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Introduction

After the first detections of gravitational waves (GWs) using ground-based laser interferometers

LIGO and VIRGO [1–3] 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 ℎ𝐺𝑊 .

Modern ground-based detectors have a maximum sensitivity in the frequency range from 10 Hz to

10 kHz [1–3], 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 [7–9].

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 [11–14]. 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 Ω𝐺𝑊 ≲ 10−6 [11–14].

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* ∼ 1010 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 ΛCDM 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* ∼ 105 − 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 ∼ 10−9 − 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 Ω𝐺𝑊 ≲ 10−8 [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 ∼ 103 − 109 Hz and

its energy density is estimated as Ω𝐺𝑊 ≲ 10−9 [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 𝜌𝐺𝑊 is defined in terms of following dimensionless

quantity [11–14]

Ω𝐺𝑊 (𝑓) =
1

𝜌𝑐

𝑑𝜌𝐺𝑊

𝑑 log 𝑓
, (1.1)

where 𝜌𝑐 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]

ΩGW(𝑓) ≃ Ω
(0)
𝐺𝑊 ×

⎧⎪⎨⎪⎩
1 , 𝑓 ≪ 𝑓RD,

1.27×
(︁

𝑓
𝑓RD

)︁𝛼𝑆

, 𝑓 ≫ 𝑓RD,

where the plateau of the spectrum is

ℎ2Ω
(0)
𝐺𝑊 ≃ 𝑟 × 10−15, (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 𝑓𝑅𝐷 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 𝛼𝑆 is related with the state parameter 𝑤𝑆 as follows

𝛼𝑆 = 2

(︂
3𝑤𝑆 − 1

3𝑤𝑆 + 1

)︂
. (1.3)

The maximum value of the parameter 𝛼𝑆 = 1 corresponds to extremely stiff matter with state

parameter 𝑤𝑆 = 1, for which the speed of sound is equal to the speed of light in vacuum, the minimum

value 𝛼𝑆 = 0 corresponds to the radiation with state parameter 𝑤𝑆 = 1/3.
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For 𝑓 ≫ 𝑓𝑅𝐷 and 𝛼𝑆 > 0 one has Ω𝐺𝑊 (𝑓) ≫ Ω
(0)
𝐺𝑊 , i.e the energy density of relic gravitational

waves can be defined as follows [18]

ℎ2Ω𝐺𝑊 (𝑓) ≃ 1.27× 𝑟 × 10−15 ×
(︂

𝑓

𝑓𝑅𝐷

)︂𝛼𝑆

. (1.4)

From the LIGO bound Ω𝐺𝑊 (𝑓 ≃ 102𝐻𝑧) < 10−9 [25] and expression (1.4) one can estimate the

lower limit on the frequency 𝑓𝑅𝐷 as

𝑓𝑅𝐷 ≳ 100× exp

⎡⎣−13.6 + ln
(︁

ℎ2

𝑟

)︁
𝛼𝑆

⎤⎦𝐻𝑧. (1.5)

To find the cutoff frequency of the spectrum of relic gravitational waves 𝑓* one can use the BBN

constraint [26] ∫︁ 𝑓*

𝑓𝐵𝐵𝑁

ℎ2ΩGW(𝑓)
𝑑𝑓

𝑓
≤ 1.12× 10−6, (1.6)

where 𝑓𝐵𝐵𝑁 ≃ 1.41× 10−11𝐻𝑧.

Taking into account that 𝑓* ≫ 𝑓𝑅𝐷 and 𝑓* ≫ 𝑓𝐵𝐵𝑁 from (1.4) and (1.6) one has following

constraint on the cutoff frequency

𝑓* ≲ 𝑓𝑅𝐷 ×
(︁𝛼𝑆

𝑟
× 109

)︁1/𝛼𝑆

. (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 (1.5) and upper limit on the cutoff frequency (1.7) for

the cosmological models with additional stiff energy domination era.

From expressions (1.4), (1.5) and (1.7) we define following value of the energy density of relic

gravitational waves corresponding to the cutoff frequency is

Ω𝐺𝑊 (𝑓*) ≲ 2.7× 𝛼𝑆 × 10−6, (1.8)

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

For the case 𝑤𝑆 = 1/3 (𝛼𝑆 = 0), the spectrum of relic gravitational waves closes to the flat one,

and energy density can be defined by expression (1.2).

