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!"#$%&'(&)'*+%*+,&
• <=>2?@!234/! ! ! ! "!
• #-./(),,$0-)&1*A!%33(*+0/! ! ! 6!
• >B&3-(!CDE*A3! ! ! ! F!
• GCH! ! ! ! ! ! F!
• I1$-(!#$%%'+*A)(*$+/!
• J',(*KA-*(3-*$+!L*+3%)03!0-)&1*A/!*+!!!!!!
!"#$%&! ! ! ! ! M!

• &13+*B93+/3%N,3-O!)!($$,!P$-!%',(*&,3!
/'&3-&$/*(*$+! ! ! ! Q!

• &13+*B9%-R-$/3(()O!C!+34!($$,!P$-!D*PP*A',(!
%$,3A',)-!-3&,)A3%3+(!&-$N,3%/! ! "7!

• C-(*A,3/!
• G'SS.!/&)A3!0-$'&!/.%N$,/O!=F!)+D!=F6! "6!
• :*/'),*S*+0!(13!-)4!D*PP-)A(*$+!&)((3-+!4*(1!
TCU>T?V! ! ! ! ! "W!

• >,3A(-$+!D3+/*(.!*,,'/(-)(*$+/! ! 6W!
• J)B*%'%!,*L3,*1$$D!-3P*+3%3+(!P$-!(4*++3D!
/(-'A('-3/! ! ! ! ! 6X!

• VTI!P$-!D'%%*3/! ! ! ! Y6!

-./+'0&
2*03,!Z9!J$-*)-(.;!2ZJ$-*)-(.[TUT9\$E!

)'*+0/#1+'0,&
<9!]9!CD)%/;!<9!:9!CP$+*+3;!]9!U)L3-;!
T9!^9!U$'-1*/;!\9!U'+L_AS*;!:9!U9!#13+;!G9!]*J)*$;!
29!>A1$,/;!^9!^9!=3)DD;!`9!Z9!\-$//3Ka'+/(,3E3;!
:9!b9!T'+*+;!29!Z9!J$-*)-(.;!`9!^9!`3)D;!
]9!#9!`*A1)-D/$+;!^9!I9!`*A1)-D/$+;!29!a9!I)'(3-;!
V9!#9!V3-4*,,*03-;!C9!c-S1'%(/3E;!#9!Z*,,*)%/!
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23-456&4%7,&
4%7&0%$%",%,&
C!+34!($$,!P$-!)'($%)(3D!&)-(*(*$+*+0!)!%$D3,!
*+($! VTI! 0-$'&/;! phenix.find_tls_groups, 
*/! +$4! )E)*,)N,39! V1*/! ($$,! */! )E)*,)N,3! *+! (13!
\c?! )+D! A$%%)+DK,*+3! *+(3-P)A3/! )+D! A)+!
()L3!)DE)+()03!$P!)DD*(*$+),!)E)*,)N,3!#<c!($!
03+3-)(3! (13! )($%! /3,3A(*$+! P$-! )! -3P*+3%3+(!
-'+9! V13! )'($%)(*A),,.! D3P*+3D! VTI! 0-$'&/!
A)+! N3! -3)D*,.! E*/'),*/3D! )+D! 3D*(3D! *+! (13!
\c?9! V1*/! ($$,! )+D! ),,! $(13-/!%3+(*$+3D! 13-3!
)-3!)E)*,)N,3!*+!!"#$%&!E3-/*$+!"9d9!

:*/'),*/)(*$+! $P! %'(*,KA-*(3-*)! L*+3%)03!
0-)&1*A/! */! +$4! )E)*,)N,3! *+! !"#$%&! )+D! */!
D*/A'//3D! *+! (13! /1$-(! A$%%'+*A)(*$+/! $+!
&)03!M9!!

\3+3-)(*$+! $P! 3+/3%N,3/! P$-! J$,3A',)-!
`3&,)A3%3+(! 5J`8! */! (13! 0$),! $P! +34! -3,3)/3!
A),,3D! phenix.ensembler9! C+$(13-! +34!
-3,3)/3!*+(30-)(3/!J`!)+D!`$/3(()!*+!!"#$%&9!
G$-! %$-3! D3()*,/;! /33! (13! /1$-(!
A$%%'+*A)(*$+/! P$-! phenix.ensembler $+!
&)03!Q!)+D!phenix.mr_rosetta!$+!&)03!"79!

4%7&(%"+10%,&
!"#"$"%&"'()*"+'$",-$./%-,'
`3P3-3+A3!%$D3,! -3/(-)*+(/! )-3! '/3D! ($! /(33-!
-3P*+3%3+(! *+! A)/3/! 413-3! (13! 4$-L*+0! D)()!

V13! #$%&'()(*$+),! #-./(),,$0-)&1.! 234/,3((3-! 5##28! */! )! -30',)-,.! D*/(-*N'(3D! 3,3A(-$+*A),,.! E*)! 3%)*,! )+D! (13! <=>2?@!
43N/*(3;!4449&13+*BK$+,*+39$-0e+34/,3((3-9!G3)('-3!)-(*A,3/;!%33(*+0!)++$'+A3%3+(/!)+D!-3&$-(/;!*+P$-%)(*$+!$+!-3/3)-A1!$-!
$(13-!*(3%/!$P!*+(3-3/(!($!A$%&'()(*$+),!A-./(),,$0-)&13-/!$-!A-./(),,$0-)&1*A!/$P(4)-3!'/3-/!A)+!N3!/'N%*((3D!($!(13!3D*($-!)(!
)+.!(*%3!P$-!A$+/*D3-)(*$+9!I'N%*//*$+!$P!(3B(!N.!3%)*,!$-!4$-DK&-$A3//*+0!P*,3/!'/*+0!(13!##2!(3%&,)(3/!*/!-3f'3/(3D9!
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/3(! */! ,$4! -3/$,'(*$+;! N'(! (13-3! */! )! L+$4+!
-3,)(3D! /(-'A('-3! /$,E3D! )(! 1*013-! -3/$,'(*$+9!
V13!1*013-!-3/$,'(*$+!-3P3-3+A3!%$D3,!*/!'/3D!
($! 03+3-)(3! )! /3(! $P! D*13D-),! -3/(-)*+(/! (1)(!
)-3! )&&,*3D! ($! 3)A1!%)(A1*+0! D*13D-),! *+! (13!
4$-L*+0! %$D3,9! I3f'3+A3! ),*0+%3+(! */!
1)+D,3D! )'($%)(*A),,.! *+! A)/3/! $P! /3f'3+A3!
D*//*%*,)-*(.;! *+A,'D*+0!1)+D,*+0! P$-!D3,3(*$+/!
)+D! *+/3-(*$+/9! C,(3-+)(*E3,.;! /3,3A(*$+/! %).!
N3!'/3D!($!1)+DK/&3A*P.!(13!D3/*-3D!-3P3-3+A3!
0-$'&! *+! )! &)-)%3(3-! P*,39! V$! '/3! 5),/$!
)E)*,)N,3! *+! \c?8! )DD! (13! P$,,$4*+0! ($! (13!
*+&'(9!
main.reference_model_restraints=True     
reference_model.file=my_reference.pdb!

V$!/&3A*P.!-3P3-3+A3!0-$'&5/8;!
refinement.reference_model.reference_group  
{ 
reference = chain A and resseq 130:134 
selection = chain B and resseq 120:124 
} 

G$-! )! P',,! ,*/(! $P! -3P3-3+A3! %$D3,! $&(*$+/;!
&,3)/3!/33!(13!phenix.refine!D$A'%3+()(*$+. 

012("%-"*'3.,"45./$/%2'$",-$./%-,'#)$'!60'
`2C! N)/3K&)*-*+0! -3/(-)*+(/! 1)E3! N33+!
)'0%3+(3D! ($! *+A,'D3! %)+.! +$+KZ)(/$+K
#-*AL!&)*-*+0/;!*+A,'D*+0!),,!6Q!I)3+03-!(.&3/9!
I)3+03-!+$%3+A,)('-3!*/!+$4!'/3D!N.!D3P)',(!
($! /&3A*P.! )&&,*A)N,3! N)/3K&)*-/9! U)/3K&)*-/!
)-3! D3(3-%*+3D! )'($%)(*A),,.! P-$%! (13! *+&'(!
%$D3,;!N'(!%).!),/$!N3!/&3A*P*3D!N.!1)+D!*+!)!
&)-)%3(3-!P*,39!V$!/&3A*P.!)!N)/3K&)*-!N.!(.&3!
*+!)!&)-)%3(3-!P*,3O!
nucleic_acids { 
  base_pair { 
    base1 = "chain \"A\" and resseq 54" 
    base2 = "chain \"A\" and resseq 72" 
    saenger_class = "XIX" 
  } 
} 

G$-! )! P',,! ,*/(! $P! /3A$+D)-.! /(-'A('-3! $&(*$+/;!
&,3)/3! /33! (13! $+K,*+3! D$A'%3+()(*$+! P$-!
phenix.refine9!
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)08,+"$$'90":;/<&=%%+/*9,&"*.&
7'0>,;':,&
?@+;&A%,+&)'",+&20'+%/*&)08,+"$$'90":;8&A'0>,;':B&
?@C?D&E"0<;B&?@FF&
V13!N*K)++'),!Z#<#Z!*/!N3*+0!13,D!)(!)!+34!
,$A)(*$+;! J$+(3-3.! <,)S)! =$(3,! *+! J$+(3-3.;!
#C! $+! (13! 67(1! ($! (13! 6F-D! $P!J)-A19' !"#$%&!
D3E3,$&3-/!4*,,!N3!*+!)((3+D)+A39!

G":/H"+"B&DCI&J:0/$B&?@FF&
`)&*])();! (13! )++'),! D)()! A$,,3A(*$+! )+D!
/(-'A('-3K/$,E*+0! A$'-/3! */! N3*+0! 13,D! P-$%!
(13!F-D! ($! (13!Q(1!$P!C&-*,9!!"#$%&!D3E3,$&3-/!
4*,,!N3!*+!)((3+D)+A39!

5*+%0*"+/'*"$& )'*(%0%*<%& '*& K+01<+10"$& L%*'=/<,&
E"8&F@CFMB&?@FF&
V13! ?+(3-+)(*$+),! I(-'A('-),! \3+$%*A/!
g-0)+*/)(*$+!5?I\g8!*/!1$,D*+0!)!A$+P3-3+A3!*+!
V$-$+($;!#)+)D)!P-$%!(13!"7(1!($!(13!"Y(1!$P!
J).9! V13! h!"#$%&! #-./(),,$0-)&1.! I$P(4)-3!
Z$-L/1$&i!*/!)+!),,!D).!3E3+(!$+!(13!P*-/(!D).9!!

J=%0/<"*& )08,+"$$'90":;/<& J,,'</"+/'*B& ?I& E"8& N&
?&O1*%B&?@FF&
C!4$-L/1$&;!3+(*(,3D!h?+(-$D'A(*$+!($!!"#$%&!
P$-! N30*++*+0! ($! )DE)+A3D! A-./(),,$0-)&13-/i!
*/! &,)++3D! P$-! (13! 67""! J33(*+0! $P! (13!
C%3-*A)+!#-./(),,$0-)&1*A!C//$A*)(*$+!*+!234!
g-,3)+/;! T$'*/*)+)9! V13! 4$-L/1$&! */! N3*+0!
13,D!$+!(13!6Q(1!J).!4*(1!P'-(13-!*+P$-%)(*$+!
)E)*,)N,3!)(!4449)%3-A-./(),)//+9$-09!

6655& )'*90%,,& "*.&L%*%0"$& J,,%=#$8&'(& +;%&
5*+%0*"+/'*"$&P*/'*&'(&)08,+"$$'90":;8&Q5P)0RB&??CD@&
J191,+&?@FF&
V13! 66+D! #$+0-3//! )+D! \3+3-),! C//3%N,.! $P!
(13! ?c#-!4*,,!N3!13,D! *+!J)D-*D;!I&)*+!$+! (13!
66+D!($!(13!F7(1!$P!C'0'/(9!!

23-456&P,%0S,&A'0>,;':B&FT&E"0<;B&?@FF&
C!!"#$%&!'/3-j/!4$-L/1$&!*/!N3*+0!&,)++3D!*+!
U3-L3,3.;! #),*P$-+*)! $+! (13! "d(1! $P!J)-A1! P$-!
,$A),! )-3)! /('D3+(/;! &$/(D$A/! )+D! $(13-!
*+(3-3/(3D!&)-(*3/9! !<,3)/3!A$+()A(!2)(!>A1$,/!
)(!2>A1$,/[,N,90$E!P$-!P'-(13-!*+P$-%)(*$+9!

!
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-U:%0+&".V/<%&

W/++/*9&!/:,&
X/*<%*+!"#$%&!"#'()*+,#$'!-(..(/0)!/%1!2/%$!
3(4#/'1)+%&!567$!8%(9$')(*:!

2$4!(1)(!%$D3,!N'*,D*+0!*/!1*01,.!)'($%)(3D;!
P$-! 3B)%&,3! *+!!"#$%&;! A-./(),,$0-)&13-/! 03(!
%'A1! ,3//! 3B&3-*3+A3! 4*(1! (13! P'+! $P! P*((*+0!
0$$D!%)&/!)+D!&3-1)&/! A$',D!'/3! (*&/! )N$'(!
41)(! ($! ,$$L! P$-! *+! (13! D*PP*A',(! A)/3/! 413-3!
(13! )'($%)(3D! %3(1$D/! D$+j(! /'PP*A3!
-3f'*-*+0! (1)(! (13.! D$! *(! (13%/3,E3/9! ?+! (1*/!
/3-*3/;!43!4*,,!(-.!($!&)//!),$+0!$'-!$4+!1)-DK
3)-+3D!-',3/!$P!(1'%N9!J$/(!$P!(13/3!)-3!41)(!
43! A),,! k/./(3%)(*A! 3--$-/k;! N3A)'/3! (13.!
1)&&3+!-3&3)(3D,.!*+!)!/*%*,)-!&)((3-+!A)'/3D!
N.! )! %*/,3)D*+0! )&&3)-)+A3! *+! (13! 3,3A(-$+!
D3+/*(.! $-! )! %*/,3)D*+0! )//'%&(*$+! )N$'(!
41)(!/1$',D!N3!(-'3!*+!(13!%$D3,9!!V1)(!%3)+/!
(13.! $AA'-! P)*-,.! $P(3+! *+! A3-()*+!
A*-A'%/()+A3/;!N'(!P$-('+)(3,.!(13-3!*/!'/'),,.!
)!-3A*&3!P$-!41)(!+33D/!($!N3!D$+3!($!P*B!(13%9!

g'-!*+*(*),!P*((*+0!(*&!*/!$+3!3/&3A*),,.!-3,3E)+(!
)(!,$4!-3/$,'(*$+!5)-$'+D!Fl!)+D!4$-/38;!P*-/(!
+$(*A3D! -3A3+(,.! 413+! 13,&*+0! ($! -3N'*,D!
-*N$/$%3! /(-'A('-3/! 5*+! A$,,)N$-)(*$+! 4*(1!
^)%*3!#)(389!!Z3!3+A$'+(3-3D!&,)A3/!413-3!)+!
3B(3+D3D! m! /(-)+D;! *+/(3)D! $P! (13! '/'),!
),(3-+)(*$+!$P!&3&(*D3!D*-3A(*$+;!/1$43D!(1-33!
A)-N$+.,/! *+! )! -$4! (1)(! ),,! &$*+(3D! (13! /)%3!
03+3-),!D*-3A(*$+9!!G*0'-3!"!/1$4/!)+!3B)%&,3!
$P! )! (1-33K/(-)+D3D! )+(*&)-),,3,! m! /133(! 4*(1!
(4$! /'A1! &-$N,3%/! 5,3P(! &)+3,;! 4*(1! (13! #g!
(-*&,3/! ,)N3,3D! *+! -3D;! (13! ),,K)($%! A,)/13/! )/!
&*+L! /&*L3/! )+D! `)%)A1)+D-)+! $'(,*3-/! )/!
0-33+! ,*+3/89! ! V1*/! &-3E3+(/! 0$$D!=KN$+D*+0;!
&-$D'A3/!A,)/13/;!$P(3+!&,)A3/!)! /*D3A1)*+!$+!
(13!4-$+0!/*D3!$P!(13!/133(!)+D;!'/'),,.;!,3)D/!
($!`)%)A1)+D-)+!$'(,*3-/9!

V13! %*/,3)D*+0! P3)('-3! (1)(! A)'/3/! (1*/!
%*/()L3! */! (1)(! *+! (13! 69W! ($! Fl! -3/$,'(*$+!
-)+03!(13!A)-N$+.,/!/()-(!($! ,$/3!D3P*+*(*$+!*+!
(13! %)&! )+D! )! /(-)+D! N3A$%3/! )! -)(13-!
/%$$(1;! -$'+D! ('N39! ! V13-3P$-3! (13! 3,3A(-$+!
D3+/*(.! +$! ,$+03-! &-$E*D3/! (13! A,'3/! ($!
&3&(*D3! $-*3+()(*$+! (1)(! N$(1! &3$&,3! )+D!
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/$P(4)-3!-3,.!$+!)(!N3((3-!-3/$,'(*$+9!

V13!P*B*+0!&-$A3D'-3!N30*+/!4*(1!)!+3)-K"Q7n!
P,*&!$P!(13!&3&(*D3!A$+()*+*+0!(13!A3+(-),!$P!(13!
(1-33! #g/;! P$,,$43D! N.! 03$%3(-.!
-30',)-*S)(*$+;! -3P*((*+0! $P! (13! )PP3A(3D!
/*D3A1)*+! )+D! $&(*%*S)(*$+! $P! N)ALN$+3! mK
/133(! =KN$+D*+09! ! V13! -3/',(;! )/! *+! (13! -*01(!
&)+3,! $P! P*0'-3! ";! /1$',D! A$--3A(! (13! A,)/13/;!
`)%)A1)+D-)+! $'(,*3-/;! *%&-$E3! =KN$+D*+0!
5&*,,$4/! $P! 0-33+! D$(/8! )+D! P*(! (13! D3+/*(.! )(!
,3)/(!)!N*(!N3((3-9!

C+! ),&1)K(3/(! E3-/*$+! $P! )+! )'($%)(3D!
D*)0+$/(*A! P$-! (13/3! h(1-33! #gi! %*/P*(! A)/3/!
*D3+(*P*3D! 1'+D-3D/! $P! 3B)%&,3/! *+! ,$4K
-3/$,'(*$+!<]U!/(-'A('-3/9!!I33!)+D!(-.!$'(!(13!
*,,'/(-)(3D! A)/3! *+! <]U! P*,3! 3I1N! 5$-! 3i1n! *+!
,$43-! A)/3! P$-! A,)-*(.8! A1)*+!\! 5TM8;! -3/*D'3/!
XWK""F9! =$43E3-;! +$(3! (1)(! *+! P'('-3!
/(-'A('-3/! P$-! (13! >! A$,*! d7I! -*N$/$%3!%)+.!
/'A1!*//'3/!4*,,!1)E3!N33+!A$--3A(3D9!

WJY&
!;%0%&"0%&+7'&=%+;'.,&+'&"..&$/*>,&#%+7%%*&"+'=,&
/*&7896:;Z&A;/<;&'*%&,;'1$.&5&1,%[&
U$(1!%3(1$D/!1)E3! (13*-!&,)A39!>*(13-!A)+!N3!
'/3D! *+! %$/(! /*(')(*$+/;! 1$43E3-;! $+3! */!
D3/*0+3D! P$-! )DD*+0! $+3! $-! (4$! ,*+L/! 4*(1!
,*((,3!/3('&!41*,3!(13!$(13-!*/!%$-3!3B(3+/*N,3!
($!,)-03-!+'%N3-/!$P!,*+L/!)+D!),/$!-3'/)N,3!*+!
$(13-!&-$(3*+!%$D3,/9!

