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�� *NTRODUCTION

i@Cc �ajC,I3 Cc L3�Nj jR c3aq3 �c �N Rq3aqC3s R8 j@3 ,naa3Nj cj�j3 R8 j@3 ~3I0 R8 <a�qCA

j�jCRN�I s�q3 �cjaRU@wcC,cY Bj Cc NRj L3�Nj jR $3 ,RLUa3@3NcCq3. Ra � a383a3N,3 8Ra 3uU3ajc. $nj

a�j@3a �N CNjaR0n,jCRN jR j@Cc N�c,3Nj ~3I0 R8 R$c3aq�jCRN�I c,C3N,3. j�a<3j30 jRs�a0 L�j@3A

L�jC,C�Nc �N0 c,C3NjCcjcY i@3 j@a33 UaCL�aw <R�Ic �a3 V�W jR <Cq3 � cn|,C3Nj CNjaR0n,jCRN jR

j@3 U@wcC,c R8 <3N3a�I a3I�jCqCjw jR �UUa3,C�j3 j@3 ,@�II3N<3c R8 <a�qCj�jCRN�I s�q3 03j3,jCRN.

�c s3II �c j@3 a3L�aG�$I3 N�jna3 R8 cRna,3c R8 <a�qCj�jCRN�I s�q3c CN j@3 0wN�LC,�I. cjaRN<

~3I0 a3<CL3 R8 j@3 j@3Raw. V$W jR a3qC3s s@�j @�c $33N I3�aNj �$Rnj j@3 mNCq3ac3 8aRL j@3

<a�qCj�jCRN�I s�q3 cC<N�Ic 03j3,j30 jR 0�j3 $w j@3 HB;Q VH�c3a BNj3a83aRL3j3a ;a�qCj�jCRN�IA

r�q3 Q$c3aq�jRawWgpCa<R 03j3,jRac. �N0 V,W jR $aC3�w cU3,nI�j3 �$Rnj 8njna3 0Cc,Rq3aC3c j@�j

sCII nN8RI0 Rq3a j@3 ,RLCN< 03,�03c �c � q�aC3jw R8 R$c3aq�jCRN�I ,�LU�C<Nc �a3 nN03aj�G3NY

iR c3j j@3 cj�<3 j@3N. CN b3,jCRN l s3 a3qC3s j@3 nN03aIwCN< j@3Ra3jC,�I 8a�L3sRaG. 2CNcj3CN�c

j@3Raw R8 <3N3a�I a3I�jCqCjw. 8R,ncCN< RN j@3 N�jna3 R8 <a�qCj�jCRN�I s�q3c �N0 @Rs j@3w �a3

UaR0n,30Y BN b3,jCRN k s3 $aC3�w cnaq3w j@3 ,naa3Nj 03j3,jRac �N0 R$c3aq�jCRN�I ,�LU�C<Nc.

3Cj@3a CN RU3a�jCRN jR0�w Ra UI�NN30 8Ra j@3 ,RLCN< 03,�03 Ra jsR- <aRnN0A$�c30 03j3,jRac V�c

HB;QgpCa<RW. j@3 cU�,3A$�c30 LCccCRN HBb� VH�c3a BNj3a83aRL3j3a bU�,3 �Nj3NN�W. UnIc�a

jCLCN< �aa�wc. �N0 j@3 c3�a,@ 8Ra #ALR03 URI�aCy�jCRN R8 j@3 ,RcLC, LC,aRs�q3 $�,G<aRnN0

V+K#WY

HB;Q L3�cna30 j@3 ~acj <a�qCj�jCRN�I s�q3 cC<N�I. ;rS9zOS:. CN lzS9. s@C,@ Cc

CNj3aUa3j30 �c RaC<CN�jCN< 8aRL j@3 L3a<3a R8 jsR $I�,G @RI3c <�>Y bCN,3 j@3N. HB;QgpCa<R @�c

R$c3aq30 �ILRcj Szz �00CjCRN�I cC<N�Ic. LRcj �IcR 8aRL $CN�aw $I�,G @RI3 L3a<3ac. j@Rn<@

� cL�II @�N08nI ICG3Iw ,RLCN< 8aRL $I�,G @RI3gN3njaRN cj�a Ra $CN�aw N3njaRN cj�a L3a<3acY

?Rs3q3a. j@3 IRn03cj 3q3Nj jR 0�j3. ;rSez4Se. s�c � $CN�aw N3njaRN cj�a L3a<3a. �c ,RNA

~aL30 $w � cU3,j�,nI�a cnCj3 R8 3I3,jaRL�<N3jC, R$c3aq�jCRNc R8 Cjc �8j3aL�j@Y BN b3,jCRN :

s3 a3qC3s j@3c3 R$c3aq�jCRNc. �N0 s@�j j@3w @�q3 cR 8�a j�n<@j nc �$Rnj j@3 mNCq3ac3Y ?C<@A

IC<@jc �a3 j@3 ~acj \n�NjCj�jCq3 3qC03N,3 j@�j $I�,G @RI3c �c 03c,aC$30 $w 2CNcj3CN�c j@3Raw

0R CN 8�,j 3uCcj. j@�j j@3 cU330 R8 <a�qCj�jCRN�I s�q3c Cc 3\n�I jR j@�j R8 j@3 cU330 R8 IC<@j

jR sCj@CN � 1 U�aj CN 1015. �N0 j@�j N3njaRN cj�a L3a<3ac �a3 a3cURNcC$I3 8Ra �j I3�cj � ,I�cc

R8 j@3 Lwcj3aCRnc cRA,�II30 c@Raj <�LL� a�w $nacjc VR$c3aq30 �j � a�j3 R8 �$Rnj RN3 3q3aw k

0�wc $w cU3,C�I UnaURc3 c�j3IICj3c 03cC<N30 8Ra j@CcWY

r3 ,RN,In03 CN b3,jCRN 9 sCj@ cU3,nI�jCRNc RN j@3 ,RLCN< jsR 03,�03c R8 <a�qCj�A

jCRN�I s�q3 �cjaRNRLwY

�� &INSTEIN GRAVITY

i@3 sRaGCN< @wURj@3cCc nURN s@C,@ j@3 c,C3N,3 R8 <a�qCj�jCRN�I s�q3 �cjaRU@wcC,c

Cc $nCIj Cc j@�j �<a�qCjw� Cc 03c,aC$30 $w 2CNcj3CN�c ,I�ccC,�I j@3Raw R8 <3N3a�I a3I�jCqCjwY i@Cc

$3<CNc $w URcCjCN< j@�j cU�,3 �N0 jCL3 j�G3N jR<3j@3a. Ra cU�,3jCL3 8Ra c@Raj. @�c j@3 cjan,jna3

R8 � :A0CL3NcCRN�I HRa3NjyC�N <3RL3jawY � ,RNq3NC3Nj s�w jR 03c,aC$3 j@Cc <3RL3jaw Cc qC�

j@3 L3jaC, j3NcRa gab . 03~N30 CN � ,RRa0CN�j3 $�cCc j@aRn<@ j@3 ICN3 3I3L3Nj

ds2
D gabdxadxb; VSW
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s@C,@ <Cq3c j@3 IR,�I. CN~NCj3cCL�I UaRU3a 0Ccj�N,3Ac\n�a30 ds2 �c � \n�0a�jC, 8RaL R8 �N

�a$Cja�aw CN~NCj3cCL�I ,RRa0CN�j3 0CcUI�,3L3Nj dxa Vs3 nc3 j@3 2CNcj3CN cnLL�jCRN ,RNA

q3NjCRN s@3a3 a3U3�j30 CN0C,3c CN � j3NcRa 3uUa3ccCRN CLUIw cnLL�jCRNWY i@3 U@a�c3 QSPQFS

EJTUBODF L3�Nc j@3 ,RRa0CN�j3 CNq�aC�Nj. U@wcC,�IIw L3�cna�$I3 I3N<j@ Ra jCL3 CNj3aq�I. CN

,RNja�cj jR � ,RRa0CN�j3 0Ccj�N,3 CN cRL3 V�a$Cja�awW ,RRa0CN�j3 cwcj3LY i@3 HRa3NjyC�N

VCN03~NCj3W ,@�a�,j3a R8 j@3 L3jaC, Cc ,an,C�I. �c Cj �IIRsc RN3 jR 03~N3 ,�nc�ICjw j@aRn<@

<3RL3jaw- jsR 0C{3a3Nj 3q3Njc �a3 ,�nc�IIw a3I�j30 C8 �N0 RNIw C8 j@3a3 3uCcjc �j I3�cj RN3

,naq3 ,RNN3,jCN< j@3L s@3a3 j@3 UaRU3a 0Ccj�N,3 �IRN< j@3 ,naq3 Cc 3q3aws@3a3 jCL3ICG3.

ds2 < 0. �N0gRa NnII. ds2 D 0 Vj@3 cC<N ,RNq3NjCRN 8Ra jCL3ICG3 ds2 < 0 q3acnc cU�,3ICG3

ds2 > 0 Cc �a$Cja�awWY

i@3 c3,RN0 G3w URcjnI�j3 R8 <3N3a�I a3I�jCqCjw Cc j@�j j@3 <3RL3jaw R8 cU�,3jCL3

a3I3q�Nj jR j@3 mNCq3ac3 Cc NRj � ~u30 cjan,jna3 <Cq3N B QSJPSJ. $nj CNcj3�0 Cc � 0wN�LC,�I

3NjCjw <Rq3aN30 $w j@3 2CNcj3CN ~3I0 3\n�jCRNc-

Gab � Rab �
1

2
Rgab D

8�G

c4
Tab; VlW

s@3a3 j@3 2CNcj3CN j3NcRa Gab Cc 03~N30 �c �$Rq3 CN j3aLc R8 j@3 `C,,C j3NcRa Rab �N0

`C,,C c,�I�a R. Tab Cc j@3 cja3cc"3N3a<w"LRL3NjnL j3NcRa R8 j@3 L�jj3a ,RNj3Nj R8 j@3 mNCA

q3ac3. G Cc M3sjRN�c ,RNcj�Nj. �N0 c Cc j@3 cU330 R8 IC<@jY ;3N3a�I a3I�jCqCjw C<NRa3c jRacCRN.

s@C,@ Cc j@Rn<@j sRnI0 RNIw $3 N33030 jR 03c,aC$3 L�jj3a sCj@ CNjaCNcC, cUCN. �N0 Cc 3uU3,j30

jR $3 Caa3I3q�Nj 8Ra L�,aRc,RUC, 0CcjaC$njCRNc R8 L�jj3a CN j@3 ,I�ccC,�I ICLCjY i@nc �II j3NA

cRac �UU3�aCN< CN VlW �a3 cwLL3jaC,Y BN j3aLc R8 Ua�,jC,�IIw cRIqCN< j@Cc 3\n�jCRN. RN3 qC3sc

j@3 2CNcj3CN j3NcRa �c � c3,RN0 Ra03a. \n�cCICN3�a U�ajC�I 0C{3a3NjC�I RU3a�jRa �,jCN< RN j@3

L3jaC, j3NcRa gab Y BN : cU�,3jCL3 0CL3NcCRNc. j@Cc <Cq3c � c3j R8 Sz ,RnUI30 3\n�jCRNc 8Ra

j@3 CN03U3N03Nj ,RLURN3Njc R8 gab . �N0 Lncj $3 cRIq30 cCLnIj�N3RncIw sCj@ j@3 �00CjCRN�I

3\n�jCRNc <Rq3aNCN< j@3 L�jj3a ~3I0c CN Tab Y Bj Cc R$qCRnc 8aRL VlW j@3N j@�j L�jj3a VTabW

sCII CN�n3N,3 j@3 0wN�LC,c �N0 ,naq�jna3 R8 cU�,3jCL3Y H3cc R$qCRnc Cc 3q3N CN j@3 �$c3N,3

R8 L�jj3a VTab D 0W NRNjaCqC�I. 0wN�LC,�I cRInjCRNc 3uCcj- LRcj CNj3a3cjCN< �LRN< j@3c3 �a3

j@Rc3 03c,aC$CN< $I�,G @RI3c �N0 <a�qCj�jCRN�I s�q3cY

Bj Cc R8j3N cj�j30 j@�j � j@Ca0 G3w URcjnI�j3 R8 <3N3a�I a3I�jCqCjw Cc j@3 HFPEFTJD IZQPUI�

FTJT- � j3cj $R0w NRj cn$E3,j jR �Nw 8Ra,3 8RIIRsc � <3R03cC, R8 j@3 cU�,3jCL3 V� j3cj $R0w Cc

RN3 sCj@ CNcn|,C3Nj 3N3a<w jR ,�nc3 �Nw NRjC,3�$I3 U3ajna$�jCRN RN j@3 cnaaRnN0CN< <3RLA

3jawWY ?Rs3q3a. U3a@�Uc LRa3 8nN0�L3Nj�IIw. <3R03cC, LRjCRN CN j@3 j3cj $R0w ICLCj ,�N $3

qC3s30 �c ,RLCN< 8aRL 3N3a<wgLRL3NjnL ,RNc3aq�jCRN. s@C,@ Cc �Ia3�0w $nCIj CNjR j@3 2CNA

cj3CN 3\n�jCRNc �N0 0R3c NRj N330 jR $3 CLURc30 �c � c3U�a�j3 @wURj@3c3cY i@Cc 8RIIRsc 8aRL

j@3 ,RNja�,j30 #C�N,@C C03NjCjC3c. c@RsCN< j@�j j@3 2CNcj3CN j3NcRa N3,3cc�aCIw @�c q�NCc@CN<

0Cq3a<3N,3 raGab D 0Y i@nc. �Nw L�jj3a j@�j ,�N c3I8A,RNcCcj3NjIw $3 ,RnUI30 jR cU�,3jCL3

j@aRn<@ j@3 2CNcj3CN 3\n�jCRNc VlW Lncj @�q3 � 0Cq3a<3N,3I3cc cja3cc j3NcRa raT ab D 0. j@3

I�jj3a 3\n�jCRN $3CN< j@3 ,Rq�aC�Nj cj�j3L3Nj R8 j@3 ,RNc3aq�jCRN R8 3N3a<wgLRL3NjnL R8

j@3 L�jj3aY HCG3sCc3. Una3 cU�,3jCL3 3N3a<w. s@3j@3a CN j@3 8RaL R8 <a�qCj�jCRN�I s�q3c. Ra

,RN~N30 jR $I�,G @RI3c. sCII 3u@C$Cj cCLCI�a 0wN�LC,c CN �N 3\nCq�I3Nj j3cj $R0w ICLCjY 7Ra

3u�LUI3. CN q�,nnL �N CN~NCj3cCL�I L�cc $I�,G @RI3 sCII Ra$Cj � I�a<3 V~NCj3 L�ccW $I�,G

��� '� 1RETORIUS



@RI3 8RIIRsCN< � <3R03cC, R8 j@3 I�jj3a�c cU�,3jCL3 $w qCajn3 R8 j@3 q�,nnL 2CNcj3CN 3\n�A

jCRNc �IRN3. �N0 NRj �Nw �00CjCRN�I @wURj@3cCc RN3 N330c jR cnUUIwY

B8 j@3 N�jna3 R8 cU�,3jCL3 Cc �c 03c,aC$30 $w <3N3a�I a3I�jCqCjw. j@3 LRcj CLL30C�j3

,RNc3\n3N,3c R8 j@Cc �a3 s3II 03c,aC$30 $w M3sjRNC�N�c j@3Raw R8 <a�qCjw CN j@3 s3�G ~3I0

ICLCj V8Ra 3u�LUI3. Rna 3NqCaRNL3Nj @3a3 RN 2�aj@ �N0 CN j@3 cRI�a cwcj3LWY i@Cc Cc s@w

2CNcj3CN�c j@3Raw Cc �IcR ,�II30 � j@3Raw R8 <a�qCjw 03cUCj3 j@3a3 $3CN< NR <a�qCj�jCRN�I 8Ra,3

CN <3N3a�I a3I�jCqCjwY

���� (SBWJUBUJPOBM XBWFT

Bj Cc NRj URccC$I3 jR Ua3,Cc3Iw 03~N3 s@�j � <a�qCj�jCRN�I s�q3 Cc CN �II c,3N�aCRcY

7Ra Rna UnaURc3c. Cj cn|,3c jR j@CNG R8 <a�qCj�jCRN�I s�q3c �c cL�II. IR,�I 0Ccjna$�N,3c

CN cU�,3jCL3 j@�j UaRU�<�j3 �j j@3 cU330 R8 IC<@jY BN �N �cwLUjRjC,�IIw ��j cU�,3 jCL3 Vj@3

L3jaC, �j I�a<3 0Ccj�N,3c 8aRL �Nw cRna,3 R8 ,naq�jna3 �UUaR�,@3c j@�j R8 cU3,C�I a3I�jCqCjw!

KCNGRscGC cU�,3jCL3W j@3 UaRU3ajC3c R8 <a�qCj�jCRN�I s�q3c ,�N $3 03~N30 LRa3 Ua3,Cc3IwY

Qna mNCq3ac3 Cc OPU �cwLUjRjC,�IIw ��j. j@Rn<@ sCj@ �UUaRUaC�j3 �,,RLLR0�jCRN 8Ra j@3 Rq3aA

�II ,RcLC, 3uU�NcCRN sCj@ jCL3. jR <RR0 �UUaRuCL�jCRN s3 ,�N ,RNcC03a Rnac3Iq3c jR $3 CN

�N �cwLUjRjC,�IIw ��j a3<CRN a3I�jCq3 jR �Nw cRna,3 s3 3uU3,j jR R$c3aq3Y

`3<�a0CN< cRna,3c R8 <a�qCj�jCRN�I s�q3c. j@3a3 �a3 jsR $aR�0 ,I�cc3cY 7Cacj Cc s@�j

RN3 ja�0CjCRN�IIw j@CNGc R8 �c � cRna,3- �j cRL3 UI�,3 � IR,�ICy30 3q3Nj R,,nac j@�j UaR0n,3c

<a�qCj�jCRN�I s�q3c Rq3a � U3aCR0 R8 jCL3. �N0 j@3c3 s�q3c j@3N cja3�L Rnjs�a0 �s�w 8aRL

j@3 cRna,3Y b3,RN0 �a3 �UaCLRa0C�I� <a�qCj�jCRN�I s�q3c. N�L3Iw �N Rq3a�II $�,G<aRnN0 R8

<a�qCj�jCRN�I s�q3c ~IICN< �II R8 cU�,3. @�qCN< $33N UaR0n,30 CN �N 3�aIC3a 3UR,@ R8 j@3 3qRA

InjCRN R8 j@3 mNCq3ac3Y BN cRL3 ,�c3c j@3 0CcjCN,jCRN $3js33N j@3c3 ,I�cc3c Cc $Inaa30d 8Ra

3u�LUI3. � cn|,C3NjIw @C<@ 03NcCjw R8 IR,�ICy30 cRna,3c 3LCjjCN< Rq3a � IRN< U3aCR0 R8 jCL3

sCII 3q3Njn�IIw �IcR ~II j@3 R$c3aq�$I3 mNCq3ac3 sCj@ � $�,G<aRnN0 R8 <a�qCj�jCRN�I s�q3cY

BN j@3c3 c3jjCN<c j@3N. s3 N3uj a3qC3s cRL3 R8 j@3 $�cC, UaRU3ajC3c R8 <a�qCj�jCRN�I s�q3c.

�N0 @Rs j@3w �a3 UaR0n,30Y

������ #BTJD QSPQFSUJFT PG HSBWJUBUJPOBM XBWFT JO UIF XFBL ¶FME MJNJU

+RNcC03a � L3jaC, U3ajna$�jCRN hab �$Rnj � $�,G<aRnN0 KCNGRscGC cU�,3jCL3 �ab .

