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AHHoTauus., PaboTa mocBsieHa TEOPETHUECKOMY HCCJICIOBAHUIO BO3MOXKHOCTH JKCIICPH-
MEHTaJIbHO# mpoBepku o6mieit Teopun otHOcHTeIbHOCTH (OTO) U SUHINTEHHOBCKOTO MPHH-
nuna SkBuBaneHTHOCTH (DI1D) ¢ MCIOIB30BaAHMEM aTOMHBLIX YacOB, PAa3MEIIAEMBIX Ha KOC-
MUYecKUX ammaparax. IloctpoeHa Mojens TpeoOpa3oBaHUS YacTOThI CHTHAJIOB B
AKCIIEPUMEHTAX C KOMIIEHCAIUel HepensTuBUCTCKOro dddekra [lomepa, yduThIBaromas
PEJSITUBUCTCKUE TIONIPABKKA BTOPOTO MOPAJIKA [0 IPAaBUTALIMOHHOMY IMOTEHIIMATY U YETBEPTO-
ro Mopsijika 1mo ckopoctu amnmnapata. [lokazaHo, 4TO ¢ MOMOIIBIO KOCMHUYECKUX ammaparos,
OCHAIIICHHBIX BBICOKOCTAOMJIPHBIMH ATOMHBIMH YacaMH, MOXHO JIOCTUYh CYIIIECTBEHHOTO
MOBBILLIEHUSI TOYHOCTU MU3MEPEHUS TOCTHBIOTOHOBCKHUX MapaMeTpoB. Takike paccMaTpuBacT-
Cs MOTEHIUAN TTOJJOOHBIX SKCIIEPUMEHTOB Ui u3MepeHus ciuHa ColHIa U MOUCKa TEMHON
Matepud. [IpenokeHsl onruMaibHbIe OpOUTaIbHBIC KOH(DUTYpAITUH TS psiia CIICHAPHEB.

KiroueBble ciioBa: I'paBUTALIMOHHOC 3aMCIJICHUC BPEMCHH, ATOMHBIC YaCbl, TCMHAA MaTCPUs

Beenenue. [Ionck OTKIIOHEHMH OT 3MHIITEWHOBCKOTO IMPHUHIMIA YKBUBAJIECHTHOCTH
1 oc-HOoBaHHOM Ha HeM OTO umeer orpoMHOe 3HaYEHHE Kak ISl (yHIaMEHTalbHON
bu3uKy, TaK U I 331244 TIOCTPOSHUS TNTOOANTBHBIX HABUTAIIMOHHBIX CITyTHUKOBBIX
cucreM HoBoro mnokosienus [1]. OnHuM U3 crecTBUil TPUHIUIA SKBUBAJIEHTHOCTH
aBisieTcs 3(pPEeKT rpaBUTALIMOHHOTO 3aMEJUICHUS] BPEMEHM, WM I'PAaBUTALIMOHHOIO
CMEIICHUS] YaCTOThI, KOTOPBIA MMEET MPAKTUYECKOE 3HAYECHHE U JUISl CYLIECTBYIO-
mx HauranuonHeix cucteM [JIOHACC, GPS, Galileo, Beidou. Orknonenue Be-
JIMYVHBI TPABUTALMOHHOIO 3aMEJIEHUS] BPEMEHM OT IPEACKAa3bIBAEMOM B paMKax
OTO sBnsieTcs HEN30€XKHBIM CIIEACTBUEM OOJIBIIMHCTBA TEOPUM OOBEAMHEHHBIX
B3aMMO/JICHCTBUI, BCIIEJCTBUE YErO MPELUU3UOHHOE H3MEpPEHHE MAHHOTO 3(dexra
ABIISIETCS CPEepOii aKTHBHOTO HKCIIEPUMEHTAIBHOTO MccienoBanust [2].

