Ectp ABE€ CHUJIbI XUMHUYECCKAA U

OTHOCHUTCJIBHO JAaJIBbHO- CI/I‘]II)I ’I‘peHI/Iﬂ

jeficryiomas Ban nep Baasnea CYIIECTBYET CYXO€ M XKHIKOE TPCHUE. 3aKOHBI
TPEeHUS YCTAHOBJIEHbI JIeoHapaoM J1a BuHYe 0K0J10
S oommesomscw S BEKOB Ha3a1. Cuita F ypaBHOBEIIMBAECTCS PABHOU

B sopsaamcoso = €U 10 BEJIMYMHE U TIPOTHBOIIOIOKHO HAIPAaBICHHOH
m CUJIOH, KOTOPAsi U €CTh CUJIA TPEHUS MTOKOS Fmp. Cun
AN TPEHUS MIOKOA JJIS1 TaHHBIX MMOBEPXHOCTEN MHOTO, HO
- Ao ceponmin MAakKC. CHJIa TOJIBKO OJIHA F o max FTp 1 UMCHHO
' Orramaipa 4yepe3 Hee U OIpeICsIeTCs 6e3pa3MepHHM koA (.
\ e 10 " TNpPONOPIHOHATIBHOCTH HA3bIBACMBIM K09 ¢h. mpernus
npmme; ~ - cKoboicenus j. 3axon Amontons' (1699 ): momyis
m?:nﬁ":nn- ¥ Haammacrca s BEKTOPA Fmp.CK. JIMHEUHO MPONOPLMOHAJICH
KOHTaKTHOM Harpys3ke (uau peakuuu onopsl N ) IPaKTUYECKU
pERiME He 3ABHCHUT OT MOAYJIfl CKOPOCTH TEJIa HO HAaIpaBJIEH

IIPOTHUBOIIOJIOKHO CKOPOCTH.

L Fpmae Fpou ¢ __uN
N N mp .CK v

Touno paBHO ecim npeHeOpeus Ban-aep-Baanscom




Cuvna TpeHna? 3to MHOro unun mano?
. Ecimu cun tpenust Her?

YeoBek HE MOT OBI XOJIUTH!

. UTOOBI KOCMHUYECKOMY CIIYTHUKY Maccou 650 kr
[IOMCHSITh OPOUTY HYKE€H JIBUIaTClIb, JAIOIINN B
MMITYJIbCE S Tp (€ClIM OHA U3MEHUIACH U3 34
TPEHUS 00 OCTATKU aTMOC(EPHI)



Cuiia TpeHHs CyX0ro TpeHus

Ecau roprzoHTaibHas MMOBEPXHOCTH T.€. 0=0 ? mpoeKIus mg Ha
TOPH30HTAJIbLHYIO OCh X paBHa () ¥ IpU Havasle CKOJIbKCHUS
ma = F—FTp=F—,umg=O WJIW J1J1s1 OajlaHca CUJl U 00eCIIeueHUs
XOTs Obl HYJIEBOTO YCKOPEHUS (HE HYJIEBOW HAYaIbHOU
ckopoctn) a=(F/m- u g) =0 unu F/m=ug v F=umg. Cuia
F n1uHelina nmponmopuuoHajdbHa Macce Tesa. Cuna ¢ KOTopou
HAJI0 TSHYTh HAa CAHSX OJHOTO U JBYX CTYJACHTOB OTIMYAOTCS

X

> .
B JIBa pa3a. A JJIl TPOUX HAJA0 TPOMKY 3anpaArarb!

Ho u3 ombITa: cuiia TpeHUs He 3aBMCUT OT ILUIOIIAAM CONPUKOCHOBeHUs. [locmorpum Ha
Tpudomerp. [louemy? F , onpenensercs XUMHEH IMOBEPXHOCTEN U CHJIOH KOTOPas MX
craBjauBaeT. UeM MEHbIIE TIONIA/lb TPU TOM K€ BEJIUYMWHE CUJIbI C/IABIMBAHUS, TEM OOJIbIIIE
JaBJicHUE Ha | MM KB. ¥ OOJIbIIIE aTOMOB BXOJSIT B XUMHYECKOE B3aumojeiicteue. Tpudomerp
¢ asyms oOpyckavu. Cuiia Bozpacia B 2 pasza!l lporusopeune? T.e. 1y Havasia JBHKCHUS
HaJ10 4TOOBI MEsina - umgcoso=mg(sina- xcoso)=0 uam u =tga! T.e. yron HakJI0OHA JOCKH B
MOMEHT CIIOJI3aHUsI OPYCKa ONPEIEISIETCS TOJIBKO BEIMYMHOM M, a HE M. A 1mouemy HeT
3aBUCUMOCTH OT ckopocTu? Tak kak KopoTkoaerTBUe (XUMHUs) . Criia 1eCTBYeT TOJIbKO
HA MaJIeHbKOM paccrosiHuM. T.e. pakT xumMuueckas MojiekyJaa co3gana! Ilpu maabix
CKOPOCTHAX ¢ KAKOH CKOPOCTHIO OHA CO3/1aBAJIACH HE BAa:KHO. Ba:KHO, 4YTO B OIUH U TOT Ke
MOMEHT BPEMEHHU eCTh ONpPeAeICHHOE KOJUYECTBO MOJIEKYJ COCTOAUX B XUMUYECKOH

CBsA3U. XUMMSA B JIeCATH pa3 cujibHee Ban-nep-BaajbcoBbIxX cHI.



Cuia TpeHus

bpycok Ha ctone u mapuk. He myrars ko3pd). TpeHHUE CKOJIbKEHMSI
(0e3pa3MepeH) U kKaueHus (OMPeaeIsIeMOro Kak OTHOILICHHUE MOMEHTA CHIIBI
TPEHUS Kau€HUS K HOPMAJIBHOM CHJIE U UMEIOIIETO pa3MepHOCTh JJIMHBI). To,
4TO KOA( (. TPeHUsi Ka4eHHusi OYCHb MaJl UCIIOJIb3YETCS B IOAIIUITHUKAX.
Tpenue kaueHUsI HIYTOXKHO Majlo M PE3KO BO3PACTAET TOJBKO MPU CKOPOCTIAX
CPaBHHUMBIX CO CKOPOCTBIO pacpocTpaHeHus Ac(opmanuu B Tejie Toraa
NydIlle IepeXoUTh Ha TPEHUE CKOJIbXEHUSI.

ABToMoOuMMcTaM: KruHeTH4YeCKast SHEPTHUS B PE3ylbTare JCUCTBUS CHII
TPEHUS IIEPEXOJUT B TEILNIOBYIO M SHEPIHIO JiehopManiuu (IOITOMY
TOPMO3HBIC TUCKH M KOJIOJIKM Ha MAIlIMHAX B OCHOBHOM I'peroTCs (IIpH
IJIABHOM TOPMOKCHHM ) M M3HAIIMBAIOTC (IIpu pe3koM) . Hackoabko daiie
HAJ0 MEHATH TOPMO3HBIE KOJIOAKH Y BHEIOPOXKHUKA B CpaBHEHUIO ¢ Jlamon ?