CY3Y. gab D �ab C hab sCj@ �abdxadxb D �c2dt2 C dx2 C dy2 C dz2 CN +�aj3cC�N ,RRa0CA

N�j3cY i@3N j@3 ICN3�aCy30 2CNcj3CN 3\n�jCRNc c@Rs j@�j <3N3a�I a3I�jCqCjw �IIRsc jsR ICN3�aIw

CN03U3N03Nj <a�qCj�jCRN�I s�q3 cRInjCRNc 8Ra hab . Ra cRA,�II30 QPMBSJ[BUJPOT
S UaRU�<�jCN< CN

�Nw <Cq3N 0Ca3,jCRNY 2q3N a3cjaC,jCN< j@3 $�,G<aRnN0 L3jaC, jR $3 CN +�aj3cC�N 8RaL. j@3a3

Cc cjCII Ln,@ ,RRa0CN�j3 VRa �<�n<3�W 8a330RL jR ,@RRc3 j@3 a3Ua3c3Nj�jCRN R8 j@3 cRInjCRNY

� <�n<3 ,RLLRNIw nc30 Cc j@3 cRA,�II30 USBOTWFSTF USBDFMFTT <�n<3. �N0 CN j@3c3 ,RRa0CN�j3c

� s�q3 UaRU�<�jCN< CN j@3 Cz 0Ca3,jCRN V8Ra 3u�LUI3W j�G3c j@3 8RaL V3Y<Y. <��
��>W

habdxadxb
D hC.t � z=c/

�

dx2
� dy2

�

C h�.t � z=c/Œ2dxdy�: VkW

� BN UaCN,CUI3. � <3N3a�I L3jaC, j@3Raw R8 <a�qCjw ,�N �IIRs nU jR f ICN3�aIw CN03U3N03Nj URI�aA

Cy�jCRNcd c33. 3Y<Y. <��>Y
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?3a3 hC �N0 h� �a3 �a$Cja�aw V$nj cL�II �LUICjn03W 8nN,jCRNc R8 j@3Ca �a<nL3Njc. �N0

03c,aC$3 j@3 cRA,�II30 QMVT �N0 DSPTT URI�aCy30 s�q3c. a3cU3,jCq3IwY 7aRL VkW RN3 ,�N c33

j@�j <a�qCj�jCRN�I s�q3c CN <3N3a�I a3I�jCqCjw �a3 ja�Ncq3ac3. N�L3Iw j@3w RNIw U3ajna$ j@3

$�,G<aRnN0 L3jaC, �IRN< � UI�N3 Vj@3 .x; y/ UI�N3 CN j@Cc 3u�LUI3W Raj@R<RN�I jR j@3 0Ca3,A

jCRN R8 UaRU�<�jCRN Vz @3a3WY 2\n�jCRN VkW �IcR c@Rsc j@�j �c � UInc URI�aCy30 s�q3 U�cc3c �

<Cq3N URCNj. s@3N hC > 0. Cj sCII cja3j,@ UaRU3a 0Ccj�N,3c CN x $w
p

1 C hC s@CI3 cCLnIj�A

N3RncIw c\n33yCN< 0Ccj�N,3c CN y $w
p

1 � hC. �N0 j@3 RUURcCj3 s@3N hC < 0Y i@3 3{3,j

R8 j@3 ,aRccAURI�aCy30 s�q3 RN j@3 ja�Ncq3ac3 <3RL3jaw Cc \n�ICj�jCq3Iw j@3 c�L3. 3u,3Uj j@3

0Ca3,jCRNc R8 cja3j,@CN<gc\n33yCN< �a3 aRj�j30 $w 45ı �$Rnj j@3 z �uCc a3I�jCq3 jR j@�j R8 j@3

UInc URI�aCy30 s�q3Y

i@3 3N3a<w �nu 03NcCjw ,�aaC30 $w j@3c3 s�q3c Cc

dE

dAdt
D

c3

16�G

��

dhC

dt

�2

C

�

dh�

dt

�2�

; V:W

s@3a3 dA Cc j@3 ja�Ncq3ac3 �a3� 3I3L3Nj. �N0 j@3 �N<I3 $a�,G3jc 03NRj3 � jCL3 �q3a�<3 Rq3a

� ,@�a�,j3aCcjC, U3aCR0 R8 j@3 s�q3 Vj@3 a3�cRN 8Ra j@3 �q3a�<CN< Cc j@�j <a�qCj�jCRN�I s�q3

3N3a<w ,�NNRj $3 IR,�ICy30!c33. 3Y<Y. <��>WY � janIw CN~NCj3 UI�N3 s�q3 cn,@ �c VkW sCII @�q3

CN~NCj3 jRj�I 3N3a<w. s@C,@ Cc NRj ,RNcCcj3Nj sCj@ �N �cwLUjRjC,�IIw ��j cU�,3 jCL3 s@3N

$�,Ga3�,jCRN Cc j�G3N CNjR �,,RnNjY ?Rs3q3a. cn|,C3NjIw 8�a 8aRL � IR,�I cRna,3 V�c 0Cc,ncc30

$3IRsW j@3 Rnj<RCN< cU@3aC,�I s�q38aRNjc �a3 IR,�IIw s3II �UUaRuCL�j30 $w j@3c3 UI�N3 s�q3

cRInjCRNcY bCLCI�aIw. �N RNA�q3a�<3 @RLR<3N3Rnc. UaCLRa0C�I cjR,@�cjC, $�,G<aRnN0 j@�j ~IIc

�II R8 cU�,3jCL3 ,�NNRj $3 �cwLUjRjC,�IIw ��j s@3N $�,Ga3�,jCRN Cc ,RNcC03a30.l $nj cjCII j@3

�$Rq3 V<3N3a�ICyCN< jR cnU3aURcCjCRNc R8 UI�N3 s�q3c ja�q3ICN< CN �II 0Ca3,jCRNcW ,�N <Cq3 �

<RR0 03c,aCUjCRN R8 j@3 <3RL3jaw CN �Nw IR,�I U�j,@ R8 j@3 cU�,3jCL3Y

MRjC,3 j@3 s�w G �N0 c �UU3�a CN V:W. �N0 @3N,3 j@3 0CL3NcCRNA8nII ,RNcj�Nj a3I�jCN<

3N3a<w �nu RN j@3 I38jA@�N0 cC03 jR j@3 jCL3 03aCq�jCq3 R8 L3jaC, cja�CN RN j@3 aC<@jA@�N0 cC03-

CN bB nNCjc c3=G � 1036D � c=LlY i@Cc CLUIC3c. �j I3�cj 8aRL j@3 U3acU3,jCq3 R8 Rna 3q3awA

0�w CNjnCjCRN R8 3N3a<w �N0 I3N<j@ c,�I3c. j@�j Cj a3\nCa3c �N 3NRaLRnc �LRnNj R8 3N3a<w jR

U3ajna$ cU�,3jCL3 $w � ,RLU�a�jCq3Iw LCNCc,nI3 �LRnNjY i@Cc Cc j@3 a3�cRN s@w Cj Cc ,RLA

UI3j3Iw CLUa�,jC,�I jR cjn0w <a�qCj�jCRN�I s�q3c $w $nCI0CN< ja�NcLCjj3acga3,3Cq3ac RN 2�aj@

CN �N�IR<w sCj@ 3I3,jaRL�<N3jC, s�q3cY BNcj3�0. s3 Lncj IRRG jR ,�j�,IwcLC, <a�qCj�jCRN�I

s�q3 �3uUIRcCRNc� CN j@3 ,RcLRc. cn,@ �c j@Rc3 UaR0n,30 $w $I�,G @RI3 L3a<3ac. �N0 3q3N

j@3N. 03cUCj3 j@3 �cjRNCc@CN< c3NcCjCqCjw R8 j@3 HB;QgpCa<R 03j3,jRac. s3 �a3 NRs Encj $�a3Iw

�$I3 jR R$c3aq3 j@3LY

`3<�a0CN< IR,�ICy30 cRna,3c R8 <a�qCj�jCRN�I s�q3c. <RR0 CNcC<@j ,�N �<�CN $3

R$j�CN30 8aRL ICN3�aCy30 j@3Raw. a3cnIjCN< CN j@3 cRA,�II30 \n�0anURI3 8RaLnI�Y ?3a3. RN3

�ccnL3c � s3�G ~3I0. cIRsIw q�awCN< 0CcjaC$njCRN R8 3N3a<w 03NcCjw �.t; x; y; z/Y i@Cc sCII

3LCj <a�qCj�jCRN�I s�q3c UaRU�<�jCN< Rnjs�a0 j@�j �j � I�a<3 0Ccj�N,3 r 8aRL j@3 cRna,3 j�G3c

� BNcj3�0. j@3N RN3 R$j�CNc j@3 7aC30L�NN"`R$3ajcRN"H3L�cja3"r�IG3a V7`HrW �cwLUjRjC,c

j@�j R$c3aq�jCRNc CN0C,�j3 03c,aC$3 Rna mNCq3ac3 RN q3aw I�a<3 c,�I3cY

��� '� 1RETORIUS



j@3 8RIIRsCN< 8RaL CN j3aLc R8 j@3 cU�jC�I ,RLURN3Njc R8 j@3 L3jaC, U3ajna$�jCRN hij -

hij .t; r/ D
1

r

2G

c4

d 2
Ikl .t � r=c/

dt2

�

Pi
kPj

l
�

1

2
P klPij

�

; V9W

sCj@ �II CN0C,3c @3a3 RNIw anNNCN< Rq3a j@3 cU�jC�I ,RRa0CN�j3c xi 2 .x; y; z/ VCN ja�Ncq3ac3

ja�,3I3cc <�n<3 j@3a3 �a3 NR jCL3"jCL3 Ra cU�,3"jCL3 UaRU�<�jCN< ,RLURN3Njc R8 habW.

Iij Cc j@3 a30n,30 \n�0anURI3 LRL3Nj j3NcRa R8 j@3 cRna,3. �N0 j@3 UaRE3,jCRN j3NcRa

Pij � ıij � ni nj . s@3a3 ni Cc � nNCj cU�jC�I q3,jRa URCNjCN< 8aRL j@3 RaC<CN r D 0 jR j@3

R$c3aq3a IR,�jCRN r D
p

x2 C y2 C z2d Iij Cc 03~N30 CN j3aLc R8 j@3 \n�0anURI3 LRL3Nj

j3NcRa Iij �c

Iij � Iij �
1

3
I k

kıij ; Iij .t/ �

Z

xi xj �.t; x; y; z/dV; VfW

s@3a3 j@3 CNj3<a�jCRN Cc Rq3a �II R8 cU�,3 �j cRL3 CNcj�Nj R8 jCL3 t . $nj NRj3 j@�j CN 03aCqCN<

V9W j@3 cRna,3 Cc �ccnL30 jR $3 IR,�ICy30 CN cU�,3 �aRnN0 r D 0. �N0 j@3 R$c3aq3a IR,�jCRN

r � 0 Cc �ccnL30 jR $3 CN q�,nnLY

b3q3a�I UaRU3ajC3c R8 <a�qCj�jCRN�I s�q3 3LCccCRN �a3 3qC03Nj 8aRL V9WY 7Cacj. nNcnaA

UaCcCN<Iw. j@3 Rnj<RCN< s�q3 UaRU�<�j3c �j j@3 cU330 R8 IC<@j. �N0 Cjc �LUICjn03 03,�wc sCj@

0Ccj�N,3 ICG3 1=r 8aRL j@3 cRna,3Y b3,RN0. cCLCI�a jR j@�j CLUIC30 $w j@3 3N3a<w 3uUa3cA

cCRN CN V:W. j@3 8�,jRa R8 G=c4 � 10�44cl=G<=L CIIncja�j3c s@�j 3uja3L3 0wN�LC,c. CN j@3

8RaL R8 a�UC0 �,,3I3a�jCRNc R8 I�a<3 3N3a<w 03NcCjC3c. N330 jR $3 Ua3c3Nj CN j@3 cRna,3 jR

UaR0n,3 NRNN3<IC<C$I3 L3jaC, U3ajna$�jCRNcY i@Ca0. Cj Cc RNIw j@3 �,,3I3a�jCRN R8 BTZNNFUSJD

,RN,3Nja�jCRNc R8 3N3a<w j@�j UaR0n,3 <a�qCj�jCRN�I s�q3c CN <3N3a�I a3I�jCqCjwd 8Ra 3u�LUI3.

� cU@3aC,�IIw cwLL3jaC, UnIc�jCN< cj�a ,�NNRj UaR0n,3 �Nw <a�qCj�jCRN�I s�q3cY

������ 8FBL ¶FME FNJTTJPO GSPN B DPNQBDU PCKFDU CJOBSZ

i@Rn<@ Cj Cc NRj R$qCRnc 8aRL j@3 0Cc,nccCRN �$Rq3. Cj jnaNc Rnj j@�j j@3 \n�0anURI3

8RaLnI� V9W <Cq3c � <RR0 �UUaRuCL�jCRN jR j@3 <a�qCj�jCRN�I s�q3 3LCccCRN 3q3N 8Ra ,3aj�CN

cjaRN< ~3I0 cRna,3c. �N0 3q3N C8 j@3 3N3a<w 03NcCjw Cc Una3Iw <a�qCj�jCRN�I. cn,@ �c sCj@ $I�,G

@RI3 $CN�aC3cY �NRj@3a UaRU3ajw R8 $CN�aw cwcj3Lc CN <3N3a�I a3I�jCqCjw j@�j s3 sCII cCLUIw

L3NjCRN sCj@Rnj <CqCN< 8naj@3a 03j�CIc Cc j@�j $�,Ga3�,jCRN 8aRL j@3 IRcc R8 3N3a<w jR <a�qA

Cj�jCRN�I s�q3 3LCccCRN NRj RNIw ,�nc3c j@3 c3LCL�ERa �uCc R8 j@3 $CN�aw jR 03,a3�c3 V�c

�NjC,CU�j30 $w M3sjRNC�N 3N3a<w $�I�N,3W. $nj Cj �IcR a30n,3c j@3 3,,3NjaC,Cjw R8 j@3 $CN�aw

sCj@ jCL3Y HB;QgpCa<R Cc RNIw c3NcCjCq3 jR j@3 q3aw I�cj cj�<3c R8 $CN�aw CNcUCa�I. �N0 j@3

L�ERaCjw R8 R$c3aq�$I3 cwcj3Lc �a3 j@nc 3uU3,j30 jR @�q3 ,IRc3 jR y3aR 3,,3NjaC,CjwY BN �II j@3N.

jR <3j � <RR0 nN03acj�N0CN< R8 j@3 cjan,jna3 R8 <a�qCj�jCRN�I s�q3c 3LCjj30 $w cn,@ � cRA,�II30

\n�cC,Ca,nI�a CNcUCa�I. s3 ,�N 3q�In�j3 j@3 \n�0anURI3 8RaLnI� V9W 8Ra jsR URCNj L�cc3c m1

�N0 m2 Ra$CjCN< 3�,@ Rj@3a RN � ,Ca,I3 c3U�a�j30 $w � 0Ccj�N,3 D. sCj@ Ra$Cj�I 8a3\n3N,w !.

s@C,@ 8Ra I�a<3 c3U�a�jCRNc Cc s3II �UUaRuCL�j30 $w j@3 F3UI3aC�N a3cnIj ! D
p

GM=D3.

sCj@ M D m1 C m2Y 7Ra � $CN�aw Ra$CjCN< CN j@3 z D 0 UI�N3 �$Rnj r D 0. ncCN< cU@3aC,�I

URI�a ,RRa0CN�j3c jR I�$3I j@3 R$c3aq3a IR,�jCRN .x;y;z/ D .r ,Rc� cCN�;r cCN� cCN�;r ,Rc�/.

�N0 3uUa3ccCN< j@3 �Ncs3a CN j3aLc R8 j@3 jsR URI�aCy�jCRN �LUICjn03c CN j@3 UI�N3 Raj@R<RN�I

��� " SURVEY OF GRAVITATIONAL WAVES



jR j@3 UaRU�<�jCRN q3,jRa ni . <Cq3c

hC.t; r; �; �/ D
1

r

4G

c4
�D2!2 ,Rc

�

2!.t � r=c/ � 2�
�

�

1 C ,Rc2 �

2

�

; VeW

h�.t; r; �; �/ D
1

r

4G

c4
�D2!2 cCN

�

2!.t � r=c/ � 2�
�

,Rc �; V4W

s@3a3 � D m1m2=.m1 C m2/ Cc j@3 a30n,30 L�cc R8 j@3 $CN�aw. �N0 �N �a$Cja�aw CNCjC�I

U@�c3 s�c c3j jR y3aRY i@3 ,Raa3cURN0CN< Ra$CjA�q3a�<30 3N3a<w �nu3c. 8aRL V:W. �a3

dEC

dAdt
D

2

�r2

G

c5
�2D4!6

�

1 C ,Rc2 �

2

�2

; VOW

dE�

dAdt
D

2

�r2

G

c5
�2D4!6 ,Rc2 �: VSzW

BNj3<a�jCN< j@3c3 Rq3a j@3 cU@3a3 <Cq3c j@3 N3j a�0C�j30 URs3a CN j@3 jsR LR03c

dEC

dt
D

56

15

G

c5
�2D4!6; VSSW

dE�

dt
D

8

3

G

c5
�2D4!6: VSlW

b3q3a�I CNj3a3cjCN< UaRU3ajC3c �a3 �UU�a3Nj 8aRL 3uUa3ccCRNc VeW"VSlW- j@3 R$c3aq30 <a�qCj�A

jCRN�I s�q3 8a3\n3N,w Cc jsC,3 j@3 Ra$Cj�I 8a3\n3N,w. j@3 Ra$Cj �q3a�<30 �LUICjn03c V@3N,3

3N3a<w �nu3cW �a3 NRj CcRjaRUC, CN I�jCjn03. NRa Cc 3LCccCRN 3\n�IIw $�I�N,30 $3js33N j@3

UInc �N0 ,aRcc URI�aCy�jCRNcY �IcR. �c 3uU3,j30. j@3 3LCccCRN q�NCc@3c CN j@3 j3cj $R0w ICLCj

� ! 0Y i@3 jRj�I 3N3a<w �nu dE=dt D 32G�2D4!6=5c5. Ra ncCN< j@3 F3UI3a a3I�jCRN 8Ra

!.D/. Cc
dE

dt
D

32G4M 3�2

5c5D5
D

32G7=3M 4=3!10=3�2

5c5
: VSkW

i@Cc CIIncja�j3c @Rs c3NcCjCq3 j@3 InLCNRcCjw Cc jR Ra$Cj�I c3U�a�jCRN D Ra 8a3\n3N,w !Y

MRj3 �<�CN j@�j 3\n�jCRNc VeW"VSkW 0R OPU CN,In03 $�,G a3�,jCRNd s3 @�q3 cCLUIw

3q�In�j30 j@3 \n�0anURI3 8RaLnI� 8Ra jsR URCNj L�cc3c LRqCN< CN � ,Ca,nI�a Ra$CjY iR R$j�CN

j@3 cRA,�II30 M3sjRNC�N \n�cC,Ca,nI�a �UUaRuCL�jCRN jR 3cjCL�j3 j@3 a�0C�jCRN a3�,jCRN RN

j@3 Ra$Cj. RN3 3I3q�j3c j@3 8a3\n3N,w VRa 3\nCq�I3NjIw c3U�a�jCRNW jR � 8nN,jCRN R8 jCL3 !.t/.

�ccnL3c j@3 M3sjRNC�N 3uUa3ccCRN 8Ra j@3 3N3a<w R8 j@3 Ra$Cj. �N0 nc3c j@3 I�jj3a jR<3j@3a sCj@

j@3 jRj�I InLCNRcCjw R8 j@3 $CN�aw jR 03aCq3 �N 3\n�jCRN 8Ra j@3 3qRInjCRN R8 !.t/ ,RNcCcj3Nj

sCj@ jRj�I 3N3a<w ,RNc3aq�jCRNY i@3 a3cnIj Cc

!�11=3 d!

dt
D

96

5
�

�

GM

c3

�5=3

; VS:W

s@3a3 � D �=M Cc j@3 cwLL3jaC, L�cc a�jCR R8 j@3 $CN�awY Bj Cc 3cc3NjC�IIw � L3�cna3L3Nj

R8 VS:W 8aRL j@3 8�LRnc ?nIc3"i�wIRa $CN�aw UnIc�a j@�j <�q3 j@3 ~acj VCN0Ca3,jW 3qC03N,3

8Ra j@3 3uCcj3N,3 R8 <a�qCj�jCRN�I s�q3c. �N0 j@�j j@3 s3�GA~3I0 03c,aCUjCRN R8 j@3 3LCccCRN

UaR,3cc Cc ,RNcCcj3Nj sCj@ <3N3a�I a3I�jCqCjwY

��� '� 1RETORIUS



������ 4USPOH ¶FME HSBWJUBUJPOBM XBWF FNJTTJPO

BN ,RNja�cj jR j@3 Rj@3a 8nN0�L3Nj�I I�sc R8 U@wcC,c. j@3 cjaRN<Iw CNj3a�,jCN<. Ra

cjaRN< ~3I0. a3<CL3 R8 DMBTTJDBM <3N3a�I a3I�jCqCjw Cc NRj �ccR,C�j30 sCj@ �Nw U�ajC,nI�a c,�I3

sCj@CN j@3 j@3RawY Qa c�C0 �NRj@3a s�w. <3N3a�I a3I�jCqCjw Cc � <3RL3jaC, j@3Raw. $nj j@3a3 Cc NR

8nN0�L3Nj�I ,RNcj�Nj R8 0CL3NcCRN I3N<j@ CN j@3 ~3I0 3\n�jCRNc j@�j sRnI0 03c,aC$3 � a�0Cnc

R8 ,naq�jna3 jR 03L�aG � c,�I3 s@3a3 � \n�ICj�jCq3 ,@�N<3 CN j@3 ,@�a�,j3a R8 cRInjCRNc LC<@j

R,,naY /3cUCj3 j@�j. <3N3a�I a3I�jCqCjw EPFT @�q3 � cjaRN< ~3I0 a3<CL3. 3cc3NjC�IIw $3,�nc3 j@3

~3I0 3\n�jCRNc �a3 NRNICN3�aY BN ,RNja�cj. M3sjRNC�N <a�qCjw. � c,�I3A8a33 ICN3�a j@3Raw. 0R3c

NRj @�q3 � cjaRN< ~3I0 a3<CL3- j@3 M3sjRNC�N <a�qCj�jCRN�I 8Ra,3 ,�N ,3aj�CNIw $3 �cjaRN<.�

$nj Cj Cc NRj \n�ICj�jCq3Iw 0C{3a3Nj 8aRL � �s3�G� M3sjRNC�N <a�qCj�jCRN�I 8Ra,3!j@3w RNIw

0C{3a CN L�<NCjn03Y

BN <3N3a�I a3I�jCqCjw j@3a3 Cc NR nNCq3ac�I ,aCj3aC� 8Ra s@3N NRNICN3�a 3{3,jc $3,RL3

cC<NC~,�Nj 3NRn<@ jR \n�ICj�jCq3Iw ,@�N<3 cRInjCRNc. j@Rn<@ 8Ra cU@3aC,�IAICG3 ,RLU�,j

R$E3,jc CN �cwLUjRjC,�IIw ��j cU�,3jCL3 j@3a3 Cc � <RR0 @3naCcjC, nN03acj�N0CN<- C8 �N �LRnNj

R8 3N3a<w Mc2 Cc ,RN~N30 jR � a3<CRN sCj@CN � a�0Cnc VaRn<@IwW cL�II3a j@�N Cjc cRA,�II30

b,@s�ayc,@CI0 a�0Cnc Rs D 2GM=c2. j@3 <3RL3jaw R8 cU�,3jCL3 \n�ICj�jCq3Iw ,@�N<3c ,@�aA

�,j3a ,RLU�a30 jR � I3cc ,RLU�,j 0CcjaC$njCRN R8 3N3a<wY BN U�ajC,nI�a. cU�,3jCL3 N3,3cc�aCIw

