CoBpeMeHHbIe npoonemsl
acTpoMeTpum

B.E. /Kapos

Mocrkosckuti 2cocyoapcmeennwiii ynusepcumem um.M.B.Jlomonocosa
Duszuueckuil paxynvmem



TnobanbHasa reogesnyeckKkas cuctema HabnaeHUn
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GGOS npeaHasHa4vyeHa gnsa coopa,
apXuBUpPOBaHNA U obecneYvyeHNa AOCTYNMHOCTU
reoge3nyecknx M aCTPOHOMUYECKUX
HaOnaAeHUNU, pe3ynbTaToB U MoAerien B Tpex
CBAiI3aHHbIX MeXxAay coboun obnacTtax
ACTPOHOMUU N reoe3um.

- KNHEeMaTUKa NOBEPXHOCTUN 3eMNu;
- OPUEeHTauusa u BpalleHne 3eMnu;

- rpaButaumMoHHoe none 3emnu (I'M3) n ero
Bapuaumm BO BPeMEeHU U NPOCTpPaHCTBeE.



B cucteme GGOS BbiaBuUraetca obulee tpeboBaHmne
BbICOKOTOYHOro HabnogeHnsa n BblMMCNEHUSA aCTPOHOMO-
reoge3nyecknx napamMeTpoB U UX BapuaLnii BO BDEMEHM C
OTHOCUTENbHOW NorpeLHocTbio okono 109 - 10710,

OTn TpeboBaHNSA KOHKPETU3INPYIOTCS B BUAE NMOrPELLHOCTEN
onpegerieHns OCHOBHbIX KOOPAWHATHO-BPEMEHHbIX JaHHbIX B
peanbHOM MacLUTabe BpEMEHMU:

npw onpeaeneHnn TPeEXMEpPHbIX KOOPANHAT TOYEK Ha
NMoOBEPXHOCTN 3eMnn 1 rnodarnbHbIX PACCTOSTHUN, BKOYast
PACCTOSAHUSA MeXay KOHTUHEHTaMU, - e ANHULIbI MUTTIIUMETPOB;

Nnpun onpeaneneHnm CKoOpoCTn ABNAKEHUA TOYHEK 3eMHOM KOpbI, B
TOM 4ymcne rnobanbHbIX TEKTOHUYECKNX OBUXEHUN - A0J1n
MUINJTIMMETPAa B oA,

npu onpeaeneHnn napameTpoB BpalleHns 3emnu (koopanHart
nontca, BCEMUPHOIo BPEMEHN, ANNTENIBHOCTU CYTOK,
npeLeccun n Hytauum) - He bonee MUNIIMMETPOB U OECATKOB
MUKPOCEKYHA, COOTBETCTBEHHO;



- Npy onpeaeneHnn KoopanHaT eCTECTBEHHbIX U
NCKYCCTBEHHbIX KOCMUYECKNX PAaANONCTOYHNKOB - OECATbIX
aonen MUNANCEKyHObl AYyr 1 MUKPOCEKYHA, Ay npu
NOCTPOEHUN UX N30OpaKEHUN;

- Npu onpegeneHnn napameTpoB CONMHEYHOM CUCTEMbI, B TOM
yncne dyHgamMeHTarnbHbIX aCTPOHOMUYECKNX MOCTOSHHbBIX —
edVHNLbI MUKPOCEKYH, AYTU;

- NP CUHXPOHN3aUNN aTOMHbIX LUKall BpEMEHU, PAa3HECEHHbIX
Ha rnobanbHble PaCCTOAHUA, UBMEPEHHbIE C NOIrpPeLLuHOCTbIO
HECKOJIbKO MWTJTIMMETPOB — €eUHNLUDBI-OECATKU NMMKOCEKYHL .



Cnyx6bl GGOS

Bureau Gravimétrique International (BGI)

|IAG Bibliographic Service (IBS)

International Digital Elevation Model Service (IDEMS)

International GNSS Service (IGS)

International Center for Earth Tides (ICET)

International Centre for Global Earth Models (ICGEM)

International Doris Service (IDS)

International Earth Rotation and Reference Systems Service (IERS)
International Service for the Geoid (ISG)

International Gravity Field Service (IGES)

International Laser Ranging Service (ILRS)

International VLBI Service for Geodesy and Astrometry (IVS)
Permanent Service for Mean Sea Level (PSMSL)

Bureau International des Poids et Mesures (BIPM) — Time Department
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MeToabl U cpeacTBa ANS onpeneneHus u
peann3alunm reoueHTpU4YecKkom cucteMbl KoopauHaT

« Cuncrembl KOOpAMHAT MMEIOT NMEPBOCTENEHHOE 3HAYEHNE AONS
MHOIMX nccriegoBaHUmM 1 NMPUioXeHnm B 0b6nacTn Hayk o
3emrie, a Takke Onga peleHus 3agady cnyTHUKOBOW HaBUraumm
N ONa npuknagHbix 3agady reousnkm u reogesmnu.