HanpagiieHre Cuiibl TpeHUS MEKAY BEIYIINMU (CBA3aHHBIMU C JIBUTATEIIEM) U
BEJOMBIMHU KOJIECAMHU MPAMO MPOTHUBOIOJIOXKHBI. Ha MOJTHOM NPUBOJAE B OAHY.
OnbiTa ¢ AByMS TEJEKKAMHU yKe HeT 5-(

Opnnako 10 2009 roma npeackasaTh peajabHbIN KOA(Pd. TpeHus ObLIO
HEBO3MOKHO TOYHEE CBS3aTh €r0 CO CBOMCTBAMU MaTepHralia



CxeMaTHUECKOE
H3o0pakeHHe KOH-
TakTa MeXITy Ccie-
poif M3 yriaepoaa H
MIOBEPXHOCTHIO  ajl-
Masa. IOBEPXHOCTB
KOTOPOTO IacCHBH-
POBaHa BOJOPOIOM:
« - OOITHE BHI, JKell-
TBlE  aTOMBI
YIIepo,
| — BOZIOPOI :
% @ b - ceueHHe KOHTaK-
THDPYIOITHX TIOBEPX-
41 HOCTeil:  IIOKa3aHEI
KOBAIeHTHBIE CBI3H
MeKIY MOTEKYIIaMH.
a TaKke CHIBI OT-
TankuBaHHA  (00o-
3HAUEHBI PO30BBIM):
€ - KOHTaKTHPYIO-
ITHe aTOMBI (Cephle
MIECTHYTOIBHHKH) H
KOHTYP  MHKpOIIe-
poxosaTocTH [11.

KpacHBIC

@ Atoms in contact
Surface area per atom
Contact edge

Tpenust B MAaKpo- 1 HAHOMHUPE MOXO0KHU

3aKOHBI TPEHMS 11 HAHOCTPYKTYP HE OTJIMYAIOTCS
OT KJIACCUYECKUX 3aKOHOB. CyX0€ TPEHHUE CO3/1aeTCs
HEPOBHOCTSIMH JIAHHBIX IOBEPXHOCTEH, KOTOPbIE
3aleIJISIOTCS APYT 34 Apyra, a Tak:ke CHJIaMu
B3aUMOIEHCTBUA MEKIY YACTHIIAMH, U3 KOTOPBIX
COCTOSIT MOBEPXHOCTH.

J1715 HaHOMMOBEPXHOCTEH (COBOKYITHOCTh MOJIEKY)
PACCUYUTHIBAIIMCH CHJIBI MEKMOJICKYJISIPHOTO
B3aMMOJICVCTBHUS. YCTAHOBJICHO, YTO CHJIA TPEHUS
MPSIMO NMPONMOPIHAOHAJIbHA KOJHYECTBY
XUMHUYEeCKH B3aMMOJAEUCTBYIOIMX ATOMOB -
aHaJI0Ty UCTUHHOH (peajibHOM) ILIONIaIH
COIPUKOCHOBEHHSI MAaKpOOOBEKTOB. Cnia TpeHusi
MPSIMO MPONOPIHOHAILHA UCTHHHON IJIOIIAAM
(ee He caeayeT NyTaTh ¢ OOBIYHOM IJIOIIAAbIO
CONPHMKOCHOBEHUSA MOBepPXHOCTel Tea). Tpymuecs
HAHOITOBEPXHOCTH MOYKHO paccMaTpuBaTh B paMKax
KJIACCUYECKUX TEOPUU TPEHUSI MOBEPXHOCTEN.



Tpenue wim aare3us ?

OJIM3KOeHCTBHUE WK JAJbHOACeHCTBHE?

. IlpenopaBareJib : B 4eM NPUHIMIHAIBHOE OTIIMYKE CUJI TPEHUS OT CHJI
anare3uu ? B ToM, 4TO B TPEHUM YUYaCTBYIOT TOJIHKO
OnMM3KOACHCTBYIOIIME CHUJIbI (XuMMsi), a Ban-nep-Baanbc He ydacTByer ?
B aaresuun paboraroT 00€ rpyniibl CUI? WIN HET?

CryienT: TpeHHE, 00yCIOBICHHOE OJM3KOACHCTBUEM, TUHEHHO
3aBHCUT OT Beca Tella, a TpeHue ¢ yueTom BaH-aep-Baanabca
(" manpHOMEHCTBYIONIAS aaAre3us’) CyOJIuHENHO.

. IlpenomgaBareJib : MPABWIBHO JIU Sl IOHAUMAKO, 4YTO aJIr€3us BKIIIOYAET U
KOPOTKOJICUTCBYIOIIME CHIIbI (XUMHUI0) 1 BaH-nep-BaanbcoBbi?

CryaenT : ga 310 Tak. TOJBKO KOPOTKOAEUCTBYIOIINE CUJIbI, CBSI3AHHBIE C
TPEHHUEM U TAKHUE K€, CBI3AHHBIE C AATE3UECH, PA3INYAOTCA (BTOPBIC MOKHO
YCTPAHUTh, HAIIPUMEP, ACCUBALIMEN C IIOMOIIBIO BOAOPO/Ia, A IIEPBHIE,
€CTECTBCHHO, HET).



CuUibl TPEHUSA B )KUBOTHOM MMPE

Korma MWIIHMOHBEI BOJOCKOB
rekkoHa (A) BCTymaroT B
KOHTAKT C IIOBEpXHOCThIO (B),
OHM BCE€ BMECTE CO3JAI0T
MOIIIHY}O CBSI3b, KOTOpas B
THICSIYY pa3 CUIbHEe, 4eM Ta
CuJia, KOTOpash HY>KHa I'€KKOHY,
4TOOBI BUCETh Ha BEPTUKAIBHOM

CTCHC.

Amepuiibl CIOCOOHBI IPOYHO MPHIUIATH K MOBEpXHOCTU. M 3TO TOT
MEXAaHU3M, KOTOPBIM UCCIIEN0BATEISAM BO BCEM MUPE €IE TOJIBKO MPEICTOUT

BOCIIPOU3BCCTHU.



[lonunpornuiieHOBbIE

- '_
8, TR = MHUKPOBOJIOKHA
(0.6-5) x20 MUKpOH ropaszzio

Jy4IlI€ KOHTAKTUPYIOT CO

CTEKJIOM YEM TJIaJIKas
MOBEPXHOCTH U KOA(DPUITUECHT

TPEHHUS Ha MOPSJIOK O0JIbIIE YEM
y 00BEMHOIO TTOJAMPOITHIICHA.
Ilaomaabs He BaxkHa. BasxxHo

KAa4eCTBO KOHTAKTA CO
CTeKJIOM ((huzuuecKue
CBOWICTBA MUKPOBOJIOKOH)

ANre3u10 U3MepPAJIH ee HeT T.e.

High-friction microfibers
No adhesive is holding up this quarter.

Instead, it is staying on the inclined
glass plate because it has been coated

with a high-friction array of micro
fibers. Taking their lead from the gecko

which can climb walls and traverse

ceilings thanks to millions of small hairs

or sefae, on its feet, Ronald Fearing of

the University of California, Berkeley,

and his colleagues have created arrays |

of polypropy|ene fibers with lengfhs of e 25

about 20 um and diameters between B > E

0.6 and 5.0 um. The individual fibers : o

1(:(:m flex, which c;l!ows !l’flem tc})\ moke;l 2 d o -f ¢

better contact with a surface than a flat polypropylene film does. As a result, the fiber arrays 6

ike the one in the scanning electron micrograph, have a coefficient of friction more than an J Bce e3 Kﬂeﬂ.

lene’s and comparable to that of tire rubber.

he fiber arrays demonstrate no measurable

Phys. Rev. Lett. 97, 076103, 2006; photo

srder of magnitude |orger than bulk polyprop
ut unlike many other high-friction materials, th
dhesion on smooth surfaces. (C. Maijidi et al.;
surtesy of the Fearing Group, UC Berkeley.)

submit candidate images for Back Scatter, visit
5./ /www.physicstoday.org/backscatter. himl