G*0'-3!"O!!J$D3,!$+!,3P(!1)/!)!%*/P*(!m!/(-)+D!
A$+()*+*+0!(1-33!A$+/3A'(*E3!&)-),,3,!A)-N$+.,/!
)+D!(13!A$--3A(3D!%$D3,!$+!(13!-*01(9!
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V13! /*%&,3/(!%3(1$D! */! (13! heditsi! /A13%3!
/&3A*P*A!($!!"#$%&9!V13!P$-%)(!'/3/!(13!phil!
/.+()B! 5AA(NB9/P9+3(e,*N(NBR&1*,91(%,8! (1)(!
D-*E3/! (13! A$%%)+D! *+(3-P)A3! P$-! !"#$%&9!!
V13!N)/*A!A$+A3&(!*+E$,E3D!*/!/3,3A(*+0!)($%/!
)+D! &3-P$-%*+0! )+! )A(*$+9! V13! /3,3A(*$+!
/.+()B! */! (13! /)%3! )/! (13! /3,3A(*$+! /.+()B! *+!
$(13-! &$-(*$+/! $P! !"#$%&! )+D! */! /1$4+! *+!
P*0'-3!69!

V13!P*-/(!,*+3/!A-3)(3!/3,3A(*$+/!$P!(1-33!)($%/!
(1)(! A)+! N3! '/3D! *+! (13! /'N/3f'3+(! )A(*$+/9!
2$(3!(1)(!(13!/3,3A(*$+/!%'/(!&)-/3!($!)!/*+0,3!
)($%! N'(! A)+! N3! 3*(13-! ),,! (13! ),(3-+)(*E3!
,$A)(*$+/! $P! )+! )($%! $-! )! /&3A*P*A! ),(3-+)(*E3!
,$A)(*$+9! V13! '/3! $P! E)-*)N,3/! /'A1!
$zn_selection -3D'A3/! A,'((3-! )+D! 3--$-/!
*+! (13! N$+D! )+D! )+0,3! /A$&3/! N'(! */! +$(!
-3f'*-3D9!V13!/&3,(K$'(! /3,3A(*$+!A)+!N3!'/3D!
*+/*D3! (13! N$+D! $-! )+0,3! 3+(-*3/! N'(! A)-3!
/1$',D! N3! ()L3+! 4*(1! %',(*&,3! 3+(-*3/!
A$+()*+*+0!(13!/)%3!)($%/9!

V13! %$/(! A$%%$+! )A(*$+! */! )DD*+0! )!
03$%3(-*A! 3+(*(.! )+D! */! &3-P$-%3D! '/*+0! (13!
*add!/.+()B9!V13!*D3),!E),'3!$P!(13!03$%3(-.!
3+(*(*3/! )+D! (13!sigma! E),'3! )-3! +33D3D! N.!
(13! -3P*+3%3+(9! CDD*(*$+),! E),'3/! *+A,'D3! )!

8

slack! E),'3! (1)(! 3+)N,3/! )! P,)(KN$(($%3D!
&$(3+(*),! 43,,! )+D! )! /.%%3(-.! $&3-)($-! P$-!
,*+L*+0! /.%%3(-.K-3,)(3D! )($%/9! V13! ,*/(! $P!
03$%3(-*A!-3/(-)*+(/!(1)(!A)+!N3!)DD3D!*+!(1*/!
P)/1*$+! A'--3+(,.! *+A,'D3/! N$+D/;! )+0,3/;!
D*13D-),/!)+D!&,)+3/9!!

V13! /3A$+D! (3A1+*f'3! */! (13! /()+D)-D! ,*+L!
%3A1)+*/%! P-$%! (13! J$+$%3-! T*N-)-.!
54449AA&Y9)A9'Le1(%,e%$+R,*N91(%,89! V4$!
P*,3/! )-3! -3f'*-3D! ($! &3-P$-%! (13! /)%3!
P'+A(*$+!)/!edits!N'(! (1*/!)&&-$)A1! */!%$-3!
3PP*A*3+(!P$-!D3P*+*+0!%)+.!,*+L/9!!

V13! data_link P*,3! D3P*+3/! (13! 03$%3(-*A!
-3/(-)*+(/!*+E$,E3D!*+!(13!,*+L*+0!N3(433+!(4$!
h-3/*D'3/i9! ?+! (13! 3B)%&,3! *+! P*0'-3! F;! (13!
/)AA1)-*D3! /&3A*P*3D! N.! (13! A$D3! NGA! */!
/&3A*P*3D! )/! N$+D*+0! ($! (13! $B.03+! $P! )!
(1-3$+*+3! 5THR89! V13! P*-/(! ,*+3! $P! (13! P*,3!
/&3A*P*3/! (13! *D! $P! (13! ,*+L9! I'N/3f'3+(! ,*+3/!
/&3A*P.! (13! N$+D! N3(433+! (13!C1! $P! (13!NGA!
)+D!(13!OG1!$P!THR!),$+0!4*(1!)+!*D3),!E),'3!
)+D! 3/(*%)(3D! /()+D)-D! D3E*)(*$+! 5>I]8! $-!

refinement.geometry_restraints.edits { 
 zn_selection = chain X and resname ZN and resid 200 and name ZN 
 his117_selection = chain X and resname HIS and resid 117 and name NE2 
 asp130_selection = chain X and resname ASP and resid 130 and name OD1 
 bond { 
  action = *add 
  atom_selection_1 = $zn_selection 
  atom_selection_2 = $his117_selection 
  distance_ideal = 2.1 
  sigma = 0.02 
  slack = None 
 } 
 bond { 
  action = *add 
  atom_selection_1 = $zn_selection 
  atom_selection_2 = $asp130_selection 
  distance_ideal = 2.1 
  sigma = 0.02 
  slack = None 
 } 
 angle { 
  action = *add 
  atom_selection_1 = $his117_selection 
  atom_selection_2 = $zn_selection 
  atom_selection_3 = $asp130_selection 
  angle_ideal = 109.47 
  sigma = 5 
 } 
}!!
;(<6'$!=>!>B)%&,3!$P!(13!heditsi!/.+()B!P$-!,*+L*+0!
)($%/!4*(1!N$+D/!)+D!)+0,3/!*+!phenix.refine9!

data_link_NGA-THR 
# 
loop_ 
_chem_link_bond.link_id 
_chem_link_bond.atom_1_comp_id 
_chem_link_bond.atom_id_1 
_chem_link_bond.atom_2_comp_id 
_chem_link_bond.atom_id_2 
_chem_link_bond.type 
_chem_link_bond.value_dist 
_chem_link_bond.value_dist_esd 
 NGA-THR  1 C1  2 OG1   single   1.439  0.020 
loop_ 
_chem_link_angle.link_id 
_chem_link_angle.atom_1_comp_id 
_chem_link_angle.atom_id_1 
_chem_link_angle.atom_2_comp_id 
_chem_link_angle.atom_id_2 
_chem_link_angle.atom_3_comp_id 
_chem_link_angle.atom_id_3 
_chem_link_angle.value_angle 
_chem_link_angle.value_angle_esd 
 NGA-THR  1 C1  2 OG1 2 CB    108.700  3.000 
 NGA-THR  1 O5  1 C1  2 OG1   112.300  3.000 
# 
;(<6'$!?>!>B)%&,3!$P!(13!cif_link /.+()B!P$-!,*+L*+0!
)($%/!4*(1!N$+D/!)+D!)+0,3/!*+!&13+*B9-3P*+39!



! W!#$%&'()(*$+),!#-./(),,$0-)&1.!234/,3((3-!567""89!:$,'%3!6;!<)-(!"9!

9

/*0%)! E),'39! V4$! )+0,3/! )-3! ),/$!
/&3A*P*3D!N3,$4!(13!N$+D/9!

V13! /3A$+D! P*,3! */! '/3D! ($! /&3A*P.!
(13! -3/*D'3/! (1)(! )-3! ($! N3! ,*+L3D9!
G*0'-3!Y!/1$4/!(13!/.+()B!-3f'*-3D!
N.! phenix.refine! ($! )&&,.! (13!
,*+L;!NGA-THR;! ($! (13! (4$! /3,3A(3D! -3/*D'3/9!
2$(3! (1)(! (13! $-D3-*+0! $P! (13! /3,3A(*$+! */!
*%&$-()+(9!

c/*+0! (13! ,)((3-!%3(1$D!)! ,*N-)-.!$P! (13! ,*+L/!
A$',D! N3! D3E3,$&3D! )+D! (13+! /*%&,.! )&&,*3D!
($!(13!D3/*-3D!-3/*D'3/!*+!)!-3P*+3%3+(9!V1*/!*/!
)!&$43-P',! P3)('-3!)+D! (13!J$+$%3-!T*N-)-.!
A$+()*+/!)!+'%N3-!$P!'/3P',!&-3KD3P*+3D!,*+L/!
/'A1! )/! /)AA1)-*D3! ,*+L*+0! ($! &-$(3*+! )+D!

10

0,.A$/*D*A! N$+D/! (1)(! A)+! N3! )AA3//3D! '/*+0!
(13! happly_cif_linki! D3%$+/(-)(3D! *+!
P*0'-3!Y9!

#'--3+(,.;! D*PP3-3+(! %$D',3/! *+! !"#$%&! '/3!
$+3! $-! (13! $(13-! (3A1+*f'3! ($! A$%%'+*A)(3!
*+P$-%)(*$+9!J3(),!A$$-D*+)(*$+!'/3/!(13!3D*(/!
($! )DD*(*$+! -3/(-)*+(/! ($! phenix.refine9!
()*+,! '/3/! (13! cif_link! %3(1$D! ($! ,*+L!
,*0)+D/!($!)!&-$(3*+!-3/*D'39!

refinement.pdb_interpretation.apply_cif_link { 
  data_link = NGA-THR 
  residue_selection_1 = chain X and resname NGA and resid 900 
  residue_selection_2 = chain X and resname THR and resid 42 
} 
;(<6'$!@>!>B)%&,3!$P!(13!cif_link /.+()B!P$-!,*+L*+0!)($%/!4*(1!
N$+D/!)+D!)+0,3/!*+!phenix.refine9!



!
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SHORT COMMUNICATIONS 

#$%&'()(*$+),!#-./(),,$0-)&1.!234/,3((3-!567""89!=;!Mod!

2

C+! *%&$-()+(! A$%&$+3+(! $P!
A-./(),,$0-)&1*A!/(-'A('-3!D3(3-%*+)(*$+!*/!
E),*D)(*$+! $P! %$D3,! f'),*(.9! V13!
J$,<-$N*(.! 5#13+!(-'./9;!67"78!43N!/3-E3-!
&-$E*D3/! )! E)-*3(.! $P! %3(-*A/! ($! 3E),')(3!
%$D3,!f'),*(.!)+D!&-3/3+(/!(13!)+),./*/! *+!
N$(1! ()N',)-! )+D! 0-)&1*A),! P$-%/9! V13!
a*2\! /(-'A('-3! E*343-! 5#13+! (-' ./9;! 677X8!
'/3D! N.! J$,<-$N*(.! D*/&,)./! /(-'A('-),!
)+),./*/! *+! (13! E*/'),! P$-%! $P! )! %',(*K
A-*(3-*$+! L*+3%)03;! ),,$4*+0! (13! '/3-! ($!
f'*AL,.!*D3+(*P.!N$(1!*+(3-3/(*+0!0-123-21./!
P3)('-3/! )+D! %$D3,KN'*,D*+0! 3--$-/! 4*(1!
A-*(3-*$+K/&3A*P*A! 0-)&1*A),! A'3/9! !"#$%&!
1)/! &-3E*$'/,.! *+A$-&$-)(3D! J$,<-$N*(.!
E),*D)(*$+! %3(1$D/;! /'A1! )/! -$()%3-!
$'(,*3-/!)+D!/(3-*A!A,)/13/;! *+!()N',)-!P$-%!
5CD)%/!(-'./9;!67"78;!N'(!1)/!+$(!&-$E*D3D!
(13! /)%3! ,3E3,! $P! 0-)&1*A),! E),*D)(*$+!
)E)*,)N,3!P-$%!J$,<-$N*(.9!V$!A$%&,3%3+(!
()N',)-! )+),./*/;! !"#$%&! +$4! P3)('-3/!
%',(*KA-*(3-*$+! L*+3%)03! 0-)&1*A/9! J',(*K
A-*(3-*$+! L*+3%)03/! 03+3-)(3D! *+! !"#$%&!
A$+()*+!(13!/)%3!E*/'),!E),*D)(*$+!0-)&1*A/!
)/! &-3/3+(3D! N.! J$,<-$N*(.;! 41*A1!
*+A,'D3/! 0-)&1*A/! P$-! -$()%3-! )+D!
`)%)A1)+D-)+! $'(,*3-/;! /(3-*A! A,)/13/;!
)+0,3! )+D! N$+DK,3+0(1! D3E*)(*$+/;! #m!
D3E*)(*$+/! )+D! -*N$/3! &'AL3-! $'(,*3-/! P$-!
+'A,3*A! )A*D/9! G*0'-3! "! D3&*A(/! )+! 3B)%&,3!%',(*K
A-*(3-*$+!L*+3%)03!D*/&,).3D!*+!a*2\!P$-!'N*f'*(*+!
5&DN?]O! 1UBQ89! I33! P*0'-3! 6! P$-! )! A$%&,3(3!
D3&*A(*$+! $P! ),,! )E)*,)N,3! 0-)&1*A),! E),*D)(*$+!
%3(-*A/9!

C/! D*/A'//3D! *+! (13! ^',.! 677X! *//'3! $P! (13!
#$%&'()(*$+),! #-./(),,$0-)&1.! 234/,3((3-;!
!"#$%&! +$4! *+A,'D3/!a*2\!)/!)! A$-3! A$%&$+3+(;!
/$! D*/&,).*+0! L*+3%)03! 0-)&1*A/! */! +)(*E3,.!
)E)*,)N,39!Z13+! '/*+0! (13!phenix.refine! \c?;!
)!%',(*KA-*(3-*$+!L*+3%)03!*/!03+3-)(3D!N.!D3P)',(9!
C(! (13! A$%&,3(*$+! $P! )! -3P*+3%3+(! -'+;! (13!
45/!1567-8! !! 92::.18! ()N! 4*,,! 1)E3! )! N'(($+!
,)N3,3D! h/1$4! E),*D)(*$+! *+! a*2\i;! )/! /33+! *+!

3

P*0'-3!F9!#,*AL*+0!(1*/!N'(($+!4*,,!,)'+A1!a*2\!)+D!
,$)D! (13! %',(*KA-*(3-*$+! L*+3%)03! P$-! *+(3-)A(*E3!
'/39!V13!9L*+!P*,3!*/!),/$!)E)*,)N,3!*+!(13!-3P*+3%3+(!
&-$p3A(!D*-3A($-.9!

J',(*KA-*(3-*$+! L*+3%)03/! )-3! ),/$! )E)*,)N,3! E*)!
(13! A$%%)+D! ,*+3! ($$,/9! V$! 03+3-)(3! )! L*+3%)03!
$+!(13!A$%%)+D!,*+3;!-'+O!

  phenix.kinemage 1ubq.pdb 

V1*/!A$%%)+D!4*,,!)'($%)(*A),,.!)DD!1.D-$03+/!*P!
+$(! &-3/3+(! 5A-'A*),! P$-! A$--3A(! A$+()A(! )+),./*/8!
)+D! 03+3-)(3! )!%',(*KA-*(3-*$+! L*+3%)03! *+! )! P*,3!
+)%3D!1ubq.kin9!V$!/&3A*P.!(13!$'(&'(!P*,3!+)%3!
)+De$-!,$A)(*$+;!-'+O 

;(<6'$! AO! #,$/3K'&! 4*(1*+! )! /)%&,3! %',(*KA-*(3-*$+! L*+3%)03!
P$-!'N*f'*(*+!5&DN?]O!"cUH89!5C8!I*D3A1)*+!-$()%3-!$'(,*3-/!)-3!
/1$4+! *+! 0$,D! )/! /33+! 13-3! P$-! C-0! C! d6! )+D! C/&! C! FX9! 5U8!
I*0+*P*A)+(! /(3-*A! $E3-,)&/! 5q! 79Yl8! )-3! /1$4+! N.! 1$(! &*+L!
/&*L3/9!5#8!C+0,3!D3E*)(*$+/!0-3)(3-!(1)(!Yr!)-3!P,)003D;!N,'3!P$-!
)+0,3/!(1)(!)-3!($$!/%),,!)+D!-3D!P$-!)+0,3/!(1)(!)-3!($$! ,)-039!
5]8!U$+DK,3+0(1!D3E*)(*$+/!0-3)(3-!(1)+!Yr!)-3!P,)003D;!N,'3!P$-!
N$+D/!(1)(!)-3!($$!/1$-(!)+D!-3D!P$-!N$+D/!($$!,$+09!

1

E1$+/C<0/+%0/'*&>/*%="9%&90":;/<,&/*&23-456&
^3PP-3.! ^9!=3)DD);!:*+A3+(!U9! #13+A;!2)(1)+*3,! >A1$,/);!2*03,!Z9!J$-*)-(.);!])E*D!#9!`*A1)-D/$+A;! ^)+3! I9!
`*A1)-D/$+A!)+D!<)',!]9!CD)%/);N!

.).;1(<3('*(1=(/(8'$.-75<./').651.-518>'*(1=(/(8>'?@'ABCDE'
6F(G.1-:(<-'5H'*75(<I7<((17<I>'J<7K(107-8'5H'?./7H51<7.'.-'*(1=(/(8>'*(1=(/(8>'?@'ABCDE'
3F(G.1-:(<-'5H'*753L(:70-18>'F2=('J<7K(107-8'4(M73./'?(<-(1>'F21L.:>'$?'DCCNE'

#$--3/&$+D3+A3!3%)*,O!^^=3)DD[TUT9\$E!



!
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SHORT Communications 

4

g+A3! 03+3-)(3D;! (13! %',(*KA-*(3-*$+! L*+3%)03!
%).!N3!E*343D!*+!a*2\!N.!-'++*+0O!

  phenix.king 1ubq_multi.kin 

I3-3+D*&*($'/,.;! -3/(-)*+(/!03+3-)(3D! P$-!+$E3,!
,*0)+D/;!%$D*P*3D!)%*+$!)A*D/!)+D!+'A,3*A!)A*D/!
)+D!$(13-!+$+K/()+D)-D!%$,3A',3/!4*(1!()*+,!
5J$-*)-(.!(-'./9;!677X8!A)+!N3!'/3D!($!)'0%3+(!
/(-'A('-3! E),*D)(*$+9! V13! L*+3%)03! 03+3-)(*$+!
%3(1$D/! *+! !"#$%&! '/3! (13/3! D3P*+*(*$+/! P$-!
N$(1!0-)&1*A),!-3+D3-*+0!)+D!%$D3,!E),*D)(*$+;!
&-$E*D*+0! %$-3! P)A*,3! P'+A(*$+),*(.! $E3-! (13!
A'--3+(!/()(3K$PK(13K)-(!*+!J$,<-$N*(.!P$-!+$E3,!
%$,3A',)-! 1)+D,*+09! a*+3%)03! 03+3-)(*$+! *+!
(13 phenix.refine! \c?! 1)+D,3/! A'/($%!
-3/(-)*+(/! *+A$-&$-)(*$+! )'($%)(*A),,.9! G$-!
A$%%)+D! ,*+3! 03+3-)(*$+;! )! -3/(-)*+(/! P*,3!
5.cif8!%).!N3!*+A,'D3D!N.!-'++*+0O!