« 3eMHasi cuctema KoopanHaT ABNsSieTCS OCHOBOM MPaKTUYEeCKU
BCEX KOCMUNYECKNX U HAa3eMHbIX HabnogeHun. NonoxxeHms
OOBHEKTOB HA NOBEPXHOCTU 3EMIIN ONMPEeaEnAOTCA B 3TOMU
cucrteme. TOYHOCTb onpeaerieHns NonoXXeHns o6 bLEKTOB B
KOHEYHOM BUaE 3aBUCUT OT TOYHOCTU CaMON CUCTEMBI
KoopanHar.



Ona onpegoeneHna cuctemM OTCYETA U UX peannsaumn
(cuctem KoopanHaTt) HeobxoanMbi:

1. Teopetnyeckme W  NpuUKNagHble  UCCriegoBaHuA,
CBs13aHHblE C pa3paboTKoM CUCTEM OTCUETA;

2. WlccnepoBaHunss n paspabotkm B obnactu onpeneneHus
eMHOWN 3TaroHHOW CUCTEMbI OTCYETA U €€ TOYHOCTU;

3. BsaumogenctBue co cnyxbamu:. IVS (ceTb CTaHUUN
PCLDB), ILRS (ceTb cTaHUui nasepHOn CryTHUKOBOW riokauun),
IGS (ceTb GNSS-ctaHuun), IDS (ceTb cTaHUMN OONSIEPOBCKUX
namepeHn DORIS), IERS (mexagyHapogHas cnyxba BpalleHus
3eMnu), BKIYas UX KOOpAMHALMOHHbIE LEHTPbl U paboudue
rpynnel;



4. Pa3spaboTka Teopun npeodbpasoBaHusa mexay HebecHon
N 3eMHOW CUCTEMaAaMM OTCYETA C UENbl  Yyny4lleHud
cornacoBaHus Mexay ICRF, ITRF c¢ ydyetom [1B3 B
Koonepaunun ¢ MexayHapogHon cry>kbon BpalleHuna 3emMnu
(IERS);

5. Pa3paboTka HOBbIX METOO0B obpaboTkm
HabnogaTenbHbIX AaHHbIX, NOMyYaeMblX NPU UCMNONb30BaHUN
CcpenCcTB KOCMUYECKON reoaesunu;

6. [louck N BbIIBNEHUE WUCTOYHUKOB CUCTEMATUYECKUX
OLLUMOOK N baKTOpPOB, KOTOPbLIE MOTYT OrpaHn4YnBaTb TOYHOCTb
KOCMUYECKNX reoae3nyecknx MeToaoB.



[lanbHevllee YycoBepLUeHCTBOBAHWE MeXayHapogHou
3eMHON CUCTEMbI KoopauHaT Oyaetr AOOCTUTHYTO TMyTeEM
crenyruwmx MeponpuaTui:

1. PaspaboTka cnegyrowero MoKOSIEHNA  acTPOHOMO-
reoge3nyecknx CTaHuui, OCHaLUlEeHHbIX nNpndopamm HOBOIO
NOKONEHUS,

2. CoBeplueHcTBOBaHME KOHUrypaumm Ha3aeMHOW CeTU C
y4eTOM pelleHns 3agadu rnodanbHOro rokKpbITUA W
Konnokauum;

3. YnyJlleHune Konmyectsa U TOYHOCTM BCOMOraTesibHbIX
CNnyX0, pacnonoXXeHHbIX PAOOM CO CTaHUUAMU (NOKasrbHbIe
reogesnyeckme 7 rpaBUMETPUYECKME N3MepeHUs,
MeTeoHabnogeHns u ap.);

4. CoBepLUeHCTBOBaAHNE KOCMUYECKOIO CErMEHTa,
NCMOJSIb3YEMOro AS1A MOCTPOEHUSA 3€MHON CUCTEMbI
KoopauHat U namepeHusa M3.