PDaKyJbTATUBHO:
AHHU30TPOIIHOE
TPEHHE HA HAHOYPOBHE

M3MepeHHe cHa TpeHI/IH Mex Ty urimorl ACM 1 00KOBOHM MOBEPXHOCTBIO
MHOTOCJIOMHOMN YIJIEPOHONM HAHOTPYOKHM ITOKA3aJI0, UTO JIMHEMHAs
3aBUCHMOCTD /| HE BBITIONHAETCS, @ BMECTO 9TOTO F ~ N?3. BIsICHUIIOCH,
YTO JUUIS HaHOpr6OK araMeTpoM MeHee 10 HM BesinumnHa TpeHus
pa3jin4yaercHd NpH ABUKEHUH UIVIbI EePHEHIUKYJIAPHO M MaAPaJJIeJIbHO
ocu HAHOTPYOKU. MoaennpoBaHUE B3aUMOJICMCTBUS UIJIbI C HAHOTPYOKOH
II0Ka3ajo, 4To 00jiee CHIILHOE TPEHHE B EPIICHINKYISIPHOM HallpaBICHUU
CBSI3aHO C BOBHUKHOBEHHEM MSTKOM MOJBI KOJeOaHUH, KOTOpas
3(p(HEKTUBHO “3a0MpaeT”’ FIHEPrUI0 MOCTYNATEILHOIO ABMKECHUS UIJIkL. T.¢.
IOIOJIHUTEIBHO TPATUTCS SHEPIrus Ha JAeOopMaIio NOBEPXHOCTH.
KoHeuHO Ha/l0 u3ydarh Kak BIMSIOT KOHKpETHAs (hOpMa HIJIbI,
IIOBEPXHOCTHBIC J€(EKThI U ApyTrue (haKTOPHI.

M. Lucas et al., Nature Mater. 8, 876 (2009). IlepcT, 2009, 1.16, BbIm. 22



JIBUKEHMH TBEPAO0Io TeJIa B dKHAKOU cpee.

Ha Teno B )XUJIKOCTH WY ra3e ACUCTBYET cuiia conpoTtuBicHus (F /v u
00yCIIOBIIEHA BA3KUM (GKUIKUM) TpEHHEM) M nogbeMHas cuia (F_Lv u #0
IIpU OTCYTCTBUE CUMMETPHH TeJIa OTHOCUTEIBHO JIMHUU JIBUXKCHHUS ) .

- ECiy B )XUIKOCTh NMPUBECTU B IBUKEHUE TO OHO CO BPEMEHEM 3aTyXHET!
3HAYUT MEXKIY CI0AMHU €CTh TpeHUE. Ha30BeEM €ro cujiaMu BHYTPEHHEr o
TPEHUS WIN CHJIAMHU BA3ZKOCTH, A % - KO3 (P. BHYTPEHHEI0 TPEHUA UJIH
AMHAMUYECKOH BA3ZKOCTH. KcTaTru moTok rasa roske 3aryxser . Ciaon
KUJAKOCTHU UM ra3a COMPUKACAIOIIUECS C TEJIOM «IPUIUIAKT) K HEMY U
JIBUTAXOTCS BMECTE C TEJIOM BOBJIEKAs APYTUE CIIOU 3a CYET CUJ BA3ZKOCTH.
Bo3HHUKaET BA3KOE TPEHUE MEXKAY 3TUMU CIOSMU U OCTAJIbHBIMU.

e JlaBiieHHe Ha pa3HbIE YYACTKHU Tela pa3Hoe. Pe3ynbpTupyromas Cuil 1aBicHUs
HalpaBJICHa MPOTUBOIIOJIOKHO V, T10 MOYJIIO PABHA CUJIE COIPOTUBIICHUS
(cuie )KUAKOTO TPEHHUS) U CYIIECTBEHHO 3aBUCHUT OT CKOPOCTH JIBUKCHMUSL.

* HbIOTOH YCTaHOBMWII IJIsSI ABYX CJIOEB KUJAKOCTH C Pa3HBIMU CKOPOCTSIMU
(dv/dh#0) pa3geneHHbIX TOHKON IOIIAAKOM AS : d

;
AF. =nAsEY
LI



JIBMKEeHNH TBEPIAOIo Tejia B KHIAKOM cpee (BepHO M JJIS ra3a).
* [Ipu MaJIbIX cKOpOCTAX KO3 (. BHYTPEHHETO TPEHUA 7 , @ TaKKe (popma,

pa3MepBkl, MIEPOXOBATOCTD TEJIA U ONPEACTAIOT KOOI KuAKOro Tpenus b :
=-bv nng mapuka b=6mnr

mp.Juc.
* [Ipu 6onpmmx v no moaymo F . = -b v? wim BektopHo F =-b vv.
TP. XK 1 mp.ouc. 1
[Ipu nanpHeweM yBeIUYCHUU CKOpocTH b, MoxeT n3meHuTbest. Kakoit b,y

karepa myamierocsa ¢ V=1000 km/u ? Jloj10’)keH ObITh MUHUMAJICH !
* IIpu OOaBIIMX CKOPOCTIX U pazMepax mo3ajau Teaa BOSHUKAET

TypOyJIEHTHOCTbh, MTPUBOASAIIAS K JOTIOJTHUTEILHON PA3HUIIE JABICHHUE U CUIIA
COIPOTUBIIEHUS CPEILI MOXKET MIPEBOCXOAUTD CUITY BI3KOr0O TpeHus. T.e.
MIPABUIILHO TOBOPUTH O CHJIE JKM/IKOI0 TPEeHUs + CuJjie CONPOTUBJICHUS CPeb,
*OTMETHUM, YTO ITPU OTKJIOHEHUU V OT OCH CUMMETPHHU TE€JIa BOSHUKAET

noabeMHas cuna. T.e. 3To BEepHO U JJIs ra3a (IpuMep, B3JICTAOIUM CaMOJIET ).
AuaKoro TpeHus MOKos He cymecrByet. Eciiu ckopocts v=0

TO FTpm=0 U OTPOMHBIA KOPa0JIb CABUIaeM ¢ MeCTa mnajbuem!

K coxkajieHMI0 KaK TOJBbKO OH TPOHYJICH CpPa3y MOABJSETCS CHJIA TPEHUA
Mukpokannu oTkasanucb NOAYUHATLCS 3aKOHaM TPeHUs!



DakyJIbTATUBHO: «ZKHMIKO0€» TPEeHHE — B peajibHOM

KOMIILIOTEpeE

(a)

(b)

disk motion

<

disk motion

Kormga auck (TEeMHO CHHETO
[IBE€TA) ABUTACTCS HABCTPEUY
ITOJI3YHKY (3€JI€HOrO I[BETA)
3aIIUCHIBAIOIIEI/CUNTHIBAIOIIIEH
rOJIOBKH (a), TO

00pa3yeTcsa MEHHUCK U3 CMa304HOM KUAKOCTH. Ho oH
AOCTATOYHO MAJICHBKMH M IOTOMY HE BHOCHUT 3HAYUTEIBHOTO
BKJIaJa B 001y cuiny TpeHus. Ho ecim IuCK ABUXKETCS OT
oJ3yHKa (0), TO BO3JIC HETO CMa3Ka CKaIJIMBACTCS B OOJIBIIOM
KOJIMYECTBE M, CIICAOBATEIBHO, OKA3bIBACT OOJIBIIECE BIMSHHUE.
KT0 TO X04eT KHAKO€e TPeHHE YMEHbIIUThb, 2 KTO TO
YBEJIUYUTH (MOKPBIIKH)! DPPeKT BOAAHOI0 KIAMHA.



Tenepp moroBoprM 00 OTHOCHTEIBHOCTH,
OOJIBIINX PACCTOSHUSIX U CKOPOCTSIX.

