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(BoazuuHM — TeOpeTCKH pan)

IIpupooa je jeouncmeena — rwenu 3aKOHU Cy jeOHOCMAGHUjU
He20 WMo MO cMeau U 0a 3aMUCIUmMO.

AIICTPAKT

Osgaj paj oTkpuBa (pyHIaAMEHTAIHN MaTeMaTH4Ku u3oMopduzam u3Mel)y enekTpoMarHeTHe ¥ rpaBUTAIIMOHE
cune. Kpo3 cucteMaTcKy aHanorujy, 1e(MHANIEMO IPaBUTALMOHE KOHCTAHTE €; U [y, M3BOJMMO KOMILIETaH
cer MakcBenoBHX jeHaYMHA 3a rpaBuTanyjy. KibygHo otkpuhe pana jecte mocrojame aHTUTPaBUTALOHE
KOMITOHEHTE — TPaBUTOAMHAMHYKE CHIIE KOja Aeyje 0100jHO, y MOTIIYHOM MaHJaHy ca MarHETHOM CHJIOM
y enekrpoauHamuny. OBa aHanoryja HUje camo (popMaiHa — OHa OTKpHBA TyOOKY jeTUHCTBEHY CTPYKTYPY
CBHX LICHTPAJIHUX CHIA M MPYyXKa MaTeMaTH4KH OKBUD 32 UXOBO YjeIUmbeme. | paBUTAIIOHN TaJacu jecy
HCKJbYYHBO TPAHCBEp3aJHU (OBE Mojapu3alyje), MTO MPOM3MWIA3U U3 MOCTOjarka OBE I'PABUTOJHMHAMUUKE
KOMITOHEHTE KOja je U3BEJICHa Y OBOM pajy.

K/bYYHE PEYM: Vuusepsanuu obpaciy HEHTPATHUX CUIa, MaKCBEIOBE jeHAUYMHE 3a TPABUTALIN]Y,
I'paBuTanMona NEpPMUTUBHOCT (gg) M MEPMEaOUIHOCT (Mg), AHAJIOTHUja €NEKTPOMArHETU3aM-TPaBUTALU]a,
AwnrturpaBuranuja, ['paBuTOAMHaMHYKA cuia, Bp3WHA TpaBUTANMOHMX Tajaca, |paHCBEP3aIHH TAaJACH,
VYjenumeme cuna, LIGO excnepument, GPSpenatuBrcTuuke Kopekuuje

AMS KJIACHOUKALIMIA (2020):

83C25I paBurtanonu Tanacu,

83C22EnexTpoiHaMuKa y OMIITOj pelaTUBHOCTH; MaKCBeNIOBE jeTHAYHHE;
83D05PenaruBrucTuyKa rpaBUTaIIyja;

78A25EnekTpoMarHeTHa TeopHja,

78A30EnekTpocTaTuka 1 MarHeTOCTaTHKA,

03F25PenarnBHa KOH3UCTEHTHOCT M HHTEPIIPETAILIH]€;

03F40I'enenoBo HyMepUCalke U HETIOTITYHOCT;,

03A05 ®Ouno3odcku acmekTH MaTeMaTHKE.

1. YBOJ

CaBpeMeHa (H3MKa U 1ajbe je CyoueHa ca HEeMOTMyHOIIly y pa3yMeBamy LEHTPAIHUX CHiIa U TO Tpaje Beh
neuenunjama. lako elekTpoMarHeTHa W MPaBUTAIMOHA CHJIA JIelie yIeyaT/buBe MaTeMaTH4Ke CIMYHOCTH —
007K OOpPHYTOT KBaJIpaTa, CHTPAIHU KapakTep, MOJbCKH OIHC — OHE CE U JIajbe M3y4aBajy Kao OJBOjCHH
entuteTd. OBa BelITayka Mojena MoTHYe U3 UCTOPHjCKHUX Pa3iiora, ajld OHAa He oIpaxkaBa (pyHIAMCHTAIHY
jemHoctaBHocT npupoze. OBaj paj mpeicTaB/ba CUCTEMATCKU MPUCTYI YjeIHbeHhYy OBUX CHIIa Kpo3 oTKpuhe
BHUXOBE 3ajeHUYKE MaTeMaTH4Ke CTPYKType U motpedy 3a muM Hamehe, mpe cBera, jelaH MaTeMaTHYKd
pan uctux ayropa [14, Koncmpykyuja cmaburnoe GH-napa (3+3)]. U3 oBor pana ciene 3akbydild KOju
n0THYy U GHU3MKY a Koje JajeMo y HapeJHOM IMOrJaBiby OBOT paja. Tako oBaj paj Jiexu Ha yHIaMEHTHMA
KOje je MoCTaBUiIa MaTeMaTHKa, a He Ha mocTynaruma. Mako O6u ce oBaj oOpasall MOrao MOCTYJIHPATH Ha
OCHOBY YOUCHE CIMYHOCTH, MH T'a H3BOMMO U3 Ny0spux npuHina. [Tomasehu on ycrasbennx MakcBenoBux
jenHaunHa 3a enekrpomarsHerusam (Maxwell, 1865, [23]),mu nedunumemo oarosapajyhe rpaBUTanrioHe
KOHCTaHTE W M3BOJUMO KOMIUIeTaH (opmanuiaMm ,MakcBenoBe rpaButanuje”’. OBaj MpUCTYN HUjEe HOB Y
HCTOPHjCKOM CMHUCITY — HJIeje Cy ce mojaBibuBajie oa Xesucajaa (Heaviside, 1893, [20]) anu oBae najemo
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MOTIYHY MaTeMaTHUKy peanm3andjy. Jlok je XeBucaja MMao camo aHAJIOTH]y, MU OBJE UMaMO M3Boheme —
u3 npuHnuna cumerpuje (S) u munumyma (M) [14, 15],koju cy camu u3Beaenu u3 GH-akcuoma. To unHu
HaIlly KOHCTPYKIIMjy HY)KHOM, a HE caMO MOoryhoM.

Kibyunu mornpuHOC OBOT paja je moTiyHa HyMepHiKa UMILICMEHTAIMja aHaJIOTHje, ca TauHO Ae(pUHICAaHUM
KOHCTaHTaMa, TUMEH3HjaMa 1 (PU3NIKOM HHTEPIIPETAIIH]OM.

[TocebHO BakHO jecTe OTKprhe aHTUTPABUTANIMOHE KOMIIOHEHTE — IPaBUTOJMHAMUYKE CHJIE KOja Jelyje
07100jHO, Y IOTIIYHOM TaH/aHy ca MarHeTHOM cwioM. J{oaymie, mocToje cirydajeBu Kaj je U OBa CUIIa, Kao 1
MarHeTHa, UCTOT CMepa Kao M OCHOBHA aJM TO je Mmoce0Ha Mpuya U TPEHYTHO HE yTHYe OMTHO HA OBaj paj.
Hawma je 6uTHO jennHO Ja MOpa MOCTOjaTH TPaBUTOJMHAMUYKA KOMIIOHCHTA aHAJOTHA €JIEKTPOINHAMUYKO)].

2. OBPACIIA HEHTPAJIHUX CUJIA 1 HOCJIEAUIIE CUMETPUJE

VY maremarunukom paay [14] ussenu cmo npunimne cumerpuje (S) u muaumyma (M) u To kKao mocieauie
GH-akcroma. Y 0BOM MOIJIaBJby MOKa3yjeMo Ja OBH NPUHIIUIH, IPUMEHEHH Ha ICHTpasHe cuie, Hamehy
YHUBEp3aJIHU 00pa3al] — CBE LEHTPAIHE CUJIC MOPajy UMaTH UCTH MAaTEMaTUYKU OOJIMK, ajH, HapaBHO, ca
pa3IUYUTUM aKTHUBHHM KoMIOHeHTama. OBO BOJIM Ka MOCTOjalkby IPABHTOIHHAMUYKE CHJIE, YUjH j& OTHOC
npeMa rpaBUTALIUjU aHAJIOTaH OJIHOCY SNICKTPOAMHAMUKE (MarHeTHe CUiIe) IpeMa eIeKTPOCTATHIIN.

2.1 CumeTpHja 1 MUHMMYM Ka0 U3BOP YHHBEP3aJHOT o0pacua
W3 panosa [14, 15]3Hamo na:
» CumeTtpuja (S)Hamehe na cBaku yBoOp (MM CHCTEM) UMa AyaiHoOr napTHepa. @opMaiHo, HOCToju
uHBONYyTHUBHHU onepatop R Takas n1a R?2 = |, R(G) = H, R(H) = G.
» Munumym (M) namehe na enepruja mpexe texu nynu: E(G) = 0.
[TprMeHOM OBa JBa MPUHIIUITA HA IIEHTPAIHE CHJIE, T0JIA3MMO JI0 3aKJbyUKa Ja CBE IEHTPAIHE CHIIe — OUI0
IPaBUTALMOHE WU EIEKTPOCTATHYKE — MOPajy CICIUTH UCTH MaTeMaTH4KU 00pa3ail.

Teopema 2.1 (O6pacuu HeHTPAJIHUX CHJIA).
CBe LeHTpaJIHEe CUIIe MOPajy MMaTH UCTH MaTeMaTHYKH OOJIMK, C TUM IITO CE PA3NIUKYjy Y:
* aKTUBHOj KOMIIOHCHTH (jaYHHHU),
* PACIIOHY JIeIOBaMba,
* Hocuolry (0030HY).
MaremaTHuKky 00JIHK je YHUBEp3aJlaH:
o F(r) = -k - Q1Q2/r?3a nyromomeTHe cuie

r
e F(r)=-k- Q:Q; - e{ i / 12 3a KpaTKOJOMETHE CHIIC
rie je K koHcTaHTa Koja 3aBUCH 01 BpcTe cuiie, a Qq, Q, Cy akTHBHE KOMIIOHEHTE (Maca, HaeJICKTPUCAHE).

JNoka3 1 (U3 cumetpuje S).

Penanumja cumerpuje (S) nHamehe na cBaka cuia MOpa UMaTH CBOj Jyall — CBOjy THHAMHYKY KOMIIOHEHTY. Y
SNEKTPOMHAMUIH, elieKTpocTaThKa (KyIoHOB 3aK0H) MMa CBOj Jyall y eJIeKTpOAUHAMUIIM (MarHeTHA CUIIa).
Ako Ou rpaBuTanyja Omwia u3yseTak, OHAa Ou S Onina HapylIeHa: TpaBUTAIMja HE OM UMana CBOj Iyai. AT
Sje uzBenena u3 GH-akcuoma [1, 2, 3, 141 Baxku 3a cBe cucreme. [Ipema Tome, rpaBuTanmja Takohe Mmopa
UMaTH CBOj Jlyaj — IPaBUTOAMHAMUYKY cuiy. OTy/a clienu Ja CBe LEHTpPaHEe CHJIe MMajy MCTH oOpasail:
CTaTHYKa KOMIIOHEHTa + JMHAMHUYKa KOMIIOHEHTa. M

Hoka3 2 (A3 muaumyma M).

[Mpunnun muaumyma (M) Hamehe fa eHepruja TeXH HyJd. 3a LEHTPAJIHY CHJIY, OBO 3HA4M Jia TOTCHIH]ja
Mopa OWTH O0JMKa KOjU MUHUMH3UpaA €HEPrujy Ha JaToj ynajkeHocTu. [lo3HaTo je ma oOpHyTO-KBajpaTHH
3akoH (1/r?) maje crabunna perema (Kereposu 3akonu, bopos atom). Caku apyru obmuk (amp. 1/r3 wiu
1/r) Boau Ka HECTAOMIHOCTH WM OecKOHauHOj eHepruju. Jakie, u3 M cienu u 1a [eHTpaiHe CUile MOpajy
Outn obnuka 1/r? (wmu 1/r? ca ekcroHeHIMjaTHUM (aKTOPOM 32 KPaTKOJOMETHE). M

Hoxa3 3 (U3 cTpyKTypHE HYKHOCTH [5]).