$3,RL3c 0wN�LC,�I. nN03a<RCN< s@�j Cc ,�II30 HSBWJUBUJPOBM DPMMBQTF. �N0 cRL3 GCN0 R8

cU�,3jCL3 cCN<nI�aCjw 8RaLc CN j@3 CNj3aCRaY � q3acCRN R8 T3NaRc3�c ,RcLC, ,3NcRac@CU ,RNA

E3,jna3 �a<n3c j@�j <3N3aC,�IIw RN3 3uU3,jc �N 3q3Nj @RaCyRN jR 8RaL �$Rnj j@3 ,RII�UcCN<

a3<CRN R8 cU�,3jCL3 <��>. CY3Y. 8aRL �N 3uj3aCRa R$c3aq3a�c U3acU3,jCq3 � $I�,G @RI3 8RaLcY

B8 j@3 ,RII�UcCN< a3<CRN Cc Ln,@ LRa3 3IRN<�j30 VLRa3 ,wICN0aC,�I a�j@3a j@�N cU@3aC,�IW.

i@RaN3�c @RRU ,RNE3,jna3 �a<n3c � N�G30 cCN<nI�aCjw sRnI0 8RaL CNcj3�0 <��>. j@Rn<@ j@3a3

�a3 ,RLU�a�jCq3Iw 83s cjn0C3c R8 cn,@ �cwLL3jaC, ,RII�Uc3. NRa CN0C,�jCRNc j@�j cn,@ c,3N�aA

CRc �aCc3 CN �cjaRU@wcC,�I c3jjCN<cY

`3<�a0CN< cRna,3c R8 <a�qCj�jCRN�I s�q3c. �<�CN Cj Cc NRj 3�cw jR 03~N3 s@3N s3 �a3

CN j@3 cjaRN< q3acnc s3�G ~3I0 3LCccCRN a3<CL3. j@Rn<@ 8Ra $CN�aw CNcUCa�I s3 ,�N @3naCcA

jC,�IIw ,@�a�,j3aCy3 j@3 0C{3a3N,3cY BN j@3 s3�G ~3I0 j@3 ICN3�aCy30 a3cnIjc 03c,aC$30 CN j@3

Ua3qCRnc c3,jCRN �a3 \nCj3 �,,na�j3Y bRL3s@�j cnaUaCcCN<Iw. �c L3NjCRN30. j@3 s3�G ~3I0

03c,aCUjCRN ,�N cjCII $3 <RR0 3q3N C8 j@3 CN0CqC0n�I L3L$3ac R8 j@3 $CN�aw $w j@3Lc3Iq3c

a3\nCa3 cjaRN< ~3I0 <a�qCjw jR 03c,aC$3 j@3Ca IR,�I <3RL3jaC3c V,�c3 CN URCNj j@3 ?nIc3"i�wIRa

$CN�aw UnIc�a. �c � N3njaRN cj�a�c a�0Cnc Cc RNIw � 8�,jRa R8 k Ra cR I�a<3a j@�N Cjc b,@s�ayc,@CI0

a�0CncWY � cjaRN< ~3I0 03c,aCUjCRN 8Ra � ,RLU�,j $CN�aw CNj3a�,jCRN Cc N3,3cc�aw 3Cj@3a s@3N

j@3 jsR R$E3,jc ,RL3 ,IRc3 3NRn<@ j@�j j@3 IR,�I <3RL3jaw R8 RN3 R$E3,j Cc cC<NC~,�NjIw

U3ajna$30 $w j@3 Rj@3a VCY3Y. j@3 URCNj L�cc �UUaRuCL�jCRN $a3�Gc 0RsNW. Ra j@3 L3jaC, U3aA

jna$�jCRN hab R8 j@3 R$c3aq30 a�0C�jCRN. s@3N �c,�I30 $�,G� $w r jR j@3 IR,�jCRN R8 j@3 cRna,3.

$3,RL3c R8 Ra03a nNCjwY

BNj3a3cjCN<Iw. j@3 a�0C�jCq3 U3ajna$�jCRN a3�,@CN< R8 Ra03a nNCjw ,RCN,C03c sCj@ j@3

<a�qCj�jCRN�I s�q3 InLCNRcCjw �UUaR�,@CN< j@3 TI�N,G InLCNRcCjw. Lp D c5=GY TI�N,G nNCjc

�a3 � c3j R8 nNCjc $�c30 RN j@3 0CL3NcCRN8nI ,RNcj�Njc RN3 ,�N R$j�CN 8aRL j@3 cCLUI3cj UaR0A

n,jc R8 URs3ac R8 j@3 8nN0�L3Nj�I ,RNcj�Njc R8 N�jna3. CN U�ajC,nI�a G. c. TI�N,G�c ,RNcj�Nj h.
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�N0 j@3 #RIjyL�NN ,RNcj�Nj kY Bj Cc j@3RaCy30 j@�j �\n�NjnL <a�qCjw� 3{3,jc $3,RL3 CLURaA

j�Nj s@3N �Nw a3I3q�Nj U@wcC,�I c,�I3 CN � UaR,3cc $3,RL3c R8 Ra03a nNCjw s@3N L3�cna30

CN TI�N,G nNCjcY i@3 TI�N,G InLCNRcCjw 0R3c NRj CNqRIq3 TI�N,G�c ,RNcj�Nj. j@3 @�IIL�aG R8

\n�NjnL UaR,3cc3c. w3j cjCII. 3u,330CN< Lp CN � IR,�I CNj3a�,jCRN 0R3c c33L jR �NjC,CU�j3

3qRInjCRN jR � a3<CL3 s@3a3 \n�NjnL <a�qCjw sRnI0 $3 N3,3cc�awY i@3 a3�cRN Cc $�c30 RN

0CL3NcCRN�I �N�IwcCc. jR<3j@3a sCj@ j@3 �$Rq3 @3naCcjC, 8Ra s@3N RN3 3uU3,jc <a�qCjw jR $3 cR

cjaRN< j@�j � $I�,G @RI3 sRnI0 $3 Ua3c3Nj. �c 8RIIRscYk +RNcC03a � ,�nc�I UaR,3cc ,RN~N30 jR

� qRInL3 R8 ,@�a�,j3aCcjC, cCy3 2R. 3LCjjCN< <a�qCj�jCRN�I s�q3c sCj@ jRj�I 3N3a<w EY 7Ra j@3

<a�qCj�jCRN�I s�q3c $w j@3Lc3Iq3c jR NRj @�q3 3NRn<@ 3N3a<w jR 8RaL � $I�,G @RI3 a3\nCa3c

R jR $3 I�a<3a j@�N j@3 3{3,jCq3 b,@s�ayc,@CI0 a�0Cnc 2GE=c4 R8 j@3 <a�qCj�jCRN�I s�q3

3N3a<w. Ra E < c4R=2GY B8 NRj ,RN~N30 jR � $I�,G @RI3. j@3c3 <a�qCj�jCRN�I s�q3c sCII

I3�G Rnj RN � IC<@j ,aRccCN< jCL3 R8 j@3 cwcj3L T D 2R=c. CLUIwCN< � InLCNRcCjw ICLCj R8

L D E=T < Lp=4Y Qa ,RNq3ac3Iw. � UaR,3cc 3LCjjCN< �j cnU3aATI�N,G InLCNRcCjw Cc N3,3cA

c�aCIw ,RN~N30 jR � $I�,G @RI3. @3N,3 ,3NcRa30 8aRL 3uj3aCRa R$c3aq�jCRN. �N0 s@Rc3 CNj3aCRa

sRnI0 a3\nCa3 cRL3 8RaL R8 \n�NjnL <a�qCjw 8Ra � ,RLUI3j3 03c,aCUjCRNY

������ 4USPOH ¶FME FNJTTJPO GSPN B DPNQBDU PCKFDU CJOBSZ

7Ra � \n�cC,Ca,nI�a $CN�aw $I�,G @RI3 L3a<3a. j@3 s3�G ~3I0 03c,aCUjCRN $a3�Gc 0RsN

UaCL�aCIw $3,�nc3 R8 ~NCj3 cCy3 3{3,jc Vj@3 jsR @RaCyRNc 8nc3 jR<3j@3aW. �N0 I3cc cR $3,�nc3

R8 @C<@ <a�qCj�jCRN�I s�q3 InLCNRcCjw. s@C,@ �RNIw� a3�,@3c nU jR �aRnN0 10�3Lp 8Ra 3\n�I

L�cc L3a<3ac V� D M=4W �c ,RLUnj30 qC� 8nII NnL3aC,�I cRInjCRNc <��>Y: iR Unj j@Cc NnL$3a

CN ,RNj3uj. j@3 cnN�c InLCNRcCjw CN IC<@j Cc � 10�26Lpd j@nc. 8Ra j@3 $aC38 LRL3Nj �$Rnj j@3

jCL3 R8 L3a<3a. � $CN�aw $I�,G @RI3 a�0C�j3c �c Ln,@ URs3a CN <a�qCj�jCRN�I s�q3c �c 1023

cnNc 0R CN IC<@j!j@�j Cc ,RLU�a�$I3 jR j@3 ,naa3Nj 3cjCL�j30 InLCNRcCjw R8 BMM cj�ac CN j@3

qCcC$I3 mNCq3ac3 ,RL$CN30Y i@�j <a�qCj�jCRN�I s�q3 3N3a<w IC$3a�j30 8aRL $I�,G @RI3 L3a<3ac

0R3c NRj 0RLCN�j3 j@3 3N3a<w ,RNj3Nj R8 j@3 mNCq3ac3 Cc CN U�aj $3,�nc3 j@3w �a3 cR a�a3.

�N0 CN U�aj $3,�nc3 j@Cc CN,a30C$I3 InLCNRcCjw RNIw I�cjc 8Ra � c@Raj jCL3Y 7Ra 3u�LUI3. sCj@

;rS9zOS:. j@3 L3a<3a R8 jsR $I�,G @RI3c 3�,@ aRn<@Iw 30 jCL3c j@3 L�cc R8 j@3 cnN Mˇ. j@3

InLCNRcCjw CNj3<a�j30 Rq3a j@3 3NjCa3 CNcUCa�I �N0 L3a<3a ,�L3 jR �$Rnj 3Mˇc2d j@3 L�ERaCjw

R8 j@Cc s�c 3LCjj30 sCj@CN � 83s j3Nc R8 LCIICc3,RN0c <�>Y

i@3 \n�0anURI3 8RaLnI� $�c30 ,�I,nI�jCRN VSkW 0R3c � 03,3Nj ER$ R8 �NjC,CU�jCN<

j@3c3 UaRU3ajC3c. $Rj@ j@3 a�UC0 CN,a3�c3 CN InLCNRcCjw �UUaR�,@CN< L3a<3a. �N0 j@3 $�IIU�aG

� iR Rna GNRsI30<3. �a<nL3Njc ICG3 j@Cc s3a3 ~acj UaRURc30 $w /wcRN CN j@Rn<@j 3uU3aCL3Njc

RN s@3j@3a � cCN<I3 �<a�qCjRN.� j@3 @wURj@3jC,�I \n�NjnL U�ajC,I3 R8 <3RL3jaw. ,RnI0 $3

03j3,j30 <��>Y

� � $CN�aw N3njaRN cj�a L3a<3a @�c � U3�G InLCNRcCjw � ,RnUI3 R8 Ra03ac R8 L�<NCjn03 IRs3a

j@�N j@�j R8 � $CN�aw $I�,G @RI3 L3a<3aY 7CNCj3 cCy3 3{3,jc �a3 LRa3 UaRNRnN,30 8Ra N3njaRN

cj�ac �j I�j3 cj�<3c R8 j@3 CNcUCa�I 0n3 jR j@3Ca @C<@3a jC0�I 038RaL�$CICjw. �N0. R8 ,Rnac3.

s@3N j@3w ~N�IIw ,RIIC03 j@3 URCNj L�cc �UUaRuCL�jCRN nc30 CN VeW"VSkW ,RLUI3j3Iw $a3�Gc

0RsNY B8 j@3 N3njaRN cj�a 0R3c NRj UaRLUjIw ,RII�Uc3 jR � $I�,G @RI3. j@3 <a�qCj�jCRN�I s�q3

3LCccCRN R8 j@3 a3LN�Nj ,�N cjCII \n�ICj�jCq3Iw $3 nN03acjRR0 ncCN< s3�G ~3I0g\n�0anURI3A

8RaLnI� jwU3 �N�IwcCc. j@Rn<@ j@3 ,RLUIC,�j30 0wN�LC,c R8 j@3 L�jj3a CN j@3 a3LN�Nj sRnI0

NRj $3 3�cw jR ,RLUnj3 sCj@Rnj � NnL3aC,�I cRInjCRNY

��� '� 1RETORIUS



L�uCLnL. C8 8Ra j@3 I�jj3a s3 j�G3 cRL3 IC$3ajw CN CNj3aUa3jCN< s@3N j@3 CNcUCa�I c@RnI0

j3aLCN�j3Y `3saCjCN< j@3 0Ccj�N,3 D $3js33N j@3 jsR URCNj L�cc3c CN VSkW �c � 8a�,jCRN

Ds R8 j@3 b,@s�ayc,@CI0 a�0Cnc 2GM=c2 R8 j@3 ,RL$CN30 L�cc M R8 j@3 cwcj3L. CY3Y.

D D Ds � 2GM=c2. 8Ra j@3 3\n�I L�cc � D M=4 ,�c3 <Cq3c

dE

dt
D

Lp

80D5
s

: VS9W

+I3�aIw. j@3 L�uCLnL CNcUCa�I InLCNRcCjw 03U3N0c \nCj3 c3NcCjCq3Iw RN Ds Y 7Ra �N nUU3a

ICLCj. RN3 sRnI0 NRj 3uU3,j j@Cc jR $3 a3LRj3Iw �,,na�j3Iw C8 Ds < 1. �c j@3N j@3 jsR @RaCyRNc

R8 j@3 CN0CqC0n�I $I�,G @RI3c sRnI0 �Ia3�0w $3 Rq3aI�UUCN<Y rCj@ Ds � 1. dE=dt � 10�2Lp Y

7Ra � IRs3a ICLCj 3cjCL�j3. RN3 ,�N �UU3�I jR � a3cnIj 8aRL ,Ca,nI�a <3R03cC,c. s@3a3 j@3 CNN3a

LRcj cj�$I3 Ra$Cj Cc �j R D 3Rs . �N0 j@3N � cL�II IRcc R8 �N<nI�a LRL3NjnL sCII ,�nc3 j@3

<3R03cC, jR UInN<3 CNjR j@3 $I�,G @RI3Y b3jjCN< Ds � 3 8Ra j@3 L�uCLnL CN VS9W j@nc �LRnNjc

jR �ccnLCN< j@�j 8Ra ,RLU�a�$I3 L�cc L3a<3ac � cCLCI�a CNcj�$CICjw c3jc CN j@�j �,,3I3a�j3c

j@3 L3a<3a $3wRN0 s@�j a�0C�jCRN a3�,jCRN 0R3c $w Cjc3I8d j@Cc <Cq3c dE=dt � 10�4Lp Y

Q8 ,Rnac3. 8Ra j@3c3 $�,GAR8Aj@3A3Nq3IRU3 3cjCL�j3c jR @�q3 �Nw a3I3q�N,3 jR j@3

L�uCLnL L3a<3a InLCNRcCjw a3\nCa3c j@�j j@3 �,jn�I ,RIICcCRN R8 jsR $I�,G @RI3c Cc NRj Ln,@

LRa3 qCRI3Nj j@�N j@3 I�cj cj�<3c R8 CNcUCa�IY BN 8�,j. $38Ra3 NnL3aC,�I cRInjCRNc $3,RL3 �q�CIA

�$I3. Cj s�c nNGNRsN s@3j@3a $I�,G @RI3 ,RIICcCRNc sRnI0 <3N3aC,�IIw 3q3N �0@3a3 jR ,RcLC,

,3NcRac@CU. I3j �IRN3 @Rs $aC<@j j@3w nIjCL�j3Iw s3a3Y B8 � L3a<3a 0R3c c�jCc8w ,RcLC, ,3NA

cRac@CU. j@3 NRA$C8na,�jCRN j@3Ra3L R8 ?�sGCN< sRnI0 �UUIw. j3IICN< nc jsR $I�,G @RI3c Lncj

8nc3 CNjR � I�a<3a RN3 <��>d j@3N �IcR. $w ?�sGCN<�c �a3� j@3Ra3L <��>. RN3 ,�N UI�,3 ICLCjc RN

j@3 L�uCLnL �LRnNj R8 3N3a<w j@�j ,RnI0 $3 IC$3a�j30 CN j@Cc LRcj NRNICN3�a U@�c3 R8 j@3

L3a<3aY B8 � N�G30 cCN<nI�aCjw Cc UaR0n,30. ,I�ccC,�I <3N3a�I a3I�jCqCjw sCII ,3�c3 jR Ua30C,j

j@3 cU�,3jCL3 jR j@3 ,�nc�I 8njna3 R8 j@Cc 3q3Nj. �N0 s3 sRnI0 @�q3 NR C03� s@�j j@3 a3LN�Nj

R8 cn,@ � $I�,G @RI3 ,RIICcCRN CcY 7RajnN�j3Iw 8Ra Rna �$CICjw jR Ua30C,j s�q38RaLc jR CNj3aUa3j

HB;Q 3q3Njc. $nj nN8RajnN�j3Iw 8Ra Rna �$CICjw jR nc3 $I�,G @RI3 L3a<3ac jR <Cq3 �N R$c3aq�A

jCRN�I <ICLUc3 CNjR j@3 Lwcj3aw R8 \n�NjnL <a�qCjw. j@3a3 Cc NR 3u�LUI3 w3j 8aRL � L3a<3a

cCLnI�jCRN j@�j c@Rsc �Nw qCRI�jCRN R8 ,RcLC, ,3NcRac@CU. Ra �NRL�IRncIw I�a<3 ,naq�jna3c

8RaLCN< 3uj3aCRa jR j@3 3uCcjCN< @RaCyRNcY9

i@Rn<@ ICG3Iw NRj a3I3q�Nj jR j@3 GCN0 R8 $I�,G @RI3 L3a<3ac j@�j R,,na CN j@3 mNCA

q3ac3. j@3a3 Cc � a3<CL3 R8 j@3 jsR $R0w UaR$I3L s@3a3 Cj JT I�a<3 <a�qCj�jCRN�I 3N3a<w j@�j

Unc@3c j@3 CNj3a�,jCRN jR j@3 NRNICN3�a a3<CL3. �N0 NRj �Nw ~NCj3 cCy3 3{3,jc- j@3 nIja�a3I�A

jCqCcjC, c,�jj3aCN< UaR$I3LY ?3a3. RN3 CL�<CN3c c@RRjCN< jsR $I�,G @RI3c jRs�a0 3�,@ Rj@3a �j

q3aw @C<@ q3IR,CjC3c. cR j@�j CN j@3 ,3Nj3a R8 L�cc 8a�L3 R8 j@3 CNj3a�,jCRN j@3 GCN3jC, 3N3a<w

R8 3Cj@3a $I�,G @RI3 Cc Ln,@ <a3�j3a j@�N Cjc a3cj L�cc 3N3a<w- .
i � 1/mi c
2 � mi c

2. sCj@

� BN cU�,3jCL3 0CL3NcCRNc �$Rq3 8Rna. j@3a3 �a3 3u�LUI3c R8 V�UU�a3NjW N�G30 cCN<nI�aCjw

8RaL�jCRN 8aRL 8a�<L3Nj�jCRN R8 nNcj�$I3 @RaCyRNc <��>. �N0 @CNjc j@�j ,3aj�CN ,RIICcCRNc

L�w �IcR I3�0 jR N�G30 cCN<nI�aCjC3c <��>Y i@Rn<@ j@3 GCN0 R8 LC,aRc,RUC, 3uja� 0CL3NcCRNc

j@�j ,RnI0 3uCcj s@CI3 cjCII 3q�0CN< 3uU3aCL3Nj�I 03j3,jCRN sCII NRj ,�nc3 CNcj�$CICjC3c CN

�cjaRU@wcC,�IIw cCy30 $I�,G @RI3c. �N0 j@3N j@3 3{3,jCq3 8Rna 0CL3NcCRN�I cCLnI�jCRNc nc30

jR cjn0w j@3 I�jj3a c@RnI0 $3 \nCj3 �,,na�j3Y
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i D 1=

q

1 � v2
i =c2Y i@Rn<@ 83s 03j�CI30 a3cnIjc �a3 �q�CI�$I3 8Ra j@3 ,�c3 sCj@ <3N3aC,

CLU�,j U�a�L3j3a b. Cj Cc 3uU3,j30 j@�j s@3N b Cc R8 Ra03a � 83s jCL3c Ra I3cc j@�N j@�j R8

j@3 b,@s�ayc,@CI0 a�0Cnc Rs D 2GE=c4 D 2G.
1m1 C 
2m2/=c2 R8 j@3 cwcj3L V�N0 NRj3

j@�j j@Cc c,�I3 Cc Ln,@ I�a<3a j@�N j@3 b,@s�ayc,@CI0 a�0CC R8 3Cj@3a $I�,G @RI3 s@3N 
i � 1W.