5. CoBeplueHCcTBOBaHNE MeETOA0B cbopa AaHHbIX, NX
00paboTKM, pacnpocTpaHeEHNST MHoOPMaLInUK



Cuctema xoopausat «Ilapamerpsr 3emmm» 1990 r. (113-90)
Cuctema reogesnyeckmx napametpoB [13-90 BkntovaeT B ceods:

— (pyHOaMeHTarbHble aCTPOHOMUYECKNE N reofe3nveckme NoCTOSAHHbIE;

— 0bLEe3eMHON ANnUNcouna;

— KoopAuHaTbl MYHKTOB KOCMUYECKOW reoge3nvyeckon ceTu;

— 3NEMEHTbI CBSA3U C pedepeHLHbIMMU CUCTEMaMU KOOpAUHAT;

— nnaHetapHaa mogens [T13 B Buae rapMoHNYecknx KoadPuLMEHTOB;

— KaTaror BbICOT KBa3ureouaa.

[eoueHTpuyeckasa cuctema koopauHart 13-90 cosdngaHa 6e3 nHTerpaumm ¢
3apybexHbiMn reogesnveckumm cetsammn. OHa 3aKkpensnsaeTca KoopamHaTamu
NyHKTOB Ha Tepputopun obiBiero CCCP, a Takke Ha TEPPUTOPUN LLECTOIO
KOHTUHEHTA - AHTapKTMabI.

YTOYHEHME rocyaapCTBEHHOW reoLleHTpmnYeckon cuctemol koopaunHat 13-90
BbinonHeHo B 2011 r. NocTtaHoBneHnem npasutenscTea PP ot 28 aekabps
2012 1. Ne1463 cucrtema koopauHart 13-90.11 npuHsATa B Ka4eCTBE UCXO4HOM
0N pelleHns HaBUrauuMoHHbIX 3agad.



Tabmuua 2 — Ca3e cHcTeM kKoopaHHart 113-90 u ITRF

H’i spaHaa CK

H%-unn”' ITRJ: "uuu -0, ‘mn
I13-90.11 - ITRF-2008 - 0.003

BaxHeunwasa sagada — yBenmyeHne ymcna nyHKToB
KOCMWUYECKON reoge3nyeckomn ceTu, paclumpeHue reorpadoum
PACMONOXEeHNA U OCHalLleHNUe HOBbIMU CpeacTBaMu
HabrnaeHnn: pagnoteneckonamu, nasepHbiMn JarbHOMeEpPaMU,
coBMeLleHHbIMU npueMHukamu N'HCC, ctaHgapTamum 4acToThl,
rpaBUMeTpamMu U T.4.



MpuHuun padoTtbl PCAB

clocks

MARK V
CORRELATOR




Ponb PCB

1. OnpepeneHne HebecHou cuctembl KoopauHat (ICRF-1,
ICRF-2,ICRF-3)

2. OnpepeneHve napameTpoB BpaweHna 3emnum (UT1,
KoopAWHaTbl NOMCca U HyTauus)

3. OnpeaeneHne 3eMHON cuctemMmbl koopauHat (~200
TerieCKonoB)



[ToyemMy HeoOXO0aAMMO
moaepHusupoBatb PCOB? (1)

CyulecTBylollasi cuctema cosgaBsanack 6onee 40 net Hasag
AHTEHHbI TSXKENbIE N MeANEHHbIE

HeontumanbHoe pacnpegeneHme aHTeHH

Bbicokas cCTOMMOCTb 0OCNyXMUBaHNUS

Bonbluasa 3agep)kka nepea nonyyYeHnem pesyrnbraTta

[lomexun B S-nonoce B nocrnegHee BpeMA 3HAYNTETIbHO
yBEJIMHUTTUCD



[ToyeMy HeoOXxoaAMMO
moaepHusupoBatb PCOB? (2)

PaspaboTaHbl HeAOpOrnue N nerkMe aHTeHHbI U3
COBPEMEHHbIX MaTeEpPNanos

PaspaboTaHbl LUMPOKOMNOMNOCHbIE NPUEMHUNKN

[TosiBUNNUCb BbICOKOCKOPOCTHbIE HAKOMUTENW JaHHbIX
OoNbLUOro oobvema

[osiBUNUCb ONTOBOMOKOHHbIE NMUHUN CBSA3U
[osiBUNUCb BbICOKOCKOPOCTHbIE MPOLEeCCopb



3agadm Hosoun cuctembl VLBI2010
(VLBI Global Observing System - VGOS)

« 1 Mmmu 0.1 mm/roa (KoopamHaTbl U CKOPOCTU @aHTEHH)
* HenpepblBHbIE HABNOAEHUS

« 3ajgep)kka Ao Bblgadun pesynbTaTta AOoJKHA ObiTb
MUHUManNbHOW (HabntoaeHusa B KBasupeanbHOM
BpEMEHN)



HoBble aHTeHHbIl Anga VLBI2010

AscTpanuga (3) 12 M aHTEHHbI

HoBaga 3enaHama (1) 12 m aHTeHHa
[[epmaHuna (2) 12 m aHTeHHbI (twin telescopes)
LLiBeuns (2) 12 m aHTeHHbI (twin telescopes)
Hopeerusa (2) 12 m aHTeHHbI (twin telescopes)
Kopesi (1) «bbICcTpasi» 22 M aHTEHHa

NcnaHns (3) 12 M aHTEHHb!