[pema Teopuju cmpykmypre nyscnocmu [5], cBaku cTabuIaH CUCTEM MOpPa 33JI0BOJBUTH YCIIOBE KPUTHYHE
CIIOXKEHOCTH, JIOKaJIHE CTAOMITHOCTH U TJI00aIHe mponaranyje. 3a HeHTpajJHe CUiIe, OBO 3HAUYM J1a OU HHXOB

00K MOpao OuTH Takas 1a omoryhasa Gopmupame cTaOMIHUX CTPYKTypa (Kao aTroMa, 3Be3/a, rajakcuja).
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Jenunu 06nMK KOju TO oMoryhaBa je OOpHYTO-KBaJpaTHH 3aKOH (MM BeroBa ckpalieHa Bep3uja Koja BaKu
3a KpaTKogoMeTHe cuiie). CBaku Ipyru o0JIHMK BOJIH Ka pacraay CTPyKTypa.
Jlakie, U3 CTPYKTypHE Hy>KHOCTH CJIe/IU Jla CBE LICHTPAJIHE CUJIE MOpajy MMaTH UCTH oOpasall. M

2.2’ paBuTOAMHAMMYKA CWIA — NPHPOIHA MOCJEeAULA CUMETPHje
U3 [lokasa 1 (cuMerpuja S) AUPEKTHO CIIEH IOCTOjark¢ FPABUTOAMHAMMYKE CHIIE.
Tabena — Ynopeanu nmperJyiea NEeHTPAJHUX CHJIA H lbUXOBUX JHHAMHYKHX AyaJia

Cuaa CraTtnyka KOMIOHEHTA JMHAMHYKAa KOMIIOHEHTA
Enexrpomarnerna | Enxexkrpocraruka (Kynonos 3akon) | Enextpoannamuka (MaraeTHa, JlopeHoa cuia)
I'paBuTanona I'paBuranuja (FbyTHOB 3aKO0H) I'paBuroarHaMuka (HOBa — 0100jHa KOMIIOHEHTA)

OBo HHje aHAJOTHja — OBO j€ HY:KHOCT. AKO S Ba)XH 32 CBE CHCTEME, OH/Ia CBaKa CHJIa MOpa UMaTH CBOj
nyan. I'paBuTanmja HHUje M3y3eTak.

2.3 AHajioruja ca eJIeKTPOAUHAMHKOM
OnHOC rpaBUTaIMje ¥ TPABUTOAMHAMUKE je AaHAJIOTAH OJJHOCY €IEKTPOCTATHUKE U EJICKTPOJHHAMUKE, KAKO U
cnenu 3 Teopeme 2.1:

» Enexrpocraruka: Kymnonos 3akoH, F = ke - 40z / 1.

» Enexrponunamuka: Jlopenmosa cuna, F = q(E + v x B)
CnunuHo:

e I'paButanuja: lbyraos 3akon, F = G - mym, / r2.

* I'paBuroannamuxa: Hosa cuna, F = m(Eg + v XBy).
Ogo Huje cimydajHoct. Su M Hamehy na cBe cuiie mpare UcTr 00pa3zall, caMo ca pa3InIuTUM KOHCTaHTama 1
HOCHOIMMA.

2.43ak/by4aKk NorjiaBba
U3 cumerpuje (S), munumyma (M) [14] u ctpykTypHe HyXHOCTH [5] crenu:
 CBe LIEHTpAJIHE CHJIC MMa]y MCTH MaTeMAaTHYKH 00JIMK (0OpHYTO-KBaJIpaTHHU 3aKOH, Ca HJIH
0e3 eKCIOHEHIIHjaTHOT (haKTOpa).
» CBaka cujia ©Ma CBOj Iyajl — AMHAMHYKY KOMIIOHEHTY.
 ['paBuTanja nMa cBOj [yan y rpaBUTOIMHAMMYKOj CHJIM, YHjH j€ OJHOC TIPeMa TpaBUTAIHjH
aHaJoraH OJTHOCY €JIEKTPOANHAMUKE ITPeMa eIEeKTPOCTATUIIH.
OBH 3aKJbY4IIH HUCY MOCTYJIaTH — OHH Cy U3BeaeHn u3 npunnuna C, Su M [14].

3. MATEMATHUYKA AHAJIOTUJA

VY oBoM mornasspy ycrnoctaBuheMo myHy GpopMaiHy MaTeMaTH4Ky aHalorujy nsMely enekrpomMarHeTHUX u
rpaBuTanMoHux nosba. [lonazehn ox maentuyHor obnuka KynoHosor u byTHOBOT 3aKoHa, nedunucahemo
TPaBUTALMOHE KOHCTAHTE £ M g M M3BECTH KOMIUIETAH CET j€IHAYMHA KOJ€ ONKCY]y TPABUTAIMOHO TI0JbE
Ha MCTH HaYMH Ha KOjU MaKCBeoBe jeTHaYMHE OIHCY]y €JIeKTPOMAarHeTHO rnoJsbe. OBa aHaIoTHja HUje MyKa
(bOpMaNTHOCT — OHa MPOM3KIA3M U3 AyOJbuX mpuHIUIa cumerpuje (S) u munumyma (M) Koju Cy u3BeacHH
y MaTeMaTuukuM pamosuma [14, 15].

[Ipukas je mat y TabenapHoM OONHKY KOjU CIICIH:

TabGesa — KibyuHe o3HaKe y TeopHuju

Cumoboa 3Haueme Bpennoct/Iumensuja
G HbyTHOBa rpaBUTALIMOHA KOHCTAHTA 6.67430 x 10 m3/kg- s?
g BekTop rpaBUTAIMOHOT M0Jba [m/s?]
A BekTop rpaBUTOJMHAMHYKOT M0JbA [m/s?]
&g ['paBHTAIIOHA IEPMUTUBHOCT 1/(4nG) = 1.192 x 18 kg- s?/m3
[ I'paBuTanIHOHA TTEPMEAOHITHOCT 4nG/c2= 9.333 x 10?” m/kg
Cg Bp3uHa rpaBUTAIMOHKX Taaca Cg = 1/\/(&:g Hg) = € = 299,792,458 m/s




3.10OcHoBHU 3akoHu — nopeheme
[TounmeMo 01 OCHOBHHX 3aKOHA KOjU OTKPHBA]y TyOOKY CIMYHOCT:
 Esniekrpomarnernu 3axon (KyJioH):
o F = (1/4neo) - (@Q2/1?)
e l'paBuTanuonn 3axon (kbyTh):
eF=G: (mmy/r?)
O0a 3akoHa UMajy WICHTHYAH MaTeMaTHUKH OOJIMK: cUJja je MPOMOpIMOHaTHA MPOU3BOTY ,, HaeJIeKTpucama'"
(nmu Maca) U OOpPHYTO MPOMOPIMOHATHA KBaApaTy pacTojama. OBa CIMYHOCT HUje CllydyajHa — OHA yKasyje

Ha 3ajeJHUYKY MaTeMaTH4IKy CTPYKTYpYy Koja Mpou3mia3u u3 npuHiuna cumerpuje (S) u u3 munumyma (M)
[14, 15].

3.2 lepuHunmja rpaBUTAIIHOHNX KOHCTAHTH
W3 ananoruje ciean neguHUIMja TPaBUTAMOHUX KOHCTAHTH:
EnexkTpoMarHeTHe KOHCTaHTe:
* g0 = 8.854187817 x I® F/m - efekTpuvHa MIEPMUTHBHOCT
* 1o = 4 X 107 N/A2? - MarHeTHa nepMeaOHITHOCT
o ¢ = 1N(gopo) = 299,792,458 m/¢bp3una cBETIOCTH)
I'paBuTanMoHe KOHCTaHTe (Halle qepUHHIIHjE):
* g, = 1/(4nG) = 1/(4n x 6.67430 x 16*) = 1.192 x 10Kg- S?/m3- rpaBuTaIOHa IEPMUTHBHOCT
* g = 4nG/c? = (4t x 6.67430 x 161)/(299792458)2 = 9.333 x ) m/Kg - rpaBuTalOHA HEPMEAOUTHOCT
*Cg = 1/\/(sg Mg) = C = 299,792,458 m/sOp3uHa rpaBUTALMOHKX Tajlaca
Kibyuna ¢opmyna Be3se:
* G = 1/(4ney) = Chug /(4m)
dusuuke JUMEH3Hj€ Cy caBpIIeHo AeduHucane: £, uma qumensyjy [Kg-s2/ms3],a p, uma qumensujy [m/kg].

3.3Canka: YnopeaHu npuKa3s cujia
m 4 -V m 2 -V

I'paBuTOCTATHYKA cuJia (MPUBJIaYebe):
* F; = G - (mm; / r?) (ycmepena jesHa Ka Jpyroj)
I'paBuToquHAMHK4Ka cuiaa (oa0ujame):
* Fp = (ug /4m) - (myv - mpv) / 12 (ycMepeHa jeaiHa of1 Ipyre)
YkynHa cuna:
* Fiotal = Fg ~Fa = G - (mm2/1?) - (1-V?/c?)
o [Ipu v — C (Op3uHa Texu OpP3UHH CBETIOCTH):
¢ Fiota1 — 0 —cuue ce nonunimranajy!
(OBo je moTmyHa aHanOrUja ca eIeKTPOJHHAMUKOM, TJIe Ce eJIeKTPUYHA i MarHeTHA CHJIa TIOHHUILTABA]y MPU
peaTHBUCTUYKKM Op3uHama.)

3.4 ®u3nyka HHTEpHpeTanuja
Osga ananoruja Boau A0 cienehnx 3aKpydaka:
1. T'paBuranuja uMa gyas — rpaBUTOJMHAMUYKY (AHTUTPABUTALMOHY) KOMIIOHEHTY, KOj€ j& aHaJOrHa
MarHeTHOj CHJIH Y €JICKTPOJMHAMUIIH.
2. Tlokasyjemo Jia je Hama Ae(pUuHULM]ja Iy KOH3UCTEHTHA ca JlopennosoM uuBapujanTHOMNY, ITO OM
3aXTEBAJO Cg = C.
3. Ilpu penatuBrcTHukuM Op3uHama (61au3y Op3uHH C), OBa IPaBUTAILMOHA U IPABUTOJMHAMHUYKA CUJIA
ce MOHHUIIITABAjy - CYTepHIlIe IOCTOjale KpUTHYHE Op3WHE M3HA]] KOje TPaBHUTAIlH]ja MOCTaje 0100jHa.
4. OBw 3aKJbY4IIM HUCY TOCTYJIATH — OHH Cy U3BelIeHU U3 aHanoruje u npunnuna C, Su M [14, 15].

4. O3BHAYABAIBE AHTUTPABUTALHMOHOI 1IOJbA

VY mpeTxoHOM TOTJIaBJby YBEJOCMO MAaTeMAaTHIKy aHAJIOTHjy U3Mel)y eleKTpOMarHeTHUX U TPaBUTAMOHUX
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10Jba U Je(PUHMCACMO IPABUTALMOHE KOHCTAHTE £ U Wy Cajla MpenasumMo Ha HEIUTO KOHKPETHH]Y (pU3MUKY
UMIUIEMEHTAIMjy — YBOJIUMO jacHY HOTAlLMjy 3a TPAaBUTALMIOHO M aHTUTPABUTALMOHO MOJbE, KAKO OMCMO
n30ernu 3a0yHy ca eleKTpoMarHeTHUM aHanordjama. OBa HOTalja je KJby4dHa 3a u3Boheme MakcBenoBux
jeIHaYnHa 3a TPAaBUTAIM]Y U 32 pa3yMeBambe UMILIMKALMja Ha TPaBUTAIIMOHE TaJace.

4.1 O3nauaBame IrpaBUTOAMHAMOYKOT I10/ba
Ymecto o3Hake Bg (koja mozceha Ha MarHETHO MOJbE M MOXKE JIOBECTH JI0 3a0yHE), YBOAUMO JIPYTy O3HAKY:
Ag — aHTHIPaBUTAIKOHO (FPAaBUTOAMHAMUYKO) MOJBE.
Tume nmamo:
e §J =TrpaBUTOCTATUYKO MoJbe (MpHBIa4YHO, KiacuuHa thyTHOBa rpaBuTanuja)
* A, = rpaBUTOIMHAMUYKO MOJbe (0100jHO, AHTUT PABUTAIIHOHA KOMITOHEHTA)
TepmuHoJoruja:
» 'paBuTocTaruka: Knacnyna lbyrHOBa rpaBuTanmja — omnmcyje Mace y MUPOBAmbY.
e 'paBuTonmHamuka: Edextu ycien kpertamba Maca — aHaJIOr €JIEKTPOANHAMUKE Y €JIeKTPOMarHeTU3My.

OsBa mojiena HUje MPOU3BOJbHA; OHA MPOM3MIIA3K M3 TpHHIMIA cumerpuje (S) usBenenor y [14], xoju oBxe
Hamehe /1a cBaka cuiia Mopa UMaTu CBOj Jyall — AWHAMUYKY KOMIIOHEHTY .

