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IlepcrieKTUBHBIE HANIPABJIEHMS B 001aCTH CO3TAHUS
AEeTEKTOPOB rPAaBUTALMOHHBIX BOJIH
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Benopycckuii rocynapcTBeHHbIN YHHBEPCUTET
220030, Pecniy6nuka Benapyce, . MHHCK,
np. HesaBucumocrn, 4

Annomayua - B pa6oTe paccCMOTpeHbI OCHOBHBIE NMPHUHLUIBI [AE€TEKTHPOBAHUS TIPABUTALMOHHBIX BOJNH. [|eHCTByIOIINE
[0ETEKTOPBbl PABUTALUOHHOM BOJIHBI MPEACTABIAIT CO60M MOAEPHU3MPOBaHHBIA HHTepdepomeTp Maiikenbcona - LIGO-
nerektop. OnHa u3 TexHudeckux 3amad LIGO-merekTopa — 370 mopaBieHue BUGpaLui B CUCTEMe U obecledyeHHe BBICOKOMN
CTAaTHUYHOCTH OTpaXkawIiux 3epkajn. [IpeioxeHo uccienoBatb ocobeHHocTH LIGO-geTekTOpa C MOABHUKHBIMH 3€pKalaMU.
Paspa6orano nporpammuoe obecneyerre LIGO-RM, mopenupyioiee pabory LIGO-meTekTopa 1 03BOJIsIIOLEE HCCIIEN0BATD €0
napaMeTphl ¥ BO3MOXHOCTH. OCHOBHOU 3afauell MOJeTMPOBAHUSI SIBJISIETCSI UCCIIeOBAHUE CUTHAIA IETEKTOPa IPAaBUTALIMOHHBIX
BOJIH C OCLMJUTUPYIOLIMMHU 3epKanaMu. B nporpamme umeercs rpadpuyeckuii HHTEpdeic, MO3BOMSIOLIMI HHTE PAKTHBHO YIIPABIATH
XapaKTepOM ABMXKEHHUs OTpa’kalllMX 3epKajl M HablofaTh U3MeHeHHUs curHana gerekropa. LIGO-RM Mopenupyer Hanuuue
IPaBUTALMOHHON BOJHBI 3aJaHHOTO THIA U MO3BOJISET HAOMIONATD €€ BIMSHHME Ha Pe3ynbTarT paboTsl nHTeppepomerpa LIGO
B MHTEePAKTHUBHOM BHJie U B BHJie YHCJIEHHOI'O pe3yIbTaTa. BEINONHEH psif YUCIeHHBIX 9KCIEPUMEHTOB, U IOKa3aHbl CUTHAJIBI
[eTeKTopa MPH HATMYUK U OTCYTCTBHH KoseGaHuH 3epKan. OGCYKIAITCS pe3ynbTaThl PACYETOB M BOSMOXKHOCTb PerHCTpaluu
IpaBUTALHOHHBIX BOJIH ¢ noMolnbio LIGO-meTekTOpa ¢ MOABUKHBIMY 3€pKaJIAMH.

Kniouesvle cnosa — rpaBuraunontele BonHbl; LIGO; mogBikHbIe 3epKaia; HHTepHEpOMeTp; eTEKTOP IPABUTALUOHHBIX BOJH.

BBepenue

[paBUTALMOHHBIE BOJIHBI — 9TO HU3MEHEHHUs Tpa-
BUTALMOHHOTO MOJIs (MOJIsl TSATOTEHUsT), PACIIPOCTpa-
HSIOI[UECS B MNPOCTPAHCTBE C QyHAAMEHTANbHOU
CKOPOCTbI0. [paBUTALIMOHHBIE BOJHBI HU3MY4aOTCS
MaccaMH, OBHXKYLIUMHUCS C TEPEMEHHBIM YCKOPEHU-
eM. Bo3spmelicTBys Ha Tejia, TPAaBUTALMOHHBIE BOJIHBI
[OJIKHBI BBI3BIBATH OTHOCHTENIBHOE CMELIeHHe HUX
vyacrel (medpopmaruio ten). Ha aToM siBIEHHH OCHO-
BaHbI METO/bl O6HAPYKEHUS IPABUTALUOHHBIX BOJIH.
O,E[HB.KO rpaBUTAlMOHHBIE BOJTHBI HEBEPOATHO CT[a6bI -
KaK M3-32 MaJiod BETMYUHBI TPABUTALIMOHHOMN CHUIIBI,
TaK ¥ MOTOMY, YTO PAaBUTALHOHHBIE BOJHBI UMEIOT
TUI KBAJPYNOJIbHOTO U3YYEHUs], KOTOPOE HAMHOTO
crnabee, YeM AHUIONIbHOE U3NTyYEHNE, XAPAKTEPHOE AJIs
9JIEKTPOMATHETHU3MA.

PaccMOTpUM XPOHOJIOTHMI0 BO3HHUKHOBEHHsT 6aso-
BBIX MU O IPaBUTALMOHHBIX BoaHax (puc. 1). Mcaak
HpoTOH 3amaBascss BOMPOCOM O MPHUPOAE B3AUMO-
meucTBUs Tenl 6e3 MPsAMOro KOHTAKTA MEXAY HUMHU
u 6e3 mocpencTaa yero-nu6o. KacarenpHo aTo# mpo-
6;eMbl B 1865 . B CBOel my6iHMKaLUU B 3aMETKE «O
FPaBUTALUOHHOM NPUTsAXeHUU» [Ikehimc Knepk
MakcBesn paccyxnaer o6 aHalOrMM IPaBUTALHH C
AJIEKTPOMATHETU3MOM U, OCHOBBIBASICh HA MPUHIIUIIE
efnuHo0bpa3us MpUPOabl, 0603HAYAET BOIIPOC O TOM,
YTO TPABUTALMOHHOE MPUTSIKEHUE MEXMIY 0OBEKTa-
MU OCYLIECTBIISIETCS MOCPENCTBOM IOJIs, KAK U B CITy-
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yae TEOPUM JJIEKTPOMATHUTHOIO B3aUMOIEHCTBUSI
[1]. B 1893 r., OnuBep XaBucai MONYIUI aHATHUTH-
YecKoe pelleHWe IPaBUTALMOHHOIO aHaiora ypas-
HeHMH Makcsemia B Bupme BoinH [2; 3]. OH mpomeMoH-
CTPHUPOBAJI, YTO JAHHBIE BOJHBI 06/1afal0T KOHEYHOM
CKOPOCTBIO pacmpocTpaHeHusi. Pa6ora ¢paHiryscko-
ro ¢usuka lenpu I[lyankape comepxwut rnapy «['u-
noresa rpaButauun» [4]. B mannoi rnase, Ilyankape
paccMaTpUBaeT W3MEHEHHs] HbIOTOHOBCKOIO TPaBH-
TALUOHHOI'O B3aPIMO,E[eI>’ICTBPIH nocsiie NpHUMEHEHUA
npeobpasoBanuii JIopeHIa, KOTOpble Ha TO BpeMs
KCIOb30BAIIUCH, YTOOBI OMKMCATh MU3MeHEeHUs DM-
NOJIst 7151 HAGIOAaTenel, ABUXYILNUXCS C Pa3IHIHON
CKOPOCTBIO.

[Tyankape 6511 mepBbIM GpU3UKOM, KOTOPBIHA MPHU-
MEHHUJI TEPMHH «I'paBUTALMOHHBIe BONHBD (Ondes
gravifiques) K pacmpoCTPaHSIIOIIUMCS HU3MEHEHUAM
rpaBuTanuoHHOro nojsi. OH mpoBes paboTy, CXOXYIO
¢ XaBHCcalOM, OHAKO yXe B paMKax pessiTUBH3Ma.
[Tyankape IpeANONIOXHUI, YTO OyHeT HeKoe 3ame[-
7eHre (MOXHO CHie/laTh BBIBOZ, O TOM, 4TO IlyaHKape
MpeNIosarai, 4To 9T0 GpU3UIECKOe MoJie U OHO GymeT
OCHOBAHO Ha TIPUHIUIE GIU3KOLENHCTBUSI) B PACIIPO-
CTpaHEHHWH TPaBUTALMOHHOIO MOJs (medcTBHe H3-
MeHeHUsl rpaBuTanuu U 3¢pdeKT) BBUAY KOHEYHOCTU
¢yHnamenTanpHol ckopoctd. B 1911 r. DHHIITEHH
omy6nukoBasn paboTy [5], B KOTOpPO# crenan mpenmno-
JIOKEHHE, YTO CKOPOCTh CBeTa IIepeMeHHa B IPaBH-
TALHOHHOM [10JIe, YTO [JAJIO TOMYOK paboraMm ydeHO-
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Puc. 1. YyeHble BHecIIMe BKJaf B TEOPUIO TPaBUTALMOHHBIX BOJTH

Fig. 1. Scientists who made a huge impact on the gravitational wave theory
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Puc. 2. Cxema ierektopa ['B MeXaHMYeCKOrO THIIA, U3BECTHOIO KakK «Bebep 6ap», u pororpadus [Ix. BebGepa ¢ paspaboTaHHBIM UM T€p-