Bcenennas — 310 B€Ch MUp, O€3rpaHUYHBIA BO BPEMEHH U
nmpocTpaHcTBe. JlocTynmHa WM3y4YEeHHUIO aCTPOHOMHUYECKHUMU
CpeACTBAaMHU TOJBKO 4YacTh BceaeHHONW. JTa 4acTh OOBIYHO
Ha3bIBACTCA MeTrarajiakTUKOM.

Tompko B 30-x romax XX Beka yAalOCh YCTAHOBUTH
pa3MeEpPbl 1 OCHOBHBIE YEPTHI CTPOCHUA HalleHn | ajnakTuku, B
kotopyto  Bxoautr Comnue. Ilomepeunuk I 'anakTuku
npuMepHo 30 000 mapcek minn okosio 100 000 CBETOBBIX JET.

1 mapcek (nk) = 3,26 cBeroBoro roga = 3,08 10'° m.



I'agakTuknu

B ranaktuky Bxomut Oosee 100 wmupa. 3Be3nm wu
pPACMHOJIOKEHBI OHM B CJIO€ OUCKA TOJIMUHOM B HECKOJBKO
COTEH IIapCEK, CIEAOBATEIbHO TOJIIWHA JHCKa HAMHOTO
MEHbIIIE e€ro auamerpa. CpeaHuM BO3pacT TaJlaKTHK
IpuOIN3UTEILHO 10 MIIpA. JIET.

Bce ramaktukyn Xa00m pa30umi Ha TPU OCHOBHBIX THIIA:
INNTHYECKHE, CTUPAJIbHbIE H HENIPaABUJIbHBIE,

O6mee uuciao 3Be3n B Meraranaktuke — Oonee 10%.
[IpenenpHpli  CTAOMIBHBIN pa3Mmep 3Be3mbl 10 02 M .
[Inotaocts ot 1.41 (y Connua) go 101

r/cm’ (Y HEUTPOHHBIX

3BE31).
T.e. macca pacrnpenejieHa O4eHb HE PABHOMEPHO
KCTATH TAKKe KaK M B 3emulie (cpeaHsis IJIOTHOCTh

5.5 r/emd).



IIpocTpancTBeHHAasl CTPYKTYpPA BeesreHHon

Bcenennaa pacummpsaercd. CKOpPOCTbh pasjieTa TalaKTHUK
IpsIMO  IIPOIIOPIIMOHAJBHA  PACCTOSIHUIO  OT  HAIleH
[ anakTuky.

dakT pasziieTa TAIAKTUK IOATBEPKIACTCI “KPACHBIM
cMeleHreM”’ BCJIEACTBHE H3BECTHOIO B (hM3HKE A(pdekTa
Jloruiepa.

OKCTpanoJisinus ~ pacimupsromencss  BceneHHo B
O0OpaTHYO BPEMEHHYIO CTOPOHY NMMPUBOIUT K BBIBOJTY, UTO BCE
HAYaJIOCh C OOJBIIOrO B3phIBa OKOJIO 15 MIpia. JIET Ha3an,
YTO ¥ CUMTAIOT BO3PACTOM BCeleHHOM.



Coanue

CoJnne- razosiit (68% Bogopona, 30 % renus) win MIa3MEeHHBIN 1ap Bo3pacrta 4.6
MUJIIAAP/IA JIET Ha paccTosHuu 1 a.e. (acTpoHoMuueckas eqununa ~1.5 10° km). Paguyc R=7
10%m (8 109 pa3 6oinbiue 3emun), M=2 10 kr (B 3330007 Gomapmie 3eman 1 okoio 99.866 %
Macchl costHeyHol cucteMsl). ITnotHocTs p= 1.41 r/em® (0.256 ot mnotHOCTH 3eMin),
g.=271 m/c? (B 27,5 pa3 Oonbmie ueM Ha 3emie). Temneparypa Ha nosepxaoctd T=5830 K a
BHYTpHU 16 Muumonos K. MonHocTh u3irydeHus —cBeTuMocTh 3.85 10°% apr/c=3.86 10%° Br.

Wnet sinepHas peakuusi CUHTE3a Telus U3 Bogopoaa. M3-3a MHOTOKPATHOTO MOMIOIIEHUS U
nepensinydeHus oT ueHtpa ConHua 371.-Mar. u3ay4eHue (PEHTTEHOBCKHM AUana3oH) UAET 10
MMOBEPXHOCTHU OYEHB 10ITO0 . A oT CostHIa 70 3emiu 3a 8 MUH.

[Tpu IpoXOKACHUN K TIOBEPXHOCTH CIEKTP 3J1.-Mar. U3JIyUCHUS CYIIICCTBEHHO MEHSICTCS 1
HAOITF0IaeMO¢e M3TyYCHUE B ONTHYSCKOM JUaIia30He (OPMHUPYETCS B TOHKOM ITOBEPXHOCTHOM
cioe —porochepe ToamuHON 0KoiI0 350 kM. OHO TEIJIOBOE M XOPOIIIO ONMHCHIBACTCS B

BuauMoi B UK oOmactu ciexrpa dyuknueit [lmanka ¢ a¢ppekTuBHON  TeMmepaTypou
T=5830 K.

CosiHeuHAas1 OCTOSIHHAA — MOJIHOE KOJIMYECTBO JIY4UCTOM sHeprun CoJHIa , JOXOISIIEE S0
1 M* 3emuu BHe armochepsl 1369 Br/m? (H=1000 kM HaJ TOBEPXHOCTBIO 3€MIIH) M3 HHUX
ocHOBHas yacTh B guanaszone 0.1-4 mxm. Tonbko 336 Br/M? noxogut 1o 3emiu. B
KJIMMATOJIOTUM U3 HYJEBOTO YPABHEHHMS TEIIOBOTO OajlaHca 3eMIIu CIEIYET, YTO
nornomaercs 3emieii Teruto 157 Br/m?, 80 B1/M? nmornomaercs o61akaMu, a3po30isaiMU |
razamu. A emie ecTh B Auarna3zone 3-45 MkM. B 3ToM ranaszoHe oOpaTHO B KOCMOC YXOJUT
235 Br/M?. ExenuesHo Ha nosepxHoctd 3emun ot Conana npuxoxut 10 '8 Br.,



IlpuHuun orHOCUTEAbHOCTH [aniest

yA y'e PaccMoTpum IIBE
MHEPLUUAILHEIE  CUCTEMBI

P OTCYETA, OJHA U3 KOTOPHIX

IOKOUTCH, a  JApyras

0 0] V. _,  JIBHIKETCS IO OTHOLIEHMIO

K HEH C TIOCTOSHHOMU
7 CKOPOCTBIO V,,

HAOpaBJICHHOW BIOJIbL OCH X. YTOOBI CHTEMBI KaK-TO
pa3an4yaTh B IIOJBMJKHOW CHCTEME OyleM BCE€ CHMBOJIBI
0003Ha4YaTh ¢ UHACKCOM T.€., HapuMmep, v’



[IpeoOpazoBanusmu I anuies

CBs3b MEKIY

yA y'A
KOOpAMHATAMU X, V, Z
P HEKOTOPOM TOYKH P B
[1epBOIi CHCTEME U
0 0] Yo, _,  KoopawHaramu x', y', z' TOH
Vo i// Yo B X e Touky B BTOPOI CHCTEME
z z MOJKHO 3aIIMCaTh KakK:

COBOKYITHOCTh ypaBHEHHIl - Mpeofpa3oBaHmsi X=X -I-Vot'
lanuiesi. 1-e u 4-¢ ypaBHEHMs CHPABEIJIMBBI _
TOJIBKO I KJIACCUYECKOM MEXAHHUKH, TO €CThb Y y
npu V,<<c. llpu V) cpaBHUMBIX €O CKOPOCTbIO 2~ 2
cBeTa C npeodopazoBaHusA Famanen  ;—y
3aMEHSIIOTCS Ha 0oJiee 001 Ue nmpeodpasoBaHus
JlopeHna.