� cCy�$I3 8a�,jCRN R8 j@3 GCN3jC, 3N3a<w ,�N $3 ,RNq3aj30 jR <a�qCj�jCRN�I s�q3 3N3a<w RN �

jCL3 c,�I3 Rs=cY KRa3Rq3a. 8Ra b . Rs . �N 3N,RLU�ccCN< $I�,G @RI3 8RaLc. ja�UUCN< LRcj R8

j@3 GCN3jC,g<a�qCj�jCRN�I s�q3 3N3a<wY �<�CN. 3u�,jIw @Rs Ln,@ Cc NRj GNRsN 8Ra <3N3aC, b.

j@Rn<@ 8Ra b D 0 NnL3aC,�I cCLnI�jCRNc c@Rs � 14X R8 E Cc IC$3a�j30 �c <a�qCj�jCRN�I s�q3

3N3a<w. sCj@ j@3 a3L�CN03a ja�UU30 <��>Y Bj @�c $33N ,RNE3,jna30 j@�j j@3 @C<@3cj InLCNRcCjw

sCII $3 a3�,@30 �j j@3 ,aCjC,�I CLU�,j U�a�L3j3a bcrit L�aGCN< j@3 j@a3c@RI0 R8 8RaL�jCRN R8 �

,3Nja�I $I�,G @RI3 V8Ra I�a<3a CLU�,j U�a�L3j3ac j@3 jsR $I�,G @RI3c sCII �w �U�aj �<�CNW <��>Y

i@3N. 3cc3NjC�IIw �II R8 j@3 GCN3jC, 3N3a<w V� EW Cc 3uU3,j30 jR $3 ,RNq3aj30 jR <a�qCj�jCRN�I

s�q3 3N3a<w. j@Rn<@ 0n3 jR @Rs cjaRN<Iw j@Cc c33Lc jR $3 8R,nc30 CNs�a0 s@3N UaR0n,30.

RNIw �$Rnj @�I8 R8 j@Cc 3N3a<w L�w ICG3Iw 3c,�U3 �c <a�qCj�jCRN�I s�q3c <��
��>Y i@3 Rj@3a @�I8

sCII j@3N $3 ja�UU30 CN j@3 ,3Nja�I $I�,G @RI3 8Ra b < bcrit . Ra j@3 jsR CN0CqC0n�I $I�,G @RI3c

8Ra b & bcrit Vs@Rc3 IR,�I b,@s�ayc,@CI0 a�0CC sRnI0 ,RNc3\n3NjIw <aRs $w �N 3NRaLRnc

�LRnNjWY

� 8�c,CN�jCN< ,RNE3,jna30 �cU3,j R8 j@3 nIja�a3I�jCqCcjC, c,�jj3aCN< UaR$I3L Cc j@�j Cj

�,jn�IIw 0R3c NRj L�jj3a s@�j j@3 cRna,3 R8 j@3 GCN3jC, 3N3a<w Cc. $3 Cj $I�,G @RI3c. Ra cRL3

,RLU�,j 0CcjaC$njCRN R8 L�jj3a. cn,@ �c � N3njaRN cj�a. Ra 3q3N � 8nN0�L3Nj�I U�ajC,I3Y Bj Cc

j@Cc ,RNE3,jna3 $3@CN0 j@3 �a<nL3Njc j@�j j@3 H�a<3 ?�0aRN +RIIC03aVH?+W <��
��>. Ra ,RcLC,

a�w ,RIICcCRNc sCj@ j@3 3�aj@�c �jLRcU@3a3 <��>. ,RnI0 UaR0n,3 $I�,G @RI3c CN ,3aj�CN 3uja�

0CL3NcCRN c,3N�aCRc s@C,@ <Cq3 � Ln,@ IRs3a TI�N,G InLCNRcCjw j@�N Rna Vj@3N 3aaRN3RncW

:A0CL3NcCRN�I �N�IwcCc Ua30C,jcY iR 0�j3. NnL3aC,�I 3qC03N,3 CN 8�qRa R8 j@Cc �L�jj3a 0R3c

NRj L�jj3a� ,RNE3,jna3 @�c RNIw $33N R$j�CN30 8Ra � 83s c3I3,j L�jj3a LR03Ic CN j@3 @3�0ARN

,RIICcCRN ICLCj <��
��
��>Y

������ 5IF SJOHEPXO

/n3 jR j@3 nNC\n3N3cc. Ra �NR @�Ca� j@3Ra3Lc R8 <3N3a�I a3I�jCqCjw <��
��
��
��>. j@3

jsRAU�a�L3j3a VL�cc �N0 �N<nI�a LRL3NjnLW F3aa 8�LCIw R8 L3jaC,c �a3 j@3 RNIw q�,nnL.

cj�jCRN�aw. �cwLUjRjC,�IIw ��j $I�,G @RI3 cRInjCRNc sCj@Rnj �Nw 3uj3aCRa VN�G30W cCN<nI�aCjC3c

�IIRs30 $w <3N3a�I a3I�jCqCjw CN 8Rna cU�,3jCL3 0CL3NcCRNcY i�G3N $w Cjc3I8. j@Cc sRnI0 cn<A

<3cj j@�j 3Cj@3a $I�,G @RI3c �a3 c3jc R8 L3�cna3 y3aR �N0 NRj a3I3q�Nj jR a3�ICcjC, <a�qCj�jCRN�I

,RII�Uc3 Vj@3 F3aa cRInjCRNc $3CN< �uCcwLL3jaC, �N0 cj�jCRN�awW. Ra F3aa $I�,G @RI3c �a3 CN �

c3Nc3 0wN�LC,�I �jja�,jRac s@3a3 RN,3 �N �cwLL3jaC,. 0wN�LC,�I @RaCyRN 8RaLc. 3qRInjCRN

,�nc3c j@3 3uj3aCRa cU�,3jCL3 jR �IRRc3 Cjc @�Ca� �N0 c3jjI3 0RsN jR � F3aa cRInjCRNY i@3 I�jj3a

Cc � cU3,C�I ,�c3 R8 T3NaRc3�c ¶OBM TUBUF DPOKFDUVSF <��>- j@3 <3N3aC, 3N0cj�j3 R8 3qRInjCRN

<Rq3aN30 $w <3N3a�I a3I�jCqCjw. $3<CNNCN< sCj@ N�G30AcCN<nI�aCjw 8a33 q�,nnL CNCjC�I 0�j� RN

� +�n,@w cIC,3 R8 �N �cwLUjRjC,�IIw ��j cU�,3jCL3. Cc � c3j $I�,G @RI3c �wCN< �U�aj. j@3 IR,�I

<3RL3jaw R8 3�,@ �UUaR�,@CN< j@�j R8 � <Cq3N L3L$3a R8 j@3 F3aa 8�LCIw. jR<3j@3a sCj@ <a�qA

Cj�jCRN�I s�q3c cja3�LCN< Rnjs�a0 jR NnII CN~NCjwY BN0330. j@Cc Cc s@�j c33Lc jR <3N3aC,�IIw
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@�UU3N CN <a�qCj�jCRN�I ,RII�Uc3 cjn0C3c �N0 L3a<3a cCLnI�jCRNc jR 0�j3Y BN U�ajC,nI�a. 8Ra $Rj@

\n�cC,Ca,nI�a CNcUCa�Ic �N0 nIja�a3I�jCqCcjC, c,�jj3aCN< sCj@ b < bcrit . RN,3 � cCN<I3 ,RLLRN

@RaCyRN 8RaLc. j@3 cU�,3jCL3 a�UC0Iw c3jjI3c 0RsN jR � F3aa $I�,G @RI3Y i@Cc Cc �,,RLU�A

NC30 $w j@3 3LCccCRN R8 <a�qCj�jCRN�I s�q3c. s@Rc3 ,@�a�,j3aCcjC,c �a3 I�a<3Iw 03j3aLCN30

$w j@3 \n�cCNRaL�I LR03 Rc,CII�jCRN cU3,janL R8 j@3 a3LN�Nj $I�,G @RI3Y BN �N�IR<w sCj@

� $3II 3LCjjCN< 03,�wCN< cRnN0 s�q3c �8j3a Cj Cc @Cj. j@Cc Cc ,�II30 j@3 SJOHEPXO R8 j@3 $I�,G

@RI3Y i@3 I3�cj 0�LU30 LR03 R8 � F3aa $I�,G @RI3 Cc j@3 ` D m D 2 cU@3aC,�I @�aLRNC,

LR03Y i@3 0�LUCN< a�j3 03,a3�c3c sCj@ j@3 cUCN R8 j@3 $I�,G @RI3. �UUaR�,@CN< y3aR 8Ra j@3

L�uCL�IIw cUCNNCN< V3uja3L�IW $I�,G @RI3c �IIRs30 CN <3N3a�I a3I�jCqCjwY ?Rs3q3a. j@3 cUCNc

R8 a3LN�Njc UaR0n,30 CN ,RLU�a�$I3 L�cc L3a<3ac. �c R$c3aq30 $w HB;QgpCa<R. �a3 cn|A

,C3NjIw 8�a 8aRL 3uja3L�I j@�j j@3Ca aCN<0RsN U@�c3c �a3 q3aw c@Raj. 0�LUCN< 3uURN3NjC�IIw

sCj@ � ,@�a�,j3aCcjC, 3A8RI0 jCL3 RN Ra03aAR8AL�<NCjn03 j@3 IC<@jA,aRccCN< jCL3 Rs=c R8 j@3

a3LN�NjY

�� (RAVITATIONAL WAVE OBSERVATIONAL LANDSCAPE

BN j@Cc c3,jCRN s3 RnjICN3 s@�j j@3 ,naa3Nj �N0 UI�NN30 N3�a 8njna3 R$c3aq�jCRN�I

,�LU�C<Nc jR sCjN3cc j@3 mNCq3ac3 CN <a�qCj�jCRN�I s�q3c �a3Y ;a�qCj�jCRN�I s�q3 �R$c3aq�A

jRaC3c� 8�II CNjR jsR ,�j3<RaC3c- j@Rc3 j@�j U3RUI3 @�q3 $nCIj cU3,C~,�IIw 8Ra j@Cc UnaURc3. �N0

j@Rc3 j@�j j@3 mNCq3ac3 @�c 8RajnCjRncIw UaRqC030 ncY i@3 8RaL3a CN,In03 3�aIC3a a3cRN�Nj $�a

03j3,jRac UCRN33a30 $w DRc3U@ r3$3a. j@3 HB;QgpCa<R �N0 F�<a� <aRnN0A$�c30 03j3,jRac.

�N0 q�aCRnc UI�NN30 8njna3 <aRnN0A �N0 cU�,3A$�c30 03j3,jRacY i@3 I�jj3a CN,In03 � N3jsRaG

R8 LCIICc3,RN0 UnIc�ac CN Rna <�I�uw. �N0 j@3 ,RcLC, LC,aRs�q3 $�,G<aRnN0 V+K#WY r3 sCII

NRj ,Rq3a j@3 @CcjRaw R8 �Nw R8 j@3c3 3N03�qRac. CNcj3�0 s3 sCII ,RLL3Nj RN UaRU3ajC3cg,@�IA

I3N<3c ,RLLRN jR �Nw R8 j@3L j@�j ,�N $3 �UUa3,C�j30 sCj@ GNRsI30<3 R8 j@3 UaRU3ajC3c R8

<a�qCj�jCRN�I s�q3c RnjICN30 CN j@3 Ua3qCRnc c3,jCRNY

;Cq3N j@�j <3N3a�I a3I�jCqCjw Cc � j@3Raw �$Rnj j@3 <3RL3jaC, N�jna3 R8 cU�,3 �N0

jCL3. �N0 j@�j <a�qCj�jCRN�I s�q3c �a3 UaRU�<�jCN< 0CcjRajCRNc CN j@3 <3RL3jaw. Cj c@RnI0 NRj

$3 cnaUaCcCN< j@�j 3cc3NjC�IIw �II <a�qCj�jCRN�I s�q3 03j3,jRac �a3 ,RLURc30 R8 3I3L3Njc j@�j

�a3 c3NcCjCq3 jR ,@�N<CN< 0Ccj�N,3c Ra jCL3cY KRa3Rq3a. j@3 LRcj c3NcCjCq3 L3�cna3L3Njc

�a3 j@Rc3 �0�Uj30 jR j@3 UInc �N0 ,aRccAURI�aCy30 ja�Ncq3ac3 0Ccjna$�N,3c �IIRs30 CN <3N3a�I

a3I�jCqCjwY i@Cc CN8RaLc j@3 �H� c@�U3 R8 j@3 ,naa3Nj <aRnN0A$�c30 03j3,jRac. j@�j L3�cna3

a3I�jCq3 ,@�N<3c CN 0Ccj�N,3c �IRN< j@3 jsR �aLc R8 j@3 03j3,jRa j@aRn<@ I�c3a CNj3a83aRL3A

jawY TnIc�a jCLCN< a3IC3c RN j@3 a3L�aG�$Iw cj�$I3 aRj�jCRN�I U3aCR0c R8 ,3aj�CN UnIc�ac. s@3a3

LR03Ic ,�N $3 $nCIj jR Ua30C,j j@3 �aaCq�I jCL3 R8 a�0CR UnIc3c 8aRL j@3L jR sCj@CN j3Nc R8

N�NRc3,RN0c Rq3a � w3�a R8 R$c3aq�jCRNY HRN< s�q3I3N<j@ <a�qCj�jCRN�I s�q3c $3js33N j@3

3�aj@ �N0 j@3 UnIc�a sCII ,@�N<3 j@3 �aaCq�I jCL3c. �N0 j@3 LRcj cn$jI3 cC<N�Ic ,�N $3 3uja�,j30

8aRL ,Raa3I�jCRNc $3js33N ,@�N<3c CN �aaCq�I jCL3c $3js33N U�Cac R8 UnIc�acY `3<�a0CN< j@3

+K#. j@Cc Cc �N CL�<3 R8 j@3 �cna8�,3 R8 I�cj c,�jj3aCN<.� s@3a3 U@RjRNc s3a3 I�cj �$I3 jR

i@RLUcRNAc,�jj3a R{ 8a33 3I3,jaRNc V�8j3as�a0 j@3 j3LU3a�jna3 R8 j@3 mNCq3ac3 0aRUU30

$3IRs � j@a3c@RI0 �IIRsCN< j@3 3I3,jaRNc jR a3,RL$CN30 sCj@ 8a33 UaRjRNc jR 8RaL N3nja�I

@w0aR<3NWY i@3 U@RjRNc ,�N UC,G nU � N3j URI�aCy�jCRN �8j3a i@RLUcRN c,�jj3aCN< C8 j@3

��� " SURVEY OF GRAVITATIONAL WAVES



$�,G<aRnN0 a�0C�jCRN ~3I0 Cc �NCcRjaRUC,Y i@3 �$CICjw jR nc3 URI�aCy�jCRN L3�cna3L3Njc R8

j@3 +K# jR 03j3,j <a�qCj�jCRN�I s�q3c Ua3c3Nj j@3N Cc 0n3 jR j@3 8�,j j@�j R8 j@3 GNRsN

cRna,3c R8 �NCcRjaRUw CN j@3 3�aIw mNCq3ac3. RNIw <a�qCj�jCRN�I s�q3c �a3 �$I3 jR UaR0n,3

�NCcRjaRUw j@�j ,a3�j3c � cRA,�II30 �#ALR03� URI�aCy�jCRN U�jj3aN Rq3a j@3 +K# V�c RUURc30

jR �N �2ALR03� U�jj3aN. j@�j $Rj@ L�jj3a �NCcRjaRUC3c �N0 <a�qCj�jCRN�I s�q3c ,�N ,a3�j3WY

KRcj cRna,3c UaR0n,3 <a�qCj�jCRN�I s�q3c �j cRL3 ,@�a�,j3aCcjC, I3N<j@ Ra 8a3\n3N,w

c,�I3Y ;a�qCj�jCRN�I s�q3 03j3,jRac j3N0 jR $3 LRcj c3NcCjCq3 jR � 8a3\n3N,wgI3N<j@ �ccR,CA

�j30 sCj@ cRL3 c,�I3 R8 j@3 03j3,jRaY i@3a38Ra3. cCN,3 j@3 0C{3a3Nj 03j3,jRac RU3a�j3 �j q3aw

0C{3a3Nj c,�I3c. j@3w �a3 c3NcCjCq3 jR � ,Raa3cURN0CN<Iw $aR�0 cU3,janL R8 URj3NjC�I cRna,3cY

i@3 <aRnN0A$�c30 03j3,jRac �a3 GLAc,�I3 CNcjanL3Njc. �N0 �a3 LRcj c3NcCjCq3 jR U@wcC,�I

UaR,3cc3c �ccR,C�j30 sCj@ GLAc,�I3 cRna,3c- cj3II�a L�cc $I�,G @RI3c. N3njaRN cj�ac. �N0 j@3

CNN3a ,Ra3 R8 � cj�a nN03a<RCN< � cnU3aNRq� 3uUIRcCRNY i@3 cU�,3A$�c30 HBb� CNcjanL3Nj Cc

UI�NN30 jR $3 � jaC�N<nI�a ,RN~<na�jCRN R8 c�j3IICj3c sCj@ lY9 LCIICRN GL I3N<j@ �aLcd j@Cc Cc

j@3 c,�I3 R8 j@3 cL�II3a R8 j@3 cRA,�II30 cnU3aL�ccCq3 $I�,G @RI3c j@Rn<@j jR 3uCcj CN j@3 ,3NA

j3ac R8 LRcj <�I�uC3c. �c s3II �c j@3 Ra$Cjc R8 L�Nw ,IRc3 $CN�aC3c ,RNj�CNCN< s@Cj3 0s�a8c.

N3njaRN cj�ac. �N0 $I�,G @RI3cY TnIc�a jCLCN< Cc LRcj c3NcCjCq3 jR <a�qCj�jCRN�I s�q3c sCj@

U3aCR0c ,IRc3 jR j@3 w3�acAjRA03,�03c IRN< R$c3aq�jCRN jCL3 R8 j@3 UnIc�acY i@Cc ja�NcI�j3c jR

U@wcC,�I c,�I3c RN j@3 Ra03a R8 � 83s IC<@j w3�ac. �N0 RN3 R8 j@3 LRcj UaRLCcCN< cRna,3c RN j@Cc

c,�I3 Cc �N 3{3,jCq3 cjR,@�cjC, $�,G<aRnN0 8aRL j@3 URUnI�jCRN R8 cnU3aL�ccCq3 $I�,G @RI3

$CN�aC3c CN j@3Ca I�cj cj�<3c R8 CNcUCa�IY ;a�qCj�jCRN�I s�q3c 8aRL j@3 3�aIw mNCq3ac3 sRnI0

ICG3Iw I3�q3 � LRcj UaRNRnN,30 3{3,j RN j@3 +K# RN c,�I3c R8 Ra03a j@3 ?n$$I3 a�0Cnc �j

j@3 cna8�,3 R8 I�cj c,�jj3aCN<. s@C,@ Cc aRn<@Iw 1=1000 j@�j R8 j@3 Ua3c3Nj 0�w ?n$$I3 a�0Cnc

RH0 � 1026 LY

� ,RLLRN UaR$I3L 8Ra �II 03j3,jRac Cc @Rs s3�G j@3 <a�qCj�jCRN�I s�q3c �a3

3uU3,j30 jR $3 s@3N j@3w a3�,@ j@3 03j3,jRacY i@Cc Cc jan3 3q3N 8Ra j@3 cjaRN<3cj GNRsN

cRna,3!� $CN�aw $I�,G @RI3 L3a<3a!s@3N 8�,jRaCN< CN @Rs 8�a �s�w j@3 3q3Nj Cc 3uU3,j30

jR R,,na 8aRL j@3 3�aj@Y 7Ra cj3II�a L�cc $I�,G @RI3 $CN�aC3c. j@3 R$c3aq30 L3a<3a a�j3 Cc � 10

U3a ,n$C, <C<�U�ac3, V;U,W U3a w3�a <��>Y BN 8�,j. j@3 ~acj 3q3Nj 3q3a 03j3,j30. ;rS9zOS:.