BBIM [IeTeKTOPOM B 1960-e

Fig. 2. Scheme of GW detector «Weber bar». Photoshoot of J. Weber and the detector he designed in 60’s

ro Makca A6paxama (1875-1922), KOTOpBIH B3I 3TO
yTBepXOeHHe 3a OCHOBY. B 1912 r., A6paxam omy-
6JIMKOBAJI TEOPHIO TPABUTALIMH, B KOTOPOH OH H3Me-
HUJI CIeLHanbHy0 Teopuio oTHocuTenbHocTH (CTO)
Y HCIOJIBb30BaJl WA NepeMeHHOM CKOPOCTH CBeTa,
paccmaTpuBas IpaBUTAallMOHHOE IOJIe KaK CKaJsip-
HOe IoJie, U3MeHsoleecs B IPOCTPAHCTBE U BpeMe-
HH [6]. B cBO€l Teopun AGpaxaM CYUTAI, YTO BOJIHBI
SIBJISIIOTCSI IPOAOJIBHBIMU. B cxoXeM HampaBlieHUHU C
A6paxamom paboran ydeHbidi ['yctaB Mu, KOTOpBIT
HCCIIe0BaJl Uel0 «eUHOrO MOoJsA», U ero TPy[ TaKKe
BKJII0YaJ B cebst Teopuio rpasutanuu. OH ObUI ITOCITE-
nosatenieM CTO U MOCTOSTHCTBA CKOPOCTH cBeTa [7; 8].

KroueBoit paboTOd SBIAIOTCA TPYABI GUHCKOTO
¢usuka [yunapa HopacTpema, KOTOpPBIH MePBBIM
[I0Ka3aJl, YTO BEIleCTBO BIUSIET Ha [€OMETPHUIO IIPO-
CTPaHCTBa-BpeMEHU, U CO3[al PeIsITUBUCTCKU-CO-
BMECTHMYI0 TEOPHUI0 TPABUTALMOHHOTO Mois [9].
B mocTynHBIX OKyMeHTax ['yHHapa SIBHBIX yIIOMH-
HAaHUU O TepMHUHE T'PABUTALMOHHBIX BOJIH He OOHa-
PY’KE€HO, HO ero Teopusl NpefcKa3blBaeT UX, TaK Kak
ypaBHeHMe TOJIsI B HeH sBISIETCS YpaBHEHHEM IJIst

[orepevYHbIX BOIH (mocie 6ymer gokasaHo, yro I'B -
nonepevHble BoiHbl). B 1918 r. DHiHIITEHH NyOIUKyeT
Bropywo pa6ory o I'B [10]. B 061uieit Teopun oTHOCH-
tenbHOCTH (OTO) rpaBUTALUs ONpEENsieT PELIETKY
B [IPOCTPAHCTBE-BpEMEHU. DUHINTEHHY Tpe6OBaIoCh
10 ypaBHeHHMH OJis1 OnIMCcaHuUs BCero monsi. MaremaTu-
JeckHe 06BeKTh, HeOOXOMUMBIE [JIsl TOrO, Ha3bIBa-
10TCs1 TeH3opamy, 4To fenaeT OTO Gosee CIOKHOMH,
YyeM BeKTOpHasi TeOpHUs 3JIeKTpoMarHetusma Mak-
CBeJUTa UM CKaJIsIpHblE TEOPUU I'PaBUTALINH.

B koH1ie 1950-x rogoB coBMecTHas pabora GrU3UKOB
F'epmana Bounu, ®enukca [Mupaunu, Bopa Pobunco-
Ha ¥ MOJbCKOTO ydyeHoro AHAXesl TpayTMaHa OKOH-
YaTeJbHO YCTAHOBHUIA PEaJbHOCTb I'PABUTALIMOHHBIX
BosiH B OTO [11-18]. [Torpe6oBanocs ere 60 et Te-
OPeTHYEeCKOro, SKCIEePUMEHTAIBHOTO U MHCTPYMEH-
TaJBHOI'O IIporpecca, MpeXae 4eM y4eHble CMOIJIH
HEMOCPEACTBEHHO OOHAPYXXHUTh TpPaBUTALOHHBIE
BOJIHBI U UCCJIE[JOBATh UX CBOMCTBA B pealbHOM MHUpe
[19]. Peanusauust rpaBUTALHOHHBIX AETEKTOPOB, He-
CTBUTEIBHO CIIOCOOHBIX 3aPETUCTPUPOBATDH [PABUTA-
LIMOHHBIE BOJIHBI, CTaja BO3MOXHOU nulb B XX Beke.
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Puc. 3. LIGO-o6cepBaTopusi, ee MECTOTOIOXKEHHE U IPadUK YYBCTBUTENIBHOCTH

Fig. 3. LIGO observatory, its location and sensitivity curves

1. [paBUTAallMOHHO-BOJTHOBOHM JE€TEKTOP

['paBUTALIMOHHO-BOJTHOBBIM [E€TEKTOPOM CUHUTAET-
cs mobast cucremMa NMpOGHBIX Macc (Tes) WM MpOTsi-
SKEHHOE TEeJI0O U CEHCOp, pearupymuide U 3anuchbiBa-
IOlllKie MaJjible OTHOCUTEIbHbIE CMEILeHUSI MAacC WU
CHUJIBI, KOTOPBIE UX BBI3BaIU. ['paBUTAIIMOHHAS BOJIHA,
pacmpocTpaHssich ¢ (pyHOAMEHTAIbHOM CKOPOCTHIO
CBeTa, U3MEHSIET CBOMCTBA KPUBU3HBI TPOCTPAHCTBA,
BO3[EUCTBYs Ha Tefa. AMIUIUTYLA BO3MYLIEHNUH, BBI-
3BAHHBIX TPABUTALMOHHOW BOJHOM OT peasibHbIX
ACTPOHOMHUYECKUX UCTOYHUKOB, 06PATHO MPOTOPIU-
OHAJIbHA PACCTOSIHUIO 10 UCTOYHUKA M OKA3BIBAETCS
Manoit (mopsaka 10721),

Hawu6onbinee pacnpocTpaHeHHe MONYyYHUIA [OBA
THIIA HA3€MHBIX JEeTeKTOPOB I'PAaBUTALIMOHHBIX BOJIH:!

1) MaccuBHBIN UUIUHAP AnHUHON oT 1 Ko 3 meTpoB
(puc. 2), perucTpUpPYOIINI HU3KOYACTOTHBIE MEXAHHU-
yeckue konebauus (Weber bar) - pesonancHs# me-
TekTop [20];

2) nasepHbI UHTepPEPOMETP, PETHUCTPUPYIOLIHI
COBUT HHTepPEPEHUHOHHBIX MOJIOC — JJeKTPOMAr-
HUTHBIN npuHIU [21].

OCHOBHOU MPO6IIEMON IETEKTOPOB MEPBOTO THIIA
SIBJISIIOTCS TEMJIOBBIE KOJIEOAHUsI, a B CITyYae LeTeKTO-
POB BTOPOI'O THIA — CEUCMUYECKYE BO3MYIIeHU [22].

[TepBble MONMBITKH CO3AaHUs TPABUTALOHHOTIO fie-
TeKTOpa ObUTH MpennpuHsaThl [IX. Be6epom us Yuu-
BepcuteTa Moapunenpa. B 1965 r. BeGep mocTpousn
OETEeKTOpP: LUIUHAPUYECKUN CTEpXKeHb pasMepoM
1M x 2 M u Becom 1,5 TOHHBI, U3TOTOBJIEHHBIN M3