IIpaBHJIOM CJI0KEHHUSA CKOPOCTEH

i y1 [Tpoauddepennmpyem
P KOOPJHMHATHBIE COOTHOIICHUS
| 10 BPEMCHM U HAWJIEM CBS3b
0 0] Y, | .
VOzA/ > X x MY CKOPOCTAMMU:
Zl
— — !
E_ ﬂ + V() NN Vx o Vx + VO
- /
Jl= V=V,
— /
= V.=V,
OTHU TPHU CKAJSIPHBIX COOTHOILIEHMS SKBUBAJICHTHBI OJHOMY

BEKTOPHOMY: V=V'1V,



IHIpMHIUIIOM OTHOCHTEJIbHOCTH 1 anniies

[IponuddepeHipyem Mo BpeMEHH BBIPAKCHUE YUTS IIPH 3TOM,
4To V = const.

v=v'+v, W=\l wu a=a’

YCKOpeHI/Ie TCJIA BO BCECX HHCPIMNAJIBHBIX CUCTCMAX OTCUCTA
OoKa3bIBaeTcs OAJMHAKOBbLIM. Macca B KJIACCUYCCKOU
MCXAaHHUKC ITIOCTOsIHHA, TO YMHOZKHB 00€e JacTu ITOCJICOHCT'O

YPaBHEHUS HA M1 TIOJIYYHUM:

ma=ma' "M F =F’



IlpuHuun oTHOCUTEABbHOCTH [aniiest

. YpaBHeHHsI MeXaHUKH MHBAPUAHTHBI (JIJATHHCKOE Invariants-
HEU3MEHSIOIIUICS ) IO OTHOIICHUIO K ITpeo0pa3oBaHusIM I anunies.

ITO IIPUHIHAII OTHOCUTC/IBbHOCTHN T'aiinies

. Bce MexaHu4veckue sIBJEHUS B PA3JIMYHbIX HHEPUHMAJIbHBIX
CUCTEMAX 0TCYeTa NMPOTEKAKT OJAMHAKOBO, BCICACTBUE YETO
HUKAKUMH MEXAHUYECKHMMHU ONBITAMUA HEBO3MOKHO YCTAHOBUTH,
MOKOMTCS JAHHASA CUCTEMA 0TCYeTa UJIM JABHKETCH
NPSIMOJIMHEMHO U PABHOMEPHO . BpeMst uJIeT OIMHAKOBO B 000UX

cucremax t=t’

. lamnnen «........ B 3akpbITON KaroT€ KOpAOJIs IBUTAIOIIETOCS
OPSAMOJIMHENHO U PABHOMEPHO ....MOJIET MYXH, ...JJINHA MPbDKKA,

MaJ€cHNue Karid BOAKI ....... BCE OJIMHAKOBO KAaK U B ITOKOSIIICUCS)



IIpeoOpa3zoBanus I anuniesn

Hortak kak V=V'+V, TO CKOPOCTb, KHHETHYECKAs JHEPIrus
1 UMIIYJIbC — BAPUAHTHDLIC BeJIHYHUHBI.

Cwia, NOTeHHAJIbHAA JHEPI U, MACCA —MHBAPUAHTHI

YpaBHeHus1 BUJ KOTOPBIX HE UBMEHAECTCS IPU TEPEXOAE K APYroun
CUCTEME OTCUETA TOXKE MHBAPUAHTHI. CaMU BEJIMUYUHBI BXOAIIME
B YpaBHEHHUE MOTYT MEHSATHCS, a (DOPMYIIBI HX CBS3BIBAIOIINE
HEWU3MEHHHBL.

3aKoH COXPpAHCHHUS KOJINYICCTBA IBUKCHUA U JHCPI'UU
CIIpaBCAJHUBLI BO BCCX HHCPIHUAJBHBIX CUCTEMAX O0TCUCTA.

T.e. eciii 3HEpPrus B KAKOU TO UHEPIIUAIIBHON CUCTEME
COXpaHAETCs, TO B JIIOOOM APYrod MHEPIUAIBHOW CUCTEME OHA
TOXE COXPAHAECTCA.

Bce Tpu 3akoHa HbprO0TOHA CipaBeIMBBI BO BCEX MHEPIIUATIBHBIX
CUCTEMAX OTCYETA.



CTO

. 1905 1. — onupasice Ha pa0doThI I anuies, MHIITEHH COBMECTHO

¢ JlopennoM u Ilyankape u apyrumu ydeHbiMH co3naet CTO

. 1916 . - DunHmTeNH co3gan takxke OTO - knaccuyeckyro (He

KBAaHTOBYIO) PEISTUBUCTCKYIO TCOPHUIO TPABUTALMH.

. OH pacnpocTpaHseT MEXaHUYECKUM IMIPUHIIAII OTHOCUTEIbHOCTH
['anuiies Ha Bce ocTadbHbIC (DU3NYCCKUE SIBICHUS: 3AKOHbI
BCEeH NPUPOALI (2 HE TOJAbKO MEXAHUKH) OAMHAKOBO
(hopmyaupyrorcs 1Ja Bcex uHepuuaabHbIX CO. B ocHOBe
TEOPUU: IIPUHIIMIT OTHOCUTEIILHOCTH, IIPUHLIMI TOCTOAHCTBA

CKOPOCTH CBETAa U U30TPOMHOCTh MPOCTPAHCTBA.

. Ilokazan, yto npeoOpa3zoBanus I anunes Hago 3aMEHUTh Ha

OoJiee obmue mpeoopazoBanus JlopeHua



IIpuHIOMI MOCTOAHCTBA CKOPOCTH CBETA.

e CkopocTth cBera B Bakyyme ¢=2.997 10% M/c He 3aBUCHUT OT
IBYKECHUSI HCTOYHUKOB CBETA M, CJIEIOBATEIBHO, OJUHAKOBA BO
BCEX MHEPIHAJIBHBIX CHCTEMAaX OTcYeTa (MHBapHaHTHA) U
ABJISIETCS NPEACIIBHONW CKOPOCTHIO PACTIPOCTPAHECHUSA
B3aUMOJICUCTBUM B pUpPOJie. He 3aBUCUT OT ABMXKEHUA
MCTOYHHUKA. IToCTymar SABISETCS CIEICTBUEM ONBITHBIX (DAKTOB
(moka3aHo paHee B 1887 r. MaiikeabCoHOM U Mopin).

*OTHOCUTENIbHAA CKOPOCTh MAaTEPUAJIBHBIX TEJI HE MOYKET OBIThH
OOJIBIIIE CKOPOCTH CBETA . TO €CTh IpeAebHAsA CKOPOCTh JJIS
MaT€pHaIbHBIX TEJ U JOO0BIX (DU3NYECCKUX BO3ACHCTBUM.

*B oTiinumnu OT Bakyyma B CpeJi€ IpyIIIoBasi U (pa3oBEIC
CKOPOCTH OTJIMYAIOTCS. DKCIICPUMEHTAIBHO BCET/Ia
OIIPEACISCTCA TPYIIIOBAS = CKOPOCTH NEPEAAYN CUTHAJIA WIIN
nepeaadu >Heprud. Ilapbl HATpUsI 1 HU3KAasI TeMIeparypa !



DaKyJIbTATUBHO

C 4yeM CpaBHUTH CKOPOCTH CBeTA?
9T0 MaJji0 WJIH MHOIO?