Cc cjCII RN3 R8 j@3 ,IRc3cj $I�,G @RI3 L3a<3ac c33N jR 0�j3. �j �N 3cjCL�j30 0Ccj�N,3 R8

0:4 ;U, � 1025 LY bCN,3 <a�qCj�jCRN�I s�q3c 03,�w ICG3 Sg0Ccj�N,3 8aRL j@3 cRna,3. s@�j

s3a3 L3jaC, U3ajna$�jCRNc R8 L�<NCjn03 h � 1=10 RN j@3 � 105 L c,�I3 R8 ;rS9zOS:�c I�cj

Ra$Cj. ,�nc30 � L3jaC, U3ajna$�jCRN h � 10�21 �c Cj U�cc30 j@3 3�aj@. a3cnIjCN< CN � L�uCLnL

,@�N<3 CN 0Ccj�N,3 �IRN< HB;Q�c 4 GL IRN< �aLc R8 � 10�17 L. Ra �$Rnj 1=100j@ j@3 0C�L3A

j3a R8 � UaRjRN6f Bj Cc NRj cnaUaCcCN< j@3N j@�j RN3 R8 j@3 LRcj cC<NC~,�Nj ,@�II3N<3c 8�,CN< �II

� i@Rn<@ j@3 Sg0Ccj�N,3 03,�w c33Lc ICG3 � ,nac3. �N0 Cj Cc 8Ra $3CN< �$I3 jR 03j3,j a�a3 3q3Njc

ICG3 $I�,G @RI3 L3a<3ac a3I�jCq3Iw 8a3\n3NjIw RN � @nL�N jCL3c,�I3. RN,3 j@3 ja3L3N0Rnc

3uU3aCL3Nj�I 3{Raj N33030 jR ,aRcc j@�j j@a3c@RI0 @�c $33N L3j. j@3 Sg0Ccj�N,3 03,�w �IcR

L3�Nc Cj 0R3c NRj j�G3 j@�j Ln,@ LRa3 3{Raj jR RU3N nU � cC<NC~,�NjIw I�a<3a qRInL3 R8

cU�,3jCL3 jR R$c3aq�jCRNY 7Ra 3u�LUI3. j@3 N3uj Vj@Ca0W <3N3a�jCRN R8 <aRnN0A$�c30 03j3,jRac

�a3 UI�NN30 jR $3 �$Rnj Sz jCL3c LRa3 c3NcCjCq3 j@�N �0q�N,30 HB;Q�c 03cC<N c3NcCjCqCjwY

#3CN< �$I3 jR c33 Sz jCL3c 8naj@3a Cc 3NRn<@ j@�j ;rS9zOS:AICG3 $I�,G @RI3 L3a<3ac ,RnI0

$3 c33N j@aRn<@Rnj j@3 qCcC$I3 mNCq3ac36
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03j3,jRac Cc � j@RaRn<@ nN03acj�N0CN< �N0 LCjC<�jCRN R8 cRna,3c R8 NRCc3 j@�j ,RnI0 Rj@3asCc3

cs�LU Ra L�c\n3a�03 �c <a�qCj�jCRN�I s�q3cY i@Cc Cc RN3 R8 j@3 UaCL�aw a3�cRNc s@w HB;Q

,RNcCcjc R8 UXP 03j3,jRac sCj@ N3�aIw j@3 c�L3 RaC3Nj�jCRN a3I�jCq3 jR j@3 cGw. $nj c3U�a�j30

$w � 83s j@Rnc�N0 GCIRL3j3ac- � jan3 <a�qCj�jCRN�I s�q3 Lncj UaR0n,3 cC<N�Ic sCj@ cCLCI�a

,@�a�,j3aCcjC,c CN $Rj@ 03j3,jRac. c3U�a�j30 CN jCL3 $w �j LRcj j@3 83s Lc R8 IC<@j ja�q3I jCL3

$3js33N j@3Ld ,RNq3ac3Iw. j@3 UaR$�$CICjw j@�j NRCc3 ,RnI0 LCLC, cn,@ � ,Raa3I�j30 cC<N�I Cc

Ln,@ I3cc j@�N NRCc3 $3CN< �$I3 jR LCLC, � <a�qCj�jCRN�I s�q3 CN � cCN<I3 03j3,jRa �IRN3Y

� c3,RN0 Cccn3 sCj@ LRcj <a�qCj�jCRN�I s�q3 03j3,jRac Cc @Rs jR CNj3aUa3j �N R$c3aq30

cC<N�I RN,3 Cj Cc ,RN~aL30 jR $3 R8 ICG3Iw �cjaRU@wcC,�I RaC<CNY 2u,3Uj 8Ra j@3 +K#. j@3 0C8A

~,nIjw @3a3 Cc j@�j j@3 cC<N�I Cc � RN3A0CL3NcCRN�I jCL3 c3aC3c. �N0 cR j@3c3 03j3,jRac �a3

LRa3 �GCN jR c3CcLRL3j3ac j@�N j3I3c,RU3c VsCj@ j@3 +K# � jsRA0CL3NcCRN�I URI�aCy�A

jCRN L�U Rq3a j@3 cGw ,�N $3 R$j�CN30WY rCj@Rnj j@3Ra3jC,�I UFNQMBUFT R8 s�q38RaLc 8aRL

3uU3,j30 cRna,3c jR ,RLU�a3 �<�CNcj. j@3a3 Cc q3aw ICjjI3 Rj@3a j@�N $aR�0 j3LURa�IgcU3,ja�I

,@�a�,j3aCcjC,c j@�j ,RnI0 $3 CN83aa30 8aRL � NRq3I. Ra nNLR03I30. cRna,3Y i@nc � ,an,C�I

U�aj R8 j@3 <a�qCj�jCRN�I s�q3 �cjaRNRLw 3N03�qRa Cc jR @�q3 $�NGc R8 j3LUI�j3 s�q38RaLc

8aRL 3uU3,j30 cRna,3cY 7Ra ,RLU�,j R$E3,j L3a<3ac. j@3 Cccn3 R8 cRna,3 CNj3aUa3j�jCRN Cc

�IcR ,IRc3Iw jC30 jR 03j3,jCRN- ,naa3Nj CNcjanL3Njc �a3 cjCII NRj c3NcCjCq3 3NRn<@ 8Ra j@3 q�cj

L�ERaCjw R8 L3a<3ac jR $3 ,I3�aIw 3qC03Nj �$Rq3 j@3 03j3,jRa NRCc3. �N0 L�j,@30 ~Ij3aCN< Cc

3cc3NjC�I jR 3uja�,j cn,@ s3�G cC<N�Ic 8aRL j@3 NRCc3Ye i@Cc Cc s@w cRIqCN< j@3 jsRA$R0w

UaR$I3L CN <3N3a�I a3I�jCqCjw $3,�L3 cn,@ � 8R,nc30 3{Raj sCj@CN j@3 j@3Ra3jC,�I <3N3a�I

a3I�jCqCjw ,RLLnNCjw $3<CNNCN< CN j@3 3�aIw SOOzcY /n3 jR j@3 ,RLUI3uCjC3c R8 j@3 2CNcj3CN

~3I0 3\n�jCRNc. NR �N�IwjC,�I cRInjCRN c33Lc URccC$I3. �N0 ,naa3NjIw � 8nII cRInjCRN V8Ra �

<Cq3N c3j R8 Ra$Cj�I U�a�L3j3acW N330c jR $3 ,RLUnj30 NnL3aC,�IIw. s@C,@ CNjaR0n,3c cRL3

NnL3aC,�I janN,�jCRN 3aaRaY KRa3Rq3a. cCN,3 NnL3aC,�I cRInjCRNc �a3 ,naa3NjIw jRR ,RLUnj�A

jCRN�IIw 3uU3NcCq3 jR nc3 jR UaR0n,3 j3LUI�j3 $�NGc j@�j 03Nc3Iw c�LUI3 U�a�L3j3a cU�,3.

j3LUI�j3 $�NGc R8 Ua�,jC,�I nc3 �a3 ,RNcjan,j30 ncCN< q�aCRnc �UUaRuCL�jCRN L3j@R0cd j@3c3

CN,In03 j@3 3{3,jCq3 RN3 $R0w V2Q#W �UUaR�,@ <��>. LR03aN q3acCRNc R8 s@C,@ nc3 c3I3,j

NnL3aC,�I a3cnIjc jR ,�IC$a�j3 j@3 cjCj,@CN< jR<3j@3a R8 U3ajna$�jCq3 URcjAM3sjRNC�N CNcUCa�I

,�I,nI�jCRNc sCj@ ICN3�a \n�cCNRaL�I LR03 aCN<0RsN ,�I,nI�jCRNc. �N0 a30n,30 $�cCc LR03Ic

,RNcjan,j30 8aRL � c3j R8 NnL3aC,�I s�q38RaLc <��> Vc33 <��> 8Ra � a3qC3s R8 j@3c3 �N0 Rj@3a

�UUaR�,@3cWY BN j@3 8njna3. �c LRa3 c3NcCjCq3 03j3,jRac ,RL3 RNICN3. j3LUI�j3c sCII NRj $3

N33030 �c Ln,@ 8Ra 03j3,jCRN. j@Rn<@ sCII cjCII $3 ,an,C�I 8Ra cRna,3 C03NjC~,�jCRN �N0 U�a�LA

3j3a 3cjCL�jCRN. s@C,@ sRnI0 $3 @�LU3a30 C8 cwcj3L�jC, LR03ICN< 3aaRac �a3 Ua3c3Nj CN j@3

j3LUI�j3 IC$a�aC3cY i@nc. 3q3N j@Rn<@ j@3 ~acj NnL3aC,�I cRInjCRN jR � <3N3a�I a3I�jCqCcjC, jsR

$R0w UaR$I3L 03c,aC$CN< CNcUCa�I. L3a<3a. �N0 aCN<0RsN s�c R$j�CN30 �ILRcj jsR 03,�03c

�<R <��>. Cj Cc cjCII �N �,jCq3 �a3� R8 a3c3�a,@ jR ,�I,nI�j3 3q3a LRa3 �,,na�j3 $CN�aw L3a<3a

s�q38RaLcY

� K�j,@30 ~Ij3aCN< a383ac jR ,RNqRIqCN< j@3 03j3,jRa cC<N�I sCj@ � j3LUI�j3 s�q38RaLY B8 �

N3�aIw U3aCR0C, cC<N�I sCj@ L�Nw ,w,I3c Cc Ua3c3Nj. cn,@ �c j@3 CNcUCa�I U@�c3 R8 � L3a<3a.

�N0 �N �,,na�j3 j3LUI�j3 Cc U@�c3 �IC<N30 sCj@ j@3 cC<N�I. j@3N sCj@ jCL3 j@3 ,RNqRInjCRN

sCII CN,a3�c3 j@3 cC<N�IAjRANRCc3 a�jCR. �c j@3 cC<N�I sCII �00 ,R@3a3NjIw s@CI3 jwUC,�I NRCc3

sCII NRjY
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�� 4URVEY OF WHAT HAS BEEN OBSERVED TO DATE

BN j@Cc c3,jCRN s3 <Cq3 �N Rq3aqC3s R8 j@3 j@a33 LRcj CLURaj�Nj VCN Rna RUCNCRNW

c,C3NjC~, �0q�N,3c jR 0�j3 ,RLCN< 8aRL <a�qCj�jCRN�I s�q3 R$c3aq�jCRN R8 j@3 mNCq3ac3-

j3cjCN< 0wN�LC,�I cjaRN< ~3I0 <a�qCjw. LnIjCL3cc3N<3a R$c3aq�jCRN R8 N3njaRN cj�a L3a<A

3ac. �N0 R$j�CNCN< j@3 ~acj <ICLUc3c R8 j@3 03LR<a�U@C,c R8 $I�,G @RI3c CN Rna mNCq3ac3Y

�LRN<cj j@3 R$c3aq�jRaC3c L3NjCRN30 CN j@3 Ua3qCRnc c3,jCRN. RNIw HB;QgpCa<R @�q3 L�03

�,jn�I 03j3,jCRNc. �N0 s3 sCII RNIw ,RLL3Nj RN j@3c3Y4

'JSTU RVBOUJ¶BCMF FWJEFODF GPS UIF FYJTUFODF PG CMBDL IPMFT BT HPWFSOFE CZ UIF UIFPSZ

PG HFOFSBM SFMBUJWJUZ� i@Rn<@ j@3 3qC03N,3 8Ra j@3 3uCcj3N,3 R8 $I�,G @RI3c @�c cj3�0CIw

<aRsN cCN,3 j@3 ~acj ,�N0C0�j3c s@3a3 C03NjC~30 $3<CNNCN< CN j@3 SOfzc!j@3 ~acj cj3II�a

L�cc $I�,G @RI3 ,�N0C0�j3 +w<Nnc tAS. j@3 cn<<3cj30 ,RNN3,jCRN $3js33N \n�c�ac �N0 cnU3aA

L�ccCq3 $I�,G @RI3c. Rna RsN KCIGw r�w cnU3aL�ccCq3 $I�,G @RI3 b�<Cjj�aCnc ��
!$38Ra3

;rS9zOS: j@3 3qC03N,3 s�c �II ,Ca,nLcj�NjC�IY BN Rj@3a sRa0c. j@3 RNIw c,C3NjC~,�IIw cRnN0

cj�j3L3Nj RN3 ,RnI0 @�q3 L�03 Cc j@�j j@3 mNCq3ac3 03~NCj3Iw @�a$Rac � 83s nIja�,RLU�,j

R$E3,jc �N0 @�c cRL3 nNncn�I cRna,3c R8 3I3,jaRL�<N3jC, 3LCccCRN. �N0 NRN3 R8 j@3c3 R$c3aA

q�jCRNc ,�N a3�0CIw $3 3uUI�CN30 ncCN< ,RNq3NjCRN�I U@wcC,c C8 F3aa $I�,G @RI3c �a3 NRj

CNqRIq30Y

i@3 <a�qCj�jCRN�I s�q3 0�j� 8aRL $I�,G @RI3 L3a<3ac Cc 8nN0�L3Nj�IIw 0C{3a3Nj CN

j@Cc a3<�a0. �c Cj Cc ,RLCN< 8aRL j@3 cjaRN< ~3I0 0wN�LC,c R8 cU�,3jCL3 Cjc3I8. �N0 j@3a3

Cc �Ia3�0w 3NRn<@ cC<N�I CN cRL3 R8 j@3 IRn03cj 3q3Njc. cn,@ �c ;rS9zOS:. j@�j \n�NjC~A

�$I3 c3I8A,RNcCcj3N,w j3cjc ,�N $3 U3a8RaL30Y KRcj NRj�$I3 CN j@Cc a3<�a0 Cc j@3 ,RNcCcj3N,w

$3js33N j@3 CNcUCa�I �N0 aCN<0RsN URajCRNc R8 j@3 s�q38RaLcY 7aRL j@3 CNcUCa�I cC<N�I �IRN3.

�N 3cjCL�j3 R8 j@3 UaR<3NCjRa $I�,G @RI3c CN j@3 $CN�aw ,�N $3 L�03. �N0 8aRL j@Cc. jR<3j@3a

sCj@ Ua30C,j30 0wN�LC,c R8 j@3 L3a<3a ncCN< NnL3aC,�I cRInjCRNc R8 j@3 ~3I0 3\n�jCRNc. j@3

L�cc �N0 cUCN R8 j@3 a3LN�Nj ,�N $3 ,RLUnj30Y 7aRL j@3 R$c3aq30 03,�w �N0 8a3\n3N,w R8

j@3 aCN<0RsN cC<N�I �IRN3. �N0 ncCN< $I�,G @RI3 U3ajna$�jCRN j@3Raw ,�I,nI�jCRNc. j@3 L�cc

�N0 cUCN R8 j@3 a3LN�Nj $I�,G @RI3 ,�N �IcR $3 03j3aLCN30Y i@3c3 jsR CN03U3N03Nj L3�cna3c

R8 UaRU3ajC3c R8 j@3 ~N�I $I�,G @RI3 Lncj �<a33 C8 j@3 cC<N�I ,RL3c 8aRL jsR F3aa $I�,G @RI3c

,RIIC0CN< �N0 8RaLCN< � a3LN�Nj F3aa $I�,G @RI3. �c 03c,aC$30 $w <3N3a�I a3I�jCqCjwY bR 8�a

�II j@3 HB;QgpCa<R 0�j� Cc ,RNcCcj3Nj CN j@Cc a3<�a0 <�
 ��
 ��>. �I$3Cj j@3 3aaRa $�ac �a3 \nCj3

I�a<3. �c j@3 cC<N�IAjRANRCc3 a�jCRc VbM`cW R8 ,naa3Nj 3q3Njc �a3 cjCII \nCj3 cL�II 8Ra L�GCN<

Ua3,Cc3 j3cjc R8 j@Cc GCN0Y �c �N CIIncja�jCq3 3u�LUI3 jR Unj j@Cc 0�j� �N0 Cjc q3a�,Cjw CN ,RNj3uj

,RLU�a30 jR j@�j R$j�CN30 ncCN< j@3 2q3Nj ?RaCyRN i3I3c,RU3 CL�<3c R8 K4e. Ra j@3 MR$3I

UaCy3 sCNNCN< 0�j� R8 cj3II�a Ra$Cjc �aRnN0 b�<Cjj�aCnc �� nc30 jR L3�cna3 Cjc <a�qCj�jCRN�I

L�cc �N0 ,RN~aL Cjc nIja�,RLU�,j N�jna3- s3 cjCII ,�NNRj anI3 Rnj j@�j K4e Ra b�<Cjj�aCnc

� Q8 ,Rnac3. j@�j Cc NRj jR c�w j@�j j@3 �$c3N,3 R8 � cC<N�I 0R3c NRj UaRqC03 nc38nI CN8RaL�A

jCRN. 3Y<Y. j@3 N3<�jCq3 a3cnIjc 8aRL j@3 +K# �N0 UnIc�a jCLCN< UI�,3 ,RNcja�CNjc RN j@3

L�<NCjn03 R8 cjR,@�cjC, $�,G<aRnN0c. �N0 j@3 �$c3N,3 R8 IRN<AICq30 U3aCR0C, cC<N�Ic CN

HB;QgpCa<R 0�j� 8aRL GNRsN UnIc�ac UI�,3 ICLCjc RN j@3 cCy3 R8 \n�0anURI�a 038RaL�jCRNc

V�LRnNj�CNc�W R8 j@Rc3 N3njaRN cj�acY

��� '� 1RETORIUS



�� �a3 nIja�,RLU�,j $RcRN cj�acOd NRa ,�N s3 3u,In03 j@�j j@3 QSPHFOJUPST CN ;rS9zOS:

s3a3 nIja�,RLU�,j $RcRN cj�acY ?Rs3q3a. 8Ra j@3 I�jj3a. C8 j@3w s3a3 $RcRN cj�ac. j@3 aCN<A

0RsN U�aj R8 j@3 cC<N�I c@Rsc j@3w UaRLUjIw ,RII�Uc30 �N0 GPSNFE � F3aa $I�,G @RI3. sCj@

L�cc �N0 �N<nI�a LRL3NjnL ,RNcCcj3Nj sCj@ j@�j R8 j@3 $CN�aw Encj UaCRa jR L3a<3aY BN Rj@3a

sRa0c. 3q3N CN j@Cc @wURj@3jC,�I c,3N�aCR ;rS9zSO: cjCII <Cq3c 3qC03N,3 8Ra j@3 3uCcj3N,3 R8

F3aa $I�,G @RI3c!3uRjC, ,RLU�,j R$E3,jc LRa3 �$Cy�aa3� j@�N $RcRN cj�ac sRnI0 N330 jR $3

CNqRG30 jR �qRC0 j@�j ,RN,IncCRN <��>Y

#3,�nc3 R8 j@3 nNC\n3N3cc UaRU3ajC3c R8 $I�,G @RI3c CN <3N3a�I a3I�jCqCjw. �N0 C8

<3N3a�I a3I�jCqCjw 0R3c �,,na�j3Iw 03c,aC$3 cjaRN< ~3I0 <a�qCjw RN �cjaRU@wcC,�I c,�I3c. j@3N

nN8RajnN�j3Iw s3 ,�NNRj I3�aN �Nwj@CN< LRa3 �$Rnj j@3 QIZTJDT R8 $I�,G @RI3c 8aRL LRa3

Ua3,Cc3 L3a<3a R$c3aq�jCRNc Vj@3 BTUSPQIZTJDT R8 $I�,G @RI3c Cc � 0C{3a3Nj Cccn3. 0Cc,ncc30

$3IRsWY BN Rj@3a sRa0c. �II $I�,G @RI3c CN j@3 mNCq3ac3 �a3 j@3N F3aa $I�,G @RI3c jR sCj@CN

3NqCaRNL3Nj�I U3ajna$�jCRNc. �N0 U3a@�Uc 8njna3 nIja�Ua3,Cc3 L3�cna3L3Njc R8 L3a<3ac ,RnI0

c@Rs CLUaCNjc R8 � ,Ca,nL$CN�aw 3NqCaRNL3Nj. $nj j@3a3 �a3 NR NRq3I ,I�cc3c. c@�U3c. Ra

jRURIR<C3c R8 $I�,G @RI3c jR 0Cc,Rq3aY i@3N. j@3 njCICjw R8 $I�,G @RI3 L3a<3a R$c3aq�jCRNc 8Ra

8nN0�L3Nj�I U@wcC,c Cc 3cc3NjC�IIw 3NjCa3Iw jR UaRqC03 03j�CI30 j3cjc R8 NRNICN3�a <3N3a�I a3I�A

jCqCjw �c RnjICN30 CN j@3 Ua3qCRnc U�a�<a�U@Y Q8 ,Rnac3. �c j@3 c,C3NjC~, L3j@R0 a3\nCa3c cn,@

j3cjc 8Ra j@3 @3�Ij@ R8 Cjc j@3RaC3c j@Cc Cc � nc38nI 3N03�qRa. �N0 s3 0R NRj N330 � LRjCq�jCRN

Rj@3a j@�N j@�jY ?Rs3q3a. j@3a3 Cc �j I3�cj RN3 R$c3aq�jCRN�IIw 0aCq3N LRjCq�jCRN 8Ra s@w RN3

LC<@j $3 cG3UjC,�I �$Rnj j@3 Ua3,Cc3 N�jna3 R8 cjaRN< ~3I0 <a�qCjw �c 03c,aC$30 $w <3N3a�I

a3I�jCqCjw. N�L3Iw 0�aG 3N3a<wY

QN I�a<3 c,�I3c. j@3 mNCq3ac3 Cc R$c3aq30 jR $3 CN �N 3UR,@ R8 �,,3I3a�j30 3uU�NcCRNd

JOUFSQSFUJOH j@Cc �c $3CN< 0n3 jR 0�aG 3N3a<w ,RL3c 8aRL �ccnLCN< j@�j 2CNcj3CN <a�qCjw �,,nA

a�j3Iw 03c,aC$3c j@3 <3RL3jaw R8 j@3 mNCq3ac3 RN cn,@ c,�I3cY bU3,C~,�IIw. RN I�a<3 c,�I3c Cj

Cc �ccnL30 j@�j. sCj@ �N �UUaRUaC�j3 jCL3 cIC,CN<. j@3 cU�jC�I L3jaC, R8 j@3 mNCq3ac3 Cc N3�aIw

@RLR<3N3Rnc �N0 CcRjaRUC,. �N0 Cjc jCL3 3qRInjCRN Cc 0aCq3N $w � cja3cc 3N3a<w j3NcRa ,@�a�,A

j3aCyCN< j@3 �q3a�<3 3N3a<w 03NcCjC3c �N0 Ua3ccna3c R8 �II j@3 L�jj3ag3N3a<w CN j@3 mNCq3ac3Y

Bj Cc cRL3jCL3c cj�j30 j@�j jR0�w VCY3Y. �s�w 8aRL �Nw �$C< $�N<� cCN<nI�aCjC3cW <a�qCjw RN

�q3a�<3 CN j@3 mNCq3ac3 Cc s3�G. �N0 ,3aj�CNIw RN cL�II c,�I3c ICG3 Rna cRI�a cwcj3L. <�I�uw.