 

V13! P,3B*N*,*(.! $P! (13! L*+3%)03! P$-%)(! )+D!%)+.!
D*/&,).! P3)('-3/! $P! a*2\! &-$E*D3! 0-3)(!
$&&$-('+*(.! P$-! D3E3,$&%3+(! $P! +34!
A-./(),,$0-)&1*AK/&3A*P*A! E),*D)(*$+! 0-)&1*A/! *+!
!"#$%&9! a*2\! */! A)&)N,3! $P! D*/&,).*+0! &)-),,3,!
A$$-D*+)(3/;! P$-! 3B)%&,3! 5#13+! (-' ./9;! 677X8;!
41*A1!4*,,! N3! '/3P',! P$-! D*/&,).*+0! (-3+D/! )A-$//!
),,! E),*D)(*$+! A-*(3-*)! P$-! (-)AL*+0! %$D3,!
*%&-$E3%3+(! (1-$'01$'(! (13! N'*,D*+0! )+D!
-3P*+3%3+(! &-$A3//9! ]3E3,$&%3+(! */! $+0$*+0! )+D!
P'('-3! -3,3)/3/! $P! !"#$%&! 4*,,! P3)('-3! 3B&)+D3D!
E),*D)(*$+!(3A1+*f'3/!($!)*D!*+!/(-'A('-3!/$,'(*$+9!

G%(%0%*<%,&
CD)%/!<9]9;!CP$+*+3!<9:9;!U'+L_AS*!\9;!#13+!:9U9;!])E*/!
?9Z9;! >A1$,/! 29;! =3)DD! ^9^9;! ='+0! T9KZ9;! a)&-),! \9^9;!
\-$//3Ka'+/(,3E3! `9Z9;! JA#$.! C9^9;! J$-*)-(.! 29Z9;!
g3PP+3-! `9;! `3)D! `9^9;! `*A1)-D/$+! ]9#9;! `*A1)-D/$+! ^9I9;!
V3-4*,,*03-! V9#9! )+D! s4)-(! <9=99! 567"78! <=>2?@O! )!
A$%&-313+/*E3! <.(1$+KN)/3D! /./(3%! P$-!
%)A-$%$,3A',)-! /(-'A('-3! /$,'(*$+9! CA()! #-./(9!
]MMO6"FK66"9!

#13+!:9U9;!])E*/!?9Z9!)+D!`*A1)-D/$+!]9#9!5677X8!a*2\!
5a*+3%)03;! 23B(! \3+3-)(*$+8O! C! E3-/)(*,3! *+(3-)A(*E3!
%$,3A',)-!)+D!/A*3+(*P*A!E*/'),*S)(*$+!&-$0-)%9!<-$(3*+!
IA*3+A3!"QO6Y7FK6Y7X9!

#13+! :9U9;! C-3+D),,! ???;! Z9U9;! =3)DD! ^9^9;! a33D.! ]9C9;!
?%%$-%*+$! `9J9;! a)&-),! \9^9;! J'--).! T9Z9;!

;(<6'$! =O! T303+D! $P! ),,! $'(,*3-! /.%N$,/! '/3D! *+! %',(*K
A-*(3-*$+! L*+3%)03/! 03+3-)(3D! N.! <=>2?@9! V)L3+! P-$%!
#13+!(-'./9;!67"79!

;(<6'$!?O!C!%',(*KA-*(3-*$+!L*+3%)03!*/!)E)*,)N,3!*+!(13!
phenix.refine! \c?! N.! A,*AL*+0! $+! (13! hI1$4!
E),*D)(*$+! *+! a*2\i! N'(($+! *+! (13! 45/!1567-8! ()N9! ! C!
%',(*KA-*(3-*$+! L*+3%)03! */! ),/$! 03+3-)(3D! *+! (13!
A$%&-313+/*E3!E),*D)(*$+!\c?!*+!(13!/)%3!%)++3-!5+$(!
/1$4+89!

phenix.kinemage 1ubq.pdb out_file=/path/to/1ubq_multi.kin!

phenix.kinemage 1ubq.pdb cif=ligands.cif!

5

`*A1)-D/$+!^9I9!)+D!`*A1)-D/$+!]9#9!567"78!J$,<-$N*(.O!
),,K)($%! /(-'A('-3! E),*D)(*$+! P$-! %)A-$%$,3A',)-!
A-./(),,$0-)&1.9!CA()!#-./(9!]MMO"6K6"9!

J$-*)-(.!29Z9;! \-$//3Ka'+/(,3E3!`9Z9! )+D!CD)%/! <9]9!
5677X8! 3,3A(-$+*A! T*0)+D! U'*,D3-! )+D! g&(*%*S)(*$+!
Z$-LN3+A1!53TUgZ8O!)! ($$,! P$-! ,*0)+D!A$$-D*+)(3!)+D!
-3/(-)*+(!03+3-)(*$+9!CA()!#-./(9!]MWO"7dYK"7Q79!



!
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SHORT Communications 

1

:;%*/UZ%*,%=#$%0\&"&+''$&('0&=1$+/:$%&,1:%0:',/+/'*&
\tN$-!U'+L_AS*!)+D!`)+D.!^9!`3)D!

F(G.1-:(<-' 5H' ".(:.-5/5I8>' J<7K(107-8' 5H' ?.:617MI(>' ?%4O>' ,(//35:(' P120-Q4O?' *27/M7<I>' "7//0' O5.M>' ?*D' E&R>'
?.:617MI(>'JS'

#$--3/&$+D3+A3!3%)*,O!0NFM7[A)%9)A9'L!

?+!%$,3A',)-!-3&,)A3%3+(;!)!A$,,3A(*$+!$P!/'&3-&$/3D!/*%&,3!%$D3,/!5k3+/3%N,3k!%$D3,/8!A)+!
0*E3! /'&3-*$-! /*0+),! $E3-! )+.! $P! (13! *+D*E*D'),! A$%&$+3+(/9! G$-! 3B)%&,3;! 13+! 300! 41*(3!
,./$S.%3! A)+! N3! /$,E3D!4*(1! 3*(13-!%$'/3! D*03/(*E3! ,./$S.%3! 56GU];! Y7u! *D3+(*A),8! $-! )&$!
N$E*+3!vK,)A(),N'%*+! 5"GM`;!Y7u! *D3+(*A),8!4*(1!N$(1!$P! (13%!.*3,D! /*%*,)-!f'),*(.! /$,'(*$+/!
5V)N,3!"89!=$43E3-;!413+! (13! (4$!%$D3,/! )-3! A$%N*+3D;! /$,'(*$+!f'),*(.! 5%3)/'-3D!N$(1! *+!
(3-%/!$P!(-)+/,)(*$+!P'+A(*$+!sK/A$-3!$-!P*+),!,$0K,*L3,*1$$D!0)*+8!*+A-3)/3/!5V)N,3!"89!

B/C.$!AD!#$%&)-*/$+!$P!%$D3,!f'),*(.!N3(433+!)!(4$K%3%N3-!3+/3%N,3!)+D!*(/!A$%&$+3+(/9!

J$D3,! VGs! `3P*+3D!TT\!
0+6)$!1(<$)*(9$!.:)+E:0$! X9d! X"9MM!
/,+!C+9(%$!FG./4*/.C60(%! ""9Y! XW9QQ!
$%)$0C.$! "69M! "YM9YX!

?+! )+! *D3),! 3+/3%N,3;! *+D*E*D'),! A$%&$+3+(/! A)&('-3! &$//*N,3! A$+P$-%)(*$+/! P$-! (13! P,3B*N,3!
&)-(/! $P! (13! /(-'A('-3;! 41*,3! 3%&1)/*S*+0! (13! -*0*D! A$-39! V13-3P$-3;! ($! A-3)(3! )+! 3+/3%N,3;!
%$D3,/!1)E3!($!N3!/3,3A(3D!N)/3D!$+!(13*-!A$+P$-%)(*$+),!E)-*)N*,*(.;!41*,3!(13*-!-*0*D!A$-3!1)/!
($!N3!*D3+(*P*3D!)+D!/'&3-&$/3D9!

phenix.ensembler!4)/!4-*((3+!($!)'($%)(3!(13!A-3)(*$+!$P!%$D3,/!)/!%'A1!)/!&$//*N,3!)/!43,,!
)/! $PP3-! /$%3! 13,&! *+! D3A*D*+0! 41)(! %$D3,/! ($! *+A,'D39! ?(! ()L3/! )! /3-*3/! $P! <]U! P*,3/! )/!
)-0'%3+(/!5&$(3+(*),,.!'+3D*(3D!%$D3,/!P-$%!(13!<]U!)/!*D3+(*P*3D!N.!)!1$%$,$0.!/3)-A18!)+D!
$&(*$+),!),*0+%3+(!P*,3/9!
"9 V13! &-$0-)%! -3)D/! ),,! <]U! P*,3/! )+D! )+),./3/! ),,! A1)*+/9! C,,! +$+K&-$(3*+! A1)*+/! )-3! D*/A)-D3Dw!

%',(*&,3!A$&*3/!$P!(13!/)%3!A1)*+!)-3!-3()*+3D9!
69 >f'*E),3+(! -3/*D'3! &$/*(*$+/! *+! &-$(3*+! A1)*+/! )-3! ),*0+3D! '/*+0! $+3! $P! (13! P$,,$4*+0! %3(1$D/!

5-3/*D'3!),*0+%3+(8O!
)9 ssmO!'/3/!(13!/3A$+D)-.K/(-'A('-3!%)(A1*+0!5a-*//*+3,!x!=3+-*AL;!677Y8!),0$-*(1%!5D3P)',(89!
N9 muscleO!)'($%)(*A),,.!A-3)(3!)!%',(*&,3!),*0+%3+(!'/*+0!phenix.muscle 5>D0)-;!677Y89!`3/',(/!

)-3! &$//*N,.! ,3//! )AA'-)(3! (1)+! (1$/3! P-$%!ssm;! N'(! )-3! )&&,*A)N,3! P$-! )+.! &-$(3*+! A1)*+/;! 3E3+!
(1$/3!4*(1$'(!)+.!/3A$+D)-.!/(-'A('-39!

A9 alignmentsO! -3)D/! ),*0+%3+(/! &-$E*D3D! $+! (13! A$%%)+D! ,*+3;! (13-3N.! 0*E*+0! P',,! A$+(-$,! $E3-!
-3/*D'3!),*0+%3+(9!

D9 residO!),*0+/!-3/*D'3/!4*(1!*D3+(*A),!-3/*D'3!+'%N3-!)+D!*+/3-(*$+!A$D39!
F9 >f'*E),3+(! )($%/! *+! -3/*D'3/! )-3! ),*0+3D! N)/3D! $+! )($%! +)%3! 5)($%! ),*0+%3+(8! )+D! )($%/!

&)-(*A*&)(*+0!*+!(13!/'&3-&$/*(*$+!)-3!/3,3A(3D!5D3P)',(O!#v!$+,.89!
Y9 >f'*E),3+(! &$/*(*$+/! )-3! (13+! /'&3-&$/3D! '/*+0! )! %',(*&,3! /'&3-&$/*(*$+! ),0$-*(1%9! V1*/! 0*E3/!

N3((3-!-3/',(/!(1)+!)!/3-*3/!$P!&)*-K4*/3!/'&3-&$/*(*$+/! *P! (13-3!)-3!/*0+*P*A)+(!D*PP3-3+A3/!N3(433+!
(13!/(-'A('-3/9!V13-3!)-3!(4$!),0$-*(1%/!*%&,3%3+(3DO!

)9 gapless 5]*)%$+D;!"XX689!V1*/!*/!)!P)/(!),0$-*(1%;!N'(!*(!A)+!$+,.!'/3!/*(3/!(1)(!)-3!&-3/3+(!*+!),,!
/(-'A('-3/!/'&3-&$/3D!)+D!(13-3P$-3!%).!D*/A)-D!)!/*0+*P*A)+(!+'%N3-!$P!/*(3/!413+!/'&3-&$/*+0!
/3E3-),!&-$(3*+!A1)*+/!4*(1!D*/()+(!1$%$,$0.!5D3P)',(89!
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N9 gapped!5Z)+0!x!I+$3.*+L;!677Q89!V1*/!),0$-*(1%!A)+!()L3!
),*0+%3+(!0)&/!*+($!)AA$'+(!*+!/'&3-&$/*(*$+!)+D!(13-3P$-3!
A)+!%)L3!'/3!$P!%$-3!/*(3/;!0*E*+0!%$-3!&-3A*/3!-3/',(/9!

W9 I'&3-&$/*(*$+! */! (13+! ),(3-+)(3D! 4*(1! 43*01(*+0! '+(*,!
A$+E3-03+A39! #'--3+(,.;! (13-3! )-3! (4$! 43*01(*+0! /A13%3/!
*%&,3%3+(3DO!

a. unit9!This gives an unweighted superposition. 
N9 robust_resistant9! V1*/! )//*0+/! )! 43*01(! ($! 3)A1!

/'&3-&$/3D! &$/*(*$+! N)/3D! $+! (13! -$$(! %3)+K/f')-3!
D3E*)(*$+! N3(433+! ),,! /(-'A('-3/! )AA$-D*+0! ($! )! -$N'/(K
-3/*/()+(! 43*01(! P'+A(*$+! 5D3P)',(89! V$,3-)+A3! $P! (13!
43*01(*+0! A)+! N3! A$+(-$,,3D! N.! (13!
43*01(*+09-$N'/(R-3/*/()+(9A-*(*A),! &)-)%3(3-;! 4*(1! ,$43-!
E),'3/! D$4+K43*01(*+0! D3E*)(*+0! &$/*(*$+/! %$-3!
&-$0-3//*E3,.9!V1*/! )&&-$)A1! &-$E3D! E3-.! 3PP*A*3+(! *+!
A$--3A(*+0! P$-! *+A$--3A(! /*(3! ),*0+%3+(! )+D! *D3+(*P.*+0!
*D3+(*A),!-30*$+/!5G*0'-3!"89!

M9 I'&3-&$/3D! /(-'A('-3/! )-3! )+),./3D! )+D! A,'/(3-/! )-3!
D3(3-%*+3D!N)/3D!$+!/(-'A('-),!/*%*,)-*(.!5A$+(-$,,3D!N.!(13!
configuration.clustering!&)-)%3(3-89!`3/',(*+0!A,'/(3-/!
A)+! N3! '/3D! ($! A,)//*P.! &-$(3*+! A1)*+/! )AA$-D*+0! ($!
A$+P$-%)(*$+),! E)-*)N*,*(.9! ]3&3+D*+0! $+! (13! +'%N3-! $P!
&-$(3*+!A1)*+/;!/$%3!3B&3-*%3+()(*$+!%).!N3!+3A3//)-.!4*(1!
(13! A,'/(3-*+0! D*/()+A3! &)-)%3(3-;! /$! (1)(! )+! $&(*%'%! */!
P$'+D! N3(433+! (13! (4$! 3B(-3%3/! 53)A1! /(-'A('-3! P$-%/! )!
/3&)-)(3!A,'/(3-!K0T!),,!/(-'A('-3!N3,$+0!($!(13!/)%3!A,'/(3-89!
C! -3&-3/3+()(*E3! P-$%! 3)A1! A,'/(3-!%).! (13+! N3! A1$/3+! P$-!
*+A,'/*$+!*+!(13!3+/3%N,39!

d9 CP(3-!$&(*$+),,.!/$-(*+0!)AA$-D*+0!($!/3f'3+A3!*D3+(*(.;!A1)*+!
,3+0(1;!43*01(3D! )+D!'+43*01(3D! -9%9/9D9;! &-$(3*+! A1)*+/! )-3!
(-)+/P$-%3D!)+D!4-*((3+!$'(9!

V13! -3/',(*+0! 3+/3%N,3! %$D3,! A)+! N3! '/3D! D*-3A(,.! *+!
%$,3A',)-!-3&,)A3%3+(9!
3$H$'$%4$)!
]*)%$+D;!`9!5"XX689!g+!(13!%',(*&,3!/*%',()+3$'/!/'&3-&$/*(*$+!$P!%$,3A',)-!/(-'A('-3/!N.!-*0*D!N$D.!(-)+/P$-%)(*$+/9!!15-(7<'
937T!A;!"6dXK"6Qd9!

>D0)-;!`9#9!5677Y8!JcI#T>O!%',(*&,3!/3f'3+A3!),*0+%3+(!4*(1!1*01!)AA'-)A.!)+D!1*01!(1-$'01&'(9!$23/(73'@37M0'O(09!?=;!"dX6K
"dXd9!

a-*//*+3,;! >9! x! =3+-*AL;! a9! 5677Y89! I3A$+D)-.K/(-'A('-3! %)(A1*+0;! )! +34! ($$,! P$-! P)/(! &-$(3*+! /(-'A('-3! ),*0+%3+(! *+! (1-33!
D*%3+/*$+/9!@3-.'?180-T!5IJ;!66WMK66MQ9!

T)-L*+;!J9!C;!U,)AL/1*3,D/;!\9;!U-$4+;!29!<9;! #13++);!`9;!JA\3((*0)+;!<9!C9;!JAZ*,,*)%;!=9;!:),3+(*+;! G9;!Z),,)A3;! ?9!J9;!Z*,%;!C9;!
T$&3S;!`9;!V1$%&/$+;! ^9!]9;!\*N/$+;!V9! ^9!x!=*00*+/;!]9!\9! 5677d89!#,'/(),!Z!)+D!#,'/(),!@!E3-/*$+!6979!*757<H51:.-730!=?;!6XYdK
6XYQ9!

Z)+0;!@9!x!I+$3.*+L!^9!5677Q89!]3P*+*+0!)+D!A$%&'(*+0!$&(*%'%!`JI]!P$-!0)&&3D!)+D!43*01(3D!%',(*&,3K/(-'A('-3!),*0+%3+(9!
%###Q@?4'P1.<0T'?5:G2-T'*75/T'*757<H51:T!K;!W6WKWFF9!

;(<6'$! AD! #$--3A(*+0! -3/*D'3!
%*/),*0+%3+(! ! 4*(1! 43*01(*+0! *+!
/'&3-&$/*(*$+9! c&&3-! */! (13!
'+43*01(3D! /'&3-&$/*(*$+! '/*+0! )+!
),*0+%3+(! P-$%!?)J9P@),! 5T)-L*+!3(9!
),9;! 677d89! V13! ,$43-! */! (13! 43*01(3D!
/'&3-&$/*(*$+! 4*(1! (13! /)%3!
),*0+%3+(;! -3/',(*+0! *+! %'A1! N3((3-!
/(-'A('-),!)0-33%3+(9!
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:;%*/UZ=0]0',%++"\&J&*%7&+''$&('0&./((/<1$+&='$%<1$"0&0%:$"<%=%*+&
:0'#$%=,&

Tom Terwilligera, Randy Readb, Frank DiMaioc and David Bakerc 
aLos Alamos National Laboratory, Los Alamos NM 87545 
bUniversity of Cambridge, Department of Haematology , Cambridge, CB2 0XY, UK 
cUniversity of Washington, Department of Biochemistry, Seattle, WA, 98195, USA 

#$--3/&$+D3+A3!3%)*,O!(3-4*,,*03-[,)+,90$E!