TBEPAOrO aJTIOMUHUSA, KOTOPBIA MOJKEH OBbLI pe3o-
HUPOBATH HA OTNpeNie/IeHHOM Habope 4acToT, 6ynyuu
MOTEHLMAIBHO BO30YXOEHHBIM MPOIIEALIEH CKBO3b
HEro rpaBUTALMOHHON BONHOU. Vges dKcliepuMeH-
Ta 3aKJIIYaNach B CIEAYOLIeM: T'PaBUTALKOHHAsI
BOJIHA CKMMAaJIA M PACTSACUBAJA «CTepKeHb Bebepar,
BbI3bIBasi BHUOpALMH, KOTOpble IIPH COBIALEHHUU C
pPE30HAHCHOW YaCTOTOU CTEPKHSI BBI3BIBATU OBl U3-
MepuMble Bo36yxknenus. B 1969 r. Bebep 06bsiBUI,
9TO OH OGHAPYXXHJI PABUTALHOHHBIE BOJIHBI Ha IBYX
nogo6HBIX yCTaHOBKAax, pasfesneHHbix Ha 1000 km:
onHa B Yukaro u omHa B Moapunenpe [23]. Oguako
3TU peSyHbTaTbI He 6bIJ'[I/I BOCHpOI/ISBeJ:[eHbI J:[pyFI/I-
MU IKCIIEPUMEHTABHBIMU TPYIIAMH, a aMIUIUTYAA
3asBJIEHHBIX CUTHAJIOB, [0 UX TEOPETUYECKHM Ppac-
yéraMm, 6blIa HA HECKOJBKO MOPSLKOB BBILIE, YeM
NpeICKA3aHO /ISl MPENNOIOKUTENbHBIX aCTPOPU3H-
YeCKHUX UCTOYHUKOB. B pesynpraTe HA CeromHsALIHUH
neHb $U3UYECKOe COOOIIECTBO MOABEPraeT COMHe-
HUIO, 4TO IOJTy4eHHble BeGepoM CHTHABI SBISIOTCS
CJIeICTBUEM TPABUTAIMOHHBIX BONH [24; 25]. Tem He
MeHee SKCIlepUMeHTanbHast pabora M MeTonabl Be-
6epa manmu TOMYOK JAHHOM OGIACTH HCCIeIOBAHUSL.
B yactHocTH, PaitHep Balic u3 MaccayyceTcKoro Tex-
Hosoruyeckoro uucruryra (MIT) B 1972 r. Hanucan
23-CTPaHUYHYI0 3AMETKY B OJHOM U3 €XEKBapTallb-
HBIX MHPOPMALUOHHBIX XyPHAIOB MaccauyceTcKoro
TEXHOJIOTMYECKOTO HUHCTUTYTA, B KOTOPOU BIIEPBbIE
nogpo6HO OmMKCaHa JKCIIEPUMEHTAbHASI YCTAHOBKA
Y BCe UCTOYHHUKHU LIyMa JIa3epHOro HHTeppepomeTpa,
Croco6GHOr0 06HAPYXKUBATH U PETHCTPUPOBATDH I'pa-
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Ta6un. 1. [Tapamerpsl LIGO ngerekTopa mocie ycoBepIueHCTBOBAHUS, OKOHYeHHOro B 2015 .

Table 1. LIGO parameters 2015

LIGO-napamerpsi (2015 1.) 3HaveHUe
JnuHa niey 39945 m
[Jo6pOTHOCTE pe3oHATOpA MJIeY 450
Tun nasepa U AJIMHA BOJHBI U3Ty4E€HUs Nd:YAG, X = 1064 um
BxonHas MOLIHOCTB 5-125 Br

ITonspusauus

HHHeﬁHaH, FOpHU30OHTAJIbHAs

Matepuan 3epkaj

[TnaBneHBIH KBapL

PaSMep 1 BeC 3epKall

& 34 cm x 20 cMm, 40 kT

Panuyc nyuka (1/e?) Ha BXOMHOM M KOHIIEBOM 3epKajax

5,3cM u 6,2 cMm

Panuyc KPUBHU3HBI BXOOHOI'O M KOHIEBOT'O 3€pKaJl

1934 Mm u 2245 M

PasMep 1 BeC OEJINTEIA JIyda

& 37 cm x 6 cM™, 14 KT

Acummerpus Matikenbcona (Schnupp)

8 cm

[nuHa 1 fo6pOTHOCTE cenekTopa/¢uibTpa MOJ, Jlazepa Ha BXOJE

32,9 M (monubiii mpoxox), 500

JIIMHBI peUPKYIUPYIOIIUX Pe30HATOPOB MOIIHOCTH U CUTHAJIA

57,6 M 1 56,0 M

BUTAIIMOHHBIE BOJHBI C aMIUTUTYOM mopsiaka 1-10721,
YTO BIIOCJIEACTBUU CTaHET OCHOBOW JIa3epHOTO HH-
TepdepoMeTpa U IPaBUTALMOHHO-BOJIHOBOU obcep-
Baropuu (LIGO-metexTop) [26].

LIGO (Laser-Interferometer Gravitational-wave Ob-
servatory) - KpyIlHeHNIIasi B MAPe IPaBUTALUOHHO-BOJI-
HoBast o6cepBaropus. LIGO-o6cepBaTopust mocTpoe-
Ha B 2002 r. ¥ COCTOUT M3 IBYX AE€TEKTOPOB BTOPOrO
THUIIA, PA3HECEHHBIX HA pa3HbI€ KOHIbI COeﬂHHeHHbIX
IIItatoB AMepuUKH: OOUMH - B JIMBUHICTOHE, IITAT
Jlyusuana, a gpyroii — B XoHdoppe, wrar Bauuur-
ToH (puc. 3). LIGO ncnonb3ayeT pusnvecKre CBOHCTBA
CBETAa M CaMOrO IPOCTPAHCTBA [jisi OOHAPYKEHUs
rPaBUTALMOHHBIX BOJH. [IpoekT puHaHcupyercs Ha-
LUOHAIBHBIM HayIHbIM GpoHmoM CIIA u ynpasiser-
cs1 coBmectHbiMU yeunusimu CalTech u MIT.

Cesizka LIGO-meTeKTOpPOB MpeacTaBisieT coboi
2 60MBLIKMX ONTHYECKUX HHTEPEPOMETPA, pA3HECEH-
HBIX B IPOCTPaHCTBe Ha paccTosiHue B 3,002 kM. OHU
SIBJISIIOTCST ABYMSI CAMOJOCTATOYHBIMHU [I€TEKTOPAMH,
WU «IIPUEMHHUKAMHU CHUTHAaJa», KOTOPbIE HCIONb3Y-
IOTCSI COBMECTHO [JIsI KOPPEesSLHOHHOTO aHaau3a U
BBI[[€JIEHH CJIa60ro curHana u3 uryma (puc. 3), a Tak-
Ke [JIs1 OTIpefiefieHUsl HAapaBeHusl UCTOYHUKA Tpa-
BUTALMOHHBIX BOJIH.

Kasknpiii Tako¥ JeTEeKTOp MpefcTaBiseT co60H Mo-
OepHU3UPOBAHHBIM HHTepdepoMeTp MalikenbcoHa
(puc. 3). MonepHHU3alus OCYyLIECTBIeHA 3a CYET [O-
6aBnenust pesonatopor ®a6pu - Ilepo B Kaxkgoe u3
wied uHTepdepoMeTpa i YBETUIEHUSA ONTUIECKO-
ro xoza nyda. Uurepdpepomerp MaiikenbCcoHa BKITIO-
qaeT B cebst:

1) UCTOYHUK - J1a3ep;

2) menuTens Iy4a;

3) mBa MePIEHAUKYISIPHBIX IUIeYa, MO KOTOPBIM
PacIpoCTpaHSITCS JIy4y;

4) doTopmon, HA KOTOPOM [Ba JIy4a CMEIIUBAIOTCS
06paTHO B OLUH.

Wpest sKceprMeHTa 3aKJI0YaeTcsl B ClIefyolleM:
KOTfa IpaBUTAllMOHHAS BOJIHA IIPOXOOUT 4Yepe3 [e-
TeKTOpP, PacTsDKeHHe MU CXaTHe INPOCTPaHCTBa 3a-
CTaBIsET I[UIeYM WHTeppepoMeTpa MOMEPEMEHHO
VIVIMHATBCS M YKOPayMBaThCS B CHUIIY MOJISIpU3ALUU
BoJHBI. To ecTh OLHO Me4o HHTepdepPOMETPa CTAHO-
BUTCS [I/IMHHEE, & APYroe — Kopoye, 3aTeM Hao6OpoT.
[To Mepe TOroO Kak Miedu HHTEPPEPOMETPOB U3MEHSI-
10T IJINHBI, Ta3epHbIe JIY4H, TlepeMelasich Yepe3 HUX,
NIPOXOASIT pa3fUyHble PAaCCTOSHUS, NMPUBOASIINE K
bazoBoMy CABUTY MEX/IY JIy4aMHU ¥ 06pa30BAHUIO U3-
MEHSIOIIENCsT HHTeppePEHIIMOHHON KapTUHBL. AHa-
113 uHTepEPEHUOHHBIX I0JIOC HCIIONB3YETCsT B
LIGO pns1 o6Hapy>KeHUsI TPAaBUTALMOHHBIX BOJH [27].

OpHo¥ 13 rinaBHBIX ocobeHHOcTeH LIGO-geTekTO-
pa saBnsieTcsl ero pasmep. [nuHa niney LIGO-unTep-
depomeTpa cocrapisier L = 4 KM KaXaoe. AMIUTUTYRA
0XHIaeMON TI'PaBUTALlMOHHOW BOJHBI A ompepens-
€TCsl KaK OTHOCHUTE/IbHOE yIJIMHeHHe Iieda dL wH-
teppepomerpa - dL / L = A. Takum o6pas3om, ecnu
L=4xmudL=10716 CM, TO aMIUIUTY[a OKHIaeMOU
rpaBUTAIIMOHHON BOMHEI paBHa A = 10721 [28]. Texuu-
yeckue xapakTepuctuku gerekropa LIGO npencras-
neHbl B Tabn. 1. Bonee peranpHyo HHPOpPMALHUIO O
TeXHHUYeCKHUX XapakTepucTukax LIGO MoxHO HalTH
Ha UHTEepHeT-caiTe mpoekrTa [29].

