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Alla känner till Albert Einstein. 
Knappast någon vetenskaps-
man har nått upp till samma 
kändisstatus. Betydligt färre 
har förstått de speciella och 
allmänna relativitetsteorier 
som han lanserade. Vad innebär 
egentligen E=mc2 och var finns 
länken därifrån till svarta hål, 
gravitationsvågor och annat? 
Nils Andersson reder ut begrep-
pen för oss och visar varför vi nog 
kan lita på Einsteins teorier.

Nils Andersson 
är professor i Tillämpad Matematik 
vid universitetet i Southampton. 
Han disputerade i Teoretisk Fysik 
i Uppsala 1991 och har sedan dess 
forskat på frågor om svarta hål och 
neutronstjärnor och hur vi kan 
studera dem med hjälp av gravita-
tionsvågor. Han har skrivit böcker 
för både vuxna och barn. 

Bilden: En konstnärs framställning av en kollision mel-
lan två svarta hål, med Albert Einstein i förgrunden. 
(Einsteins foto från Langhans, J. F. - Public Domain,

 https://commons.wikimedia.org/w/index.php?
curid=45267980; illustration av Göran Durgé)
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UJUFM

"MCFSU &JOTUFJO� .BOOFO TPN LSÕLUF SVNNFU PDI TUPQQBEF UJEFO�
1SPGFTTPSO NFE EFU CÇOHTUZSJHB IÇSFU WBST OBNO PѫB TFT TPN TKÅM�
WB EFêOJUJPOFO BW PSEFU HFOJ� 7BE WBS EFU FHFOUMJHFO IBO HKPSEF 
,BO WJ WBOMJHB EÕEMJHB GÕSTUÇ WBE EFU WBS IBO IJUUBEF QÇ 0DI IVS
WFU WJ BUU IBO IBEF SÅUU %FU êOOT NÇOHB GSÇHPS BUU SFEB VU 	8JMM �
:VOFT ����
 NFO MÇU PTT CÕSKB NFE FUU TWFOTLU QFSTQFLUJW�

* EFU GÕSTUB OVNSFU BW ,PTNPT TPN LPN VU GÕS QSFDJT ���
ÇS TFEBO TLSFW 6QQTBMBQSPGFTTPSO PDI GZTJLFSTBNGVOEFUT HSVO�
EBSF $BSM 8JMIFN 0TFFO FO BSUJLFM PN &JOTUFJOT SFMBUJWJUFUTUFPSJ
	0TFFO ����
� )BO IBEF IÇMMJU GÕSFMÅTOJOHBS PN EFO NPEFSOB GZ�
TJLFO � CÇEF BUPNUFPSJO PDI SFMBUJWJUFUTUFPSJO � SFEBO QÇ TPN�
NBSFO ���� PDI EFTTB LPN TBNNB ÇS VU J CPLGPSN 	"UPNJTUJTLB
GÕSFTUÅMMOJOHBS J OVUJEFOT GZTJL
� %FU ÅS JOUSFTTBOU MÅTOJOH�.BO TMÇT
BW IVS WÅM 0TFFO GÕSTUPE &JOTUFJOT UFPSJ USPUT BUU EFO EÇ CBSB IB�
EF OÇHSB ÇS QÇ OBDLFO� )BO EJTLVUFSBS u&JOTUFJOT TUPSTMBHOB UBO�
LFu NFE VQQFOCBS FOUVTJBTN PDI NZDLFU BW EFU IBO TLSJWFS IÇMMFS
NÇUUFU ÅO JEBH�

* EFO BOESB VQQMBHBO BW ,PTNPT ���� TLSFW 0TFFO JHFO� %FO
IÅS HÇOHFO WBS IBO GPLVTFSBE QÇ EFO GPUPFMFLUSJTLB FĒFLUFO PDI
IBOT TUVEFOU *WBS 8BMMFS 	TPN TFOBSF PDLTÇ IBO CMFW QSPGFTTPS J
6QQTBMB TF 4UBĒBO :OHWFT BSUJLFM J EFOOB ,PTNPT
 CJESPH NFE FO
BSUJLFM PN IVS NBO TLVMMF LVOOB UFTUB &JOTUFJOT JEÊFS FYQFSJNFO�
UFMMU� 6QQFOCBSMJHFO GBOOT EFU FUU WÅYBOEF JOUSFTTF CMBOE TWFOT�
LB GZTJLFS ÅWFO PN GÇ UPH BLUJW EFM J EFO OZB GPSTLOJOHFO�� 4BN�

�4PN BMMUJE êOOT EFU WJLUJHB VOEBOUBH� 0TFFO IKÅMQUF UJMM FYFNQFM EFO OPST�
LF TUVEFOUFO +�SH 5PѫF +FCTFO TPN FO UJE KPCCBEF J 6QQTBMB NFE FO BSUJLFM TPN
QVCMJDFSBEFT J "SLJW GÕS GZTJL ���� 	PDI JOUF WFSLBS MÅTUT BW TÅSTLJMU NÇOHB
� 3FTVM�
UBUFU TPN WJTBS BUU FO TGÅSJTLU TZNNFUSJTL MÕTOJOH UJMM &JOTUFJOT FLWBUJPOFS NÇTUF
WBSB UJETPCFSPFOEF CFTLSJWT J EF ëFTUB NPEFSOB MÅSPCÕDLFS NFO CSVLBS UJMMTLSJWBT
(FPSHF %BWJE #JSLIPĒ TPN LPN GSBN UJMM EFU �����

�

Hur vet vi att 
Einstein hade rätt?

_______________________________________________________________  NILS ANDERSSON
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UJEJHU WÅDLUFT NPUTUÇOE NPU EF OZB UBOLBSOB� %JTLVTTJPOFO CMFW
GÕSWJSSBE GSBNGÕS BMMU FѫFSTPN NÇOHB WBMEF BUU LPNNFOUFSB VUBO
BUU TUVEFSB EFUBMKFSOB� 6QQTBMBT êMPTPGFS TÇH UJMM FYFNQFM SFMBUJWJ�
UFUTUFPSJO TPN FO GÕSPMÅNQOJOH BW EFU TVOEB GÕSOVѫFU TPN JOUF
LVOEF UBT QÇ BMMWBS� .BO NÇTUF PDLTÇ IÇMMB J NJOOFU BUU EF ëFTUB
TWFOTLB GZTJLFS WBS GPLVTFSBEF QÇ GSÇHPS BW NFS FYQFSJNFOUFMM OB�
UVS� %FO UFPSFUJTLB GZTJLFO êDL JOUF GPUGÅTUF J 4WFSJHF GÕSSÅO VOEFS
NFMMBOLSJHTÇSFO PDI EÇ CMFW BUPNGZTJLFOT EPNJOBOT OÅTUBO UPUBM�

7�� £�ÊÀ�ÆÀ �pÀÆ����Æ
"W OBUVSMJHB TLÅM IBS NÅOOJTLPS TQFLVMFSBU PN SVN PDI UJE MÇOHU
UJMMCBLB J IJTUPSJFO NFO EFU ÅS OBUVSMJHU BUU TF (BMJMFP (BMJMFJ TPN
EFO GÕSTUB SJLUJHB SFMBUJWJTUFO� )BO CFTLSFW IVS GÕSFNÇM SÕSEF TJH
SFMBUJWU WBSBOESB � BUU NBO LVOEF BEEFSB IBTUJHIFUFS � FO FĒFLU
WJ ÅS WBOB WJE GSÇO WÇS WBSEBH� %FU QSPCMFNFU ÅS PDLTÇ DFOUSBMU GÕS
*TBBD /FXUPOT SÕSFMTFMBHBS GSÇO NÅTUFSWFSLFU 1SJODJQJB TPN QVC�
MJDFSBEFT ����� (BMJMFP UJMMTLSJWT PDLTÇ FUU FYQFSJNFOU EÅS IBO MÅU
UWÇ LMPU FUU BW KÅSO PDI FUU BW USÅ GBMMB GSÇO EFU MVUBOEF UPSOFU J 1JTB
PDI QÇ TÇ TÅUU GBOO BUU GÕSFNÇM GBMMFS NFE TBNNB IBTUJHIFU PBWTFUU
WBE EF ÅS HKPSEB BW�

%FU êOOT JOHB IJTUPSJTLB CFWJT GÕS BUU (BMJMFP GBLUJTLU VUGÕSEF
GÕSTÕLFU NFO EFU IBS SFQFUFSBUT NÇOHB HÇOHFS UJMM FYFNQFM ����
VOEFS EFO ѨÅSEF CFNBOOBEF NÇOMBOEOJOHFO EÇ "QPMMP �� BTUSP�
OBVUFO %BWJE 4DPUU MÅU FO IBNNBSF PDI FO ѨÅEFS GBMMB QÇ NÇOFO�
3FTVMUBUFU WJTBS BUU UZOHELSBѫFO JOUF CFSPS QÇ EFU GBMMBOEF NBUF�
SJBMFU� *EBH CFTLSJWFS WJ EFU TPN BUU EFO uUSÕHB NBTTBOu J /FXUPOT
BOESB MBH 	IVS FUU GÕSFNÇMT BDDFMFSBUJPO a CFSPS QÇ FO HJWFO
LSBѫ F 


F = ma ,

PDI EFO uUVOHB NBTTBOu 	IVS UZOHELSBѫFO TPN BWUBS NFE JOWFS�
TFO UJMM BWTUÇOEFU r J LWBESBU QÇWFSLBS TBNNB GÕSFNÇM
 J /FXUPOT
HSBWJUBUJPOTMBH

F =
GmM

r2
,

IBS TBNNB WÅSEF� 0N WJ BOUBS BUU EFU ÅS GSÇHB PN TBNNB LSBѫ ÅS
EFU MÅUU BUU TF BUU BDDFMFSBUJPOFO JOUF CFSPS QÇ EFU GBMMBOEF GÕSFNÇ�
MFUT NBTTB m� 7J êOOFS BUU

a =
GM

r2
,

�
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EÅSG ÅS/FXUPOT LPOTUBOU PDIM ÅS EFO uBLUJWBNBTTBOu 	FUUNÇUU
QÇ IVS TUBSL FUU HJWFU GÕSFNÇMT UZOHELSBѫ ÅS
� /FXUPOT NFLBOJTLB
WÅSMETCJME IKÅMQFS PTT BMMUTÇ GÕSTUÇ (BMJMFPT FYQFSJNFOU�

&ѫFSTPN WJ TLB GVOEFSB FO EFM ÕWFS UJEFOT CFUZEFMTF ÅS EFU
PDLTÇ WÅSU BUU OPUFSB BUU (BMJMFP TFOU J MJWFU CFTLSFW IVS FO QFOEFM�
LMPDLB GVOHFSBS� )BO CZHHEF BMESJH TJO FHFO WFSTJPO NFO CJESPH
NFE FO UJEJH MÅOL NFMMBO UJE PDI HSBWJUBUJPO FѫFSTPN FO TWÅOHBO�
EF QFOEFMT GSFLWFOT CFSPS QÇ UZOHELSBѫFO�

4BNUJEJHU TPN WJ TFS (BMJMFP TPN FO UJEJH SFMBUJWJTU ÅS EFU OB�
UVSMJHU BUU CFTLSJWB IPOPN TPN FO BW EFO NPEFSOB BTUSPOPNJOT
GÕSFHÇOHBSF� (BMJMFP WBS CMBOE EF GÕSTUB TPN WÅOEF FUU UFMFTLPQ
NPU IJNMFO� 1Ç TÇ TÅUU VQQUÅDLUF IBO BUU NÇOFO IBEF CFSH PDI
LSBUSBS� )BO TÇH 7JOUFSHBUBO PDI 4BUVSOVT SJOHBS PDI J KBOVBSJ
���� GBOO IBO GZSB BW +VQJUFST NÇOBS� %FU WBS FUU WJLUJHU HFOPN�
CSPUU NFO GÕS WÇS CFSÅUUFMTF IBS +VQJUFST NÇOBS FO OÇHPU PWÅOUBE
CFUZEFMTF�

%FU HÅMMFS FUU QSPCMFN NFE OBWJHBUJPO UJMM TKÕTT� PDI IVS NBO
LBO CFTUÅNNB MBUJUVE PDI MPOHJUVE PTZOMJHB MJOKFS QÇ KPSELMPUFU�
-BUJUVEFO ÅS SFMBUJWU FOLFM FѫFSTPN EFO IBS FO OBUVSMJH EFêOJUJPO�
&O HJWFO MBUJUVE ÅS QBSBMMFMM NFE FLWBUPSO PDI LBO CFTUÅNNBT BW
EBHFOT MÅOHE� -POHJUVEFO TPN HÇS GSÇO QPM UJMM QPM ÅS FONFS HPE�
UZDLMJH GSÇHB� 4BNUJEJHU ÅS EFO PUSPMJHU WJLUJH GÕS TKÕGBSUFO� .ÅUGFM
IBS HFOPN IJTUPSJFO LPTUBU NÇOHB UVTFOUBMT MJW� &ѫFSTPN QSPCMF�
NFU LVOEF MÕTBT NFE OPHHSBOOB UJETNÅUOJOHBS VUMZTUF EFU CSJUUJT�
LB QBSMBNFOUFU ���� FUU QSJT QÇ �� ��� QVOE 	FO TVNNB TPN NPU�
TWBSBS UJPUBMT NJMKPOFS LSPOPS JEBH
� 'ÕS BUU WJOOB ÅSBO PDI QFOH�
BSOB NÇTUF NBO NÅUB UJEFO NFE FO GFMNBSHJOBM BW � TFLVOEFS QÇ
�� UJNNBS� %FTTVUPN NÇTUF NFUPEFO WBSB QÇMJUMJH VOEFS NÇOBEFS
UJMM TKÕTT� FO SFKÅM VUNBOJOH�

"TUSPOPNJTLB PCTFSWBUJPOFS GVOHFSBS TPNCÇEF LPNQBTT PDI
LMPDLB� 1Ç OBUUFO LBO NBO OBWJHFSB NFE IKÅMQ BW TUKÅSOPSOB PDI
QÇ EBHFO IKÅMQFS TPMFOT QPTJUJPO QÇ IJNMFO� 4BNUJEJHU LBO NBO
BOWÅOEB ÇUFSLPNNBOEF IJNMBGFOPNFO GÕS BUU NÅUB UJEFO� (BMJ�
MFP GÕSFTMPH BUU NBO LVOEF OBWJHFSB NFE IKÅMQ BW +VQJUFST NÇOBST
GÕSNÕSLFMTFS FѫFSTPN EFTTB ÅHEF SVN UVTFO HÇOHFS PN ÇSFU� %FU
WJTBEF TJH WBSB FO CSB NFUPE QÇ MBOE� 5JMM TKÕTT WBS EFO JOUF TÅSTLJMU

�"MCFSU &JOTUFJO IBS JOUF HKPSU FOUSÊ NFO IBO TLVMMF USPMJHFO VQQTLBUUBU OB�
WJHBUJPOTQSPCMFNFU� )BO UJMMCSJOHBEF NÇOHB BW TJOB TPNSBS PNCPSE QÇ TJO MJMMB
TFHFMCÇU 5JOFG NFO IBO WBS JOHFO TLJDLMJH LBQUFO� )BO HJDL PѫB QÇ HSVOE PDI EFU
IÅOEF BUU IBO LBQTFKTBEF�

�
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QÇMJUMJH FѫFSTPN NÇOBSOB WBS TWÇSB BUU PCTFSWFSB GSÇO FUU HVOHBO�
EF TLFQQTEÅDL� .FO JEÊO MFEEF UJMM FUU PWÅOUBU GSBNTUFH� * FUU GÕS�
TÕL BUU GÕSCÅUUSB (BMJMFPT NFUPE GBOO EBOTLFO 0MF 3ÕNFS ���� BUU
BUU NÇOGÕSNÕSLFMTFSOB LPN UJEJHBSF ÅO WÅOUBU OÅS KPSEFO WBS OÅS�
NBTU +VQJUFS J TJO CBOB PDI TFOBSF OÅS KPSEFO WBS MÅOHTU GSÇO TJO
TZTUFSQMBOFU� (FOPN BUU NÅUB UJETTLJMMOBEFO ESPH IBO TMVUTBUTFO
BUU EFU UBS FO MKVTTUSÇMF VOHFGÅS �� NJOVUFS BUU LPSTB KPSEFOT CBOB�
1Ç TÇ TÅUU IBEF 3ÕNFS MZDLBUT VQQTLBUUB MKVTFUT IBTUJHIFU� FUU WJL�
UJHU SFTVMUBU NFO EFU IKÅMQUF JOUF NFE MPOHJUVEFO� %FU QSPCMFNFU
MÕTUFT TMVUMJHFO QÇ FUU BOOBU TÅUU� &ѫFS �� ÇST GÕSTÕL MZDLBEFT EFO
LMVSJHF LMPDLNBLBSFO +PIO )BSSJTPO UJMMWFSLB FUU QÇMJUMJHU VSWFSL
	VUBO QFOEFM�
 PDI FѫFS NÇOHB PN PDI NFO CFMÕOBEFT IBO ����
NFE QBSMBNFOUFUT QSJT�

/V MÇUFS WJ EFO QÇMJUMJHB LMPDLBO UJDLB GSBN UJMM TMVUFU BW �����
UBMFU� %FU WBS LSJT JOPN GZTJLFO� *TBBD /FXUPOT NFLBOJTLB WÅSMET�
CJME TPN SFHFSBU PVUNBOBE J NFS ÅO UWÇIVOESB ÇS HJDL JOUF JIPQ
NFE EFO OZB FMFLUSPNBHOFUJTNFO TPN GPSNVMFSBUT BW .JDIBFM
'BSBEBZ PDI +BNFT $MFSL .BYXFMM� &UU BW EF TUÕSTUB QSPCMFNFO
HÅMMEF MKVTFUT IBTUJHIFU� &OMJHU /FXUPO LVOEF NBO GÕSLMBSB MKVTFU
TPN TNÇ LVMPS TPN GPS GSBN HFOPN SZNEFO BMMU FOMJHU IBOT NF�
LBOJTLB MBHBS� .FO EF OZB FLWBUJPOFSOB MFEEF UJMM FO BOOBO GÕSLMB�
SJOH� -KVTFU CFTLSFWT TPN FMFLUSPNBHOFUJTLB WÇHPS PDI FѫFSTPN
WÇHPS NÇTUF VUCSFEB TJH J FUU NFEJVN 	EFU NÇTUF êOOBT OÇHPU TPN
LBO TWÅOHB GSBN PDI UJMMCBLB � FMMFS ÇU TJEBO � GÕS BUU GÇ UJMM FO
WÇHSÕSFMTF
 VQQGBOONBO EFO TÇ LBMMBEF FUFSO� 1SPCMFNFU WBS EPDL
JOUF MÕTU� .BO UÅOLUF TJH BUU PN KPSEFO SÕSEF TJH HFOPN FUFSO QÇ
TJOB WBSW SVOU TPMFO EÇ CPSEF MKVTFU SÕSB TJH NFE FO IBTUJHIFU TPN
CFSPEEF QÇ EFTT SJLUOJOH SFMBUJWU KPSEFOT CBOB� ,BOTLF LVOEFNBO
NÅUB FĒFLUFO PDI QÇ TÇ WJT CFWJTB FUFSUFPSJO /V CMFW EFU JOUF SJL�
UJHU TÇ PDI EFU ÅS WJLUJHU BUU GÕSTUÇ WBE TPN IÅOEF�

%FO BNFSJLBOTLF GZTJLFSO "MCFSU .JDIFMTPO WBS GBTDJOFSBE
BW GSÇHBO PN MKVTFUT IBTUJHIFU PDI EFU WJTBEF TJH BUU IBO IBEF FO
TQFDJFMM UBMBOH GÕS QSFDJTJPOTNÅUOJOHBS� 7JE TJEBO BW TJO VOEFSWJT�
OJOH WJE /BWBM "DBEFNZ J "OOBQPMJT GÕSTÕLUF IBO HÕSB OPHHSBO�
OBSF MKVTNÅUOJOHBS� )BOT FYQFSJNFOU GSÇO ���� WBS FUU NÅTUFSWFSL
TPN MFEEF UJMM BUU.JDIFMTPO TPN GÕSTUF BNFSJLBO êDL/PCFMQSJTFU
J GZTJL ����� 3FTVMUBUFU GÕS MKVTIBTUJHIFUFO 	299 864±51 LJMPNFUFS
QFS TFLVOE
 TUPE TJH J NÇOHB ÇS PDI OÅS EFU TMVUMJHFO GÕSCÅUUSBEFT
WBS EFU .JDIFMTPO TKÅMW TPN HKPSEF EFU� )BO GPSUTBUUF NÅUB MKVTFU
VOEFS IFMB TJO GPSTLBSLBSSJÅS NFE EFU TJTUB SFTVMUBU QVCMJDFSBU FѫFS

�
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IBOT EÕE ����� *EBH ÅS QSPCMFNFU NFE MKVTIBTUJHIFUFO FUU BWTMVUBU
LBQJUFM� 4FEBO ���� TFT EFO TPN FO OBUVSLPOTUBOU NFE EFU FYBLUB
WÅSEFU c=299 752 398 NFUFS QFS TFLVOE TPN LOZUFS JIPQ FOIF�
UFSOB GÕS MÅOHE PDI UJE�

&ѫFS EFU GÕSTUB MKVTFYQFSJNFOUFU TQFOEFSBEF .JDIFMTPO UWÇ
ÇS WJE PMJLB VOJWFSTJUFU J &VSPQB� 6OEFS FO UJE J #FSMJO HBW IBO
TJH QÇ FUFSQSPCMFNFU PDI EFU WBS OV IBOT HFOJBMJUFU LPN UJMM SÅU�
UB� )BO VQQGBOO FO OZ JOUFSGFSPNFUFS FUU JOTUSVNFOU TPN NÅUFS
MÅOHETLJMMOBEFO J UWÇ SÅUWJOLMJHB BSNBS HFOPN BUU JEFOUJêFSB JOUFS�
GFSFOTNÕOTUFS 	IVS UWÇ WÇHPST BNQMJUVE BEEFSBT FMMFS TVCUSBIFSBT
CFSPFOEF QÇ PN EF ÅS J FMMFS VS GBT
 NFO OÅS IBO GÕSTÕLUF NÅUB
FUFSOT IBTUJHIFU GBOO IBO JOUF EFO WÅOUBEF FĒFLUFO� 5SPUT CFTWJ�
LFMTFO HBW .JDIFMTPO JOUF VQQ� /ÇHSB ÇS TFOBSF IBEF IBO UJMMTBN�
NBOT NFE &EXBSE .PSMFZ GÕSCÅUUSBU NÅUNFUPEFO PDI ���� VQQ�
SFQBEF EF FYQFSJNFOUFU GPSUGBSBOEF VUBO EFU WÅOUBEF SFTVMUBUFU�
&UFSUFPSJO WBS QSPCMFNBUJTL�

J�£pÆ�ÓÆ À�ÆÆ
%FO VOHF "MCFSU &JOTUFJO UPH TJH BO MKVTQSPCMFNFU SFEBO TPN TUV�
EFOU� )BOT MÕTOJOH GSÇO ���� ÅS FOLFM PDI HFOJBM� )BO CÕSKBEFNFE
BUU JGSÇHBTÅUUB /FXUPOT UFPSJ TPN CZHHFS QÇ FO VOJWFSTFMM UJE FUU
LPTNJTLU VSWFSL TPN BMMB NÅUOJOHBS LBO SFGFSFSBT UJMM� &JOTUFJO
GSÇHBEF TJH IVS NBO TLVMMF LVOOB NÅUB FO TÇEBO UJE� 4WBSFU WBS
JOUF VQQFOCBSU TQFDJFMMU JOUF PN LMPDLPSOB WBS J SÕSFMTF� *TUÅMMFU
GÕSFTMPH &JOTUFJO BUU NBO TLVMMF TZOLSPOJTFSB PMJLB LMPDLPS NFE
MKVTTJHOBMFS� (FOPN BUU BOUB BUU MKVTFU SÕSEF TJH NFE TBNNB IBT�
UJHIFU PBWTFUU IVS NBO NÅUUF FMMFS WFN TPN HKPSEF EFU IÅSMFEEF
IBO EFO TÇ LBMMBEF -PSFOU[�USBOTGPSNBUJPOFO� 3FTVMUBUFU TPN SF�
MBUFSBS UJE PDI MÅOHENÇUU NFE LMPDLPS FMMFS NÇUUTUPDLBS TPN SÕS
TJH NFE LPOTUBOU SFMBUJW IBTUJHIFU WBS GÕSCSZMMBOEF�

&JOTUFJOT UFPSJ WJTBS BUU FO NÇUUTUPDL J SÕSFMTF GÕSFGBMMFS LPS�
UBSF ÅO EFO TLVMMF WBSB J WJMB� &O LMPDLB TPN SÕS TJH UJDLBS MÇOH�
TBNNBSF � FO SBEJLBM SFWJEFSJOH BW EFO /FXUPOTLB WÅSMETCJMEFO�
3VN PDI UJE CFSPS QÇ WFN TPN NÅUFS� %FU MÇUFS LBOTLF LPOTUJHU
NFO &JOTUFJO WJTTUF BUU IBOT UFPSJ HJDL JIPQ NFE FMFLUSPNBHOFUJT�
NFO TÇ IBO WBS OÕKE� %FTTVUPN WBS EFU JOUF GSÇHB PN OÇHSB TUP�
SB FĒFLUFS� * OPSNBMB GBMM TLVMMF NBO JOUF LVOOB NÅUB TLJMMOBEFO
NFO PN NBO HBW TJH QÇ GÕSFNÇM TPN SÕSEF TJH OÅSB MKVTFUT IBTUJH�
IFU CMFW SFTVMUBUFO TMÇFOEF� &O LMPDLB TPN SÕS TJH TÇ PFSIÕSU GPSU
TLVMMF WFSLB UJDLB PUSPMJHU MÇOHTBNU OÅTUBO TUBOOB IFMU PDI IÇMMFU�

�
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)VS LBO WJ GÕSTUÇ &JOTUFJOT UFPSJ VUBO BUU BOWÅOEB BMMUGÕS NZD�
LFUNBUFNBUJTLUNBTLJOFSJ %FU ÅS JOUF IFMU MÅUU TQFDJFMMU JOUF OÅS WJ
TÇ TNÇOJOHPN LPNNFS GSBN UJMM EFO LSÕLUB SVNUJEFO� %FU ÅS JOUF
VUBO BOMFEOJOH TPN &JOTUFJOT UFPSJ PѫB CFTLSJWT TPN TWÇSIBOUFS�
MJH� %FU ÅS MJUF HSBOO TPN BUU MÅSB TJH FUU OZUU TQSÇL� 'ÕSTU LBO EFU
WFSLB PCFHSJQMJHU NFO TÇ TOBSU NBO MÅSU TJH OÇHSB GSBTFS LBO NBO
GÕSTÕLB LPOWFSTFSB� %FU ÅS EFO OJWÇO WJ TJLUBS QÇ� 7J TLB JOUF CMJ
FYQFSUFS � EFU UBS GÕS MÇOH UJE � NFO WJ TLB GÕSTÕLB GÇ HSFQQ PN
OÇHSB BW EF WJLUJHBTUF JOHSFEJFOTFSOB TÇ FUU MJUFU BOUBM FLWBUJPOFS
ÅS PVOEWJLMJHB�

"OUBH BUU FO LMPDLBNÅUFS FUU 	LPSU
 UJETJOUFSWBMM Eτ J WJMBNFO
BUU WJ NÅUFS TBNNB JOUFSWBMM OÅS LMPDLBO SÕS TJH CPSU GSÇO PTT NFE
LPOTUBOU IBTUJHIFU v� 1Ç WÇS LMPDLB NÅUFS WJ Et NFO LMPDLBO IBS
TBNUJEJHU ëZUUBU TJH UJMM FO OZ QMBUT Ex= v Et 	PN WJ GÕS FOLFMIFUT
TLVMM BOUBS BUU EFO SÕS TJH MÅOHTx�BYFMO
� -PSFOU[USBOTGPSNBUJPOFO
MÅOLBS SFTVMUBUFO TÇ BUU

Eτ =

(
1− v2

c2

)−1/2 (
Et− v

c2
Ex

)
,

EÅS c SFQSFTFOUFSBS MKVTFUT IBTUJHIFU� 7J TFS BUU WJ IBS CMBOEBU SVN
PDI UJE� %FU ÅS FO SFWPMVUJPOFSBOEF JOTJLU� &O PCTFSWBUÕS TPN SÕS
TJH NFE LMPDLBOT IBTUJHIFU NÅUFS SFO UJE NFO GÕS PTT WFSLBS EFU
TPN FO LPNCJOBUJPO BW SVN PDI UJE� &ѫFSTPN IBTUJHIFUFO ÅS LPO�
TUBOU WFU WJ EFO OZB QPTJUJPOFO PDI EFU GÕMKFS BUU

Eτ =

(
1− v2

c2

)1/2

Et .