Poccus (3) 12 M aHTEHHBI






HoBble obny4yaTtenu

[lnana3oH 4yactoT 2-15 1Ty
[TocTOAHCTBO ba30BOro LIEHTPA C YaCTOTOU
[TOCTOAHCTBO Yyrna packpbiBa C YaCcTOTOM

Oxnaxanaembin Ans yMeHbLUEHUNA NOTePb
[1Be nnHenHble nonapusaymnm

/4
Kildal feed, Chalmers U. *ETS Lingren Feed
*Best but needs development Commercially

available



KoHBepTepbl

BoinonHsaeTt ponb S/X npuemMHuka
[omkeH BbiOMpaTb NPON3BOSILHYIO NOMOCY B AnanasoHe 2-15 Ty
[MpeobpasoBaHMe 4acTOThbl C MOMOLLLI NPOrpamMMmMpyemMoro retepoanHa

PopmaTopbl AaHHbIX

Pa3goeneHune curHana Ha KkaHanbl
[logrotoBka AaHHbIX K 3anncu
AHanna KkayecTBa AaHHbIX
daszoBasi kanmbpoBka

Perucrtpartopbl

[Mpu nonoce 3anucu ot 4 go 8 [Ty (B Kaxxgow nonsipusaumnm) CKOpocTb
3anncu gosmkHa bbiTb 32 — 64 [6uTt/c (Npy ABYXOMTOBOW 3annci)



Peructpatopbl

[Tpn nonoce 3anncu ot 4 0o 8 I'Ty (B Kaxxaon
nonapmsauymnmn) CKOpoCTb 3arnmcu OormKHa bbITb
32 — 64 ['but/c (npn gBYX6UTOBOW 3aNnCK)



KoppensaTtopbl

Mark-4 correlator (~1 Gbps, ~16 stations)
Haystack, USNO, JIVE, Bonn

S2 correlator (~128 Mbps, ~6 stations)

Penticton

K4 correlator (~256 Mbps, ~4 stations)
Kashima, Tsukuba, Koganel

Gigabit Correlator : GICO2 (~2 Gbps, 2 stations)
Kashima

VLBA correlator (~512 Mbps, ~24 stations)
Socorro

VSOP/VERA correlator (~1 Gbps, ~10 stations)
Mitaka



Koppenatopbl bnunxaunwero oyayuero

1. E-VLA “WIDAR” — ueHTpann3oBaHHbIN npoLleccop
Uncno ctaHuun : 32 (1-u atan), 48 (2-n atan)

[Tonoca : 16 [Ty (8 nonoc x 2ITy)

2. Paccpepoto4yeHHas cetb PC

[lepenada gaHHbIX Mo CeTn

HoBasa apxutekTypa

HoBaga cTpaterua (Koppenaumsa gaHHbIX C aHTEHH, CBA3aHHbIX
BbICOKOCKOPOCTHbLIMU NIMHUAMMW, OCTalIbHbIE MO3Xe — JIEHTHI,
OVCKN)

CTparteruns nepegayn pesynsraTtoB Koppensuun ans nocrt-
KOppenaunoHHon obpaboTkum



HoBasa cTpaterna HabnogeHuun

YMeEHbLLUEHUE BpeMeEHU nepeBoaa aHTEHHDbI C
MCTOYHNKA Ha NCTOYHUK

YMeHbLLEeHe BpeMEHN HAbNIAEHNS KaXaoro
NCTOYHMKA

Yny4dlweHne nnaHMpoBaHUa HabnogeHNN



HoBasa moaenb HabnwageHUU

HoBasa Mmoaenb atMmocdepsbl

Owwunbka 3agepxkm ~2.5 nc (MeHbwe 1 mm) Bmecto 30-40 rnic



3agepxkKa paguocurHana B Tponocdepe

MeHaeneeBo
20.01.2019 02.06.2019
(obpaboTka Bcen cetn GPS-cTaHuumn; ¢ ~ 3-4 Mm)

27



PusmnkKka paguoUCTOYHNKOB

B pagnoanana3soHe
BUOHbI OXEeTbl U

3NIeMeHTbI O)XeTOB.
K coxxaneHuro 31O —

ANHAMUYHbIE OO BLEKTDI.
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CTpyKTypa UCTOYHUKOB