Bamyck o6cepBatopun mius Habmopenuit ¢ 2002
no 2010 r. He fgan AOCTOBEPHBIX pe3ynbTaToB. Ilo-
cie aroro pa6ora LIGO 6bna mpuoOCTaHOBIEHA LO
2015 r. pyisi BHeLpEHHUSs Psifa YCOBEPIIEHCTBOBAHUM.
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Fig. 4. Advanced LIGO configuration of 2015 year: ¢,
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signal recirculation mirrors; PD - photodiode

Cymma ynyuienuii cocrasuna $ 200 muin. CIIA, Bech
npoekT - § 620 muH. [IpakTUdecku cpasy mocie 3a-
IIyCKa YCOBEPIIEHCTBOBAHHOTO HeTeKkTopa (puc. 4)
14.09.2015 6bina 3aperucTpUpoOBaHa MepBasi TPABH-
TanuoHHasa BonHa: GW150914 [19; 30]. ITo cocToAHMIO
Ha mekabpb 2019 r. o6cepBatopust LIGO mpoussena
3 samycka HabmoneHui, umMenyembix O;, O, u O3, 1
3apeructpupoBana 50 Bcreckos I'B (puc. 5, 6) [31].
[InaHOBBIEe OGCITY>KUBAHUS U YITYYILEHUST IPOU3BOLHU-
JIUCh MEXIY 3aIyCKaMHu.

e Oj:3amyck cocTosinca ¢ 12.09.2015 mo 19.01.2016,
3apeructpupoBano 3 I'B, HCTOYHUKAMH KOTOPHBIX SIB-
JISUTTUCH CTOJIKHOBEHUST YepHBIX AbIp (UI);

e O, 30.11.2016 - 25.08.2017, 8 I'B 3apeructpu-
poBaHo, 7 - Y[ u 1 cnusiHve 6MHAPHOM HEUTPOHHOM
3Be3nnsl (BH3) [32];

e Og: 56 perucrpanuii I'B;

e 03a:01.04.2019 - 30.09.2019;

e Ogb: 01.11.2019 - 27.03.2020 (npuocmanoeneh 6
céa3u ¢ COVID-19).

O6ceparopus LIGO cpenana psig dyHmamMeHTaNb-
HBIX pU3UYECKUX OTKPBITUH. OHUM U3 TAKOBBIX SB-
JIsleTCsI U3MepeHHe CKOPOCTU pacHpoCTpPaHEeHHUs rpa-
BUTALMOHHOM BoHbI B 2017 . CornacHO OHHLITENHY,

3Ta CKOPOCTh [OJKHA OBITH paBHA CKOPOCTH CBETA,
U JeUCTBUTENBHO, 3TO TO, 4TO nmoiy4dunu LIGO/Virgo
u Fermi, ¢ TounocTsio Gonee yem 1-1071%, Dro usme-
peHHe CTaso BO3MOXHBIM 6riarogapsi rpaBUTALUOH-
HO-BoHOBOMY Habmoperuo LIGO u Virgo Bo Bpemst
cnusHuss BH3 B coBmageHWM ¢ KOPOTKUM ramMma-
BCIIJIECKOM, KOTOPBIN IMOC/Ie[OBal MeHee 4eM depes
[Be CEKYH/IbI U 6bIJT OGHAPYKEH C TOMOLIBIO 06CcepBa-
topuu Fermi [33].

3a «pemaromuil Bkiaan B getektop LIGO u Ha-
6J1I0[ieHYEe TPABUTALMOHHBIX BOJIH» GblIA MPUCYKE-
Ha Ho6enesckas npemust 2017 r. B o6nactu $Us3uKu
TpeM ydeHbiM - 310 Kun Topu (CalTech), Paiinep
Baiicc (MIT) u Bappu Boapuru (CalTech) [34].

Ha ceropHsiuiauii feHb GpYHKIMOHUPYIOT 3 rpaBu-
TallMOHHO-BOJHOBBIE o6cepBaTopuu: LIGO (USA),
Virgo (Italy) u KAGRA (Japan) [35]. CoBMecTHBIl 3amycK
Tpex o6cepBaTopui IwaHupyercs: Ha 2020-2021 rr. [36)].
Hertexktopsl LIGO, Virgo u KAGRA orHocATCS KO
BTOpPOMY NnokKojeHU0 ['B-merexTopoB. B HacTosee
BpeMsi aKTHBHO BeAyTCs pa3paboTKU LEeTEKTOPOB
TpeThero MOKOJIIEHHs, a TAKXXe NMPOEeKTUPYIOTCS KOC-
mudeckue ['B-o6cepBaTopuu (Tabn. 2, puc. 7).
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Table 2. Detectors classification and approximate launch dates

B Kocmuueckue

TOpPOE MOKOJIEHUE TpeTbe MOKONIeHUe 6
o6cepBaropun

[2010] GEO High Frequency [2030-e ronei] Einstein Telescope [2035] TianQin

[2015] Advanced LIGO [2030-¢ rogei] Cosmic Explorer [2030] Taiji

[2016] Advanced Virgo [2027] DECIGO

[2020] KAGRA (LCGT) [2034] LISA

[2023] IndIGO (LIGO-MUHuaus)
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Fig. 8. GW Detectors’ configuration: a - ET; b - DECIGO and BBO. LF - low frequency; HF - high frequency

Teneckon Dunmredna (ET), unu obcepBaTopus
OHHImTeHHa - 3TO MPOEKT HAa3eMHOTO JeTeKTopa
IPaBUTALIMOHHBIX BOJIH TPETbEero IOKOJEeHUs, OT-
Hocsimuicst K EBpocowosy. B 2021 unu 2022 r. 6yzmer
00BSIBJIEHO MECTOIOJIOXKEHHE MJIsi Tejaeckomna OiH-
wreiina. Teneckon ET paspabareiBaercs njist mpo-
BepKM Teopuu cunpHoro monsi B OTO um pgnsa pac-
LIMPEeHUs CIeKTpa [eTeKTMPOBaHHUSA HCTOYHUKOB

I'B. Ha maHHBIM MOMEHT mapameTpsl Teneckomna ET

crepymooliye: MOA3eMHOe PacoJIOKeHHe, AJINHA TUled
nerektopa 10 kM, popma KOHGUTYpaLIUU — PABHOCTO-
POHHHH TPEYTOIBHHUK, MO [Ba BIOXKEHHBIX JE€TEKTOpa
Ha Kax/bli yron (puc. 8). OnuH [eTeKTOp pacCYUTaH
Ha Bpicokue dactoThl oT 10 'y mo 10 kI'1, BTOpOU -
Ha HHU3KHe 4yacToThl oT 1 mo 250 I'l. HuskowacToT-
Hble HHTepdepoMeTpPbl GYAYT HCIOIB30BATH OINTH-
Ky, oxnaxaeHHy©0 1o 10 K, ¢ MOIIHOCTBIO JTyya OKO-
0 18 xBrt. Beicoko4yacTOTHBIE OYAyT HCIOIB30BATH
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ONTHKY KOMHATHOM TeMIIepaTypsl M ropasngo 6onee
BBICOKYI0 MOIIHOCTB pPELUPKYIUPYIOIIEro Jiydya M0
3 MBT [37]. UcnbiTaTenbHbii MakeT Teneckona ET,
HasbiBaemblll ET-Pathfinder, 6yner moctpoen B Maa-
CTPUXTCKOM YHHBepcHuTeTe B Hunepnanpax.

JTazepHas uHTepdepoMeTpUyeckass KOCMHUYECKas
anTenHa (LISA) - 9TO POEKT MepBOro CIENUATU3U-
POBaHHOI'0O KOCMHYECKOTO [AEeTeKTOpa rpPaBUTAIMOH-
HBIX BOJIH EBpONENCKOro KOCMHYECKOI'O areHTCTBa
(ESA). Konuernuust LISA mpencrapinsieT co60ol cucTe-
My U3 TpeX KOCMHUYECKHX allapaToB, pacloJIOXKeH-
HBIX B PaBHOCTODOHHEM TpEYroJibHUKE C IIeYaMH
OJIMHOH 2,5 MJIH KM Y HaXOLSIIUXCS Ha MeJINOLeHTPH-
4ecKOU opbuTe, CXOXKeH ¢ OpOUTON 3eMIH, B TOYKAX
JTarpanxa [38; 39].

Hurepdepomerprdeckasi TPABUTALHMOHHO-BOIHO-
Bas obGcepBatopusi Henurepua (wiu OELUTO/
DECIGO) - ato npoekT SmoHuu, Ho 6a3upyeMbIl B
KOCMHUYecKOM npocTpaHcTBe B oTinnuue oT KAGRA.
leTekTop Ha3BaH TaK M3-3a TOrO, YTO CIEKTP €ro
YYBCTBUTEIBHOCTHU JIEKUT B nojoce yactotT ot 0,1 no
10 T, 3amonHsAA 3a30p MeXAY YyBCTBUTENbHOCTSIMU
petexkTopos LIGO u LISA. [InaHupyeTcst 3allyCTUTh
B 2027 r. Koncrpykuus cxoxa ¢ LISA: 3 ciyTHuKa B
TPEyroJbHOM PAaCIOJIOKEHUH, HO C JJIHMHOU Ijied B
1000 k™ (puc. 8). B konue 2020-x rogoB MIaHUPYETCS
sanyck B-DECIGO - mpororuna npoekra ¢ JINHON
mwied B 100 kM. Pazmerenre - okomo3eMHast opbura
co cpenuett BeicoToit 2000 kM [40; 43].

