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IIporoTun neTeKTOpa rpaBUTALMOHHBIX BOJIH /IJIsl PerHCTPALMU U3J1yUYeHHus paHHell BeesleHHOH B KMJI0TeplOBOM HANA30HE
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Annomayus. TlpenoxeH TPUHIKN JEHCTBUS JETEKTOPa U €ro KOHCTPYKIHS, TPeTHA3HAYCHHOTO ISl peTUCTPAllNi U3TyYeHUs paHHeld BceleHHol, B paMKax rpaBUTAllMOHHOTO KaHalla mepeaadu dHepruu. HoBbrii
THN JETEKTOpa pacCMaTpWBaeTCsl KaK JOMOJTHUTEIbHBIM WHCTPYMEHT ISl SKCIEPUMEHTATBLHOI'O HCCIECJIOBAHUS HCTOPUM KocMoca. [loguepkuBaeTcCs aKTyalbHOCTh MPOEKTAa M YKa3bIBACTCS TEOpETUUYECKas
BO3MOYHOCTh CYIIECTBOBAHHS TPABUTAIIMOHHBIX BOJIH B KHJIOTEPIIOBOM JIHATA30HE YaCTOT. AHATU3UPYIOTCS CXEMbI COBPEMEHHBIX KPHUOTEHHBIX JET €KTOPOB, KOTOPBIE MOTYT CIIYXKUTh TPOTOTUIIAMH JIUISI pa3padOTKu
HOBOTO MpuoOOpa.

KitoueBble c10Ba. peIMKTOBOE TPABUTAIIMOHHOE U3JIYYCHUE, CTOXACTUYCCKUN TPABUTAIMOHHBIA BOJTHOBOH (DOH, KOCMHUECKUE CTPYHBI, KPUOTEHHKA, MAaTHUTOKAJIOPHMETPHI

BBenenne

Pa3paboTka mporoTtuma nerexkropa rpaButanuoHHbX BosiH (I'B) B kunmorepmosom (kI'11) Auana3oHe 4acToT MPeACTaBIISICT COO0M MEPCIIEKTUBHOE HAPABJICHNE B COBPEMEHHOM Pusuke u actpodusmuke. M3BecTHO, 4TO
perucTparysi peIMKTOBOI0 MUKPOBOJIHOBOTO M3yYCHHUs, HAYIIEro U3 KocMoca B 1965 1., moarBepauia Teoputo bonbuioro B3peiBa Beenernoi u coBepiiiia mpopeiB B o3HaHuU KocMoca [1-5]. Mcnons3oBaHue apyroro
KaHaJja nepeaayu SHePTrU MOKET CTaTh BaXXHBIM MHCTPYMEHTOM ISl UCCIIeIOBaHUs paHHel BceneHHoH, a Takxke I U3y4eHUs 9K30THYECKUX acTpOPU3NUECKUX 00BEKTOB, TAKUX KaK HEUTPOHHBIC 3BE3/1bI, YEPHBIE
JIBIPBI MJTA THITOTETHYCCKHUE KOCMOJIOTHYECKHUE CTPYHBI [6, 7].