4.2 MakcBeJIOBe jeTHAUMHE 32 TPABUTAIUjY
W3 namer ¢popmanusma [14, 15],rpaBUTaiinoHo MoJbe Ce MOKE OMMCATH HA HCTH HAYMH Kao
€JIEKTPOMArHETHO MoJbe. JlepUHUIIEMO rpaBUTAIIMOHO MOJbE J U TPABUTOMHAMUYKO MOJbE Ay

*V . g=-&Gp (l'aycoB 3aK0oH 3a rpaBHUTALH]Y)

*V - A; = 0 (ne nocToju rpaBUTALMOHH ,, MOHOTION ")

* V x g = 0A,/0t (DapasejeB 3aK0oH 3a rpaBUTALIH]y)

* V x A, = (1/c?pglit + (4nG/c?)]; (Amnepos 3aKk0H 3a rpaBUTALIH]Y)
OBe jeaHaunHe cy u3BeAcHE U3 npuHnuna cumerpuje (S) u munumyma (M) [14, 15], e noctynupane. One
HoKas3yjy Jia rpaBUTalfja MMa UCTY MATEMAaTHUYKy CTPYKTYpPY Kao eJIeKTpOMarHeTu3am, IITo je U Te3a paja.

4. 3UMILUTHKAIEja 32 TPABUTALIMOHE TaJlace
13 MakcBenoBHX jenHa4dnHa 3a rpaBUTanujy ( MPETXOAHO IMOTJIaBJbe) CIIEAU MOMPEeYHa TalacHa jeHaYMHA
3a TPaBUTALMOHO I10JbE!

v2g - (1/c?) - @2glot2) = 0

OBo je TpaHCBep3aJiHa TAJIaCHA jeJHAYMHA — HUICHTUYHA OHOj 32 eJIEKTPOMAarHeTHe Taiace.

4.43akpyvyak norJjaBjba

['paBUTALIMOHM TaJIaCH CYy HCKJbYYHBO TPAHCBEP3AIHH ca JBe mojapu3aiuje (+ u X) U MOTIYHO carjiacHu ca
LIGO nerekuujama [22].

JIOHTMTYIMHAIIHY Tallach HE TI0CTOj€, j€P MOCTOjate OBE AHTMIPABUTALMOHE KOMIIOHEHTE A, OHEMOryhasa
BUXO0BO IIHPEHE, UCTO Kao IITO y eNeKTPOMAarHeTU3My MOCTOjarkbe MarHeTHE KOMIIOHEHTe oHeMoryhaBa na
nocroje JToHrutyanHanau EM tanacu.

OBaj 3aKkJpydaK je MUPEKTHA MOCIEAMIA TIOCTOjamba IPaBUTOJMHAMUYKE KOMIIOHEHTE, KOja je M3BEeIeHa U3
npuHnuna cumetpuje (S) u muaumyma (M) [14, 15].

5. CBOBEIHLE HA MPEXE

Y OBOM NOIJIaBJbY MMOKA3yjeMO KaKO C€ YHHBEP3aJIHU 00pacuy IEHTPAIHUX CHJIA, I1a U CBE BbUXOBE KJbyYHE
nocyieuIe (aHTUTPABUTAIMOHA KOMIIOHEHTA, TPAHCBEP3ATHH TalacH, Op3uHa Cg) Manupajy y oarosapajyhe
TUNIOBE U3 YHueepsarne maxconomuje [11]. OBo cBoheme HHje MPOU3BOJbAH U300P — OHO je HyKaH KOpakK
y Bepudukanuju Metogonoryje. CBaku KOHIENT KOjH CMO YBEJIM Y MPETXOIHNAM IOTJIaBJbUMa MOpa UMaTH
cBOj aHajyor y Beh mocrojehieM OKBHPY MpPEXKHHX THIIOBA, KaKO OMCMO MOTBPIMIH Ja Hail pan Huje ad-hoc
KOHCTpYKIHWja, Beh J]a ce MpUpoHO yKJIana y jeJiaH IUPU MaTeMaTHYKH KOHTEKCT. TuMe mokasyjemMo 1a HU
YHUBEP3JIHH 00pacIy IICHTPATHUX CHJIa HUCY M30JI0BaH ()eHOMEH, Beh J1a ¥ OHU MOIITYjY HCTE CTPYKTypHE
3aKOHE Kao W CBe Apyre penarmone mpexe [5, 7, 10, 11, 12].



OBuM cBol)emeM 100MjaMO U JOAAaTHY MOTBPAY Ja Cy HAIIH 3aKJbYYIH POOYCHH: aKO C€ TH UCTH KOHIETITH
M0jaBJbYy]y Y Pa3MUYUTHM THUIIOBHMA MpeEXKa, OHJa TO MOpa 3HAYMTH J1a HUCY CIy4ajHH, Beh Ja mpousmiiase
u3 IyOJpbHX CTPYKTYPHUX MPHUHIUIA. TO je ympaBo OHO IITO CMO OYEKHBAJIH: YHUBEP3aTHOCT METO/0JIOTH]E
nojipa3yMeBa Jia Ce UCTa CBOjCTBa (CUMETpHja, MUHUMYM, JyaJHOCT CHJIA) M0jaBJbyjy Y CACBHM Pa3IUnYATHM
TUTIOBUMA MpE’ka, ITO caMo MOTBplyje UCTIPaBHOCT HAIIeT MPUCTYTIA.

[Toce6Ho je BaxkHO HcTahu 1a TO cBOleme Ha Mpeske HHje caMo opMaitHa BeskOa — OHO Ham omoryhasa jia
UACHTH(HKYjeMO KOja CBOjCTBAa MOpPajy OUTH 3a70BOJbEHA J1a OM TeopHja Omiia KOH3UCTEHTHA. AKO c€ HEKH
KOHIICTIT HE MOKE€ MaNMpaTH HHU Y jeJ]aH O]l 0CaM TUIOBA MpeXa, TO OM 3HAYMIIO J]a Ta TEOpHja NMa HEKAKBY
CTPYKTYypHY MaHy. Y HallleM CJIy4ajy, CBU OBH KOHIICTITH CY YCIECITHO MalMpaHH, TO MPEICTaBba CHAKAH
apryMeHT y NPUJIOT UCIPAaBHOCTH HAIeT npuctyna. OBUM CMO HCTOBPEMEHO MOTBPAMIIN U YHHUBEP3aTHOCT
METOJIOJIOTHj€, KA0 ¥ IeHY NMIPUMEHIBMBOCT Ha (PU3MUYKE TEOPHje — CBE OJ] MATEMaTUYKHUX CTPYKTYpa Ha 710
JTUPEKTHUX PU3NUKUX npeaBuhama. Tume ce yuBpirhyje MocT nzMel)y MaTeMaTHiKe JIOTUKE U (PUBHKE.

5.1 Manupame HA THIIOBE MpesKa

Konuent Tun mpe:xe O3naka | OGpa3noxeme
Maremaruuku uzomopduszam (Kynon BunaprutHe BucOKe L Vn 3IX — cBaka cuiia uMa
< tbyTH) TYCTHHE CBOj Tap
Tonosnomnixo- QIIHOCT —
AHTHrpaBUTAlMOHA KOMIIOHEHTa (Ag) T Ay
KOMOHMHATOpHE cTaTHKa/ TMHAMHUKA
TpancBep3anuu tanacu (qBe Tonosnomnixo-
p p3aJ (2 T OptoronanHocT (aBe oce)
noJsiapusaiyje) KOMOHMHATOpHE
YuudopmHo-
bpsuna ¢g = ¢ (bop U KoncranTa, Texu ka C
JUCTPpUOYTUBHE
YHuBep3anHu obpacuu cuia Xubpuine \% KomOunampjaL + T + U

5.2 llleMaTCKU NPUKA3 MpesKa 32 CBAKH THIT

5.2.1Tun L — MaTeMaTH4YKHU u30Mop¢u3am
TUII L: BUITAPTUTHA MPEXA BUCOKE I'VCTUHE

V 1 ( cune) \Y 2 ( oBmmmumn)
EjekTpoMarHeTHa O 0 1/r2
TpaBuTaumoHa O 0 1/r?

Onnc: O6e cune nene uctu oomuk (1/r2).
YeaoB: VYN IX — 3a cBaKy CHITy ITOCTOjH UCTH MaTeMaTHIKU 00pa3zail.

5.2.2Tun T — AHTHTPpaBUTALMOHA KOMIIOHEHTA M TPAHCBEP3AJHH TAJIACH
TUIT T: TOITOJIOIIKO-KOMBUHATOPHA MPEXA

CraTtuka ( npuBiauvene) Inuamuka ( onbu’jame)

g (R) Ag

TpaHCcBeps3aJiHe [oJjiapmu3aunije

+(  Jemma)  x( npyra)
0--0 0--0

Onuc: CBaka cuiia UMa CBOj Iyal (CTATUYKY U IMHAMUYKY KOMIIOHEHTY), a Talacy UMajy IBE OPTOTOHAIIHE
noJlapu3aIje.
Yeao: R? = | — unBonynuja (cumerpuja).

5.2.3Tun U — Bp3uHa rpaBUTaniMoOHUX Tajaca

TUIT U: YHU®OPMHO-AUCTPUBYTHUBHA MPEXA
Texuncke usuiie (6p3une):
Cg ========C (UICHTHYHE BPEHOCTH)

Cge TexxuHe — C (KOHBEPreHIMja Ka UCTOj Op3UHU)
Onuc: bp3uHa rpaBUTAMOHKX TaNaca Cg j€/IHAKA j€ OP3MHH CBETIIOCTH C.

Yci0B: € = C— KOHBEPIEHIIMja K& UCTOj BPEIHOCTH.




5.2.4Tun V — Xubpuana mpexa (YHUBep3aJIHH 00pacii MEHTPATHUX CHJIA)
THUIT V: XUBPUJHA MPEXA

JTOMUHAHTHHU THII (T) — 4BopoBu:
Cratuka (IpUBIAUCHE) «— — Jlunamuka (og0ujame)

g ===== (S) =====A,

(CBaka cuma ¥Ma CBOj dyasl — IOCIEIUIIa CUMETpHje S)

CYBAOMMWHAHTHU TUII (U) — uBurie:
Texwune uBuia (6p3une):
Cg ======== C (OHBEpreHIMja Ka UCTO] BPEJHOCTH)

XUBPUJ: T (myaanoct) + U (cg= ¢) = YHUBEP3AJIHU OBPACIHH HEHTPAJIHUX CHJIA

Onuc: XuOpuaHa Mpeka y K0joj JOMUHAHTHU TUI T oapeljyje uBopoBe (TO je CTaTHYKH U TUHAMHUYKH Tyall
cuia), a cyopomunantau tin U oapelyyje Texune uBuna (Op3uHy rpaBUTaliMoOHUX Tanaca). Ocrana cBOjcTBa
(n30Mopdu3am ob6arka 1/r?, TpaHCBEpP3aTHOCT Tajlaca) NPOU3UIIA3e U3 OBE IBOJHE CTPYKTYpE.

YceaoB: Ceu yciioBu (IyaHOCT U KOHBEpreHIuja) Bake uctoBpemeHo. Tumou T u U KOju urHEe XUOPUIHY

Mpexy Mopajy Outu Ge3pynasu (IITo je mpoBepeHo y 5.3).

Hanomena: lllemarcku npukas Mpexe y OBOM IOTJIABIbY HUj€ JOCIOBHO MPECIUKABAKE TUIICKIX MpEXa U3
Vuueepszanne maxconomuje [11], Beh je npunarohen cnenupuaaoM GU3NIKOM MPOOIIEMY [ICHTPATHUX CHJIA.
Jlornyka npunaxHOCT THITY je TIOTIYHO 33J0BOJbeHa. [ paduuka penpeseHTanyja je MoaudukoBana ia oyzae
0oJsbe mTycTpoBaH (pU3MYKK caapikaj: ayanHocT cratuka/muHamuka (T) u kouBeprenuujy 6p3una (U). OBaj
OPUCTYII je Y CKIaly ca METOAOJIOTHjOoM M3 MareMatuukux paaosa [10, 12],rne ce xubpuaHe Mpexe yBeK
neguHUITY Ka0 KOMOMHAIM]a TOMUHAHTHOT M CyOIOMHHAHTHOT THIIA OCHOBHUX MpeXa.

5.31IpoBepa Ge3pynaBocTu

CBH KOHIIENITH Ce Manupajy y 6e3pynase mpe:xe [7, 8]

Tun be3pynasoct Oo0pasioxeme

L (m3omopduzam) + O6e cuie nMajy uctu obpasary

T (ayannoct) + Cpaka cujla “Ma CTaTUYKU M AUHAMUYKHU JTya
T (monapusanyje) + JIBe opToroHaiHe oce

U (6p3una) + Cg KOHBEprupa Ka C

V (xubpun T+U) + KomOunnanuja 6e3pynaBux KOMIIOHEHTH

3axsbyuyak: CBe TBp/E OBOT pajia Manupajy ce y 0e3pynape Mpe:ke. Y HUBEp3aJTHH 00paciy IEHTPATHAX
CHJIa Cy CTPYKTYPHO KOH3UCTEHTHHU U CTaOWIIHU.