IameHeHne KoopanHaT paanomnCTOYHUKA:
1) T[lpeueccrnoHHOEe OBMXEHUE OXKeTa
2) BcnbixmBatowme obnaka nnasmbl B KeTe

TpebyeTca HOBLIN KaTanor, B KOTOPOM Yy4YUTbLIBAKOTCS
N3MEHEHNS B CTPYKTYpPe UCTOYHUKOB
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Buganmbie gBMXeHUA pagnoucTo4HMKOB

Declination, deg
90

120 180 240
Right ascension, deg

Fig. 1. The distribution of the apparent motions of radio
sources depending in right ascension and declination.
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GAIA - ICRF2

ICRF2 contains the precise position of 3414 compact radio
sources and comes with an accuracy floor of 40 microarcsec
(nas) in each coordinate for the whole set.

The three groups of sources in ICRF2 are:

— 295 defining sources with a positional accuracy usually better than 0.1
mas in both coordinates but sometimes extending to 0.3 mas. This Is
generally better than the accuracy in Gaia DR1.

— 922 non-VCS sources observed in several sessions, with a typical
accuracy of 0.2 to 0.3 mas but sometimes extending to several mas. About

75% of the sources in this category have formal uncertainties smaller than in
Gaia DR1.

— 2197 VCS-only sources observed usually in a single VCS session. These
have a wide range of quoted accuracies from 0.2 mas to several tens of mas
and a median value around 1 mas. Within this group we may expect to find
good Gaia solutions deviating from the radio positions by 50 mas without
calling for exotic physical effects in the sources.



Out of the 3414 ICRF2 sources, a tentative optical match was obtained at
least once for 2750 sources. But near the Gaia detection limit around G =
20:7 a source is not necessarily detected in every field crossing depending
on the noise, the location in the field of view, etc.

18 5 18
G [aag] G [mag]

Fig. 1. Distribution of the G magnitudes of ICRF2 sources with calibrated photometric data in the auxiliary quasar table. Lefi: all 2152 sources.
Right: the 260 defining sources.

Gaia Data Release 1. The reference frame and the optical properties
of ICRF sources. F. Mignard, S. Klioner, L. Lindegren, et al.
Astronomy & Astrophysics 2016



Coordinate differences in right ascension and declination are computed as

&

Aok = (opRrl — AcRp ) €05 6, Ad = dpry — OorE? .

from which the angular separation between the two positions is obtained as

Table 1. Number of ICRF sources with angular separations ¢ < ppx
between the optical and radio positions. In brackets are the percentages
of sources in the group below the given limits.

ICEF Fmg (MAS)
group 0.5 | 3 10 50 150

all 451 971 1884 2054 2173 2191
(%) (20) (44) (86) (94)  (99) (100)

defining 113 186 245 258 261 262
(%) 43) (7T1) (94 (98) (100) (100)
non-VCS 167 1 556 599 620 640
(%) (26) (52) (87) (94) (97) (100)
VCS-only 171 452 1083 1197 1262 1289
(%) (13) (350 (84) (93) (98) (100)

It is seen that 94% of the optical positions are within 10 mas of the radio
position of the associated ICRF2 source. This is quite remarkable given the
limited time coverage and the numerous limitations of the astrometric solutions
for Gaia DR1.



We define the normalised
coordinate differences as

Mirs Ad

Xo= s :':,5=

r + o + ot

=
| . L
\ ae. Gaia " o, ICRF \ . Gaia

C. This category contains
sources with angular
separations exceeding

10 mas that are statistically
significant in relation to

the formal uncertainties. This is
where we are most likely to

find a clear reason for the offset
of the optical centre from

the radio centre, caused for
example by the host galaxy or a
nearby faint star. The category
Includes 35 sources.

4, ICRF
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Fig. 13. Angular separation p versus normalised separation X for 2191
ICRF sources. Defining sources as shown as blue squares, non-VCS
sources as red crosses, and VCS-only sources as pale grey plus signs.
The four regions labelled A, B, C, D are separated by » = 10 mas and
X =41



The main conclusions are:

— The G magnitudes span a range from 12.4 to 21.0 mag with the bulk of
sources between 17 and 20 mag.

— The formal accuracy of the optical positions has a floor at 0.25 mas for G <
17 mag, gradually increasing to a few mas at G = 20. There is no systematic
difference between defining and non-defining ICRF sources in terms of their
optical accuracies versus magnitude.

— The overall agreement between the optical and radio positions is excellent:
the angular separation is < 1 mas for 44% of the sources and < 10 mas for 94%
of the sources. For the defining sources the corresponding numbers are 71%
and 98%.