«Habnwonarens 6omnpinoro B3peiBa» (BBO) - mpo-
ekT-npeeMHUK LISA ot EBpomelickoro Kocmuue-
ckoro arenrcrBa (ESA). OcHOBHas Hay4yHas LeNlb —
Hab/oeHe PETUKTOBBIX TPABUTALMOHHBIX BOJIH,
W3IyIUBIINXCS 4Yepe3 Majoe BpeMsi B pe3yJbTaTe
Bonpmoro B3pbiBa. [lomMmumo aToro, nmpeprnosaraerT-
Csl, YTO CIEKTP AETEeKTHUPYeMBIX HUCTOYHHKOB BBO
nepexkpoet cnekTpel LIGO, LISA. Ero npenenbHas
YYBCTBUTEIBHOCTD GYET OMPENEsIThCS MOLIHOCTBIO
J1a3epOB U KOppeJsed CUTHAJIOB C JPYTUMH UHTEP-
depomerpamu, KOTOpble OYAyT pasMelleHbl BOKPYT
ConHua. [TepBast 4yacTb KOCMHUYECKOH 0O6cepBaTOpPUU
BBO cxoxxa ¢ LISA u cocToUT U3 Tpex KOCMHUYECKUX
anmaparoB, pa3MelleHHBIX B BepIIMHAX PaBHOCTO-
POHHErO TpeyrojibHUKa. Bropas yacTs - nobasnsercs
ellle TPU TaKUX XK€ TPEYroJIbHUKA (BCEro ABEHAALATh
KOCMUYECKHX alMapaToB), PACIONIOXEHHBIX KaKIble
120° mpyr or gpyra Ha conHe4YHOU opbute. CrenoBa-
TeJIbHO, BCEro 3 MO3UIIMHU Ha OpOrTe, IPUYEM B OJHOH
Y3 MO3ULUH [Be CUCTEMBI U3 TPEYTOJIBHUKOB JIEXKAT B
OJIHOM TUIOCKOCTH W NMOBEPHYTHI OTHOCUTEIBHO JIPYT
Opyra Tak, YT0 06pasyoT MpaBUIBHBIH IIECTUYTOJb-
HUK (puc. 8). OTHenbHble COYTHUKY OYyAYyT OTIHYATH-

cs1 6071ee MOLIHBIMU JIa3epaMH B cpaBHeHUU ¢ LISA.
[nuHa mied coctaBUT 0Koy0 50 Teic. KM [41; 43].

«Kocmuyeckull uccienoBaTenb» - IPOEKT Ha-
3eMHOH TIPaBUTALMOHHO-BOJIHOBOW 06CEpBATOPUU
TpeThero mokoseHus. B 2019 r. komanma Cosmic
Explorer omny6nukoBana IJIaH KCCAELOBAHUM Ha
2020 r., HeOOXOIUMBIX [JIs1 CO3LAHUsI 06CEepPBATOPHH.
Kocmudeckuii uccienoBarens uMeeT Gopmy KoHOHU-
rypaunu LIGO. [iunsl mied cocrassT 40 km [42; 44].
DTO 3HAYUTENBHO MOBBICUT YYBCTBUTEIBHOCTH 06-
CEepBATOPHUY U TUMOTETUYECKHU MMO3BOIUT HAGIIONATD
CIIVSIHUS TIePBBIX YePHBIX JbIp BO BceneHHON.

B HacTrosiee BpeMs NpeApUHUMAIOTCS YCUTIUS IO
KOCBEHHOMY OOHApYKEHHI0 T'PaBUTALMOHHBIX BOJIH
acTpOHOMHUYEeCKUMHU MeToAaMu. Mccnenylorcs rpymn-
nel nynbcapoB (EPTA, IPTA, SKA), 3Be3gHBIX OCTaT-
KOB, KOTOpble HCITyCKAIOT MOBTOPSIOIINECsS WUMITYJIb-
CBbI U3JTyY€eHU S, IJIs1 OOHAPYKEHUSI MAJIBIX BPEMEHHBIX
COBUIOB, BBI3BAHHBIX IIPOXOXXAEHHUEM I'DaBUTAIMOH-
HBIX BOJIH. DTOT MOJXOJ IIPUMEHSIETCsI Ak O6HApy-
SKeHMsI HU3KOYaCTOTHBIX BOJIH, BO3HUKAIOIIUX IPHU
CIIUSIHUM CBEPXMAaCCHUBHBIX YEePHBIX [ABIP — OJJHOTO U3
CaMbIX BBICOKOOHEPreTUYECKUX COOBITUH B KOCMOCE
(puc. 7).

ITocne Gomee YeM YeTHIpEX [JECATHIETHH OT Ha-
yana npoekta LIGO-geTekTOopbl AOCTUINIM HOpora
YYBCTBUTENIBHOCTH, NOCTATOYHOIO, YTOOBI MOATBEP-
ouTh cymectBoBanre ['B. OGHapyXeHHBIe rpaBHUTA-
[MOHHBIE BOJHBI YK€ OKazanu OOJbLIOe BIUSIHUE HA
bynnamenTanbHyo GU3UKY, ACTPOPUBHUKY U SILEPHYIO
¢usuky. B CIIIA mosiBUICS MATEHT Ha MPOEKT reHepa-
TOpa I'PaBUTALMOHHBIX BOJH U OPY>KHsl, OCHOBAaHHBIX
Ha HOBOM (pU3MYECKOM SIBIEHUH [45].

Wcxonsi 3 BBICOKOH CIIOKHOCTH, CTOUMOCTH U aK-
TyalqbHOCTH pa3pabOTKU HOBBIX AeTeKTOopoB I'B; mo-
SIBJISIETCSL HEOOXOLUMOCTD B HAJIMYUU IIPOrPAMMHOTO
obecrnedeHusi, KOTOPOE CIOCOOGHO MPOEKTHPOBATH U
MOJEeIMpPOBaTh HOBBIE NETEKTOPHl I'PAaBUTALlMOHHBIX
BOJIH, IPOBOJAUTh YUCI€HHbIE dKCIIepUMeHTEL. Llenbio
OAaHHOM paboThl sABIsETCS pa3paboTaTh MPOrpamm-
HOe ofecrevyeHHe MO MOLEIMPOBAHUIO [1€TEKTOPA
rPaBUTALMOHHBIX BOJH Ha OCHOBe MHTepdepomMeTpa
C MOABUKHBIMU 3epKajlaMH.

2. MoagenupoBaHHe JeTEKTOpA
TPaBUTALMOHHBIX BOTH

B HacTosimee BpeMs B CYILIECTBYIOIIWX U paspa-
6aThIBaEMBIX [ETEKTOpaxX 3epKajia BBICOKOCTAGUIH-
3MpOBaHBl, HO NOMABMXHBL. HemonaBu>kHBIE 3epkana
B uHTepdepomeTpe MalikenbcoHA NAIOT HYIEBYIO
aMIUTUTY[y CUT'Hajla Ha IeTeKTOpe, YTO O3HAYaeT OT-
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Puc. 9. Anroputm pazpabaTeiBaeMOH POrpamMmbl
Fig. 9. Algorithm of the program developed

CyTCTBUE FpaBHTaL{HOHHOﬁ BOJIHEI. B SKCIIEpUMEHTE
3epKajia MOCTOSIHHO KOJIEGNIOTCST M3-3a CcelcMude-
CKUX BO3MylleHUH. OCHOBHOH 3agadyedl MOAeNIHpO-
BaHUs SIBIISIETCS UCCIIeNOBaHHE BIUsSHHUs XapakTepa
OBMXKEHUU 3epkan uHTepdepoMeTpa Ha pesyNbTH-
PYIOLIMKA CUTrHa feTeKTopa. B mporpamme 3agaercs
pas3nuvHbli GYHKUMOHAIBHBIA XapaKTep OBUKEHUs
3epKaJl, YTO [03BOJIseT AaHAJTUTUYECKHU U BU3yaJIbHO
HCCienoBaTe pabory gerexkTopa. s U3ydeHHUs pa-
60Tbl ['B-meTeKTOpa ¥ YMCIIEHHOM OLIEHKU €0 pa3pe-
mapiied Crmoco6HOCTH pa3paboTaHo MPOrpaMMHOE
o6ecrnievenre LIGO-RM. OHO 1m03BOJISIET yIPABISTH
KoHUTypaurell HHTeppepoMeTpa U MOLETUPYET
CHUTHaJ [IeTeKTOpa, a TaKXe C ero IMOMOLIbI0 MOXKHO
MPOBOLUTH YHCIIEHHBIE 3KCIIEPUMEHTHI IO OLIEHKE
YyBCTBUTEBHOCTU AETEeKTOpa. AJITOPUTM IpOrpaM-
MBI IIPEe[ICTaBIIEH Ha pHUC. 9.