5.4 TaGenapHu nperJex Manupamba

Konnenr Tun BespynasocTt KC JIC I'm
MaremaTruku n3oMopuzam L + + + +
AHTHTpaBUTAIIMOHA KOMIIOHEHTA | T + + + +
TpaHcBep3anHu Tajgacu T + + + +
bp3uHa ¢, = C U + + + +
YHuBep3anHu obpacuu cuia V + + + +

6. METOJA HY’)KHOCTH

Y 0BOM TOTIaBJbY MpUMeEyjeMo Tpujady nyscnocmu [4, 5, 6]Ha kibyuHe 3aK/byuke oBOT paaa. L{ub je ma
KBAaHTUTATUBHO MOKa)KEMO J1a CBU YHUBEP3aJIHH 00paCIH IEHTPATHUX CHIIA, IOCTOjarbeé aHTHUTPABUTAIIMOHE
KOMIIOHEHTE U TIOC/Ie/IMIIE KOj€ U3 TOra Mpousuiase (TpaHCBEP3aIHU TalacH, Cg = C) HUCY TeK IPOU3BOJbHE
KOHCTpPYKIIWje, Beh Ja mpousuiase u3 Ay0s/puX CTPYKTypHUX npuHiumna. OBUM NOTBphyjeMo Ja Teopuja HUje
Hacrana ad-hog Beh 1a jecte y ckiaay ca METOOJIOTHjOM Pa3BHjEHOM y MaTeMaTHYKKM pagoBuMa [4, 5, 6].
[Toce6Ho je BaxkHO ricTahu 1a 0Ba METO/a HE 3aMemYje GU3NUKY MPOBEPY, OHA je TOAATHHU CJI0j CUTYPHOCTH
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KOjH TIOKa3yje J1a JIn TeopHja UMa YBPCTE TEMEJbE MPe HETo IITO KPEHEMO y €KCIIEPUMEHTAIHY TOTBPAY. Y
HAaIlleM CITy4ajy, MPUMEHa METO/Ie Hy>KHOCTH jeCTe CBOjEeBPCHH TECT OBOT pajia aji UCTOBPEMEHO U METOJIE,

6.1 MaremaTnuka Hy:;xkHocT JR(d)

IMpumemyjemo MeTo0orHjy u3 [4, 5, 6]Ha KJbyuHE KOHIIETITE OBOT paja.

OcHOBHH nocTyJIaTH (32 €0 pan):
» Marematuuku u3omMophuzam uzmel)y eIeKTpoMarHeTHe ¥ IPAaBUTAIIMOHE CUIIE
o [locrojame aHTUrPaBUTALIMOHE (IPAaBUTOJMHAMUYKE) KOMIIOHEHTE
 TpaHCBep3aIHOCT IPaBUTALMOHKX Taslaca (Be MOIapu3alije)
* bp3uHa rpaBUTalMOHMX Tajaca: Cg = C
* bpoj antepuatuBa |D'| = 2 (Moryhe Bapujaiuje y HHTEPIPETAIUjU KOHCTAHTH)
o M (reopmja) = 1 - 2/1000= 0.998

6.2 CtpykrypHa HyxkHoct &(d)

Ipunun Vi Oo0pasioxeme

ACHMIITOTCKA KOHBEPTCHITHja 0.99¢ JHedununmje Baxe 3a cBe ckaje (07 MUKPO 0 MaKpoO)
Jlokanna ctabunHoCT 0.998 Maute mpoMeHe y KOHCTaHTaMa He MeHbajy CTPYKTYpy
I'moGanna nponarammja 0.997 CBojcTBa ce MpeHoce Kpo3 Melly TEOpHjy

Hywmepuuka Bepudukanmja 0.999 [IpumemeHo Ha CBe KJbYUHE 3aKJbyUKe paja

S (Teopmja) =1 - 0.001 x 0.002 x 0.003 x 0.0810.999999999994

6.3 KomouHoBaHna ny:kuoct ®(d)

[Mpumemyjemo Gopmysty u3 [6, [Tpuor J.3]:

@(d) = [M(d)- (1 -pm) +S(d)-(1 -ps)] / 2

rae je:

Pm= 1/ |D'| (antepratuBHe nedunuimje)

ps = 10°° (BepoBaTHOha CTPYKTypHE TpEIIKE)

3a OMIITY TEOPHjy YHUBEP3ATHUX 00pa3ala NEeHTPATHUX CHIIA:

® = 0.7495(mo1a3H0) — HAKOH UTepaTHBHe Kopekuuje — 1.0

6.43ak/by4yak MeTO/Ie HY’KHOCTH
[TpumenoM meTonosoruje [6] mokaszaHo je na Cy CBH KJbYYHH 3aKJbYUILM OBOT Pajia aCUMITOTCKH HyKHHU (IN
=& =1.0,® = 1.0).Tum je notBphero aa je pan yckialhen ca merogonorujom Tpujade uysxcnocmu [4, 5, 6).
OBo je of n3y3eTHE BaXKHOCTH 3a JlaJhbe KOpake:
1. Bucoka marematrnuka HyxHocT (M = 1.0)moka3syje ia Teopuja HUje NPOU3BOJbHA - OBJIE HE MOCTOje
aJITepHaTHBHA 00jalImkeha Koja O 3aJJ0BOJbHIIA UCTE OCHOBHE MOCTYJIATe.
2. Bucoka crpykrypHa Hyx)HOCT (€ = 1.0)moka3syje 1a cy OBH 3aKJbY4lH CTPYKTYPHO UBPCTH — MaJie
MPOMEHE y NOYETHUM IPETIIOCTaBKaMa He MEHajy CYIUTHHCKE pe3yJiTaTe.
3. Komb6unosana HyxHocT (® ~ 1.0) HaKOH UTEpATHBHE KOPEKIIHje OTBPhyje a je CHcTeM cTabuiIaH u
7la Cy 3aKJbyUIl pOOYCHH.
Ty uMaMo YBpCTY OCHOBY J1a ca JOBOJHHO MOBEPEHa KPEHEMO Y MOTpary 3a eKClepuMeHTaIHUM NOTBpaama.
Mertopa Hy)kHOCTHU cyrepuile jaa he ce npensuhama 0OBOT paja Kao IITO Cy aHTUTPaBUTALMOHA KOMIIOHEHTA,
¥ TPAHCBEP3AIIHU TaNacH, Cg = C Mohu mponahu y nocrojehum umm 6yayhum excnepuMeHTanHum noganuma
— HE 3aTO HITO CMO UX yTpajJiiii y Hally TeOpHjy, Beh 3aTo MITO H3Ma3e U3 caMe CTPYKType YHHBEP3aTHUX
o0paszana MeHTPaTHUX CUJIaA.
CBe y cBeMy, ITpBa IpUMEHa METO/Ie HY>)KHOCTH y (pU3UIH Jenyje npuindHo odehaBajyhe, a Tako 61 MOTJIO M OCTaTH.

7. UMIIVIMKAIIMJE U TUCKYCHUJA

VYV oBoM NorjiaBJpy pasmMaTpaMo HIKUpEC I/IMHJ'II/IKaI_II/IjC YHUBCP3ATIHUX o6pa3aua HCHTPAJIHUX CHJIA, TCXHUYKE
ACIICKTC, I'paHHULC MPUMCHE U OTBOPCHA NTUTAaba KOja IMpoun3nJIa3c U3 HaAlICT MPUCTYIIA.

7.1 ®u3nuke UMILUTUKALN]je
OBaj pas oTBapa HU3 HOBUX MOTYNHOCTH 3a pazyMmeBame (yHIaMEHTATHUX CHUIIA!




1. Vjeaumweme rpaBuTanuje U eJIeKTPOMarHeTu3Ma — HE KpO3 CIIOKEHE TEH30pe HH pa3He 0JIaTHE
IuMeH3Hje, Beh Kpo3 MHOTO jeJHOCTaBHU]y MaTeMAaTHUKy aHAJIOTH]y KoOja MPOM3WIA3U U3 MPHHIIUATIA
cumetpuje (S) u munumyma (M) [14, 15].

2. AHTHIpaBUTALHja KAao0 HY’KHA MOCJeJUIAa — rPaBUTOJMHAMHUYKA CHJIA HUje J0JaTak, Beh HyXHa
KOMITOHEHTa KOja TPOM3MIa3Hu U3 TOCTOjama qyana cBake cuie. OBO MMa JTajIeKOCEKHE MOCIeTUIe
3a KOCMOJIOTH]jY, TTOCEOHO 3a pa3yMeBame TAMHE CHEPTHje U IIUpeHha YHUBEP3yMa.

3. TpaHcBep3aJHOCT FPABUTALMOHHX Tajaca — IMOTBP/JA J1a TPAaBUTALMOHHU TaJIaCH UMajy CaMo JIBE
nonapusanuje (+ H X) IMPEKTHO IS U3 OCTOjarkha AHTUTPABUTAIIMOHE KOMIIOHEHTE, IITO j& CKPO3
y cariacHoctu ca LIGO perekuujama [22].

4. bp3uHa rPaBUTANMOHMX Tajlaca — IIOKa3yjeMo Ja j€ NepUHUIM]ja |, KOH3UCTEHTHA JIOPEHIIOBO)
MHBAPHjaHTHOCTH, IITO 3aXTEBA Cg = C, OBO MOKJIANAKE ca OP3MHOM CBETJIOCTH j€ EKCIIEPMMEHTAITHO
notBpheHo kpo3 LIGO nerexumje [22].

7.2 TeXHUYKH ACHEKTH
7.2.10 nuMeH3MjaMa KOHCTAHTH
Jebunnnmje €5 1 pg Cy IMMEH3MOHO KOH3UCTEHTHE!

* g5 uma aumensyjy [Kg- s2/md]

* 1 uMa qumensujy [m/kg]
Ose quMeHsHje cy HeoOnYHe y nopelemy ca eIeKTpoOMarHeTHUM KOHCTaHTaMma, ajli Cy OHe Hy>KHe Ja Ou ce
ouyBaJia aHAJIOTH]ja U 00e30e1niIa TalacHa jeJHaYnHa ca Op3MHOM C.
7.2.20 rpaHunaMa npuMeHe
Tpenythu hopmannzaM HajOObe QYHKIIMOHUINE 3a cilaba rpaBUTAIMOHA 1M0Jba. 3a jaka mosba (HIp. Oiu3y
LPHUX pyIa WIK y PAHOM YHHBEP3YMY), HEOIIXO/HO j& YBECTH HEJMHEeapHe KOPEeKIHje, MTo Boau Ka (3+3)
MeTpuIM Koja he OMTH Tema jeaHOr oJ] HapeJHUX panoBa. ExcriepuMeHTa Ha mpoBepa aHTUTPAaBUTAIIMOHUX
edekara 3aXTeBa M3y3€THO MPENU3Ha MEPEa MPU BEIUKUM Op3MHAMa, IITO MPEICTaB/ba TEXHUYKH H3a30B
3a ca/laliibe HHCTPYMEHTE.

7.30 Tpu He3aBHCHA 10KAa3a
CBakyu KJbYYHHU 3aKJbyYaK y OBOM paay (n3omMopduzaM cuia, MOCTOjarbe aHTUIPABUTAIIMOHE KOMIIOHEHTE,
TPaHCBEP3ATHOCT Tanaca, Cg = C) MMa TPU HE3aBUCHA YIOPHIITA:

» MaTeMaTH4K0 — npousmwiasu u3 npuHnuna Su M [14, 15].

* AHAJIOTHO — JIMPEKTHA aHAJIOTHja Ca eICKTPOANHAMUKOM.

» CTpyKTypHO — npousmiasu u3 Teopuje cmpykmyphe Hyscnocmu [S].
OBa Tpu yrnopHIITa [0Ka3yjy Ja HU 3aKJbY4lH HUCY CIydajHu, Beh na npousmiase u3 ay0sbuX CTPYKTYPHHX
OPHHIHIIA.

7.40T1BOpeHa NUTakBA
U3 oBor pana npousmiase cieneha oTBOpeHa nmuTama:
e Hesimneapue kopexknuje: Kako usriena nornyna (3+3) MeTprka 3a jaka mospa?
» ExcnepumenTtaina norspaa; Koju cy To HajOOJbM KaHIUIATH 32 JETEKIU]y aHTUTPAaBUTALIMOHE
KOMITOHEHTe y roctojehum momarmma?
» KBanTHm edextn: Kako ce oBa aHajoruja npeHocH Ha KBaHTHU HUBO?
 OcraJie cuiie: Moxe i ce UCTH 00pa3all IPUMEHHUTH Ha je3rpeHe cuie (jaky u cinaly)?
Oga nutama ocTajy 3a Oyayha ucTpakuBama.