Metoabl 1 MaTepHaJibl; pe3yJbTaTbl. ATOMHbBIE YaChl SBJISIOTCS HEOOXOIH-
MBIM 3JIEMEHTOM 3HAYUTEIBHOI'O YHUCJA SKCIEPUMEHTOB IO MOUCKY OTKIOHEHHU
ot OTO. B cBs3u ¢ HEJABHUM MPOTPECCOM B TEXHHMKE MX CO3/aHMs (pPOCTOM CTa-
ounbrocTy U TouHocty 10 10" {-18} u BeImIE, B TEpMHMHAX OTHOCUTENLHON YACTO-
ThI) B OJIFDKAMIIIEe JECATUIICTHE OXKUAACTCS YBEIMICHHE HA HECKOJIBKO MOPSIKOB
TOYHOCTU Yy>K€ HM3BECTHBIX SKCIEPUMEHTOB, a TAKXKE TMOSBISIETCS BO3MOMXHOCTh
IIPOBEICHHSI U3MEPEHUI KaueCTBEHHO HOBOrO THIa. Pa3zpaboTka TEOpPEeTHYECKOro
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0azuca s TUIAHUPOBAHUS W MHTEPIPETAIIMH PE3yJIbTATOB TOJOOHBIX 3KCIIEpH-
MEHTOB, UCCIIEJIOBAHUE JOCTYIHBIX Ui U3MepeHus: 3pPEeKTOB U OICHKA Mpeaeib-
HOM TOYHOCTH MX U3MEPEHUS SBIIFOTCS TTO3TOMY KpaiiHEe BaKHBIMU 33/IadaMHu.

B pabote pazpaborana TeopeTrueckas MOJEINb, ONMUCKIBAIONIas peodpa3oBa-
HUE YaCTOTHI CUTHAJIOB B KOCMHUYECKHX YKCIIEPUMEHTAX C MCIIOH30BAHHEM CXEMBI
KOMIIEHCALIMM HepensTUBUCTCKOro 3 dekra [Jomiepa u yuntbiBaromas 3h(exTs
2-T0 MOpsKa 10 TPABUTALMOHHOMY TOJIIO U 4-T0 MopsiaKa M0 CKOPOCTH KOCMUYe-
ckux ammapaTtoB. C ee OMOIIbI0 000CHOBaHA BO3MOKHOCTb U OLIEHEHA TOYHOCTb
U3MEpEHHS pslla TapaMeTpoB, XapakTepusytommx oTkiaoHeHus or OTO B pamkax
METPUYECKUX U HEMETPUUYECKHX TCOPUU TPABUTAIMH, C TTOMOIIBI0 KOCMUYECKUX
anmapaTroB, OCHAICHHBIX Pa3JIMYHBIMU TUTIAMU aTOMHBIX 4acoB. Hampumep, ma-
pamerp epslion, xapakrepusyromuii oTkIoHEHHE 0T DI1D, B IpaBUTAIMOHHOM II0JIE
3emitn MOkeT ObITh U3MepeH ¢ TounocThio ~10”{-10}, gro Ha 5 mopsakoB ydIe
pesynbrara GREAT [3], a mocTHBIOTOHOBCKHMI TapaMeTp gamma — ¢ TOYHOCTBIO
~10"{-8}, uro ma 3 mopsaka nyume pesynsrara Cassini [4]. Taxxke nossisercs
BO3MOKHOCTh TIPOBEACHHS MPHHIMIIHAIHLHO HOBOTO THIIA HM3MEPEHHUs CIIHHA
Connana [5] n nerexTrpoBaHUS TEMHOM MaTepPHH, COCTOSIIEH U3 JIETKMX CKaJsp-
HBIX yacTull [6]. JIis HEKOTOPBIX W3 ATHX SKCIIEPUMEHTOB HAMH HAMJICHBI OIITH-
MaJbHbIe KOH(PUTYpAIIUU OPOUT KOCMUYECKUX alapaToB.