MeTtoabl 1 MaTepHAJIbI; Pe3YJIbTAThI

A. OcHOBHBbIE IPUHIMIIBI PA0OTHI NPOTOTUIIA

I'B mpencraBinsioT co00il yHHUKaNbHBIA KaHai mnepemadn umH(opmanmuu o coObiTusax BO Bceenennoii. CBepxmaccuBHbIe 4€pHBIE AbIpHI MerOT Macchl g0 10 000 000 000 macc ConHma u HaxXOAATCS B IEHTpax
ranaktuk. Ctoxacruueckuit I'B ¢on co3nan B panHelt BeeneHHOM npu HAIMYUKM MEPBUYHBIX YE€PHBIX IbIp. ['B ¢ yacToramu B Auana3zoHe OT HECKOJIBKUX COTEH repll 10 HECKOJIbKUX KHJIOTEPI[ MOTYT OBITh BBI3BAHBI
CIIMSITHUEM HEHTPOHHBIX 3BE3J1, KOJCOAHUAMH MOJIOJBIX HEHTPOHHBIX 3BE3] WU JAPYTMMH BBICOKOIHEPIeTHUYCCKUMU Iporieccamu [7]. B 3aBHCHMOCTH OT IHMHAMHYECKUX IMapaMeTpoB, KoJieOaHUs XpeOTa KOCMUYECKHUX
CTPYH M UX pa3pbiBbl [8] Takke MOryT Jaenath BKJIaJg B Jauana3oH cpeanedactoTHsix ['B. IIpomexyTtouno-maccoBbie 4épubie apipbl (IMBH), ¢ maccamu ~ 1000 — 100000 M@ moka HEyJIOBHMbBI U MPEACTABISIOT COOOi
HejocTaroniee 38eH0. Koria KOMIakTHEIN 00BeKT nmpubImxkaetcs cauikoM 6au3ko k IMBH, oH 3axBaTeiBaeTcs C M3ITyd9eHHEM IPABUTAIMOHHON BOJIHBI, YTOOBI B KOHEYHOM UTOTE OBITH MPOTJIOYCHHBIM IETMKOM, KOTJa OH
nepecedéT TOPU30HT COOBITHH. [IpOMEXYyTOUHBIN Mpolecc — JABM)KCHHE Macc IO CHOUPANH, MPEACTaBIseT CO00H OTOoOpakeHHWe WCKPHBIEHHOTO IPOCTPAHCTBOBPEMEHH W MOXET HAOIIOAAThCS COBMECTHO C
CYIIECTBYIOIIMMHY T'PaBUTAIIMOHHO-BOJHOBBIMU Ha3eMHbIMH  AeTekTopamu. [IMYJ] MoryT oOHapyXuBaTbcs COBMECTHO C KOCMHYECKMMH JIETEKTOpaMH, UYTO TMO3BOJMT JelaTh MHOTOJHANa30HHYIO
[IUPOKOMOJIOCHYIO T'PaBUTAI[MOHHO-BOIHOBYIO aCTPOHOMHIO.

[TpoToTHI IETEKTOPA JOKEH OBITh OMTHMHU3UPOBAH /I PETUCTPAIIME KMEHHO 3THX 9aCTOT, YTO OTJIUYAET €ro OT CyIIecTBYmuX aerekropos (Hampumep, LIGO, VIRGO, KAGRA), paboTaromux B 60jiee HU3KOM
4acTOTHOM Juamnasone [9].

[Ipenmnonaraercs, 4To B IPOTOTHUIE ETEKTOPA UCIOIB3YIOTCS YyBCTBUTEIbHBIE SJIEMEHTHI, pearupyroIirne Ha MUKPOCKOMTMYECKHE U3MEHEHUS MpocTpaHcTBOBpeMeHH B kI 11 — MI'y nuanazone.

MeMOpaHHBIC, pe30HAHCHBIC 1 MATHUTOCTPUKIIMOHHBIC CUCTEMBI

B xauecTBe 4yBCTBUTENBHBIX 3JIEMEHTOB JETEKTOPOB UCIMOIB3YIOT MEXaHUYECKHE PE3OHATOPHI UM MEMOpPaHbl, KOTOPbIE€ CIIOCOOHBI YCUIMBATh CUTHAJIBI TPABUTAIIMOHHBIX BOJIH 32 CUET MX COOCTBEHHBIX KOJIEOaHUH.
OTH CUCTEMBI MOTYT OBITh U3TOTOBIICHBI U3 CBEPXYHCTHIX MAaTEPHUAIIOB, TAKUX KaK KPEMHHUH WK candup, JIsi MUHIMHU3AIUA TTOTEPh SHEPTUU. JJaHHBIA THIT IETEKTOpa MCIOJIb3YeT TeHEPAIlUI0 MATHUTHOTO OTKJINKA
MaTtepuala AaT4uka mpH ero aedopMaluu IpaBUTAIIMOHHON BOJTHOM.