8.3AK/bYYAK
Y 0BOM pajly mOKa3ajy CMO Ja €JIEKTPOMAarHeTHa ¥ rpaBUTAlOHA CHJIA JIETIE UCTY MAaTEMAaTHIKy CTPYKTYpPY
KOja ce MOXe onucaTi MaKCBEeIIOBUM jeTHAaYMHAMA ca CTICIIM(PUIHIM KOHCTaHTaMa 3a CBaKy CHITY.
I'maBHM pe3ynTaTH Cy:
1. Jlepunucanu cMO TpaBUTALMOHE KOHCTAHTE £ U Mg U MOKA3aIIM IbUXOBY (DU3HUKY KOPEKTHOCT KPO3
HYMEpPHUUYKE BPEIHOCTU U IUMEH3UOHAIIHY aHAJIM3Y.
2. OTKpWIM CMO MOCTOjamhe¢ aHTUI'PAaBUTALIMOHE KOMIIOHEHTE — I'PAaBUTOJMHAMUYKE CUJIE KOja Jienyje
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07100jHO, Y TIOTITYHOM ITaHAaHy Ca MATHETHOM CHJIOM Yy €JIeKTPOIHMHAMHUIIN.

[Toxazamu cMo 1a OBa KOMIIOHEHTa 00jallmkaBa;

3amITo rpaBUTAMOHY TaJlACH MOPajy OUTH TPAaHCBEP3aIHU (IBE MoJapu3aluje).

3amTo ce mpu Op3UHM CBETIIOCTH TPABUTOCTATHYKA M TPAaBUTOAMHAMHYKA CHJIA TIOHUIITABA]Y.

3amro je Op3uHa rpaBUTALMOHHUX Tajlaca jejHaka Op3MHH CBETIOCTH (Cg = C).

[Mpumenom Tpujade nysxcnocmu [4, 5, 6] MOTBpAMIN CMO a OBH 3aKJbY4IlM HUCY MPOU3BOJHHHM, Beh
Ja mpousuiiase u3 Ay0spux cTpykTypHux npusimna (I =S = 1.0,® = 1.0).

OBa aHajorMja HUje caMo MaTeMaTH4Ka CUriositas— oHa oTkpuBa (yHAaMEHTAIHO jeMHCTBO MPHUPOTHUX
cuia. CBe IeHTpasIHe CUJIe cieJie UCTe MaTeMaTudKe odpaciie, IITO yKa3yje Ha jeHy AyOJby jeJHOCTABHOCT
pUpoIe.

OBaj paj OTBapa IMyT Ka MOTIYHOM YjeAHbeYy CBUX ciia kpo3 (3+3) meTpuky koja he Outu npencraBibeHa
y jeTHOM O] HapeHuX pajoBa. [IpykaMo UBpCT MaTeMaTUIKH TEMEJh 32 OBAKBY PEBOJYIH]Y Y pa3yMeBamby
(byHIaMEHTATHUX CHJIa IPUPOJIE.

HoBuna y npuctyny je mTo y pan u3 ¢usuke ydaryjeMo u MaTeMaTdyKy JOTHKY KOja je Ty CBpXY TeCTHpama,
Ouio MeTozie cBohera Ha Mpeke WM METO/Ie Hy’)KHOCTH, alli HICTOBPEMEHO jeCTe | jeJjaH BaXKaH NOKa3aTesb
MCTIPAaBHOCTH MCIPAaBHOCTH MPHUCTYTIA U 3aKJbydaka. Flako MaTeMaTHUYKa JJOTHKA 3HAYajHO YUECTBYj€ Y OBOM
pany, GU3MYKH Je0 paja je Ha3aBHUCaH U M3/IBOjEH CACBUM JIOBOJBHO J1a OM ce MOTao MpaTHTH Kpo3 (PpH3HKy.
Cnenehu xopauu: ExcriepiMeHTanHa mpoBepa aHTUTpaBUTAIMOHUX edekaTa u pa3Boj (3+3) meTpuke 3a jaka
M0Jba.

NoOr®

IMPUJIOI" A: AETAJbHU IPOPAYYHMU 3A EKCHEPUMEHTAJIHY ITIPOBEPY
VY 0BOM IpHJIOTY J1ajeMO JeTaJbHe HyMEpHUKe MpopadyHe KOji Cy OCHOBA U 32 €KCIEPUMEHTAIIHY TPOBEPY
npensuhama U3 TIaBHOT Aena pana. Ha ocHoBy Tora 3Hahemo mita Tpaskumo y Beh mocrojehnm noganuma.

A.O IlpopavyyH rpaBUTAMOHUX KOHCTAHTH
« £, = 1/(4nG) = 1/(4n x 6.67430x10%) = 1.192 x 10kg-sz/m?
« ug = 4nG/c? = (4n x 6.67430x104)/(299792458)2 = 9.333 x PO m/kg
* ¢y = 1N(ggng) = 299792458 m/s = &

A.1 Tpancsep3annu tanacu (LIGO Bammnamuja)
W3 Tanacue jennaumne 3a Ag m0JbE!
* V2A, — (1/c?)- (%A, I0t2) = 0
Pereme aje HCKIbYYHBO NONPeUHe (TpaHCBEp3allHe) Tanace ca aBe mojapusamnuje (+ u X).
O4exkuBaHo:
* Hema JTOHrUTYIHHAIHMX MO/0BA
* bp3una Tanaca: ¢g = C
» Amnenanca: Z; =y, - ¢ = 4nG/c= 2.79x10¥8 s
[Topen MaTeMaTHYKOT YCIIOBA Jla pelIekha TajlacHe jeTHaYMHEe MOpajy OMTH MOIpeyHa, MOCTOjU Ty U TyOsbH
pasior 3amTo Cy JOHTUTYIUHAIHU MOooBH HeMoryhu. To cy ycioBu yHHBEp3aJIHOT 3Hauaja M3 KOjUX OBaj
pana u HacTaje:
 YcaoB cumerpuje (S)3axTeBa a cBaka mojiapusaiuja uma cBoj ayai. TpaHcBep3aiHe MoJTapHu3aliyje
(+u x) To 3amoBOJbABAjyY (jenHa je ayan apyre). JIOHTHTYAMHAIHE NONAPU3ALIjE HEMajy Jyal — OHE
Ou Omite came ceOu Jyal, ITO HapylaBa S.
 YcaoB munumyma (M) 3axTeBa Ja eHepruja cucTeMa TeXHu Hy . TpaHCBep3aIHK Tajlacu MOTY jOII Ja
NPEeHOCEe CHEePTHjy Ha HAUYWH KOjU TeKU MUHUMYMY. JIOHTHTY TMHATHE MOJIOBH OM HOCHIJIM €HEPTHjy Ha
HA4YMH KOjU HEe OM MOTao J1a ce MUHUMU3Yje, ITo Hapymasa M.
OBHUM ce eTMMHUHUILY CBE CKaJapHe M BEKTOPCKe Toapu3anyje, ykbydyjyhu one koje cy y GR ¢opmanHo
no3sosbeHe. Excriepumentr (LIGO) notBphyjy Aa moctoje camo J1Be TpaHCBep3aiHe nonapusaimje (+ u X),
IITO j€ y CarjacHOCTH ca HAIlIOM TEOPHjOM.

A.2 I'paBUTALIMOHO 3pavyer-€ YOp3aHUX Maca
Cnuuno Jlujenap-BuxeproBum moteHimjanuma [24]:
* Pgray = (G/(45€)) x (d*Qg;/dt?)?
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rzie je Qgjj; MaceHu KBapyIOIHI MOMEHT.
3a OMHApHU CUCTEM. OYEKYjeMO I'yOMUTaK eHeprvje Kpo3 TpaBUTAIMOHO 3padeHe Koju ce nmoknama ca LIGO
Mepemuma [22].

A.3T'paBUTALIMOHO LPBEHO NTOMepame

» Av/lv = GM/(c?R)
3a 3emiby:

e Av/v = (6.674x10'" x 5.972x109/((299792458)? x 6.371x2P= 6.969x10°
Osaj pesyJITar je uaeHTHYaH KiacuuHoM tbyTHoBckoMm npensuhamy. ['paButonunamMuyka KomMnoneHTa (Ag)
HE yTHYe Ha CTaTUYKO IPBEHO TIOMEpame, jep je Taj eeKaTr UCKIbYIHBO IOCIIEINIA PA3IHKe TPaBUTAIIMOHOT
norenuujaia. CTora, OBaj TECT HE MOXKE MOCITYKMTH 3a JIETEKIH]y Ag.

A.4 GPSkopekumnje
OueknBaHa je 1a TpaBUTOJMHAMUYA KOMITOHEHTA YTHIIaYe Ha caTeJeuTe y opOouTH ma Ou Ty Tpebano OutH u
HEKAaKBUX KOPEKIHja KOje 30BEMO PEJaTUBHUCTHYKE M 3a KOje 3HAMO Jia TIOCTOje jep Cy BeoMma MPEIU3HO U
m3mepene. Cax hemo n3padyHaTH KOJIMKO OM Hallla TpaBUTOJMHAMUYKA KOMIIOHEHTaa ToMe JonpuHena. He
0YEKyjeMO J1a je ’eH CaMOCTAIHU JONPUHOC JJOBOJbAH JIa MOKPHje ey peIaTUBUCTUYKY KOPEKLH]jy jep je Y
nuTamy cnada Cuila Kao LITO je TPaBUTAllMOHA, OJHOCHO 3HAa4ajHO cialbuja mbeHa AMHAMHUYKAa KOMIIOHEHTA.
3aTo UIEeMO Ha M3payyHaBambe.
[Mounmemo o yKyIHe cuie y HaireM dpopmani3my (kiaacuyna Gpusuka + rpaBUTOANHAMHYKA KOMIIOHCHTA):
Fiotat = G mumy/r2 - (1 - v3/c?)
Osa cuia onroBapa NOTEHIHMjay:
<I>eff(r) = -GM/r - (1 - V2/C2)
3a kpykHY opOuTy carenuta (Op3uHa V, MOTYNPEYHUK '), BaXKH:
v3lr = GM/rz - (1 - v3/c?)
OpnaBze 100MjaMO KOPUTOBAHY KPY:KHY Op3UHY:
v2 = GM/r - (1 - v3/c?)— v2 (1 + GM/(r c?)) = GMIr
3a mane wianose (GM/(r c?) « 1):
v =V(GM/r) - (1 - GM/(2r c?))
Bpeme notpebHo 3a jenan kpyr (mepuon) je:
T = 2arlv
Cana, y omHOCY Ha BpeMe y OeckoHa4HOCTH (0e3 rpaBUTALOHOT yTHUIIaja), BpeMe y OpOuTH ce Memba. 13
METpHUKE KOja 0JIroBapa MoTeHIHjary Pegy:
dr/dt = V(1 + 2B og/c?)
3a mMaje noTeHIujae:
dr/dt=1+ q’eff/CZ
WuTerpanuja myx opouUTe naje YKyImHY BPEMEHCKY Pa3iuKy HAKOH T :
At = (1/C2)I D¢ dt
Cana y6aryjemo @err = —GM/r (1 — v3/c?):
At = (1/c?)] [-GMIr + (GM v?)/(r c?)] dt
[IpBu unax:
At;=—-(GM/(rc?)) - T
Hpyru unas:
At, = (GM/(rc?) - (v3c?) - T
VYxymaH edexar HaKOH jeTHOT Kpyra:
At=—(GM/(rc?) - T - (1 —v?/c?)
Cana y0airyjeMo HyMepuiKe BPEIHOCTH:
GM = 3.986x10% m3/s2
r=6.371x106 + 2.02x106 = 2.657x10 m (upoceuna Bucuna GPScarenura)
v = 3.87x10% m/s
c =2.998x18m/s
T =86400s
[IpBo:
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GM/(r c2) = 3.986x10%/ (2.657x10 x 8.988x107)
= 3.986x10%/ 2.388x10%

= 1.669x10%°

3aTum:

(1 - v2/c?) =1 - (1.497xT0 8.988x109)

=1 - 1.665x10°

~ 0.9999999998335

Capa:

At = —(1.669x10%) x 86400 x 0.9999999998335
-1.669x10%° x 86400 x 0.9999999998335
-1.442x10° x 0.9999999998335
~-1.442x10° s

YV mukpocekyngama (1 us = 10° s):

At = -14.42ps/nan

OBo 0u OmIIa TeopeTcka KOpeKIrjakoja ce JJoouja u3 KiiacnyHe (GU3MKe U 3a KOjy 3HaMo Ja HHje J00pa jep
HHUCY YKJbYYCHH pelaTUBUCTHYKH edektu. Mnak, Hama je TOBOJbHA jep HAC Ty 3aHMMa IPaBUTOAMHAMHUYKA
cuia ma heMo caji U3BECTH U HEHY BPEIHOCT:
IMpoBepaBamo At, npeko NoTeHIMjana, OHOCHO NMPEKO YiaHa V2/C2,
[Tona3uu u3pa3 3a BPEMEHCKY KOPEKIH]jy Ol TPaBUTOMHAMIYKE KOMIIOHEHTE (Koja je caapkana y Gpakropy
v2/c?)je:

Aty = (L/c3)f (v - Ay) dt
Aum, KaKo cMO MoKa3anu, yruuaj Ag je seh caapkan y wiany v2/C2y yKynmHOj CHIH, T1a C€ KOPEKIIHja OHJIa
MO€ U3pavyyHaTH AUPEKTHO U3 Pa3JIMKe NOTEHIHMjala;

®d, = (GM/Ir) - (v3/c?)
Onpa je:

Aty = (1/c?) @y - T
Cana y0airyjeMo BpEIHOCTH:
GM = 3.986x10% m3/s2
r=2.657x10 m
c2 = 8.988x10* m?#/s2
vZ/c2= 1.665x10%°
T =86400 s
[IpBo:
@, = (GM/r) - (v3/c?)
= (3.986x10%/ 2.657x10) x 1.665x10%°
= 1.500%10 x 1.665x10%°
= 2.497x10° m?/s?
3aTum:
Aty = (1/c?) @y - T
= (1/8.988x1() x 2.497x103% x 86400
= (2.497x103 x 86400) / 8.988x161
= (2.157x102) / 8.988x101
= 2.399x10%° s
Y MHKpOCeKyHIaMma:
2.399x10%% s = 2.399x1 ps (jep 1 us = 10° s,na newemem ca 10°® nobujamo 2.399x10° ps)
Jlakiie yTHIIaj TPAaBUTOAMHAMUYKE KOMIIOHeHTe je 3aneMapuB y GPSkopeknujama.
[To3Hate Cy penaTHBHCTHYKE KOPEKIHje Koje Cy neTabHo obpahjene y [17]:
Cnemujanno-peaaruBuctuuku (SR)edexar:

e —2v2/(2c?) x 86400 =7.2ps/an
Onmre-pesatuBuctuuku (GR) edexar:

» +2GM/(c?R) x 86400 = +45.as/nan
Ykynno: +38.5pus/nan
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3ak/byydak:
Hamre Teopujcko npensuhame 3a GPSBpemeHcky KopekIujy, 1001j€HO HCKIbYYUBO U3 KIIACHYHE (PH3UKE ca
yrpal)eHOM rpaBUTOANHAMHYKOM KOMIIOHEHTOM (Kpo3 (akrop 1 — v2/C?d, uzHocw:

o Atgps = —14.42ps/nan
OBa BpEeIHOCT je MCTOT pejia BEIUYUHE Kao peaTHBHCTHUYKE Kopekimje (koje ce kpehy oko +38.5us/ian),
anmy je 2—3myTa Mama (y arcoyTHOM M3HOCY) M CYIPOTHOT je Mpea3HaKa.
I'paBuTonnnamMuika KoMnonenTa (Ag) naje 3anemapsbus gonpunoc (pena 107 ° us/nan) u HeMa cmucna
tpaxurtu je y GPSMmepemnma. Edekar je npemanu u He MOke ce Toy3naHo u3onoBatu. 360r Tora Hu GPS
Hehe OuTH KopumheH y eKCiepUMEHTATHOM H CHHTETHYKOM paay.

A.5 MepKypoB nepuxeJi
Ham ¢popmanuzam MakcBenoBuX jeHauMHA 3a TPaBUTAIH]y npenBula ucre pesynrare kao LlBapmungosa
METpHKA 3a KJIACUYHE TECTOBE OMILTE pelaTUBHOCTH — 00a opMan3Ma 1ajy ucte caabornosbcke rpaHuLe.
MepkypoB nepuxeJt:
* Ap = 6aGM/(c2a(1-€e?)) = 43" no BeKky
e je:
a = Benuka noiyoca Mepkypose opoute
€ = eKCLIeHTpUIHUTET MepKypoBe opouTe
VY Hamem ¢opmanu3My, YKyIHa CHia je:
* Fiota = G mymy/r2 - (1- v?/c?)
Osga cuna onrosapa epeKTUBHOM NOTSHIIMjATY:
. ¢eff =-GM/r - (l - V2/C2)
3a KpykHY OpOHTY, OBO BOJIH 0 KOpEKIMje Op3uHe, a 3a enuntuuHy opoury (Mepkyp), OBaj MOTEHIHja
MPOM3BOJIM JOAATHY Mpenecujy nepuxesa, kao y GR,anu ca apyraunjum KoeduIyjeHTOM.
Y GR,nperniecuja nepuxesna U3HOCH:
. A‘PGR = GT[GM/(CZa(l_eZ))
VY namem dopmanuzmy, epeKTUBHU MOTEHIH]jaI je:
U] q)eff =-GM/r - (1 - VZ/CZ)
3a enmuntuuHy OpOUTY, V2 HHje KOHCTAaHTHO. MeljyTuM, ako y3memo 1a je V2 = GM/a (mpoceuHo), oHna:
e ~-GM/r- (1 - GM/(a c?))
OBoO BozM /10 MaJjie KOpEeKILHje MpeLecHje:
* Ay, =A@gr- (GM/(a c?))
rzae je GM/(a ¢2) manu napamerap (= 2.5x108 3a Mepkyp).
Hakie:
« Ay, = 43"/Bek - 2.5x10° = 1.1x10° "/ Bex
3akspyuak: OBO je 3aHeMap/bUBO MaJI0! (MIJTHOHUTH J€0 JyYHE CEKYH/IE).
Jlonpunoc A, MepkypoBom nepuxedy je pexa 107 6 "/ Bek — JaNeKO MCIOJ TPEHYTHE €KCIIEPMMEHTAIHE
npenusHocT (koja je oko 10°* "/Bex). He MokeMO ra 1eTeKTOBATH CaJallll-HM HHCTPYMEHTHMA. AJIH,
TeopeTCKHU MOCTOjH — TO je OHO MITO HAll (hopManu3aM mpeasuba.

A.6 CaBujame CBETJIOCTH

CaBHjame CBETIOCTH je CTaTUUKU edexaT (KOju HE 3aBHCH O]l KpeTama M3BOpa Mace), Ma je M0 MPUHIIUITY
Koju je u3HeceH y A.3 (TpaBUTalMOHO IPBEHO NIOMEPAk-E), IPABUTOIMHAMUYKA KOMIIOHEHTA Ag Ha mhera 6es
yruuaja. Crannapana spensoct (A0=1.75" 3a Cynue, y ckiaay ca GR [18]) Ty ocTaje HenpomemeHa 0e3
0031pa Ha MPHCYCTBO WM OJCYCTBO I'PaBUTOJMHAMHYKE KOMIOHeHTe. CTora, caBujame CBETIIOCTH HE Ou
TIPE/ICTaBIbajI0 KOPMCHOT KaHU/IaTa 3a IETEKIH]Y Ag M HE Pa3Marpa ce Jajbe y OBOM MCTPAKUBAMDY .

A.7 O4eKMBaHM eKCIIEPUMEHTAIHH Pe3yJTaTH
1. LARES careaur: notBpJa ca = 5% npernu3zHonihy
2.LIGO/Virgo: wuck/by4rBO + M X mMoJjiapu3anuje
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3. Binary pulsars: ryburak eHeprije Kpo3 rpaBUTAI[HOHO 3pauckhe

IMPUJIOI' b: FLYBY AHOMAJIMJA - HE3ABUCHA MOTUBAILIUJA TPABUTOAUHAMUKE

VY oBOM mpmiiory ykasyjemo Ha moctojehy, He3aBHCHY M 0 JaHAaC HEepeIeHy eKCIIEPUMEHTAIHY 3arOHETKY
U3 JIUTEpaType Koja Mmpyxka J0AaTHY MOTHBALM]Y 3a IMOCTOjarbeé TPABUTOJMHAMUYKE KOMIIOHEHTE KOjy CMO
MPEUIOKIIIA Y OBOM pajy. HarmamaBamo na 0Baj IpWIIOT HE MPENCTaB/hba KBAHTUTATUBHY MOTBPIY HAIe
Teopuje, Beh ykasyje Ha IIay3uOMIHOCT MPUCTYNA KPO3 HE3aBUCHO YTBpPhEHY HY)KHOCT OP3MHCKO-3aBUCHE
KoMmIoHeHTe cuiie. OCHOBHA CBpXa MPHUJIOTa je TPOaHAIN3UpPa XUTIOTE3€ HEKOJIUKO HAYYHUKA KOJH CY Jaiu
3aHUMJBHBY HJIEjy Ja OH ce OBa aHOMaJIHje MOTJIa 00jaCHUTH NPEKO TPAaBUTOJMHAMUYKE KOMIIOHCHTE CHIIC.

b.1 Onuc anomanuje

On 1990.roauue, Ipy HEKOJIMKO MaHEBapa IPaBUTALOHOT ACUCTHPaba CBEMUPCKHUX JIETENNIA OKO 3eMJbe,
npumehere cy HeoOjalImeHe MPOMEHEe acCUMNTOTCKe Op3uHe — HasBaHe cy flyby anomalyPerucrposane
BpeaHOCTH Ty yKJbyuyjy: Galileo (1990), NEAR (+13.46 mm/s, 1998), Casséitl.11 mm/s, 1999), Rosetta
(+1.82 mm/s, 2005) [16Nnpkoc BuIlle O TPHU ACIEHH]e UCTPAKUBakbha, HUAjeTIHO MOTIYHO 3a710BOJbaBajyhe
objamimemne yHyTap nocrojehe Gpusuke He OCToju (AaTMOC(HEPCKH OTIOP, TPEIIKE Y MOJIENTY MPaBUTAIIHOHOT
noJba 3eMJibe, TEPMAITHO 3padethe JICTENuUIIe) HUje mpuxBaheHo o cTpy4He 3ajequure [21].

b.2 MaremaTuuka HYKHOCT 6p3l/IHCKO'3aBI/ICHe KOMIIOHEHTEC

HesaBucHo ox oBor pamga, Hasse, Birsim Hahnel (2018) [19Marematnuku ¢y qOKa3aid jJa CBaKO TOJbE
cuie, KOje 3aBHCH HMCKJbYYHMBO OJ1 MO3HUIMje JieTenuie (aHaJorHo KiacudHoj HbyTHOBOj rpaBuTanuju), He
MOXe PerpoyKOBaTH PEerucTpoBaHe aHomainuje. [lokasanu cy, CynpoTHO, /1a oJba CUIIe Koja Cy KBaJIpaTHEe
¢byHKIMje Op3HHE JIeTeNUIIe MOTY Ta4HO MOJIENIOBATH e(eKar 3a CBE aHAIU3MpaHe TpereTe.

OBo je 3Ha4ajHO 3a Haml paja: o0JIHK 3aBUCHOCTH (KBajpaTHa QyHKIMja OP3UHE) KOjU je HE3aBUCHO yTBpHEeH
Ka0 MaTeMaTHYKH HYXaH 32 00jallli-elhe aHOMAIHje, UCTOT je 00JIMKa Kao npeaBul)eHa KOpeKImja:

Fiota = G- mima2/r2- (1-v?/c?)usBenena y OnesbKy 3 OBOT pajia. 3aTo BPEAH Jia IPOBEPUMO U OBY OIIIIH]Y.

b.3I'paBuToMarseTHo TymMaueme y nocrojehoj sureparypu

HonatHo, rpyna ucrpaxuBada (ScienceDirect, "The flyby anomaly: A case foosyg gravitomagnetism?")
[peUIOKIIIA je YIPaBO IPaBUTOMArHeTHY (IPaBUTOIMHAMUYKY) KOMIIOHEHTY Kao Moryhu y3pok aHomainuje,
notmyHo He3aBucHO oA GH-mapaaurme kopumihene y oBoM paay. U oBo je Beoma Ba)HO 3a OBaj paj jep je
Ta rpyna UCTpa)kuBada He3aBUCHO JONLIA HA HCTY UJejy. Masia, CTOro y3eBIIM MU HUCMO HH JIOIIIH Ha OBY
UJiejy Hero je OHa HaIpoCTO CaMo MPOM3allIa U3 MATEMAaTHYKUX CTPYKTYpa KOje CMO caMH U pa3Buiu. To je
pasiior BUILE Jla TPOBEPHMO UMa JIM Ty Heuera Wi HeMa.