*OUFSWBMMFU Eτ ÅS LPSUBSF ÅO Et 	FѫFSTPN v<c
 TÇ LMPDLBO J SÕSFMTF
WFSLBS UJDLB MÇOHTBNNBSF 	TF 'JHVS �
� %FU GÕMKFS PDLTÇ BUU MKVTFUT
IBTUJHIFU GVOHFSBS TPN FO LPTNJTL IBTUJHIFUTCFHSÅOTOJOH� *OHB
GÕSFNÇM LBO SÕSB TJH TOBCCBSF� /V ÅS EFU MÅUU BUU CMJ GÕSWJSSBE QSFDJT
TPN 6QQTBMBT êMPTPGFS QÇ �����UBMFU�

&UU MJLOBOEF BSHVNFOU WJTBS BUU PN WJ NÅUFS FUU MÅOHEJOUFSWBMM
QÇ FO NÇUUTUPDL J SÕSFMTF CMBOEBS WJ PDLTÇ JIPQ SVN PDI UJE 	TF
'JHVS �
� &ѫFSTPN WJ JOUF MÅOHSF LBO TLJMKB SVN GSÇO UJE ÅS EFU OB�
UVSMJHU BUU JOUSPEVDFSB EFO GZSEJNFOTJPOFMMB SVNUJEFO� %FUUB MFEFS
J TJO UVS UJMM FUU NÇUU TPN BMMB LPNNFS BUU WBSB ÕWFSFOT PN� * EF UWÇ
EJNFOTJPOFS WJ BOWÅOU ÅS JOUFSWBMMFU

Es2 = −c2 Et2 + Ex2

�
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'JHVS �� &UU FOLFMU UBOLFFYQFSJNFOU IKÅMQFS PTT GÕSTUÇ WBSGÕS FO LMPDLB J
SÕSFMTF WFSLBS HÇ MÇOHTBNU� "OUBH BUU WJ EFêOJFSBS WÇSU UJETNÇUU NFE IKÅMQ
BW FO CMJOLBOEF MBNQB� 7J EFêOJFSBS UJEFO EFU UBS TJHOBMFO BUU OÇ FO QVOLU
" SBLU VQQ 	J z�SJLUOJOHFO
 TPN WÇSU UJETJOUFSWBMM Et� &ѫFSTPN MKVTFU SÕS TJH
NFE TBNNB IBTUJHIFU J BMMB SJLUOJOHBS IBS TJHOBMFO OÅS EFO LPNNJU GSBN
UJMM QVOLUFO " PDLTÇ OÇUU QVOLUFSOB # PDI $� %FU ÅS MÅUU BUU TF BUU QVOLU #
TPN NPUTWBSBS BUU WÇSU NÅUJOTUSVNFOU SÕSU TJH UJMM IÕHFS 	J x�SJLUOJOHFO

NFE FO LPOTUBOU IBTUJHIFU v JOUF ÅS MJLB MÇOHU GSÇO EFO IPSJTPOUFMMB BYFMO
TPN QVOLUFO "� %FU WJMM TÅHB QÇ EFO uLMPDLBOu TLVMMF WJ NÅUB FUU JOUFSWBMM
Eτ < Et TÇ EFO WFSLBS UJDLB MÇOHTBNNBSF� 7J TFS PDLTÇ BUU PN uLMPDLBOu
SÕS TJH NFE MKVTFUT IBTUJHIFU TÇ BUU EFO OÇUU QVOLU $ EÇ TLVMMF EFO WFSLB
TUBOOB UPUBMU� -ÅOHT FO MKVTTUSÇMF QBTTFSBS JOHFO UJE� 	&JOTUFJO JMMVTUSFSBE BW
0MJWFS %FBO�


PCFSPFOEF BW WFN TPN NÅUFS PDI WJMLFO LMPDLB FMMFS NÇUUTUPDL EF
BOWÅOEFS�

*OOBO WJ HÇS WJEBSF TLB WJ UB UJMMGÅMMFU J BLU BUU UB ZUUFSMJHBSF FUU
QBS BOWÅOECBSB TUFH� 1Ç FO LMPDLB WJ CÅS NFE PTT NÅUFS WJ uFHFO�
UJEFOu τ TPN EFêOJFSBT TÇ BUU

−c2 Eτ 2 = Es2 .

4FEBO HÕS WJ MJWFU MÅUUBSF HFOPN BUU BSCFUB J FOIFUFS EÅS c=1� %FU
WJMM TÅHB WJ HÕS JOHFO TLJMMOBE NFMMBO UJE PDI MÅOHE� *EÊO LÅOOT
JHFO GSÇO BTUSPOPNJO EÅS TUPSB BWTUÇOE NÅUT J MKVTÇS EFO TUSÅDLB
NBO LPNNFS QÇ FUU ÇS NFE MKVTFUT IBTUJHIFU�

/V IBS WJ OÅTUBO BMMB JOHSFEJFOTFS WJ CFIÕWFS GÕS BUU IÅSMFEB
GZTJLFOT NFTU LÅOEB FLWBUJPO� -ÇU PTT GÕSTU CFTLSJWB SÕSFMTF HFOPN

�

x

A B

C

dt dτ

vdt

z
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'JHVS �� &O JMMVTUSBUJPO BW MÅOHELPOUSBLUJPOFO IVS FO NÇUUTUPDL J SÕSFMTF
WFSLBS LPSUBSF ÅO EFO TLVMMF WBSB J WJMB� (FOPN -PSFOU[USBOTGPSNBUJPOFO
LBO WJ SFMBUFSB UWÇ LPPSEJOBUTZTUFN (t, x) PDI (t′, x′) EÅS EFU TFOBSF SÕS
TJH NFE LPOTUBOU IBTUJHIFU J x�SJLUOJOHFO PDI EFU GÕSTUB ÅS J WJMB� %FUUB
MFEFS UJMM EF JMMVTUSFSBEF LPPSEJOBUBYMBSOB� 5ÅOL OV BUU FO NÇUUTUPDL 	EFO
SÕEB MJOKFO
 ÅS J WJMB J TZTUFNFU J TZTUFNFU TPN SÕS TJH� %FU JOOFCÅS BUU EFO
NÇTUF WBSB QBSBMMFMM NFE x′�BYFMO PDI OÅS EFO SÕS TJH ëZUUBS EFO TJH VQQÇU
MÅOHT t′�BYFMO� * WJMB IBS NÇUUTUPDLFO MÅOHEFO L0 	EFO SÕEB MJOKFO
� -ÇU
PTT OV NÅUB IVS MÇOH EFO WFSLBS WBSB PN WJ HÕS NÅUOJOHFO J EFU BOESB
LPPSEJOBUTZTUFNFU WJE FO CFTUÅNE UJE t� %FUUB MFEFS UJMM MÅOHEFO L 	EFO
CMÇ MJOKFO
 TPN VQQFOCBSU ÅS LPSUBSF ÅO L0� .ÇUUTUPDLFO WFSLBS LPSUBSF
NFO EFO IBS JOUF LSZNQU QÇ OÇHPU NBHJTLU TÅUU� 3FTVMUBUFU CFSPS QÇ WFN
TPN NÅUFS PDI EFU FOLMB GBLUVN BUU WJ CMBOEBU JIPQ SVN PDI UJE� 	&JOTUFJO
JMMVTUSFSBE BW 0MJWFS %FBO�


SVNUJEFO VUBO BUU WÅMKB FUU TQFDJFMMU LPPSEJOBUTZTUFN� 1SFDJT TPN J
/FXUPOT NFLBOJL NÇTUF WJ BOWÅOEB WFLUPSFS GÕS BUU CFTLSJWB SÕ�
SFMTF� * EFO SFMBUJWJTUJTLB CJMEFO ÅS EFU WBOMJHU BUU GPLVTFSB QÇ
LPPSEJOBUFSOB� * EFU GBNJMKÅSB $BSUFTJTLB LPPSEJOBUTZTUFNFU IBS WJ
GSBNÇU PDI CBLÇU IÕHFS PDI WÅOTUFS VQQ PDI OFS (x, y, z)� /ÅS WJ
MÅHHFS UJMM UJEFO IBS WJ GZSB LPPSEJOBUFS xµ EÅSµ IBS WÅSEFONFMMBO
0 PDI 3 	UJMM FYFNQFM TÇ BUU x0 = t PDI x1 = x GSÇO UJEJHBSF
� %FO
TÇ LBMMBEF GZSIBTUJHIFUFO HFT OV BW

uµ =
Exµ

Eτ
.

%FU WJMM TÅHB IBTUJHIFUFO J SVNUJEFO EFêOJFSBT BW IVS LPPSEJOBUFS�
OBT WÅSEF CFSPS QÇ FHFOUJEFO� %FU ÅS GSÇHB PN FO IFMU WBOMJH EFSJ�

�
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WBUB JOHFOUJOH NZTUJTLU� 4MVUMJHFO NÇTUF WJ NÅUB GZSEJNFOTJPOFMMB
BWTUÇOE� %FU ÅS LOFQJHBSF NFO WJ LBO HÕSB EFU HFOPN BUU HFOFSB�
MJTFSB TLBMÅSQSPEVLUFO GÕS WFLUPSFS� %FUUB MFEFS UJMM EFO NFUSJTLB
UFOTPSO gµν PDI

Es2 =
3∑

µ=0

3∑

ν=0

gµν ExµExν = gµν ExµExν .

* EFU TJTUB TUFHFU IBS WJ BOWÅOU &JOTUFJOT TVNNBUJPOTLPOWFOUJPO�
OÅS WJ TFS BUU FUU JOEFY 	µ UJMM FYFNQFM
 ÅS VQQSFQBU TÇ WFU WJ BUU WJ TLB
TVNNFSB ÕWFS BOUBMFU EJNFOTJPOFS�� %FU ÅS FUU TNBSU USJDL TPN HÕS
BUU FLWBUJPOFSOB CMJS MÅUUBSF BUU IBOUFSB J GPSUTÅUUOJOHFO� %FO NFU�
SJTLB UFOTPSO TQFMBS FO BW IVWVESPMMFSOB J UFPSJO� %FO UJMMÇUFS PTT
BUU NÅUB BWTUÇOE WJMLFU ÅS OÕEWÅOEJHU GÕS BUU CFTLSJWB SVNUJEFOT
LSÕLUB HFPNFUSJ� 7ÇSB SFTVMUBU WJTBS BUU WJ NÇTUF IB

gµν u
µuν = −c2 .

4MVUMJHFO EFêOJFSBS WJ EFO GZSEJNFOTJPOFMMB SÕSFMTFNÅOHEFO

pµ = muµ ,

EÅSm ÅS GÕSFNÇMFUTNBTTB J WJMB� 3ÕSFMTFNÅOHEFOT UJETLPNQPOFOU
SFQSFTFOUFSBS FO FOFSHJ PDI WJ TFS BUU

E = −gµν u
µpν = mc2 .

.BTTB PDI FOFSHJ ÅS FLWJWBMFOUB�
%FO TQFDJFMMB SFMBUJWJUFUTUFPSJO BDDFQUFSBEFT NFS FMMFS NJOESF

EJSFLU� "OESB GPSTLBSF IBEF GVOEFSBU QÇ MJLOBOEF TÅUU PDI ESBHJU
MJLOBOEF TMVUTBUTFS� &JOTUFJO êDL OBUVSMJHUWJT NZDLFU BW ÅSBO PDI
OPNJOFSBEFT UJMM /PCFMQSJTFU J GZTJL GÕS GÕSTUB HÇOHFO ����� )BO
GPSUTBUUF BUU KPCCB WJE QBUFOUWFSLFU J #FSO� ���� CMFW IBO CFGPSESBE
UJMM 5FLOJTL "TTJTUFOU NFO EFU IBEF OPH JOUF TÅSTLJMU NZDLFU BUU
HÕSB NFE MKVTFUT IBTUJHIFU�

&JOTUFJOT CFSÕNEB GPSNFM E = mc2 HFS PTT UJMMGÅMMF BUU SF�
EB VU FUU BOOBU QSPCMFN� 0N BMM FOFSHJ IBS NBTTB PDI 	J QSJODJQ

LBO WÅHBT EÇ CPSEF MKVTTUSÇMBS QÇWFSLBT BW UZOHELSBѫFO� %FU ÅS
FO HBNNBM JEÊ TPN MFEEF UJMM BUU +PIO .JDIFMM SFEBO ���� GÕSFTMPH

�* FLWBUJPOFO IBS WJ BMMUTÇ FO EVCCFMTVNNB EÅS CÇEF µ PDI ν TVNNFSBT GSÇO
0 UJMM 3�

��
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BUU EFU LVOEF êOOBT uNÕSLB TUKÅSOPSu WBST UZOHELSBѫ WBS TÇ TUBS�
LB BUU EF UJMM PDI NFE TLVMMF GÇOHB MKVTFU� 3FTPOFNBOHFU CZHHEF QÇ
/FXUPOT HSBWJUBUJPOTMBH PDI UBOLFO BUU MKVTFU CFTLSJWT BW QBSUJL�
MBS� %FU ÅS MÅUU BUU SÅLOB VU EFO TÇ LBMMBEF ëZLUIBTUJHIFUFO PDI PN
EFO ÅS TUÕSSF ÅO MKVTFUT IBTUJHIFU EÇ TFS EFU NÕSLU VU NFO EFOOB
UJEJHB EJTLVTTJPO BW WBE WJ JEBH LBMMBS TWBSUB IÇM TUÕUUF QÇ QSPCMFN
OÅS WÇHUFPSJO GÕS MKVTFU CMFW QPQVMÅS�

&UU BOOBU SFTVMUBU WÅSU BUU OPUFSB ÅS +PIBOO (FPSH WPO 4PME�
OFST CFSÅLOJOH GSÇO ���� 	PDLTÇ EFO NFE MKVTFU TPN QBSUJLMBS

TPN CFTLSJWFS IVS FO MKVTTUSÇMF TLVMMF CÕKBT PN EFO QBTTFSBEF OÅ�
SB TPMFO� .FE EFO TQFDJFMMB SFMBUJWJUFUTUFPSJO LBO WJ CMÇTB OZUU MJW J
EFTTB HBNMB GÕSTMBH PDI IÅS HKPSEF &JOTUFJO ZUUFSMJHBSF FUU WJLUJHU
CJESBH� 6OEFS EFU QSPEVLUJWB ÇSFU ���� GÕSLMBSBEF IBO EFO GPUP�
FMFLUSJTLB FĒFLUFO � IVS MKVTTUSÇMBS LBO TMÇ MPTT FMFLUSPOFS GSÇO
FO BUPN PDI HF VQQIPW UJMM PCTFSWFSCBSB HOJTUPS� )BO HKPSEF EFU
HFOPN BUU JOUSPEVDFSB GPUPOFO FO MKVTQBSUJLFM WBST FOFSHJ HFT BW

E = hf ,

EÅS f ÅS MKVTFUT GSFLWFOT PDI h ÅS 1MBODLT LPOTUBOU� %FO TFOBSF
TQFMBS FO IVWVESPMM J LWBOUGZTJLFO PDI &JOTUFJOT GPSNFM IBEF TUPS
CFUZEFMTF ÅWFO GÕS EFO UFPSJOT VUWFDLMJOH� 4BNNB FLWBUJPO MÅH�
HFS ÅWFO HSVOEFO GÕS BUPNLMPDLBO PDI OPHHSBOOB UJETNÅUOJOHBS
	;FMBO ����
�

(FOPN BUU JOUSPEVDFSB GPUPOFO IBS WJ OÇUU EFO NPEFSOB CF�
TLSJWOJOHFO BW MKVTFU� %FU SÕS TJH TPN FO WÇH NFO LPNNFS GSBN
TPNFOQBSUJLFM� 'BLUVNÅS BUU OÅS &JOTUFJO TMVUMJHFO êDL TJUU/PCFM�
QSJT ���� WBS EFU JOUF GÕS SFMBUJWJUFUTUFPSJFSOB� %F BOTÇHT GÕS LPO�
USPWFSTJFMMB PDI PNEFU JOUF WBSJU GÕS$BSM8JMIFMN0TFFO TPNQSF�
DJT CMJWJU NFEMFN BW /PCFMLPNNJUUFO LBOTLF EFU JOUF CMJWJU OÇHPU
QSJT BMMT UJMM &JOTUFJO� 0TFFO BSHVNFOUFSBEF BUU NBO JOUF LVOEF HF
EBOTLFO /JFMT #PIS QSJTFU GPS BUPNUFPSJO PN NBO JOUF GÕSTU CFMÕ�
OBEF &JOTUFJO GPS GPUPOGPSNFMO� 4Ç êDL EFU CMJ� #PIS êDL /PCFM�
QSJTFU �����

�££Æ�ª� �p££�¼ ¹x ¹£pÆÀ
/ÅS &JOTUFJO QVCMJDFSBEF EFO TQFDJFMMB SFMBUJWJUFUTUFPSJO WBS IBO
NFEWFUFO PN BUU OÇHPU GBUUBEFT� )BOT UFPSJ LVOEF JOUF CFTLSJWB
UZOHELSBѫFO� %FU WBS FUU TUPSU QSPCMFN FѫFSTPN *TBBD /FXUPOT
HBNMB HSBWJUBUJPOTMBH CFTLSFW IVS MPLBMB WBSJBUJPOFS J HSBWJUBUJPOT�
GÅMUFU 	TPN UJMM FYFNQFM OÅS UWÇ TUKÅSOPS DJSLVMFSBS LSJOH WBSBOESB J

