with the presence of short photon noise and radiation
pressure in Fabry-Perot interferometers, we determined the optimal frequency range for detecting relic
gravitational waves using the proposed approach as f ~ 3 — 5 MHz with corresponding cavity length
L ~ 50— 30 m.

A significant limitation of this approach is the need for exact fulfillment of relation , which
is necessary for the appearance of gravitational-optical resonance. Nevertheless, there are substantial
theoretical grounds for analyzing high-frequency gravitational waves in this frequency range both in
the context of modern cosmological models 18], and in the case of a stochastic gravitational wave
background from cosmic strings [21] and primordial black holes [23] as well.

We also note a recent report [34] on the detection of high-frequency gravitational waves with
a frequency f = 5.5 MHz and amplitude h. ~ 2.5 x 10716 (two rare events) by using cryogenic Bulk
Acoustic Wave cavity as high frequency gravitational wave antenna. As a possible source of gravitational
waves, a merger of primordial black holes with masses Mppy ~ 10~4 My, is considered.

This result met with significant criticism, see, for example, in papers [23,35]. In [23] it was noted
both the low probability of such events R ~ 1072% and the fact that it is necessary to consider the
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stochastic gravitational wave background of the primary black holes mergers, for which the energy
density and the corresponding amplitude of gravitational waves are much lower than stated in [34].

Also in work [35] it was noted that high-frequency gravitational waves from primordial black holes
mergers should be accompanied by low-frequency gravitational waves due to the effect of gravitational-
wave memory, and the high-frequency GW’s with amplitude h, ~ 2.5 x 1076 imply low-frequency
gravitational waves, which should have been registered by LIGO.

Since the frequency of gravitational waves f = 5.5 MHz is close to the optimal range for observation
f =~ 3 — 5 MHz obtained in the framework of our approach to detecting high-frequency gravitational
waves one can directly verify the existence of gravitational wave signals at this frequency with a possible
lower amplitude.
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