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

26]

ℎ𝑐(𝑓) = 1.26× 10−18

(︂
𝐻𝑧

𝑓

)︂√︀
ℎ2Ω𝐺𝑊 (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 𝛼𝑆 = 0 and

models with an additional stiff energy domination era with 0 < 𝛼𝑆 ≤ 1.

For the standard cosmological models with 𝛼𝑆 = 0 from expression (1.2), taking into account the

constraint on the tensor-to-scalar ratio 𝑟 < 0.032, we obtain

Ω𝐺𝑊 ≲ 7× 10−17. (2.1)

The upper limit on the frequency of relic gravitational waves was estimated in [27] as follows

𝑓* ≃ 3× 1010𝐻𝑧. (2.2)
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For cosmological models with an additional stiff energy domination era and 0 < 𝛼𝑆 ≤ 1 from (1.8)

we obtain following constraint on the energy density

Ω𝐺𝑊 (𝑓*) ≲ 2.7× 10−6, (2.3)

and the lower limit on the frequency of relic gravitational waves corresponding to maximal energy density

Ω𝐺𝑊 = Ω
(𝑚𝑎𝑥)
𝐺𝑊 ≃ 2.7× 10−6 (for 𝛼𝑆 = 1) can be obtained from (1.5) and (1.7), namely

𝑓* ≳ 3× 105𝐻𝑧, (2.4)

where the frequency 𝑓𝑅𝐷 ≳ 9× 10−6 Hz.

Thus, in general case, for the models with an additional stiff energy domination era (0 < 𝛼𝑆 ≤ 1)

we can consider the following constraint on the cutoff frequency of relic gravitational waves

3× 105𝐻𝑧 ≲ 𝑓* ≲ 3× 1010𝐻𝑧, (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

3× 10−27𝐻𝑧 ≲ ℎ𝑐 ≲ 3× 10−32𝐻𝑧, (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 =
𝑛𝑐

2𝑓
, 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 𝛿𝑊 (𝑡) of such a

gravitational wave detector of the high-frequency gravitational waves can be estimated by expression [28–

30]

𝛿𝑊 (𝑡) =
𝑄𝐿

𝜆𝑒
𝑊0ℎ𝑐(𝑡), (4.1)

where 𝛿𝑊 is the power variation of the laser radiation transmitted by the interferometer, 𝑄 is the quality

factor of the Fabry-Perot interferometer, 𝜆𝑒 is a laser wavelength, 𝑊0 is the power of laser radiation at

the entrance to the interferometer. We also note that expression (4.1) 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.

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]

𝑆ℎ(𝑓) =
ℎ2𝑐(𝑓)

2𝑓
, (4.2)

one can rewrite expression (4.1) in terms of the spectral density of power variations 𝑆𝛿𝑊 as follows

𝑆𝛿𝑊 (𝑓) =
𝑄2𝐿2

𝜆2𝑒
𝑊 2

0 𝑆ℎ(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 𝑆𝛿𝑊 (𝑓) over the time period 𝑇 . This makes it

possible to increase the sensitivity of this detector by a factor [30]

𝐾 =

√︃
𝑓

𝑄
𝑇 =

√︃
𝑐𝑇

𝑄𝐿
. (4.4)

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

𝑆𝛿𝑊 (𝑓) = 𝐾𝑆𝛿𝑊 (𝑓) =

√
𝑐𝑇𝑄3/2𝐿3/2

𝜆2𝑒
𝑊 2

0 𝑆ℎ(𝑓), (4.5)
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and, therefore, one can define the spectral density of detectable gravitational waves as

𝑆ℎ(𝑓) =
𝜆2𝑒√

𝑐𝑇𝑄3/2𝐿3/2𝑊 2
0

𝑆𝛿𝑊 (𝑓). (4.6)

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

ℎ𝑐 = 2

(︂
𝑄

𝑇

)︂1/4 (︂
𝜆𝑒

𝑄𝑊0𝑐

)︂
𝑆
1/2
𝛿𝑊 (𝑓)𝑓5/4, (4.7)

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 𝛿𝑊 , 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 [31,32].