A;"+&/,&:;%*/UZ=0]0',%++"[&
V13!!"#$%&!D3E3,$&%3+(!(3)%!*/!4$-L*+0!4*(1!(13!U)L3-!,)N$-)($-.!)(!(13!c+*E3-/*(.!$P!Z)/1*+0($+!($!
A$%N*+3!(13!&$43-!$P!`$/3(()!/(-'A('-3!%$D3,*+0!4*(1!!"#$%&!)'($%)(3D!%$,3A',)-!-3&,)A3%3+(!5J`8;!
%$D3,KN'*,D*+0;! D3+/*(.! %$D*P*A)(*$+! )+D! -3P*+3%3+(9! V13! N)/*A! *D3)! */! ($! P*+D! J`! /$,'(*$+/! 4*(1!
phenix.automr;!-3N'*,D!(13%!4*(1!`$/3(();!*+A,'D*+0!3,3A(-$+!D3+/*(.!%)&!*+P$-%)(*$+;!(13+!-3N'*,D!
(1$/3!%$D3,/!4*(1!phenix.autobuild9!V13!A$%N*+)(*$+!$P!`$/3(()!-3N'*,D*+0!)+D!&13+*B!-3N'*,D*+0!
*/!(13!L3.!&)-(!$P!(1*/!%3(1$D9!J`!/$,'(*$+/!)-3!P$'+D!4*(1!phenix.automr!5<1)/3-8;!/A$-3D!4*(1!TT\!
5$&(*$+),,.! P$,,$4*+0! `$/3(()! -3,)B)(*$+8;! (13! N3/(! /$,'(*$+/! )-3! &*AL3D! )+D! -3N'*,(! 4*(1! `$/3(()!
*+A,'D*+0!%)&!*+P$-%)(*$+;!(13!-3/',(*+0!%$D3,/!)-3!/A$-3D!4*(1!`$/3(();!-3/A$-3D!4*(1!TT\;!)+D!(13!($&!
%$D3,/!)-3!-3N'*,(!4*(1!phenix.autobuild9!

!"#$%&'%(")*&+,-./.0')$$#%1002%30.4%
phenix.mr_rosetta! A)+! N3! E3-.! '/3P',! P$-! A)/3/! 413-3! (13! /3)-A1! %$D3,! '/3D! *+! %$,3A',)-!
-3&,)A3%3+(! */! /,*01(,.! ($$! D*/()+(! ($! -3N'*,D! /'AA3//P',,.!4*(1!phenix.autobuild9! !! ?(! A)+! ),/$! N3!
'/3P',! *+!A)/3/!413-3! (13!%$D3,! */! ($$!D*/()+(! ($!3E3+! P*+D!)!%$,3A',)-!-3&,)A3%3+(!/$,'(*$+!)+D!&-3K
-3P*+3%3+(!4*(1!`$/3(()!A)+!.*3,D!)+!*%&-$E3D!/3)-A1!%$D3,9!

506%20%7%.8*%-./.0')$$#4%
b$'!A)+!-'+!phenix.mr_rosetta!*+!)!E3-.!)'($%)(3D!4).;!$-!)/!)!($$,!($!P*+D!%$,3A',)-!-3&,)A3%3+(!
/$,'(*$+/! )+D! ($! /./(3%)(*A),,.! *%&-$E3! (13%9! V$! -'+!phenix.mr_rosetta! .$'! +33D! ($! 1)E3! N$(1!
!"#$%&!5)+.!-3A3+(!E3-/*$+8!)+D!`$/3(()!5D3E3,$&%3+(!E3-/*$+!)/!$P!(1*/!4-*(*+0;!$-!E3-/*$+!F96!$-!,)(3-!
$+A3!)E)*,)N,38;!*+/(),,3D9!

V13! N)/*A! *+&'(/! P$-!phenix.mr_rosetta! )-3! &-3((.! /*%&,3O! !5"8! )! D)()! P*,3!4*(1! G;! I?\G! )+D! P-33`!
P,)0/;!56)8!)!/3)-A1!%$D3,!)+D!)+!),*0+%3+(!P*,3;!$-!56N8!)+!11&-3D!P*,3!4*(1!)!,*/(!$P!),*0+%3+(/!)+D!<]U!
P*,3!+)%3/!)+D!5F8!)!&)*-!$P!P-)0%3+(/!P*,3/!(1)(!.$'!A-3)(3!)+D!D$4+,$)D!P-$%!(13!`$N3(()!/3-E3-9!

b$'! A)+! 03(! (13! hhpred! P*,3! 4*(1! ),*0+%3+(/! N.! &)/(*+0! .$'-! /3f'3+A3! *+($! (13! /3-E3-!
)(!($$,L*(9('3N*+03+9%&09D3e11&-3D9!V1*/!()L3/!)N$'(!"7!%*+'(3/9!b$'!A)+!03(!(13!P-)0%3+(/!P*,3/!N.!
&)/(*+0! .$'-! /3f'3+A3! *+($! (13! `$N3(()! /3-E3-! )(! -$N3(()9N)L3-,)N9$-0eP-)0%3+(/'N%*(9p/&9! V1*/!
()L3/! )! P34! 1$'-/! ($! -'+;! D3&3+D*+0! $+! (13! ,3+0(1! $P!
.$'-!/3f'3+A39!

g+A3! .$'! 1)E3! (13/3! P*,3/;! .$'! /*%&,.! 3D*(! )! /*%&,3!
/A-*&(! P*,3! P$-! phenix.mr_rosetta! (1)(! /&3A*P*3/!
(13/3! P*,3/! 5)+D! $(13-! &)-)%3(3-/! *P! .$'! 4*/189! !C!
(.&*A),!A$%%)+DK,*+3!-'+!$P!phenix.mr_rosetta!*/!
/1$4+!)(!(13!-*01(9!

90)'%(")*&+,-./.0')$$#%.):8&.)%#%;<8'$).%$0%.8*4%
phenix.mr_rosetta! D$3/! -3f'*-3! N'*,D*+0! )!
+'%N3-! $P! `$/3(()! %$D3,/! 4*(1! 3)A1! %$D3,! ()L*+0!
P-$%!"7KM7!%*+'(3/!($!N'*,D!4*(1!)!/*+0,3!&-$A3//$-9!?+!
%)+.! A)/3/;!phenix.mr_rosetta! A)+! /'AA33D!4*(1!

phenix.mr_rosetta \ 
   seq_file=seq.dat \ 
   data=coords1.mtz \ 
   search_models=coords1.pdb \ 
   already_placed=True \ 
   fragment_files = test3.gz \ 
   fragment_files = test9.gz \ 
   rosetta_models=20 \ 
   ncs_copies=2 \ 
   space_group=p212121  \ 
   use_all_plausible_sg=False \ 
   nproc=200 \ 
   group_run_command=qsub!
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)/!P34!)/!67!%$D3,/!*+!3)A1!A.A,39!V1*/!%3)+/!(1)(!)!A$%&'(3-!4*(1!Y!&-$A3//$-/!A)+!N3!f'*(3!/'PP*A*3+(!
($!-'+!phenix.mr_rosetta!)+D!A)+!P*+*/1!*+!)!D).!$-!/$9!?+!E3-.!A1),,3+0*+0!A)/3/;!)/!%)+.!)/!6777!
%$D3,/!%).!+33D!($!N3!N'*,(!5(13!N3/(!%$D3,/!)-3!&*AL3D!)+D!(13!D3+/*(.!P-$%!(13!($&!67u!$P!%$D3,/!*/!
)E3-)03D8!%)L*+0!)!A,'/(3-!(13!N3/(!$&(*$+9!!phenix.mr_rosetta!A)+!-'+!$+!)!I'+!\-*D!>+0*+3!5I\>8!
A,'/(3-!)+D!$+!)!#$+D$-!A,'/(3-9!?(!%).!),/$!-'+!$+!$(13-!A,'/(3-/9!V$!-'+!$+!)!A,'/(3-!.$'!/*%&,.!/&3A*P.!
(13!A$%%)+D!(1)(!.$'!'/3!($!/'N%*(!p$N/!5kqsubk!P$-!)!I\>!A,'/(3-!P$-!3B)%&,389!

=2>#*;)2%8')'%03%phenix.mr_rosetta%
g+A3! .$'! 1)E3! '/3D!phenix.mr_rosetta! )! P34! (*%3/;! .$'!4*,,! P*+D! (1)(! .$'! A)+! A$+(-$,!413-3! *(!
/()-(/!)+D!41)(!*(!D$3/!*+!f'*(3!/$%3!D3()*,9!b$'!A)+!A1$$/3!)!&)-(*A',)-!/$,'(*$+!(1)(!*(! */!4$-L*+0!$+!
)+D! 1)E3! *(! N'*,D! `$/3(()! %$D3,/! P$-! (1)(! /$,'(*$+;! (13+! 4-*(3! $'(! )! ()N,3! $P! -3/',(/! (1)(! .$'! A)+!
3B)%*+39!!V1*/!4).!.$'!A)+!A$%N*+3!.$'-!*+('*(*$+!4*(1!(13!/A$-*+0!(1)(!phenix.mr_rosetta!'/3/!($!
$&(*%*S3!.$'-!/3)-A19!!
!
b$'!A)+!),/$!&-3K-3P*+3!.$'-!/3)-A1!%$D3,9!V1*/! p'/(!%3)+/!-'++*+0!`$/3(()!%$D3,*+0!$+!.$'-!/3)-A1!
%$D3,!4*(1$'(!*+A,'D*+0!)+.!*+P$-%)(*$+!P-$%!(13!A-./(),,$0-)&1*A!3B&3-*%3+(9!!V1*/!A)+!N3!E3-.!'/3P',!
N3A)'/3!`$/3(()!%$D3,*+0!A)+!*%&-$E3!.$'-!/3)-A1!%$D3,!)+D!),,$4!%$,3A',)-!-3&,)A3%3+(!($!/'AA33D!
*+!A)/3/!413-3!*(!%*01(!$(13-4*/3!P)*,!A$%&,3(3,.9!

!").)%;#*%7%.)#2%-0.)4%
b$'!A)+!/33!),,!)N$'(!-'++*+0!phenix.mr_rosetta!*+!(13!!"#$%&!D$A'%3+()(*$+9!

!

!
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&W1^^8&,:"<%&90'1:&,8=#'$,\&3D&"*.&3D?&
`),P!Z9!\-$//3Ka'+/(,3E3);!2)(1)+*3,!>A1$,/)!)+D!<)',!]9!CD)%/);N!

.).;1(<3('*(1=(/(8'$.-75<./').651.-518>'*(1=(/(8>'?@'ABCDE'
6F(G.1-:(<-'5H'*75(<I7<((17<I>'J<7K(107-8'5H'?./7H51<7.'.-'*(1=(/(8>'*(1=(/(8>'?@'ABCDE'

#$--3/&$+D3+A3!3%)*,O!`Z\-$//3Ka'+/(,3E3[TUT9\$E!

5*+0'.1<+/'*&
J$/(!)&&,*A)(*$+/!*+!!"#$%&!5CD)%/!3(!),9;!67"78!1)E3!($!&-$A3//!/&)A3!0-$'&!/.%N$,/!)+D!%$/(!'/3!(13!
0I-6U! /&)A3! 0-$'&! ($$,N$B! P$-! (1*/! &'-&$/3! 5\-$//3Ka'+/(,3E3! 3(! ),9;! 677689! V13! 0I-6U! /&)A3K0-$'&!
/.%N$,! *+(3-&-3(3-!)AA3&(/!)! ,)-03!E)-*3(.!$P! *+&'(/;! P$-!3B)%&,3! h"Xi;! h<6"6"6"i;!$-! h<65"865"865"8i9!
c+P$-('+)(3,.!*(!*/!+$(!/(-)*01(P$-4)-D!($!)AA$%%$D)(3!(13!h=Fi!)+D!h=F6i!/.%N$,/!A$%%$+,.!'/3D!*+!
%)A-$%$,3A',)-!A-./(),,$0-)&1.! P$-! (13!-1$%N$13D-),! /&)A3!0-$'&/!!!! 52$9!"YM8!)+D!!!"! 52$9!"WW8;!
-3/&3A(*E3,.9! #'--3+(,.! (13/3! /.%N$,/! )&&3)-! *+! )N$'(! 69Wu! 5"dMY! $'(! $P! MXMWW8! P*,3/! *+! (13! <]U!
54449&DN9$-089! V1*/! )-(*A,3! 3B&,)*+/! (13! D*PP*A',(*3/! )+D! 1$4! !"#$%&! 1)+D,3/! -1$%N$13D-),! /&)A3!
0-$'&!/.%N$,/9!

)'*($/<+/*9&.%(/*/+/'*,&('0&3D&"*.&3D?&
V13!%)*+!-3P3-3+A3!4$-L!P$-!*+P$-%)(*$+!)N$'(!/&)A3!0-$'&/!)+D!/&)A3K0-$'&!/.%N$,/!*/!%<-(1<.-75<./'
P.6/(0'H51'?180-.//5I1.GL8'V5/2:('@!5?VC8!5=)1+;!"XQFK677M89!V)N,3!"96!$P!?VC!D3P*+3/!h/.%N$,/!P$-!(13!
A$+E3+(*$+),! A3+(-*+0! (.&3/i;!41*A1! )-3!!;!?;!@;!*;! %;!W;!O! )+D!"9! V13!D3P*+*(*$+!$P! (13!"! /.%N$,! */!+$(!
A$%%$+,.!'/3D!$-!L+$4+w!(13!P-)A(*$+),!A$$-D*+)(3/!$P!(13!,)((*A3!&$*+(/!4*(1*+!(13!'+*(!A3,,!)-3!D3P*+3D!
)/!!!!!!! !!!! !!! !! !!!! !!! !9! G$-! A$%&)-*/$+;! (13! ,)((*A3!&$*+(/! )//$A*)(3D!4*(1! (13!4*D3,.!'/3D!O! /.%N$,! )-3!
!!!!!! !!!! !!! !!! !!!! !!! !!9! V13! D3P*+*(*$+! $P! (13! "! /.%N$,! D)(3/! N)AL! ($! (13! &-3A'-/$-! $P! ?VC;! %<-(1<.-75<./('
P.6(//(<'X21'*(0-7::2<I'K5<'S170-.//0-12=-21(<!5=3-%)++;!"XFW8!*+!41*A1!*(!*/!'/3D!P$-!(13!D3/A-*&(*$+!
$P! "Q! (-*0$+),! )+D! 6d! 13B)0$+),! /&)A3! 0-$'&/! *+! h(-*&,3! A3,,i! /3((*+0/!
5AA*9,N,90$EeAA(NBe%',(*&,3RA3,,91(%,89!V13/3!/3((*+0/!43-3!-3&,)A3D!N.!&-*%*(*E3!$-!OKA3+(3-3D!/3((*+0/!
*+!%<-(1<.-75<./'P.6/(0'H51'?180-.//5I1.GL8'V5/2:('%!5=3+-.!x!T$+/D),3;!"XW689!?+!%$D3-+!3D*(*$+/!$P!(13!
?+(3-+)(*$+),!V)N,3/;!(13!(-*&,3!A3,,!/3((*+0/!$+,.!)&&3)-!*+!)!A$,'%+!$P!?VC!V)N,3!Y9F9"9!CAA$-D*+0!($!(1*/!
()N,3;!(13!/.%N$,!h=Fi!D3/*0+)(3/!(13!(-*&,3KA3,,!/3((*+0!$P!/&)A3!0-$'&!"YF;!A$+E3+(*$+),,.!L+$4+!)/!!!w!
(13!/.%N$,!h=F6i!5P$-%)((3D!!!!8!D3/*0+)(3/!(13!(-*&,3KA3,,!/3((*+0!$P!/&)A3!0-$'&!"YW;!A$+E3+(*$+),,.!
L+$4+!)/!!!!9!

?+! 03+3-),! (13! %)A-$%$,3A',)-! P*3,D! '/3/! (13!
/()+D)-D!=3-%)++KJ)'0'*+! /&)A3K0-$'&!/.%N$,/!
D3P*+3D! N.! ?VC;! N'(! (13! <]U! *+(-$D'A3D! )!
A$+P,*A(*+0! D3KP)A($! /()+D)-D! P$-! h=Fi! )+D! h=F6i9!
V13!-$$(!$P!(13!A$+P,*A(!*/!&-$N)N,.!($!N3!/$'01(!*+!
(13!43,,KL+$4+! )%N*0'*(*3/! $P!=3-%)++KJ)'0'*+!
/.%N$,/9! C! =3-%)++KJ)'0'*+! /.%N$,! '+*f'3,.!
*D3+(*P*3/! (13! /&)A3! 0-$'&! (.&3! 5$+3! $P! (13! 6F7!
A-./(),,$0-)&1*A! /&)A3! 0-$'&! (.&3/8;! N'(! +$(! (13!
/3((*+09! ?+! (13! A)/3! $P! (13! /3E3+! -1$%N$13D-),!
/&)A3!0-$'&/;!(13!/)%3!=3-%)++KJ)'0'*+!/.%N$,!
*/! '/3D! P$-! )! /3((*+0!4*(1! )!OKA3+(3-3D! 13B)0$+),!
N)/*/! /./(3%! 53909! h!!! 513B)0$+),! )B3/8i! *+! ?VC8!
)+D!)!&-*%*(*E3!/3((*+0!4*(1!)!-1$%N$13D-),!N)/*/!
/./(3%! 53909! h!!! 5-1$%N$13D-),! )B3/8i89! G*0'-3! "!
/1$4/!1$4!(13!N)/*/!/./(3%/!)-3!-3,)(3D9!V13!?VC!
+$()(*$+! P$-! (13! *+P$-%)(*$+! )N$'(! (13! /3((*+0! */!
,$+0! A$%&)-3D! ($! (13! =3-%)++KJ)'0'*+! /.%N$,9!
V1*/! 1)/! ,3)D! %)+.! )'(1$-/! $P! A-./(),,$0-)&1*A!
/$P(4)-3!)+D!-3P3-3+A3!()N,3/! ($! *+(-$D'A3!)!%$-3!

!!"#!

!"#$!

;(<6'$!A>!U)/*/!/./(3%/!$P!OF!/3((*+0/!4*(1!h#$L)0$+),!
)B3/i!)+D!h'#+%N$13D-),!)B3/i!5?VC!+$%3+A,)('-389!
V13!N)/*/!E3A($-/!)-3!A$,$-3D!/y-3D;!Cy0-33+;!4yN,'39!
G$-!%$-3!*+P$-%)(*$+!-3P3-!($!?VC!A1)&(3-!W9!
!



!

! "F!

ARTICLES 

#$%&'()(*$+),!#-./(),,$0-)&1.!234/,3((3-!567""89!=;!"6o"Y!

2

A$%&)A(! +$()(*$+9! G$-! 3B)%&,3;! (13! /.%N$,/! h`FO1i! )+D! h`FO-i! )&&3)-! *+! (13! ?+(3-+)(*$+),! V)N,3/! P$-!
#-./(),,$0-)&1.! :$,'%3! U! 5I1%'3,*;! 677"8! V)N,3! C"9Y969d! )+D! (13! ?c#-! /.%#?G! D*A(*$+)-.! 5U-$4+;!
677W89!V13!<]U!1)/!0$+3!$+3!/(3&! P'-(13-!N.!-3K*+(3-&-3(*+0!(13! P*-/(!A1)-)A(3-!$P! (13!h`Fi!)+D!h`F6i!
=3-%)++KJ)'0'*+! /.%N$,/! )/! *+P$-%)(*$+! )N$'(! (13! /3((*+09! V1*/! A$+P'/*$+! $P! A3+(3-*+0! (.&3! 5?VC!
V)N,3!"968!)+D!/3((*+0!*+P$-%)(*$+!*/!A$%&$'+D3D!N.!(13!A$+P,*A(!4*(1!(13!"!A3+(3-*+0!(.&3!/.%N$,9!