B 2 _ /\p /\I/' > U CooTHo1IeHNEe
y = HEOIIPEAECIEHHOCTH
2 b )
me

d
A 2 2
A e V e |

Vzﬂpzﬂz—:—z—zaz—
ym mr ] ¢ |k 137

T

Ioay4yaeMm 10 MOPAAKY BeJJUYHHBI CKOPOCTh ATOMHOIO 3JIEKTPOHA B
Q)

OCHOBHOM cOCTQfiHMHU B 137 pa3 MeHbIIIe CKOPOCTH CBETA

a
H



BpeMsi B pa3HbIX CHCTEMAaX OTCYETA

[loHsATHE OJTHOBPEMEHHOCTH, CYUTABIIEECSA B HBFOTOHOBCKOM MEXAHUKE
a0COIOTHBIM, B JIEUCTBUTEIIBHOCTU OTHOCUTEJIBLHO. I1yCcTh U3 ceperHbI
PABHOMEPHO JABHXKYIIETOCS MOE34a UCITYCKACTCS B 000MX HAIIPABJICHUSX
cBeToBOM curHali. Ilaccamup nmoe3ma yBUAUT, YTO CUTHAJ JJOCTUT TOJIOBBI U

Y
y 4 XBOCTa 110C34a OAHOBPEMECHHO. A

’1+ +2 JNeKYPHBIN HA CTAHIIMH, YTO CUTHAJI JOCTHUT
XI
x  XBOCTa IOE371a paHbllle, Y4eM I'OJIOBBI,

TaK KaK To4uka | JBMIKETCS HaBCTPEUy CUTHAIY, a TOUKY 2 CBETY HAJ0
H0oroHATh. [IpocTpaHCTBO M BpeMs OKa3bIBAIOTCS B3aMMOCBSI3aHHBIMH, 00pa3ys
€OUHOE YEThIPEXMEPHOE ITPOCTPaHCTBO-BpeMsl. [IpMHIMNUATIBLHO TO, YTO OHHU
U3 Pa3HbIX cucTeM oTcueTa HAOM0AaKT! OOHO U TOXKE COOBITHUE B
MHEPIHAIbHBIX CUCTEMaX OTCYETa MOXKET UMETh Pa3HbIC IPOCTPAHCTBCHHEIC
KOOPAUHATHI U pa3HECEHBI BO BpeMEHH. TO KaK 3TO MPOMCXOAUT IJIS JBYX
MHEPIHUAIbHBIX CUCTEM OTCUeTa moka3aia XeHApuK AHTOH JIopeHir
(1853-1928). B ero npeoOpazoBaHUsIX KOOPAUHATEI U BpEMSI IIEPEMEIIIAHbI.



IIpMHIUI OTHOCUTEJIBHOCTH JDUHIIITECHHA.
I1pu nnepexoae U3 OHON UHEPIIMATBHONW CUCTEMBI OTCUETA B
IPYTYIO HAJO TOJI30BaThHCA MpeodpasoBaHusavu Jlopenna:

-

x +vt'
x:
V1=
y=y
< z=17z , TIIC ﬁ:X
C
v
t'+| — X
{ = c”
2
1P

YpaBHeHHUS, BbIPAKAIOIINE 3AKOHbI IPUPOAbl, HHBAPUAHTHLI
10 OTHOLIEHMIO K npeodpa3zoBanusaM JlopeHua.
[Ipn V<<c npeBpamarorcs B npeoOpazoBaHus [ anuien



Du3NKH CHOBA NOATBEPAUIM TEOPHIO OTHOCUTEJIbLHOCTH

[IpyHIIUO JOPEHI-MHBAPUAHTHOCTH MOCTYJIHUPYET, UTO BCe (DpU3UUECKHE
3aKOHBI JIEMCTBYIOT OJMHAKOBO BHE 3AaBUCHMMOCTH OT MOJIOKEHUS U
OpPMEHTAIIUHU JIA00PATOPUHU B NMIPOCTPAHCTBE U OT MOMEHTA BPEMEHH | , B
YaCTHOCTH, HEU3MEHHOCTh (DM3UUYECKHUX IIPOLECCOB IPHU MOBOPOTE CUCTEMBI HA
IIPOU3BOJILHBIN yroil. Tak, TOBOPOT 1a00paTOPUH BMECTE C IIOBEPXHOCTHIO
3eMIIM B XOJI€ CYTOYHOTO BpAIl[CHHS IIAHETHI HE JIOJKEH BIMSATH Ha
npouecchl. I 1HEM 1 HOUBIO pe3yJIbTaT J0IKEH ObITh OJIMHAKOB.

Jl1st mpoBepKU (PU3UKU MCIIOJBb30BaI HEUTPUHO - YACTHUIIBI C OU€HBb BHICOKOM
IIPOHUKAIOIIECH CTIOCOOHOCTHIO. HenTprHO, mony4yaemble Ipy 00Iy4YCHUH
YIJIEPOAHOW MUIIICHU HA YCKOPUTEIIE 3aPsKEHHBIX YaCTULL, HAIPABIISIIUCH
Yepes3 CII0M TPYHTA HA PACTIOI0KEHHBIN B HECKOJIBKUX COTHSIX METPOB
JIETEKTOP, KOTOPBIM PETUCTPHUPOBAI KOJTUYECTBO U SHEPTUIO YACTHII.
3aBUCUMOCTH pe3yJibTara OT BpEMEHHU CYTOK He OOHapykuJioch. [lyuox Bener
ce0s1 OIMHAKOBO MPH JIIOOOM IOJI0KEHUU B IPOCTPAHCTBE U BCE
HAINIPABJIEHUS OKA3bIBAIOTCS JAJIsl HEr0 OAMHAKOBDI: IIPUHIIUII
NHBAPUAHTHOCTH padoraer. PaBHOIIpaBUEe HaIPaBICHUM B IPOCTPAHCTBE
oueBUIHO. HO CcyliecTBYeT psiji TEOpHii, B KOTOPBIX BBIJICJICHHOE HAIIpaBICHUE
CYIIECTBYET U UTPAET BAXKHYIO pOJib B (popMupoBaHnu BceneHHOIM.



OTHOCUTEJIBHOCTh BPEMEHHU

Bpems Mexay cCOOBITUSIMHU T B HEMOABHKHOM CHCTEME
oT4yeTa, a OykBo T — BpeMs MEXKIY TEMU K€ COOBITUSIMHU B

CUCTEME OTCYETA, IBUKYILIEUCI CO CKOPOCTHIO V
OTHOCHUTEJIBHO MEPBOX CUCTEMBI. Torma

Tak kak7 > T, TO B ABMXKYIINXCS CHCTEMaxX BPEMs TEUeT
mMemieHHee. [IposBasatoTcs 3aMeTHBIM 00pa30M JIMIIb IIPU

CKOPOCTSX ABMKEHHUSI, OJIM3KHUX K CKOPOCTH CBETA C.



3ameajieHue BpeMeHH

* [lapanokc Omm3HenoB. OQUH HA 3€MJIE & BTOPOM JIETUT B KOCMOC C
OoJbIION CKOpOCTh. KTO Mx Onm3HenoB crapuie? B neHCTBUTEIBHOCTH
11 TTapaJioKca OJIM3HEIOB IMIPUHIIMIHAIBHO BaXKHO YTOOBI OJIMH OJIM3HEI
HaXOIWJICA B MHEPIIHMATIBHOM CHUCTEME OTcUeTa (Ha 3emMiie, Halpumep), a
BTOPOM B HEMHEPLHUAIBLHOM CUCTEME OTCUETA KOTOPAs ABUKETCS C
yCKOopeHHueM (B pakeTe B kocMoce). C apyror CTOPOHBI KaXKIbIA U3
OJIN3HELIOB HAXOJIUTCSI B COBEPIICHHO OJMHAKOBOM CUTYyalluU
OTHOCHTEJIBHO JIPYTOro 1 JI0JLKEH OBITh cTapiie aApyroro. 3a 100 ner
OBUIO CAEIAHO HEMAJIO MOIBITOK €0 pa3pelICHUs.