Ra 3q3N j@�j R8 <�I�uw ,Incj3ac Cj Cc s3�G V3u,3Uj N3�a j@3 a�a3 $I�,G @RI3 Ra N3njaRN cj�aWY

?Rs3q3a. �c 03c,aC$30 CN b3,jCRN lYSYk. j@3 cjaRN< ~3I0 a3<CL3 R8 <3N3a�I a3I�jCqCjw Cc NRj

�ccR,C�j30 sCj@ �Nw U@wcC,�I I3N<j@ c,�I3 U3a c3. $nj a�j@3a L�NC83cjc s@3N cRL3 U@wcCA

,�I c,�I3 CN j@3 UaR$I3L $3,RL3c ,RLL3Ncna�j3 sCj@ j@3 a�0Cnc R8 ,naq�jna3 R8 cU�,3jCL3Y

�N0 $w j@�j L3�cna3. Rna mNCq3ac3 Cc BMXBZT CN j@3 cjaRN< ~3I0 a3<CL3 RN c,�I3c R8 j@3

?n$$I3 a�0Cnc RH . CY3Y. RH Cc R8 j@3 c�L3 Ra03a R8 L�<NCjn03 �c j@3 b,@s�ayc,@CI0 a�0Cnc

Rs �
p

3c2=8�G� R8 � cU@3aC,�I 0CcjaC$njCRN R8 L�jj3a sCj@ j@3 c�L3 �q3a�<3 3N3a<w 03NcCjw

� �c j@3 L�jj3a CN j@3 mNCq3ac3Y 7Ra 3u�LUI3. jR0�w �0 Cc aRn<@Iw j@�j R8 cCu @w0aR<3N �jRLc

� #RcRN cj�ac �a3 @wURj@3jC,�I cj�aAICG3 R$E3,jc 8RaL30 8aRL 3uRjC, VCY3Y. NRj U�aj R8 j@3 cj�NA

0�a0 LR03I R8 U�ajC,I3 U@wcC,cW c3I8ACNj3a�,jCN< $RcRNC, L�jj3a. CN ,RNja�cj jR N3njaRN cj�ac

s@C,@ �a3 I�a<3Iw ,RLURc30 R8 83aLCRNC, L�jj3aY � $RcRN cj�a�c <a�qCj�jCRN�I 0wN�LC,c Cc

cjCII <Rq3aN30 $w <3N3a�I a3I�jCqCjw. cR Cj Cc NRj �N ��Ij3aN�jCq3� jR � $I�,G @RI3. $nj ,RnI0 $3

� NRq3I ,I�cc R8 ,RLU�,j R$E3,jY
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U3a ,n$C, L3j3a. <CqCN< Rs0 � 1026 L � RH0 Y QN3 LC<@j ,RLUI�CN j@�j j@3 b,@s�ayc,@CI0

a�0Cnc �a<nL3Nj 0R3c NRj �UUIw jR Rna mNCq3ac3 $3,�nc3 j@3 I�jj3a Cc NRj �cwLUjRjC,�IIw ��jY

T3a@�Uc. j@Rn<@ j@3 URCNj @3a3 Cc NRj jR �a<n3 s@3j@3a Ra NRj s3 �a3 CNcC03 � b,@s�ayc,@CI0

$I�,G @RI3. $nj CNcj3�0 j@�j RN c,�I3c R8 j@3 ?n$$I3 a�0Cnc j@3 mNCq3ac3 Lncj $3 CN j@3 NRNICNA

3�a a3<CL3 R8 <3N3a�I a3I�jCqCjw 8Ra �N 3NjCa3Iw 0C{3a3Nj ,I�cc R8 cRInjCRN Vj@3 7`Hr L3jaC,cW

jR $3 URccC$I3Y #aCN<CN< j@3 0Cc,nccCRN $�,G jR j3cjCN< <a�qCjw RN cj3II�a L�cc $I�,G @RI3c

c,�I3c. C8 0�aG 3N3a<w Cc j3IICN< nc <3N3a�I a3I�jCqCjw <3jc j@CN<c saRN< RN j@3 c,�I3 R8 j@3

?n$$I3 a�0Cnc. s3 c@RnI0 $3 ,�njCRnc �$Rnj CLL30C�j3Iw �,,3UjCN< Cjc Ua30C,jCRNc 8Ra $I�,G

@RI3c. �c j@3 c,�I3A8a33 N�jna3 R8 <3N3a�I a3I�jCqCjw CLUIC3c ,RcLRIR<C,�I @RaCyRNc �N0 3q3Nj

@RaCyRNc a3cC03 CN � a3I�j30 a3<CL3 R8 j@3 j@3RawYSz i@3 ,naa3Nj HB;QgpCa<R R$c3aq�jCRNc �a3

j@3a38Ra3 �N CLURaj�Nj cj3U jRs�a0 \n�NjCj�jCq3 q3aC~,�jCRN R8 j@3 U@wcC,c R8 @RaCyRNcY

5IF XFBMUI PG LOPXMFEHF HBJOFE GSPN (8������
 UIF ¶STU CJOBSZ OFVUSPO TUBS NFSHFS

EFUFDUFE <�>� i@�j cR Ln,@ CN8RaL�jCRN s�c <�aN3a30 8aRL j@Cc 3q3Nj Cc $3,�nc3 � @Rcj R8

3I3,jaRL�<N3jC, ,RnNj3aU�aj 3LCccCRN s�c �IcR c33N!j@3 ~acj. �N0 jR 0�j3 RNIw <a�qCj�jCRN�I

s�q3"3I3,jaRL�<N3jC, �LnIjCL3cc3N<3a� 3q3Nj <�>Y ?3a3 s3 $aC3�w ,RLL3Nj RN j@3 @C<@A

IC<@jcY i@3 ~acj Cc j@�j � c@Raj ;�LL� `�w #nacj Vc;`#W s�c 03j3,j30 � 1:7 c �8j3a j@3

R$c3aq30 <a�qCj�jCRN�I s�q3 CNcUCa�I. j@3 I�jj3a s@C,@ 3N030 � 83s Lc $38Ra3 j@3 Ua3cnL30

,RIICcCRN R8 j@3 jsR N3njaRN cj�ac Vj@Cc �N0 �Nw URcj,RIICcCRN <a�qCj�jCRN�I s�q3c s3a3 NRj c33N

$w HB;QgpCa<R. s@C,@ Cc �c 3uU3,j30 �c j@3w R,,na �j 8a3\n3N,C3c c3q3a�I jCL3c @C<@3a j@�N

s@�j HB;QgpCa<R Cc c3NcCjCq3 jRWY i@3 RaC<CN R8 c;`#c @�c IRN< $33N � Lwcj3aw. j@Rn<@ RN3

R8 j@3 I3�0CN< @wURj@3cCc 8Ra j@3Ca 8RaL�jCRN Cc j@�j j@3w �a3 UaR0n,30 CN URI�a E3jc URs3a30

$w �,,a3jCRN RNjR j@3 a3LN�Nj R8 � $CN�aw N3njaRN cj�a L3a<3a Vs@3j@3a Cj $3 � @wU3aL�ccCq3

N3njaRN cj�a Ra � $I�,G @RI3 j@�j 8RaL30. j@Rn<@ j@3 I�jj3a c33Lc jR $3 � LRa3 8�qRa�$I3 3NqCA

aRNL3Nj 8Ra E3j 8RaL�jCRNWY i@3 ,RCN,C03N,3 R8 j@3 <a�qCj�jCRN�I s�q3 3LCccCRN �N0 c;`#.

$Rj@ CN j3aLc R8 jCL3 �N0 a3<CRN R8 j@3 cGw s@3a3 $Rj@ �nu3c �UU3�a30 jR ,RL3 8aRL. <Cq3c

j@3 ~acj cRIC0 3qC03N,3 j@�j �j I3�cj � ,I�cc R8 c;`#c �a3 UaR0n,30 8RIIRsCN< � $CN�aw N3njaRN

cj�a L3a<3aY �ccnLCN< j@Cc ,RNN3,jCRN. jR<3j@3a sCj@ j@3 3cjCL�j30 0Ccj�N,3 jR j@3 3q3Nj R8

� 40 KU,. j@3N �IcR <Cq3c � 0Ca3,j L3�cna3L3Nj R8 j@3 cU330 R8 <a�qCj�jCRN�I s�q3c a3I�A

jCq3 jR j@3 cU330 R8 IC<@j. �N0 � a3L�aG�$Iw jC<@j ,RNcja�CNj 8Ra � ~acj L3�cna3L3Nj- j@3 jsR

cU330c �a3 j@3 c�L3 jR sCj@CN �UUaRuCL�j3Iw S U�aj CN 1015
<�>Y

�ILRcj CLL30C�j3Iw �8j3a ;rSez4Se s�c 03j3,j30. � sRaI0sC03 3{Raj s�c nN03aA

j�G3N $w �cjaRNRL3ac jR c3�a,@ 8Ra Rj@3a 3I3,jaRL�<N3jC, ,RnNj3aU�ajc. �N0 sCj@CN SS @Rnac

� $aC<@j. $nj 8�0CN<. RUjC,�I ja�NcC3Nj s�c C03NjC~30 CN j@3 <�I�uw M;+ :OOkY 7RIIRsAnU

R$c3aq�jCRN Rq3a j@3 cn$c3\n3Nj s33Gc c�s j@3 3q3Nj CN a�0CR. tAa�w. CN8a�a30. �N0 j@3 nIja�A

qCRI3jY i@3 R$c3aq30 UaRU3ajC3c R8 j@3 3LCccCRN �a3 ,RNcCcj3Nj sCj@ j@3 N3njaRN cj�a L3a<3a

@�qCN< UaR0n,3 � cRA,�II30 GCIRNRq� VRa L�,aRNRq�W <��>Y /naCN< L3a<3a. � cL�II 8a�,jCRN

V� 0:1"1XW R8 j@3 N3njaRN cj�a�c L�j3aC�I Cc jC0�IIw 3E3,j30 8aRL j@3 cwcj3L �j LCI0Iw a3I�jCqCcA

�� i@3 L�ERaCjw R8 UaRURc�Ic jR 3uUI�CN 0�aG 3N3a<w ncCN< LR0C~30 <a�qCjw cU3,C~,�IIw CNjaRA

0n,3 � N3s U@wcC,�I I3N<j@ c,�I3 CNjR j@3 UaR$I3L. �N0 C8 j@�j c,�I3 Cc jnN30 jR j@3 ?n$$I3

a�0Cnc Cj sRnI0 �qRC0 j@3 ,RN,IncCRN j@�j �Ij3aCN< <a�qCjw RN Ua3c3Nj 0�w ,RcLRIR<C,�I

@RaCyRN c,�I3c ,RnI0 @�q3 ,RNc3\n3N,3c 8Ra cj3II�a L�cc Ra cnU3aL�ccCq3 $I�,G @RI3cY
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jC, cU330c V� c=3W. �N0 Rq3a j@3 cn$c3\n3Nj 83s c3,RN0c 8RIIRsCN< L3a<3a � cCLCI�a �LRnNj

R8 L�j3aC�I ,�N $3 $IRsN �s�w 8aRL � @Rj �,,a3jCRN 0CcG 8RaL30 �aRnN0 j@3 a3LN�Nj. �j cCLA

CI�a $nj cIC<@jIw IRs3a q3IR,CjC3cY i@Cc CNCjC�IIw @C<@ 03NcCjw L�j3aC�I Cc q3aw N3njaRN aC,@.

�N0 �c Cj 3uU�N0c @3�qw 3I3L3Njc VsCj@ �jRLC, NnL$3a CN j@3 a�N<3 Z 2 28::90W �a3 8RaL30

j@aRn<@ j@3 aAUaR,3ccY K�Nw R8 j@3c3 3I3L3Njc �a3 a�0CR�,jCq3 sCj@ a3I�jCq3Iw c@Raj IC83jCL3c.

�N0 Cj Cc j@3Ca 03,�w Rq3a j@3 cn$c3\n3Nj 0�wc j@�j UaR0n,3c j@3 IC<@j R8 j@3 GCIRNRq�Y i@Cc

�IcR ,RN~aLc j@�j N3njaRN cj�a L3a<3ac �a3 RN3 R8 j@3 cCj3c s@3a3 � cC<NC~,�Nj 8a�,jCRN R8

j@3 mNCq3ac3�c @3�qw 3I3L3Njc �a3 UaR0n,30!Cj Cc \nCj3 ICG3Iw j@�j j@3 <RI0 �N0 UI�jCNnL s3

@nL�Nc cR IRq3 jR �0RaN Rnac3Iq3c sCj@ �a3 j@3 �c@3c R8 �N,C3Nj <�I�,jC, N3njaRN cj�a L3a<3acY

i@3 I�j3 cj�<3c R8 j@3 <a�qCj�jCRN�I s�q3 3LCccCRN CN ;rSez4Se �IcR c@Rs30 LCI0

03qC�jCRN 8aRL j@3 Ua30C,jCRNc R8 � $I�,G @RI3 CNcUCa�I. CN0C,�jCq3 R8 jC0�I 038RaL�jCRNc R,,naA

aCN< CN $Rj@ N3njaRN cj�acY i@3 cja3N<j@ R8 j@3 jC0�I 038RaL�jCRN Cc <Rq3aN30 $w j@3 3\n�jCRN R8

cj�j3 R8 L�jj3a �j Nn,I3�a 03NcCjw. s@C,@ Cc NRj j@3Ra3jC,�IIw s3II nN03acjRR0 jR0�w. Ra �,,3cA

cC$I3 jR 3uU3aCL3Njc RN j@3 3�aj@ jR CNq3cjC<�j3Y i@nc N3njaRN cj�a L3a<3ac R{3a �N �q3Nn3 jR

3uUIRa3 j@Cc 3uja3L3 cj�j3 R8 L�jj3a. �N0 j@Rn<@ j@Cc ~acj 3q3Nj 0C0 NRj UaRqC03 cjaRN< ,RNA

cja�CNjc RN ,RLU3jCN< LR03Ic. j@Cc Cc RN3 R8 j@3 cn$E3,jc 8njna3 R$c3aq�jCRNc �a3 3uU3,j30 jR

$aCN< CN,a3�cCN< ,I�aCjw jRY

�NRj@3a cn$E3,j j@�j ;rSez4Se �IIRs30 <a�qCj�jCRN�I s�q3 �cjaRNRLw jR j�G3 �

~acj cj3U CN. $nj sCII �IcR a3\nCa3 LRa3 8njna3 R$c3aq�jCRNc jR L�G3 � nc38nI ,RNjaC$njCRN

jRs�a0. Cc L3�cnaCN< j@3 IR,�I 3uU�NcCRN a�j3 R8 j@3 mNCq3ac3Y i@Cc Cc jwUC,�IIw 0RN3 $w L3�A

cnaCN< $Rj@ j@3 0Ccj�N,3 d �N0 a30c@C8j z jR � c3j R8 cRna,3c CN <�I�uC3c. �N0 j@3 3uU�NcCRN

@CcjRaw ,�N $3 CN83aa30 8aRL j@3 a3I�jCRNc@CU z.d/ V8Ra cL�II a30c@C8jc. cR N3�a$w <�I�uC3c.

z � H0d=c. s@3a3 H0 Cc j@3 ?n$$I3 ,RNcj�NjWY K3�cnaCN< j@3 0Ccj�N,3 jR � cRna,3 Cc \nCj3

,@�II3N<CN<Y QN3 L3j@R0 a3IC3c RN � cRA,�II30 cj�N0�a0 ,�N0I3. s@3a3 j@3 CNjaCNcC, InLCNRcA

Cjw L R8 � cRna,3 Cc �ccnL30 GNRsN. �N0 @3N,3 j@3 R$c3aq30 �nu Cc cCLUIw L=4�d 2Y iwU3 B�

cnU3aNRq�3 �a3 j@3 LRcj s3IIAGNRsN cj�N0�a0 ,�N0I3c. j@Rn<@ CN83aaCN< j@3Ca CNjaCNcC, InLCA

NRcCjw a3IC3c RN c3q3a�I ,�IC$a�jCRN cj3Uc. CN,In0CN< j@3 ,RcLC, 0Ccj�N,3 I�003aY rCj@ � $CN�aw

N3njaRN cj�a L3a<3a s@3a3 � ,RnNj3aU�aj Cc c33N V�N0 @3N,3 j@3 @Rcj <�I�uw C03NjC~30 8Ra

� a30c@C8j L3�cna3L3NjW. � InLCNRcCjw 0Ccj�N,3"a30c@C8j L3�cna3L3Nj ,�N $3 R$j�CN30 j@�j

$wU�cc3c �II R8 j@3c3 ,�IC$a�jCRN cj3Uc. cCN,3 j@3 CNjaCNcC, InLCNRcCjw R8 j@3 L3a<3a Cc GNRsN

8aRL j@3 <3N3a�I a3I�jCqCjw s�q38RaL ,�I,nI�jCRNY i@Cc L�G3c � $CN�aw N3njaRN cj�a L3a<3a �

cj�N0�a0 �cCa3N� VcCa3N Cc nc30 @3a3 CNcj3�0 R8 ,�N0I3 �c j@3 I�cj cj�<3c R8 CNcUCa�I 3LCj s�q3c

CN j@3 �n0CR 8a3\n3N,w a�N<3WYSS ;rSez4Se @�c �Ia3�0w $w Cjc3I8 �IIRs30 � L3�cna3L3Nj R8

H0 jR sCj@CN �$Rnj 10Xd j@Rn<@ j@Cc Cc NRj �N CLUaRq3L3Nj Rq3a Rj@3a 3uCcjCN< L3�cna3A

L3Njc. j@3 LRa3 LnIjCL3cc3N<3a $CN�aw N3njaRN cj�a 3q3Njc j@�j �a3 R$c3aq30. j@3 jC<@j3a j@3

cj�N0�a0 cCa3N $�c30 q�In3 sCII $3,RL3Y 2q3Njn�IIw. j@Cc LC<@j UaRq3 jR $3 CNcjanL3Nj�I jR

@3IU a3cRIq3 j@3 Ua3c3Nj �?n$$I3 j3NcCRN�- L3�cna3L3Njc R8 H0 CN83aa30 $w j@3 TI�N,G c�j3IA

�� #CN�aw $I�,G @RI3c �a3 �IcR cj�N0�a0 cCa3Nc. �N0 $3jj3a RN3c CN 8�,j. �c cRL3 nN,3aj�CNjw sCII

$3 Ua3c3Nj CN j@3 N3njaRN cj�a L3�cna3L3Njc nNjCI j@3 Nn,I3�a 3\n�jCRN R8 cj�j3 Cc GNRsNY

?Rs3q3a. $CN�aw $I�,G @RI3c �a3 NRj jwUC,�IIw 3uU3,j30 jR $3 CN �N 3NqCaRNL3Nj s@3a3 �

cjaRN< 3I3,jaRL�<N3jC, ,RnNj3aU�aj sCII $3 UaR0n,30. �N0 NRN3 @�q3 $33N R$c3aq30 jR 0�j3Y
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ICj3�c R$c3aq�jCRN R8 j@3 +K# c@Rs � cL�II. $nj cj�jCcjC,�IIw cC<NC~,�Nj. LCcL�j,@ sCj@ H0

R$j�CN30 ncCN< cnU3aNRq�3 0�j� Vc33. 3Y<Y. <��>WY

5FOUBUJWF IJOUT QPJOUJOH UP BO �VOVTVBM� TUFMMBS NBTT CMBDL IPMF QPQVMBUJPO� Q8 j@3

�ILRcj Szz cC<N�Ic HB;QgpCa<R @�q3 cR 8�a 03j3,j30 j@�j �a3 R8 ICG3Iw �cjaRU@wcC,�I RaC<CN. j@3

q�cj L�ERaCjw �a3 ,RNcCcj3Nj sCj@ $CN�aw $I�,G @RI3 L3a<3a j3LUI�j3c <�
��
��>YSl �c 0Cc,ncc30

�$Rq3. C8 <3N3a�I a3I�jCqCjw Cc ,Raa3,j. j@3N s3 GNRs j@3c3 �a3 �II L3a<CN< F3aa $I�,G @RI3c.