V13!4*D3,.!'/3D!9?@)#!@?S!/$P(4)-3!544491L,KB-).9A$%8!1)/!)D$&(3D!)!/*%*,)-!)&&-$)A1!)/!(13!<]U;!
N'(! *+! 3B)A(,.! (13! $&&$/*(3! 4).9! CAA$-D*+0! ($! (13! 9?@)#!@?S! %)+'),;! (13! /.%N$,/! h`Fi! )+D! h`F6i!
A$--3/&$+D! ($! (13!<]U!/.%N$,/! h=Fi!)+D!h=F6i;! -3/&3A(*E3,.;!)+D!E*A3!E3-/)9!V)N,3!"!/'%%)-*S3/! (13!
/.%N$,/!'/3D!P$-!/&)A3!0-$'&/!"YM!)+D!"WW!*+!D*PP3-3+(!A$+(3B(/9!

B/C.$!A>!I'%%)-.!$P!/.%N$,/!'/3D!P$-!/&)A3!0-$'&/!"YM!)+D!"WW!*+!D*PP3-3+(!A$+(3B(/9!

M,/4$G<'+6,!N+D! O%*D!B/CD!P+.D!Q! O%*D!B/CD!P+.D!R! S5R! M"QTUSQ"V!
"YM! `F!513B)0$+),!)B3/8! `FO1! =F! `F!

`F!5-1$%N$13D-),!)B3/8! `FO-! `F! =F!
"WW! `F6!513B)0$+),!)B3/8! `F6O1! =F6! `F6!

`F6!5-1$%N$13D-),!)B3/8! `F6O-! `F6! =F6!

3"*.$/*9&'(&3D&"*.&3D?&/*&23-456&
C+!$NE*$'/!4).!($!D*/)%N*0')(3!(13!-1$%N$13D-),!/&)A3!0-$'&!/.%N$,/! *+!V)N,3!"! */!($!()L3!(13!'+*(!
A3,,!&)-)%3(3-/!*+($!)AA$'+(9!!"#$%&!%)L3/!'/3!$P!(1*/!)&&-$)A1!*+!/$%3!A$+(3B(/;!N'(!*(!*/!+$(!),4)./!
&-)A(*A),9!?+!%)+.!/*(')(*$+/!/&)A3!0-$'&!/.%N$,/!)+D!'+*(!A3,,!&)-)%3(3-/!)-3!&-$A3//3D!*+D3&3+D3+(,.!
)+D! A$%N*+3D! $+,.! *+! )DE)+A3D! /()03/! $P! *+E$,E3D! &-$A3D'-3/9! C! /*%&,3! 3B)%&,3! */! (13! E),*D)(*$+! $P!
/&)A3! 0-$'&! /.%N$,/! *+! (13! !"#$%&! \-)&1*A),! c/3-! ?+(3-P)A3! 5\c?89! V13! /.%N$,/! )-3! E),*D)(3D! )+D!
/()+D)-D*S3D!(13!%$%3+(!(13!'/3-!&-3//3/!(13!3+(3-!L3.!$-!%$E3/!(13!*+&'(!P$A'/9!?(!4$',D!N3!P)-!%$-3!
A$%&,*A)(3D!($!D3P3-!(13!E),*D)(*$+!'+(*,!'+*(!A3,,!&)-)%3(3-/!)-3!)E)*,)N,39!<$(3+(*),,.!(13!\c?!%)+)03/!
%',(*&,3! '+*(! A3,,/! )+D! /&)A3! 0-$'&! /.%N$,/! )+D! *(! %).! (13-3P$-3! +$(! 3E3+! N3! /(-)*01(P$-4)-D! ($!
P$-%),*S3!(13!-3,)(*$+/1*&/9!

c+(*,! -3A3+(,.;! (13!!"#$%&! \c?! D*D! +$(! -3A$0+*S3! (13! h=Fi! )+D! h=F6i! /.%N$,/9! I()-(*+0!4*(1!!"#$%&!
*+/(),,3-!M(KYZE[;!(13!0I-6U!,*N-)-.!'/3D!N.!(13!\c?!/'&&$-(/!(13/3!/.%N$,/;!P$,,$4*+0!(13!D3KP)A($!<]U!
/()+D)-D9!Z3!1)D!N33+!13/*()+(! ($! ()L3! (1*/! /(3&!N3A)'/3! *(! */! (13!$+,.!+$+KA$+P$-%)+A3!$P! (13! 0I-6U!
,*N-)-.!4*(1!(13!?VC!/()+D)-D/9!>E3+('),,.!)!A$+/*D3-)N,3!/(-3)%!$P!+30)(*E3!P33DN)AL!A$+E*+A3D!'/!($!
E),'3!&-)A(*A),*(.!1*013-! (1)+! (13!&-*+A*&,3!$P! P',,! ?VC!A$%&,*)+A39!I*+A3! (13!+34!/'&&$-(! P$-! (13!<]U!
/.%N$,/! */! *%&,3%3+(3D! *+! (13! 0I-6U! ,*N-)-.;! ),,! )&&,*A)(*$+/! '/*+0! (1*/! ,*N-)-.! 5phenix.refine, 
phenix.xtriage, phenix.phaser;!($!+)%3!p'/(!)!P348!),/$!/'&&$-(!(13/3!/.%N$,/!+$49!

?+!(13!A$+(3B(/!$P!-3)D*+0!)+D!4-*(*+0!<]U!)+D!##<Y!JVs!P*,3/;!!"#$%&! *+A,'D3D!/'&&$-(! P$-! (13!<]U!
/.%N$,/! P$-! %)+.! .3)-/! ),-3)D.9! V13! *+(3-&-3()(*$+! $P! <]U! CRYST1! -3A$-D/! */! *%&,3%3+(3D! *+! (13!
iotbx.pdb!%$D',3!5\-$//3Ka'+/(,3E3!x!CD)%/;!67"789! ?+!(1*/!A$+(3B(!(13!-1$%N$13D-),!/&)A3!0-$'&!
/.%N$,/!)-3!'/3D!3//3+(*),,.!$+,.!($!*+P3-!(13!/&)A3!0-$'&!(.&39!V13!A1$*A3!$P!N)/*/!/./(3%;!13B)0$+),!
E/9!-1$%N$13D-),;! */!D3(3-%*+3D!N.! *+/&3A(*$+!$P! (13!'+*(!A3,,!&)-)%3(3-/9! ?+(3-+),,.!!"#$%&!'/3/! (13!
/.%N$,/! h`FO=i;! h`FO`i;! h`F6O=i! )+D! h`F6O`i! 5(13.! )&&3)-;! P$-! 3B)%&,3;! *+! (13! \c?8;! N'(! 413+!
P$-%)((*+0!CRYST1!-3A$-D/!P$-!$'(&'(!(13!<]U!/.%N$,/!)-3!'/3D!*+/(3)D9!

I&)A3! 0-$'&! *+P$-%)(*$+! P-$%! JVs! P*,3/! */! &-$A3//3D! /*%*,)-,.;! N'(! *+! %$/(! A)/3/! (13! /&)A3! 0-$'&!
/.%N$,! *+A,'D3D! *+! (13! JVs! P*,3! */! +$(! )A('),,.! '/3D! /*+A3! (13! /.%%3(-.! */! '/'),,.! D3P*+3D!
'+)%N*0'$'/,.!E*)!,*/(/!$P!/.%%3(-.!$&3-)(*$+/9!Z13+!03+3-)(*+0!$'(&'(!JVs!P*,3/;!!"#$%&!'/3/!)!A$&.!
$P!)!##<Y!/.%%3(-.!,*N-)-.!P*,3!5lib/data/symop.lib!*+!##<Y8!($!$N()*+!(13!##<Y!/&)A3!0-$'&!/.%N$,!
N.!%)(A1*+0!(13!/.%%3(-.!$&3-)(*$+/!*+!(13!0I-6U!/&)A3!0-$'&!$Np3A(!4*(1!(13!$&3-)(*$+/!,*/(3D!*+!(13!
##<Y!,*N-)-.!P*,39!G$-!(13!-1$%N$13D-),!/&)A3!0-$'&/;!(1*/!%3A1)+*/%!&-$D'A3/!(13!<]U!/.%N$,/9!
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I()-(*+0!4*(1!!"#$%&! *+/(),,3-! M(KYZE[;! /.%%3(-.! *+P$-%)(*$+! -3)D! P-$%!%3-03D! 9?@)#!@?S! P*,3/! */!
),/$!/'Np3A(!($!D*/)%N*0')(*$+!E*)!'+*(!A3,,!&)-)%3(3-/9!

)'*<$1,/'*&
V13!/*0+*P*A)+(!)%$'+(!$P!&-$0-)%%*+0!3PP$-(!)+D!'/3-!P-'/(-)(*$+!A)'/3D!N.!(13!h=Fi!)+D!h=F6i!/&)A3K
0-$'&!/.%N$,/! */!)!0$$D!3B)%&,3!$P!1$4!(*%3!A)+!N3! ,$/(!N.!+$(!)D$&(*+0! ,$+0!3/()N,*/13D!/()+D)-D/9!
V1*/!*/!+$(!%3)+(!($!/'003/(!-3E*/*+0!(13!<]U!)/!(1*/!4$',D!A3-()*+,.!$+,.!*+A-3)/3!(13!A$+P'/*$+9!`)(13-;!
*(! */! )! /),*3+(! -3%*+D3-! ($! (13! 3+(*-3! A-./(),,$0-)&1*A!%3(1$D/! D3E3,$&3-! A$%%'+*(.! ($! )E$*D! )DK1$A!
)&&-$)A13/! 413+! &$//*N,39! >E3-! %$-3! )'($%)(3D! /./(3%/! -3f'*-3! 1*01,.! -3,*)N,3! A$%&$+3+(/! )+D!
'+)%N*0'$'/! /3%)+(*A/9!V13!3PP$-(! /&3+(! 3)-,.!$+!3+/'-*+0! -3,*)N*,*(.! )+D! A,)-*(.! */!'/'),,.! -34)-D3D!
%)+.!(*%3/!$E3-!)/!(*%3!&)//3/9!

G%(%0%*<%,&
CD)%/;!<9!]9!3(!),9!567"789!CA()!#-./(9!5II;!6"FK66"9!

U-$4+;!?9!]9!5677W89!P(&OeeP(&9*'A-9$-0eA*PD*A/eA*PR/.%R"979"9D*A!

\-$//3Ka'+/(,3E3;!`9!Z9;!CD)%/;!<9!]9!567"789!#$%&'()(*$+),!#-./(),,$0-)&1.!234/,3((3-!A;!YK""9!

\-$//3Ka'+/(,3E3;!`9!Z9;!I)'(3-;!29!a9;!J$-*)-(.;!29!Z9;!CD)%/;!<9!]9!5677689!^9!C&&,9!#-./(9!?K;!"6MK"FM9!

=)1+;!V9!5"XQFK677M89!?+(3-+)(*$+),!V)N,3/!P$-!#-./(),,$0-)&1.;!:$,9!C9!]$-D-3A1(O!a,'43-9!

=3-%)++;!#9!5"XFW89!?+(3-+)(*$+),3!V)N3,,3+!S'-!U3/(*%%'+0!E$+!a-*/(),,/(-'L('-3+9!U3-,*+O!\3N-zD3-!U$-+(-{03-9!

=3+-.;!29! G9!J9;! T$+/D),3;!a9! 5"XW689! ?+(3-+)(*$+),!V)N,3/! P$-!@K-).!#-./(),,$0-)&1.;!:$,9! ?9! U*-%*+01)%O!a.+$A1!
<-3//9!

I1%'3,*;!c9!5677"89!?+(3-+)(*$+),!V)N,3/!P$-!#-./(),,$0-)&1.;!:$,9!U9!]$-D-3A1(O!a,'43-9!
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X/,1"$/^/*9&+;%&0"7&./((0"<+/'*&:"++%0*&7/+;&<0=9<:>&
Nicholas K. Sautera 

aPhysical Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 

#$--3/&$+D3+A3!3%)*,O!2aI)'(3-[TUT9\$E!

5*+0'.1<+/'*&
V1*/! )-(*A,3! P$A'/3/! $+! A-3)(*+0! &'N,*A)(*$+Kf'),*(.! &*A('-3/! (1)(! *,,'/(-)(3! D*PP-)A(*$+! D)()9! ! Z1*,3!
+'%3-$'/!($$,/!)-3!)E)*,)N,3! P$-!(13!-$'(*+3!A$+E3-/*$+!$P!-)4!D)()!P*,3/! *+($!A$%%$+!*%)03!P$-%)(/;!
$(13-! &,$(/! -3f'*-3! /&3A*),*S3D! %)-L'&! )+D! A)+! $+,.! N3! &-$D'A3D! N.! A'/($%K4-*((3+! /$P(4)-39! ! C!
P)%*,*)-! 3B)%&,3! */! (13!+33D! ($! ,)N3,! 3)A1!U-)00! /&$(! *+! (13!D*PP-)A(*$+!&)((3-+!4*(1! *(/!&-$&3-!J*,,3-!
*+D3B9!!C,/$;!/.+A1-$(-$+!N3)%,*+3/!4*(1!E3-.!P)/(!D3(3A($-/!/'A1!)/!(13!<*,)('/KMJ!1)E3!3%&1)/*S3D!(13!
)DE)+()03!$P!A$,,3A(*+0!D)()!4*(1! (1*+!-$()(*$+!/,*A3/;!41*A1! *%&-$E3! (13!/*0+),K($K+$*/3!-)(*$!N'(!),/$!
,3)E3!(13!*%)03!/&)-/3,.!&$&',)(3D!4*(1!U-)00!/&$(/9!!V1*/!-)*/3/!(13!+33D!P$-!)!E*/'),*S)(*$+!($$,!413-3!
/3E3-),! A$+/3A'(*E3! *%)03/! )-3! /'%%3D! ($03(13-! ($! 0*E3! )! %$-3! -3A$0+*S)N,3! ,)((*A39! ! C+$(13-!
%3A1)+*/%!($!A$+E3+*3+(,.!3B)%*+3!(13! ,)((*A3! */! ($!&,$(!(13!/*0+),!(1)(!A$--3/&$+D/!($!&,)+3!/3A(*$+/!
(1-$'01! -3A*&-$A),! /&)A39! ! g,DK/(.,3! &-3A3//*$+! A)%3-)/! 4$',D! 03+3-)(3! (1*/! (.&3! $P! &1$($0-)&1!
3B&3-*%3+(),,.;!N'(!P$-!%$D3-+!-$()(*$+!03$%3(-.!*(!*/!+3A3//)-.!($!/.+(13/*S3!/'A1!*%)03/!4*(1!&*B3,/!
()L3+!P-$%!D*PP3-3+(!/1$(/!$E3-!(13!41$,3!D)()!/3(9!!#$D3!P$-!),,!$P!(13/3!)&&,*A)(*$+/!*/!)E)*,)N,3!4*(1*+!
(13! )@*#)%P! &)AL)03;! 41*A1! */! D*/(-*N'(3D!4*(1!!"#$%&! )+D! )E)*,)N,3! P$-! D$4+,$)D! )(! 4449&13+*BK
$+,*+39$-09!

C,,! 3B)%&,3/! D*/A'//3D! 13-3! )-3! 3B3A'(3D! (1-$'01! (13! A$%%)+D! ,*+3;! )/! )@*#)%P! 1)/! +$(! .3(! N33+!
*+A$-&$-)(3D! *+($! (13!!"#$%&! 0-)&1*A),! *+(3-P)A39! ! G*0'-3/! )-3! D$A'%3+(3D! *+! )! /&3A*),! /'ND*-3A($-.!
4*(1*+! (13! /$'-A3! A$D3O! labelit/publications/ccn_visualization! )+D! A)+! N3! -3&-$D'A3D! N.!
P$,,$4*+0! (13! *+/(-'A(*$+/! A$+()*+3D! (13-3*+9! ! \3+3-),! D$A'%3+()(*$+! P$-! )@*#)%P! */! )(!
AA*9,N,90$Ee,)N3,*(9!

20%0%_1/,/+%&/*.%U/*9&7/+;&+.3"+/-?/%*"@&
I*+A3! (13! D3/*-3D! *,,'/(-)(*$+/! D3&3+D! $+! L+$4,3D03! $P! (13! J*,,3-! *+D*A3/;! 43! P*-/(! &3-P$-%! )+!
)'($*+D3B*+0! /(3&! ($! *D3+(*P.! (13!&-*+A*&,3!)B3/!)+D!'+*(! A3,,!D*%3+/*$+/!$P! (13! A-./(),9! ! ?(! */! )//'%3D!
(1)(!(13!!"#$%&!&)AL)03!5)+.!-3,3)/3!/'N/3f'3+(!($!"!^)+!67""8!*/! *+/(),,3D!)+D!)DD3D!($!(13!&)(1!N.!
/$'-A*+0!(13!)&&-$&-*)(3!/3('&!P*,3!5phenix_env!$-!phenix_env.sh)9! !C/!A'--3+(,.!*%&,3%3+(3D;!(13!
&-$0-)%!4+9W)4! %'/(! ),/$! N3! &,)A3D! $+! &)(1! '+D3-! (13! ),*)/! ipmosflmw! (1*/! */! '/3D! D'-*+0! (13!
)'($*+D3B*+0!/(3&!($!$N()*+!)!P*-%!3/(*%)(3!$P!(13!-3/$,'(*$+!,*%*(/9!!!

?+D3B*+0! */!D$+3! *+!)!+34!A'--3+(!4$-L*+0!D*-3A($-.!5cwd8;!4*(1!(13!-)4!D)()! P-)%3/!&,)A3D!3*(13-! *+!
cwd!$-!)+.!$(13-!D*-3A($-.O!

cwd> labelit.index <data_path>/file_template_1_###.img 1 90 

?+! (1*/! 3B)%&,3! (13! D*PP-)A(*$+! &)((3-+! */! *+D3B3D! P-$%! (4$! "n! -$()(*$+! *%)03/! 5|"! )+D! |X78! /&)A3D!
4*D3,.! )&)-(! ($! )A1*3E3! (13! 1*013/(! )AA'-)A.9! ! ]3()*,/! )-3! P$'+D! *+! (13! )@*#)%P! D$A'%3+()(*$+9! ! gP!
*+(3-3/(! N3,$4;! )+.! ,)((*A3! 4*(1! 1*013-! (1)+! (-*A,*+*A! /.%%3(-.! A)+! N3! D3/A-*N3D! *+! %',(*&,3! U-)E)*/!
/3((*+0/O!!
LABELIT Indexing results: 
Solution  Metric fit  rmsd  #spots  crystal_system  unit_cell                                  
:)   5     0.197 dg  0.100    494  orthorhombic oP  84.6 123.3 174.2 90.0 90.0 90.0 
:)   4     0.197 dg  0.105    496    monoclinic mP  84.6 123.4 174.3 90.0 90.0 90.0   
:)   3     0.197 dg  0.099    493    monoclinic mP  84.6 174.2 123.3 90.0 90.0 90.0 
:)   2     0.052 dg  0.081    496    monoclinic mP 123.3  84.6 174.0 90.0 90.2 90.0 
:)   1     0.000 dg  0.082    498     triclinic aP  84.6 123.3 174.0 90.2 90.0 90.0 
MOSFLM Integration results: 
Solution  SpaceGroup Beam x   y  distance  Resolution Mosaicity RMS 
:)   5         P222  94.08  94.11  179.99       2.20    0.050       0.040 
     1           P1  94.08  94.09  180.02       2.14    0.050       0.027 
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C/!(13!&-*+($'(!/1$4/;! (1*/!$-(1$-1$%N*A! ,)((*A3!%).!N3!E*343D!3*(13-! *+!(13!$-(1$-1$%N*A!/3((*+0;!$-!
),(3-+)(3,.!*+!(13!(-*A,*+*A!$-!(1-33!D*PP3-3+(!%$+$A,*+*A!/3((*+0/9! !V13/3!)-3!(13!*+D3B*+0!-3/',(/!P-$%!)!
D)()/3(!'/3D!N.! (13! ^$*+(!#3+(3-! P$-!I(-'A('-),!\3+$%*A/! 5^#I\8! ($!/$,E3! (13!/(-'A('-3!$P!<-$(3*+!])()!
U)+L!3+(-.!6f.E9! !V13! ^#I\!D)()!-3&$/*($-.;!)E)*,)N,3! P$-!D$4+,$)D! P-$%!4449pA/09$-0!5>,/,*03-!(-'./T;!
67"78;!*/!'/3D!P$-!(13!3B)%&,3/!*+!P*0'-3/!";!F!x!Y9!