« CpenHee BpeMs KU3HU HECTAOMIBHOM YacTHLbI Me30oHA ~107° cex u oH
HE MOT ObI JTOJIETETH JI0 3eMiIH C BHICOTHI 10-20 KM eciu ObI U1 HETO HE
3aMEIISNIOCh BPEMSI BCIIEACTBUE JBMIKCHUS CO CKOPOCTBHIO OJIM3KOMU K €

* Ho ecan Mexay COOBITHUSIMU UMEETCS TPUYUHHAS CBA3b, TO COOBITHE-
IIPUYMHA BO BCEX CUCTEMaX OTCYETA MPEIIIECTBYET COOBITHIO-
ciencteuio. ChIH He poxkaAaeTcs panbiie orua . Hajgo npodosars ¢
ujicalbHbIMU YacaMHU Ha padOTy KOTOPBIX HE BIUSIET yCKOpeHUE!
ATOMHBIE 4Yachbl?



3aMeIJICHHE BPEMEHU PeaJlbHOCTh!

B 2010 rony pu3HUKH S3KCIIEPUMEHTAIIBHO NOATBEPANIIN
3aMeJIJIEHUE BPEMEHMU. VICIIOIb30BaHUE CBEPXTOUYHBIX ATOMHBIX
JacOB MOKA3aJ10 3aMelJIeHUsI BpeMeHH BOJIM3H MACCHBHBIX
00bexTOB. CTYAEHTY, KOTOPBIM HAXOAUTCS AAJIbIIIE OT OOBEKTA,
OyZIET Ka3aThCsl, YTO YaChl €M0 COKYPCHHUKA, KOTOPBIA CTOUT
ONMKe K OOBbEKTY, UAYT MEJJICHHEE.

[loka3aHo, UTO C TOYKH 3pEHUS HEMOJABUKHOIO CTYIECHTA
«CTPEJIKW» HAa aTOMHBIX YacaxX ABUKYIIETOCS KOJJIETH OyayT
NepeMeIIaTbCs MEJICHHEE ( 3aMEINICHUS X0/1a 4aCOB IIPH

IBYKCHUM).



PDaKyJIbTATUBHO

* B 2007 rony IIpodeccop Cyo0am Kak n3 yHMBEpcUTETA IITAaTa
Jlynznana npeto)Kuia BEPHYTHCS K (DPOPMYITUPOBKE IIPUHITUIIOB
otHocuTelnbHOCTH AHpH Ilyankape, pa3spadorannoi B 1904 rony.
B Hel, B OTVIMYME OT IMPUHIIMIIOB OTHOCUTEIBHOCTH JUHIITENHA,
HE OBLIIO BBEACHO KaKUX-JIMOO MPEANOI0KECHAN O (PU3NIECKOM
npupoae BeeaeHHom.

* IlocTynar: xapakrep (GpU3HYEeCKUX MPOLECCOB
00yCJIABJIMBACTCHA KPYITHOMACIITAOHOU CTPYKTYPOH
Bcesiennoii. ITpu 3TOM MOSIBIAETCS BO3MOXHOCTD OIIPEJICTIUTD
METO/I BBIACIICHUS HHEPLIUAIBHBIX CUCTEM OTCUETA U3 MHOXKECTBA
BCEX CHUCTEM OTCUETa, HE BBOJIS IPU ATOM ITOHATHUS "'aOCOIIOTHOTO
mpocTtpaHcTBa’. TemM caMbIM MHEPLUATIBHBIE CUCTEMBI YAACTCS
"MpuBA3aTh" K KPYIIHOMACIITA0OHON CTpYKType BceleHHOoM.



DaKyJIbTaTUBHO

OTO

Ceepxnpoeooumocms Ha ciyxcoe y oouieil
meopuu OMHOCUMETbHOCINU

HHcI0 3KCIEPHUMEHTOB, O 00BACHEHHA KOTOPEHIX He-
00XOIHMMO IPHBIEKATh OOIIYIO TEOPHIO OTHOCHTENIb-
HocTH (OTO) DHHmTEHA, MOXHO IIepecyuTarh II0
nanelaM. B kauecTBe mpuMepa OOBIYHO IPHBOIAT pe-
3yIBTATHl M3MEPEeHHA IpelecCHH OpOHTHI MepKypus.
A MOJKHO JIH IIPOBECTH HCCIIeIOBAHUA B Ta00PAaTOPHBIX
YCIOBHAX. He mpHderasg K yciIyram acTpoHOMOB? B
IIPHHIINIE — 104, TOJABKO 3Ta jJadopaTtopusd JOIKHA Ha-
XOOHTECA B KocMoce. Teopud IpeacKaselBaeT, 4To Te-
710, Bpaliaromeecsd o OKONIO3eMHOH OpOHTe. JTODKHO
IIPEIeCCHPOBATh C VYIJIOBOH CKOpPOCTBIO 6.6”/rom B
II0cKOCTH opOuTEl H 0.042"/rox mepreHIHKYIAPHO
3TOH IUTOCKOCTH. OIHAKO perHcTpanus TaKoro MH3ep-
HOI0 3(eKTa Joaroe BpeMs CUHTAIACh HeBO3MOKHOI.

AMepHKaHCKHe yUeHble MpeUIO/KIIH IMPOBECTH JKCIIe-
PHMEHT B JKHIKOM T'e/IHH, HCTIOIB3Ys B KauecTBe POTopa
CBepXIPOBOIHHK. HampapieHHe ero oCH BpallleHHsI MO-
KeT OBITH OIpelesIeHO C OUYeHb BHICOKOI TOYHOCTEHIO IO
HAIIPABJICHHIO COIYTCTBYIOIIErO BPAINEHHIO CBEPXIIPO-
BOJHHMKA MAarHHTHOTO MOMEHTa (JIOHIOHOBCKOIO MO-

MeHTa). J{1d 3Toro OBUIO OpPeIIoXeHO HCHOIB30BaTh
OIITE JKe CBepXmpoBogdmee ycTpodcteo — CKBIHII.
PacueTsl IOKA3aIH. YTO TOYHOCTH J0/DKHO XBAaTHTE [UIA
PerucTpamii IpeleccHy OCH BpammeHHd. [IpoekT momy-
gy HazpaHue “Gravitation Probe B” (GPB). CroyTHHK
CO BCeM HeoOXOIHMBIM 000pYIOBAHHEM (CM. pHC.) OBLT
BEIBeIeH Ha opOHTY B 2008 r. Cefuac yUeHEBIe 3aHHMa-
I0TCS 00paloTKOH IOMyYeHHBIX JaHHBIX. COOCTBEHHO
TrOBOpA, B crpaBeIHBOCTH OTO Malo KTO COMHEBaeT-
ca. Ho obpamraer Ha cedd BHHUMAaHHe caM (PAKT HCIIOJIb-
30BaHHA OHOTO (YHIAMEHTATBHOTO ABIEHHA (CBepX-
IIPOBOIHMMOCTH) JUIA HCCIeOBAaHHS IPYIOro — eme 0o-
nee PYHIaAMEHTAIBHOrO (IpaBHTAUMM). a M KTO 3HAaeT,
K 4eMy IpPHBeJeT pacilH(poBKa pe3yIpTaToB. Bee-Takn
CBEPXIIPOBOJTHHK — 3TO BaM He MepKypHii. ..

COyTHHK, 3allVIIEHHBIH B paMKaX npoekta GPB. Bee 3kcme-
PHMEHTATBHOE O00PYIOBAaHHE 3aKIIOUEHO B OOIBIIOH KOH-
TefHep ¢ KHIKHM TeTHEM.



