Ectpb ABE CHJIbBI XUMHUYCCKaAA H

OTHOCHUTCJIBHO JAaJIBHO- C I/I.]I LI Tp eH I/IH

neucrsywmas Baun nep Baaabca CymeCTByeT CYXO€ U JKUAKOC TPEHUC.

5 i Ao . Cuna F ypaBHOBEIIMBAETCS PABHOU

omwsspssamooso S €U 110 BEJIMYMHE U POTHUBOIIOJIOKHO HAIPABIECHHOU
m CUJIOH, KOTOpPasi U €CTh CUJIA TPEHUS MTOKOS Fmp. Cun
M ASNS A NTvpeHI/I}I ITOKOS I JAHHBIX ITOBEPXHOCTEW MHOTO, HO

_ Ao ceamuporamn 'MaKc. cuja TONbKO onHa F_ N FTp 1 UMCHHO

! OTTaﬂKHfa yepes3 Hee U ONpeIeIsieTCs 6e3pa3MepH51M K02 .
\ e ~10 __——" TPONOPLMOHANLHOCTH HA3BIBAEMBIM K0I(h¢h. mpenus

—

e crOIbHCEHUA M. 3ak0oH Amontons' (1699 ): Moayib
Obpno _ w
oo T BEKTOPA FmP.CK_ JIMHEHMHO MPONMOPIUHOHAJIEH
HArpy3ke (MM peakuuu onopbl N )1 IpaKTHYECCKU
He 3AaBUCHUT OT MOAYJIsi CKOPOCTH Te€Jia HO HAIIPABJICH
lN IIPOTUBOIIOJIOXKHO CKOPOCTH.

E F
Tp«l; t’ 1~ FTp max FTp.CK
Puc. 13 N N

Touno paBHO ecim npeHeOpeus Ban-aep-Baanscom




r ?
Ecim cuil TpeHUA HET

YemoBek HE MOT OBI XOIUTH!

3 Y
YT00BI KOCMHYECKOMY CITYTHHUKY Maccou 650 Kr

[IOMEHSTH OpOUTY HY>KEH JBUIraTEb, JAOIUM B
MMITYJIbCE 5 Tp (€ClIM OHA U3MEHMIACH U3 34
TPEHMUS 00 OCTAaTKH aTMOC(EPHI)

*Cuna TpeHua? ITo MHOro MU
Mano?



N *Cuaa CYX0ro TPpeHus!

Ecnu ropru3oHTanbHas NOBEPXHOCTH T.€. =0 ? mpoeKuus mg

K, £ Ha TOPHU30HTAIIBHYIO OCh X paBHa () ¥ IIpU Ha4YajIe CKOJIbKCHHUS
—— ———————— ma = F—FszF—yngO WA JUIA OajlaHca CvJI U 00eCIieYeHUs
XOTsI ObI HYJIEBOT'O YCKOPEHHUS (HE HYJIEBOM HaYaIbHOU
Puc. 13 ckopoctn) a=(F/m- u g) =0 uru F/m=ug wim F= umg. Cuia

F JuHeliHa nponopuuoHaabHa Macce Teja. Cuia ¢ KOTOpOou
HAJ0 TSHYTb HA CaHSAX OJIHOTO M JABYX CTYJIEHTOB OTJIMYAIOTCS

B JIBa pa3za. A JJIfl TPOMX HAJ0 TPOIKY 3anpArarb
Ho 13 ombITa: cuiia TpeHusi He 3aBMCHUT OT IJIOIIAAu conpukocHoBenusi. [locmoTrpum Ha

Tpudometp. Ilouemy? F  onpenensercs XMMHEH MOBEPXHOCTEH U CHJIOU KOTOPAsi UX
caaBjauBaeT. YeM MEHbIIE TUIONIA/lb TPU TOM K€ BEJIUYHUHE CUJIbI C/IABIMBAHUS, TEM OOJIbIIIE
JaBJicHUE Ha | MM KB. ¥ OOJIbIIIE aTOMOB BXO/SIT B XUMHYECKOE B3aumojieiicteue. Tpudomerp
¢ AByms oOpyckamu. Cuiia Bo3paciia B 2 pasa! IIlporuBopeuue? T.e. 11 Havaiia JBAKCHUS
HaJio 4TOOBI MEsina - umgcoso=mg(sina- xcos0)=0 uam u =tga! T.e. yron HaKJI0OHA JOCKH B
MOMEHT CIOJI3aHUsI OpPYCKa ONPEIEIISIETCS TOJIBKO BEIMYMHON M, a HE M. A modemy HeT
3aBUCUMOCTH 0T ckopocTu? Tak kKak koporkoaeiTeue (xumus) . Cuiia geiicTByeT TOJIbKO
HA MaJICHbKOM paccrosiHuM. T.e. pakT xumuyeckas Mojiekysaa co3gana! Ilpu maabix
CKOPOCTHAX ¢ KAKOH CKOPOCTHIO OHA CO3/1aBAJIACh HE BAa:KHO. Ba:KHO, 4YTO B OIUH U TOT Ke
MOMEHT BPEMEHHU eCTh ONpeae e HHOEe KOJIUYECTBO MOJICKYJ COCTOAIIMX B XUMUYECKOMN

CBAI3U. XUMMS B JIeCATH pa3 cuibHee Ban-nep-BaajibcoBbIx cHlI.



* Cuna Tpenust

* Bpycok Ha croie u mapuk. He myTtath k03¢ ®. TpeHHE CKOIbIKeHNsE
(06e3pa3zMepeH) U kaueHusl (OIPeACaIeMOT0 KaK OTHOIIICHME MOMEHTA CHUJIbI
TPEHUS Ka4€HUS K HOpMaJIbHOM CUJIC M UMEIOIIETO Pa3MEPHOCTh JIMHBI). To,
910 KO3( (. TpeHUs Ka4yeHUusi OYCHb MaJI UCIIOIB3YETCA B II
Tpenue kaueHuss HUYTOKHO MaJIO M PE3KO BO3PACTACT TOJBKO IIPU CKOPOCTAX
CPaBHHUMBIX CO CKOPOCTBIO paCIpOCTpaHeHuUs AehopMallii B Tejie TOTaa
Iy4dllle IepeXOoauTh Ha TPEHUE CKOJIbKCHUS

* ABTOMoGHIHCcTaM: KnHeTHYecKas SHEPIUd B PE3yJbTare JIECHUCTBUSA CUJI
TPEHUSI TIEPEXOJUT B TEILNIOBYIO M SHEPTHUIO JiehopManuu (IO3TOMY
TOPMO3HBIE JUCKHU Y KOJIOJIKM Ha MAalllMHAX B OCHOBHOM I'PEIOTCA (IIpH
MJIJABHOM TOPMOKE€HWH ) M M3HAIIMBAIOTCA (MIpU pe3koM) . Hackobko yaiie
HaJ0 MEHSATh TOPMO3HBIE KOJIOAKH Y BHEJIOPOKHUKA B CpaBHEHMIO ¢ Jlamon ?

3
Hampasienne Chiibl TpEHHUS MEKIY BEAYIIUMU (CBI3aHHBIMM C JIBUTATEIIEM) U
BEIOMBIMM KOJIECAMU MPSIMO ITPOTUBOIOJIOXKHBI. Ha mosHOM MpUBOIE B OJHY.