- For most of the 6% sources with angular separations above 10 mas the
optical-radio osets are consistent with the stated formal uncertainties of the
data, but for a quarter of them the offsets are statistically significant. Individual
examination of a number of these cases show that a likely explanation for the
offset can often be found, for example in the form of a bright host galaxy or
nearby star.

— Among the sources with good optical and radio astrometry we found no
Indication of physical optical-radio offsets exceeding a few tens of mas. For
most sources the true offsets are likely to be less than 1 mas.



OnpepneneHue n namepeHue napamMeTpoB BpaLleHUSA
3emMnu

[TapameTpbl BpaweHns 3emnu (MNB3) — yrnbl,
onpegenarLme opneHTaLmo 3€eMHON CUCTEMD
koopaunHat (3CK) oTHOCUTENBHO HEBECHOM CUCTEMBI
koopanHaT(HCK):

Xp,Yp-KOOPAMHATBI NOMtoCa,
UT1-BcemumnpHoe Bpems,

Ag, AY-HyTauna B HaKNoHe u gonrote unm X, Y-

koopAmHaTbl HebecHOro NPOMeEXyTO4YHOro nosmkca B
HCK.
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[MapameTpsl TounocTs IMepuoanas0CcTE Bpemennoe 3agep:xka
Oo0IVYeHHA pazpenienne B NOIVIeHHH
peleHHA Pe3yVILTATOR
UT1-UTC 3 MEC 7 nueil B Hegemw 10 muEYT Krazupeancuoe
BpEeMHA
IIB3 dy, de 25-50.10°° VI.CeK 7 nued B HeJemo 1 cyTEH Krazupeancuoe
EpeMHA
Xp. ¥p 25-50-10°° VI.CEK 7 nHeH B HEeIEmw 10 muEVT KrazupeansrOR
EpeME
dxp-"dt. d}’P.-"'dT 2-10 7 nueil B Hegemw 10 muaVT Krazupeansuoe
S
107 evTrR BpeMsA
Pagw xoopauHaT X, v.Z (0OHO 2-3 MM 7 mHeil B Hememo l cyTEH 1 cyTER
PEIIEHHE 3a CECCHIO)
3CK
OtnensHblE 3KCIIEPHMEHTRI IO 2-5 MM 7 nHeil B Hegemo Meneel cyTok Krazupeansuoe
ONpPEeIeIeHHI0 KOODIHHAT EPEME.
X, V.2
Ceoguoe rogoeoe 1-2 nana EEETOIHD - 1 mecan

MHOTOCECCHOHHOE pellleHHe
(KOOpOHHATEI H CKOPOCTH
IVHETOR

0.1-0.3 sim/Tog
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The Free Core Nutation (FCN) is a mode related to non-alignment of the rotation axis
of the core and of the mantle. It has a long period (of 432 days) in the celestial frame
and is a retrograde mode.

The physical parameters involved are the flattening of the Core Mantle Boundary
(CMB) and the deformation of the CMB induced by the dynamic pressure.

This mode is also called the Nearly Diurnal Free Wobble (NDFW, period of about 1
day), if observed in the terrestrial reference frame.




N3yyeHue rpaBUTaLMOHHOro nonsa 3emMnu

[(nobarnbHble CyTHUKOBLIE HaBurauuoHHble cuctemsl (FTHCC) Tnna
[TIOHACC/GPS/GALILEO/BAIDOU nmetoT pag HEOCNOPUMbIX
NPENMYLLECTB, TAKNX KaK HEMPEPLIBHOCTb HAaBUrawumu, rnobarnsHoe
NOKPLITUE N BbICOKME TOYHOCTU onpeaerieHnss MECTOMNONOXeHnA. Ho
CYLLECTBYET psif cUTyauuin, B KOTOPbIX ypoBeHb curHanos NTHCC nnbo
CYLLLECTBEHHO CHMXaeTCs (KaHbOHbI, TYHHESN, 3aKpbITble MOMELLEHNS,
riokanbHOE nogasrieHne curHanos), MO0 curHanbl nponagarT
NONHOCTLIO (NOA4 3eMIeEN, No4d BOAOW, HA OPYrMx nraHeTax).

[MoaTomMy Ansa noTpebutenen, TpebyroLnX HENPEPLIBHOIO
onpegeneHnst MECTOMOSOXEHUS B NOBbLIX YCIIOBUAX 0OCTaHOBKM,
LenecoobpasHO NCNOb30BaTb KOMMIIEKCHYO HABUraLMOHHYHO
CUCTEMY, BKIOYAIOLLYO KaK HaBUraLuoHHY0 annapaTypy
notpebutena N'HCC, Tak u annapaTypy HaBurauum no
reodpnanyeckMm nNonsiM — aHoMmanbHOMY rpaBMTaLuMOHHOMY MOS0
3emnu (I'M13) n aHomanbHoMy MmarHuTHomy nosnto 3emnu (MIM3).