8RaLCN< a3LN�Nj F3aa $I�,G @RI3cY i@3 njCICjw j@3N CN @�qCN< j@Cc I�a<3 NnL$3a R8 3q3Njc. �N0

�NjC,CU�jCN< 3q3N LRa3 CN j@3 w3�ac jR ,RL3. Cc jR I3�aN s@�j j@3 0CcjaC$njCRN R8 L�cc3c �N0

cUCNc R8 j@Cc cn$URUnI�jCRN R8 $I�,G @RI3c CN j@3 mNCq3ac3 Cc �c � 8nN,jCRN R8 jCL3 Va30c@C8jWY

i@Cc sCII UaRqC03 CN8RaL�jCRN RN j@3 8�j3c R8 j@3 LRcj L�ccCq3 cj�ac j@�j �a3 3uU3,j30 jR

8RaL $I�,G @RI3c �j j@3 3N0c R8 j@3Ca ICq3c. �c s3II �c $CN�aw 8RaL�jCRN ,@�NN3IcY `3<�a0CN<

j@3 I�jj3a. j@3 jsR j@Rn<@j jR $3 Ua30RLCN�Nj �a3 8aRL cj3II�a $CN�aC3c s@3a3 $Rj@ cj�ac �a3

L�ccCq3 3NRn<@ jR 8RaL $I�,G @RI3c. �N0 0wN�LC,�I �cc3L$Iw CN 03Nc3 ,Incj3a 3NqCaRNL3Njc

V8RIIRsCN< ,@�N,3 3N,RnNj3ac $3js33N 3Cj@3a jsR CcRI�j30 $I�,G @RI3c. � $CN�aw ,RNj�CNCN<

� $I�,G @RI3 �N0 � cCN<I3 $I�,G @RI3. Ra � $CN�aw"$CN�aw CNj3a�,jCRN s@3a3 3�,@ ,RNj�CNc �

$I�,G @RI3WY i@Rn<@ 3q3N Szz 3q3Njc Cc NRj w3j 3NRn<@ jR <Cq3 03~NCjCq3 �Ncs3ac jR cRL3 R8

j@3c3 URUnI�jCRN \n3cjCRNc. j@3a3 �a3 �Ia3�0w cRL3 CNj3a3cjCN< ja3N0c. �N0 � 83s RnjIC3ac j@�j

�a3 cRL3s@�j UnyyICN< Ra cnaUaCcCN< V�j I3�cj sCj@Rnj @CN0cC<@j jR c3I3,j �LRN<cj j@3 L�Nw

a3�cRN�$I3 �a<nL3Njc Ua3c3Nj CN j@3 UaCRa $R0w R8 ICj3a�jna3 cU3,nI�jCN< �$Rnj j@3 nNGNRsNWY

i@3 ~acj cnaUaCc3 ,�L3 sCj@ ;rS9zOS:. CN j@�j $Rj@ UaR<3NCjRa $I�,G @RI3c @�0

L�cc3c V� 29Mˇ �N0 36MˇW �j I3�cj jsC,3 j@�j R8 �Nw GNRsN cj3II�a L�cc $I�,G @RI3 ,�NA

0C0�j3 CN j@3 KCIGw r�w Vc33. 3Y<Y. <��>WY bn$c3\n3Nj 03j3,jCRNc c@Rs30 j@�j ;rS9zOS: Cc

NRj �N RnjIC3a CN j@Cc a3<�a0. �N0 LRcj Vj@Rn<@ NRj �IIW HB;QgpCa<R $I�,G @RI3 UaR<3NCjRac

�a3 LRa3 L�ccCq3 j@�N GNRsN <�I�,jC, $I�,G @RI3cY i@Cc ,RnI0 U�ajIw $3 � c3I3,jCRN 3{3,j. �c

HB;QgpCa<R Cc LRa3 c3NcCjCq3 jR @C<@3a L�cc L3a<3ac. �N0 �IcR j@�j j@3 tAa�w $CN�aw cwcj3Lc

j@�j @�q3 $33N nc30 jR C03NjC8w <�I�,jC, $I�,G @RI3c LC<@j $3 � 0CcjCN,j URUnI�jCRN R8 $CN�aC3c

8aRL j@Rc3 j@�j I3�0 jR $I�,G @RI3c j@�j L3a<3 sCj@CN � ?n$$I3 jCL3Y

� c3,RN0 UnyyI3 Cc j@�j j@3 q�cj L�ERaCjw R8 UaR<3NCjRa $I�,G @RI3c c33L jR @�q3 q3aw

IRs cUCN Vj@3 a3LN�Njc �,\nCa3 @C<@3a cUCN. �aRnN0 60"80X j@�j R8 j@3 L�uCLnL �IIRs30

8Ra F3aa $I�,G @RI3cWY Qa jR $3 LRa3 j3,@NC,�IIw Ua3,Cc3. <Cq3N j@3 03j3,jRa�c ,naa3Nj c3NcCjCqA

CjC3c. sCj@ LRcj CNcUCa�Ic � ,RN~03Nj L3�cna3L3Nj ,�N RNIw $3 L�03 R8 j@3 N3j cUCN �N<nI�a

LRL3NjnL �IC<N30 sCj@ j@3 Ra$Cj�I �N<nI�a LRL3NjnL!8Ra LRcj L3a<3ac 03j3,j30 jR 0�j3

j@Cc a3cnIj Cc ,RNcCcj3Nj sCj@ y3aR VjR sCj@CN 3aaRa $�acWY i@3a3 �a3 j@a33 UaCL�aw ,RN~<nA

a�jCRNc j@�j ,�N �,@C3q3 j@Cc- VSW j@3 CN0CqC0n�I $I�,G @RI3c �,jn�IIw 0R @�q3 ,IRc3 jR y3aR

cUCNc. VlW j@3 CN0CqC0n�I $I�,G @RI3c @�q3 aRn<@Iw 3\n�I $nj RUURcCj3 cUCN �N<nI�a LRL3Nj�.

�� i@3 a3L�CN03a �IcR L�j,@ $CN�aw $I�,G @RI3 j3LUI�j3c. $nj s@3N RN3 Ra $Rj@ ,RLU�NA

CRNc @�q3 L�cc3c I3cc j@�N � 2:5Mˇ. j@3 3q3Nj Cc ,I�ccC~30 �c � $I�,G @RI3"N3njaRN cj�a

Ra $CN�aw N3njaRN cj�a L3a<3a. a3cU3,jCq3IwY iR $3 �$I3 jR 0CcjCN<nCc@ $3js33N $I�,G @RI3c

�N0 N3njaRN cj�ac 8aRL j@3 <a�qCj�jCRN�I s�q3c �IRN3 sRnI0 a3\nCa3 R$c3aq�jCRN R8 j@3 @C<@3a

8a3\n3N,w I�j3 cj�<3c R8 CNcUCa�IgL3a<3a. Ra � @C<@ 3NRn<@ bM` 3q3Nj j@�j j@3 3{3,j R8 jC0�I

038RaL�jCRN Cc �Ia3�0w 3qC03Nj CN j@3 3�aIC3a IRs3a 8a3\n3N,w CNcUCa�I j@�j ,�N $3 R$c3aq30

sCj@ Ua3c3Nj 03j3,jRacY
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RN3 �IC<N30. j@3 Rj@3a �NjC�IC<N30 sCj@ j@3 Ra$Cj�I �N<nI�a LRL3NjnL. VkW j@3 $I�,G @RI3c

@�q3 �a$Cja�aw cUCNc VI3cc j@�N 3uja3L�IW $nj j@3 cUCN q3,jRac �a3 LRcjIw XJUIJO j@3 Ra$Cj�I

UI�N3Y #Rj@ RUjCRNc VlW �N0 VkW �a3 0C|,nIj jR 3uUI�CN sCj@ � $CN�aw 8RaL30 8aRL � cj3II�a

$CN�aw. s@3a3 RN3 sRnI0 jwUC,�IIw 3uU3,j j@3 cUCN q3,jRac jR $3 �ILRcj �IC<N30 sCj@ j@3 Ra$Cj�I

�N<nI�a LRL3NjnL q3,jRaY QUjCRNc VlW �N0 VkW �a3 ,RNcCcj3Nj sCj@ j@3 R,,�cCRN�I 0wN�LCA

,�IIw �cc3L$I30 $CN�aw. �c j@3a3 Cc NR Ua383a3NjC�I RaC3Nj�jCRN 8Ra �N 3cc3NjC�IIw a�N0RL ,IRc3

3N,RnNj3a. $nj RN3 sRnI0 NRj 3uU3,j j@Cc 8Ra j@3 L�ERaCjw R8 3q3Njc �c ,naa3NjIw R$c3aq30Y

i@nc VSW c33Lc j@3 LRcj UI�ncC$I3 3uUI�N�jCRN �j j@3 LRL3NjY ;Cq3N @Rs ,@�II3N<CN< Cj Cc

jR cCLnI�j3 cj3II�a ,RII�Uc3 �j Ua3c3Nj. @3N,3 @�q3 aR$ncj Ua30C,jCRNc 8Ra s@�j j@3 CNCjC�I cUCN

0CcjaC$njCRNc R8 $I�,G @RI3c c@RnI0 $3. j@3 R$c3aq�jCRNc sCII c3aq3 �c nc38nI <nC03 URcjc 8Ra

RN<RCN< j@3Ra3jC,�I cjn0C3c R8 ,RII�Uc3Y

i@3a3 �a3 LRa3 cU3,nI�jCq3 cn<<3cjCRNc 8Ra s@w j@3 UaR<3NCjRac @�q3 IRs cUCNY QN3

Cc j@�j L�Nw R8 j@3c3 IRsAcUCNNCN< $I�,G @RI3c �a3 UaCLRa0C�I CN N�jna3. L3�NCN< j@3 $I�,G

@RI3c LC<@j @�q3 8RaL30 �j � q3aw 3�aIw 3UR,@ CN j@3 mNCq3ac3 Vs3II $38Ra3 cjan,jna3 8RaL�A

jCRNW 8aRL a�a3 cnU3a@C<@ 03NcCjw �n,jn�jCRNc CN j@3 $�,G<aRnN0 a�0C�jCRN ~3I0Y i@3 ,RN,a3j3

L3,@�NCcLc U3RUI3 @�q3 UaRURc30 8Ra j@Cc jwUC,�IIw UaR0n,3 q3aw IRs cUCN $I�,G @RI3c Vc33.

3Y<Y. <��> 8Ra � a3qC3sWY �NRj@3a URccC$CICjw Cc j@�j j@3a3 �a3 �c R8 w3j nN0Cc,Rq3a30 �nIja�A

IC<@j� U�ajC,I3c. sCj@ +RLUjRN s�q3I3N<j@c RN j@3 Ra03a R8 j@3 j3Nc R8 GCIRL3j3a c,�I3 R8

j@3 b,@s�ayc,@CI0 a�0CC R8 cj3II�a L�cc $I�,G @RI3cY bn,@ U�ajC,I3c ,�N 8RaL $RnN0 cj�j3c

�aRnN0 j@3 $I�,G @RI3c. �N0 C8 j@3 $I�,G @RI3 Cc cUCNNCN<. j@3c3 $RnN0 cj�j3c ,�N <aRs $w �

cRA,�II30 cnU3aa�0C�Nj CNj3a�,jCRN sCj@ j@3 cnaaRnN0CN< cU�,3jCL3 <��>Y BN a3�,jCRN. j@3 $I�,G

@RI3 cUCNc 0RsN. URccC$Iw \nCj3 a�UC0Iw RN �cjaRU@wcC,�I jCL3c,�I3c VLn,@ I3cc j@�N j@3 a3IA

3q�Nj <C<�w3�a jCL3c,�I3. s@C,@ Cc Ra03a R8 L�<NCjn03 j@3 L�uCLnL jCL3 $3js33N � $I�,G

@RI3�c $Caj@ �N0 s@3N Cj c@RnI0 cn{3a � ,RIICcCRN sCj@ �NRj@3a jR $3 qCcC$I3 jR HB;QgpCa<RWY

Q8 ,Rnac3. 3q3N C8 cn,@ U�ajC,I3c 3uCcjc. j@3w LC<@j NRj $3 j@3 a3�cRN 8Ra j@3 IRs cUCN $I�,G

@RI3 URUnI�jCRN!j@�j ,RnI0 cjCII Encj $3 0n3 jR UaRU3ajC3c R8 cj3II�a ,RII�Uc3 �N0 $I�,G @RI3

8RaL�jCRNY

i@3 j@Ca0 cnaUaCc3 a3I�j3c jR c3q3a�I RnjIC3a 3q3Njc. j@3 jsR LRcj UaRLCN3Nj $3CN<

;rSOz9lS �N0 ;rSOz4S:. j@�j c33L jR @�q3 UaR<3NCjRa ,RLU�,j R$E3,jc CN j@3 cRA,�II30

�L�cc <�UcY� ;rSOz4S: Cc j@3 L3a<3a R8 � � 23 ˙ 1Mˇ VUa3cnL30W $I�,G @RI3 sCj@ �

� 2:6 ˙ 0:1Mˇ ,RLU�,j R$E3,j <�>Y ;rSOz9lS Cc j@3 L3a<3a R8 � � 85 ˙ 20Mˇ $I�,G @RI3

sCj@ � � 66 ˙ 18Mˇ $I�,G @RI3 <�>Y `3<�a0CN< ;rSOz4S:. �a<nL3Njc 8aRL cj3II�a ,RII�Uc3

cjn0C3c. �c s3II �c � 03�aj@ R8 ,�N0C0�j3c 8aRL Rna GNRsN <�I�,jC, ,RLU�,j R$E3,j URUnA

I�jCRN. cn<<3cj R$E3,jc sCj@ L�cc3c CN j@3 a�N<3 � 2:5Mˇ"5Mˇ 0R NRj jwUC,�IIw 8RaL CN

cj3II�a ,RII�Uc3Y KRa3Rq3a. Cj Cc ,naa3NjIw nNGNRsN C8 j@3 L�uCLnL �IIRs30 L�cc 8Ra � N3nA

jaRN cj�a ,�N a3�,@ 2:5Mˇd C8 Cj jnaNc Rnj jR $3 I3cc j@�N 2:5Mˇ. j@3 IRs3a L�cc ,RLU�NCRN R8

;rSOz4S: sRnI0 $3 ,@�II3N<CN< jR 3uUI�CN VRa $3 �N 3u,330CN<Iw a�a3 R$E3,j. 8Ra 3u�LUI3.

� IRs L�cc $I�,G @RI3 8RaL30 qC� � UaCRa $CN�aw N3njaRN cj�a L3a<3aWY `3<�a0CN< ;rSOz9lS.

cj3II�a cjan,jna3 j@3Raw cn<<3cjc cj�ac sCj@ ,Ra3c CN j@3 L�cc a�N<3 � 65Mˇ"135Mˇ �a3 cn$A

E3,j jR j@3 cRA,�II30 UnIc�jCRN�I U�CaACNcj�$CICjw cnU3aNRq� UaR,3cc3c. s@C,@ $IRsc j@3 ,Ra3c

�U�aj I3�qCN< $3@CN0 NR a3LN�NjY ?Rs3q3a. cCLCI�a jR j@3 Cccn3 R8 j@3 cUCN R8 � $I�,G @RI3

�j $Caj@. j@3a3 Cc � 8�Ca �LRnNj R8 nN,3aj�CNjw jR j@3 3u�,j a�N<3 R8 j@Cc L�cc <�U. �N0 <Cq3N
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j@3 3aaRa $�ac CN j@3 L�cc L3�cna3L3Njc. j@3a3 Cc RNIw LCI0 j3NcCRN $3js33N ;rSOz4S: �N0

,RNq3NjCRN�I j@3RaC3cY
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2CNcj3CN�c j@3Raw R8 <3N3a�I a3I�jCqCjw Cc Rq3a Szz w3�ac RI0. �N0 j@3 \n3cj jR R$c3aq3

j@3 mNCq3ac3 CN <a�qCj�jCRN�I s�q3c Cc Rq3a 9z w3�ac RI0. $3<CNNCN< sCj@ DRc3U@ r3$3a�c UCRA

N33aCN< �jj3LUjc CN j@3 SOfzcY /3cUCj3 j@3c3 IRN< @CcjRaC3c. j@3 ~3I0 R8 <a�qCj�jCRN�I s�q3

�cjaRNRLw Cc CN Cjc CN8�N,w. sCj@ j@3 ~acj 03j3,jCRN RNIw f w3�ac �<RY i@Rn<@ L�Nw cC<N�Ic

R$c3aq30 jR 0�j3 �a3 cRIC0Iw �$Rq3 j@3 j@a3c@RI0 8Ra ,RN~03Nj �cc3ajCRN j@�j j@3w �a3 <a�qA

Cj�jCRN�I s�q3c ,RLCN< 8aRL �cjaRU@wcC,�I cRna,3c. j@3w �a3 cjCII NRj IRn0 3NRn<@ 8Ra @C<@

Ua3,CcCRN j3cjc R8 cjaRN< ~3I0 <a�qCjw. Ra 8Ra @C<@ �,,na�,w 3cjCL�jCRN R8 �II cRna,3 U�a�L3j3acY

KRa3Rq3a. LRcj R8 j@3c3 03j3,jCRNc @�q3 a3IC30 RN j@3Ra3jC,�I j3LUI�j3c R8 3uU3,j30 cRna,3c.

s@C,@ CLUaRq3c j@3 3{3,jCq3 c3NcCjCqCjw R8 j@3 03j3,jRacY i@nc �Nw janIw NRq3I cRna,3 sCII

ICG3Iw RNIw $3 0Cc,Rq3a30 RN,3 j@3 03j3,jRa c3NcCjCqCjC3c �a3 s3II �$Rq3 j@3 j@a3c@RI0 j@3 N3s

cRna,3 ,RnI0 Rj@3asCc3 @�q3 $33N c33N ncCN< j3LUI�j3cY i@3 RN3 3u,3UjCRN @3a3 Cc � cRna,3

j@�j 3LCjc � c@Raj $nacj s3II �UUaRuCL�j30 $w � cCN3A;�nccC�N. �c HB;QgpCa<R 0R 3LUIRw

c3�a,@3c ncCN< cn,@ j3LUI�j3c Vj@Cc ,�N $3 j@Rn<@j R8 �c �N �nNLR03I30� c3�a,@ CN j@3 c3Nc3

j@�j j@3a3 Cc NR U�ajC,nI�a �cjaRU@wcC,�I cRna,3 8aRL s@C,@ j@3 j3LUI�j3 Cc 03aCq30WY

iR a3�ICy3 � 8njna3 s@3a3 � 03j�CI30 UC,jna3 R8 j@3 mNCq3ac3 CN <a�qCj�jCRN�I s�q3c Cc

�jj�CN30 sCII j@nc a3\nCa3 LRa3 c3NcCjCq3 03j3,jRac j@�j ,Rq3a � $aR�03a a�N<3 R8 8a3\n3N,C3c

j@�N �j Ua3c3NjY i@3c3 �a3 $3CN< UI�NN30. �N0 sCj@CN j@3 N3uj 03,�03 Ra jsR s3 ,�N 3uU3,j

�N Ra03a R8 L�<NCjn03 CLUaRq3L3Nj Rq3a 3cc3NjC�IIw j@3 3NjCa3 cI�j3 R8 R$c3aq�jCRN�I ,�LA

U�C<NcY HB;Q Cc sCj@CN � 8�,jRa R8 jsR R8 j@3 RaC<CN�I ��0q�N,30 HB;Q� 03cC<N c3NcCjCqCjw.

s@C,@ c@RnI0 $3 a3�,@30 0naCN< j@3 N3uj R$c3aqCN< ,�LU�C<N V$3<CNNCN< I�j3 lzll"3�aIw

lzlkW. s@3N j@3 F�;`� 03j3,jRa CN D�U�N sCII �IcR ERCN j@3 HB;QgpCa<R N3jsRaG <�>Y 7RIA

IRsCN< j@�j. j@3 UI�N Cc 8Ra �N ��Z� nU<a�03 j@�j sCII CLUaRq3 c3NcCjCqCjw $w �NRj@3a 8�,jRa

R8 jsR. �N0 HB;Q BN0C� sCII ERCN j@3 N3jsRaG V�NjC,CU�j30 jR cj�aj CN lzl9WY iR CLUaRq3

c3NcCjCqCjC3c cC<NC~,�NjIw $3wRN0 j@Cc sCII a3\nCa3 N3s 8�,CICjC3c. �N0 c3q3a�I j@Ca0 <3N3a�A

jCRN 03cC<Nc �a3 $3CN< UI�NN30 8Ra j@3 lzkzc. CN,In0CN< +RcLC, 2uUIRa3a �N0 j@3 2CNcj3CN

i3I3c,RU3 <��>Y i@3c3 ,RnI0 8naj@3a CN,a3�c3 c3NcCjCqCjw $w � 8�,jRa R8 Sz. �c s3II �c R{3a

CLUaRq30 8a3\n3N,w $�N0sC0j@ Rq3a $Rj@ IRs3a V3�aIC3a CN j@3 CNcUCa�I 8Ra $CN�aw ,RLU�,j

R$E3,jcW �N0 @C<@3a 8a3\n3N,C3c VL3a<3a a3<CL3 8Ra $CN�aw N3njaRN cj�acWY M3s j3,@NRIR<C3c

�a3 �IcR $3CN< ,RNcC03a30. LRcj UaRLCcCN< �LRN< j@3c3 �a3 �jRL CNj3a83aRL3j3ac <��>. j@Rn<@

Cj Cc I3cc ,I3�a s@�j j@3 jCL3ICN3 8Ra j@3Ca 03UIRwL3Nj CcY i@3 cU�,3A$�c30 HBb� LCccCRN Cc

3uU3,j30 jR I�nN,@ CN j@3 I�j3 lzkzcY #Rj@ HBb� �N0 j@Ca0 <3N3a�jCRN <aRnN0A$�c30 03j3,jRac

,RnI0 c33 $I�,G @RI3 L3a<3ac sCj@ bM` ,IRc3 jR � j@Rnc�N0 Vj@3 ,naa3Nj bM` a3,Ra0 @RI03a

Cc ;rSez4Se. �j � 32WY +K# L3�cna3L3Njc R8 #ALR03 URI�aCy�jCRN Rq3a j@3 N3uj 03,�03

V3Y<Y. sCj@ j@3 bCLRNc Q$c3aq�jRaw <��> ,naa3NjIw nN03a ,RNcjan,jCRN. �N0 j@3 HCj3#B`/ c�j3IA

ICj3 UI�NN30 jR $3 I�nN,@30 $w j@3 3N0 R8 j@3 03,�03 <��>W. c@RnI0 IRs3a j@3 j@a3c@RI0 �$Rq3

s@C,@ ,RcLC, <a�qCj�jCRN�I s�q3c sRnI0 $3 R$c3aq30 $w �$Rnj �N Ra03a R8 L�<NCjn03Y i@3

c3NcCjCqCjw R8 j@3 UnIc�a jCLCN< N3jsRaG CN,a3�c3c aRn<@Iw sCj@ j@3 c\n�a3AaRRj R8 j@3 R$c3aA
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q�jCRN jCL3. �N0 ,RnI0 $3 �,,3I3a�j30 sCj@ j@3 0Cc,Rq3aw R8 LRa3 @C<@Iw cj�$I3 UnIc�ac ,IR,Gc

jR �00 jR j@3 N3jsRaG Vc33. 3Y<Y. <��>WY

r3 ,RN,In03 sCj@ � $aC38 0Cc,nccCRN R8 s@�j s3 ,�N @RU3g3uU3,j jR I3�aN 8aRL j@3c3

R$c3aq�jRaC3c C8 3q3awj@CN< <R3c �,,Ra0CN< jR UI�NY �j j@3 q3aw I3�cj s3 ,�N 3uU3,j �N 3q3a

,I3�a3a UC,jna3 R8 j@3 03LR<a�U@C,c R8 ,RLU�,j R$E3,jc CN Rna mNCq3ac3 nN8RI0CN<. CLUaRq30

j3cjc R8 j@3 0wN�LC,�I cjaRN< ~3I0 a3<CL3 R8 <3N3a�I a3I�jCqCjw. jC<@j3a ,RNcja�CNjc RN j@3

?n$$I3 ,RNcj�Nj H0 8aRL <a�qCj�jCRN�I s�q3 cj�N0�a0 cCa3Nc. ~acj 03j3,jCRN R8 � cjR,@�cjC,

$�,G<aRnN0 R8 <a�qCj�jCRN�I s�q3c 8aRL nNa3cRIq30 cnU3aL�ccCq3 $I�,G @RI3 $CN�aC3c. �N0

3Cj@3a � ~acj L3�cna3L3Nj R8 � UaCLRa0C�I <a�qCj�jCRN�I s�q3 $�,G<aRnN0 8aRL �N CN��jCRNA

�aw 3UR,@ CN j@3 3�aIw mNCq3ac3. Ra � $RnN0 RN j@3 I�jj3a j@�j sRnI0 c3q3a3Iw ,@�II3N<3 j@3

CN��jCRN�aw U�a�0C<LY B8 s3 �a3 8RajnN�j3. � $CN�aw N3njaRN cj�a L3a<3a �c ,IRc3 Ra ,IRc3a

j@�N ;rSez4Se sCII R,,na 0naCN< j@3 3a� R8 j@3 j@Ca0 <3N3a�jCRN R8 <aRnN0A$�c30 03j3,jRac.

s@C,@ sRnI0 UaRqC03 nNUa3,303Nj30 CNcC<@j CNjR j@3 N�jna3 R8 L�jj3a �j j@3 3uja3L3 Nn,I3�a

03NcCjC3c Ua3c3Nj CN j@3 CNj3aCRa R8 N3njaRN cj�acY B8 s3 �a3 q3aw 8RajnN�j3. � cj�a sCII <R cnU3aA

NRq� Vs@CI3 j@3 03j3,jRac �a3 RN6W CN Rna N3C<@$Ra@RR0 R8 j@3 KCIGw r�w. s@C,@ c@RnI0 $3

,IRc3 3NRn<@ 8Ra nc jR $3 �$I3 jR @3�a Cj CN <a�qCj�jCRN�I s�q3cY

� sCc@ RU3NCN< nU Rna qC3s R8 j@3 mNCq3ac3 jR j@3 L30CnL R8 <a�qCj�jCRN�I s�q3c

@�c �Is�wc $33N j@�j N3s. nN3uU3,j30. �N0 cnaUaCcCN< cRna,3c sCII $3 0Cc,Rq3a30Y i@Rn<@.