V$!A-3)(3!(13!/'N/3f'3+(!*,,'/(-)(*$+/;!(13!*+D3B*+0!-3/',(/!%'/(!N3!L3&(!*+!(13*-!A)A13D!,$A)(*$+!*+!(13!
P*,3/! cwd/DISTL_pickle;! cwd/LABELIT_pickle! )+D! cwd/LABELIT_possible9! ! V13-3P$-3;! *P!
%',(*&,3! D)()/3(/! )-3! ($! N3! *+D3B3D;! /3&)-)(3! 4$-L*+0! D*-3A($-*3/! /1$',D! N3! A-3)(3D9! ! #)A13D!
*+P$-%)(*$+!*+!cwd!A)+!N3!D3,3(3D!4*(1O!

cwd> labelit.reset 

2HWC('0="+&0%*.%0/*9&'(&./((0"<+/'*&/="9%,\&+.3"+/-?/(.2"&
V13! P*-/(!&-$D'A(!$P! *+(3-3/(! */! )! /*%&,3!&*A('-3!$P! )! -$()(*$+!&1$($0-)&1;!4*(1!U-)00! /&$(/! ,)N3,3D!)/!
/1$4+!*+!P*0'-3!"9!!!

C/!4*(1! $(13-! &-$0-)%/! *+! (13!!"#$%&! P)%*,.;! L3.4$-D! *+&'(! P$-!labelit.image!%).! N3! &-$E*D3D!
3*(13-! )(! (13! A$%%)+D! ,*+3! $-! P-$%! )+! k3PP3A(*E3! &)-)%3(3-! P*,3k! ,*/(*+0! (13! D3/*-3D! L3.4$-D/! *+! )!
/(-'A('-3D!P$-%)(9!!`3,3E)+(!L3.4$-D/!A)+!N3!,*/(3D!$'(!4*(1O!

cwd> labelit.image 
cwd> labelit.image help # detailed descriptions for each keyword 

g'(&'(! P-$%! (13! '+D3A$-)(3D labelit.image! A$%%)+D! %).! N3! '/3D! )/! )! (3%&,)(3! ($! A-3)(3! (13!

;(<6'$!AD!]3()*,!$P!)!-$()(*$+!*%)03!P-$%!(13!6f.E!D)()/3(;!*,,'/(-)(3D!4*(1!labelit.imageT!!V13!U-)E)*/!,)((*A3!
*/!$-(1$-1$%N*A!*+!%$D3,!5.8!)+D!%$+$A,*+*A!*+!%$D3,!568;!A$--3/&$+D*+0!($!(13!)N$E3K,*/(3D!h)@*#)%P!/$,'(*$+i!
+'%N3-/!W!)+D!6;!-3/&3A(*E3,.9!!Z1*,3!D3/A-*N*+0!(13!/)%3!&1./*A),!D)();!(13!(4$!%$D3,/!D*PP3-!*+!(13!$-*3+()(*$+/!
$P!(13!-3A*&-$A),!A3,,!)B3/!5/W;!CW;!4W8!)+D!(13!-3/',()+(!J*,,3-!*+D3B!,)N3,/!)(()A13D!($!3)A1!U-)00!/&$(9!!C/!(13!(4$!
,)((*A3!/$,'(*$+/!)-3!-3P*+3D!/3&)-)(3,.;!/,*01(,.!D*PP3-3+(!/'N/3(/!$P!U-)00!/&$(/!)-3!&-3D*A(3D!N.!(13!(4$!%$D3,/!
5.3,,$4!N$B3/8;!N'(!(1*/!D*/(*+A(*$+!*/!+$-%),,.!3-)/3D!*+!(13!/'N/3f'3+(!/(3&/!$P!&$/(-3P*+3%3+(!)+D!D)()!
*+(30-)(*$+9!!!
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3PP3A(*E3!&)-)%3(3-!P*,3!param.effO!

bravais_choice = 5 
image_number = 1  
window_fraction = 0.4 
window_center_x = 0.5 
window_center_y = 0.5 
image_brightness = 1.0 
pdf_output{ 
  file = output.pdf 
  box_size = 500 
} 
markup{ 
  bragg_spot{ 
    box = True 
    linewidth = 0.04 
    profile_shrink = 0 
    color = yellow 
  }  
  miller_index{ 
    legend = False 
    font_size = 10 
    color = black 
    vertical_offset = 10 
  } 
  inliers = False 
} 

 
V13!P*+),!*%)03!*/!A$%&'(3D!4*(1!(13!A$%%)+D!

cwd> labelit.image param.eff 
 
$-!N.!A$+E3+*3+(,.!/'&&,.*+0!/A$&3D!A$%%)+DK,*+3!L3.4$-D/!P$-!),,!+$+KD3P)',(!E),'3/O!

cwd> labelit.image bravais_choice=5 \ 
                   image_number=1 \ 
                   pdf_output.file=output.pdf \ 
                   markup.miller_index.legend=True 
 
a3.4$-D/!)+D!D3P)',(!E),'3/!)-3!)/!P$,,$4/O!

bravais_choice=None 
  
V1*/!-3f'*-3D!L3.4$-D!*D3+(*P*3/!(13!*+(303-!U-)E)*/!/3((*+0!+'%N3-!($!'/3!P$-!,)N3,*+0!(13!U-)00!/&$(/;!
)/!3+'%3-)(3D! *+! (13!k)@*#)%P! /$,'(*$+k!A$,'%+!$P! (13!)@*#)%P!$'(&'(9! ! !V13! ,*/(!$P!&$//*N,3!/3((*+0/!
A)+! N3! E*343D! )0)*+! 4*(1! (13! A$%%)+D! labelit.stats_index9! ! G*09! "! *,,'/(-)(3/! 1$4! (13! $'(&'(!
E)-*3/!4*(1! D*PP3-3+(! U-)E)*/! A1$*A3/w! (13! /)%3! &1./*A),! D)()! )-3! D*/&,).3D! N'(! D*PP3-3+(,.! +'%N3-3D!
J*,,3-!*+D*A3/!)-3!)(()A13D!($!3)A1!/&$(9!!V13!A$--3A(!U-)E)*/!A1$*A3!*/!+$(!+3A3//)-*,.!L+$4+!)(!(13!(*%3!
$P! *+D3B*+09! ! ?+! (13! A)/3! /1$4+! 5<U]! 3+(-.! 6f.E8! (13! &'N,*/13D! /.%%3(-.! 1)&&3+/! ($! N3! !6"6"6;!
A$--3/&$+D*+0!($!bravais_choice=5 5P*0'-3!")89 

image_number=None 
 
V13!*+(303-!*%)03!/3f'3+A3!+'%N3-!($!'/3!*+!(13!*,,'/(-)(*$+!5-3f'*-3D89! !?(! */!+$(!+3A3//)-.!($!/'&&,.!
(13!P',,!P*,3!+)%3;!)/!(13!D*-3A($-.!)+D!P*,3!(3%&,)(3!)-3!),-3)D.!A)A13D!N.!labelit.index9! 
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window_fraction=1.0 
 
G-)A(*$+),!,3+0(1!$P!(13!P',,!*%)03!B!)+D!.!D*%3+/*$+/!($!N3!'/3D!P$-!*,,'/(-)(*$+9!!C!4*+D$4RP-)A(*$+!$P!
79W!4$',D!-3+D3-!)!"W77!!!"W77!/f')-3!/3A(*$+!$P!)!F777!!!F777!&*B3,!-)4!*%)039! !V$!S$$%!*+!$+!)+!
*%)03!D3()*,;!&*AL!&-$0-3//*E3,.!/%),,3-!E),'3/9 

window_center_x=0.5 
window_center_y=0.5  
 
G-)A(*$+),!$PP/3(!$+!(13!P',,!*%)03!($!N3!'/3D!)/!(13!A3+(3-!$P!(13!/3A(*$+!($!N3!*,,'/(-)(3D9!!V13!A3+(3-!$P!
(13!-)4!*%)03!*/!)(!(13!A$$-D*+)(3/!5window_center_x = 0.5;!window_center_y = 0.58;!4*(1!B!
)+D!.!N3*+0!(13!/,$4!)+D!P)/(!D*-3A(*$+/!$+!(13!*%)03;!-3/&3A(*E3,.9!!g+!(13!&-*+(3D!&)03;!/,$4!*/!E3-(*A),!
)+D!P)/(!*/!1$-*S$+(),;!4*(1!(13!$-*0*+!*+!(13!'&&3-!,3P(!A$-+3-9 

image_brightness=1.0  
 
G)A($-!'/3D!($!%',(*&,.!(13!&*B3,!E),'3/!($!&-$D'A3!)!A'/($%*S3D!N-*01(+3//9!!U.!D3P)',(;!)!N-*01(+3//!
/A),3!*/!)'($%)(*A),,.!A),A',)(3D!P$-!3)A1!*%)03;!/'A1!(1)(!(13!X7(1K&3-A3+(*,3!&*B3,!*/!/1$4+!)/!/)('-)(3D!
5N,)AL89!!C+!*%)03RN-*01(+3//!q!"97!%)L3/!&*B3,/!%$-3!/)('-)(3D!5D)-L3-89 

pdf_output.file=None  
 
`3f'*-3D!P*,3!+)%3!P$-!(13!$'(&'(!*,,'/(-)(*$+9!!V13!($&!$P!(13!&-*+(3D!&)03!4*,,!/1$4!(13!*%)03!P*,3!+)%3!
)+D! -3,3E)+(! *+P$-%)(*$+! ()L3+! P-$%! (13! P*,3! 13)D3-;! 41*,3! (13! labelit.index! -3/',(/! )+D!
labelit.image!A$%%)+D!4*,,!N3!/'%%)-*S3D!)(!(13!N$(($%9 

pdf_output.box_size=500  
 
2'%N3-!$P!&$*+(/!5'+*(!$P!,3+0(1;!"ed6!*+A18!P$-!(13!/f')-3!3D03!$P!(13!*,,'/(-)(*$+!$+!(13!&-*+(3D!&)039! 

markup.bragg_spot.box=True 
 
U$$,3)+!E),'3!($!($00,3!(13!N$B3/!(1)(!,$A)(3!(13!&-3D*A(3D!&$/*(*$+!$P!3)A1!U-)00!/&$(9 

markup.bragg_spot.linewidth=0.04 
 
Z*D(1!$P! (13!&-*+(3D! ,*+3/!'/3D! ($!$'(,*+3!3)A1!U-)00!/&$(! 5*+!%%89! !CDp'/(! (1*/!E),'3! ($! *%&-$E3! (13!
A,)-*(.!$P!(13!*,,'/(-)(*$+!*P!(13!U-)00!/&$(/!)-3!($$!A$+03/(3D9! 

markup.bragg_spot.profile_shrink=0  
 
2'%N3-!$P!&*B3,/! ($! /1-*+L! (13!N$B!3D03! P$-!$'(,*+*+0!U-)00! /&$(/9! !U.!D3P)',(;! (13! -3A()+0',)-!N$B! */!
/*S3D! ($! A$+()*+! (13! )E3-)03!&-$P*,3! $P! (13! N-*01(! /&$(/! '/3D!N.!labelit.index! P$-! *+D3B*+0;! &,'/! )!
(4$K&*B3,!%)-0*+!$+!3)A1!/*D39!!c/3!(1*/!L3.4$-D!($!*%&-$E3!A,)-*(.!*P!+3A3//)-.9 

markup.bragg_spot.color=yellow  
 
#$,$-!'/3D!P$-!(13!U-)00!/&$(!N$B3/;!)/!D3P*+3D!*+!(13!<]GK03+3-)(*+0!&)AL)03!O(G51-/.69! 

markup.miller_index.legend=True  
 
U$$,3)+!E),'3!($!($00,3!(13!*+,*+*+0!$P!J*,,3-!*+D3B!=aT!E),'3/!'+D3-+3)(1!3)A1!U-)00!/&$(9 
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markup.miller_index.font_size=10 
markup.miller_index.color=black 
markup.miller_vertical_offset=10 

G$-!(13!*+,*+3D!=aT!E),'3/;!P$+(!/*S3!*+!&$*+(/;!*+L!A$,$-!)/!D3P*+3D!*+!O(G51-/.6;!)+D!E3-(*A),!$PP/3(!*+!(13!
D$4+4)-D!D*-3A(*$+!*+!&$*+(/;!/$!(1)(!(13!=aT!E),'3!D$3/!+$(!$E3-,)&!(13!/&$(9!!!

markup.inliers=False  
 
U$$,3)+!E),'3!($!($00,3!D$(/!,$A)(*+0!(13!N-*01(!/&$(/!'/3D!N.!labelit.index!P$-!*+D3B*+09!!`3D!D$(/!
*+D*A)(3!(13!/&$(!A3+(3-!$P!%)//;!&*+L!D$(/!/1$4!(13!%)B*%'%!&*B3,9 

K1=="+/'*&'(&<'*,%<1+/V%&+;/*C,$/<%.&/="9%,&
]*PP-)A(*$+!&1$($0-)&1/!$P!/(*,,!A-./(),/;!$-! (1$/3!4*(1!)+!3B(-3%3,.!/%),,!-$()(*$+!)+0,3;!4*,,! -3A$-D!)!
A$--3/&$+D*+0,.! (1*+! /,*A3! (1-$'01! -3A*&-$A),! /&)A39! ! I'A1! &1$($0-)&1/!%).! 3B1*N*(! P34!U-)00! /&$(/;!
3/&3A*),,.! *P! (13!'+*(! A3,,! */! /%),,!)+D! (1$/3! (1)(!)-3!A)&('-3D!4*,,! -3&-3/3+(!&)-(*),! /,*A3/! (1-$'01! (13!
-$AL*+0!A'-E3;!+$(!P',,!*+(3+/*(*3/9!!C!/&)-/3!D*PP-)A(*$+!&)((3-+!P-$%!)!796n!-$()(*$+!&1$($0-)&1!*/!/1$4+!
*+!P*0'-3!6)9!!!

G$-!(13!&'-&$/3!$P!*,,'/(-)(*+0!(13!D*PP-)A(*$+;!*(!A)+!N3!)DE)+()03$'/!($!/()AL!A$+/3A'(*E3!-$()(*$+!/1$(/!
$+! ($&! $P! 3)A1! $(13-;! (1'/! /'%%*+0! (13! &)-(*),! *+(3+/*(*3/! )+D! P*,,*+0! $'(! (13! ,).3-! /,*A3/! /$! (1)(! (13!
,)((*A3!&)((3-+! */!%$-3! -3)D*,.! )&&)-3+(9! ! I'A1!)! A$+/(-'A(*$+! */! /1$4+! *+! P*0'-3!6N9! !V13!&*A('-3!4)/!
A-3)(3D!N.!/'&&,.*+0!)+!image_range!L3.4$-DO!

cwd> labelit.image image_range=1,5 
 
a3.4$-D/!image_range!)+D!image_number )-3!%'('),,.!3BA,'/*E3!)+D!A)++$(!N3!/'&&,*3D!($03(13-9!

?(! */!1$&3D!(1)(!(13!)E)*,)N*,*(.!$P! (1*/!%3(1$D!P$-!/()AL*+0! *%)03/!4*,,!3+A$'-)03!A-./(),,$0-)&13-/!($!

;(<6'$!=D!!]3()*,!P-$%!)!A'N*AK,)((*A3!D*PP-)A(*$+!&)((3-+!()L3+!P-$%!)!/*+0,3!*%)03!5.;!"#y796°8!)+D!)!/()AL!$P!P*E3!
*%)03/!56;!"#y"97°89!!V13!-3A()+0',)-!)-3)/!)-3!"XW!!!YQdK&*B3,!%$D',3/!$+!)!<*,)('/KMJ!D3(3A($-9!
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%)L3!*(!)!A$%%$+!&-)A(*A3!($!)Af'*-3!E3-.!P*+3,.!/,*A3D!-$()(*$+!*%)03/;!41*A1!*/!+$4!&-)A(*A),!4*(1!(13!
*+(-$D'A(*$+!$P!P)/(!&*B3,!)--).!D3(3A($-/!/'A1!)/!(13!<*,)('/KMJ9!!V1*+K/,*A3D!D)()!5<P,'0-)(1;!"XXX8!1)E3!
/3E3-),! )DE)+()03/! *+A,'D*+0! *%&-$E3D! /*0+),K($K+$*/3! )+D! (13! )N*,*(.! ($!%$D3,! (13! U-)00! /&$(/!4*(1!
(1-33KD*%3+/*$+),!&-$P*,3/9!!?P!*(!*/!3)/.!($!/()AL!*%)03/!P$-!-$'(*+3!E*34*+0;!(1*/!-3%$E3/!(13!$Np3A(*$+!
(1)(!(1*+,.K/,*A3D!*%)03/!)-3!D*PP*A',(!($!3B)%*+3!E*/'),,.9!!!

2$(3O!*(!*/!&$//*N,3!($!0$!*%%3D*)(3,.!P-$%!-)4!*%)03/!($!<]GKP$-%)(!&*A('-3/!;7-L52-!*+D3B*+0!P*-/(;!*P!
(13!$Np3A(!*/!($!/*%&,.!-3+D3-!(13!*%)03!4*(1$'(!)+.!%)-L'&9!!C!/3&)-)(3!A$%%)+D!*/!&-$E*D3D!P$-!(1*/!
&'-&$/3O!

cwd> labelit.pdf <image template (/home/data/lysozyme_###.img)>  
 
a3.4$-D!$&(*$+/!)-3O!

image_number = 1  
image_range = 1,5  
window_fraction = 0.4 
window_center_x = 0.5 
window_center_y = 0.5 
image_brightness = 1.0 
pdf_output{ 
  file = output.pdf 
  box_size = 500 
} 

K8*+;%,/,&'(&:,%1.'C:0%<%,,/'*&:;'+'90":;,\&+.3"+/-?5$"&",,/)%A5B)-)&
Z1*,3!%$,3A',)-! /(-'A('-3! */! *D3),,.!3B&,$-3D!4*(1!&3-P3A(! A-./(),/! (1)(!0*E3!/1)-&!U-)00!&3)L/;! *(!1)/!
N33+! (13! *%&3-P3A(*$+/! (1)(! 1)E3! &$/3D! ,)-03! A1),,3+03/! $E3-! (13! .3)-/9! ! V13! E*/'),! 3B)%*+)(*$+! $P!
*%)03/!A3-()*+,.!&,)./!)+! *%&$-()+(! -$,3! *+!D*)0+$/*+0!/&3A*P*A! (.&3/!$P!D*/$-D3-! 52)E3;!"XXX89! !C/*D3!
P-$%!%$/)*A*(.;!$-! */$(-$&*A!D*/$-D3-! (1)(!0*E3/!-*/3! ($!4*D3!-$AL*+0!A'-E3/!5(13!D*PP-)A(*$+!$P!)!U-)00!
/&$(!$E3-!)! ,)-03!-$()(*$+!)+0,38;! -3A3+(!&)&3-/!1)E3!1*01,*01(3D!/&3A*P*A! (.&3/!$P! ,$+0K-)+03!D*/$-D3-!
(1)(! &-$D'A3! -3A$0+*S)N,3! /*0+)('-3/! )(! (13! k+$+KU-)00k! &$/*(*$+/! $P! (13! D*PP-)A(*$+! &)((3-+9! ! G$-!
3B)%&,3;!*+A$%%3+/'-)(3!%$D',)(*$+!5U$-0/()1,!(-'./T;!677X8;!)!&3-*$D*A!D*/($-(*$+!$P!(13!A-./(),!,)((*A3;!
03+3-)(3/!D*/A-3(3!/)(3,,*(3!U-)00!/&$(/w!41*,3!,)((*A3!(-)+/,$A)(*$+!D*/$-D3-!5V/)*!(-'./T;!677X8;!(13!/,*01(!
D*/&,)A3%3+(!$P!/'AA3//*E3!A-./(),!,).3-/;!A-3)(3/!)!&)((3-+!$P!/(-3)L/!$+!/&3A*P*A!/&$(/9!!!