¥ o
Opanako 10 2009 roga npeackas3arb peaabHbIM KO3(h@. TPEHUS ObLIO
HEBO3MOKHO TOYHEE CBSI3aTh €0 CO CBOMCTBAMHU Marepraia



*
Tpenuss B MaKpo- 1 HAHOMHUPE

IOX02KHA
3aKOHBI TPEHHUS U1l HAHOCTPYKTYP HE OTIIMYAIOTCA
" oT xaccuueckux 3akoHoB. Cyxoe TpeHue
& co3maeTcsi HePOBHOCTSIMH JAHHBIX
2 [oBepxHOCTel, KOTOpPbIE 3aLeILISIIOTCS APYT 3a
Pyra, a Tak:ke CHJIAMHU B3aHMOJeCTBUSA MEKIY
YACTHIAMH, U3 KOTOPBIX COCTOSIT IOBEPXHOCTH.

J111 HAHOMOBEPXHOCTEM (COBOKYITHOCTH MOJICKYJI)
PACCUUTHIBAIIMCH CHJIBI MEKMOJICKYJISIPHOTO
B3aMMOJICHCTBHUS. YCTAHOBJIEHO, YTO CHJIA TPEHUHA
MPSIMO NMPONMOPIHOHAJIBbHA KOJUYECTBY
XHMHUYECKH B3aMMOAEHCTBYIOIIUX ATOMOB -
aHAJIOTy UCTMHHOM (pealbHOM) IIOIIAIU
COIPUKOCHOBEHHSI MAaKPOOOBEKTOB. Cuiia TpeHusi
MPSIMO MPONOPIHOHAIbHA UCTHHHON IJIOIIAAM
(ee He caeayeT NyTaTh ¢ OOBIYHOM IJIOIIAAbIO
CONPUKOCHOBEHMSA MOBEPXHOCTEH Te). Tpyliuecs
K HAHOITOBEPXHOCTH MOKHO pacCMaTpuBaTh B paMKax
o Aomsin contact KJIACCUYECKUX TEOPUU TPEHUS MOBEPXHOCTEU.

@ Surtace area per atom
— Contact edge




* Tpenue niam aare3ust ?
OJIM3KOAEHCTBYE WIH TAJLHOAEHCTBHE?

*Hpenoz[aBaTe.m) . B UEM NPUHIUITMAIIBHOE OTJIMYME CUJI TPEHUS OT CWJI aare3unu ? B
TOM, YTO B TPEHUH Y4YaCTBYIOT TOJIbKO OJM3KOACHCTBYIOIINUE CUJIBI (XUMHS), a BaH-
nep-Baanbc He yyacTByeT ?

B axare3uu padboTtaroT 00€ rpyInbl CUi? WK HET?

CryneHT: TpeHue, oOyCIOBICHHOE OIM3KOACHCTBUEM, TUHEHHO
3aBUCHUT OT BEca Tejia, a TpEHUE ¢ yueToM BaH-nep-Baanbca
(" manpHOAEMCTBYOIIAS aAre3us’) CyOInHEHHO.

3
IIpenogaBareib : IPAaBWIBHO JIX 51 IOHUMAlO, YTO aJre3usi BKIIOYACT U
KOPOTKOAEHUTCBYIOIINE CHIIbI (XuMuio) 1 Ban-nep-BaanbcoBbl?

CryaeHr : ga 370 Tak. TOJIbKO KOPOTKOAECUCTBYIOIIME CUJIbI, CBSI3aHHBIE C TPEHUEM U
TaKME K€, CBI3aHHBIC C aIT€3UECH, Pa3IndaroTCs (BTOPHIE MOKHO YCTPAHUTD,
HaIpuMep, acCCUBALMEN C TTOMOIIBIO BOJIOPOAA, a IEPBBIE, ECTECTBEHHO, HET).



*
Cuiibl TpeHus B )KUBOTHOM

Yo tarsus (EESREs B ane
L & = M Korma MHIIHOHBI  BOJIOCKOB
rekkoHa (A) BCTymaroT B
KOHTAKT C IIOBEpXHOCThIO (B),
OHM BCE€ BMECTE CO3HAIOT
MOIIIHYKO CBSI3b, KOTOpasi B
TBICSIYY pa3 CHUJbHEE, 4Ye€M Ta
CUJIa, KOTOpas HY)KHA T€KKOHY,
4TOOBI BUCETh Ha BEPTUKAIBHOM

CTCHC.

Amepulibl CIIOCOOHBI IPOYHO MPUIIUIATH K MOBEPXHOCTU. M 3TO TOT
MEXaHU3M, KOTOPbII UCCIEIOBATEIAM BO BCEM MUPE €€ TOJIBKO MPEACTOUT

BOCIIPOU3BECTH.



[lonunponuiieHOBbIE

MHKPOBOJIOKHA
(0.6-5) x20 MHKpOH ropasio

JTy4Ill€ KOHTAaKTHPYIOT CO

E
Her

CTEKJIOM YE€M TJlaJIKas
MTOBEPXHOCTh U KOA(DPUITUECHT

TPEHUS Ha MOPSAIOK O0JIbIIE YEM
y 00bEMHOTO MOJAMPOTAJICHA.
I1aomaas He Ba:xkHa. BaxkHo

Ka4e€CTBO KOHTAKTa CO

High-friction microfibers | T EEs
Jd v "% . 2 crexkiaoMm (pusuueckue
CBOHCTBA MUKPOBOJIOKOH).

No adhesive is holding up this quarter
\‘ 1
ANre3u10 U3MepPAJIH ee HeT T.e.

Instead, it is staying on the inclined
glass plate because it has been coated
with o high-friction array of micro [ -
fibars. Taking their lead from the gecko, S
which can climb walls and troverse ﬂ‘ ,
ceilings thanks 1o millions of small hairs )“
or sefae, on its feet;, Ronald Fearing of I il
the University of Califormia, Berkeley, | '_'5 ' ‘
and his co”c‘oquc'{ have created arrays g - ¥ y af
of polypropylene hibers with lengths of | e o e R .
about 20 um ond diameters batween ! 3 : - i “add
L Ry s ik R | Y
Bce 0e3 KJied.

0.6 and 5.0 um. The individual Hibers
better contact with a surface than a fot polypropylene film does. As a result. the fiber arrays,

can Hex, which allows them 16 make
ike the one in the scanning electron micrograph, have o coefficient of friction more than an
srder of magnitude larger than bulk polypropylene’s ond comparable to that of tire rubber
ut unlike many other high-friction materials, the fiber arrays demonstrate no measurable

cdhesion on smooth surfaces. (C. Majidi et al., Phys. Rev Lett. 97, 076103, 2006; photo

wrtesy of the Fearing Group. UC Berkeley.)

submit candidate images for Back Scatter, visit

)./V / wAww phys:(t’.'()(h‘x)« org / backscatter html



* PDaKyJbTATUBHO:

AHM30TPOITHOE
TPEHUE HA HAHOYPOBHE

S

L

2 3w 2w OF TO W "‘ .
et ol oS,

T

"
" v

M3mepenue cuna TpeHust mexay urioil ACM u 00KOBOM MOBEPXHOCTHIO
MHOTOCJIONHOW YIJIEPOJAHON HAHOTPYOKH ITOKA3aJI0, YTO JIMHEHHAS
3aBUCHUMOCTB [ p HE BBITIOIHSAETCS, & BMECTO 3TOTO F w N?3. BBISICHAIIOCH,
4TO JI1 HAHOTPYOOK auamMeTpoM MeHee 10 HM BeJinurHA TPeHus:
Pa3InYaeTcs NPy ABUKEHUH UIVIbI NEePHEeHIUKYJIAPHO U NMapaljieJIbHO
ocu HAHOTPYOKHU. MoaeanpoBaHuE B3aUMOACUCTBHUS UIJIbl C HAHOTPYOKOM
MIOKa3aJio, 4To 00JIe€ CUIILHOE TPEHHUE B MEPIECHAUKYIIPHOM HAIIPABICHUM
CBSI3aHO C BO3HMKHOBEHHMEM MSITKOM MOJbI KOJIeOaHUM, KOTopasl
3(P(EKTUBHO “3a0MpaeT”’ YHEPruI0 MOCTYNATEILHOIO ABUKEHUS Ukl T.€.
JOIOJIHUTEIBHO TPATUTCS SHEPIrus Ha Je(OopMaIiio MOBEPXHOCTH.
KoHeuHO Hajgo n3ydaTh Kak BIUSIOT KOHKpPETHas (popma MUIJIbI,
ITIOBEPXHOCTHBIC J€(EKTHI U APYTUE (DAKTOPHI.