R8 ,Rnac3. s3 ,�NNRj L�G3 � ICcj R8 j@3 janIw nN3uU3,j30. j@3a3 �a3 cRna,3c j@�j U3RUI3 @�q3

cU3,nI�j30 �$Rnj j@�j sRnI0 $3 cnaUaCcCN<. �N0 cRL3 \nCj3 a3qRInjCRN�aw. C8 0Cc,Rq3a30Y i@3c3

CN,In03 ,RcLC, cjaCN<c. nIja�IC<@j U�ajC,I3c 0aCqCN< $I�,G @RI3 cnU3aa�0C�N,3. N3s GCN0c R8

,RLU�,j R$E3,jc cn,@ �c $RcRN cj�ac. �N0 q�aCRnc �3uRjC,� @RaCyRNI3cc ,RLU�,j R$E3,j �Ij3aA

N�jCq3c jR $I�,G @RI3cY i@3 I�jj3a CN,In03 8nyy$�IIc. <a�q�cj�ac. �N0 �0b V�NjCA03 bCjj3aW $I�,G

$n$$I3c. �II CNcUCa30 $w C03�c RN @Rs �\n�NjnL <a�qCjw� ,RnI0 a3cRIq3 j@3 cCN<nI�aCjC3c R8

<3N3a�I a3I�jCqCjw �N0 �UU�a3Nj CN8RaL�jCRN IRcc U�a�0Ru �ccR,C�j30 sCj@ $I�,G @RI3c j@�j

3q�URa�j3 qC� j@3 ?�sGCN< UaR,3ccY #nj U3a@�Uc j@3 $C<<3cj cnaUaCc3 R8 �II sRnI0 $3 C8. RN,3

�II Cc c�C0 �N0 0RN3. j@3a3 �a3 NR cnaUaCc3c $3wRN0 � 83s $I�,G @RI3c @�qCN< $33N $RaN sCj@

j@3Ca jsR cja�N0c R8 F3aa @�Ca cj�N0CN< LCI0Iw Rnj R8 UI�,3Y

'UNDING

i@3 �nj@Ra �,GNRsI30<3c cnUURaj 8aRL Mb7 ;a�Nj MRY T?vASOSlSeS. j@3 bCLRNc 7RnNA

0�jCRN. �N0 j@3 +�N�0C�N BNcjCjnj3 7Ra �0q�N,30 `3c3�a,@ V+B7�`WY

3EFERENCES

<�> #Y TY �$$Rjj. 3j �IY. Q$c3aq�jCRN R8 <a�qCj�jCRN�I s�q3c 8aRL � $CN�aw $I�,G @RI3

L3a<3aY 1IZT� 3FW� -FUU� ��� VlzSfW. NRY f. zfSSzlY

<�> #Y TY �$$Rjj. 3j �IY. i3cjc R8 <3N3a�I a3I�jCqCjw sCj@ ;rS9zOS:Y 1IZT� 3FW� -FUU�

��� VlzSfW. NRY ll. llSSzSY )2aa�jnL- 1IZT� 3FW� -FUU� ��� VlzS4W. SlOOzl*Y

<�> #Y TY �$$Rjj. 3j �IY. ;a�qCj�jCRN�I s�q3c �N0 ;�LL�Aa�wc 8aRL � $CN�aw N3njaRN

cj�a L3a<3a- ;rSez4Se �N0 ;`# Sez4Se�Y "TUSPQIZT� +� -FUU� ��� VlzSeW. NRY l.

HSkY

��� " SURVEY OF GRAVITATIONAL WAVES



<�> #Y TY �$$Rjj. 3j �IY. ;rSez4Se- R$c3aq�jCRN R8 <a�qCj�jCRN�I s�q3c 8aRL � $CN�aw

N3njaRN cj�a CNcUCa�IY 1IZT� 3FW� -FUU� ��� VlzSeW. NRY Sf. SfSSzSY

<�> #Y TY �$$Rjj. 3j �IY. KnIjCAL3cc3N<3a R$c3aq�jCRNc R8 � $CN�aw N3njaRN cj�a L3a<3aY

"TUSPQIZT� +� -FUU� ��� VlzSeW. NRY l. HSlY

<�> #Y TY �$$Rjj. 3j �IY. TaRcU3,jc 8Ra R$c3aqCN< �N0 IR,�ICyCN< <a�qCj�jCRN�IAs�q3 ja�NA

cC3Njc sCj@ �0q�N,30 HB;Q. �0q�N,30 pCa<R �N0 F�;`�Y -JWJOH 3FW� 3FMBUJW�

�� VlzS4W. NRY S. kY

<�> #Y TY �$$Rjj. 3j �IY. ;ri+AS- � <a�qCj�jCRN�IAs�q3 ja�NcC3Nj ,�j�IR< R8 ,RLA

U�,j $CN�aw L3a<3ac R$c3aq30 $w HB;Q �N0 pCa<R 0naCN< j@3 ~acj �N0 c3,RN0

R$c3aqCN< anNcY 1IZT� 3FW� 9 � VlzSOW. NRY k. zkSz:zY

<�> `Y �$$Rjj. 3j �IY. ;rSOz9lS- � $CN�aw $I�,G @RI3 L3a<3a sCj@ � jRj�I L�cc R8

150MˇY 1IZT� 3FW� -FUU� ��� VlzlzW. NRY Sz. SzSSzlY

<�> `Y �$$Rjj. 3j �IY. ;rSOz4S:- <a�qCj�jCRN�I s�q3c 8aRL j@3 ,R�I3c,3N,3 R8 � lk

cRI�a L�cc $I�,G @RI3 sCj@ � lYf cRI�a L�cc ,RLU�,j R$E3,jY "TUSPQIZT� +� -FUU� ���

VlzlzW. NRY l. H::Y

<��> `Y �$$Rjj. 3j �IY. ;ri+AlYS- 033U 3uj3N030 ,�j�IR< R8 ,RLU�,j $CN�aw ,R�I3cA

,3N,3c R$c3aq30 $w HB;Q �N0 pCa<R 0naCN< j@3 ~acj @�I8 R8 j@3 j@Ca0 R$c3aqCN<

anNY lzlSY

<��> `Y �$$Rjj. 3j �IY. ;ri+Ak- ,RLU�,j $CN�aw ,R�I3c,3N,3c R$c3aq30 $w HB;Q �N0

pCa<R 0naCN< j@3 c3,RN0 U�aj R8 j@3 j@Ca0 R$c3aqCN< anNY lzlSY

<��> `Y �$$Rjj. 3j �IY. i@3 URUnI�jCRN R8 L3a<CN< ,RLU�,j $CN�aC3c CN83aa30 ncCN< <a�qA

Cj�jCRN�I s�q3c j@aRn<@ ;ri+AkY lzlSY

<��> `Y �$$Rjj. 3j �IY. i3cjc R8 <3N3a�I a3I�jCqCjw sCj@ $CN�aw $I�,G @RI3c 8aRL j@3

c3,RN0 HB;QApCa<R <a�qCj�jCRN�IAs�q3 ja�NcC3Nj ,�j�IR<Y 1IZT� 3FW� % ��� VlzlSW.

NRY Sl. SllzzlY

<��> `Y �$$Rjj. 3j �IY. i3cjc R8 <3N3a�I a3I�jCqCjw sCj@ ;ri+AkY lzlSY

<��> TY �03. 3j �IY. i@3 bCLRNc Q$c3aq�jRaw- c,C3N,3 <R�Ic �N0 8Ra3,�cjcY +� $PTNPM�

"TUSPQBSU� 1IZT� �� VlzSOW. z9fY

<��> HY #�a�,G. 3j �IY. #I�,G @RI3c. <a�qCj�jCRN�I s�q3c �N0 8nN0�L3Nj�I U@wcC,c-

� aR�0L�UY $MBTTJDBM 2VBOUVN (SBWJUZ �� VlzSOW. NRY S:. S:kzzSY

<��> `Y #aCjR. pY +�a0RcR. �N0 TY TY bnU3aa�0C�N,3. M3s 8aRNjC3ac CN $I�,G @RI3 U@wcC,cY

-FDUVSF /PUFT JO 1IZT� ��� VlzS9W. S"lkeY

<��> �Y #nRN�NNR. ;a�qCj�jCRN�I s�q3cY BN -FT )PVDIFT 4VNNFS 4DIPPM þ 4FTTJPO ���

QBSUJDMF QIZTJDT BOE DPTNPMPHZ� UIF GBCSJD PG TQBDFUJNF. H3c ?Rn,@3c. 7a�N,3.

lzzeY

<��> �Y #nRN�NNR �N0 iY /�LRna. 2{3,jCq3 RN3A$R0w �UUaR�,@ jR <3N3a�I a3I�jCqCcjC,

jsRA$R0w 0wN�LC,cY 1IZT� 3FW� % �� VSOOOW. z4:zzfY

<��> #Y +�aa �N0 7Y Fn@N3I. TaCLRa0C�I $I�,G @RI3c �c 0�aG L�jj3a ,�N0C0�j3cY BN -FT

)PVDIFT TVNNFS TDIPPM PO %BSL .BUUFS. H3c ?Rn,@3c. 7a�N,3. lzlSY

<��> #Y +�aj3a. �uCcwLL3jaC, $I�,G @RI3 @�c RNIw jsR 03<a33c R8 8a330RLY 1IZT� 3FW�

-FUU� �� VSOeSW. kkS"kkkY

<��> DY +�c�a3c. TY ;Y DRNG3a. �N0 ;Y Bca�3IC�N. tAa�w $CN�aC3cY lzSeY

��� '� 1RETORIUS



<��> KY rY +@RUjnCG �N0 7Y Ta3jRaCnc. mIja� a3I�jCqCcjC, U�ajC,I3 ,RIICcCRNcY 1IZT� 3FW�

-FUU� ��� VlzSzW. SSSSzSY

<��> bY /CLRURnIRc �N0 ;Y HY H�N0c$3a<. #I�,G @RI3c �j j@3 H?+Y 1IZT� 3FW� -FUU� ��

VlzzSW. SfSfzlY

<��> 7Y /wcRN. Bc � <a�qCjRN 03j3,j�$I3] *OUFSOBU� +� .PEFSO 1IZT� " �� VlzSkW.

Skkzz:SY

<��> rY 2Y 2�cj �N0 7Y Ta3jRaCnc. mIja�a3I�jCqCcjC, $I�,G @RI3 8RaL�jCRNY 1IZT� 3FW� -FUU�

��� VlzSkW. NRY Sz. SzSSzSY

<��> DY HY 73N< �N0 �Y /Y b@�U3a3. #I�,G @RI3 UaR0n,jCRN $w ,RcLC, a�wcY 1IZT� 3FW�

-FUU� �� VlzzlW. zlSkzkY

<��> bY 2Y 7C3I0. +Y `Y ;�II3w. 7Y ?3aaL�NN. DY bY ?3cj@�q3N. 2Y Q,@cN3a. �N0 KY iC<ICR.

`30n,30 $�cCc ,�j�IR<c 8Ra <a�qCj�jCRN�I s�q3 j3LUI�j3cY 1IZT� 3FW� -FUU� ���

VlzSSW. llSSzlY

<��> 2Y 2Y 7I�N�<�N �N0 bY �Y ?n<@3c. i@3 #�cC,c R8 <a�qCj�jCRN�I s�q3 j@3RawY /FX +�

1IZT� � Vlzz9W. lz:Y

<��> rY HY 7a330L�N. K3�cna3L3Njc R8 j@3 ?n$$I3 ,RNcj�Nj- j3NcCRNc CN U3acU3,jCq3Y

"TUSPQIZT� +� ��� VlzlSW. NRY S. SfY

<��> `Y ;3C<3a. BN 'VUVSF HSBWJUBUJPOBM XBWF EFUFDUPST CBTFE PO BUPN JOUFSGFSPNFUSZ.

30Cj30 $w ;Y �n<�a �N0 2Y TI�<NRI. UUY l49"kSk. rRaI0 b,C3NjC~, Tn$ICc@CN< +RY

Tj3Y Hj0Y. lzSeY

<��> bY #Y ;C00CN<c �N0 bY /Y i@RL�c. ?C<@A3N3a<w ,RIIC03ac �c $I�,G @RI3 8�,jRaC3c-

i@3 2N0 R8 c@Raj 0Ccj�N,3 U@wcC,cY 1IZT� 3FW� % �� VlzzlW. z9fzSzY

<��> +Y ;nN0I�,@. bY �G,�w. HY #�a�,G. �N0 �Y M�<�a. +aCjC,�I U@3NRL3N� �j j@3

j@a3c@RI0 R8 CLL30C�j3 L3a<3a CN $CN�aw $I�,G @RI3 cwcj3Lc- j@3 3uja3L3 L�cc

a�jCR ,�c3Y 1IZT� 3FW� % �� VlzSlW. z4:zllY

<��> bY rY ?�sGCN<. ;a�qCj�jCRN�I a�0C�jCRN 8aRL ,RIIC0CN< $I�,G @RI3cY 1IZT� 3FW� -FUU�

�� VSOeSW. Sk::"Sk:fY

<��> bY rY ?�sGCN<. #I�,G @RI3c CN <3N3a�I a3I�jCqCjwY $PNN� .BUI� 1IZT� �� VSOelW.

S9l"SffY

<��> ;Y ?R$$c �N0 bY /�C. ;a�qCj�jCRN�I s�q3 a3c3�a,@ ncCN< UnIc�a jCLCN< �aa�wcY /BU�

4DJ� 3FW� � VlzSeW. NRY 9. eze"eSeY

<��> rY Bca�3I. 2q3Nj @RaCyRNc CN cj�jC, q�,nnL cU�,3AjCL3cY 1IZT� 3FW� ��� VSOfeW.

Seef"SeeOY

<��> pY F�IR<3a�. 3j �IY. i@3 N3uj <3N3a�jCRN <IR$�I <a�qCj�jCRN�I s�q3 R$c3aq�jRaw- j@3

c,C3N,3 $RRGY lzlS. �atCq-lSSSYzfOOzY

<��> /Y F�c3N. #Y K3jy<3a. DY #�aN3c. 2Y [n�j�3aj. �N0 2Y `�LCa3yA`nCy. QaC<CN R8 j@3

@3�qw 3I3L3Njc CN $CN�aw N3njaRNAcj�a L3a<3ac 8aRL � <a�qCj�jCRN�I s�q3 3q3NjY

/BUVSF ��� VlzSeW. 4zY

<��> HY H3@N3a �N0 7Y Ta3jRaCnc. #I�,G cjaCN<c. IRs qCc,RcCjw �nC0c. �N0 qCRI�jCRN R8

,RcLC, ,3NcRac@CUY 1IZT� 3FW� -FUU� ��� VlzSzW. SzSSzlY

<��> +Y rY KCcN3a. FY bY i@RaN3. �N0 DY �Y r@33I3a. (SBWJUBUJPOY rY ?Y 7a33L�N. b�N

7a�N,Cc,R. SOekY

��� " SURVEY OF GRAVITATIONAL WAVES



<��> ?Y QG�s�. FACY M�G�R. �N0 KY b@C$�j�. Bc cnU3aATI�N,GC�N U@wcC,c qCcC$I3] " b,�jA

j3aCN< R8 $I�,G @RI3c CN 9 0CL3NcCRNcY 1IZT� 3FW� % �� VlzSSW. SlS9zSY

<��> `Y T3NaRc3. ;a�qCj�jCRN�I ,RII�Uc3- j@3 aRI3 R8 <3N3a�I a3I�jCqCjwY /VPWP $JNFOUP

3JW� � VSOfOWY

<��> `Y T3NaRc3. BN 4FNJOBS PO EJµFSFOUJBM HFPNFUSZ. 30Cj30 $w bY iY v�n. TaCN,3jRN

mNCq3acCjw Ta3cc. TaCN,3jRN. M3s D3ac3w. SO4lY

<��> 7Y Ta3jRaCnc. 2qRInjCRN R8 $CN�aw $I�,G @RI3 cU�,3jCL3cY 1IZT� 3FW� -FUU� ��

Vlzz9W. SlSSzSY

<��> 7Y Ta3jRaCnc �N0 rY 2Y 2�cj. #I�,G @RI3 8RaL�jCRN 8aRL j@3 ,RIICcCRN R8 UI�N3A

8aRNj30 <a�qCj�jCRN�I s�q3cY 1IZT� 3FW� % �� VlzS4W. NRY 4. z4:z9kY

<��> 7Y Ta3jRaCnc �N0 /Y F@na�N�. #I�,G @RI3 L3a<3ac �N0 nNcj�$I3 ,Ca,nI�a Ra$CjcY

$MBTTJDBM 2VBOUVN (SBWJUZ �� VlzzeW. b4k"bSz4Y

<��> /Y +Y `R$CNcRN. mNC\n3N3cc R8 j@3 F3aa $I�,G @RI3Y 1IZT� 3FW� -FUU� �� VSOe9W.

Oz9"OzfY

<��> vY b3GCLRjR. 3j �IY. +RN,3Uj 03cC<N R8 IRs 8a3\n3N,w j3I3c,RU3 8Ra +K# #ALR03

URI�aCy�jCRN c�j3IICj3 HCj3#B`/Y 1SPD� 41*& *OU� 4PD� 0QU� &OH� ����� VlzlzW.

SS:9kSzY

<��> mY bU3a@�G3. 2Y #3ajC. pY +�a0RcR. �N0 7Y Ta3jRaCnc. mNCq3ac�ICjw. L�uCLnL a�0C�A

jCRN �N0 �$cRaUjCRN CN @C<@A3N3a<w ,RIICcCRNc R8 $I�,G @RI3c sCj@ cUCNY 1IZT� 3FW�

-FUU� ��� VlzSkW. NRY :. z:SSzSY

<��> mY bU3a@�G3. pY +�a0RcR. 7Y Ta3jRaCnc. 2Y #3ajC. �N0 DY �Y ;RNy�I3y. i@3 ?C<@A

3N3a<w ,RIICcCRN R8 jsR $I�,G @RI3cY 1IZT� 3FW� -FUU� ��� Vlzz4W. SfSSzSY

<��> FY i@RaN3. BN .BHJD XJUIPVU NBHJD. 30Cj30 $w DY FI�n03a. rY ?Y 7a33L�N. b�N

7a�N,Cc,R. SOelY

<��> +Y KY rCII. i@3 ,RN8aRNj�jCRN $3js33N <3N3a�I a3I�jCqCjw �N0 3uU3aCL3NjY -JWJOH

3FW� 3FMBUJW� �� VlzS:W. NRY :Y

<��> MY vnN3c. FY v�<C. �N0 7Y Ta3jRaCnc. i@3Ra3jC,�I U@wcC,c CLUIC,�jCRNc R8 j@3 $CN�aw

$I�,G @RI3 L3a<3ac ;rS9zOS: �N0 ;rS9SllfY 1IZT� 3FW� % �� VlzSfW. NRY 4.

z4:zzlY

'RANS 1RETORIUS

/3U�ajL3Nj R8 T@wcC,c. TaCN,3jRN mNCq3acCjw. TaCN,3jRN. MD z49::. mb�.

8Ua3jRaC"UaCN,3jRNY30n

��� '� 1RETORIUS