Kocmunyeckue n HaseMHble mMeToAbl

GRACE, GOCE - rnobanbHble mogenu 13 (~150
cTerneHun n nopsaka)

HasemHas cbeMka — paspelueHne (MeTpbl — KUITOMETPHI)



OnpeneneHue YOII
aCTPOHOMO-reoge3nv4eCKuM MeToaom

¢_| 3Ock epaurenis

3eHHUTHaA
Kamepa
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OT1BecHad NHHHA \

DIUTHIICOMA

Hanbonee To4YHbIM, onepaTUBHbLIM U YA0OHbLIM 4S5 MONEBbLIX N3MEPEHU
Ha CerogHsILLHWUIA AeHb ABMNSETCA acTporeoae3nyeckuin Meton,

peann3yemMbln Ha nepedasnpyemblX LMAPOBbLIX TeNecKonax.
OTO €eAUHCTBEHHbIN Crocob, KOTOPLIN CNOCODEH 0becneYynTb NOrpeLLHOCTb
0,2 yrn. cek. Npun onepaTtuBHOCTM BbINONMHEHUA OOQHOIMO N3MEPEHUA MEHee

1 yaca.



Cucrtema BbICOT HAa OCHOBE NMOHATUA reovaa

[ eonoTeHuUnanbHbIM YACIIOM TOYKM HA OU3NYECKOU
NOBEPXHOCTU Ha3biBaeTCs Pa3HOCTb 3HAYEHUS
NoTeHUManoB B UICXOOHOM MYHKTE U UCCrieayeMOM:

W, — 3Ha4yeHne rpaBMTaLMOHHOIO NOTEHLMAaNa B UCXO4HOM
MYHKTE;
W, — 3Ha4YeHmne rpaBUTaLMOHHOrO NoTeHumana B nyHkTe P.

[eonoTeHUnanbHOE YNCITIO MOXET ObITb NnoJy1y4eHo 13

COBMECTHbIX U3MepeHun npesbilleHnn dh n cunbl TSXKeCTn g no
NMUHNN HNBENNPOBAHUA:




BbicoTHas ocHoOBa U YacToTa CTaHAaApPTa 4YaCTOTbl

CKOpPOCTb TEYEHMSI BPpEMEHU ANA ABYX HabntogaTenew,
KOTOpble pa3HeceHbl No BbiCcOTe Ha paccTtosHue Al aBnsetca
Pa3HOW, pa3HULY B CKOPOCTU TEYEHUNSA BPEMEHU MOXHO
Bblpa3nTb NpOCTOU doopmMynioun

Opyrumun cnoBamu, nogHMUMasi unmn onyckas 4Yachkl Ha 1 cm, Mbl
MEHSIeM 4YacToTy cTaHdapTa YyactoTbl HA 10718,

OTU NPOCTbIE SKCNEPUMEHTbI ObININ NPOBEAEHLI U HANMN4ymne
adbdeKkTa ObINO NOATBEPKAEHO.
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Cenyac co3aaHbl Yachkl C
ToyHOoCTbO 1.6x10-18 Ha ocHoBe
nttepous (Yb).

[N. Hinkley et al., An Atomic Clock
with 10-18 Instability. SCIENCE,
VOL 341, p.1215, 2013]

BaXkHble U3MEHEHNS NPOM30LLIN B NOCIieaHee OeCcATUNeTne, Korga pusnku oceBomnnm
OonTUYEeCKMe nepexoabl B atToMax ansa ctabunmsauum 4actotel. Tak, Oblfiv co3gaHbl
Yyacbl Ha MoHax antoMmHna AL+ ¢ ToyHocTblo xoga 8,6x10-18 [C.W. Chou, D. B. Hume,
J. C. J. Koelemeij, D. J. Wineland, and T. Rosenband, Phys. Rev. Lett. 104, 070802
(2010)].

OTW Yacbl UMET BonbLUME pa3Mepbl N HE SABNSOTCA TpaHcnopTabenbHbIMN.

HenasHO ObINM co3gaHbl aTOMHbIE Yackl HA ONMTUYECKUX Nepexodax, KOTOpble MOXHO
NMOMECTUTb Ha KOCMMYECKM annapart. To4HOoCTb xoga 4vacoB - 7,8 x 1017 . O6bewm,
KOTOpbI 3aHMMatoT Yackl , Bcero 0,54 m3[J. Cao, P. Zhang, J. Shang, K. Cui, J.
Yuan, S. Chao, S.Wang, H. Shu, X. Huang, A compact, transportable single—igp
optical clock with 7.8x10~"" systematic uncertainty, Appl. Phys. B (2017) 123:112].