=*/($-*A),,.;!(13!)E)*,)N*,*(.!$P!U'3-03-!&-3A3//*$+!A)%3-)/!5(TIT;!U,'+D3,,!x!^$1+/$+;!"XdM8!%)D3!*(!3)/.!
($!3B)%*+3! /&3A*P*A!&,)+)-! ,).3-/!$P! (13! -3A*&-$A),! ,)((*A3;! )P(3-!&)*+/()L*+0!),*0+%3+(!$P! (13!&-*+A*&),!
A-./(),,$0-)&1*A! )B3/! 5/W;! CW;! 4W8! -3,)(*E3! ($! (13! A)%3-)! -3P3-3+A3! P-)%39! ! ?+! A3-()*+! A)/3/! 5U-)00! x!
=$43,,/;! "XWY8;! D*PP3-3+A3/! *+! (13! U-)00! /&$(! /1)&3! A$',D! N3! D3/A-*N3D! )/! )! P'+A(*$+! $P!J*,,3-! *+D3B9!!
CA1*3E*+0!(1*/!(.&3!$P!A$+E3+*3+(!&,$(!4*(1!%$D3-+!-$()(*$+!D)()!-3f'*-3/!)!/$P(4)-3!A),A',)(*$+!P$-!(4$!
-3)/$+/O!!P*-/(;!3)A1!*%)03!-3&-3/3+(/!)!A'-E3D!/'-P)A3!$P!-3A*&-$A),!/&)A3;!+$(!)!&,)+3w!)+D!/3A$+D,.;!(13!
A-./(),!)B3/!)-3!+$4!-)-3,.!&-3),*0+3D!4*(1!(13!A)%3-)9!!

C//'%*+0! (1)(! *%)03/!)-3!)E)*,)N,3! P-$%!)!4*D3!3+$'01!-$()(*$+),! -)+03;! (13! -3f'*/*(3!&,)+)-! /3A(*$+!
A)+!N3!/.+(13/*S3D9!!=$43E3-;!*(!*/!N3/(!($!L33&!*+!%*+D!(1)(!(13-3!)-3!*%&,*A*(!,*%*()(*$+/9!!Z3!)//'%3;!
P$-!3B)%&,3;!(1)(!(13!A-./(),!*/!-*0*D,.!P*B3D!($!(13!0$+*$%3(3-!-$($-;!/$!*(/!$-*3+()(*$+!*/!3B)A(,.!L+$4+!
P$-!3)A1!/$'-A3!*%)03!P-$%!(13!D)()/3(9!!]3E*)(*$+/!P-$%!(1*/!*D3),!4*,,!D30-)D3!(13!/.+(13/*S3D!*%)03;!
&)-(*A',)-,.! )(! 1*013-! /A)((3-*+0! )+0,3/9! !C,/$;! $'-! *%&,3%3+()(*$+!D$3/!+$(! )&&,.! /A),*+0! A$--3A(*$+/9!!
V1'/;! P)A($-/! /'A1! )/! )AA'%',)(3D! -)D*)(*$+! D$/3! (1)(! A1)+03! (13! /)%&,3! $E3-! (*%3! 4*,,! A)'/3!
/.%%3(-.K-3,)(3D! -3P,3A(*$+/! ($! )&&3)-! '+3f'),! *+! *+(3+/*(.9! ! \3$%3(-*A! )&&-$B*%)(*$+/! )-3!
'+)E$*D)N,3O!*+!$-D3-!($!A-3)(3!)!%)&&*+0!N3(433+!(13!-)4!*%)03!)+D!-3A*&-$A),!/&)A3!A$$-D*+)(3/;!*(!*/!
)//'%3D! (1)(! 3)A1! -)4! *%)03! -3&-3/3+(/! (13! A3+(3-! $P! *(/! -$()(*$+! -)+03! 5P$-! 3B)%&,3;! )! "n! -$()(*$+!
*%)03!A$E3-*+0!}y~7n;"n�!*/!'+*P$-%,.!)//*0+3D!(13!E),'3!}y79Wn89!!J$-3$E3-;!*%)03!&*B3,/!P)-!P-$%!(13!
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-$()(*$+!)B*/!%)&!($!)!,)-03-!-$()(*$+),!&)(1!(1-$'01!-3A*&-$A),!/&)A3!)+D!)&&3)-!)/!,)-03!f')D-*,)(3-),/!
$+!(13!/.+(13/*S3D!*%)039!!#,3)-,.;!(13!N3/(!/)%&,*+0!*/!$N()*+3D!4*(1!P*+3!-$()(*$+),!/,*A*+0!5<P,'0-)(1;!
"XXX8!)+D!/%),,!*%)03!&*B3,/9!

]3/&*(3! (13/3! A)E3)(/;! labelit.precession_photo! A)+! N3! '/3D! 5P*0'-3! F8! ($! A,3)-,.! *,,'/(-)(3!
&13+$%3+)! (1)(!43! -3A3+(,.! A*(3DO! /(-3)L.!U-)00! /&$(/! $P! '+L+$4+!$-*0*+! )//$A*)(3D!4*(1! <]U! A$D3!
"ELQ! 5I)'(3-! x! <$$+;! 67"78! )+D! )! &)((3-+! $P! ),(3-+)(*+0! 43)L! )+D! /(-$+0! U-)00! /&$(/! D'3! ($!
&/3'D$(-)+/,)(*$+),! /.%%3(-.! *+! <]U! /(-'A('-3! 6f.E! 5I)'(3-! x! s4)-(;! 677X89! ! V13! A$%%)+D! ,*+3!
L3.4$-D/! P$-! labelit.precession_photo! )-3! 1)+D,3D! 3B)A(,.! )/! D3/A-*N3D! )N$E3! P$-!
labelit.imageO!

bravais_choice=None 
image_range=None 
pdf_output.file=None  
pdf_output.box_size=500  
 
?D3+(*A),! ($! (13!&)-)%3(3-/!D3/A-*N3D! P$-!labelit.image9! !C! kNonek!E),'3! *+D*A)(3/! -3f'*-3D! *+&'(9!!
=3-3!*(!*/!)DE)+()03$'/!($!/&3A*P.!)+!image_range!A$E3-*+0!(13!3+(*-3!D)()/3(;!/$!(1)(!(13!A$$-D*+)(3!
0-*D!$P!(13!/.+(13/*S3D!*%)03!*/!P*,,3D!*+!($!(13!,)-03/(!3B(3+(9 

pixel_width=600 
 
V13! 4*D(1! $P! (13! /.+(13/*S3D! A$$-D*+)(3! 0-*D! *+! &*B3,/;! 41*A1! */! (13+! P*(! *+($! (13!
pdf_output.box_size!D*%3+/*$+!3B&-3//3D!*+!&$*+(/9 

resolution_outer=3.0 
 
V13!1*01!-3/$,'(*$+!,*%*(!$P!(13!-3f'3/(3D!&,$(;!3B&-3//3D!*+!l+0/(-$%/9! 

;(<6'$!?D!!`3A*&-$A),!/&)A3!/3A(*$+/!*,,'/(-)(3D!4*(1!labelit.precession_photo!P$-!/(-'A('-3/!"ELQ!5.8!)+D!
6f.E!5689!V13!$-*0*+!$P!(13!/(-3)L/!3B(3+D*+0!),$+0!(13!4W!)B*/!*+!5.8!4)/!+$(!3B)%*+3D!*+!(13!$-*0*+),!&'N,*A)(*$+!
5]3-%$'+!(-'./T;!67"78w!N'(!*/!&-3/'%)N,.!)//$A*)(3D!4*(1!,)((*A3!D*/$-D3-9!!
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intensity_full_scale=256  
 
?+(3+/*(.!E),'3!$+!(13!-)4!*%)03!(1)(!*/!(-3)(3D!)/!P',,.!/)('-)(3D!5N,)AL89 

plot_section="H,K,0"  
 
]3(3-%*+3! 41*A1! &-*+A*&,3! )B3/! )-3! *+! (13! &,)+3! $P! (13! &-*+(3D! &)03w! 3*(13-! /W;! CW! 5H,K,08w! CW;! 4W!
50,K,L8w!$-!/W;!4W!5H,0,L89!!C,/$;!'&&3-K!)+D!,$43-K,).3-/!A)+!N3!/3A(*$+3D;!7T(T;!kH,K,1kw!kH,K,-1kw!3(A9 

layer_width=0  
 
V13!4*D(1!$P! (13! -3A*&-$A),! /&)A3! /3A(*$+! ($!N3! *,,'/(-)(3D;! 0*E3+! *+! P-)A(*$+),!J*,,3-! *+D3B!'+*(/9! ! G$-!
3B)%&,3;! *P! plot_section! */! kH,K,0k! )+D! layer_width! */! 797W;! (13+! ),,! *%)03! &*B3,/! %)&&*+0! ($!
-3A*&-$A),! /&)A3! A$$-D*+)(3/! N3(433+! H,K,-0.025! )+D! H,K,0.025! )-3! &,$((3D;! 4*(1! $E3-,)&&*+0!
&*B3,/!N3*+0!)E3-)03D9!!U.!D3P)',(!layer_width=0;!A$--3/&$+D*+0!($!)!/3A(*$+!(1*AL+3//!$P!$+3!&*B3,9!! 

apply_symmetry=None 

<$*+(K0-$'&! /.%%3(-.! '/3D! ($! )E3-)03! (13! D)()9! ! V1*/! $&(*$+! */! +$(! -3A$%%3+D3D! N.! D3P)',(;! N'(! */!
&-$E*D3D! ($! -3/&$+D! ($! '/3-! A$%%3+(/! (1)(!labelit.precession_photo! &-*+($'(/! D$! +$(! ),4)./!
,$$L! ,*L3! (-'3! &-3A3//*$+! &1$($0-)&1/9! ! V13! P',,! -3A*&-$A),! /&)A3! ,).3-! */! +$(! ),4)./! A$E3-3D9! V1*/! */!
N3A)'/3!(13!3B&3-*%3+(),!-$()(*$+!-)+03!*/!$P(3+!,3//!(1)+!(13!P',,!"Q7n!-3f'*-3D!P$-!P',,!A$E3-)039!!#)+!
&$*+(K0-$'&! /.%%3(-.! N3! )&&,*3D! ($! 03(! )+! *,,'/(-)(*$+! (1)(! /55=0! ,*L3! )! P',,! &-3A3//*$+! &1$($0-)&1Ä!!
#)'(*$+!%'/(!N3!3B3-A*/3D;! )/! /'A1!)+!$&3-)(*$+! A$',D!3-)/3!D*/(*+A(*$+/! (1)(!%*01(!N3! *%&$-()+(Å!C/!
+$(3D! )N$E3! (13! /.+(13/*S3D! *%)03! +$-%),,.! -3P,3A(/! D*PP3-3+A3/! D'3! ($! -)D*)(*$+! D)%)03;! )/!43,,! )/!
E)-*)(*$+/! *+! $(13-! P)A($-/! /'A1! )/! (13! *+A*D3+(! N3)%! P,'B! )+D! (13! ,3+0(1! $P! (13! )N/$-&(*$+! &)(19!!
J$-3$E3-;!(13!(-'3!/.%%3(-.!$P!(13!D*PP-)A(*$+!%).!+$(!N3!)/!1*01!)/!*%&,*3D!N.!(13!U-)E)*/!A1$*A3;!)/!
4*(1!)!%$+$A,*+*A!A-./(),!4*(1!$!)+0,3!A,$/3!($!X7n;!41*A1!A)+!N3!&,$((3D!4*(1*+!)+!$-(1$-1$%N*A!A3,,9!!
Z*(1!(13/3!4)-+*+0/! *+!%*+D;! (13!'/3-!A)+!A1$$/3!($! *%&$/3!&$*+(K0-$'&!/.%%3(-.!$+!(13!D*PP-)A(*$+!
&)((3-+!*P!D3/*-3D;!4*(1!(13!apply_symmetry!L3.4$-D9!

V4$!A1$*A3/!%'/(!N3!%)D3!413+!/3,3A(*+0!(13!&$*+(K0-$'&!/.%%3(-.9!!G*-/(;!/1$',D!G-*3D3,!/.%%3(-.;

! 

HKL = H K L ;! N3! *%&$/3D! $-! +$(Ä! ! I3A$+D;! P$-! A3-()*+! A-./(),! /./(3%/! 5/'A1! )/! (3(-)0$+),8! (13-3! )-3!
),(3-+)(3! T)'3! 0-$'&/! ($! /3,3A(9! ! V13! T)'3! 0-$'&! A)++$(! N3! /3,3A(3D! )'($%)(*A),,.! N)/3D! $+! *+D3B*+0!
),$+3;!)/! *(! */!+3A3//)-.! ($!A$%&)-3!/.%%3(-.K3f'*E),3+(! *+(3+/*(*3/!)P(3-! *+(30-)(*$+!)+D!/A),*+09! !V$!
%)L3!(13!P',,!%)(-*B!$P!A1$*A3/!A,3)-;!(13!'/3-!/1$',D!(.&3!(13!'+D3A$-)(3D!A$%%)+DO!

cwd> labelit.precession_photo 

41*A1! $'(&'(/! )! ()N,3! 3+'%3-)(*+0! (13! &$*+(! 0-$'&! A1$*A3/! P$-! 3)A1! &$//*N,3! U-)E)*/! /3((*+0;! P$-!
3B)%&,3O!!!

Bravais_choice   Lattice   Laue-group   Reflection-symmetry   Friedel-only 
       9            tP      4/mmm            422                   -1 
       9            tP      4/m              4                     -1 
       8            oC      mmm              222                   -1 
       7            mC      2/m              2                     -1 
       6            mC      2/m              2                     -1 
       5            oP      mmm              222                   -1 
       4            mP      2/m              2                     -1 
       3            mP      2/m              2                     -1 
       2            mP      2/m              2                     -1 
       1            aP      -1               1                     -1 

!
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:)-*$'/! A$%N*+)(*$+/! $P! bravais_choice! )+D! apply_symmetry! &-$D'A3! D-)/(*A),,.! D*PP3-3+(!
&*A('-3/;! )/! *,,'/(-)(3D! *+! P*0'-3! Y9! ! >)A1! &)+3,! &,$(/! (13! /)%3! 67n! $P! -$()(*$+! D)()! P-$%! )! (3(-)0$+),!
D*PP-)A(*$+! &)((3-+9! ! V13!bravais_choice! L3.4$-D! A1)+03/! (13! )B3/! $+!41*A1! (13! D)()! )-3! &,$((3D!
4*(1$'(!),(3-*+0!(13! *+(3+/*(*3/!(1)(!)-3!D*/&,).3D;!)/!/33+!N.!A$%&)-*+0!&)+3,/!5.;! (<8!)+D!56;!$#89! ! ?+!
A$+(-)/(;!(13!apply_symmetry!$&(*$+!1)/!(13!3PP3A(!$P!*+A-3)/*+0!(13!-3A*&-$A),!/&)A3!A$E3-)03!)+De$-!
)E3-)0*+0! /.%%3(-.K-3D'+D)+(! %3)/'-3%3+(/! $P! (13! D*/&,).3D! -3A*&-$A),! /&)A3! A$$-D*+)(3/9! ! ! G$-!
3B)%&,3;!(13!)&&,*A)(*$+!$P!G-*3D3,!/.%%3(-.!538!N-*+0/!D)()!P-$%!(13!TyoY!/3A(*$+!$+!($!(13!TyY!,).3-9!!
C&&,*A)(*$+! $P! YKP$,D! /.%%3(-.! 5M8! &-$D'A3/! )! A,$E3-K,3)P! &)((3-+! )-$'+D! (13! TK)B*/;! 41*,3! (13!
A$%N*+)(*$+!$P!N$(1!G-*3D3,!)+D!YKP$,D!/.%%3(-.!5(8!A$%N*+3/!N$(1!3PP3A(/9!!G*+),,.;!Ye%%%!/.%%3(-.!
5H8!.*3,D/!(4$!%*--$-!&,)+3/!)(!=y7!)+D!ay79!!

24LC&"*.&L5WC('0="+&'1+:1+&
G$-! A$%&,3(3+3//;! 43!%3+(*$+! (1)(! )@*#)%P! A)+! ),/$! 03+3-)(3! <2\KP$-%)(! *%)03/! $P! (13! D*PP-)A(*$+!
&)((3-+O!
cwd> labelit.png <image file> <output file.png> [-large] 
cwd> labelit.overlay_distl <image file> <output file.png> [-large] 
cwd> labelit.overlay_index <image file> <output file.png> [-large] 
cwd> labelit.overlay_mosflm <image file> <output file.png> [-large] 

V13! A$%%)+D! labelit.png! 03+3-)(3/! )+! '+D3A$-)(3D! *%)03;! 41*,3! labelit.overlay_distl!
A$,$-/! (13! /'N/3(/! $P! N-*01(! /&$(/! 3*(13-! '/3D! 50-33+8! $-! +$(! '/3D! 5N,'38! P$-! *+D3B*+09! ! #$%%)+D/!

;(<6'$!@D!!TyY!/3A(*$+/!P-$%!(13!"$F'!D*PP-)A(*$+!&)((3-+!5>-*)+D/3+!(-'./T;!677Y89!!V13!/&)A3!0-$'&!$P!(13!/(-'A('-3!
*/!!Y"6"6;!)+D!(13!D)()!)-3!&,$((3D!3*(13-!*+!(13!&-*%*(*E3!(3(-)0$+),!/3((*+0!5.;!3YH8!$-!(13!?KA3+(3-3D!$-(1$-1$%N*A!
/3((*+0!5689!!<$*+(!0-$'&!/.%%3(-*3/!*%&$/3D!$+!(13!D)()!)-3!

! 

1 !538;!Y!5M8;!Ye%!5(8;!)+D!Ye%%%!5H89!
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labelit.overlay_index! )+D!labelit.overlay_mosflm! )DD!%)-L'&!$P! (13!&-3D*A(3D! ,)((*A3! P$-!
(13! 1*013/(! U-)E)*/! A1$*A3;! )/! -3P*+3D! N.! 3*(13-!)@*#)%P! $-!4+9W)4;! -3/&3A(*E3,.9! ! V13! $+,.! ),,$43D!
L3.4$-D! */!–large;!41*A1! *%&$/3/!)!$+3K($K$+3!%)&&*+0!N3(433+!-)4!D)()!&*B3,/!)+D!&*B3,/!$+! (13!
03+3-)(3D!&*A('-3;!$(13-4*/3!(13!-)4!D)()!&*B3,/!)-3!N*++3D!*+!6!!!6!/f')-3/9!!!!