[To faHHOMY aJIrOPUTMY GBI HAITMCaH KO/ Ha S13BI-
ke C++ B Kpocc-miatGopMeHHOU cpene pa3pabor-
ku Embarcadero RAD Studio. [Januas mporpamma
ckomnunuposana st OC Windows, Takke MOXKeT
6bITh ckoMmunupoBana missi OC Mac, Linux u mis
Mo6uIBHBIX yeTpoiicTe Android, iOS.

CornacHO IpefCTaBIeHHON OIOK-CXeMe aJlOpUT-
Ma, BHadaJle IpOorpaMMBbl M0JIb30BaTelb BBOAUT HC-
XO[HBbIe IapaMeTpbl AeTEeKTOpa M I'PaBUTALMOHHOU
BosiHBL. B manHom I1O nonb3oBaTens MOXKeT 33/1aBaTh
Y KOHTPOJIUPOBATH CIIeAyIOLINe TapaMeTphl:

1) OIMHY BOJIHBI U3TTyYaTENS,

2) IUTUHBI TI1eY UHTEPPEPOMETPA;

3) BpeMms1, 3aTpadyrBaeMoOe BOJIHOW Ha paclpocTpa-
HeHUe B Mieve (B KaKIOM IJIEYe OTENbHO);

4) KONMMYEeCTBO TONYBOJIH (BOJTH) B KaXKIOM ILIede
OTIENBHO;

5) ¢pasy BONHBI;

6) OJI0KeHMe 3epKal (B Kask/I0M IUIeYe OTHENBHO);

7) 3amyckaTh KonebaHus 3epKasa(3epKai) 1o 3ajaH-
HOMY 3aKOHY C 3alaHHOM 4acTOTOH;

8) BbIOMpAaTh 3aKOH, 10 KOTOPOMY IIPOUCXOMST KO-
ne6GaHus 3epKaa,

9) KOHTPONUPOBATH MOJIOXKEHUsI 3ePKAN C TOYHO-
cThio pasel Konebanus or 0 o 2;

10) 3amycK rpaBUTALHOHHOM BOJIHBI,

11) Tun unu GyHKLHUIO IPABUTALMOHHON BOJHBI;

12) mapamerpsl BeibpaHHOU yHKIMu ['B.

Paspa6orannoe IO LIGO-RM wumeer rpadude-
ckul uaTepdeiic (puc. 10), YT0 3HAYUTENBHO TOBBIILIA-
eT YpOBeHb yA06CTBA HCMONb30BaHuUs. [padpudeckuii
uHTepdENC MO3BONAET MONH3OBATENO OMEPATUBHO
YIPaBIsITh HACTPOMKAMHU OSKCIEPUMEHTA, HU3MEHss
napaMeTpsl IETEKTOpa 3a CYeT BBOJA HOBBIX 3Hade-
HUU WM UCIONIb3ysl MHTEPAKTUBHBIE QYHKLUU: Te-
peTacKHUBaHUE 3e€pKajl C MOMOIIBI MBIIIH, TOBOPOT
rpadpUYECKUX PETYIASTOPOB U T. 4. [I1s1 0TOGpaxkeHus
pEe3y/IbTATOB YMCIIEHHOTO JKCIIEpUMeHTa U obpaso-
BaTENIbHOM YaCTH MPUIOKEHHE MOANEPKUBAET WH-
TEePaKTHUBHBIM PEXUM C aHUMALHeH, 0TO6paskaoLIHi
pacmpocTpaHeHWe W3NyYeHHWs] B IUeYax HHTepde-
poMeTpa, OBHXKEHHE 3epKaJl, a TaKXe IOCTPOeHHe
rpadpUKOB B pealbHOM BPEMEHHU HATMOfo6Ue OCLUII-
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Puc. 10. CHUMOK OKHa pa3pabaTbiBaeMOro MpUIIOKEHHUsI
Fig. 10. Screenshot of the program developed

norpada. Bce 9TO 1aeT MOIB30BATENO BO3MOXKHOCTD
Ha6MOAaTh paboTy ETEKTOPA C BO3MOXHOCTBIO He-
MOCPENCTBEHHOTO BMEIIATEeIbCTRA.

[Tocrie TOro Kak MOJb30BATENb BBENl MAapaMeETpBhI,
COIJIACHO aJTOPUTMY, MPOrpaMma MPOU3BOJUT pac-
yeT aHMMalUu U QUBUIECKUU pacyeT UHTepdepeH-
MU CUTHAJIOB. AHUMAIUsA OTOGpaXkaeT paclpo-
CTpaHeHHe BOJIHBI B MHTepdpepoMeTpe [0 3epKan u
06paTHO, U3MEHEHHE MONOXKEHHUsI 3€PKal MOJIb30Ba-
TeJieM BPYYHYIO, KoJiebaHUe 3epKajl U MHOXECTBO -
HaMUYECKHX IPadUKOB.

B co3gaHHOM porpamMmme Moab30BaTENb MOXKET aK-
TUBUPOBATh KOJIEGAHUsI 3ePKaJl MO OMPENETIEHHOMY
3aKOHY, BEIOUPAs U3 MPEMIJIOKEHHOTO «BBIMAJAI0IIETO
cnucka». [paduky 3aKOHOB Kojie6aHMsA 3epKaj MpU
WX aKTUBALMHM OTOGPA’KAIOTCS B MPABOM HHUXKHEM
yriny mporpammbl. [lonb3oBaTenb 3afaeT YacTOTy
3TUX KOJIeOaHUH.

PesynbraThl pa6oThl HHTEpEPOMETPA OTPAKAIOT-
Cs1 B OT/I€/IBHOM OKHE B BHJI€ TOCTPOEHHSI CIIEAYIOLIMX
rpadUKOB B peXUMe PEeasibHOTO BPEMEHH C IIATOM,
KOTOPBIU 3a[aeTcsi MoJb30oBaTeNeM (0 YMOTYAHUIO
1 mc):

a) TpaduK pesynbTUPYIOLIEH aMIUTUTYAbl CUTHAIA
Ha [IETEKTOPE;

b) rpaduk pesynbTHpPYOIIEH HHTEHCUBHOCTH CHUT-
Hana;

c) rpaduKu KOe6aHUS 3epKaJl.

[nsa pacuera $pasoBOTO CABUTa BOJTHBI UCTOYHHKA
U3JIyYEHUs] B [ETEKTOPE, BBI3BAHHOIO Aedopmainmeis

wied uHTepdepoMeTpa OT B3aMMOZeHCTBUsI ¢ ['B,
npejJjaraeTcs cieaylollee BblpakeHHe:

! (t)de
J#
T bl

rzie t, — BpeMs 0ObIYHOE, UJIM HEH3MEeHEHHOe, YTO BOJI-
HA U3JIydaTesisi 3aTPAYUBAET HA MPOXOXK/IEHUE MyIeda
uHTepdepoMeTpa MPU OTCYTCTBUU BO3MYLIAKOLIEH
[PaBUTALMOHHOM BONHBL gt) — QyHKUMS KOMIIEKC-
HOM aMIUIMTYObl TPAaBUTALMOHHOM BoiHbl, T - dasa

T=ty| 1+ (1)

BOJIHBI B MOMEHT €€ BO3BpaTa Ha [IeJIUTENb JTy4a.

PaccMoTpuM OmMH U3 NpPHUMepoOB, Korga ¢$popmy-
na (1) UMeeT aHATUTHUYECKOEe pelieHuHe. [IJIs1 3TOro B
KadecTBe (GYHKUMHM IPABUTALMOHHOW BOJHBI 3aIlM-
meM nuHelHy0 GyHKIUIO g(t) = kt + b, aHamUTHYIEeCKOE
peleHHe ypaBHeHUs A1 $asbl IPUMET CIIeAYIOIINN
BHUL:

_1+b

1)ty +k

[TonyuenHnoe ypaBHeHue (1) m03BOJIsIET HAXOLUTH
HabGexaBuryto ¢aszy BomHbl T, MOCIe MPOXOKAEHHs
el Iieda uHTepdpepoMeTpa B 3aBUCUMOCTH OT BHUAA
bYHKUMH IPaBUTALMOHHON BOJIHBI g(f), YTO HCIIONB-
3yeTcs iIsl YUCIIEHHOTO pellleHHsl B pa3paboTaHHOU
porpaMmMe.

CosnanHoe 1O 6bUIO YKUCIEHHO MPOTECTHPOBAHO
Ha M3BECTHBIX 3a/la4ax, KOTOPble UMEIOT aHAIUTHYe-
cKoe perueHue: 1) mpy pasHOM JyiMHE [UIed UHTepde-
poMeTpa HabIIOOANCS NOCTOSIHHBIA CHTHA, 2) IpH
OIMHAKOBOM [JIMHE [/IeY CUIHAJ OBbUT paBeH HyJIIO.