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]

𝑊𝑝ℎ = 𝛼𝑊0 =
1

𝑇
𝑁𝛾ℏ𝜔𝑒 =

2𝜋𝑐ℏ
𝑇𝜆𝑒

𝑁𝛾 , (5.1)

where ℏ is the reduced Planck constant, 𝛼 is a factor that determines the difference between the power

of the laser radiation that measured at the photodetector 𝑊𝑝ℎ and the power of laser radiation at the

entrance to the interferometer 𝑊0.

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

𝛿𝑁𝛾 =
√︀
𝑁𝛾 (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

(𝛿𝑊 )𝑠ℎ𝑜𝑡 =
2𝜋𝑐ℏ
𝑇𝜆𝑒

𝑁1/2
𝛾 =

√︂
2𝜋𝑐ℏ
𝑇𝜆𝑒

𝛼𝑊0. (5.3)

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

𝑆

𝑁
=

𝛿𝑊

(𝛿𝑊 )𝑠ℎ𝑜𝑡
=
𝑄𝐿

𝜆𝑒

(︂
𝑇𝜆𝑒𝑊0

2𝜋𝑐ℏ𝛼

)︂1/2

ℎ𝑐 =
𝑄

2𝑓
𝑊0

(︂
𝑇

𝑊𝑝ℎ

)︂1/2 (︂
𝑐

2𝜋𝜆𝑒ℏ

)︂1/2

ℎ𝑐. (5.4)

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

arriving at the photodetector 𝑊𝑝ℎ, which will be restricted by the detectable spectral density of power

variations 𝑆𝛿𝑊 (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

𝜎𝑤 =
√︀
𝑆𝛿𝑊 (𝑓)∆𝑓 =

√︃
𝑆𝛿𝑊 (𝑓)𝑓

𝑄
, (5.5)
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where ∆𝑓 = 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 𝑇 > 1/∆𝑓 , then the noise dispersion 𝜎𝑤 is reduced to �̃�𝑤 = 𝜎𝑤/𝐾, and the

power fluctuations are

(𝛿𝑊 )𝑠ℎ𝑜𝑡 =
1

𝐾

√︁
𝑆𝛿𝑊 (𝑓)∆𝑓 =

√︃
𝑆𝛿𝑊 (𝑓)

𝑇
. (5.6)

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

𝑊
(𝑚𝑖𝑛)
𝑝ℎ = 𝛼𝑊0 =

𝑆𝛿𝑊 (𝑓)𝜆𝑒
2𝜋𝑐ℏ

, (5.7)

corresponding to the minimal detectable spectral density of laser radiation variations 𝑆𝛿𝑊 (𝑓).

Thus, from (5.7) one has following factor

𝛼 =
𝑊

(𝑚𝑖𝑛)
𝑝ℎ

𝑊0
=
𝑆𝛿𝑊 (𝑓)𝜆𝑒
2𝜋𝑐ℏ𝑊0

, (5.8)

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

𝑁
=

𝛿𝑊

(𝛿𝑊 )𝑠ℎ𝑜𝑡
=

𝑄𝐿𝑊0ℎ𝑐

𝜆𝑒

√︁
𝑆𝛿𝑊 (𝑓)

𝑇

. (5.9)

Thus, under condition 𝑆/𝑁 = 1, from (3.1) and (5.9) one has

ℎ(𝑚𝑖𝑛)
𝑐 = 2𝑓

(︂
𝜆𝑒

𝑄𝑊0𝑐

)︂[︃
𝑆𝛿𝑊 (𝑓)

𝑇

]︃1/2

, (5.10)

and from (4.7) and (5.10) we obtain

ℎ𝑐 = (𝑄𝑇𝑓)
1/4

ℎ(𝑚𝑖𝑛)
𝑐 . (5.11)

Thus, from expression (5.11) and condition ℎ𝑐 = ℎ
(𝑚𝑖𝑛)
𝑐 (or, otherwise, 𝑆/𝑁 = 1) one has 𝑇 (𝑚𝑖𝑛) =

(𝑄𝑓)−1.

Therefore, for observation time

𝑇 >
1

∆𝑓
=
𝑄

𝑓
, (5.12)

one has 𝑇 > 𝑇 (𝑚𝑖𝑛) for 𝑄 > 1, i.e. under condition (5.12) photon short noise can be reduced below the

sensitivity of such a gravitational wave detector (4.7).