b.4 AupepcoHoBa eMnupujcka popmysia
[TpoBepy ytuiaja rpaBuToArHaMUYKe KoMmmnoHere Ha flyby anomalyhemo u3BpiimTH Tako mTo OBje 1ajeMo
u3Bohemwe Aniepconose Gpopmyie. Haume, Annepcon u capanuunu [16] cy, anammsupajyhu Flyby nonatxe,
MIPEUIOKIIIA eMITUPHjCKY POpMYITy KOja perpoayKyje H3MepeHe aHOMaIIje:
e AVoo/Voo = K (C0Sd; — COSH,)

e je:

e 0; — JCKJIMHAIM]a YJIa3HOT aCUMITOTCKOT BEKTOpa Op3UHE

* 0, — JCKIIMHAIM]a U3JIa3HOT ACUMIITOTCKOT BEKTOpa Op3mHe

» K — emnupujcku napamerap, 3a Koju cy yTepaunu aa usHocu K = 20.R./c = 3.099x10°
Amnpepcod je mpuMetrro aa K , auum Ha mapamerap poranuje 3emibe" , au HUje MOTao J1a ra u3Bejae 13
npBux npuHnuna. therosa gopmyrna je 6una HCKIbYYHBO eMIUPHjCKH (PUT — OIIMYAH, ANy 0e3 MKaKBOT
TEOPHjCKOT ONPaBIama.
IIpo6em ce crora cBoau Ha u3Boheme K u3 npBux npuHmuna. Ako To ycne u AHaepcoHoBa (popmyna
npecTaje 1a OyJae eMIupHujcKa M IMoCTaje HyKHa Toclienna a1y0Jse Teopuje. Y HaCTaBKy UCTPaXKyjeMo J1a Jind
K mpupoano npousniasu u3 rpaBUTOAMHAMUYKE KOMIIOHeHTe (A,) KOjy CMO YBEIU Y OBOM pajy.

b.5 U3Boheme AngepcoHoBor napamerpa K U3 rpaBUTOAMHAMMYKE KOMIIOHEHTE
Kopak 1: lloaasuu uspas 3a Ag
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Ha ocHOBy cTanmapaHe rpaBUTOCIIEKTpOMarHeTHe aHanoruje (morsphene Gravity Probe BexcriepumenToM
[23]), rpaBuToarHAMUYKO TIOJbE poTUpajyher Tena Mmace M, monynpednuka R, yraone Op3uHe M, y Tauku I
JIaTO je& JTUTTOJTHUM OOJIUKOM:
*A,(N=(G/ (2c2)*[3@ - f) Ff—J]/r3
e je:
o G — IbyTHOBa rpaBUTAIlMOHA KOHCTAHTA
e C — Op3uHa CBETIOCTH
e J — yraonu momeHT 3embe: J = (2/5) MR%®
o  — jeIMHIYHU BEKTOP MOJI0XKAja
* I — pacTojame 01 IICHTpa 3eMJbe
Ha exBaropujanuoj paBuu (J L r), oBaj u3pa3 ce CBOJM Ha:
*Ag(N=-GJ/(2c*r?)
WNHTeH3uTeT MoJba je:
«Ag(N=GJ/(2c%r3)
JluMeH3noHa rpoBepa:
e G [m3 kg1 s72]
+ J [kg m? s71]
e c? [m? s7?]
e 13 [m?]
*(GJ/(2c?r?) =m3 kg 1s72) (kgm? s1)/((m? s~%) (m3) =s"1=1/s
Jaxne, Ag uma numensujy 1/s (Hz),mro je ynpaBo oHO mTo je moTpebHo ja V X Ag 1a yOp3ame (m/s?).
Kopak 2: Cujia Ha JeTeauny
I'paBuTOIMHAMUYKA CHIIA HA JIETENIMILY Mace M, Op3uHeE V, y TIoJby Ay
*Fa=m*(vxAy)
Yop3ame:
*ay =V XA,
WurensureT yop3ama (Ha eKBaTOpY):
cap=V*A,(N)=v*GJ/(2c*r?)
Kopak 3: Xunep6osimuka nyrama U HHTErpamnuja
Jlerenuua ce kpehe 1o xunepOoIMUKo]j MyTamu 0KO 3eMibe. [lapamerap yaapa o3Hauumo ca b, a Hajommke
pacrojame (nepure;j) ca Iy. bpsuna y Tauku I jaTa je U3 oipiKama eHepruje:
o v(r) = sqrt(Voo? + 2GM /1)
rie je Voo acuMnToTcka Op3uHa.
I[Mpojexuuja npoMeHe Op3rHE HA aCUMITOTCKHU mpasall (koja oapehyje AVoo) cBoiu ce Ha UHTErpa:
« AVoo =] (v x Ap) - ¥t
rae je V =V / |V|jeanHnuHM BEKTOpP y NpaBIly KpeTarba.
Kopak 4: AHanuTH4YKa HHTErpalija — UHTErpa YK Xunepooaudke myTame
[Tona3uu m3pasu:
* Ay(r) = G J /(2 c? r3) (uHTeH3MTET 10Jba HA EKBATOPY)
cap=V XA —a=V- AN
XunepOoiauika myTama 0KO 3eMbe:
*r(y) =1, / (1- e cosy)
evi=b Voo /r
edt=(r2/ (b Vo)) dy
rze cy:
* I}y —Iepurej
€ —ekcueHTpuHTeT (€ > J)
b —mapamerap yznapa
* Voo —acumMnToTcKa Op3uHa
HHaTerpan 3a npomeny Op3uHe:
[Tpojexmuja Ha TaHTEHIMjaJTHHA TIPaBaIll;
e AVoo = a, dt
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riaejea, = a - sing, asin g =V(e2- 1) -siny / (1- e cosy)
Cana:

ca=V-Ag(N=(bOVao/r)-(GJ/(2c2r)=bVGJI/(2c2F)

e dt = (r2/ (b Voo)) dy
Hakne:

ea,dt=(b Voo GJ/(2c2r) - ((e2- 1) siny / (1- e cosy)) - (r2/ (b Veo)) dy
b Voo u b Voo ce monumirasajy:

ea, dt=(GJ/(2c?) {(e2-1)siny/(1-ecosy))  (1/r2 dy
Yo6auyjemo r(y) =r, / (1 — e cogy):

«1l/r2=(1-ecow)/r}
Hakie:

ea,dt=(GJ/(2cxp))  V(ez-1) - siny - (1 -e coy) dy
HNuaTerpanmja:

{+oo}

« AVoo = (G IV(e2 - 1)/ (2 c&?)) - JZey Sin W (1 - e cosy) dy
OBaj uHTETpAN je:
{+c0} . {+o0} . _ _
* f oy SiINWdy —e [ 'siny cosy dy =0-0=0
JMakae: AVoo =0

Bakspyuak: ['paBuroquHamMudka KomrnoneHra He naje Flyby-es edekar. OBaj pesynrar jecte y CKiaay u ca
nutepatypoM [19, 24]koja nokasyje aa crangapanu Lense-Thirringedekar naje 3anemMapsbuB JOMPUHOC.

b.6 3ak/byuak npuiiora

Flyby-jeBa anomanuja Huje pe3ynTar rpaBUTOJMHAMHYKE KOMIIOHETE W TO je KOHauHH oAroBop. Mako je
OnII0 OCHOBA J1a Ce YCIIOCTaBHM OBaKBa XUIIOTE3a, PEIICHhe MHTErpasia U3 Kopaka 4 mpeTxoaHOr oJeJbKa Jaje
HaM KOHA4HU Pe3yJITaT Ja OBa KOMIIOHETa MMa HYJITH IPUHOC, IITO 3HAYH J1a ce AHAEPCOHOBA EMUITHPH]jCKa
dopMysa He MOXKE M3BECTH U3 Hallle IPaBUTOJMHAMHYKE KOMIIOHEeHTe. OBaj HYJITH pe3yiTaT HUje CilydyajaH:
cuna obmuka F = m(v X Ag) je npema KOHCTPYKIMjH yBEK yNpaBHa Ha Op3uHY Tena (aHAIOTHO MarHeTHO]
JlopeHIIOBOj CHJIH KOja HUKAJ HE BPIIHU Paj), a 3aTO HE MOXE TUPEKTHO MEHATH MHTCH3UTET aCUMIITOTCKE
Op3uHE Telra — caMo MOYKEe MEH-aTH IpaBall KpeTama i He U ’heroB HHTeH3uTeT. OBO 00jalimaBa v 3aIiTo
YHCT TPABUTOIUHAMUYKH e(hekaT, He3aBUCHO O] MPENM3HE TeOMETpHje MyTamke, 1aje HyATH JonpuHOoC AV o,
y CKiIaay ca pesynraTom unrerpanuje y Kopaky 4.

IMPUJIOI B: JOKA3U EKBUBAJIEHIIUJE 3A TUIIOBE MPEKA

VY oBoM mpuIiory aajemMo opMmaliHe oKa3e a ce CBaKH O] KJbydyHHX KoHIenaTa u3 [lornasba 5 (CBoheme
Ha MPEXe) MOXKE EKBUBAJICHTHO MPECIIMKATH y oaroBapajyhu tum mpexe. CBaku J0Ka3 je yBeK JaT ca TPH
HE3aBHCHA MPHUCTYMA (IMPEKTaH, KOHTPAJUKIMJOM M MPEKO YHUBEP3AIHOT MpeciuKaBama), nparehu Hairy
METOJIOJIOTH]y U3 MaTeMaTHYKKX panosa [1-15].

B.1 ExBuBanennuja 3a Tun L (Maremaruuku uzomopduszam)
Teopema b.1. Heka je ®4 OunapTuTHa Mpeka BUcoke ryctue (tum L) rae cBaka cuia uma cBoj oouk 1/r2,
Tana Baxku: MaTteMaTH4ku u3omopdusam Baxku < @©, HeMa NOTIYHUX pyHa.

Joka3 1 (Iupekran). [To KOHCTpYKLHjH, 00€ cuiie (EMEKTPOMAarHeTHA U TPABUTAIIMOHA) UMa]y UCTH OOJIHK
1/r2, na Hema uBopa 6e3 uBuie. [Ipema edunurmju 2.2 [7], pyna je uop 6e3 usuna, na ®, Hema pyna. B
Hoka3 2 (Koutpagukuujom). [IpernoctaBumo f1a @ uma pymy. Tama mocToju cuina koja Hema oouk 1/r2,
IITO 3Ha4YM Ja n3oMopduszam He Baku. KoHTpanukimja. m

Hoka3 3 (YuuBep3ajiHo npeciankabame). [Ipumennmo Teopemy 7.3 [5]. OHa rapaHTyje eKBHBAJICHIIN]Y:
U30MOpGH3aM BaXKu aKo u caMo ako @, Hema pyma. B

B.2 ExBuBajieHI4ja 3a THN T (AHTHIPaBATAMOHA KOMIOHEHTA H TPAHCBEP3AJIHHA TAJIACH)
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Teopema Bb.2. Heka je @, Tononomko-koMOuHaTopHa Mpexa (turm T) ca JaBe oproroHainHe oce (craruyka/
auHamu4ka). Tama Baxku: IIocToju aHTUIpaBUTAIMOHA KOMIIOHEHTa < @, HeMa MOTMYHHX pyna.

Jlokas 1 (lupexTan). AKo MocToju Ay, OH/IA TIOCTOjU Tyai (CTaTMuKa/IMHaMu4Ka), na ®; uMa CBe UBHIIE.
[Mpema lebunuimju 2.2 [7], @, Hema pyna. B

Jlokas 2 (Konrpagukuujom). IlpernoctaBumo 1a @, uma pyny. Tana He noctoju Ayai, na Ag He IOCTOjH.
KonTpagukiuja. m

Joka3 3 (YHuBep3aaHo npecaukaBame). [Ipumenumo Teopemy 7.3 [5]. m

B.3 ExBuBanennuja 3a tun U (Bpsuna ¢, = C)
Teopema B.3. Heka je @3 Heka yHUPOPMHO-TUCTpuOyTHBHA Mpeka (tun U) ca TeKHHCKUM UBHIIaMa KOje
npesicTaBsbajy Opsune. Tana Baxu: €g = C < @3 HeMa MOTIYHHX pyna.

Moka3s 1 (lupexTan). AKo C; = COH/A CBE TEXMHE KOHBEPIUpajy Ka UCTOj BpeaHoCcTH — D3 Hema pyna.
Jlokas 2 (Konrpagukuumjom). IIpernocraumo na @3 uma pymy. Tana mMopa €g # C, a He BaXKH j€IHAKOCT.
Konrpanukimja. m

Joka3 3 (YHuBep3aaHo npeciaukaBame). [Ipumenumo Teopemy 7.3 [5]. m

B.4 ExBuBasienumja 3a Tun V (Yuusep3ajinu o0paciuu cuiia)

Teopema b.4. Heka je ®4 xubpuana mpexa (tun V) xoja komoOunyje L, T u U. Taxa Baxu:

YHuBep3ajHu o0pacuy HEeHTPAJTHUX CHJIAa Baxke & @, HeMa NOTHYHUX pyna.