M. Lucas et al., Nature Mater. 8, 8§76 (2009). IlepcT, 2009, 1.16, Bbim. 22



& JIBHKEHMH TBEPAOI0 TeJIa B )KHUAKOU Cpee.

Ha Teno B )XuJIKOCTH WM ra3e ACUCTBYET cuiia conpoTtuBicHus (F /v n
00yCIIOBIIEHA BA3KUM (GKUIKUM) TpeHHEM) M nogbeMHuas cwia (F_Lv u #0
IIPpU OTCYTCTBUE CUMMETPHH TeJIa OTHOCUTENBHO JIMHUU JIBUXKCHHUS) .

- Eciiy B )KMJIKOCTh NMPUBECTH B IBUKEHUE TO OHO CO BPEMEHEM 3aTyXHET!
3HAYUT MEXKIY CIOSIMHU €CTh TpeHHe HdaBOBCM €ro CMJIAMH BHYTPEHHEr o
TPeHHs WJIH CHJIAMH BA3KOCTH, ¥ 7]~ %03(¢. BHyTPEHHEro TPEeHHs HJIH
AUHAMHYECKOH BA3KOCTUH. KcTaTy moTok ra3a toske 3aryxHer . Ciion
XKUJAKOCTH WJIH Ta3a CONMPUKACAIOIUAECS C TEJIOM «IIPUINMHAKT» K HEMY U
JBUTAIOTCSI BMECTE C TEJIOM BOBJIEKas APYTHE CJIOU 3a CUET CHJI BSI3KOCTH.
Bo3HHKAET BA3KOE TPEHUE MEXKITY STUMH CJIOSIMU U OCTAJIbHBIMH.

* JlaBiieHME HA pa3HbBIE YYACTKU TeJia pasHoe. Pe3ynbTupyronias Cuil J1aBJICHUs
HaIpaBJI€Ha NPOTUBOIIOI0XKHO V, IO MOJIYJIIO paBHA CUJIE COIIPOTUBIICHUS
(CujIe )KUJKOTO TPEHHUS ) U CYIIIECTBEHHO 3aBUCHUT OT CKOPOCTH JBUKCHUSI.

* Hp10TOH yCTaHOBWII IJIS IBYX CJIOEB KUJIKOCTH C Pa3HBIMHM CKOPOCTIMU
(dv/dh#0) pa3aeneHHbIX TOHKOM IIOMAAKOM AS :



JIBMKeHHH TBEPAOro Tejia B KMAKOM cpejie (BepHO M AJis ra3a).
* [Ipu MasibIX cKOpoCTAX KO3 (. BHYTPEHHETO TPEHUA 7 , @ TaKXKe (popma,

pa3MeEpBkl, IMIEPOXOBATOCTH TEJIA U ONPEACTAIOT KOOI @ KuAKOro TpeHus b :
=-bv nng mapuka b=6mnr

mp.oxc.
* [Ipu Gonpmmx v no moaymo F . = -b v? wim BektopHo F =-b vv.
TP. XK 1 mp.ouc. 1
[Ipu nanpHeweM yBenuueHUU CKOpocTu b, MoxeT n3meHuTbesl. Kakoit b,y

karepa myaierocsa ¢ V=1000 km/u ? J[oj10’)keH ObITh MUHUMAJICH !
* [Ipu GoabIIMX CKOPOCTIX M pa3Mepax Mo3ajau Teaa BOSHUKAET

TypOYyJIEHTHOCTbh, MTPUBOAAIIAS K JOTIOJTHUTEILHON PA3HUIIE JABJICHHUE U CUIIA
COIPOTUBIIEHUS CPEIBI MOXKET MTPEBOCXOAUTH CUITY BI3KOr0O TpeHus. 1.€.
IIPABUIIBHO T'OBOPHUTH O CHUJIC KMAKOI0 TPEHUS + CHJIe CONPOTUBJICHUS CPebl.
*OTMETHUM, YTO ITPU OTKJIOHEHUHU V OT OCH CUMMETPHHM TE€JIa BOSHUKAET

noabeMHas cuia. T.e. 3T0 BEepHO U JJIs ra3a (IpuMep, B3JICTAOIMM CaMOJIET ).
AUIKOro TpeHus MOKos He cymecrByeT. Eciiu ckopocts v=0

TO FTpm=0 U OTPOMHBIH KOPa0JIb CABUIaeM ¢ MeCTa mnaJjbuem!

K coxkajieHMI0 KaK TOJbKO OH TPOHYJICH cpa3y MOsABJIsIETCS CUJIa TPEeHNUs
Mukpokannu oTkasanucb NOAYUHATBLCS 3aKOHaM TPeHUs!



y DakyJIbTATUBHO: «/KHMAKO0E» TPEeHHE — B

peajibHOM KOMIIBIOTEPE
Korpga auck (TeMHO CHHETO
[IBE€TA) ABUTACTCSI HABCTPEUY
IIOJI3YHKY (3€JI€HOI0 I[BETA)
77T, " j 3aAIKMCHIBAIONICH/CUUTHIBAIOIIEH
> - rOJIOBKH (a), TO

disk motion disk motion

00pa3yeTcsa MEHHUCK U3 CMa304HOM KUAKOCTH. Ho oH
NOCTAaTOYHO MaJ€HbKUH ¥ MOTOMY HE BHOCUT 3HAYUTEIBHOIO
BKJIaga B 001y cuiay TpeHus. Ho eciau auck gABUIKETCS OT
IOJI3yHKA (0), TO BO3JIC HETO CMa3Ka CKAIJIMBACTCS B OOJIBIIOM
KOJIMYECTBE M, CIICAOBATEIbHO, OKA3bIBACT OOJIBIIECE BIMSHUE.



*
Teneps nmoroBopuM 00 OTHOCHTEJIHLHOCTH,

00JILIIHUX PACCTOSHUSAX U CKOPOCTSX.

Bcenennas — 310 BeCh MUp, O€3rpaHUYHBIA BO BPEMEHH U
mpocTpaHcTBe. JloCcTynmHa WM3y4YEHHUI0O aCTPOHOMHUYECKHUMU
CpeACTBAaMHU TOJBKO 4YacTh BceaeHHONW. JTa 4acTh OOBIYHO
Ha3bIBACTCA MeTaraiakTUKOM.