(2)
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Puc. 11. Tpaduku curaanos Ha [B-neTeKkTope [Ist pa3IMIHBIX 3aKOHOB KOJIeGaHHM 3epKa: d — OfHO 3ePKaJI0 ABUXKETCs MO THHEHHOMY

3aKOHY —

Apyroe HENOABU>KHO; 6 - OJHO IO 3aKOHY, I'é N3MEHEHHE KOOPpAWHATHI 3€pKajla NpONoOpHHOHAIBHO 4-1 cTerneHu CMEIIeHUu A

(x%) - mpyroe HemomBMXHO; 6 ~ 06a MO TMHEHHOMY 3aKOHY; 2 — 06a MPOMOPIHOHANBHO 3-H CTemeHH cMeleHus — x3; 0 — 06a — sin(x);

e - oba

Fig. 11.

5
- x
Graphics of the signals on the GW-detector for different mirror oscillation laws: a - one mirror is still and the other is moving

linearly; b - one is still and other is moving due to the law where the displacement of a coordinate is proportional to its 41" power (x4);
¢ - both are moving linearly; d - both are moving due to ~x3; e - both ~sin(x); f - both ~x5.

[Tocsie TeCTHPOBAHUS CO3LAHHOIO MPOrPaMMHOrO JieHbl Ha rpadukax Huke (puc. 11), KOTOpble TakXKe

obecn

eJyeHust 6BUT TPOBENEH PsIL YUCIEHHBIX dKCIe-  sBasoTcst ckpunmoramu [10 LIGO-RM.

PHUMEHTOB U IIOJYy4YE€HBI pe3y/bTaTbl pa6OTbI OETEK- PaCCMOTpI/IM 6onee AE€TAJIbHO OAWH W3 IMOJTYY€HHBIX

TOpa IIPY HAIMYMH U OTCYTCTBUU KOJeGaHUH 3epKal. pe3yJIbTaTOB, HAIpUMep pHc. 11, e, Tak>ke mpoaHau-

PeSyJ’IbTaTBI YHUCJIEHHBIX 3KCIIEPHMEHTOB INPEACTaAB- 3UpyeM ero.



dusnKa BOITHOBBIX MPOLIECCOB U paguoTexHudyeckue cuctemsl. 2021. T. 24, N° 3. C. 28-45

Physics of Wave Processes and Radio Systems, 2021, vol. 24, no. 3, pp. 28-45

39

1190,6
595,3
0,0

1st Deriv

-595,3
-1190,6

U

2nd Deriv

Y T
1l

-1785,9
999500

499750

[P -Jl“lw”‘“ ““m 0
T oo

-999500

244 24,5 24,6

A

247 248

Puc. 12. Tpaduxk curnana Ha ['B-getexTope anst KoHHUrypauuii, rae o6a 3epkana ABUXKYTCs [0 3aKOHY M3MEHEHHs] KOOPAUHATEL, BO3Be-
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Fig. 12. Detector’s signal graph when the mirrors of it oscillates due to Quintic law and its 15t and 27 derivatives

Ha puc. 12 npencrasined rpaduK CHrHama Ha fe-
TeKTOpe HHTepdepoMeTpa MalikenbCcOHA C OCLUTIIH-
PYIOLIMMU 3epKasaMu (lepBasi 0Chb CBEPXY), a TaKXe
1-1 1 2-s1 mpousBopHble mof HUM. O6Iast IUTENb-
HOCTb curHana coctasuna 1,136 c. O61uil BUj curda-
Jla HallOMHUHaeT BUJ, He3aTyXaloIIUX rapMOHUYECKHUX
Kone6anui. Ha rpadurke BURHBI yYACTKH CXOXKECTH,
KOTOpBIE TIOBTOPSIIOTCS APYT 3a APYroM U 06pasyioT
BeCch curHa. Ilepro Takux y4acTKOB cocTaBiseT T =
=166 mc. To ecTb, AMUTENBHOCTD OJHOTO TAKOI'O y4acT-
Ka paBHa 166 Mc, 4TO COCTaBIsIET MPUMePHO 1/7 4acTb
OT BCEro CUTHaja MIUTeNbHOCThIO 1136 Mc. [laHHBIE
y4aCcTKH UMEIOT UHTEPBaJIbI C IepeMEHHON YaCTOTOH.
3HavyeHHe aMIUIUTYABl Konebmercst or Makc. 1,995
0o MuH. -1,895 BOKpyT cpefiHero sHayeHMUsl, paBHOI'O
0,013. Kakaplil y4acTOK CXOXKECTH MJIUTENbHOCTHIO
166 MC MOXHO pa3[eIMTh Ha TPU XapaKTePHBbIX WH-
TepBasa. DTH 3 MHTepBasa MOKHO pasfelnTh/Kiac-
CUPHUUMPOBATH MO YACTOTE CUTHANA, UITH H3MEHEHHIO
KPYTH3HBI MUKOB. [1epBBIA MHTEpPBAN CONEPKUT BBI-
COKYIO YaCTOTY CUTHaJja, WIH OOJIBIIYIO KPYTU3HY MH-
koB. KonnuectBo nukoBs cocrasmio 12 u3 30 (Bechb y4a-
CTOK). [JIUTeIbHOCTD IIEPBOT0 MHTEPBAJIA COCTABUIIA
60 mc. BTopoil HHTepBal COOEpPKUT BCEro 2 MUKa ¢
MaJIoll KpPyTHU3HOM, eCclIM CpaBHHUBATh C 1-M HHTep-
BaJIOM, T. €. UMeeT HU3KYyI0 4acTOTy CUrHama. [nu-
TeJIbHOCTb HWHTepBaja cocTaBwia 52 Mmc. [auTenb-
HOCTb CaMOT0 IIMPOKOr0 IHKa paBHseTCA 32 MC IO
OCHOBaHUW. TpeTHUl MHTepBal COAEP>KUT OCTaBIIU-
ecst 16 MHUKOB C BBICOKOH 4aCTOTOH (IPUOIU3UTENBHO

paBHOM, Kak B 1-H yacTy). [JTUTEIBHOCTD COCTaBUIIA
54 mc. B 1-m 1 3-eM uHTepBase y4yacTKa 4acToTa clie-
OOBaHUs MMKOB U3MEHsIeTCsl IPUMepPHO B 2 pasa.

Ilanee 6bUT MPOBENEH YHCIEHHBIH SKCIEPHUMEHT
npu Hanmuuuu ['B nHMHENHOro TUma W MOKOSILIUXCS
3epKasax. PesynbTaT 4YHCIEHHOTO 3KCIepUMEHTa
npeacTaBieH Ha puc. 13.

W3 puc. 13 BUAHO, YTO BO BpeMsl OTCyTCTBUS I'PaBU-
TaIlMOHHOU BOJIHBI CUI'HAJI HA IeTeKTOPe MOCTOSHHBIH
Y paBeH Hy/l0. B MOMeHT NpoXoXaeHUs I'paBUTALU-
OHHOM BOJIHBI CKBO3b [I€TEKTOD IUIEY0 MHTEpdepo-
MeTpa HCIBITBIBAeT AepOpMaLMi0 U Ha [ETEKTOpe
Bo3HHMKaeT curran. Curaan mo Gopme HAOMHHAET
[VIafKyl0 CHUHYCOHJY, 4YacTOTa KOTOPON MeHseTcs
B CTOpPOHY yBenuuyeHUs. C yBelHYeHHEM 4YacCTOThI
CHUTHall Ha [ETEKTOpe CTAaHOBUTCS 6oiee TpyOBIM
U pe3KuM. [lomy4eHHBIH pe3ynbTaT COOTBETCTBYET
TEOpHH.

CrnenyomyM 4YHUCIEHHBIM 3KCIIEPUMEHTOM SIBJIs-
eTCsl 3aNyCK IPaBUTALMOHHON BOJIHBI DU OJHOM He-
MOJBUKHOM 3epKaje U KojebaHHUU APYroro 3epkana
10 3aKOHY, B KOTOPOM Ka’X[as TO4YKa IOJI0KEeHHU 3ep-
Kajla pacCYMTBIBAETCSl KaK M3MeHeHHe KOOPAUHATHI,
BO3Be[leHHOE B YeTBEPTYIO CTeleHb. PesynbTaT sKc-
IeprMMeHTa NpeACTaBIeH Ha puc. 14.