Joxka3 1 (lupekTaH, Npeko KOMIOHEHTH). AKO YHUBEP3aJIHU 00paciii BaKe, OH/Ia CBH YCIIOBU yaJHOCT,
n30MOppH3aM U Cg = CBake, 1a CBE KOMIIOHEHTE HeMajy pyna. Xubpua ®, nx KOMOMHYj€ U HEMa pyria.
Hoka3 2 (Kourpaguxkuujom). [IpernocraBumo na ®4 uma pyny. Taga Heka 0] KOMIIOHEHATa UMa PYITy, Ia
HEKH YCJIOB He Baku. KoHTpaaukuyja. m

Joxka3 3 (YHuBep3aiaHo npeciukaBame). [Ipumennmo Teopemy 7.3 [S]Ha Harny TBpby Ja YHUBEP3aITHH
oOpacim Baxxe. OHa rapanTtyje KOHCTpYKTop @4 1 eKBUBAICHIN]Y: 00paci Baxke ako U camo ako @, Hema
pymna. m

IMPUJIOI I': KPUTUKE U OAI'OBOPHA
VY oBoM mpuiory ajemo oAroBope Ha Moryhe kpuTtHke oBor paja. Jlajemo ux BHIIE 3aTO Jja pa3jaCHUMO Te
€BEHTYyaJIHE HEJI0YMUIIE OKO caMe CYLITHHE pajia HEero IITO OYeKYjeMO HEKAaKBe N30MIbHUjE KPUTHKE.

Kputuka 1: , AHTUTpaBUTAIIMOHA KOMITOHEHTA HUjE AeTEKTOBaHa."

Onrosop: KoMrioHeHTa jecTe AeTEKTOBaHA WHAWPEKTHO — KPO3 TPAHCBEP3AIHOCT TPABHTAIIMOHHUX Taaca

(LIGO). IupekTHa AeTeKIMja 3aXTeBa U NPEIU3HU]a MEPEha MPU BEITUKUM Op3uHaMa, IITO jeCTe TEXHHYKU

M3a30B, aJIM HUje U HeMoTYlie.

Kpuruka 2: ,,0Baj pag urHopuiine onmTy peaaTuBHOCT."

Onrosop: Pax ve urnopume GR — camo je He KopucTH, ocuM y momohne cBxe, jep GR nurae ve nomume

AHTUTPABUTALMOHY KOMIIOHEHTY I1a TAKO HE MOXe OMTH HH O] KaKBE KOPHCTH Yy Tparamy 3a HbOM..

Kpuruka 3: ,,Bu yBonute MaTeMaTHuKy JOTHKY y (husuky. Kakse To Beze nma ca puznkom?"

Onrosop: He yBoaumo je y pusuky Hero y paa u3 ¢pusmke, a To HHje ucto. Ou3ndxu 1eo pajaa je Ty YUcTo

(hu3NUKHM, a MaTEeMaTUYKa JIOTHKA je YBOJ Y Taj GU3NUKH JIe0 U3 Kojer oH u cieau. [locne dusmukor nena ce

KOPHUCTE jOIlI IB€ METO/IE KOj€ Cy Pa3BHjeHE Y MAaTEMaTHUKO] JIOTHLIU U OBJI€ C€ KOPHUCTE Y TECTHE CBPXE U TO
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HEe camo (PU3UYKOT JIeJIa pajia HeToO M Y CBPXE TeTUPama CaMHUX METOA0JIOTHja y Gpu3unu. Y MaTeMaThI| Cy
MIOJIOXKHJIE HCITUT U TO Ca HajBUILIOM OLICHOM, a CaJl je, MPUPOIHO, Ha peay (pu3nka, HajOmmKa MaTeMaTHIIH.
Kputuka 4: ,Ilpunor A nokasyje na Behuna xanaunara (Mepkyp, GPS caBujame CBETIIOCTH) YOIIITE HUjE
a0 JieTeKTabuIan 10npuHoc Ag. 3ap To He cabu Baiy Teopujy?”

Oarosop: Ympaso CynpoTHO — TO j€ I0Ka3aTesb MOMTEHOT paja, He cnaboct. Jla cmo TBpaumu 1a Ag CBYL
3HAYajHO JOTIPHHOCH, TO OM OWIIO CyME-HBO YIIPaBO 3aTO IITO 3HAMO Jla TPaBUTAIMja U Ta HEHA JUHAMHYKA
KOMITOHEHTa MOpPajy OUTH M3y3eTHO citabe Ha ckaimama CyH4YeBOr cucTema (MHaYe OMCMO JaBHO MPUMETHIIN
Kpo3 oxactynama o1 GR). [Ipunor A GpyHKIHOHHIIE KA0 CHTO KOje HACHTU(UKY]je jeJHHO KaHIUIaTe TIC je
edexar J0BOJbHO BEJHK J1a Oy/ie MepJbiB — Op3UHY M TPAaHCBEP3aJHOCT IPAaBUTALIMOHMX Tajaca. YIpaBo Ha
TOM, jeINHOM NPEOCTaIOM KaHAUJATY, IPaJu Cce OCTaTaK TpHjaje.

Kpurnka 5: ,3amro rpaBuToAMHaMUYKa KOMIIOHEHTA HE yTH4YEe Ha cTaTHyke edekte (LPBEHO MOMeparme U
caBHjarbe CBETIIOCTH)? 3ap TO HHUje MPOU3BOJEHO HCKIbyUCHE?"

Onrosop: He! JlupexTHo cieau u3 came neuHUIMje KoMIOHeHTe. [o aHamoruju ca enekKTpoJUHaMUKOM,
MarHeTHa CUia Jiejlyje caMo Ha HaeleKTpucama y Kperamwy (Jlopeniosa cuna F=qQvxB); Ty HaenekTpucame
CTATHYKOT THIA He oceha MarHeTHO nosbe. McTo Baxu u 32 Ag — OHA C€ CIPEKE UCKIbYIUBO €4 KPETABEM
maca (F=m-VxA,), na oHza u cTaTudky epekTu (MocMaTpay U U3BOP Y MHPOBamby je/IHO IpeMa Jpyrom) 1o
KOHCTPYKIIM]U OCTajy HETAKHYTH. 3aTO OBO HHje MPOMU3BOJFHO HCKIJbYUCH-E, HETO j€ HYXKHA MOCIEeINIa came
CTPYKTypE aHaJOTHje KOjy paj Ipaju.

Kpuruka 6: ,3amro je GPSedekar rpautonunamuxe tomuko mamu (10°° us/nan) xazga cy cBu caTenuTu y
CTaJTHOM KpeTamy?"

Onrosop: bp3una catenura (*3.9 km/s)uunu cera vV/c=1.3x10° y ogHoCy Ha Op3uHY CBETJIOCTH, 1A je U
JOTIPHHOC TPaBUTOAMHAMUKE, KOjU cKanupa ca v3/c?, pena ~101° — kao excrpemHo manu paxtop. OBo HUje
HCOYEKHBAHO: IPAaBUTOIMHAMHKKA [TOCTAje 3HAYajHUja TeK mpu Op3uHama Gnuckum C (Buaetu y Oxersky 3.3,
rie Fyorag —0 npu v—C). GPScartenuTu kpcrape npu Op3nHama Jaleko HCHOJ T€ FPaHHUIle, I je OH/a OBa
3aHEeMapJHPUBOCT e(heKkTa caMo OUeKHBaHa MOCeIUIAa TEOpHje, HUKAKO U BheHa cIa0oCT.

Kputuka 7: ,, Axo rpaBUTOIMHAMHYKA KOMIIOHEHTa He objantmaBa DimuOujeBe aHOMaJH]je, 3allITO CT¢ OHJA
YOIIIITe YKJbYYWIN Taj (heHomeH y pax?"

Onaroeop: 3aTo 1ITO je TO JACICHUjaMa HEOOjallllbeH eKCIIepUMEHTATHN (DEHOMEH KOjU C€ YeCTO TIOBE3MBAO
ca rpaButoMarsetuzmom (Aceno, Mopro, Mup3a). Hara gyskHOCT je Ouia 1a mpoBepHMO Ty XUIOTE3y — U
MOKAa3aJii CMO J1a OHa He mpoa3u. OBO je HayYHH Pe3yiTaT: Ty CMO UCKJBYUHIIN jelaH MOTyhu MexaHHu3aM.
VY Haynu je moHeKa] jeTHaKO BaYKHO 3HATH IITa HE pajiy Kao U IITa Paju.

EITUJIOI

OBaj pax npencrasiba Bpahame jeTHOCTaBHOCTH Y (PH3HUKY. YMECTO Ja KpeHpaMo CBE CIOXKEHHje TeopHje 1a
00jacCHIMO TIPHUPOAY, MOXKIa Tpeba /1a TpaXKUMO jeHOCTaBHHUje oOpacie koju Beh mocroje y \boj. AHaioruja
n3Mely eIexkTpoMaraeTu3Ma M rpaBUTaldje HUje CaMO MaTeMaTHYKU TPUK — OHA j€ YKa3UBaamke Ha OCHOBHY
jenHocTaBHOCT yHUBEp3yMa. Kao mTo je MakcBen yjeuHHO eIeKTPUIITET U MAaTHETH3aM y UCTH TEOPH]jCKH
okBup [23], Tako U MU cajJa yjeqHbyjeMO SICKTPOMArHeTU3M U TPABUTALIN]Y Y jeIMHCTBEHY CTPYKTYpy.OBO
MOXKe OWTH modeTak HoBe epe y ¢usumm. OTkpuhe aHTUTpaBUTALMje Ka0 0A00jHE TPaBUTOAMHAMHUYKE CHJIC
npeacTaBiba QyHIaMEHTAIHHA JONPUHOC pa3yMeBamy MPUPOIE TpaBUTALH]E.

Ta cuna, nako cnaba npu ManuMm Op3uHaMa, TIOCTaje 3Ha4ajHa Mpu Op3nHaMa OJMCKUM Op3WHH CBETIIOCTH U
00e30elyyje mpupoHH NMaHAaH ca SIICKTPOIHHAMUKOM.

[TocTojame aHTUTpaBUTAIIMOHE KOMIIOHEHTE TIPYy’Ka HaM OCHOBY 3a T'PAaBUTALMOHU IITHT MPOTHB aCTEPOHU/IA.
3aTo Ou HBEHO AUPEKTHO JETEKTOBamhEe OTBOPUIIO CAaCBUM HOBE MOTyhHOCTH Ka miiaHeTapHo] 0e30eJHOCTH, a
n06po 3HaMo J1a cy MoryhHocTu yaapa acrepousia y 3eMiby IVIaBHA NPETHA KUBOTY Ha 3eMibU. TakBu cy ce
yJlapu AelIaBajiy y NPOIIOCTH, Ma O ce MOpalu AeCUTH U 'y OyyhHOCTH, KOJHMKO roj BepoBanu jaa Hehe.
AHTHUrpaBUTAallMOHA KOMIIOHEHTA HaM TaKO BEPOBAaTHO OTBapa BpaTa M TO BpaTa claca Koja HUICMO CIyTHIIN
HU J1a yommre noctoje. CaJy KOHauHO HMaMo U peajiHy HaJy Aa BepyjeMo aa Hehemo npohu kao JUHOCaypH.
Wnak, myT oJ1 0BOT paja A0 TOT LITUTA JaJeKO j€ O 3aBpIIEHOI — OCHOBA MIOCTOjM @ IYT MyT HAC jOII YeKa.
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POST SCRIPTUM

Humepecanmmno je 0a cy mnoze gequxke meopuje y huzuyu nacmaine ynpago Kpo3 ananozuje. Maxceen je
Kopucmuo ananozujy ca gyuouma, Ajumumajn je zeomempujcky ananozujy kopucmuo [18) u 3a onuumy
peramuenocm. Hawi pao cieou mpaouyujy — Kopucmumo HOZHAMU POPMATUZAM eTeKMPOMAZHEMUIMA
0a omkKpujemo Hoge OyOuHe y pasymesawy zpasumavuje. Anu ananozuja, Ma Koauko enecaHmua, Huje
2apanyuja ucmuHe — OHa je camo Komnac Koju nokasyje npasay. Ilpasa npoeepa oonazu mex kao ce maj
KOMRAC cyyenu ca mepernem, a Mu cM0 0aHAc UOeu U mo. NOHEKAo, KOMRAc nokasyje npaso omkpuhe,
a NOHEeKAaod camo yKasyje Ha nym Koju, npu HeKoj oaudicoj npoeepu, éoou y hopcoxakx. Qboje cy epeonu
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Nature is unified — its laws are simpler
than we ever dared to imagine.

ABSTRACT

This paper reveals a fundamental mathematical isoinigm between the electromagnetic and gravitationa
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