Tompko B 30-x romax XX Beka yAaloOCh YCTAHOBUTH
pa3MeEpPbl 1 OCHOBHBIE YEPTHI CTPOCHUA HalleHu | anakTuku, B
kotopyto  Bxoautr Comnue. Ilomepeunuk [ 'anmakTukKH
npuMepHo 30 000 mapcek minn okosio 100 000 CBETOBBIX JET.

1 mapcek (1K) = 3,26 ceeroBoro roga = 3,08 10'® m.



*TaJaKTHKH

B ranaktuky Bxogutr Oosice 100 wmuapa. 3Be3n H
PACIOJIOKEHBI OHM B CJIO€ OUCKA TOJIMUHOM B HECKOJBKO
COT€H IIapCEK, CJICAOBATEIbHO TOJIIMHA JHCKa HAMHOTO
MEHbIIIE ero auamerpa. CpeaHuM BO3pacT TaJlaKTHK
npuoan3uTenbHo 10 Mipa. ner.

Bce ramaktuku Xa0051 pa30uia HA TpU OCHOBHBIX THIIA:
VINNTHYECKHE, CTUPAJIbHbIE H HENIPABUJIbHBIE,

O6mee uuciao 3Be3n B Meraranaktuke — Oonee 10%.
[IpenenpHbI  CTAOMIBHBIN pa3mep 3Be3mbl 10 02 M.
[InotHOCTh OT 1.41 (y Connua) mo 101+

r/cm? (Y HEUTPOHHBIX

3BE3).
T.e. Macca pacnpeaesieHA OYEeHb HE PABHOMEPHO
KCTATH TaKKe KaKk U B 3eMJie (CpeIHss IJIOTHOCTH

5.5 r/emd).



*HpOCTpaHCTBeHHaﬂ CTPYKTYpa

Bcejgennon
Bcenennas pacmupsercs. CKOpOCTb pasjieTa TalaKTHUK

IpsIMO  IIPOIIOPIMOHATIBHA  PACCTOSIHUIO  OT  HAIleH
[ anakTuku.

dakT pasziieTa TAJTAKTUK IOATBEPKIACTCI “KPACHBIM
cMelneHreM”’ BCJIEICTBHE H3BECTHOIO B (pu3uke 3ddexra
Jloruiepa.

OKCTpanoJisius ~ paciupsromencss  BceneHHon — B
00OpaTHYO BPEMEHHYIO CTOPOHY MPHUBOAUT K BBIBOJIY, UTO BCE
HAYaJIOCh C OOJBIIOrO B3phIBa OKOJIO 15 MIpa. JIET Has3an,
YTO ¥ CUMTAIOT BO3PACTOM BCeleHHOM.



*

A CoaHue
Couanue- ra3onsiii (68% Bogopoaa, 30 % renus) wiv mia3MeHHbIN 11ap Bo3pacta 4.6
MUJIIMAP/A JIET Ha paccTosHuu 1 a.e. (acTpoHoMuueckas exununa ~1.5 10° km). Paguyc R=7
10%m (8B 109 pa3 6onbine 3emun), M=2 10% kr (B 333000? Gonpmie 3eman 1 okono 99.866 %
Macchl costHeyHol cucteMsl). ITnotHocTh p= 1.41 r/em® (0.256 ot mnoTHOCTH 3eMin),
g-—271 m/c® (B 27,5 pa3 Oonblie ueM Ha 3emie). Temneparypa Ha nosepxaoctd T=5830 K a
BHYTpHU 16 Muutmonos K. MomHOCTh U3iTydeHus —cBeTUMOcCTh 3.85 10°% spr/c=3.86 10°° Br.

%
Wnet simepHas peakuusi CUHTE3a T'elus U3 Boaopoa. 3-3a MHOTOKpPAaTHOTO MOMIOIICHUS U
nepeusnydeHus ot neHTpa CoJiHIa 3J1.-Mar. u3JiydeHue (pEHTTCeHOBCKUM JUana3oH) WIeT 10
ITOBEPXHOCTH OYEHB 10TO0 . A oT CostHIla 70 3emiu 3a 8 MUH.

*
[Ipy mpox0oKaeHNN K ITOBEPXHOCTH CIEKTP AJI.-Mar. M3JIYYSCHHS CYIIECTBEHHO MCHSICTCS H
Ha0II0gaeMoe N3IyUYCHHUE B ONITHYCCKOM JHaIa3oHe GopMUpyeTcs B TOHKOM IOBEPXHOCTHOM
cinoe —(potocdepe TommuHoM 0KoJI0 350 kM. OHO TEII0BOE U XOPOIIIO OMUCHIBACTCS B

Buaumon u MK obmactu criektpa ¢pynkuuen [1nanka ¢ apdextuBHoi Temneparypou T=5830
K.

* CosiHeuHas MOCTOSIHHAS — KOJIMYECTBO JTy4ucTOl sHepruu COJHIA , JOXOAILEE 0
1 M*> 3emuu BHe armocdepsl 1369 Br/m? (H=1000 kM HaJ{ MOBEPXHOCTBIO 3€MIIN) M3 HUX
OCHOBHas 4yacTh B auana3one 0.1-4 mxm. Tombko 336 Bt/M? moxoauT no 3emun. B
KJIMMATOJIOTMY U3 HYJIEBOTO ypaBHEHMs TEILIOBOTO 0anaHca 3eMIIU CIEAYET, YTo
nornomaercsa 3emieit Temwio 157 Br/m?, 80 Br/M? nomomaercss o61akaMu, a3po30saMU U
razaMu. A eiie ecTh B auamna3one 3-45 mkMm. B 3ToM auarna3zoHe oOpaTHO B KOCMOC YXOOUT
235 Br/m*. ExenneBHo Ha noBepxHocTy 3emun ot Connna npuxoaut 10 ' Br.



4 IlpuHuun orHocUTEAbHOCTH [aniest

yA y'e PaccMoTpum IIBE
MHEPLUUANLHEIE  CUCTEMBI

P OTCYETA, OJHA U3 KOTOPHIX

OKOMTCH, a  Jpyras

0 0] V. _,  JIBHJKETCS IO OTHOLIEHMIO

K HEH C TIIOCTOSHHOMU
7 CKOPOCTBIO V,,

HapaBJICHHOW BIOJIb OCH X. YTOOBI CHTEMBI KaK-TO
pa3ian4yaTh B IIOJBMIKHOW CHCTEME OyleM BCE€ CHMBOJIBI
0003Ha4YaTh C UHACKCOM T.€., HAapuMep, v’



*
IlpeoOpa3zoBanusamu I anuiest

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
Vi i// Yo B X e Touky B BTOPOI CHCTEME
z z MOJXHO 3aIIMCaTh KakK:

COBOKYITHOCTh ypaBHEHHIl - MpeoOpa3oBaHusi X=X -I-Vot'
lanuiesi. 1-e u 4-¢ ypaBHEHMs CHPABEIIMBBI -
TOJIBKO I KJIACCUYECKOM MEXAHHWKH, TO €CTh Y y
mpu V,<<c. llpn V,, cpaBHUMBIX €O CKOPOCTBIO 2 = Z
cBeTa C peodopazoBaHusA Famanen  ;—y
3aMEHAI0OTCA Ha 0oJiee 001Me nMpeodpasoBaHusA
JlopeHna.