JIist OCTUXKEHUSI BEICOKOW YYBCTBUTEIIBHOCTH JIETEKTOP MOXKET HUCIIOJb30BaTh KPHOTCHHBIC CUCTEMBI, CHIDKAIONIHAE TEIJIOBOH ITyM U MOBBIMIAIOIINE TOYHOCTH U3MepeHuii. COBpeMEHHBIE KPUOTCHHBIC JICTEKTOPHI,
takue kak KAGRA (Slnonus), ciaykat oCHOBOH it pa3paO0OTKH HOBBIX TEXHOJIOTHM.

b. Bo3Mo:KkHBbIe cXeMbl peaju3anuu

Bonmomerpruueckue aeTeKTOpbl: bBolomMeTphl, YyBCTBUTEIbHBIC K M3MEHEHUSIM TEMIIEPaTypbl, MOTYT OBITh aJalTHPOBAHBI I PETUCTPAIIMU BTOPHYHBIX 3(D(PEKTOB TrpaBHTAIMOHHBIX BOJIH, HaIlpUMEp, HArpeBa
Marepuana.

ANBTEpHATUBOW MOTYT CIyXUTh HAHOPAa3MEPHbBIC MEXaHUYECKUE OCIHIIATOPHI, OXJIAXKICHHBIC IO CBEPXHU3KHUX TEMIIEpPaTyp, MOTYT HCIIOJIb30BATHCS JIUISI OOHAPYKEHHS MAJIBIX BO3MYIICHUH MPOCTPAHCTBOBPEMCHH.
B. Ilenecoodpa3HocTh mpoekTa

Hayunas 3nauumocms:

OO6HapykeHue TPaBUTAIIMOHHBIX BOJH B KHUJIOTEPIIOBOM JIMANa30HE MO3BOJIUT MOJIYYUTh HOBBIE JAHHBIE O TIPOIIECCaX, MPOUCXOSAIINX B IKCTPEMANIbHBIX YCIOBUAX, TAKUX KaK CIUSHUE HEUTPOHHBIX 3BE3/T UITU KOJLIATIC
MAaCCHUBHBIX O0OBEKTOB.

DTO TaKXke MOXKET IIOMOYb IIPOBEPUTH TCOPUH, BHIXOIANINAE 32 PAMKH CTaHIAPTHON MOJenu (QU3HKH, HAIPUMEP, TCOPUIO CTPYH WIIH JOTIOJTHUTEIIHHBIC U3MEPEHUS.



Texnonocuueckas 6asa:

Pa3zpaboTka npoToTHa CTUMYJIUPYET Pa3BUTHE HOBBIX TEXHOJOTHM, TAKUX KAaK KPHOTEHHBIC CHCTEMbI, KBAHTOBAsI ONITUKA U HAHOMEXaHUKa, KOTOPhIE MOTYT HalTH MPUMEHEHHUE B IPYTUX 00IACTIX HAYKH M TEXHUKHU.
Hononnenue x cywecmayowum 3KCNepuUMeHmam'

Jletexrop B KI'11 quanasone OyaeT AOMONHATH CylnecTByommue mpoekTsl, Takue kKak LIGO, VIRGO, KAGRA u 6yayuiue kocMudeckue muccun (Hanpumep, LISA). 1o mo3BoauT co3aath 6oiee MOIHYIO KapTUHY
I'PaBUTAIMOHHO-BOJIHOBOTO "Heba".

Ouenka QayKTyaluu TeMnepaTypsbl

OmnpenenuM CTaTUCTHYECKYIO TEMIIEPATYPy MPHU TEHEPAIMH BOJH SHEPTUHU 6 CTOXaCTUYECKUM IPaBUTAIIMOHHO-BOTHOBEIM poHOM (CI'BD),

6Q
T=—5

rae dS = kzInW, k; — nocrosinaas bonbivana, W — 9rcII0 IOITyCTHMBIX 3HepreTuueckux cocrosuuii [10]. TTonaras, 4To nmpy reHepanyn poxIaeTcs ABa KBAHTa H3IyUeHHs ¢ SHepruei Av, tne v = 10° T
AT ~1,40-107*K.

PesyabTarsl

UTak, B KpHOTeHHOH ycTaHOBKe ¢ Temneparypoit T < 0,2-10 K M0xHO 3aMeTHTh (IyKTyaruu TeMIIepaTypbl, BeI3BaHHbIe HorsonienreM [IMI'B. /I 5TOro MOKHO TIPeIIOKUTh YCTAHOBKY U3 JIBYX HEpIEHIUKYISPHO
PAcCIIONIOKEHHBIX JIETEKTOPOB W TIOJKIIOUEHHE CXEMbl aHTHCOBIAACHHNA MX TNOKa3aHWi. B 0030pe mpororunoB ycraHoBOK misi peructpanun CI'B® yxazansl cxemsl [11, 12] cymiecTByrOmUX U HMPOSKTHPYEMBIX
MarHMTOKaJOPUMETPOB, IpU paboUnX TEMIIepaTypax HUKE MUKPOKEIbBUHOB.