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 𝛿𝑥 and the laser power fluctuations

𝛿𝑊 is [31, 32]

𝛿𝑥 =
𝛿𝑊

2𝑀𝑐𝜋2𝑓2
, (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 𝛼 = 1, namely

𝛿𝑊 =

√︂
2𝜋𝑐ℏ
𝑇𝜆𝑒

𝑊0. (6.2)
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The response of detector on the radiation pressure noise can be defined as follows [31,32]

ℎ(𝑟𝑎𝑑)𝑐 =
𝛿𝑥

𝐿
. (6.3)

Thus, from expressions (3.1) and (6.1)–(6.3) one has following restriction on the radiation pressure

noise

ℎ𝑐 ≥ ℎ(𝑟𝑎𝑑)𝑐 =
1

𝑀𝑓

(︂
2𝑊0ℏ
𝜋3𝑐3𝜆𝑒𝑇

)︂1/2

, (6.4)

where condition ℎ
(𝑟𝑎𝑑)
𝑐 = ℎ𝑐 defines the mirror’s mass 𝑀 (𝑚𝑖𝑛) corresponding to signal-to-noise ratio

𝑆/𝑁 = 1, and for 𝑀 > 𝑀 (𝑚𝑖𝑛) 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 𝜆𝑒 = 1.064𝜇𝑚, the quality factor of the Fabry-Perot

resonator 𝑄 = 106, the power of a laser radiation at the entrance to the interferometer 𝑊0 = 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 × 10−14

𝑊/𝐻𝑧1/2 [30].

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

𝑆𝛿𝑊 = 4× 10−28𝑊 2/𝐻𝑧. (7.1)

From expression (5.8) one has

𝛼 =
𝑊

(𝑚𝑖𝑛)
𝑝ℎ

𝑊0
=

𝑆𝛿𝑊𝜆𝑒
2𝜋𝑐ℏ𝑊0

= 2.2× 10−12, (7.2)

i.e. the reduced power of laser radiation on the photodetector must be equal to 𝑊
(𝑚𝑖𝑛)
𝑝ℎ = 2.2×10−9 W.

From expressions (1.9) and (4.7) one has following observation time

𝑇 1/4 =

(︂
1.6× 1018

𝐻𝑧

)︂(︂
𝜆𝑒

𝑊0ℎ𝑐

)︂[︃
𝑆2
𝛿𝑊 𝑓9

𝑄3Ω2
𝐺𝑊

]︃1/4

, (7.3)

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

𝑓 > 5.2× 10−8 ×
(︂
ℎ2Ω𝐺𝑊

𝑆𝛿𝑊

)︂1/5 (︂
𝑄𝑊0𝑐

𝜆𝑒
𝐻𝑧

)︂2/5

. (7.4)

Thus, for proposed detector’s parameters the lower limit on the frequency of detectable gravitational

waves can be estimated as follows 𝑓 > 2× 106 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 Ω𝐺𝑊 ≃ 10−6 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 are𝑀 ≫𝑀 (𝑚𝑖𝑛), 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 Ω𝐺𝑊 ≃ 10−6.

𝑓,𝐻𝑧 ℎ𝑐 𝑇, 𝑠𝑒𝑐 𝐿,𝑚 𝑀 (𝑚𝑖𝑛), 𝑘𝑔

3× 106 3× 10−28 9 50 6× 10−6

5× 106 2× 10−28 879 30 5× 10−6

1× 107 1× 10−28 4.6× 105 15 2× 10−8

2× 107 5× 10−29 2.4× 108 7.5 1× 10−9

As one can see, the minimal length of the Fabri-Perot resonator can be estimated as 𝐿(𝑚𝑖𝑛) ≈ 15𝑚

with corresponding observation time 𝑇 ≈ 4.6 × 105 𝑠𝑒𝑐 ≃ 5 days, since in the latter case for 𝐿 = 7.5𝑚

m the observation time is 𝑇 = 2.4× 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 (3.1) 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 (7.3) implies 𝑇 ∼ Ω−2
𝐺𝑊 , for this reason, if the energy density of stochastic

gravitational wave background is less than Ω𝐺𝑊 ≃ 10−6, the detection time 𝑇 increases significantly

(by two orders w.r.t. detection time presented in Tab. 1). 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 (3.1), 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 ℎ𝑐 ≈ 2.5 × 10−16 (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 𝑀𝑃𝐵𝐻 ∼ 10−4𝑀⊙ 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 ∼ 10−24 and the fact that it is necessary to consider the



Detectors of high-frequency gravitational waves based on the gravitational-optical resonance 59

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 ℎ𝑐 ≈ 2.5 × 10−16 imply low-frequency

gravitational waves, which should have been registered by LIGO.