*
IIpaBuj1oM CJ10KEeHHUSA

a vt MponupPELEFIOET C U
P KOOPAMHATHBIC COOTHOIICHMS
v 10 BpEMEHHU U HAJAEM CBS3b
) v 0 g —> o MEXJy CKOPOCTSIMHU:
0 )
4
R / — 4
A=A+ Vo 1500041 Ve=VetVs
_ /
i V=V,
v, =V,
B= .=V,

JTH TPHU CKAJAIPHBIX COOTHOLICHUWS S5 KBHUBAJICHTHBI OJHOMY

BEKTOPHOMY: V =V 'V,



*HanunHOM OTHOCUTEJIHbHOCTH

[Iponudpeperunpyem mo BpeMeHH BhIPAKCHUC VB DI REQM,
910 V = const.

v=v'+v, W= wu a=a’

YCKOpeHI/Ie TCJIAa BO BCCX HHEPINUAJIBHbBIX CUCTEMAaX 0TCUCTA
OKa3bIBaeTcsa OAJMHAKOBbLIM. Macca B KJIACCUYCCKOU
MCXAHHUKC ITIOCTOsIHHA, TO YMHOZKHB 00€e yacTu ITOCJICOHCTO

YPaBHEHUS HA M1 TIOJIYYHUM:

ma=ma' "M F =F'



i IlpuHuun orHOCUTEAbHOCTH [ajmiest

k'3 : y
YpaBHeHHUsI MEXaHUKH HHBAPMAHTHBI (JJATUHCKOE 1nvariants-

HEM3MEHSIOIIUICS) 110 OTHOIIICHHUIO K MpeoOpa3zoBaHusM [ amuies.
OTO NPUHIMII OTHOCHTEJNbHOCTH [ annien

*
Bce MmexaHn4yeckue siBJIeHUS B PA3JIHYHbIX HHCPIIHUAJTBbHBIX

CUCTCMaAX OTCUCTA ITPOTCKAKT OAMHAKOBO, BCJIICACTBUC YCTI'O
HUKAKNMHU MCXdAHNYCCKHNMMU OIIbITAMH

. BpeMs uaet oMHaKoOBO B 000HX
cucreMax t=t’

% e L4
[anuneit «........ B 3akpbITOM KaroT€ KOpAOJIs IBUTAIOIIECTOCS

MPSIMOJINHEWUHO U PABHOMEPHO ....[OJET MYXH, ...JJIMHA IIPBDKKA,
MMAJCHUE KAIlJIK BOOBI ....... BCE€ OJJMHAKOBO KaK M B MOKOSIIICKUCSI



*TIpeoopaszoBanus 'anniies

Ho tak xak V=V'+V; 10 ckopocTb, KHHETHYECKAS YHEPIr U
1 MMITYJIbC — BADHAHTHbIE BeJIMYNHBI.

Cnna, NMNOTCHIHAJIBbHAA SHCPI'UiA, MACCa —MHBAPHUAHTbI

YpaBHeHus1 BUJ KOTOPBIX HE U3MEHSIETCS IPU TIEPEXOJIE K
IPYIrOM CUCTEME OTCYETA TOXKE MHBAPUAHTHI. CaMU BEJIMYUHBI
BXOISIIYE B YPABHEHUE MOT'YT MEHSITHCS, a (POPMYJIbI UX
CBSI3BIBAIOIIINE HEU3MEHHHBI.

3aKoH COXPAHCHHUSIA KOJINYICCTBA IBU’KCHUA U JHCPI'HHA
CIIpaBCAJHUBLI BO BCCX HHCPIHHUAJIBHBIX CUCTCMAX OTCUCTA.

T.e. ecnu dHEPrus B KAKOU TO MHEPIIMATILHON CUCTEME
COXPaHSETCs, TO B JIOOOH APYrol MHEPLMAIbHOM CUCTEME OHA
TOXKE COXPAHSIETCH.

Bce Tpu 3akoHa HbroTOHA cripaBeiIMBbI BO BCEX MHEPIIUATIBbHBIX
CUCTEMAaXx OTCYETA.



*CTO

¥ y N
1905 r. — onupasce Ha padoThI ['anuies, DUHIITEHH COBMECTHO
¢ Jlopenuiom u Ilyankape u apyrumu yuenbiMu coszpaet CTO

3% U .
1916 r. - OuHITeH co3aan Takxke OTO - k1accudeckyro (He
KBAHTOBYIO) PEISTUBUCTCKYIO TCOPUIO I'PaBUTAIMH.

*On PACIIPOCTPAHIET MEXAaHUYECKUN IIPUHIIUIT OTHOCHUTEIILHOCTH
['anuies Ha Bce OCTalbHbIC (DU3UYECKHUE SIBIICHUS: 3AKOHBI
BCEeU NPUPOALI (2 HE TOJAbKO MEXAHUKH) OIMHAKOBO
hopmyupyroTcea ajda Bcex mHepuuaabHbiXx CO. B ocHOBE
TEOPHM: IPUHIAI OTHOCUTEIBHOCTH, IPHUHIIUI MOCTOSHCTBA
CKOPOCTH CBETA U U30TPOITHOCTH IMPOCTPAHCTBA.

*
IToka3zan, yto mpeoOpazoBaHus I anniies Hag0 3aMEHUTh Ha
OoJsiee obIIMe mpeoopazoBanms Jlopenua



*Hanum[ IIOCTOSATHCTBA CKOPOCTH

e CKopocTh cBeTa B Bakyyme ¢=2.997 10° m/c He 3aRHSIEROT,
JIBUKCHHUSI ICTOYHUKOB CBETA M, CJIEAOBATEIBHO, OJIMHAKOBA BO
BCEX MHEPIHAJIBHBIX CHCTEMAaX OTCYeTa (MHBapHaHTHA) U
SABJISCTCS IPEACIbHON CKOPOCTHIO paCHPOCTPAHCHHUS
B3aUMOJICUCTBUM B pUpPOJie. He 3aBUCUT OT ABMXKECHUA
ucTouHuka. IlocTymar ABII€TCS CIEICTBUEM ONBITHBIX (DAKTOB
(moka3aHo paHee B 1887 r. MaikeabCoHOM U Mopin).

*OTHOCUTEIBbHAA CKOPOCTh MAaTEPUATIBHBIX TEJ HE MOYKET OBIThH
OOJIBIIIE CKOPOCTH CBETA . TO €CTh IpeAebHAs CKOPOCTh JJIS
MaT€pHUaIbHBIX TEJI U JHOObIX (DU3NYECCKUX BO3ACHCTBUM.

*B oTiinunu OT Bakyyma B CpeJi€ IpYIIIOBasi U (pa3oBEIC
CKOPOCTH OTJIMYAIOTCS. DKCIICPUMEHTAIBHO BCET/Ia
OIIPEACISACTCS TPYIIIOBAS = CKOPOCTH NEPEAAYl CUTHAJIA WA
nepeaadu SHeprun. Ilapsl HaTpUa U HU3KAaA TeMmeparypa !



& DaKyJIbTATUBHO

C 4yeM CpaBHHUTH CKOPOCTH cBeTa?
IT0 MAJI0 UM MHOIO?