B xadecTBe MexaHM3Ma Mepeadn YHEPTUH IPAaBUTOHA MATHUTHOMY TIOJIF0 B MArHUTOKAJIOPUMETPAaXx Mpesiaractcsi Bo30yxaeHue MarHona [13].

3akiioueHne
[Iporotun nerexkropa I'B B kI'11 tuana3zone — 3TO MHOT0OOCIIAIOIINI TPOEKT,

Puc. 1 MaruauTHsiii kanopumetp (puc. u3 crarbu [10]) 5
KOTOpBIﬁ MOXET 3HAYUTCIbHO pAaCHIMPUTL HAIIKW 3HAHHUA O Bcenennoii. I/ICHOJIB?)YSI COBPCMCHHBIC KPHUOI'CHHBIC TCXHOJIOTMHM W KBAHTOBBLIC MCTOAbI, BO3SMOXHO
N 10
cO34aThb HpI/I60p, CIIOCOOHBIHI 3apCTUCTPpUPOBATD CUI'HAJIbI, HCAOCTYIIHBIC JJIA TCKYIIUX CUCTCM. PeaHI/IBaHI/IH TaKOI'o ACTCKTOpAa CTAHCT BAXXHBIM IIaroM B pa3BUTHUHU \ i .
FpaBI/ITaHI/IOHHO'BOHHOBOﬁ ACTPOHOMHH U OTKPOCT HOBBIC TOPU30OHTHI B UCCIICJOBAHHUHN KOCMOCA. 1 o
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Prototype of a gravitational wave detector to record radiation from the early Universe in the kilohertz range
Izmailov G.N.
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Abstract. The operating principle of a detector designed to register radiation of the early Universe within the gravitational energy transfer channel is proposed. This new type of the detector is considered as an alternative
tool for experimental study of the history of space. The relevance of the project is emphasized and the theoretical possibility of the existence of gravitational waves in the kilohertz frequency range (IMGW) is indicated.
The schemes of modern cryogenic detectors are analyzed, which can serve as prototypes for the development of a new device.

Key words. relic gravitational radiation, stochastic gravitational wave background, cosmological strings, cryogenics, magnetocalorimeters for extreme conditions, such as the merger of neutron stars or the collapse of
massive objects.

Introduction

Development of a prototype gravitational wave (GW) detector in the kilohertz (kHz) frequency range is a promising direction in modern physics and astrophysics. It is known that the registration of relic microwave radiation
coming from space in 1965 confirmed the Big Bang theory of the Universe and made a breakthrough in the study of space [1-5]. Using another energy transmission channel can become an important and alternative tool for
exploring the early Universe, as well as for studying exotic astrophysical objects such as neutron stars, black holes or hypothetical cosmological strings [6, 7, 8]. Supermassive black holes have masses up to 10,000,000,000
solar masses and are located at the centers of galaxies. The stochastic GW background is created in the early Universe by the presence of primordial black holes. GWs with frequencies in the range of a few hundred hertz to a
few kilohertz can be caused by neutron star mergers, oscillations of young neutron stars, or other high-energy processes [7]. Depending on the dynamical parameters, oscillations of the cosmic string cord and their breaks [8]
can also contribute to the mid-frequency GW range. Intermediate-mass black holes (IMBH), with masses of ~1000 — 100,000 Mo, are still elusive and can represent the missing link. When a compact object gets too close to
the IMBH, it is captured emitting gravitational wave, eventually to be swallowed whole when it crosses the event horizon. The intermediate process, the spiraling of the masses, is a representation of curved spacetime and can
be observed jointly with existing ground-based gravitational wave detectors.

Methods and materials; results
A. Basic principles of the prototype.