Since the frequency of gravitational waves 𝑓 = 5.5MHz 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.

References

1. Abbott B.P. et al. [LIGO Scientific and Virgo Collaborations]. Observation of Gravitational Waves from a
Binary Black Hole Merger, Phys. Rev. Lett., 2016, vol. 116, p. 061102.

2. Abbott B.P. et al. [LIGO Scientific and Virgo Collaborations]. GW151226: Observation of Gravitational
Waves from a 22-Solar-Mass Binary Black Hole Coalescence, Phys. Rev. Lett., 2016, vol. 116, p. 241103.

3. Abbott B.P. et al. [LIGO Scientific and Virgo and Fermi-GBM and INTEGRAL Collaborations]. Gravitational
Waves and Gamma-rays from a Binary Neutron Star Merger: GW170817 and GRB 170817A, Astrophys. J. Lett.,
2017, vol. 848, L13.

4. Gertsenshtein M.E. and Pustovoit V.I. On the Detection of Low Frequency Gravitational Waves, Sov. Phys.
JETP, 1962, vol. 16, p. 433.

5. Audley H. et al. (LISA Collaboration), Laser Interferometer Space Antenna, arXiv:1702.00786.

6. Aggarwal N., Aguiar O.D., Bauswein A., Cella G., Clesse S., Cruise A.M., Domcke V., Figueroa D.G.,
Geraci A. and Goryachev M. et al. Challenges and opportunities of gravitational-wave searches at MHz to GHz
frequencies, Living Rev. Rel. 2021, vol. 24, no. 1, p. 4.

7. Baumann D., McAllister L. Inflation and String Theory, Cambridge Monographs on Mathematical Physics
(Cambridge University Press, 2015). https://doi.org/10.1017/CBO9781316105733

8. Chervon S., Fomin I., Yurov V., Yurov A. Scalar Field Cosmology, Series on the Foundations of Natural
Science and Technology, Volume 13 (WSP, Singapur, 2019). https://doi.org/10.1142/11405

9. Maggiore M. Gravitational wave experiments and early universe cosmology, Phys. Rept. 2000, vol. 331, p. 283.

10. Aghanim N. et al. [Planck], Planck 2018 results. VI. Cosmological parameters, Astron. Astrophys. 2020,
vol. 641, A6. [erratum: Astron. Astrophys. 2021, vol. 652, C4].

11. Boyle L.A. and Buonanno A. Relating gravitational wave constraints from primordial nucleosynthesis, pulsar
timing, laser interferometers, and the CMB: Implications for the early Universe, Phys. Rev. D. 2008, vol. 78,
p. 043531.

12. Giovannini M. Primordial backgrounds of relic gravitons, Prog. Part. Nucl. Phys. 2020, vol. 112, p. 103774.

13. Figueroa D.G. and Tanin E.H. Ability of LIGO and LISA to probe the equation of state of the early Universe,
JCAP. 2019, vol. 08, p. 011.

14. Tanin E.H. and Tenkanen T. Gravitational wave constraints on the observable inflation, JCAP. 2021, vol. 01,
p. 053

15. Tashiro H., Chiba T. and Sasaki M. Reheating after quintessential inflation and gravitational waves, Class.
Quant. Grav. 2004, vol. 21, p. 1761.

16. Ahmad S., Myrzakulov R. and Sami M. Relic gravitational waves from Quintessential Inflation, Phys. Rev.
D. 2017, vol. 96, no. 6, p. 063515.

17. Gangopadhyay M.R., Myrzakul S., Sami M. and Sharma M.K. Paradigm of warm quintessential inflation
and production of relic gravity waves, Phys. Rev. D. 2021, vol. 103, no. 4, p. 043505.