3akiouenue. [IpoBeneHHoe uccienoBaHHe IEMOHCTPHPYET BBICOKYIO 3Ha-
YUMOCTh M TICPCIIEKTUBHOCTh HCITOJIb30BAHUS COBPEMEHHBIX AaTOMHBIX YacoOB
B KOCMHUYECKHUX IKCIIEPUMEHTAX MO TECTUPOBAHUIO (PYHIAMEHTAILHBIX TIPUHIIUIIOB
rpaBUTAIMOHHON ¢u3nku. [locTpoeHHas HaMH MOJENb IO3BOJSET HE TOJBKO
YTOYHHUTH CYIIECTBYIOIINE OlleHKN oTKIoHeHH oT OTO, HO U mpeIaraeT HOBbIE
METO/IbI U3MEPEHUS KITIOUEBBIX (DU3MUECKHUX MapaMeTPOB C OECTIPEIeACHTHON TOY-
HOCTBIO. [loydeHHbIe pe3yabTaThl MOTYT CIY>KHTh OCHOBOMU JIJII TTPOCKTHUPOBAHMUS
OyAylIMX MHUCCHIA, HalpaBIEHHBIX HAa MPOBEPKY METPHUUYECKHX U HEMETPUUICCKUX
TEOpUM TpaBUTAIMHU, HCCIeqoBaHUEe cniiHAa COJHIIA U MOUCK MPOSIBIICHUM TEMHOU
maTepud. Bce 3TO genmaer momoOHBIE IKCIEPUMEHTHI Ba)KHBIM HAINpaBICHHEM
B Pa3BUTHUU KakK (PyHIaMEHTAIIbHON HAyKH, TaK W MPUKIATHBIX TEXHOJIOTUH, BKIIO-
qasi CHCTEMbI HAaBUTAIIMH HOBOTO TIOKOJICHHSL.
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Abstract. The paper is devoted to a theoretical study of the possibility of experimental veri-
fication of the general theory of relativity (GR) and the Einstein equivalence principle
(EEP) using atomic clocks placed on spacecraft. A model of signal frequency conversion in
experiments with compensation for the nonrelativistic Doppler effect is constructed, taking
into account relativistic corrections of the second order in the gravitational potential and the
fourth order in the velocity of the spacecraft. It is shown that using spacecraft equipped
with highly stable atomic clocks, it is possible to achieve a significant increase in the accu-
racy of measuring post-Newtonian parameters. The potential of such experiments for meas-
uring the spin of the Sun and searching for dark matter is also considered. Optimal orbital
configurations are proposed for a number of scenarios.

Keywords: gravitational time dilation, atomic clocks, dark matter

Introduction. The search for deviations from FEinstein's equivalence principle
(EEP) and general relativity (GR) based on it is of great importance both for fun-
damental physics and for the task of constructing a new generation of global navi-
gation satellite systems [1]. One of the consequences of the equivalence principle is
the effect of gravitational time dilation, or gravitational frequency shift, which is of
practical importance for the existing navigation systems GLONASS, GPS, Galileo,
Beidou. The deviation of the magnitude of gravitational time dilation from that
predicted within the framework of GR is an inevitable consequence of most theo-
ries of unified interactions, as a result of which the precision measurement of this
effect is an area of active experimental research [2].

Methods and materials; results. Atomic clocks are an essential element of a
significant number of experiments searching for deviations from GR. Due to recent
progress in the technology of their creation (increased stability and accuracy up to
10*{-18} and higher, in terms of relative frequency), an increase in the accuracy of
already known experiments by several orders of magnitude is expected in the next
decade, and the possibility of conducting qualitatively new types of measurements
will also appear. Laying a theoretical basis for planning and interpreting the results
of such experiments, studying the effects accessible for measurement and assessing
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the ultimate accuracy of their measurement are therefore extremely important
tasks. We have constructed a theoretical model describing the conversion of signal
frequencies in space experiments using a compensation scheme for the nonrelativ-
istic Doppler effect and taking into account the effects of the 2nd order in the
gravitational field and the 4th order in the velocity of spacecraft. With its help, the
possibility is substantiated and the accuracy of measuring a number of parameters
characterizing deviations from GR within the framework of metric and nonmetric
theories of gravitation, using spacecraft equipped with various types of atomic
clocks. For example, the parameter epslion, which characterizes the deviation from
EEP, in the gravitational field of the Earth can be measured with an accuracy of
~107{-10}, which is 5 orders of magnitude better than the GREAT result [3], and
the post-Newtonian parameter gamma — with an accuracy of ~10*{-8}, which is 3
orders of magnitude better than the Cassini result [4]. It also becomes possible to
conduct a fundamentally new type of measurement of the Sun's spin [5] and detect
dark matter consisting of light scalar particles [6]. For some of these experiments,
we have found optimal configurations of spacecraft orbits.

Conclusion. The conducted research demonstrates the high significance and
prospects of using modern atomic clocks in space experiments to test the funda-
mental principles of gravitational physics. The model we have constructed allows
us not only to refine the existing estimates of deviations from the general theory of
relativity, but also offers new methods for measuring key physical parameters with
unprecedented accuracy. The results obtained can serve as a basis for designing
future missions aimed at testing metric and non-metric theories of gravity, studying
the spin of the Sun and searching for manifestations of dark matter. All this makes
such experiments an important direction in the development of both fundamental
science and applied technologies, including new-generation navigation systems.
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