��
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FUU CJOÅSTZTUFN
 PNFEFMCBSU TLVMMF LÅOOBT BW ÕWFSBMMU J VOJWFSTVN�
%FU WJMM TÅHB HSBWJUBUJPOFO SFTQFLUFSBEF JOUF EFO LPTNJTLB IBTUJH�
IFUTCFHSÅOTOJOH TPN &JOTUFJOT GÕSTUB UFPSJ JOTJTUFSBS QÇ� &JOTUFJO
GVOEFSBEF QÇ QSPCMFNFU NFO LPN JOHFOTUBOT�

(FOPNCSPUUFU LPN UWÇ ÇS TFOBSF OÇHPO HÇOH VOEFS ���� OÅS
&JOTUFJO TBUU PDI EBHESÕNEF WJE TJUU TLSJWCPSE QÇ QBUFOUWFSLFU�
(FOPN GÕOTUSFU TÇH IBO FO GÕOTUFSQVUTBSF TPN BSCFUBEF QÇ IV�
TFU QÇ BOESB TJEBO HBUBO� %Ç TMPH EFU IPOPN� WBE TLVMMF IÅOEB PN
NBOOFO USJMMBEF )BO TLVMMF OBUVSMJHUWJT GBMMBNPUNBSLFO PDI USP�
MJHFO TMÇ TJH HBOTLB SFKÅMU NFO EFU WBS &JOTUFJO JOUF TÇ JOUSFTTFSBE
BW� *TUÅMMFU VOESBEF IBO IVS EFU TLVMMF LÅOOBT BUU GBMMB GSJUU� )BO JO�
TÇH BUU NBOOFO JOUF TLVMMF LÅOOB BW UZOHELSBѫFO VOEFS GBMMFU� )BO
TLVMMF CBSB TF NBSLFO BDDFMFSFSB VQQ NPU IPOPN� .BO LVOEF JO�
UF TLJMKB EF UWÇ FĒFLUFSOB� 5ZOHELSBѫFO PDI BDDFMFSBUJPOFO NÇTUF
WBSB MJLWÅSEJHB� %FO TÇ LBMMBEF FLWJWBMFOTQSJODJQFO 	TF 'JHVS �

MFEEF UJMM UBOLFO BUU UZOHELSBѫFO LBO GÕSLMBSBT NFE FO LSÕLU SVN�
UJE PDI MBEF QÇ TÇ WJT HSVOEFO UJMM EFO BMMNÅOOB SFMBUJWJUFUTUFPSJO�

'JHVS �� &O JMMVTUSBUJPO BW &JOTUFJOT FLWJWBMFOTQSJODJQ� &O GBMMBOEF NBO
LÅOOFS JOUF BW UZOHELSBѫFO� .BO LBO JOUF TLJMKB TJUVBUJPOFO EÅS IBO GBMMFS
GSÇO FO EÅS PCTFSWBUÕSFO 	J EFU IÅS GBMMFU &JOTUFJO TKÅMW
 BDDFMFSFSBS VQQÇU
PDI NBOOFO ëZUFS PNLSJOH TPN FO BTUSPOBVU J ZUUSF SZNEFO� -ÅOLFO NFM�
MBO HSBWJUBUJPO PDI BDDFMFSBUJPO MFEFS UJMM FO UFPSJ TPN CZHHFS QÇ FO LSÕLU
SVNUJE� 	*MMVTUSBUJPO BW 0MJWFS %FBO�


��
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3VNUJEFOT LSÕLOJOH ÅS FUU LMVSJHU CFHSFQQ PDI EFO EJSFLUB
PSTBLFO UJMM BUU &JOTUFJOT FLWBUJPOFS ÅS NBUFNBUJTLU VUNBOBOEF
NFO TKÅMWB JEÊO ÅS SÅUU FOLFM� 5ÅOL EJH BUU EV TJUUFS J FO SBLFU J ZUU�
SF SZNEFO TPN BDDFMFSFSBS NPU MKVTIBTUJHIFUFO� 0N FO MKVTTUSÇMF
LPNNFS JO HFOPN FUU MJUFU GÕOTUFS QÇ TJEBO BW SBLFUFO LPNNFS MKV�
TFUT CBOB BUU CÕKBT NPU HPMWFU� -KVTFU SÕS TJH NFE LPOTUBOU IBTUJH�
IFU NFO SBLFUFO BDDFMFSFSBS� &OMJHU FLWJWBMFOTQSJODJQFO ÅS BDDFMF�
SBUJPO PDI HSBWJUBUJPO UWÇ TJEPS BW TBNNB NZOU TÇ WJ LBO MJLB WÅM
GÕSLMBSB MKVTFUT LSÕLUB CBOB TPN FUU SFTVMUBU BW UZOHELSBѫFO� %FU
WJMM TÅHB FUU HSBWJUBUJPOTGÅMU LBO CÕKB MKVTTUSÇMBS� 0N NBO MÅHHFS
UJMM BUU MKVTFU BMMUJE WÅMKFS EFO LPSUBTUF WÅHFO NFMMBO UWÇ QVOLUFS 	J
WBOMJHB GBMM FO SÅU MJOKF
 JOTFS NBO BUU SFTVMUBUFU LBO GÕSLMBSBT NFE
BUU SVNNFU 	FMMFS SÅUUBSF TBHU SVNUJEFO
 ÅS LSÕLU�

/V IBEF &JOTUFJO EFO JEÊ IBO CFIÕWEF GÕS BUU LPNNB WJEB�
SF NFO NBUFNBUJLFO WBS TWÇS 	NBO NÇTUF BSCFUB NFE UFOTPSFS
�
)BO LÕSEF GBTU PDI CFIÕWEF IKÅMQ� 4PN UVS WBS WBS IBOT WÅO GSÇO
TUVEJFUJEFO .BSDFM (SPTTNBO FO EVLUJH NBUFNBUJLFS TÇ IKÅMQFO
WBS JOUF MÇOHU CPSUB� "UU GPSNVMFSB UFPSJO &JOTUFJO WBS VUF FѫFS UPH
OÅTUBO � ÇS BW IÇSU BSCFUF� 'MFSB HÇOHFS CMFW EFU GFM NFO UJMM TMVU
TLJDLBEF &JOTUFJO VOEFS FO IFLUJTL NÇOBE J OPWFNCFS ���� GZSB
LPSUB BSUJLMBS UJMM WFUFOTLBQTBLBEFNJO J #FSMJO� &O BSUJLFM J WFDLBO
WBSKF POTEBH� )BO êOKVTUFSBEF TJO UFPSJ TUFH GÕS TUFH PDI QSFTFO�
UFSBEF TMVUSFTVMUBUFU EFO �� OPWFNCFS�

%FO BMMNÅOOB SFMBUJWJUFUTUFPSJO CFTLSJWFS HSBWJUBUJPOFO TPN
FUU SFTVMUBU BW SVNUJEFOT HFPNFUSJ � IVS EFU LSÕLUB SVNNFU PDI
EFO FMBTUJTLB UJEFO CFTUÅNNFSIVS TUKÅSOPS PDIQMBOFUFSNÇTUF SÕSB
TJH� &JOTUFJOT FMFHBOUB FLWBUJPO

Gµν = Rµν−
1

2
gµν R =

8πG

c4
Tµν

LBO HF JOUSZDLFU BW BUU EFU LBOTLF JOUF ÅS TÇ LPNQMJDFSBU USPUT BMMU�
%FU LBO WBSB TJ PDI TÇ NFE EFO TBLFO NFO QSJODJQFO ÅS J BMMB
GBMM MÅUU BUU GÕSLMBSB� %FO FOB TJEBO BW FLWBUJPOFO CFTLSJWFS SVNUJ�
EFOT HFPNFUSJ TPN CFTLSFWT BW 0TFFO J FO BSUJLFM 	0TFFO ����
 J
,PTNPT ���� 	IBO IBEF BMMUTÇ JOUF GÕSMPSBU JOUSFTTFU USPUT BUU IBO
ÅHOBEF TJO NFTUB UJE ÇU UFPSJO CBLPN ëZUBOEF LSJTUBMMFS
� &JOTUF�
JOT UFOTPS Gµν CZHHT BW LSÕLOJOHTUFOTPSO Rδµγν TPN CBSB CFSPS
QÇ EFO NFUSJTLB UFOTPSO� gµν TPN J TJO UVS CFSPS QÇ SVN PDI UJE�
&LWBUJPOFOT BOESB TJEB NFE FOFSHJ�JNQVMTUFOTPSO Tµν  CFSPS QÇ

�0DI TPN MFEFS UJMM CÇEF Rµν =gδγRδµγν PDI R=gµνRµν �

��
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WBS NBUFSJB êOOT PDI IVS EFO SÕS TJH HFOPN EFU LSÕLUB SVNNFU�
* QSBLUJLFO ÅS FLWBUJPOFO NZDLFU TWÇS BUU MÕTB�� 5BH TPN FYFNQFM
KPSEFO CBOB SVOU TPMFO � FUU FOLFMU QSPCMFN GÕS /FXUPOT HSBWJUB�
UJPOTUFPSJ� * &JOTUFJOT VOJWFSTVN LBO WJ JOUF MÕTB EFU VUBO BQQSPYJ�
NBUJPOFS FMMFS TVQFSEBUPSFS� 4WÇSJHIFUFO MJHHFS J BUU SVNUJEFO FMBT�
UJTLU KVTUFSBS TJH OÅS KPSEFO SÕS TJH� %FUUB MFEFS UJMM HSBWJUBUJPOT�
WÇHPS� FO PVOEWJLMJH LPOTFLWFOT BW &JOTUFJOT FLWBUJPOFS� TPN
J TJO UVS MFEFS UJMM BUU TZTUFNFU GÕSMPSBS FOFSHJ� +PSEFO GBMMFS MÇOH�
TBNU OÅSNBSF TPMFO ÅWFO PN EFU ÅS FO PUSPMJHU MJUFO FĒFLU�

.FS ÅO ��� ÇS TFOBSF TFT &JOTUFJOT UFPSJ PѫB TPN FO NBLBMÕT
TVDDÊ� %FO BMMNÅOOB SFMBUJWJUFUTUFPSJO ÅS FO BW EF UWÇ QFMBSF TPN
EFO NPEFSOB GZTJLFO CZHHFS QÇ� %FO TUÇS TJEB WJE TJEB NFE LWBOU�
GZTJLFO PDI IKÅMQFS PTT GÕSTUÇ VOJWFSTVN HFOPN BUU GÕSLMBSB CÇEF
IVS PDI WBSGÕS UZOHELSBѫFO GVOHFSBS� &JOTUFJOT UFPSJ CFTLSJWFS FUU
LPTNPT TPN TLJMKFS TJH GSÇO EFU WJ VQQMFWFS J WÇS WBSEBH� 5ZOHE�
LSBѫFO MFEFS UJMM BUU TBLFS GBMMFS NFO EFO CÕKFS PDLTÇ MKVTFUT TUSÇMBS�
,MPDLPS UJDLBS MÇOHTBNNBSF OÅSB KPSEFOT ZUB ÅO J ZUUSF SZNEFO�
(SBWJUBUJPOFO MFEFS UJMM WÇHPS PDI TWBSUB IÇM TÇ LPNQBLUB BUU JOUF
FOT MKVTFU LBO ëZ EFSBT ESBHOJOHTLSBѫ� 5FPSJO IKÅMQFS PTT GÕSLMBSB
VOJWFSTVN PDI IVS EFU IFMB CÕSKBEF NFE FO HJHBOUJTL FYQMPTJPO
GÕS VOHFGÅS �� NJMKBSEFS ÇS TFEBO� %FU ÅS TQÅOOBOEF JEÊFS NFO
IVS WFU WJ BUU EF ÅS SÅUU 

&JOTUFJO TKÅMW WBS ÕWFSUZHBE� )BO WJTTUF BUU IBOT UFPSJ SFQSP�
EVDFSBEF/FXUPOT HBNMB SFTVMUBU TÇ MÅOHF EFU WBS GSÇHB PN TNÇ FG�
GFLUFS� )BO IBEF PDLTÇ MÕTU FUU QSPCMFN TPN HÅMMEF QMBOFUFO .FS�
LVSJVT WBST CBOB MÇOHTBNU NBSTDIFSBS GSBNÇU � WBSW FѫFS WBSW
ëZUUBS TJH EFTT QFSJIFMJVN 	QVOLUFO OÅSNBTU TPMFO J EFO FMMJQUJTLB
CBOBO
� /ÅS 6SCBO -F 7FSSJFS ���� GÕSTÕLUF SÅLOB VU IVS EF BOE�
SB QMBOFUFSOB QÇWFSLBEF SFTVMUBUFU GBOO IBO BUU EFU GBUUBEFT ��
CÇHTFLVOEFS WBSKF ÇSIVOESBEF 	VOHFGÅS FO USFEKFEFM BW FĒFLUFO BW
QMBOFUFO +VQJUFS
� %FU WBS EFOOB MJMMB FĒFLU TPN &JOTUFJO MZDLBEFT
GÕSLMBSB J FO BW TJOB BSUJLMBS GSÇO �����

&JOTUFJO IBEF SFEBO ���� BOWÅOU TJO OZB UFPSJ GÕS BUU CFSÅL�
OB IVS SVNUJEFOT LSÕLOJOH MFEFS UJMM MKVTBWCÕKOJOH PDI BUU TUKÅS�
OPS WBST MKVTTUSÇMBS CÕKUT WFSLBS GÕSTLKVUOB QÇ IJNMFO� )BO JOTÇH
BUU NBO CPSEF LVOOB NÅUB FĒFLUFO VOEFS FO TPMGÕSNÕSLFMTF PDI
MZDLBEFT UJMM PDINFE ÕWFSUZHB OÇHSB BTUSPOPNFS BUU EFU WBS WÅSU FUU

�&JOTUFJOT QSPCMFN MFEFS UJMM TFY JDLFMJOKÅSB PDI LPQQMBEF QBSUJFMMB EJĒFSFOUJB�
MFLWBUJPOFS TPN NÇTUF MÕTBT GÕS EF TFY PCFSPFOEF LPNQPOFOUFSOB BW EFO NFUSJTLB
UFOTPSO�

��
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GÕSTÕL� 4PN UVS WBS � GÕS &JOTUFJO � CMFW EF QMBOFSBEF FYQFEJUJP�
OFSOB JOHFO GSBNHÇOH� %FU WBS UVS FѫFSTPN IBOT CFSÅLOJOH WBS
GFM� /ÅS IBO ÅOUMJHFO QVCMJDFSBEF UFPSJO ���� IBEF IBO SÅUUBU GFMFU
NFO EÇ IBEF PDLTÇ GÕSTUB WÅSMETLSJHFU CSVUJU VU� 0CTFSWBUJPOFS�
OB êDL WÅOUB UJMM ���� PDI EFO CFSÕNEB FYQFEJUJPO TPN MFEEFT BW
EFO CSJUUJTLB BTUSPOPNFO "SUIVS &EEJOHUPO� 3FTVMUBUFU � BUU MKV�
TFU CÕKT FOMJHU &JOTUFJOT GÕSVUTÅHFMTF � TMPHT VQQ QÇ UJEOJOHBSOBT
GÕSTUBTJEPS WÅSMEFO SVOU� %FU CFTLSFWT TPN FO WFUFOTLBQMJH SFWP�
MVUJPO FO OZ WÅSMETCJME TPN LPOLVSSFSBEF VU $PQFSOJDVT ,FQMFS
PDI /FXUPO� &JOTUFJO CMFW PNFEFMCBSU FO TVQFSLÅOEJT NFO FO
OPHHSBOOBSF BOBMZT WJTBS BUU SFTVMUBUFO LBOTLF JOUF WBS TÇ ÕWFS�
UZHBOEF� .ÅUGFMFU VQQTLBUUBEFT UJMM VOHFGÅS ���� %FU UPH MÇOH UJE
JOOBO MKVTBWCÕKOJOHFO LVOEF NÅUBT QÇ FUU NFS ÕWFSUZHBOEF TÅUU�

/ÅS &JOTUFJO EPH EFO �� BQSJM ���� MÅNOBEF IBO FѫFS TJH FUU
TLSJWCPSE GVMMU NFE PGVMMTUÅOEJHB CFSÅLOJOHBS PDI PCFTWBSBEF GSÇ�
HPS� .ÇOHB BW IBOT JEÊFS GÕSCMFW PQSÕWBEF� &ĒFLUFSOB WBS IFMU FO�
LFMU GÕS TNÇ PDI EFU GBOOT IFMMFS JOHFU TUÕSSF JOUSFTTF GÕS BUU UFT�
UB EFN IFMMFS� &JOTUFJOT UFPSJ CFUSBLUBEFT TPN FUU TMBHT FѫFSUBOLF
JOPN GZTJLWÅSMEFO FO FTPUFSJTL LPOTUSVLUJPO TPN JOUF IBEF OÇ�
HPO EJSFLU UJMMÅNQOJOH FMMFS FOT CFUZEFMTF GÕS WÇS EBHMJHB UJMMWBSP�
5FPSJO WBS TWÇS BUU GÕSTUÇ � PDI GÕSLMBSB � FѫFSTPN EFO CZHHEF
QÇ LPNQMJDFSBE NBUFNBUJL� ¨OEB JO QÇ ���UBMFU SÇEEFT GZTJLTUV�
EFOUFS BUU IÇMMB TJH CPSUB GSÇO SFMBUJWJUFUTUFPSJO� %FU WBS UVS BUU JOUF
BMMB MZTTOBEF�

�ª ¼�£pÆ�Ó ¼�ªtÀÀpªÀ
%FU GBOOT ëFSB PSTBLFS UJMM BUU JOUSFTTFU GÕS SFMBUJWJUFUTUFPSJO WÅDLUFT
JHFO� .BO IBEF VQQGVOOJU BUPNLMPDLBO WJMLFU NÕKMJHHKPSEF OPH�
HSBOOB UJETNÅUOJOHBS� -BTFSO HKPSEF EFU NÕKMJHU BUU NÅUB BWTUÇOE
NFE IÕH QSFDJTJPO� "TUSPOPNFS êDL UJMMHÇOH UJMM OZB UFMFTLPQ �
CBTFSBEF QÇ SBEBSUFLOPMPHJ TPN VUWFDLMBUT VOEFS BOESB WÅSMETLSJ�
HFU 	3BEIBLSJTIOBO ����
 � TPN ÕQQOBEF FUU OZUU GÕOTUFS NPU
VOJWFSTVN PDI FO HFOFSBUJPO BW VOHB GZTJLFS CFTUÅNEF TJH GÕS BUU
EFU WBS EBHT GÕS BUU GÕSTUÇ &JOTUFJO CÅUUSF�

&O JOUSFTTBOU TBNNBOGBUUOJOH BW EF GSÇHPS TPN TUÅMMEFT J CÕS�
KBO BW ���UBMFU êOOFSNBO J,PTNPT GSÇO �����%ÅS TLSJWFS -FPQPME
)BMQFSO PDI #FSUFM -BVSFOU 	FO BW UJEFOT MFEBOEF TWFOTLB SFMBUJ�
WJTUFS
 PN FYQFSJNFOUFMMB GÕSTÕL PDI GSBNUJEB QMBOFS 	)BMQFSO �
-BVSFOU ����
� %FU ÅS WÅSU BUU OPUFSB EFSBT TQFLVMBUJPO PN HSBWJ�
UBUJPOTWÇHPS PDI TQFDJFMMU SPMJHU BUU TF LPNNFOUBSFS PN MÕTOJOHFO

��
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UJMM &JOTUFJOT WBLVVNFLWBUJPOFS TPNÇSFU JOOBOIJUUBUT BW3PZ,FSS�
%FO OZB MÕTOJOHFO TPN CFTLSJWFS FUU SPUFSBOEF TWBSU IÇM IBS IBѫ
FOPSN CFUZEFMTF GÕS BTUSPGZTJLFO�

%FO OZB BTUSPOPNJO WBS SFWPMVUJPOFSBOEF� * UVTFOUBMT ÇS IBEF
NÅOOJTLBO TUVEFSBU OBUUIJNMFO EÅS TUKÅSOPS MÇOHTBNU HMJEFS GSBN
PDI GÕSTÕLU GÕSTUÇ FUU VOJWFSTVN EÅS BMMUJOH UBS FO FWJHIFU� .FO TÇ
ÅS EFU JOUF BMMT� /ÅS EF OZB SBEJPUFMFTLPQFO WÅOEFT NPU IJNMFO WJ�
TBEF EFU TJH BUU WJ MFWFS J FUU WÇMETBNU VOJWFSTVN�.BBSUFO 4DINJEU
GBOO EFO GÕSTUB LWBTBSFO 	SBEJPLÅMMBO �$ ���
 SFEBO ����� %FO WBS
TÇ MKVTTUBSL BUU EFO IBEF UBHJUT GÕS FO TUKÅSOB NFO EFU WJTBEF TJH BUU
EFO WBS NJMKBSEFS MKVTÇS CPSUB� %FU ÅS JTUÅMMFU GSÇHBO PN FO HBMBY�
LÅSOB� %FTTB BLUJWB HBMBYFS LBO TLJOBNÇOHB UVTFO HÇOHFS TUBSLBSF
ÅO FO WBOMJH HBMBY� * FO EFM GBMM TFS NBO KFUTUSÇMBS EÅS NBUFSJB TQPU�
UBT VU NFE OÅSB MKVTFUT IBTUJHIFU PDI TPN TUSÅDLFS TJH ëFSB UVTFO
MKVTÇS GSÇO HBMBYFOT DFOUSVN� )VS LBO NBO GÕSLMBSB FUU TÇ TQFLUB�
LVMÅSU LPTNJTLU GZSWFSLFSJ 4WBSFU ÅSNFE HSBWJUBUJPOFO� &O PUSPMJH
NÅOHE FOFSHJ GSJHÕST OÅS NBUFSJB GBMMFS JO J FUU TWBSU IÇM�

7J IBS MÅSU PTT BUU TUKÅSOPS FYQMPEFSBS J ESBNBUJTLB TVQFSOP�
WPS OÅS EFSBT LÅSOCSÅOTMF UBS TMVU� %FU LBO MFEB UJMM FUU OZUU MJW TPN
FO OFVUSPOTUKÅSOB PѫB TOBCCU SPUFSBOEF PDI NFE LBSBLUFSJTUJTLU
QVMTFSBOEF SBEJPTUSÇMOJOH� %FTTB QVMTBSFS TPN VQQUÅDLUFT BW +P�
DFMZO #FMM #VSOFMM ���� OÅS IPO WBS EPLUPSBOE J $BNCSJEHF CF�
TLSJWT BW FYUSFN GZTJL TPN WJ ÅOOV JOUF SJLUJHU LMVSBU VU� %F WÅHFS
NFS ÅO TPMFO NFO EFSBT NBTTB SZNT JOPN FO WPMZN NFE VOHFGÅS
�� LJMPNFUFST SBEJF� &O UFTLFE BW FO OFVUSPOTUKÅSOB TLVMMF WÅHB
MJLB NZDLFU TPN ���� FHZQUJTLB QZSBNJEFS� 5ÅUIFUFO ÅS TÇ IÕH
BUU BUPNLÅSOPSOB QSFTTBUT JIPQ UJMM FO WÅUTLB BW � J FOLMBTUF GBM�
MFU � TVQFSëZUBOEF OFVUSPOFS QSPUPOFS PDI FMFLUSPOFS� .ÇOHB
OFVUSPOTUKÅSOPS SPUFSBS WBOTJOOJHU TOBCCU� &UU CFSÕNU FYFNQFM ÅS
,SBCCQVMTBSFO TPN CJMEBEFT J FO TVQFSOPWB TPN OPUFSBEFT BW LJ�
OFTJTLB BTUSPOPNFS ÇS ����� %FO SPUFSBS �� WBSW WBSKF TFLVOENFO
ÅS GBLUJTLU MÇOHTBN KÅNGÕSU NFE TJOB TOBCCBTUF LVTJOFS� /FVUSPO�
TUKÅSOPSOB ÅS TNÇ PDI UVOHB TÇ WJ NÇTUF BOWÅOEB &JOTUFJOT SFMBUJ�
WJUFUTUFPSJ GÕS BUU CFTLSJWB EFN�

&O ESBTUJTLU GÕSCÅUUSBE UFLOPMPHJ PDI FO SJLBSF BTUSPOPNJ BUU
UB TJLUF QÇ IBS MFUU UJMMNÇOHB JNQPOFSBOEF GÕSTÕL BUU UFTUB &JOTUFJOT
UFPSJ� &UU FYFNQFM ÅS /"4"T .FTTFOHFS 	TPN DJSLVMFSBS J CBOB
LSJOH KPSEFO TFEBO ����
 TPNNÅUU.FSLVSJVT QFSJIFMGÕSTLKVUOJOH
NFE FO QSFDJTJPO BW FO CSÇLEFM BW FO QSPDFOU� 4BNNB FĒFLU UFTUBT
J EFU NZDLFU TUBSLBSF HSBWJUBUJPOTGÅMUFU LSJOH CJOÅSQVMTBSFO 143

��
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#������� TPN ���� VQQUÅDLUFT BW 3JDIBSE )VMTF 	PDLTÇ IBO EPL�
UPSBOE
 PDI +PTFQI5BZMPS� * EFU GBMMFUNBSTDIFSBS QFSJIFMJVN GSBN�
ÇU FO WJOLFM NPUTWBSBOEF � HSBEFS WBSKF ÇS� #JOÅSQVMTBSFO CJESBS
PDLTÇ NFE FUU JOEJSFLU CFWJT GÕS BUU EF HSBWJUBUJPOTWÇHPS TPN
&JOTUFJO GÕSVUTQÇUU ÅS WFSLMJHIFU� *EÊO ÅS HBOTLB FOLFM� #JOÅSTZ�
TUFNFUT PNMPQQTCBOB CFSPS CBSB QÇ EF UWÇ NBTTPSOB 	TF 'JHVS �
�
&ѫFSTPN&JOTUFJOT UFPSJ JOUF IBS OÇHSB GSJB QBSBNFUSBS JOOFCÅS EFU
BUU PN WJ LBO NÅUB USF WBSJBCMFS TÇ LBO WJ UFTUB UFPSJO� * GBMMFU NFE
143 #������� LBO NBO NÅUB IVS PNMPQQTCBOBO MÇOHTBNU LSZN�
QFS QÇ HSVOE BW HSBWJUBUJPOTWÇHPSOB � J ÕWFSFOTTUÅNNFMTF NFE
UFPSJONFE FO GFMNBSHJOBM BWNJOESF ÅO FOQSPDFOU�)VMTF PDI5BZ�
MPS êDL /PCFMQSJTFU J GZTJL ���� GÕS EFUUB HFOPNCSPUU� &UU MJLOBOEF
TZTUFN EVCCFMQVMTBSFO 143 +��������� TPN VQQUÅDLUFT ���� ÅS
ÅOOV CÅUUSF� * EFU GBMMFU LBO NBO NÅUB TKV WBSJBCMFS TÇ NBO IBS GFN
PCTFSWBUJPOFMMB SFTUSJLUJPOFS QÇ UFPSJO� 3FTVMUBUFO CFLSÅѫBS ÅO FO
HÇOH BUU &JOTUFJOT UFPSJ IÇMMFS NÇUUFU�

'JHVS �� 7J LBO UFTUB &JOTUFJOT UFPSJ NFE CJOÅSTZTUFN� * GBMMFU NFE
CJOÅSQVMTBSFO 143 #������� 	UJMM WÅOTUFS
 LBO WJ NÅUB EFO HSBWJUBUJPOFM�
MB SÕEGÕSTLKVUOJOHFO γ QFSJIFMGÕSTLKVUOJOHFO ω̇ TBNU IVS PNMPQQTCBOBO
LSZNQFS QÇ HSVOE BW HSBWJUBUJPOTWÇHPS Ṗb� 1Ç TÇ TÅUU LBO WJ CFTUÅNNB EF
UWÇ NBTTPSOB 	IPSJTPOUFMMB PDI WFSUJLBMB BYFMO
 PDI EFTTVUPN UFTUB UFPSJO
	EF USF SFTVMUBUFO NÇTUF TUÅNNB NFE WBSBOESB JOPN GFMNBSHJOBMFO TÇ EFU
NÇTUF êOOBT FO QVOLU EÅS BMMB LVSWPS LPSTBS WBSBOESB
� * GBMMFU NFE EVC�
CFMQVMTBSFO +��������� 	UJMM IÕHFS
 LBO NBO PDLTÇ NÅUB SFMBUJPOFO NFMMBO
EF UWÇ NBTTPSOB R UWÇ QBSBNFUSBS r PDI s TPN CFTLSJWFS 4IBQJSPT UJET�
GÕSESÕKOJOH PDI EFO HFPEFUJTLB QSFDFTTJPOFO ΩB � .FE TKV QBSBNFUSBS IBS
WJ IFMB GFN UFTUFS BW UFPSJO 	¸WFSTBUU GSÇO (SBWJUBUJPOBM�XBWF BTUSPOPNZ
<"OEFSTTPO ����>
�

��
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/ÅS EFU HÅMMFS MKVTBWCÕKOJOHFO IBS NPEFSOB SBEJPBOUFOOFS
CFLSÅѫBU &JOTUFJOT SFTVMUBU NFE FO GFMNBSHJOBM QÇ ������ &4"T
("*" QSPKFLU TPN TJLUBS QÇ BUU GÕMKB �� BW BMMB TUKÅSOPS J WÇS HB�
MBY WÅOUBT UFTUB UFPSJO UJMM FO EFM QÇ FO NJMKPO� %Ç CMJS EFU USPMJHFO
NJOESF TWÅOHSVN GÕS BMUFSOBUJWB UBOLBS� -KVTBWCÕKOJOHFO IBS CMJ�
WJU FUU BW BTUSPOPNJOT NÇOHB BOWÅOECBSB WFSLUZH� (SBWJUBUJPOFO
LBO BHFSB TPN FO MJOT TPN CÕKFS MKVTFU GSÇO BWMÅHTOB HBMBYFS FO
FĒFLU TPN &JOTUFJO GÕSFTMPH SFEBO ����� *CMBOE MFEFS EFU UJMM BUU WJ
TFS LPQJPS BW TBNNB GÕSFNÇM� *CMBOE CMJS EFU EFMBS BW FMMFS UJMM PDI
NFE LPNQMFUUB DJSLMBS � FO TMBHT HSBWJUBUJPOFMM IÅHSJOH� (FOPN
BUU KÅNGÕSB TÇEBOB PCTFSWBUJPOFS NFE UFPSFUJTLB CFSÅLOJOHBS LBO
NBO MJTUB VU WBS EFU êOOT NÕSL NBUFSJB 	$BUUFOB ����
 TPN QÇ�
WFSLBS MKVTFU WJB TJUU HSBWJUBUJPOTGÅMU NFO TPN JOUF TLJOFS PDI EÅS�
GÕS JOUF LBO TFT J FUU UFMFTLPQ� (FOPN BUU LPNCJOFSB SFTVMUBUFU NFE
EFO JNQPOFSBOEF HBMBYLBUBMPHFO GSÇO 4MPBO %JHJUBM 4LZ 4VSWFZ
LBO NBO ESB TMVUTBUTFS PN IVS NZDLFU NÕSL NBUFSJB EFU êOOT J
VOJWFSTVN�

* HSVOE PDI CPUUFO CZHHFS &JOTUFJOT SFMBUJWJUFUTUFPSJ QÇ NÇUU
BW SVNPDI UJE� 7J IBS TFUU IVS WJ LBO BOWÅOEB MKVTTUSÇMBS GÕS BUUNÅ�
UB MÅOHEBWTUÇOE TPN UJETJOUFSWBMM� -PHJTLU GÕMKFS EFU BUU WJ NÇTUF IB
UJMMHÇOH UJMM OPHHSBOOB UJETNÅUOJOHBS PN WJ WJMM UFTUB EFU êOTUJMUB J
UFPSJO� 6QQêOOJOHFO BW BUPNLMPDLBO ���� NÕKMJHHKPSEF FUU BOUBM
QSFDJTJPOTFYQFSJNFOU� 5FPSJO GÕSVUTÅHFS UJMM FYFNQFM BUU FO LMPDLB
UJDLBS MÇOHTBNNBSF J FUU HSBWJUBUJPOTGÅMU� * WBSEBHTMJWFU ÅS EFU FO
PFSIÕSU MJUFO FĒFLU� EV LÅOOFS JOUF BW BUU EJUU IVWVE ÇMESBT TOBC�
CBSF ÅO EJOB GÕUUFS 	VOHFGÅS � OBOPTFLVOEFS QFS ÇS
� &JOTUFJO OP�
UFSBEF EPDL BUU MKVTFUT GSFLWFOT TLVMMF TLJѫBT NPU EFU SÕEB J TQFLU�
SFU OÅS EFU LÅNQBS GÕS BUU ëZ GSÇO TPMFOT ESBHOJOHTLSBѫ� -KVTFU
USÕUUOBS MJUF GÕSMPSBS FOFSHJ PDI EFTT GSFLWFOT TLJѫBTNPU SÕUU� %FU
GÕSTUB GÕSTÕLFU BUU NÅUB EFOOB SÕEGÕSTLKVUOJOH BW TPMFOT MKVT ÅHEF
SVN SFEBO ���� NFO EFU WBS GÕS TWÇSU� 4PMFOT ZUMBHFS ÅS LBPUJTLU
MJUF HSBOO TPN FUU TUPSNJHU IBW PDI TWÇSU BUU NÅUB NFE TÅLFSIFU�
&YQFSJNFOUFU MZDLBEFT JOUF GÕSSÅO QÇ �����UBMFU PDI EÇ IBEF FĒFL�
UFO SFEBO NÅUUT BW 3PCFSU 1PVOE PDI (MFO 3FCLB� ���� IBEF EF
TUVEFSBU FOFSHJTLJѫFU GÕS HBNNBTUSÇMOJOH J FUU �� NFUFS IÕHU UPSO�
(FOPN BUU KÅNGÕSB FOFSHJTLJѫFU GÕS GPUPOFS TPN EF MÅU GBMMB OFEÇU
NFE SFTVMUBUFU GÕS GPUPOFS TPN TLÕUT VQQ J EFO BOESB SJLUOJOHFO
MZDLBEFT EF GÕS GÕSTUB HÇOHFO NÅUB MKVTFUT NBTTB�

/ÇHSB ÇS TFOBSF WJTBEF *SXJO 4IBQJSP BUU &JOTUFJOT SFMBUJWFUT�
UFPSJ GPSUGBSBOEF SVWBEF QÇ IFNMJHIFUFS� ���� SÅLOBEF IBO VU BUU

��
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MKVTFU TBLUBS OFE OÅS EFU QBTTFSBS JHFOPN FUU HSBWJUBUJPOGÅMU� &O
MKVTTJHOBM LPNNFS GSBN MJUF TFOBSF ÅO NBO WÅOUBU TJH� 4IBQJSPT
UJETGÕSESÕKOJOH IBS OV NÅUUT NFE IÕH QSFDJTJPO UJMM FYFNQFM GÕS
EVCCFMQVMTBSFO +��������� 	TF CJME �
� 3FTVMUBU GSÇO ���� WJTBS
PDLTÇ BUU TJHOBMFS GSÇO /"4"T SZNETPOE $BTTJOJ QÇ WÅH NPU
4BUVSOVT GÕSESÕKEFT IFMU FOMJHU UFPSJO NFE FO OPHHSBOOIFU BW
�������

&UU VQQFOCBSU TÅUU BUU BOWÅOEB BUPNLMPDLPS GÕS BUU TÅUUB
&JOTUFJO QÇ QSPW ÅS BUU MÅNOB FO LMPDLB J MBCCFU PDI ëZHB FO BOOBO
QÇ IÕH IÕKE� 0N UFPSJO ÅS LPSSFLU LPNNFS EFO ëZHBOEF LMPDLBO
BUU UJDLB TOBCCBSF ÅO EFO TPN MÅNOBUT QÇ KPSEFO� .FO SJLUJHU TÇ
FOLFMU ÅS EFU JOUF FѫFSTPN WJ PDLTÇ NÇTUF UB IÅOTZO UJMM &JOTUFJOT
TQFDJFMMB SFMBUJWJUFUTUFPSJ� &O LMPDLB J SÕSFMTF UJDLBS MÇOHTBNNBSF
ÅO FO LMPDLB J WJMB� %FU GÕSTUB MZDLBEF LMPDLFYQFSJNFOUFU VUGÕS�
EFT ���� BW +PTFQI )BGFMF PDI 3JDIBSE ,FBUJOH� %F UPH IFMU FOLFMU
FO BUPNLMPDLB NFE TJH QÇ FO SFTB KPSEFO SVOU PDI UJMMCBLB JHFO
QÇ WBOMJHB QBTTBHFSBSëZH� ,MPDLBO UPH VQQ UWÇ TÅUFO NFEBO GPST�
LBSOB êDL OÕKB TJH NFE FUU WBS� /ÅS EF LPN IFN SÅLOBEF EF PN�
TPSHTGVMMU VU EF UWÇ SFMBUJWJUFUTUFPSJFSOBT LPNCJOFSBEF FĒFLU� &Y�
QFSJNFOUFU IBEF EFU WÅOUBEF SFTVMUBUFU� %FO SFTBOEF LMPDLBO IBEF
KFUMBH�

"UU LMPDLPS TBLUBS JO IBS CFWJTBUTNFENZDLFU IÕHSF QSFDJTJPO
ÅO EFTTB QJPOKÅSFS LVOEF OÇ� &UU HFOPNCSPUU WBS (SBWJUZ 1SPCF
" FUU SBLFUFYQFSJNFOU TPN ���� ëÕH FO NBTFSLMPDLB 	NBTFSO ÅS
NJLSPWÇHPSOBT NPUTWBSJHIFU UJMM MBTFSO
� /ÅS SBLFUFO FѫFS FO ëZH�
GÅSE QÇ NJOESF ÅO � UJNNBS QMBTLBEF OFS J "UMBOUFO IBEF NBO
UFTUBU UFPSJOT NFE FO OPHHSBOOIFU CÅUUSF ÅO ������ 4USÅWBO FG�
UFS IÕHSF QSFDJTJPO GPSUTÅUUFS UJMM FYFNQFM NFE LMPDLFYQFSJNFOUFU
"$&4�1IBSBP PNCPSE QÇ *OUFSOBUJPOBM 4QBDF 4UBUJPO� %FU LPN�
NFS BUU CMJ EFO CÅTUB NÅUOJOHFO BW UJEFO IJUUJMMT�

%FU ÅS PDLTÇ WÅSU BUU OÅNOEB(SBWJUZ 1SPCF # FUU QSPKFLU TPN
UPH EFDFOOJFS GSÇO JEÊ UJMM WFSLMJHIFU� /ÅS TBUFMMJUFO ÅOUMJHFO TLÕUT
VQQ 	FѫFS BUU IB TLKVUJUT VQQ NÇOHB HÇOHFS w
 ���� WBS TZѫFU BUU
NFE LÅOTMJHB HZSPTLPQ NÅUB IVS KPSEFOT SPUBUJPO ESBS NFE TJH
SVNUJEFO� %FU MZDLBEFT PDI WJ IBS OV CFWJT GÕS BUU FĒFLUFO TUÅN�
NFS NFE &JOTUFJOT UFPSJ NFE FO GFMNBSHJOBM QÇ VOHFGÅS ���

%FU ÅS SJNMJHU BUU UZDLB BUU &JOTUFJOT SFMBUJWJUFUTUFPSJ JOUF QÇ�
WFSLBS WÇS EBHMJHB UJMMWBSP � EFU ÅS CBSB GSÇHBO PN TNÇ KVTUFSJOH�
BS TÇ EFU êOOT JOHFU BUU PSPB TJH GÕS� 4Ç ÅS EFU OPH NFO NÇOHB BW
PTT BOWÅOEFS SFMBUJWJUFUTUFPSJO EBHMJHFO� 7ÇS NPEFSOB WÅSME CZH�

��



 SVENSKA FYSIKERSAMFUNDET – KOSMOS 2021 27

_______________________________________________________________  NILS ANDERSSON

HFS QÇ UJMMÅNQOJOHBS TPN JOUF TLVMMF WBSB NÕKMJHB PN WJ JHOP�
SFSBEF &JOTUFJO� %FU VQQFOCBSB FYFNQMFU ÅS EFU HMPCBMB QPTJUJP�
OFSJOHTTZTUFNFU (14 FUU CJMKPOEPMMBSQSPKFLU NFE �� TBUFMMJUFS WBS
PDI FONFE FO BUPNLMPDLB TPN SPUFSBS SVOU KPSEFO PDINÕKMJHHÕS
OBWJHBUJPO NFE FO OPHHSBOOIFU QÇ �� NFUFS PDI FO MPLBM UJETCF�
TUÅNOJOH NFE FUU GFM NJOESF ÅO �� NJMKBSEEFMBS BW FO TFLVOE �
FO JNQPOFSBOEF MÕTOJOH QÇ EFU HBNMB MPOHJUVEQSPCMFNFU� 4BUFM�
MJUFSOB TPN ëZHFS NFE FO IBTUJHIFU BW �� ��� LJMPNFUFS J TFLVO�
EFO SPUFSBS SVOU KPSEFO UWÇ WBSW WBSKF EBH� 7J IBS SFEBO TFUU BUU
EFU CFUZEFS BUU WJ NÇTUF BOWÅOEB CÇEF EFO TQFDJFMMB PDI EFO BMM�
NÅOOB SFMBUJWJUFUTUFPSJO� %FO TQFDJFMMB UFPSJO WJTBS BUU LMPDLPSOB
UJDLBS MÇOHTBNNBSF ÅO FO LMPDLB QÇ KPSEFO IFMB � NJMKPOEFMBS BW
FO TFLVOE WBSKF EBH� 4BNUJEJHU GÕSVUTÅHFS EFO LSÕLUB SVNUJETUFP�
SJO BUU EFO ëZHBOEF LMPDLBO TLB UJDLB TOBCCBSF �� NJMKPOEFMBS BW
FO TFLVOE QFS EBH� %FU MÇUFS TPN TNÇ FĒFLUFS NFO EF LPNQFO�
TFSBT BW MKVTFUT FOPSNB IBTUJHIFU PDI SFTVMUBUFU CMJS BUU PN WJ JOUF
UBS IÅOTZO UJMM SFMBUJWJUFUFO WÅYFS OBWJHBUJPOTGFMFU NFE VOHFGÅS �
NFUFS QFS NJOVU� %Ç CMJS EFU TOBCCU TÅLSBSF BUU TUZSB NBOVFMMU�

`x¼Æ �ÙÆ¼�©p  ¯À©¯À
/ÅS JOUSFTTFU GÕS &JOTUFJOT UFPSJ WÅDLUFT VOEFS TMVUFU BW �����UBMFU
WBS EFU UBDL WBSF FO MJUFO HSVQQ BW FOUVTJBTUJTLB GPSTLBSF� &O BW EF
MFEBOEF QFSTPOFSOB WBS +PIO 8IFFMFS WJE 1SJODFUPO� )BO WBS GB�
TDJOFSBE BW EFUNPUTÅHFMTFGVMMB CFUFFOEFU IPT TUKÅSOPS TPN LPMMBQ�
TBS VOEFS TJO FHFO UZOHELSBѫ� 5FPSJO CFTLSJWFS IVS FO LPMMBQTBO�
EF TUKÅSOB TLSZOLMBS JIPQ SVN PDI UJE UJMMT EFO PNHFT BW FUU TMBHT
PTZOMJHIFUTNBOUFM 	EFO TÇ LBMMBEF IÅOEFMTFIPSJTPOUFO
� ¨OEB JO
QÇ ���UBMFU WBS EJTLVTTJPOFO PN TÇEBOB GÕSFNÇM � TPN WJ OV UBDL
WBSF8IFFMFS LBMMBS TWBSUB IÇM� GÕSWJSSBE PDI EFU GBOOT JOHB TPN
IFMTU CFWJT BUU TÇEBOB FYPUJTLB PCKFLU GBLUJTLU êOOT J WÅSMETSZNEFO�

4JUVBUJPOFO ÅOESBEFT ESBNBUJTLU OÅS LPTNJTL SÕOUHFOTUSÇM�
OJOH PCTFSWFSBEFT ����� .BO JOTÇH TOBSU BUU FO BW EF TUBSLBTUF
TUSÇMOJOHTLÅMMPSOB $ZHOVT 9� J TUKÅSOCJMEFO 4WBOFO WBSJFSBEF
TOBCCBSF ÅO WÅOUBU PDI BUU EFU EÅSGÕS NÇTUF WBSB GSÇHB PN FUU MJ�
UFU GÕSFNÇM LBOTLF FUU TWBSU IÇM� #FWJTFO GÕS EFUUB TUÅSLUFT VOEFS
���UBMFU NFE SFTVMUBUFO GSÇO EF GÕSTUB SÕOUHFOPCTFSWBUJPOFSOB WJB
TBUFMMJU� 4Ç TOBSU 6IVSV�TBUFMMJUFO TLKVUJUT VQQ J EFDFNCFS ���� CMFW
EFU VQQFOCBSU BUU NÇOHB BW HBMBYFOT SÕOUHFOLÅMMPS NÇTUF WBSB
LPNQBLUB� 4USÇMOJOHFO LPNNFS GSÇO NBUFSJB TPN TMJUT BW FO QBSU�
OFS J FUU CJOÅSTZTUFN PDI IFUUBT VQQ UJMM IÕH UFNQFSBUVS OÅS EFO

��
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GBMMFS NPU EFU TWBSUB IÇMFU� 'SÇO CJOÅSTZTUFNFUT SÕSFMTF LBO NBO
NBUFNBUJTLU WÅHB EFO PTZOMJHB TLVSLFO J ESBNBU� 1Ç TÇ TÅUU IBS WJ
MÅSU PTT BUU $ZHOVT 9� NÇTUF WBSB FUU TWBSU IÇM TPN WÅHFS VOHFGÅS
�� HÇOHFS TÇ NZDLFU TPN TPMFO� #FWJTFU GÕS EFUUB CMFW UJMM TMVU TÇ
TUBSLU BUU 4UFQIFO )BXLJOH HBW VQQ FUU CFSÕNU WBE IBO TMBHJU NFE
TJO LPMMFHB ,JQ ѮPSOF FO BW +PIO 8IFFMFST HBNMB TUVEFOUFS�

4FEBO �����UBMFU IBS WJ MÅSU PTT NZDLFU PN EF TWBSUB IÇMFO�
7J WFU BUU EF êOOT J ESBNBUJTLU PMJLB TUPSMFLBS� "CTPMVUB HJHBOUFS
HÕNNFS TJH J LÅSOBO QÇ J TUPSU TFUU WBSKF HBMBY PDI WJ TFS EFN PG�
UB TPN LWBTBSFS� * NBK ���� SBQQPSUFSBEF /"4" BUU )VCCMFUF�
MFTLPQFU IBEF uTFUUu FUU TWBSU IÇM J HBMBYFO .��� (BT J HBMBYLÅSOBO
WJSWMBEF SVOU NFE IÕH IBTUJHIFU� 4QFLUSPTLPQJTLB NÅUOJOHBS UZE�
EF QÇ FO PTZOMJH NBTTB TPN WÅHEF NFS ÅO � NJMKPOFS TPMBS� :UUFS�
MJHBSF JNQPOFSBOEF CFWJT GÕS FUU TVQFSUVOHU TWBSU IÇM QSFTFOUFSB�
EFT FUU ÇS TFOBSF WJB FNJTTJPOTMJOKFS GSÇO NBTFSTUSÇMOJOH J HBMBYFO
/($ ����� 3BEJPPCTFSWBUJPOFS NFE 7FSZ -POH #BTFMJOF "SSBZ
LVOEF VSTLJMKB FO BDLSFUJPOTTLJWB NFE HBT TPN SPUFSBEF SVOU FO
NÕSL NBTTB� (BTFOT IBTUJHIFU UZEEF QÇ FO DFOUSBM NBTTB NFS ÅO
�� NJMKPOFS HÇOHFS TÇ UVOH TPN TPMFO� 4FEBO EFTT IBS BTUSPOP�
NFS TUVEFSBU NÇOHB MJLOBOEF FYFNQFM PDI EFU TQFLVMFSBT BUU EFTTB
UVOHB TWBSUB IÇM LBO IB OÇHPU BUU HÕSB NFE HBMBYFSOBT VQQLPNTU�
* BQSJM ���� TBUUFT LSPOBO QÇ WFSLFU� %FU JOUFSOBUJPOFMMB GPSTLBS�
MBHFU CBLPN &WFOU )PSJ[PO 5FMFTDPQF IBEF MZDLBUT TÅUUB TBNNBO
FO EFUBMKFSBE CJME BW TLVHHBO BW EFU TWBSUB IÇMFU J .��T HBMBYLÅS�
OB 	TF 'JHVS �
� ¨WFO PN EFU JOUF ÅS GSÇHBO PN FO GBLUJTL CJME BW
EFU TWBSUB IÇMFUT IÅOEFMTFIPSJTPOU ÅS EFU FUU NZDLFU JNQPOFSBOEF
SFTVMUBU� %FU TWBSBS NPU GÕSWÅOUOJOHBSOB PDI ÅS TWÇSU BUU GÕSLMBSB
VUBO BUU JOWPMWFSB FUU TWBSU IÇM� #JMEFO QSZEEF UJEOJOHBSOBT GÕSTUB�
TJEPS WÅSMEFO SVOU�

"UU WÇS FHFO HBMBY ÅWFO EFO HÕNNFS FUU HJHBOUJTLU TWBSU IÇM
IBS PDLTÇ EJTLVUFSBUT TFEBO ���UBMFU� * 7JOUFSHBUBOT DFOUSVN êOOT
FO PWBOMJH SBEJPLÅMMB 4BHJUUBSJVT "� TPN USPEEFT WBSB FUU TWBSU
IÇM� * NFS ÅO �� ÇS IBS UWÇ GPSTLBSMBH MFEEB BW "OESFB (IF[ PDI
3FJOIBSE (FO[FM GÕMKU IVS TUKÅSOPS OÅSB HBMBYFOT DFOUSVN SÕS TJH
� FUU QSPKFLU TPN LSÅWFS QSFDJTJPO PDI UÇMBNPE� 3FTVMUBUFO WJTBS
BUU TUKÅSOPSOBT CBOPS ÅS LPOTJTUFOUB NFE FUU TWBSU IÇM VOHFGÅS �
NJMKPOFS HÇOHFS TÇ UVOHU TPN TPMFO 	TF 'JHVS �
� 4PN CFMÕOJOH GÕS
NÕEBO êDL (IF[ PDI (FO[FM EFMB ���� ÇST /PCFMQSJT J GZTJL NFE
3PHFS 1FOSPTF FO BW EF GPSTLBSF TPN GÕSLMBSBEF IVS TWBSUB IÇM
GVOHFSBS SFEBO QÇ �����UBMFU 	TF BSUJLFM BW *OHFNBS #FOHUTTPO J

��
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'JHVS �� %FO CFSÕNEB CJMEFO QÇ EFU TWBSUB IÇMFU J HBMBYLÅSOBO .�� 	UJMM
WÅOTUFS
� #JMEFO WJTBS FHFOUMJHFO JOUF EFU TWBSUB IÇMFUT IÅOEFMTFIPSJTPOU
VUBO TOBSBSF EFO uTLVHHBu TPN VQQLPNNFS QÇ HSVOE BW EFO TUBSLB MKVT�
BWCÕKOJOHFO 	TF TLJTTFO UJMM IÕHFS EÅS FO MKVTTUSÇMF GSÇO QVOLUFO " CÕKT TÇ
BUU EFO OÇS QVOLUFO #
 PDI EFO TÇ LBMMBEF MKVTSJOHFO EÅS HSBWJUBUJPOFO
ÅS TÇ TUBSL BUU MKVTTUSÇMBS LBO GÇOHBT J FO FWJH DJSLFM� 'ÕS FUU JDLF SPUFSBOEF
TWBSU IÇM ÅS MKVTSJOHFOT SBEJF ��� TUÕSSF ÅO IÅOEFMTFIPSJTPOUFOT� 0BWTFUU
EFUBMKFSOB ÅS EFU FUU JNQPOFSBOEF SFTVMUBU TPN ÅS TWÇSU BUU GÕSLMBSB VUBO
BUU CMBOEB JO FUU TWBSU IÇM� 	'PUPU UJMM WÅOTUFS GSÇOѮF"TUSPQIZTJDBM +PVSOBM
-FUUFST ����-��


EFOOB ,PTNPT
� 1SJTFU LOZUFS TBNNBO ÇSUJPOEFO VOEFS WJMLB EF
TWBSUB IÇMFO HÇUU GSÇO TQFLVMBUJPO UJMM WBSEBHTBTUSPOPNJ�

&JOTUFJO UFPSJ CZHHFS QÇ BUU SVN PDI UJE ÅS ëFYJCMB� %F LBO
TUSÅDLBT UJMMT LMPDLPS WFSLBS TUBOOB TPN WJE FUU TWBSU IÇMT IÅOEFM�
TFIPSJTPOU� &ĒFLUFO LBO WBSB ESBNBUJTL NFO ëFYJCJMJUFUFO QÇWFS�
LBS PDLTÇ EFU êOTUJMUB� 5FPSJO TQÇS BUU BMMB ÅOESJOHBS J UZOHELSBѫFO
SÕS TJH TPN WÇHPS TNÇ LSVTOJOHBS J SVNUJEFO TPN CSFEFS VU TJH
NFE MKVTFUT IBTUJHIFU�

(SBWJUBUJPOTWÇHPSOB WJTBEF TJH LPOUSPWFSTJFMMB PDI TWÇSGÇOH�
BEF� 6OEFS ëFSB EFDFOOJFS EFCBUUFSBEF FYQFSUFS PN EF LVOEF WB�
SB WFSLMJHIFU� &JOTUFJO TKÅMW BSHVNFOUFSBEF CÇEF GÕS PDI FNPU� 4Ç
TOBSU QSPCMFNFU MÕTUT J TMVUFU BW �����UBMFU CÕSKBEF NBO GÕSTÕLB
LMVSB VU IVS NBO TLVMMF LVOOB GÇOHB WÇHPSOB� %F GÕSTUB GÕSTÕ�
LFO HKPSEFT BW QJPOKÅSFO +PTFQI 8FCFS VOEFS ���UBMFU NFO WJ êDL
WÅOUB FUU IBMWU ÇSIVOESBEF QÇ HFOPNCSPUUFU� 5FLOPMPHJO GÕSCÅUU�
SBEFT TUFH GÕS TUFH UJMMT JOTUSVNFOUFO OÇEEF EFO LÅOTMJHIFU TPN
CPSEF CFIÕWBT GÕS BUU NÅUB HSBWJUBUJPOTTJHOBMFS GSÇO BOESB HBMBY�
FS� %FU WBS FUU NÅTUFSWFSL J JOHFOKÕSTLPOTU� -*(0�QSPKFLUFUT UWÇ
MBTFSJOUFSGFSPNFUSBS � FO NPEFSO WFSTJPO BW .JDIFMTPOT HBNMB
FUFSFYQFSJNFOU � LBO JEBH NÅUB SÕSFMTFO IPT TQFHMBS � LJMPNF�

��
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'JHVS �� 0NMPQQTCBOPS GÕS TUKÅSOPS TPN SÕS TJH SVOU 7JOUFSHBUBOT DFOU�
SVN� 3FTVMUBUFO UZEFS QÇ BUU WÇS HBMBY EÕMKFS FUU TWBSU IÇM VOHFGÅS � NJM�
KPOFS TÇ UVOHU TPN TPMFO� 	#JMEFO LPNNFS GSÇO 1SPGFTTPS "OESFB (IF[ PDI
IFOOFT GPSTLBSMBH WJE 6$-" PDI CZHHFS QÇ EBUB GSÇO ,FDL�UFMFTLPQFO�


UFS JTÅS NFE FO QSFDJTJPO CÅUUSF ÅO FO UVTFOEFM BW FO BUPNLÅSOB�
%FU ÅS BMMUTÇ GSÇHBO PN FO SFMBUJW MÅOHEGÕSÅOESJOH BW VOHFGÅS

h =
∆L

L
= 10−21 .

,PTNJTLB HSBWJUBUJPOTWÇHPS ÅS TÇ PUSPMJHU TWBHB FѫFSTPN EFU
ÅS GSÇHB PN BTUSPOPNJTLB BWTUÇOE� "UU NBO LBO LPOTUSVFSB FUU
NÅUJOTUSVNFOU � J TUPSU TFUU FO BWBODFSBE MJOKBM � NFE TÇEBO
QSFDJTJPO ÅS QÇ NÇOHB TÅUU GBOUBTUJTLU 	TF BSUJLFM BW "MFLTBOESB
'PMUZOPXJD[ .BUZCB J EFOOB ,PTNPT
�

%FO GÕSTUB HSBWJUBUJPOTWÇHFO GÇOHBEFT EFO �� TFQUFNCFS ����
	TF 'JHVS �
� &ѫFS BUU IB KÅNGÕSU TJHOBMFO TPN LPN BUU LBMMBT
(8������ FѫFS EBHFOT EBUVN NFE TJNVMFSJOHBS GSÇO TVQFS�
EBUPSFS ESPH NBO TMVUTBUTFO BUU WÇHPSOB TLBQBUT J FO LPMMJTJPO BW
UWÇ TWBSUB IÇM GÕS �� NJMKBSEFS ÇS TFEBO WJE FO UJE EÇ EFU CBSB
GBOOT FODFMMJHB PSHBOJTNFS QÇ KPSEFO� /ÅS EF UWÇ TWBSUB IÇMFO TMPH
JIPQ GSJHKPSEFT FO FOFSHJ NPUTWBSBOEF � TPMNBTTPS� 0NSÅLOBU UJMM
FMFLUSPNBHOFUJTL FOFSHJ TUSÇMBEF LPMMJTJPOFO VOEFS FO CSÇLEFM BW
FO TFLVOE TUBSLBSF ÅO BMMB TUKÅSOPS WJ LBO TF QÇ OBUUIJNMFO� %FU
CJMEBEFT FUU UZOHSF TWBSU IÇM � QSFDJT TPN UFPSJO GÕSVUTQÇUU� (F�
OPNCSPUUFU GÕMKEFT BW MJLOBOEF TJHOBMFS PDI WJ IBS JEBH TFUU 	FM�
MFS TOBSBSF IÕSU FѫFSTPN FO HSBWJUBUJPOTWÇHTBOUFOONFS MJLOBS FO
NJLSPGPO ÅO FUU UFMFTLPQ
 FUU ���UBM TWBSUB�IÇM LPMMJTJPOFS� -*(0�

��
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QSPKFLUFUT MFEBSF ,JQ ѮPSOF 3BJ 8FJTT PDI #BSSZ #BSJTI êDL FUU
WÅMGÕSUKÅOU /PCFMQSJT �����

'JHVS �� %FO GÕSTUB HSBWJUBUJPOTWÇHTTJHOBMFO TPN GÇOHBEFT BW -*(0�
JOTUSVNFOUFO J TFQUFNCFS ����� %F ÕWSF QBOFMFSOB WJTBS IVS TJHOBMFO WBSJ�
FSBS NFE UJEFO� (FOPN BUU TLJѫB TJHOBMFO EFO UJE EFU UBS MKVTFU BUU SÕSB TJH
NFMMBO EF UWÇ JOTUSVNFOUFO J )BOGPSE PDI -JWJOHTUPO 	�� NJMMJTFLVOEFS

LBO NBO TF BUU EFU ÅS TBNNB TJHOBM J EF CÇEB NÅUOJOHBSOB 	EFO IÕHSB
QBOFMFO
� %F VOESF QBOFMFSOB WJTBS FO UJE�GSFLWFOT SFQSFTFOUBUJPO BW SF�
TVMUBUFO� 7J TFS BUU BNQMJUVE PDI GSFLWFOT ÕLBS GSBN UJMM EFU ÕHPOCMJDL EÇ
EF TWBSUB IÇMFO TMÇS JIPQ 	¸WFSTBUU GSÇO #�1� "CCPUU FU BM� 1IZT� 3FW� -FUU�
��� ������ 	����
 IUUQT���EPJ�PSH���������1IZT3FW-FUU�����������
�

%FU BOESB HFOPNCSPUUFU GÕS HSBWJUBUJPOTWÇHTBTUSPOPNJO GÕMK�
EF EFO �� BVHVTUJ ���� OÅS -*(0T JOTUSVNFOU GÇOHBEF FO TWBH
TJHOBM (8������ TPN TLBQBEFT QSFDJT JOOBO UWÇ OFVUSPOTUKÅS�
OPS LSBTDIBEF JIPQ� %FU ÅS BMMUTÇ GSÇHBO PN EFO CJOÅSB QVMTBSFOT
TMVUMJHB ÕEF 	PN WJ WÅOUBS FO NJMKBSE ÇS FMMFS TÇ
 � FUU BTUSPOP�
NJTLU TQFLUBLFM NFE GÇ MJLBS� /ÅS TUKÅSOPSOB TMÇS JIPQ IFUUBT NB�
UFSJBO VQQ UJMM UFNQFSBUVSFS BW EFO OJWÇ TPN TUVEFSBT J QBSUJLFMFY�
QFSJNFOUFO WJE $&3/ NFO OFVUSPOTUKÅSOPSOB QSFTTBS TBNUJEJHU
TBNNBO NBUFSJBO UJMM FO UÅUIFU TPN BMESJH LBO OÇT J LPOUSPMMFSBEF
FYQFSJNFOU� 0N WJ WJMM LMVSB VU WBE TPN IÅOEFS NÇTUF WJ CFTLSJ�
WB GZTJL TPN WJ JOUF SJLUJHU GÕSTUÇS� %FU ÅS FUU TWÇSU QSPCMFN TPN
JOWPMWFSBS J TUPSU TFUU BMM NPEFSO GZTJL GSÇO LWBOUUFPSJO UJMM HSB�
WJUBUJPOFO PDI NFE JOHSFEJFOTFS GSÇO EFO LPOEFOTFSBEF NBUFSJ�
FOT GZTJL 	FѫFSTPN FO OFVUSPOTUKÅSOBT LÅSOB WÅOUBT WBSB TVQFS�
ëZUBOEF
 PDI FMFLUSPNBHOFUJTN 	FѫFSTPN TUKÅSOPSOB IBS TUBSLB
NBHOFUGÅMU
 PDI WÇSB NPEFMMFS NÇTUF JOLMVEFSB EFU êOTUJMUB FG�
UFSTPN-*(0T JOTUSVNFOU LBO GÕMKB TJHOBMFO J ëFSBNJOVUFS� (FOPN
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BUU KÅNGÕSB TJHOBMFO NFE SFTVMUBU GSÇO UJETÕEBOEF 	PDI EZSB�
 TV�
QFSEBUPSTJNVMFSJOHBS LBO NBO GÕSTÕLB SFEB VU EFO FYUSFNB GZTJ�
LFO�

4UKÅSOLPMMJTJPOFO MFEFS UJMM FO WÇMETBNU WJCSFSBOEFNBTTB TPN
WJ IPQQBT LVOOB TUVEFSB NFE OÅTUB HFOFSBUJPO HSBWJUBUJPOTWÇHT�
JOTUSVNFOU OÇHPO HÇOH QÇ �����UBMFU� &ѫFS OÇHSB TFLVOEFS GÕMKFS
FO FYQMPTJPO BW HBNNBTUSÇMOJOH FO TJHOBM TPN NBO PDLTÇ MZDLB�
EFT GÇOHB ����� /ÅS OZIFUFO TQSFET QFLBEF BTUSPOPNFS � QSPĒT
TÇWÅM TPN BNBUÕSFS� � TJOB UFMFTLPQ NPU LPMMJTJPOFOT LWBSMFWB�
6OEFS EFNÇOBEFS TPN GÕMKEF TUVEFSBEFNBOEFOPQUJTLB PDI JOGSB�
SÕEB TUSÇMOJOHFO TPN TLBQBUT OÅS NBUFSJB TPN TMVOHBUT VU VOEFS
LPMMJTJPOFO HFOPNHJDL TOBCCB LÅSOSFBLUJPOFS PDI CJMEBEF UZOHSF
FMFNFOU� %FOOB TÇ LBMMBEF LJMPOPWB IBEF GÕSVUTQÇUUT NFO BMESJH
UJEJHBSF TUVEFSBUT J EFUBMK PDI SFTVMUBUFU WBS GBTDJOFSBOEF� %FU QF�
LBEF NPU BUU LPMMJTJPOFO IBEF QSPEVDFSBU �� HÇOHFS KPSEFOT NBTTB
BW TJMWFS ��� HÇOHFS KPSEFOTNBTTB BW HVME PDI ��� HÇOHFS KPSEFOT
NBTTB BW QMBUJOB� "MMU QÇ OÇHSB GÇ TFLVOEFS� 0N EV IBS FO HVME�
SJOH QÇ êOHSFU ÅS EFO USPMJHFO HKPSE BW FUU NBUFSJBM TPN CJMEBUT J
FO TUKÅSOLPMMJTJPO�

7J LBO PDLTÇ BOWÅOEB SFTVMUBUFO GSÇO (8������ GÕS BUU UFTUB
ZUUFSMJHBSF FO BTQFLU BW&JOTUFJOT UFPSJ� (FOPNBUU KÅNGÕSB BOLPNTU�
UJEFO GÕS HSBWJUBUJPOTWÇHPSOB NFE EFO FMFLUSPNBHOFUJTLB TUSÇM�
OJOHFO LBO NBO ESB TMVUTBUTFO BUU WÇHPSOB SÕS TJH NFE MKVTFUT IBT�
UJHIFU QSFDJT TPN &JOTUFJO GÕSVUTQÇUU� 'SÇO FUU QBSUJLFMGZTJLBMJTLU
QFSTQFLUJW CFUZEFS EFU BUU HSBWJUPOFO QSFDJT TPN TJO LVTJO GPUP�
OFO NÇTUF WBSB 	TÇ HPUU TPN
 NBTTMÕT� %FTTVUPN LBO WJ UB FUU TUFH
NPU BUU MÕTB LPTNPMPHJTLB GSÇHPS�

�ÆÆ Ót�p Êª�Ó�¼ÀÊ©
7J IBS TFUU IVS &JOTUFJOT SFMBUJWJUFUTUFPSJ CFTLSJWFS FYPUJTLB PCKFLU
TPN TWBSUB IÇM PDI OFVUSPOTUKÅSOPS PDI IVS EFO ëFYJCMB SVNUJEFO
MFEFS UJMM HSBWJUBUJPOTWÇHPS PDI FO OZ TPSUT BTUSPOPNJ NFS TPN
BUU MZTTOB ÅO BUU TF� 'SÇO FO LPTNPMPHJTL TZOQVOLU GÇS WJ FUU BO�
OBU QFSTQFLUJW QÇ &JOTUFJOT FLWBUJPOFS� 7BSKF MÕTOJOH WJ IJUUBS ÅS
FUU VOJWFSTVN� 5SPMJHFO JOUF EFU VOJWFSTVN WJ MFWFS J FѫFSTPN EFU
LPNQMJDFSBT BW HBMBYFS TUKÅSOPS QMBOFUFS NÅOOJTLPS WÅYUFS PDI
TNÇ LSZQ� "MMU EFUUB SZNT JOUF J NBUFNBUJLFO NFO NBO LBO UÅO�
LB TJH BUU UB FUU HFOPNTOJUU � VOHFGÅS TPN NBO HÕS J IZESPEZ�
OBNJLFO EÅS FUU WÅUTLFFMFNFOU TPN JOOFIÇMMFS FUU HJHBOUJTLU BO�
UBM BUPNFS CFTLSJWT BW FUU MJUFU BOUBM UFSNPEZOBNJTLB WBSJBCMFS� 1Ç
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TBNNB TÅUU LBO NBO BOWÅOEB FUU NFEFMWÅSEF BW FUU TUPSU BOUBM HB�
MBYFS GÕS BUU CZHHB FO NPEFMM BW VOJWFSTVN� 4FEBO LBO WJ GÕSCÅUUSB
UFPSJO HFOPN BUU KÅNGÕSB NFE PCTFSWBUJPOFS� %FU ÅS FUU TUPSTMBHFU
GPSTLOJOHTQSPCMFN� (FOPN BUU WÅHB VOJWFSTVN GÕSTÕLFS WJ MVTLB
VU WBS BMMUJOH � SVN UJE PDI NBUFSJBw BMMUJOH � LPN JGSÇO� )VS
EFU IFMB CÕSKBEF PDI IVS EFU LBOTLF UBS TMVU OÇHPO HÇOH J FO BWMÅH�
TFO 	GÕSIPQQOJOHTWJT�
 GSBNUJE�

/ÅS &JOTUFJO GPSNVMFSBEF TJO UFPSJ WBS EFU BMMNÅOU BDDFQUFSBU
BUU VOJWFSTVN WBS TUBUJTLU� &LWBUJPOFSOB QFLBEF EPDL J FO BOOBO
SJLUOJOH�NPU FO WÅSMETSZNE TPN WÅYUF 	FMMFS LSZNQUF
� &JOTUFJO
MÕTUF QSPCMFNFU HFOPN BUU JOUSPEVDFSB FO FYUSB UFSN J FLWBUJPOFO
EFO TÇ LBMMBEF LPTNPMPHJTLB LPOTUBOUFO� %FO OZB UFSNFO TÇH UJMM
BUU HSBWJUBUJPOFO TLÕU JGSÇO JTUÅMMFU GÕS BUU ESB FNPU� %FU WJTBEF TJH
WBSB FUU NJTTUBH� &EXJO)VCCMF VQQUÅDLUF ���� BUU EF ëFTUB BWMÅHT�
OB HBMBYFS SÕS TJH CPSU GSÇO PTT � EFSBT MKVT IBS TLJѫBUT NPU EFU
SÕEB J TQFLUSFU� 6OJWFSTVN FYQBOEFSBS PDI WJ LBO HMÕNNB EFO
LPTNPMPHJTLB LPOTUBOUFO� &MMFS LBOTLF JOUF w�

0N VOJWFSTVN FYQBOEFSBS NÇTUF EFU WBSJU NJOESF PN WJ UJU�
UBS UJMMCBLB J UJEFO� 0N WJ HÇS UJMMSÅDLMJHU MÇOHU UJMMCBLB LPNNFS WJ
UJMM FUU ÕHPOCMJDL OÅS BMMU CÕSKBEF %FU GÕSTUB CFWJTFU GÕS FO VS�
FYQMPTJPO � #JH #BOH � JEFOUJêFSBEFT BW "SOP 1FO[JBT PDI 3P�
CFSU 8PPESPX 8JMTPO OÅS EF ���� IJUUBEF FO NZTUJTL TUÕSOJOH J
TJHOBMFO GSÇO TJUU SBEJPUFMFTLPQ� 4UÕSOJOHFO WBS PWÅOUBU TUBSL KÅNOU
GÕSEFMBE ÕWFS IJNMFO CÇEF EBH PDI OBUU� %FU UZEEF QÇ FO IPNPHFO
TUSÇMOJOH GSÇO VOJWFSTVN NPUTWBSBOEF FO UFNQFSBUVS QÇ VOHFGÅS
USF LFMWJO� 7J WFU OV BUU EFOOB NJLSPWÇHTCBLHSVOE ÅS FO WJTLOJOH
GSÇO VOJWFSTVNT GÕEFMTF�

.FE IKÅMQ BW TBUFMMJUJOTUSVNFOU TPN$0#& QÇ �����UBMFU PDI
NFS OZMJHFO 8."1 PDI 1MBODL IBS WJ LVOOBU TUVEFSB êOTUSVLUV�
SFO J VOJWFSTVNOÅS EFU WBS VOHFGÅS ��� ��� ÇS HBNNBMU 	WJE EFO TÇ
LBMMBEF SFLPNCJOBUJPOFO OÅS GPUPOFSOB GSJLPQQMBEFT GSÇO NBUFSJ�
BO
� 7BE WJ TFS ÅS TNÇ WBSJBUJPOFS TPN IBS TJUU VSTQSVOH J LWBOU�
ëVLUVBUJPOFS J VOJWFSTVNT UJEJHBTUF TUBEJFS� %FTTB JNQPOFSBOEF
SFTVMUBU UJMMÇUFS PTT BUU UFTUB WÇSB JEÊFS PN LPTNPT� /ÅS WJ LPNCJ�
OFSBS BMM JOGPSNBUJPO NFE LPTNPMPHJOT FLWBUJPOFS TPN GPSNVMF�
SBEFT BW "MFYBOEFS 'SJFENBOO SFEBO ���� TFS WJ BUU WJ CFIÕWFS USF
JOHSFEJFOTFS GÕS BUU GÕSLMBSB SFTVMUBUFO� %FO NJOTUB EFMFO VOHF�
GÅS �� ÅS WBOMJH NBUFSJB BUPNFS NPMFLZMFS TUKÅSOPS EV PDI KBH�
6OHFGÅS FO ѨÅSEFEFM ÅS NÕSL NBUFSJB TPN WJ JOUF TFS NFO TPN WJ
WFU CFIÕWT GÕS BUU GÕSLMBSB PCTFSWFSBE MKVTBWCÕKOJOH GSÇO BWMÅHT�
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OB HBMBYFS� %FO EFM TPN CMJS ÕWFS VOHFGÅS ��� BW VOJWFSTVN ÅS
FUU NZTUFSJVN� %FO IBS FUU OBNO NÕSL FOFSHJ NFO WJ IBS JOHFO
BOJOH PN IVS EFO LBO GÕSLMBSBT 	+PIBOTTPO ����
� 7BE WJ WFU ÅS
BUU EFO TQFMBS TBNNB SPMM TPN EFO LPTNPMPHJTLB LPOTUBOUFO EFU
ÅS EFO JOHSFEJFOT TPN TFS UJMM BUU VOJWFSTVNT FYQBOTJPO GPSUTÅUUFS
BUU BDDFMFSFSB�

4BNUJEJHU TPN WJ HKPSU TUPSB GSBNTUFH NPU FO UZEMJHBSF CJME BW
VOJWFSTVN ÅS EFU VQQFOCBSU BUU WJ IBS NÇOHB HÇUPS LWBS BUU MÕTB�
4WBSFO WJ IBS JEBH ÅS JOUF UJMMGSFETTUÅMMBOEF FѫFSTPN WJ CBSB LBO
GÕSLMBSB FO MJUFO EFM BW VOJWFSTVN� %FU êOOT GÕSTMBH QÇ EFO NÕS�
LB NBUFSJBO � USPMJHFO ÅS EFU GSÇHBO PN FO OZ QBSUJLFM TPN WJ
ÅO TÇ MÅOHF JOUF MZDLBUT GÇOHB � TÇ KBLUFO HÇS WJEBSF FѫFS �� ÇS
BW GSVLUMÕTU TÕLBOEF� %FO NÕSLB FOFSHJO ÅS ÅOOV NFS GÕSCSZMMBO�
EF� 7J IBS J TUPSU TFUU JOHFO BOJOH IVS WJ TLB GÕSLMBSB EFO USPUT BUU
GSÇHBO EJTLVUFSBUT J NFS ÅO �� ÇS 	BUU WÇSU VOJWFSTVN BDDFMFSFSBS
WJTBEFT NFE IKÅMQ BW TVQFSOPWBPCTFSWBUJPOFS ���� PDI MFEEF UJMM
BUU #SJBO 4DINJEU PDI "EBN 3JFTT êDL EFMB ���� ÇST /PCFMQSJT
�

4Ç WBE IBS WJ FHFOUMJHFO MÅSU PTT )BEF &JOTUFJO SÅUU %FU ÅS
LMBSU IBO IBEF� 7J IBS TFUU IVS IBOT LSÕLUB SVNUJE GÕSLMBSBS FUU JN�
QPOFSBOEF BOUBM GFOPNFO J EFUBMK� "MUFSOBUJWB UFPSJFSNÇTUF GÕSLMB�
SB BMMB EFTTB FYQFSJNFOU PDI EFU ÅS JOUF MÅUU� 4BNUJEJHU ÅS EFU LMBSU
BUU &JOTUFJO IBEF GFM� &MMFS LBOTLF EFU ÅS CÅUUSF BUU TÅHB BUU IBOT
UFPSJ JOUF ÅS EFU TMVUMJHB TWBSFU� .FE IKÅMQ BW IBOT UFPSJ LBO WJ GÕS�
TUÇ VOJWFSTVNCÅUUSF�NZDLFU CÅUUSF�NFO EFU êOOT GPSUGBSBOEF
QSPCMFN LWBS BUU MÕTB� &O WÅMLÅOE GSÇHB HÅMMFS SFMBUJWJUFUTUFPSJOT
SFMBUJPO UJMM LWBOUGZTJLFO� 5SPUT BUU KBLUFO QÇ FO LWBOUJTFSBE HSB�
WJUBUJPOTUFPSJ IBS QÇHÇUU J OÅSB ��� ÇS WFSLBS WJ JOUF WBSB NZDLFU
OÅSNBSF HÇUBOT MÕTOJOH� %FU êOOT GPSUGBSBOEF NZDLFU GZTJL LWBS
BUU LMVSB VU�

❖
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