18. Fomin I.V., Chervon S.V., Morozov A.N. and Golyak I.S. Relic gravitational waves in verified inflationary
models based on the generalized scalar–tensor gravity, Eur. Phys. J. C. 2022, vol. 82, no. 7, p. 642.

19. Jeannerot R., Rocher J. and Sakellariadou M. How generic is cosmic string formation in SUSY GUTs, Phys.
Rev. D. 2003, vol. 68, p. 103514.

https://doi.org/10.1017/CBO9781316105733
https://doi.org/10.1142/11405


60 A.N. Morozov, I. S. Golyak, I. V. Fomin, S.V. Chervon

20. Kachru S., Kallosh R., Linde A.D., Maldacena J.M., McAllister L.P. and Trivedi S.P. Towards inflation in
string theory, JCAP. 2003, vol. 10, p. 013.

21. Chang C.F. and Cui Y. Gravitational waves from global cosmic strings and cosmic archaeology, JHEP. 2022,
vol. 03, p. 114.

22. Sasaki M., Suyama T., Tanaka T. and Yokoyama S. Primordial Black Hole Scenario for the Gravitational-
Wave Event GW150914, Phys. Rev. Lett. 2018, vol. 121, no. 5, p. 059901.

23. Domènech G. Were recently reported MHz events planet mass primordial black hole mergers?, Eur. Phys.
J. C. 2021, vol. 81, no. 11, p. 1042.

24. Tristram M., Banday A.J., Górski K.M., Keskitalo R., Lawrence C.R., Andersen K.J., Barreiro R.B., Borrill
J., Colombo L.P.L. and Eriksen H.K. et al. Improved limits on the tensor-to-scalar ratio using BICEP and Planck
data, Phys. Rev. D. 2022, vol. 105, no. 8, p. 083524.

25. Abbott B.P. et al. [LIGO Scientific and Virgo], Search for the isotropic stochastic background using data
from Advanced LIGO’s second observing run, Phys. Rev. D. 2019, vol. 100, no. 6, p. 061101.

26. Caprini C. and Figueroa D.G. Cosmological Backgrounds of Gravitational Waves, Class. Quant. Grav. 2018,
vol. 35, no. 16, p. 163001.

27. Cabass G., Pagano L., Salvati L., Gerbino M., Giusarma E. and Melchiorri A. Updated Constraints and
Forecasts on Primordial Tensor Modes, Phys. Rev. D. 2016, vol. 93, no. 6, p. 063508.

28. Rudenko V.N., Sazhin M.V. Laser interferometer as a gravitational wave detector, Sov. J. Quantum Electron.
1980, vol. 10, no. 1, p. 1366.

29. Blaut A. Angular and frequency response of the gravitational wave interferometers in the metric theories of
gravity, Phys. Rev. D. 2012, vol. 85, p. 043005.

30. Golyak I.S., Esakov A.A., Morozov A.N., Nazolin A.L., Tabalin S.E., Fomin I.V. Information-Measuring
Complex to Detect High Frequency Gravitational Waves. Radio Engineering. 2021, vol. 2, p. 13.

31. Maggiore M. Gravitational waves. Volume 1: theory and experiments, Oxford Master Series in Physics,
(Oxford University Press, 2007). https://doi.org/10.1093/acprof:oso/9780198570745.001.0001

32. Iwaguchi S. et al. Quantum noise in a Fabry-Perot interferometer including the influence of diffraction loss
of light, Galaxies. 2021, vol. 9, no. 1, p. 9.

33. Schmitz K. New Sensitivity Curves for Gravitational-Wave Signals from Cosmological Phase Transitions,
JHEP. 2021, vol. 01, p. 097.

34. Goryachev M., Campbell W.M., Heng I.S., Galliou S., Ivanov E.N. and Tobar M.E. Rare Events Detected
with a Bulk Acoustic Wave High Frequency Gravitational Wave Antenna, Phys. Rev. Lett. 2021, vol. 127, no. 7,
p. 071102.

35. Lasky P.D. and Thrane E. Did Goryachev et al. detect megahertz gravitational waves? Phys. Rev. D. 2021,
vol. 104, no. 10, p. 103017.