2
M /\p /\I/' > @ COOTHOIIICHHUE

e — HEONPECACIICHHOCTHU
2
me- P :

a
I 2
A X e V e’ 1

y >4 P ~ rN— S — R — O —
Yym — mr C Nc 137

T

Ilosy4yaeMm 10 MOPAAKY BeJJUYUHBI CKOPOCTh AaTOMHOI0 3JIEKTPOHA B
Q)

OCHOBHOM cOCTQfiHMHU B 137 pa3 MeHbIIIe CKOPOCTH CBETA

a
H



*BpeMﬂ B Pa3HbIX CUCTEMAX OTCYETA

[loHsATHE OJITHOBPEMEHHOCTH, CYUTABIIEECSA B HBFOTOHOBCKOM MEXAHUKE
a0COJIIOTHBIM, B JICUCTBUTEIIBHOCTU OTHOCUTEJILHO. [1yCcTh N3 ceperHbI
PAaBHOMEPHO JABHXKYIIETOCS MOE34a UCITYCKAETCS B 000MX HAIIPABICHUSIX
cBeToBOM curHai. Ilaccaskup noes3ga yBUINUT, YTO CUTHAJ JIOCTUT T'OJIOBBI U

Y
y 4 XBOCTa 110€34a OATHOBPCMCHHO. A

1+ +2 JNeKYPHBIM HA CTAaHLIMH, YTO CUTHAJI JOCTHUT
XI
X XBOCTa I0€3/1a paHbIlie, YEM T'OJIOBBI,

TaK KaK TOYKa | ABMIKETCSI HABCTPEUY CUTHAIY, a TOUYKY 2 CBETY HaA0
OOTOHSTH. IIpoCTpaHCTBO 1 BpeMsI OKa3bIBaIOTCS B3aMOCBSI3aHHBIMU, 00pa3ysl
€AUHOE YETHIPEXMEPHOE MPOCTPAHCTBO-BpeMs. IIpMHIMIINAJIBHO TO, YTO OHU
M3 Pa3HbIX CHCTEM OTcUeTa HAOM0aalT! OOHO U TOXKE COOBITHE B
MHEPIUAIBHBIX CHCTEMAaX OTCYETa MOKET UMETh Pa3HbIC IPOCTPAHCTBECHHBIC
KOOPJIMHATHI K Pa3HECEHBI BO BpEMEHHU. 1O KaK 3TO NPOUCXOAUT A ABYX
MHEPIMAIbHBIX CHCTEM OTCUETA ITOKa3aa XCeHIAPUK AHTOH JIOpeHI
(1853-1928). B ero npeoOpa3oBaHUsAX KOOPAUHATEI U BPEMSI IEPEMEIIIAHbI.



& 3 b,
IIpUHIMII OTHOCUTEJIBHOCTH JNHIITENHA.
I1pu nnepexoae n3 0HON UHEPIIMATBHONW CUCTEMBI OTCUETA B

APYTYIO HAJO I0JIb30BaThCs nMpeodpazoBanusamu Jlopenna:

x + vt'
x:
Ji-p
y=)
<Z:Z' , TIIC ﬁ:X
C
-
t'+| — X
{ = c”
2
| V1P

YpaBHEHHUS, BbIPAKAIOIINE 3AKOHbI IPUPOAbl, HHBAPUAHTHLI
10 OTHOLIEHM IO K npeodpa3zoBanusaM JlopeHia.
[Ipu V<<c npeBpaimarorcs B npeoOpa3oBaHus | anuien



* (DU3UKH CHOBA NMOATBEPAUIHA TEOPHIO

OTHOCUTCJIBHOCTHU
[TpuHIMIT JIOPEHII-MHBAPHUAHTHOCTH MOCTYJIUPYET, YTO BCE (PU3UUYECKUE

3aKOHBI JeHCTBYIOT OJMHAKOBO BHE 3ABUCHUMOCTH OT IOJIOKEHUS U
OpPHEHTAIUHU JIA00PATOPUHU B MPOCTPAHCTBE U OT MOMEHTA BPEMEHM | , B
YaCTHOCTH, HEU3MEHHOCTh (DM3UYECKHUX ITPOILIECCOB IIPHU IMMOBOPOTE CUCTEMbI Ha
IIPOU3BOJILHBIN yroil. Tak, TOBOPOT 1a00PaTOPUH BMECTE C IIOBEPXHOCTHIO
3eMJIM B X0JI€ CYTOYHOTO BpAIl[CHUS INIAHETHI HE JOJKEH BIMSTH Ha
pornecchl. M THEM 1 HOUBIO pe3yabTaT JOIKEH ObITh OJUHAKOB.

%I[JI}I IPOBEPKHU (DU3UKH UCIOIb30BAIM HEUTPUHO - YACTHUIIBI C OUEHb BHICOKOM
IIPOHMKAIOIIECH CIIOCOOHOCThI0. HelTpuHO, mony4yaemble npu 001y4YeHUN
YIJIEPOAHOM MUIIEHU HA YCKOPUTEIIE 3aPsKEHHBIX YACTULL, HANIPABIIAIUCH
Yyepe3 CJIOM IPyHTA Ha PACIIOIOKEHHBIM B HECKOJIBKUX COTHSIX METPOB
JNETEKTOP, KOTOPBIM PETUCTPUPOBAII KOJTMUECTBO U SHEPTUIO YACTHII.
3aBHCUMOCTH pe3yJbTaTa OT BPEMEHH CYTOK HE OOHapyKuioch. Ilyuok Beaer
ce0s1 OMMHAKOBO IPH JI000M NMOJI0KEHUU B MIPOCTPAHCTBE U BCE
HAIIPABJIEHUA OKA3bIBAIOTCH JJIsl HEr0 OAMHAKOBbI: PUHIUII
UHBAPUAHTHOCTH padoraer. PapHOIIpaBre HapaBJICHUH B MIPOCTPAHCTBE
o4eBUIHO. HO cymiecTByeT psj T€OpHid, B KOTOPBIX BBIJIECIEHHOE HAIIPABJICHUE
CYIIECTBYET U UTPAECT BAXKHYIO POJIb B (popMupoBaHnu BceeneHHOM.



“OTHOCHUTEJIBHOCTH BPEMEHH

Bpems Mexay cOObITUSIMU T B HEMOABHKHOW CUCTEME
oT4eTa, a OykBo T — BpeMs MEXIY TEMU K€ COOBITUSIMHU B

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

o<

Tak kak 7 >  TO B ABWXYIIUXCA CUCTEMAX BPEMS TEUET
MeaneHHee. [IposBisiroTcst 3aMeTHBIM 00pa30M JIMIIb PHU

CKOPOCTSX ABMKCHHUS, OJIM3KHUX K CKOPOCTH CBETA C.



*3amensieHne BpeMeHHU

e [lapagoxc Oum3HenoB. OauH Ha 3€MJI€ a BTOPOM JIETUT B KOCMOC C OOJIBIIION
CKOpocTh. KTO mx 0nm3HenoB crapiie? B neldcTBUTENLHOCTH JJIS ITapagoKca
OJIM3HEIOB NPUHIMIIMAJIFHO Ba)KHO YTOOBI OJIMH OJIU3HEL HAXOAUJICS B
WHEPIHUAIBHOM CUCTEME OTcUeTa (Ha 3emile, HapuMep), a BTOPOM B
HEUMHEPIHAJIbHOW CUCTEME OTCUYETA KOTOPAsS IBUXKETCS C YCKOPEHUEM (B
pakeTe B kocMoce). C Apyroil CTOpOHBI KaXiblil U3 OJU3HELI0B HAXOAUTCS B
COBEPIICHHO OJIMHAKOBOM CUTyallud OTHOCUTEIBHO JPYIOTr0 U JOIKEH OBITh
crapie apyroro. 3a 100 jgeT ObLI0 CIeIaHO HEMAJIO IOIBITOK €ro
pa3pericHus.