GW are a unique channel for transmitting information about events in the Universe. Supermassive black holes have masses up to 10,000,000,000 solar masses and are located at the centers of galaxies. The stochastic GW
background is created in the early Universe by the presence of primordial black holes. GWSs with frequencies in the range of a few hundred hertz to a few kilohertz can be caused by neutron star mergers, oscillations of young
neutron stars, or other high-energy processes [7]. Depending on the dynamical parameters, oscillations of the cosmic string ridge and their breaks [8] can also contribute to the mid-frequency GW range. Intermediate-mass
black holes (IMBH), with masses of ~1000 — 100,000 M, are still elusive and represent the missing link. When a compact object gets too close to the IMBH, it is captured by gravitational wave emission, eventually to be
swallowed whole when it crosses the event horizon. The intermediate process, the spiraling of the masses, is a representation of curved spacetime and can be observed jointly with existing ground-based gravitational wave
detectors.

The detector prototype involves the use of sensitive elements that respond to microscopic changes in spacetime in the kHz range. GWs with frequencies in the range from several hundred hertz to several kilohertz can be caused
by neutron star mergers, oscillations of young neutron stars or other high-energy processes [7], vibrations of cosmic strings core and unstable cosmic string breaking [8].

The prototype should be optimized to register these frequencies, which distinguishes it from existing detectors (e.g. LIGO, VIRGO, KAGRA) operating in a lower frequency range [9].

Membrane, resonance and magnetostrictive systems:

Mechanical resonators or membranes have been used as sensitive elements of detectors, which are capable of amplifying gravitational wave signals due to their own oscillations. These systems can be made of ultra-pure
materials such as silicon or sapphire to minimize energy losses. This type of detector uses the generation of a magnetic response of the sensor material when it is deformed by a GW.

To achieve high sensitivity, the detector can use cryogenic systems that reduce thermal noise and increase the accuracy of measurements. Modern cryogenic interferometric detectors, such as KAGRA (Japan), serve as a basis
for the development of new technologies.

B. Possible implementation schemes.
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Bolometric detectors: Bolometers are sensitive to temperature changes so its can be adapted to register secondary effects of gravitational waves, such as heating of a material.
An alternative is nanoscale mechanical oscillators cooled to ultra-low temperatures, which can be used to detect small disturbances in spacetime.

C. Feasibility of the project.

Scientific significance:
Detection of gravitational waves in the kHz range will provide new data on processes occurring in extreme conditions, such as the merger of neutron stars or the collapse of massive objects or oscillations of cosmic strings.
It can also help test theories that go beyond the standard model of physics, such as string theory or extra dimensions.

Technological base:
The development of the prototype will stimulate the development of new technologies such as cryogenic systems, quantum optics and nanomechanics, which could find application in other areas of science and technology.

Addition to existing experiments:

The detector in the kHz range will complement existing projects such as LIGO, VIRGO, KAGRA and future space missions (e.g. LISA). This will allow us to create a more complete scope of the gravitational wave "sky".

D. Evaluation of temperature fluctuations
We will determine the statistical temperature during the generation of energy waves 6Q by stochastic GW background

60

E )

where dS=ks InW, kg is Boltzmann constant, W is the adopted energetic levels number in the system [10]. Assuming that two radiation quanta with energy hv are generated during generation, where v = 108 Hz then
AT ~1,40-107*K.

So, in a cryogenic setup with a temperature of T < 0.2-10™* K, temperature fluctuations caused by the absorption of the SGWB can be observed. For this purpose, a setup of two perpendicularly located detectors and the
connection by an anticoincidence circuit for their readings can be proposed. In a review of prototype setups for recording the SGWB, schemes [11, 12] of existing and planned magnetocalorimeters are indicated, at

operating temperatures below microkelvins.
Magnon excitation [13] is proposed as a mechanism for transferring graviton energy to a magnetic field in magnetocalorimeters.

T =

Conclusion .

The prototype of the GW detector in the kHz range is a promising project, \
=,
Fig. 1 Magnetic calorimeter (fig. from [11]) . \ T ]
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which can significantly expand our knowledge of the Universe. Using modern cryogenic - . - technologies and quantum methods, it is possible to create a device capable
of registering signals that are inaccessible to current systems. The implementation of such ll R, E]R: c | Rc=u a detector will be an important step in the development of gravitational
wave astronomy and will open new horizons in space exploration. adl o=
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