[ToMMMO HannU4nsi BbICOKOCTabUIbHbIX CTAHA4APTOB YacTOTbl HEOOXOAMMa
CUCTEMA CIIMYEHMSA YaCcTOTbl CTaHOAPTOB U CUCTEMA CUHXPOHU3aL UM YacoB.
[MpoTOoTMNLI NOOOOHBIX CUCTEM TaKke co3faHbl. Tak, B ANOHUM NPOBEAEHDI
9KCNEPUMEHTbLI MO CIUYEHNIO CTaHOAPTOB YaCcTOThbl HA PpacCcTosAHUU 15 KM C
NCNONb30BaHMEM OMNTOBOSIOKHA, KOTOPbLIE NPOAEMOHCTPUPOBAsM
OTHOCUTENbHOE PacXOXXAEeHWe YacToTkl Ha ypoBHe 1018 Ha nHTepBane
namepeHunn nonroga [Tetsushi Takano et al. Geopotential measurements with
synchronously linked optical lattice clocks, NATURE Photonics, 2016, V. 10,
662-668]. Kpome aToro, npogeMoHCTpupoBaHa BO3MOXXHOCTb UCMOSb30BaHUA
BbICOKOCTabUIbHbIX CTAHAAPTOB YaCTOThl AN N3MEPEHUA rpaBUTaLMOHHOIO
noTeHunana 3emMnu, a 3HauuT, U BbICOTHON OCHOBbI C CAHTUMETPOBOM
TOYHOCTBIO.

[ToooOHbIe paboTbl akTUBHO NMPOBOAATCS U B ApYyrux ctpaHax: CLUA,
[epmanumn, PpaHuumn. B yactHocTu, B NIST (CLUA) npu douHaHcoBom
nooaepxke NASA, DAPRA npoBefeHbl paboTbl MO CAUYEHUIO CTaHOAPTOB
4acToTbl HA aToMax UTTepbusl, KOTopble Nokasann cucteMaTnyeckoe
pacxoXaeHne 4acTtoTbl Ha ypoBHe 1018 n oTHOCUTENBHYIO HECTABUNBHOCTb
okono 3x101° [W. F. McGrew et al. Atomic clock performance enabling
geodesy below the centimetre level. Nature, 2018 , v. 564,
doi.org/10.1038/s41586-018-0738-2].
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From the assessment of the
zenith models against ray
tracing for the most used
wavelengths in Laser
Ranging, it can be concluded
that these zenith delay
models have overall rms
errors for the total zenith
delay below 1mm across the
whole frequency spectrum
(Mendes and Pavlis, 2003;
Mendes and Pavlis, 2004).

ToJIbKO MCITOIB30BAHUE
JIA3EPHOM CBSI3U U
nepeaayu nHoOpMaIuu
10 JIa3€pPHOMY KaHaIy
MIO3BOJIUT JOCTUYb
TOYHOCTH 1-3 1IC
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3akoyeHume

Pa3BuTME acTpoMeTpumn CBA3aHO C NOCTPOEHUEM CUCTEM KOOpAUHAT
HOBOIO MOKOMNEHUS.

Ocoboe 3HavyeHne nmeet BBo4 B AEeNCTBME HOBOW CUCTEMBI
VGOS(VLBI2010), ocHoBaHHOW Ha MarnbIX aHTEHHaX

[TocTpoeHme BbICOTHOM OCHOBbLI C UCMOMb30BaHMEM BbICOKOCTAOUMNbHBLIX
4acoB C CAHTUMETPOBOW TOYHOCTbLIO B rnobanbHOM MacLuTabe

Co3gaHne HOBOW aTOMHOW LLKaribl BDEMEHU HA OCHOBE 4acoB,
pacnonoXxeHHbIX Ha bopTy KA

Co3paHune npuHUmnnmansbHoO HOBOM aBTOHOMHOW NPOCTPaHCTBEHHO -
BPEMEHHOW CUCTEMbI OTCHETA HA OCHOBE TPYMNMNUPOBKN KOCMUYECKUX
annapaTtoB, OCHAaLUEHHbIX BbICOKOCTAabUMNbHbIMW aTOMHbIMU CTaHA4apTamMu
YyacToTbl ¢ HecTabunbHocTbio 1016 — 1017 33 100 — 1000 c,
obecnevnBatoLLenN onpegeneHne KoOopamHaT ¢ MM TOYHOCTbIO