«  CpenHee BpeMs KU3HH HecTaOMIbHOM yacTuIlbl Me3oHa ~10° cex u oH He
MOT OBbI TOJIETETH 10 3eMJI C BBICOTHI 10-20 KM ecjiv ObI JIJIsT HETO HE
3aMEIISJIOCH BpEeMSI BCIICACTBUE JIBUXKECHHS CO CKOPOCThIO OJIM3KOM K €

* Ho ecinu Mexay COOBITUSMU UMEETCS IIPUYMHHAS CBS3b, TO COOBITHE-
IIPUYMHA BO BCEX CUCTEMAaX OTCUETa MPEIIECCTBYET COOBITHIO-CIICICTBHIO.
ChbIH He poxaaeTcsi panbiie oTua . Hajgo npoOoBaTh ¢ ujeaabHbIMU
yacaMy Ha pa0OTy KOTOPHIX HE BIUSET YCKOpEeHHE! ATOMHBIE YaChl?



*3ame1sieHe BpeMeHH
€aJIbHOCTh !

B 2010 roay (u3nKH 3KCIIEpUMEHTAIBHO0 TOATBEPIUIN
3aMEIJIEHNE BPEMEHMU. VICIIOIBb30BAHUE CBEPXTOUYHBIX ATOMHBIX
JacOB MOKA3aJ10 3aMeIJIeHUsI BpeMeHH BOJIM3U MAaCCHMBHBIX
00beKkTOB. CTYyAEHTY, KOTOPBIM HAXOAUTCS AAJIbIIEC OT O0OBEKTA,
OyZIET Ka3aThCsl, YTO YaChl €r0 COKYPCHHUKA, KOTOPBIA CTOUT
OJIMKE K OOBEKTY, UAYT MEIJICHHEE.

[TokazaHo, YTO C TOYKH 3PEHUSI HEMOJABUKHOTO CTYIEHTA
«CTPEIKW» HAa aTOMHBIX YacaxX ABUKYIIETOCS KOJJIETH OYayT

IepeMeIaTbcs MeJICHHEE ( 3aMeIJICHUS X044 4YacOB HIpHU
IBYKCHUMN ).



*(I)aKyJILTaTHBHO

*B 2007 rony IIpodeccop Cyo0am Kak n3 yHuBepcuTETA IITATa
Jlyn3naHa npeaaoxKuiI BEPHYTHCA K (DOPMYIUPOBKE MPUHIIUIIOB
otHOocutenbHOCTH AHpH Ilyankape, pa3padorannoin B 1904 rony.
B HEN, B OTIIMYKE OT IMIPUHIIMIIOB OTHOCUTEIbHOCTH JWHINTEWHA,
HE OBLIIO BBEICHO KaKUX-IH00 IPEANON0KECHNUM 0 (PU3UUECKOU
npupoze BeeaeHHoum.

*][locTynar: xapakrep GpU3HMYIECKHUX MPOIECCOB
00yCJIaBJIMBACTCH KPYNMHOMACIHITAOHOW CTPYKTYpPOH
Bcesennou. [Ipy 310M NOABIIAETCA BO3MOXHOCTH ONPEACIUTh
METO/I BBIJICJICHUA UHEPIIUATIBHBIX CUCTEM OTCUETA U3 MHOXKECTBA
BCEX CUCTEM OTCYETA, HE BBOJIS IIPU 3TOM ITOHATHS "aOCOIFOTHOIO
IpocTpaHcTBa’. TemM caMbIM MHEPLIUATIBHBIE CUCTEMBI YIACTCS
"mpuBsA3aTh" K KPyIIHOMACIITA0HON CTpYKType BCcelneHHOM.



y DaKyJbTATUBHO

OTO

Ceepxnpoeooumocms Ha cyxcoe y oouieil
meopuu OMHOCUMETbHOCINU

HHcI0 3KCIEPHUMEHTOB, I1d OO0BACHEHHA KOTOPEIX He-
00XOIHMMO IIPHUBIEKATh OOINYI0 TEOPHIO OTHOCHUTENB-
HocTH (OTO) DHHINTelHA. MOXHO IEepecuuTarh IIo
naneiaM. B kauecTBe mpuMepa OOBIUHO IPHBOIAT pe-
3yIIBTaTBl M3MEPEHHS IpelecCHH OpPOHTEI MepKypHi.
A MOJKHO JIH IIPOBECTH HCCIIeIOBAHUA B Ta00PAaTOPHBIX
YCIOBHAX, He mpuderas K ycIyraMm acTpoHOMoB? B
IIPUHIINIE — 104, TOJIBKO 3Ta JadopaTopud JOIKHA Ha-
XOIHUTECA B KocMoce. Teopud mpeackasplBaer, 4To Te-
710, Bpalarolieecsd IO OKOIO3e€MHOH OpOHTe. JTOKHO
IIPEIeCCHPOBATh C VYIVIOBOH CKOpPOCTBRO 6.6”/rom B
I10ckocTH opOuTel H 0.042"/rox mepreHIHKYIAPHO
3TOH ILUTOCKOCTH. OIHAKO PEerHCcTpanusg TaKoro MH3ep-
HOIo 3(eKTa Joaroe BpeMs CUHTAIACh HeBO3MOKHOI.

AMepHKaHCKHe yUeHble MpeUIO/KIIH IMPOBECTH JKCIIe-
PHMEHT B JKHIKOM I'e/IHH, HCTIOIB3Ys B KauecTBe POTopa
CBepXIPOBOIHHK. HampapieHHe ero OCH BpallleHHsI MO-
KeT OBITH OIpeesIeHO C OUYeHb BHICOKOI TOYHOCTEHIO IO
HAIIPaBJISHHIO COIMYTCTBYIOIIErO BpAIlEeHHIO CBEPXIIPO-
BOJHHMKA MAarHHTHOTO MOMEHTa (JIOHIOHOBCKOIO MO-

MeHTa). {19 3Toro OBIIO MPELTOXKEHO HCIIOTB30BATH
OIIATE XK€ CBepxmpoBoadmiee ycrpoiicteo — CKBIIL
PacueTsl mokasami. 4T0 TOYHOCTH JO0/DKHO XBATHTh LI
PEruCTpalui MperneccHy ocH BpaieHHd. I[Ipoekt momy-
il Ha3BaHHe “‘Gravitation Probe B” (GPB). CnyTHHK
CO BCeM HEOOXOIHMEIM 00OPYIOBAHHEM (CM. PHC.) OBIT
BEIBeJIeH Ha opOHTY B 2008 r. Cefilyac yueHbIe 3aHHMa-
I0TCA 00padOoTKON IMOTYYEeHHBIX JaHHBIX. COOCTBEHHO
roeops. B crnpaee1muBocTH OTO Mal1o KTO COMHEBaeT-
csa. Ho oOpamaer Ha ceGd BHHMaHHe caM (akT HCIIOTb-
30BaHHA OJHOIO (PYHIAMEHTATBHOrO SABIeHHS (CBepx-
MPOBOIHMOCTH) UIS HCCIENOBAHHA IPYroro — eme 00-
nee (pyHIAMEHTATBbHOro (rpaBHTAIHH). Jla H KTO 3HaeT.
K 4eMy NpHBeJeT pacmH(poBKa pe3yIbTaToB. Bee-Taku
CBEpXIIPOBOJHHK — 3TO BaM He MepKypHii. ..

CroyTHHK, 3allylieHHSBII B paMKkax npoekta GPB. Bce 3kcre-
PHMEHTAIbHOE 00OpPYI0BAHHE 3aKTHOYEHO B OOJIBIIOH KOH-
TeHHep C KHIKHM reTHEeM.