U3 rpaduka Ha puc. 14 sIBHO BULHO [TOCTEIIEHHOE
M3MeHeHHe NMepUOoJUYecKOro CUrHama: yuacTKu KBa-
3UIIOCTOSIHHOI'O CHUTHaJa IUIABHO MepecTanud ObITh
TaKOBBIMHU 3a CYeT II0CJIe[lOBaTe/IbHOIO yMeHblIle-
HUS aMIUIMTYAbl U CMEHWINCH Y4aCTKaMHU IJIABHOT'O
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Graph 2: Intensity Square of The Result Signal
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Puc. 13. Ipaduk curHana Ha AETEKTOPE NPU HENOABHMKHBIX 3€pKasax I1Of BO3[eHCTBHEM IPaBUTALMOHHOM BOJIHBI JIMHEHHOro THMa
B OIpe/ieJIeHHbIH OTPE30K BpeMeHN

Fig. 13. Graphic of the signal on the detector with motionless and isolated mirrors configuration after a linear-type gravitational wave
passed through it
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Puc. 14. Tpaduk curHana Ha JeTeKTOPe, IJie OfHO U3 3epKajl KOolebIeTcs Mo 3aKOHy U3MEHEeHUs KOOPMHATHI, BO3BEIEHHOM B 4-10 CTe-
IeHb, IO/ BO3AEMCTBUEM IPABUTALMOHHOM BOJHBI IMHEHHOTO TUMA B ONpe/ieJIeHHbII OTPEe30K BpEMEHH
Fig. 14. Graphic of the signal on the detector with one still mirror and one oscillates due to Quartic law after a linear-type gravitational

wave passed through it

crajga aMIuTUTyAbl. [JaHHbBle U3MEHEHUsT BULHBI TIPU
CPaBHEHHUH C UCXOJHBIM CUTHAJIIOM — [IPU OTCYTCTBUU
IPaBUTALMOHHOM BOJIHBI, — OTOGpPa>keHHbIM Ha Tpa-
¢uke Ha puc. 11, 6. Kak onuceiBanoch paHee, Ha JaH-
HOM rpaduKe IIOMHMO Y4aCTKOB KBa3HIIOCTOSIHHOTO
CUTHAJIa UMEIOTCsI CHUMMETPHUYHBIE [0 U3MEHEHUIO Ya-
CTOTBI YYaCTKHU GBICTPOTO U MEMJIEHHOIO U3MEHEHUs
aAMIUTATYAbL. Pervcrpauusi rpaBUTALMOHHON BOJIHBI
MO>KeT GBITh OCYLIECTBIEHA MO POCTY aAMIUIUTYAbI B
y4acTKax CUIHajIa Me[I/IEHHOTO H3MEHEHH ST aMIUIUTY-
[Bl ¥ 110 U3MEHEHWIO ITTUTENBHOCTH yYACTKOB CUTHA-
718 6BICTPOTO U3MEHEHUsI AMIUTUTYABI (puc. 14).

3ak/io4eHHue

B 6nukaliiee cToneTrHe 0671aCTh MPaBUTALMOHHBIX
BOJIH OKH/iaeMO OyZIeT OHOM M3 CAMBIX aKTHBHO pa3-

BHUBAEMBIX M H3y4aeMbIX chep PU3NIECKON HAYKH,
YTO IOATBEPXKAAETCS MPUHATBIMA W UHAHCHPY-
eMBIMHU IIPOeKTaMH, 3allJIaHUPOBAHHBIMM Ha [eCsT-
KU jieT Brepen (Ta6i. 3). C KaXXIbIM THEM PACTET KO-
JINYECTBO MPSMBIX PETUCTpalui I'PABUTALMOHHBIX
BOJTH 32 CYEeT COBPEMEHHBIX CBEPXTOUYHBIX YCTAHOBOK.
Ha ceropHsAIIHUY [1eHb 3apErUCTPUPOBAHO 67 BOJIH
¢ yaerom Toro ¢akra, yro 80 % perucrpanuii 66110
[POU3BEMIEHO JINLIb 3a MOC/IeNHUH rof (puc. 5).

[nst ycnemHo# peructpanuu I'B Tpebyercs yuu-
THIBATH MHOTHe (GaKTOpPBI, BIMsOLHe Ha paboTy
pertekTopa. Tak kak I'B nuMmeeT o4yeHb Maylo aMIIU-
Tymy U obiafaer MOJsSpU3ALUEN, TO HEMAIYIO POJIb
WUTpaloT NPOCTPAHCTBEHHAsl OPHEHTAIUs AeTeKTopa
Y UX KOJIMYECTBO. [ pyruMu CII0BaMH, 60JIBIIOE YU CIIO
LOETEKTOPOB MO3BOJISIET C GOJIBIIEN LOCTOBEPHOCTHIO
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FOBOPHUTH O TOM, YTO 3aPErNCTPUPOBAHHOE COOBITHE
siersteTcst [B. B cBsiske LIGO-o6¢cepBaTopun feTek-
TOPBI, pa3HeCeHHbIe Ha 3 THIC. KM, UCIIOIB3YIOTCS AJIsI
KOPPESILMOHHOTO aHain3a MeXAY COBMECTHBIMU
COGBITHSIMU U [JIsI TPOCTPAHCTBEHHOI'O OIIpe/ieIeH s
HanpasieHus uctouyHuka I'B. CooTBeTCTBEHHO, ecliu
HCIIOJIB3YIOTCS JIMIUD ABA NETEKTOPA, BEJIUKA BEPOSIT-
HOCTB TOTO, uTo ['B He 6ymeT 3aeTeKTHpOBaHa TH60
coberTre He Oynmet sBsThCs ['B. YauTeiBas ToT daxr,
yto ['B-meTekTop sBNsieTCs O4YeHb YYBCTBUTEIBHOU
YCTAaHOBKOMW, TJIABHOW 3afadvel sIB/ISIETCS OTIHYHUTH
cobertrie I'B oT 106010 APYroro coGBITHS HA I€TEK-
Tope. Heo6X0QMMO YIUTHIBATE BEPOSTHOCTH HUCTHH-
HOTO U JIOXKHOTO CpabaThIBAHUSI JETEKTOPA [AJIsI YEThI-
pex BO3MOXKHBIX CiIy4aeB: 1) TpaBUTALMOHHAS BOJIHA
€CTb, U OETEKTOP ee OGHAPYKUIT; 2) rpaBUTALMOHHAS
BOJIHA €CTh, HO IETEKTOP ee He 0OGHAPYXXUIT; 3) rpaBH-
TALMOHHOU BOJIHBI HET, HO [JE€TEKTOP ee OOHAPYKUI,
4) rpaBUTALMOHHOMN BOJIHBI HET, ¥ [JE€TEKTOP HUYETO
He oOHapyXu1. YTo6bl y6emuThCsI B [JOCTOBEPHO-
ctu cpabareiBanus ['B-meTektopa, Tpebyercsi mop-
TBEPXKIEHHE aNbTEPHATHBHBIX U3MEPUTENBHBIX KOM-

miekcoB. Co6biTre ['B [OMKHO COMPOBOXIATBHCSA U
MIOATBEP>KAATbCS SHEPreTUYeCKMMH BCIUIECKAMH B
3JIEKTPOMATHUTHOM CIIEKTpPE (TAKUMH KaK BHIUMBIN
OUana3oH, raMMa-U3IydeHre U T. [1.).

Kak ykasaHO Bbllle, HEOOXOLAMMO MPOTPAMMHOE
obecrnedeHune, ClIOCOGHOE MOIETUPOBATE IPABUTALIH-
OHHO-BOJIHOBBIE [IETEKTOPBI Pa3NIuIHONU KOHUTrypa-
MU ¥ UCCIeA0BaTh UX NapaMeTPbl U BO3MOXXHOCTH.
Paspa6oranHoe mporpamMmmHoe obecredenue LIGO-
RM paer BO3MOXHOCTH OLIEHUTH YyBCTBUTEIBHOCTH
I'B-meTeKkTOpa C OCUMWIIMPYIOIINMHY, a HE CTATUYHBI-
mu 3epkanamu. LIGO-RM mopenupyet Hanuuue rpa-
BUTALMOHHOMN BOJIHBI 3aJAHHOI'O THUNA U MO3BOJISET
HAGJIOATD ee BIUSHUE HA Pe3yabTaT paboThl HHTEP-
depomerpa MaiikenbCOHA B HHTEPAKTUBHOM BULE U
B BUJe YMCJIEHHOro pesynpTara. [Iporpamma comep-
KUT 6a3y rpaBUTALMOHHBIX BOJH PasIMYHOrO BHAA
$OpMBI BOJIHBI ¥ IIOCTOSIHHO IOMOIHsIETCsI. Pe3ynprar
OJIHOI'0 U3 TaKUX MOMEJINPOBAHUN IPOTPAMMBI B CITy-
yae I'pPaBUTALlMOHHOW BOJIHBI JTUHEMHOTO BHAA OTO-
6paskeH Ha puc. 13.
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Abstract - The general principles of gravitational waves detection are considered in this paper. Current gravitational wave
detectors represent modernized Michelson interferometer - LIGO-detector. Reduction of vibrations in the system and high
stabilization of the reflective mirrors is one of the technical problem of the LIGO. It is proposed to study the features of the
LIGO-detector with movable mirrors. The software simulating the operation of the LIGO and providing an opportunity to
study its characteristics and capacity is developed and named «LIGO-RM». The primary goal of the modelling is to study the
signal of the gravitational waves detector with oscillating mirrors. The «LIGO-RM» contains graphic user interface (GUI) that
provides interactive control of mirrors movement nature and monitoring of detector signal change. The software simulates the
presence of gravitational wave of a requested type and makes it able to monitor its effect on the operation results of the LIGO
interferometer in interactive mode or as a numerical outcome. A range of numerical experiments is conducted and the signals on
the detector with and without mirrors oscillations are shown. The results of calculations and a possibility of the registration of

the gravitational waves using the LIGO-detector with movable mirrors are discussed.
Keywords - gravitational waves; LIGO; movable mirrors; interferometer; gravitational wave detector.
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