OTHOCHTEJIBLHOCTH PACCTOAHUS

CTepXeHb OnMnHbI [l =x) — x|
HenoABWXXHbIM OTHOCUTENLHO
| — > “LUTPUXOBOWN~ CUCTEMDbI

> > oTcyeTa K ', oBMXeTCcHa BOOSb

OCU X CO CKOPOCTbIO V.

o=

JlnvHa cTepxkHs [ B HEIOABUKHOM cucTteMe oTcuera K

l:lo\/l_,B2
p—1
[ >0

paBHa:



CioxkeHus cKopocren
[IycTh yacTuIla ABUXKETCS BAOJb OCEM X Y X B HAIIPABJICHUU
CKOPOCTH V JBIDKYIICHCS CUCTeMBI oTcyeTa. 1lycts V —

CKOPOCTh B cucteme K, V’— ckopocTh B cucrteme K. Torma

Vi + v,
V:
/
1=VOV
2
C

Te cBA3b CKOpocTeEn HE Tak Kak y anuiiess. MOXHO yTBEPK1aTh,
YTO MPOCTPAHCTBO M BpeMs HEOTJAeJJUMbI U IIPEACTABIISIOT
eqrHyo 4-x MepHyro CK (B 00mmeM ciydae N-MepHY10).
VICKpuBI€HHE TAKOTO IIPOCTPAHCTBA €CTh yKe Ipu N=4



3aBUCHUMOCTHh MACChI 0T CKOPOCTH

NueprHas macca 3aBUCUT OT CKOPOCTH Kak

m=——0
J1-B2

IIpu yBenmueHuu V HHEPIUA TEJIa PacTET M OpU V—C m —o0,

Hu ogHO Teno nmpu m>(0 HE MOXET JTOCTUTHYTH C.

ITpu V—c¢c m —o0. al —0. Marepuajgbuast Touxka?
9

Bot ObI €e B mapbl HaTpus Ipu HaHOK rae CKopoCTh cBeTa
IECITKU METPOB B CEKYHY!



Bropou 3akoH Hb0TOHA

BrIpaxeHue 111 UMIYJIbCa YaCTHUIIbI B TEOPUHU
OTHOCUTEJIBHOCTHA UMEET BUL:

p_ mV
J1-p’

OCHOBHOE YpaBHEHHUE PEIIATUBUCTCKOU JUHAMUKHU

MaTEPUATBHOU TOUKH :

d(mV

dt \\/1_'32 )

\




JHEPIruu CBOOOAHOM YaCTUIBI

[TonHas sHEprus CBOOOAHOM YaCTHUILIbI, IBHKYILCKUCS CO

CKOPOCTBIO V: ,

mc
L= -
Vi-p
CBOOOHOM Ha3bIBAIOT YaCTHIlY, HA KOTOPYK HE JACHCTBYIOT
HUKakue CHbl. HemoaBu:xHasg yactria o0J1alacT SHEprue

E, =mc’
DHEPrus EO HA3BIBACTCS DHEPTUEU TTOKOS U IMIPEACTABIISET
cO00M BHYTPEHHIOKO YHEPTHUIO YaCTUIIBI. T.€. TeJI0 ¢ MHEPTHOU
MAacCOl MOKos m 00JIagaceT onpeaeICeHHBIM 3allacoOM YHEPTIUH
IIPOIOPLUOHAIIBHBIM #1. 1 MOJIb BEeleCTBA COMCPIKUT

SHepruIo okoJo 9 10" Tx



dakynbratuBHoO: [lpnpoaga maccbl?

CHIeNau 3aKTI0YEHAe, 9TO 85 MAacca SNEKTPOHOB UMEET YHCTO 3MEKTPOMATHHTHYIO
npHpoly. bonee Toro, MowHO ObBLIO Maxe NPCANCIAraTh, YTO Macca .2r00blx Ten
€CTh 3INEKTPOMATHATHAAR MAaCCa, TaK KaK BHYTPH BCEX TeJ, JaXe He3apsKeHHHIX,
AMEIOTCA HHTEHCHBHBIE 3ICKTPOMATHHUTHBIE [0, OOGYCAOBJACHHBIE 3JE€KTPOHAMH
¥ MOJOXHUTEJILHEIMH ALPaMH aTOMOB. ~

- Bnocneacrsuu, oiHaKo, BBHISACHHAOCH, YTO [MOJOGHBIE NPENCTABIACHHS COMpH-
MEHBl € Cepbe3HBIMU TPYAHOCTAMH. MHOrOYHCNHEHHBE [IONLITKH HOCTPOEHHA
TEOPHH 3JE€MEHTAPHHX YacTHIL B TPelNoNOXeHHH, 4YTO Maccad HMX KHMEeT YHCTO
3NEKTPOMArHHTHYIO LIPHPONY, NPUBEJH. K BHYTPEHHHM NPOTHBOPEUHAM, He ycTpa-
HEHHBIM JI0 Hacrosulero speMeHH. C JApyrod CTopoHK, XOPOLIO H3BECTHO, UTO
CYUIECTBYIOT 3JEMEHTAPHBIE YaCTHIbl, HanpUMep HcHATponw (cM. ATOMHYI (-
3HKY), cOnajawigue Maccoi, HO He HMeI[He BOBCE 3ACKTPHYECKHX 3apsjioB.
[To3TOMY NPHXOAHUTCH MONYCTHTh, 4YTO SJIEKTPOMArHHUTHas Macca MOKeT mpel-
CTaBAATh JHIOb YacTh MAaCCH SJMeMEeHTApPHBIX YacTHlL («iionerasi» Macca), B To
BpeMs KaK JApyras €€ yacrb He CBA3aHA C YACKTPOMACHWUTHBIM MokeM (<Hernoune-
Bag» Mmacca). -

C.I. KanawHukos, ObLuin Kypc OnsnKn, SreKTPNYECTBO,
Hayka, 1970, cTtp. 621



DaKyIbTaTUBHO

HaCTO}IHICC OKa3aJIOCh IICPCXOAHBbIM 3BCHOM MCKAY KBAHTOBBIM

OyIyIIUM U KJIaCCUYECKHM IIPOILIbIM

Pn3nku NpeanoXxunnm HoBy Moaens BceneHHon, B paMmKax KOTOPOW KBAHTOBOE
byayuwiee npuBoaUT K CBOEro poaa "Kpuctannmsayum" Knaccuyeckoro npoLusioro
4yepes HacToslLLee.

[Mo aHanorun ¢ OTO y4eHble paccmaTpuBanu BeceneHHyro B kavecTBe
YyeTbIPpeXMepPHOro Kycka npocTpaHCcTBa-BpeMeHU ¢ PUKCUPOBaAHHbLIMU
rpaHmuamu. lNpu aToM BblgeNeHHOro MOMeHTa BPpeMEHM HMKAKoro He BBOOMUTCA.

[Moka 3TOT KyCOK OTHOCUTCS K OyayLiemMy, ero npmpoaa UCKITYMTESIbHO
KBaHTOBasA. B Byaoywiem c pa3Hon cTeneHblo BEPOATHOCTU MOTYT NPUCYTCTBOBATb
OQHOBPEMEHHO HECKOJTbKO BO3MOXHbIX COObLITUN.

Mpowsoe NnoAYMHAETCA KNacCUYeCKUM 3aKoHaM (pM3UNKKN, TO ECTb BCE
dbursnyeckme BenmMYMHblI OAHO3HAYHO ONpeaerieHbl.

TeyeHne BpeMeHU - 3BONIOLIMIO 3aKOHOB NPOCTPaHCTBa-BpeMeHn. HacTtosulee B
3TOM crlyyae - 3TO MOMEHT nepexoaa oT KBaHTOBbIX 3aKOHOB K KITaCCU4YeCKUM