* OTHOCHTEIBHOCTH pacCcTosTHUA

CTepXeHb OmNMUHbI Il =x] — x|
HenoABWXXHbIM OTHOCUTENLHO
| par “LUTPUXOBOWN~ CUCTEMDbI

4 > oTcyeTa K ', oBmxXeTcd BOOSb

OCU X CO CKOPOCTbIO v

<

JlnvHa cTepkHs [ B HENIOABUKHOM cucTeMe oTcuera K

l:lo\/l_ﬁz
p—1
[ >0

paBHa:



% y
Cl10:KeHHusI CKOPOCTER
ITycTh yacTuIa ABH>KETCS BJIOJIb OCEM X U X B HAIIPABJICHUU

CKOPOCTH V JBIDKYLICHCS CUCTeMBI oTcyeTa. 1lycts V —

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

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

Te cBA3b cCKopocTen He Tak Kak y | anmuiies. MOXHO yTBEPK/IATh,
YTO NMPOCTPAHCTBO U BPpeMs HEOTACJUMbI U MPEACTABIIAIOT
equayio 4-x mepHyro CK (B 001meM ciydae N-MEepHYI0).

M ckpuBiiEHHE TAKOTO IIPOCTPAHCTBA €CTh yKE Mpu N=4



*3AaBHCUMOCTH MACCHI OT
CKOPOCTH

NuepTHag Macca 3aBUCUT OT CKOPOCTH KaK

m
0
nm =
JI-p’
[Ipu yBenuueHun V vuHEpLus TejIa pacTeT U Ipu V—C m —o,
Hwu oxno Temo nmpu m>0 HE MOXKET JOCTUTHYTH C.

IIpy V—¢ m —oo, al —0. MarepuajgbHasi TOUKa?

Bot Okl ee B mapsl HaTpus Ipu HaHOK rae CKOpoCTh CBETA ACCATKH
METPOB B CEKYHY!



*BTopoﬁ 3ak0H HbroToHAa

Bblpa)KeHI/Ie A UMITYJIbCA 9aCTHUIBI B TCOPHUHA
OTHOCHUTCIIbHOCTHU UMCCT BHU/I.

_ mV
J1-p

OCHOBHOE YpaBHEHHUE PEIIATUBUCTCKON JUHAMUKHU

p

MaTEPUATBHOU TOUKH :

d(mV :

dt \\/1_'32 y




*BHeprlm CBO0OTHOM YACTHUIIBI

[ToHas sHEprus CBOOOTHOM YAaCTHUILIbI, ABHKYILCKUCS CO

CKOPOCTBIO V: X

mc
E= -
Vi-p
CBOOOIHOM HAa3bIBAIOT YaCTHIly, HA KOTOPYI HE JACHCTBYIOT
HUKaKue Cibl. HemoaBu:xHasg yactria o0J1alacT SHeprueu

E, =mc’
DHEPrus EO HA3BIBACTCS DHEPTHUEU TTOKOS U IIPEACTABIISET
CO00M BHYTPEHHIOKO YHEPTHUIO YaCTUIIBI. T.€. TeJIO ¢ MHEPTHOU
MAacCOM MOKOs m 00JIagacT OnpeAeICHHBIM 3allacoOM YHEPIUM
IIPOIOPIUOHAIIBHBIM 71. 1 MOJIb BeleCTBA COMCPIKUAT

3HepPruio oxoJ0 9 10" Tx



*®akynbTatuBHO: MNMpHpoaa

L4327 Cbl?
CLeany 3aKAI0YEHNE, YTO B80S MACCa SJIEKTPOHOB MMEET UMCTO SMEKTPOMATHMTHYIO I
npupody. Boaee TOro, MOWHO GbLIO Jaxe mpeAnorararh, 410 Macca 2o0ux Ten ®
eCTh IMEKTPOMAarHMTHaA Macca, TaK Kak BHYTPH BCEX Tel, Jaie He3apsKEeHHbIX,
AMEIOTCS MHTCHCHBHBIE SACKTPOMATHHUTHbIE IO, OGYCIOBJCHHbIE 3JEKTPOHAMH
¥ TOJOXKHTEJIbHBIMY ALPAMH aTOMOB. :
' BnoCHCACTBHE, OJHAKO, BBIACHHAOCH, YTO NOXOGHBIE MPENCTABACHAA COTIPA-
WEHB € Cepbe3HBIMM TPYMHOCTAMH. MHOTrOUHCICHHBIE IIOILITKH NOCTpPOEHHUA
TEOPHY  3MEMEHTAPHBIX YaCTHW B MNPENNONOXEHHH, 4TO Macca MX HMeeT YHUCTO
3NEKTPOMATHUTHYIO IPHPONY, MPUBENH K BHYTDEHHHM IPOTHBOPEUHAM, He ycTpa-
HEHHBIM 1O Hacrosulero speMenu. C Apyroi CTOpOHBI, XOPOLIO H3BECTHO, MTO
CYIUIECTBYIOT 3JAEMEHTapHble YaCTHiibl, HANPUMED neitponst (cM. ATomMHyi0 Pu-
3UKY), ob6aajalonmye Maccoy, HO He HMeplHe BOBCE 3JIEKTPHUECKHX 3apANOB.
[105TOMY NPMXONMTCH JOMYCTUTh, YTO 3NEKTPOMArHuTHaA Macca MOXeT Mmpel-
CTaBIATb JAMIIb YaCTh MACCHl SA€MEHTAapHBIX YacTHil (¢noneBas» macca), B TO
BpeMa Kak JApyras ee yacTb He CBA3AHA C YACKTPOMATHUTHBLIM noneMm («Heronie-
Bag» Macca). '



*
DaKyJIbTATUBHO

* OU3MKU NpeaNnoXuam HOBYIO MoZeNb BceneHHoM, B paMKax KOTOPOM KBaHTOBOE
oyaylliee NpMBOAMT K CBOEro poAa "KpucTanamsaumm” KaacCM4eCcKoro npoLwsioro
yepes HacToALllee.

* Mo aHanorum c OTO yyeHble paccMaTpMBaaM BceneHHyio B KayecTse
YeTbIpeXMEPHOro KycKa npocTpaHCcTBa-BpeMeHn ¢ GUKCUMPOBaAHHbIMMU
rpaHmMuamu. MNpu 3TOM  BblA€/IEHHOrO MOMEHTa BPEMEHM HUKAKOro He BBOAMTCA.

*MoKa 3TOT KyCOK OTHOCMTCSA K 6yayLieMy, ero NpupoAa MCKAYUTEIbHO
KBaHTOBasA. B 6yayliem c pasHoM cTeneHbio BEPOATHOCTU MOTYT NMPMCYTCTBOBATb
0/JHOBPEMEHHO HECKOJ/IbKO BO3MOXKHbIX COBbITMNA.

o HPOI.IJJ'IOG noagvymMHAeTCcA KJl1aCCUM4eCKMM 3aKOHaM CI)MBMKH, TO €CTb BCe
CI)MBM‘-IGCKMG BE€J/IMYNUHbI OAHO3HAYHO Onpeae/si€Hbl.

*Tequme BpeEMEHN - 3BOJIIOLMNKO 3aKOHOB MPOCTPAaHCTBAa-BPEMEHM. HactoAwee B
3TOM CJlyHae - 3TO MOMEHT nepexoga oT KBaHTOBbIX 3aKOHOB K KJlaCCUMHECKUM