Авторы

Морозов Андрей Николаевич, профессор, д.ф.-м. н., член-корреспондент Российской Акаде-

мии Наук, заведующий кафедры физики, Московский государственный технический университет

имени Н.Э. Баумана, 2-я Бауманская ул., д. 5, г. Москва, 105005, Россия.

E-mail: amor59@mail.ru, amor@bmstu.ru

Голяк Илья Семенович, к.ф.-м. н., старший научный сотрудник, Центр прикладной физики

МГТУ им. Н.Э. Баумана, 2-я Бауманская ул., д. 5, г. Москва, 105005, Россия.

E-mail: liyagol@mail.ru

Фомин Игорь Владимирович, д.ф.-м. н., профессор кафедры физики, Московский государ-

ственный технический университет имени Н.Э. Баумана, 2-я Бауманская ул., д. 5, г. Москва,

105005, Россия; профессор кафедры физики и технических дисциплин, Ульяновский государствен-

ный педагогический университет, пл. Ленина, д. 4/5, г. Ульяновск, 432071, Россия.

E-mail: ingvor@inbox.ru

https://doi.org/10.1093/acprof:oso/9780198570745.001.0001


Detectors of high-frequency gravitational waves based on the gravitational-optical resonance 61

Червон Сергей Викторович, д.ф.-м. н., профессор, кафедра физики и технических дисци-

плин, Ульяновский государственный педагогический университет, пл. Ленина, д. 4/5, г. Ульяновск,

432071, Россия; профессор кафедры физики, Московский государственный технический универси-

тет имени Н.Э. Баумана, 2-я Бауманская ул., д. 5, г. Москва, 105005, Россия; ведущий научный

сотрудник НИЦ "Центр превосходства киберфизических систем, IoT и IoE"Казанского федераль-

ного университета, ул. Кремлевская, д. 18, г. Казань, 420008, Россия.

E-mail: chervon.sergey@gmail.com

Просьба ссылаться на эту статью следующим образом:
Морозов А.Н., Голяк И.С., Фомин И.В., Червон С.В. Детекторы высокочастотных гравитаци-

онных волн на основе гравитационно-оптического резонанса. Пространство, время и фундамен-

тальные взаимодействия. 2022. № 41. C. 49–61.

Authors

Morozov Andrey Nikolaevich, Professor, Doctor of Physical and Mathematical Sciences, Corre-

sponding Member of the Russian Academy of Sciences, Head of Physics Department of Bauman Moscow

State Technical University, 2-nd Baumanskaya street, 5, Moscow, 105005, Russia.

E-mail: amor59@mail.ru, amor@bmstu.ru

Golyak Ilya Semenovich, Candidate of Physical and Mathematical Sciences, Senior Researcher,

Center for Applied Physics of Bauman Moscow State Technical University, 2-nd Baumanskaya st.,

5, Moscow, 105005, Russia

E-mail: liyagol@mail.ru

Fomin Igor Vladimirovich, Doctor of Physical and Mathematical Sciences, Professor of Physics De-

partment of Bauman Moscow State Technical University, 2-nd Baumanskaya street, 5, Moscow, 105005,

Russia; Professor of Department of Physics and Technical Disciplines, Ulyanovsk State Pedagogical

University, Lenin’s square, Build. 4/5, Ulyanovsk, 432071, Russia.

E-mail: ingvor@inbox.ru

Chervon Sergey Viktorovich, Doctor of Physical and Mathematical Sciences, Professor, Department

of Physics and Technical Disciplines, Ulyanovsk State Pedagogical University, Lenin’s square, Build.

4/5, Ulyanovsk, 432071, Russia; Professor of Physics Department of Bauman Moscow State Technical

University, 2-nd Baumanskaya st., 5, Moscow, 105005, Russia; Leading Researcher of SRC "Center of

Excellence for Cyber-Physical Systems, IoT and IoE", Kazan Federal University, Kremlevskaya str.,

b. 18, Kazan, 420008, Russia.

E-mail: chervon.sergey@gmail.com

Please cite this article in English as:

Morozov A.N., Golyak I. S., Fomin I. V., Chervon S.V. Detectors of high-frequency gravitational waves

based on the gravitational-optical resonance. Space, Time and Fundamental Interactions, 2022, no. 41,

pp. 49–61.