C+!)+*%)(3D!\?GKP$-%)(!%$E*3!A)+!N3!03+3-)(3D!$P!(13!3+(*-3!D)()/3(!5(1*/!D$3/!+$(!-3f'*-3!*+D3B*+08O!

cwd> labelit.dataset_animation <template> <first image> <last image> <out> 
cwd> labelit.dataset_animation /home/user/mydata/lyso_###.img 1 90 out.gif 

-U+%*,/#/$/+8&'(&28+;'*&<'.%&
]3E3,$&3-/! /1$',D! N3! )4)-3! (1)(! (13! P3)('-3/! D*/A'//3D! 13-3! A$',D! 3)/*,.! N3! 3B(3+D3D! N.! /*%&,3!
/A-*&(*+0! *+! <.(1$+! ,)+0')039! ! V13! )&&,*A)(*$+/! D*/A'//3D! )N$E3! )-3! N'*,(! $+! /()+D)-D! cctbx!
A$%&$+3+(/! P$-! 1)+D,*+0! $P! D3(3A($-! P$-%)(/! 5iotbx.detectors8! )+D! A$%%)+DK,*+3! L3.4$-D/!
5libtbx.phil89! ! V1*-D!&)-(.! 3B(3+/*$+/! )-3!'/3D! P$-! /()+D)-D! *%)03! P$-%)(/! 5!8-L5<' %:.I(')761.188!
)+D!03+3-)(*$+!$P!<]G!$'(&'(!5O(G51-/.689!!

J<>*'7$%.9=%*+,&
#$%%3+(/! P-$%! /$P(4)-3! '/3-/!43-3! *+/(-'%3+(),! *+! D3E3,$&*+0! (13! P*+*/13D! &-$D'A(9! ! ?+! &)-(*A',)-;!
*+&'(! P-$%! V*,,%)+! =3*+*/A1! 5c+*E3-/*({(! U)/3,8! )+D! ^)/$+! <$-()! 5c+*E3-/*(.! $P! 23N-)/L)! J3D*A),!
#3+(3-8! A$+(-*N'(3D! /*0+*P*A)+(,.! ($! labelit.precession_photo9! ! V13! P*+)+A*),! /'&&$-(! $P! (13!
2)(*$+),!?+/(*('(3/!$P!=3),(1!e!2)(*$+),!?+/(*('(3!$P!\3+3-),!J3D*A),!IA*3+A3/!'+D3-!0-)+(!+'%N3-!`7"K
\J7dd7d"!*/!0-)(3P',,.!)AL+$4,3D03D9!!g&3-)(*$+!$P!TU2T!*/!&)-(,.!/'&&$-(3D!N.!(13!cI!]3&)-(%3+(!$P!
>+3-0.!'+D3-!#$+(-)A(!2$9!]>KC#76K7W#=""6F"9!

G%(%0%*<%,&
U,'+D3,,!VT;!^$1+/$+;!T2!5"XdM89!!!15-(7<'?180-.//5I1.GL89!!T$+D$+;!CA)D3%*A!<-3//;!T(D9!

U-)00!ZT;!=$43,,/!>`!5"XWY89!!@K-).!D*PP-)A(*$+!N.!*%*D)S$,3!%3(1)3%$0,$N*+9!!@3-.'?180-.//5I1T!X;!Y7X9!

]3-%$'+! s;! G$',$+! C;! J*,,3-! J];! =)--*+0($+! ]^;! ]3)A$+! CJ;! I3NN)+Ka-3'S3-! #;! `$A13! <;! T)P*((3! ];! U$-+3(! g;!
Z*,/$+! ?C;! ]$,,)! C! 567"789! ! VJ7YQM! P-$%! (13! 1.&3-(13-%$&1*,*A! )+)3-$N3! PL(1:5-5I.':.17-7:.! */! )! (1*)%*+K
N*+D*+0!&-$(3*+!*+E$,E3D!*+!-3/&$+/3!$P!(13!A3,,!($!$B*D)(*E3!A$+D*(*$+/9!!\T'45/T'*75/T!@JJ;!YMFKYdM9!

>,/,*03-!JC;!]3)A$+!CJ;!\$DS*L!C;!T3/,3.!IC;!Z$$,3.!^;!Zz(1-*A1!a;!Z*,/$+!?C!567"789!!V13!^#I\!1*01K(1-$'01&'(!
/(-'A('-),!N*$,$0.!&*&3,*+39!!@3-.'?180-.//5I1T!GII;!""FdK""Y69!

>-*)+D/3+! =;! #)+)E3/! ^J;! >,/,*03-! JC! E$+! ]3,P(! G;! U-*+3+! TI;! ])*! @;! ]3)A$+! CJ;! G,$.D! `;! \$DS*L! C;! \-*((*+*! #;!
\-S3A1+*L! Ia;! ^)-$/S34/L*! T;! a,$AL! =>;! a$3/3%)! >;! a$E)-*L! ^I;! a-3'/A1! C;! a'1+! <;! T3/,3.! IC;! JAJ',,)+! ];!
JA<1*,,*&/!VJ;!J*,,3-!J];!J$-/3!C;!J$.!a;!g'.)+0!^;!<)03!`;!`$NN!C;!H'*p)+$!a;!IA14)-S3+N)A13-!`;!I&-)00$+!\;!
I(3E3+/!`#;!E)+!D3+!U3D3%!=;!:3,)/f'3S! ^;!:*+A3+(! ^;!Z)+0!@;!Z3/(!U;!Z$,P!\;!=$D0/$+!ag;!Z$$,3.! ^;!Z*,/$+!?C!
5677Y89!!#-./(),!/(-'A('-3!$P!)+!=><2!D$%)*+!5VJ7M"F8!P-$%!PL(1:5-5I.':.17-7:.!)(!"9dW!l!-3/$,'(*$+9!!15-(7<0!
K@;!Q7MKQ7X9!

<,'0-)(1!^Z!5"XXX89!!V13!P*+3-!(1*+0/!*+!@K-).!D*PP-)A(*$+!D)()!A$,,3A(*$+9!!@3-.'?180-.//5I1T!]KK;!"d"QK"d6W9!

I)'(3-!2a;! <$$+!Ua! 567"789! ! C'($*+D3B*+0!4*(1! $'(,*3-! -3p3A(*$+! )+D! *D3+(*P*A)(*$+! $P! /'&3-*%&$/3D! ,)((*A3/9! ! \T'
@GG/T'?180-.//5I1T!@?;!M""KM"M9!

I)'(3-!2a;!s4)-(!<=!5677X89! !C'($*+D3B*+0!(13!D*PP-)A(*$+!&)((3-+/!P-$%!A-./(),/!4*(1!)!&/3'D$(-)+/,)(*$+9! !@3-.'
?180-.//5I1T!]IK;!WWFKWWX9!
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&-$%<+0'*&.%*,/+8&/$$1,+0"+/'*,&
`),P!Z9!\-$//3Ka'+/(,3E3)!)+D!T'A!^9!U$'-1*/N!

.).;1(<3('*(1=(/(8'$.-75<./').651.-518>'*(1=(/(8>'?@'ABCDE>'JT9T@T'
6*12=(1'@&9'9@9>'?L.:G0Y021'4.1:(>'CCBBC'4.1<(Y/.YV.//]('?(M(U'D>'W1.<3('

#$--3/&$+D3+A3!3%)*,O!`Z\-$//3Ka'+/(,3E3[TUT9\$E!

5*+0'.1<+/'*&
#-./(),,$0-)&13-/!)A-$//!),,!/&3A*),*S)(*$+/!*+E)-*)N,.!*+/&3A(!3,3A(-$+!D3+/*(.!%)&/9!V1*/!/%),,!)-(*A,3!
*,,'/(-)(3/! (13! 3PP3A(/! $P! /3,3A(3D! P'+D)%3+(),! P)A($-/! (1)(! /1)&3! )! %)&;! &-*%)-*,.! ($! 3B&,)*+! 41.!
%)A-$%$,3A',)-!%)&/!)-3!$P(3+!+$(!/A),3D!($!)N/$,'(3!'+*(/!5/'A1!)/!(elF89! ?+/(3)D;!k/*0%)!/A),*+0k! */!
'/3D;!41*A1!*/!($!A$%&'(3!(13!/*0+),K($K+$*/3!-)(*$9!V3A1+*A),,.;!(1*/!*/!($!D*E*D3!(13!D3+/*(.!E),'3/!*+!(13!
%)&!N.!(13*-!/()+D)-D!D3E*)(*$+!5A$%%$+,.!A),,3D!k/*0%)k8;!4*(1!(13!-3/',(!(1)(!(13!/()+D)-D!D3E*)(*$+!
$P!(13!/A),3D!E),'3/!*/!$+39!c/3P',!A$+($'-!,3E3,/!P$-!0-)&1*A),!D*/&,).!)-3!3)/*,.!&-3D*A()N,3!P$-!/*0%)K
/A),3D!%)&/;!(.&*A),,.!*+!(13!-)+03!79WK69!U.!A$+(-)/(;!(13!-)+03!$P!)N/$,'(3!3,3A(-$+!D3+/*(.!E),'3/!*/!P)-!
%$-3!D3&3+D3+(!$+!(13/3!P)A($-/O!

K ?/$(-$&*A!]*/&,)A3%3+(!<)-)%3(3-/!5L+$4+!)/!J705!$-!*7058!
K =*01!`3/$,'(*$+!T*%*(!
K \-*D!`3/$,'(*$+!G)A($-!
K g%*//*$+!$P!(13!G$'-*3-!A$3PP*A*3+(!W777!

=3-3!43!/1$4!'/*+0!)!/3-*3/!$P!&,$(/!(1)(!(13/3!P)A($-/!,3)D!($!)!4*D3!/&-3)D!$P!)N/$,'(3!3,3A(-$+!D3+/*(.!
E),'3/9!Z3!),/$! ()L3!)!N-*3P! ,$$L!)(!1$4! (13/3!&)-)%3(3-/!D3(3-%*+3!413(13-!+3*01N$-*+0!)($%/!)-3!
-3/$,E3D!*+!)!D3+/*(.!%)&9!

=/,)&.%:%*.%*<%&
G$-! N-3E*(.;! *+! (13! P$,,$4*+0! 43! -3P3-! ($! */$(-$&*A! D*/&,)A3%3+(! &)-)%3(3-/! )/! *705! 5/33! P$-! 3B)%&,3!
\-$//3Ka'+/(,3E3! x! CD)%/! 567768! )+D! -3P3-3+A3/! (13-3*+89! V13! *705! D3&3+D3+A3! $P! 3,3A(-$+! D3+/*(.!
E),'3/!*/!N3/(!*,,'/(-)(3D!E*)!(13!C+),.(*A),!G$'-*3-!V-)+/P$-%!5CGV8!/*+A3!(1*/!3,*%*+)(3/!(13!*+P,'3+A3/!
$P!(13!$(13-!P)A($-/!*+!(13!,*/(!)N$E39!V13!P$-%',)!P$-!(13!CGV!$P!)!/A)((3-3-!4*(1!D*/&,)A3%3+(!&)-)%3(3-!
*705!)+D!)+!$K\)'//*)+!)&&-$B*%)(*$+!($!(13!@K-).!/A)((3-*+0!P)A($-!4)/!0*E3+!N.!C0)-4),!5"XdQ8!5/33!
),/$!CP$+*+3!x!c-S1'%(/3E!5677Y8!)+D!-3P3-3+A3/!(13-3*+8O!

! ! ! ! !!
!!

!! ! !!"#

! !
!!

!!!!!
!!!!!"#

!

!!!
! 5"8!

=3-3! !!!!! */! (13! 3,3A(-$+! D3+/*(.! )(! )! D*/()+A3! !! 5*+! l8! P-$%! (13! )($%*A! A3+(3-9! !! ! )+D! !! ! )-3! (13!
A$3PP*A*3+(/! $P! (13! $K\)'//*)+! )&&-$B*%)(*$+! ($! (13! /A)((3-*+0! P)A($-! !!!!! )(! (13! D*PP-)A(*$+! )+0,3!
%3)/'-3%3+(!! ! !"# ! !!O!

! ! ! ! !!!!!!!
!

!

!!!
! 568!

?+!(13!3B)%&,3/!(1)(!P$,,$4;!43!4$-L!4*(1!)!WK\)'//*)+!)&&-$B*%)(*$+!5\-$//3Ka'+/(,3E3!3(!),9;!677Y8!
($! (13! @K-).! /A)((3-*+0! P)A($-! $P! A)-N$+9! V13! A$--3/&$+D*+0! \)'//*)+! )&&-$B*%)(*$+/! $P! (13!
?+(3-+)(*$+),!V)N,3/!P$-!#-./(),,$0-)&1.!:$,'%3!#!5"XX68!)+D!Z))/%)*3-!x!a*-P3,!5"XXW8!A$',D!+$(!N3!
'/3D! P$-! (13! &-3/3+(! &'-&$/3! N3A)'/3! (13.! N$(1! *+E$,E3! )! A$+/()+(! (3-%;! 41*A1! */! 3f'*E),3+(! ($! )!
\)'//*)+! (3-%! 4*(1! !! ! !9! ?P! (13! */$(-$&*A! D*/&,)A3%3+(! &)-)%3(3-! )&&-$)A13/! S3-$;! (1*/! ,3)D/! ($!
+'%3-*A),!*+/()N*,*(*3/!413+!A$%&'(*+0!(13!CGV;!)/!*/!)&&)-3+(!P-$%!3f')(*$+!5"89!=$43E3-;!*(!/1$',D!N3!
+$(3D! (1)(! (13! ?+(3-+)(*$+),! V)N,3/;!Z)//%)*3-! x! a*-P3,! )+D! WK\)'//*)+! )&&-$B*%)(*$+/! .*3,D! +3)-,.!
*D3+(*A),!-3/',(/!P$-!*705!E),'3/!(1)(!)-3!/*0+*P*A)+(,.!D*PP3-3+(!P-$%!S3-$9!!!!!!!!!!!!!

G*0'-3!"!/1$4/!CGV!-3/',(/!4*(1!/3,3A(3D!*705!E),'3/!-)+0*+0!P-$%!797!($!"97!l6!*+!P*0'-3!"!5)8!)+D!&$43-/!
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$P! 6!

-)+0*+0!P-$%!Y!($!MY!l6!*+!P*0'-3!"!5N89!V13!&,$(/!/1$4!(1)(!(13!)N/$,'(3!E),'3/!$P!(13!3,3A(-$+!D3+/*(*3/!
)-3!1*01,.!D3&3+D3+(!$+!(13!D*/&,)A3%3+(!&)-)%3(3-9!V13!3,3A(-$+!D3+/*(.!*+(30-)(3D!$E3-!(13!'+*(!A3,,!
*/! 3f'),! ($! (13! /*B! A)-N$+! )($%! 3,3A(-$+/! P$-! ),,! E),'3/! $P!*705;! N'(! (13! &,$(/! /1$4! 1$4! (1*/! A1)-03! */!
/&-3)D!$E3-!(13!'+*(!A3,,!)/!*705!*+A-3)/3/;!$-!A$+E3-/3,.!1$4!*(!*/!A$+A3+(-)(3D!)-$'+D!(13!A)-N$+!/*(3!)/!
*705! D3A-3)/3/9! C/! )! -3/',(;! (13-3! A)++$(! N3! )+.! '+*E3-/),,.!%3)+*+0P',! 3,3A(-$+! D3+/*(.! A$+($'-! ,3E3,!
413+!(13!3,3A(-$+!D3+/*(.!*/!$+!)+!)N/$,'(3!/A),39!

3/9;&0%,'$1+/'*&$/=/+&
G*0'-3! 6! A$%&)-3/! CGV! )+D! ]*/A-3(3! G$'-*3-! V-)+/P$-%!
5]GV8! -3/',(/! 4*(1! *705y7! l69! V13! '+*(! A3,,! '/3D! *+! (13!
A),A',)(*$+!*/!)!A'N3!4*(1!3D03!,3+0(1!W!l;!N'(!(1*/!E),'3!*/!
+$(!A-*(*A),9!V13!0-*D!-3/$,'(*$+! P)A($-! P$-! (13!]GV/! */!"eY;!
41*A1! */! '/3D! ($! D3(3-%*+3! (13! )&&-$B*%)(3! %)&! 0-*D!
/&)A*+0!N.!%',(*&,*A)(*$+!4*(1!(13!1*01!-3/$,'(*$+!,*%*(;!P$-!
3B)%&,3! !!!!! ! !!! ! !!!"#!!9! V13! 0-*D! */! A$+/(-)*+3D! ($!
'+3E3+!E),'3/!($!)AA$%%$D)(3!)!/.%%3(-*A!-)+03!$P!J*,,3-!
*+D*A3/;!P$-!3B)%&,*+0!-)+0*+0!P-$%!K67!(1-$'01!67!*+!3)A1!
D*%3+/*$+;!41*A1!,3)D/!($!)!/,*01(,.!/%),,3-!0-*D!/&)A*+0!5W!
l!e!Y"!y!79"66!l89!

V13!N,'3!&,$(!*/!(13!CGV!)/!N3P$-3!*+!P*0'-3!"9!V13!-3D!&,$(!*/!
(13!]GV!$P!W3./3!G$'-*3-!A$3PP*A*3+(/!A$%&'(3D!'&!($!)!1*01!
-3/$,'(*$+!$P!"e"6!l!5797QF!l8;!41*A1! */! (13!+$%*+),! ,*%*(!
$P! (13! WK\)'//*)+! )&&-$B*%)(*$+9! V13! -3D! &,$(! */! /1$4+!
13-3!%)*+,.! ($!D3%$+/(-)(3! (1)(! (13!CGV! */! )&&-$B*%)(3D!
43,,!)(!)+!3B(-3%3,.!1*01!]GV!-3/$,'(*$+9!V13!0-33+!&,$(!*/!
(13!]GV!4*(1!G$'-*3-!A$3PP*A*3+(/!'&!($!)!1*01!-3/$,'(*$+!$P!
79W! l;! 41*A1! */! /(*,,! )! E3-.! 1*01! -3/$,'(*$+! P$-!
%)A-$%$,3A',)-! /(-'A('-3/9!V13! 0-33+!&,$(! *,,'/(-)(3/! (1)(!
(13! $%*//*$+! $P! G$'-*3-! A$3PP*A*3+(/! N3.$+D! (13! 79W! l!
-3/$,'(*$+! ,*%*(!1)/!)! ,)-03! *%&)A(!$+!(13!3,3A(-$+!D3+/*(.!
E),'3/!*P!*705y79!

G*0'-3!F!*/!/*%*,)-!($!P*0'-3!6;!N'(!*705yY!l6!*/!'/3D;!)!E),'3!
*+!(13!(.&*A),!-)+03!P$-!/%),,!%$,3A',3!A-./(),!/(-'A('-3/9!?+!

;(<6'$!A>!CGV!-3/',(/!4*(1!/3,3A(3D!*705!E),'3/9!V13!U!A$$-D*+)(3!*/!3f'*E),3+(!($!(13!-)D*),!D*/()+A3!1!$P!3f')(*$+!
5"89!

;(<6'$!=>!CGV!)+D!]GV!-3/',(/!4*(1!*705y7!l69!!

;(<6'$!?>!CGV!)+D!]GV!-3/',(/!4*(1!*705yY!l69!!
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(1*/! A)/3! (13!CGV!)+D!]GV!3,3A(-$+!D3+/*(.! E),'3/! )-3! *+!
A,$/3! )0-33%3+(! *P! (13! 1*01! -3/$,'(*$+! ,*%*(! */! 79W!l9! V13!
&,$(/! 4*(1! ,$43-! -3/$,'(*$+! ,*%*(/! 5"97;! 697! )+D! F97! C8!
D3%$+/(-)(3! (13! /(*,,! E3-.! /(-$+0! *+P,'3+A3! $P! (13!
-3/$,'(*$+! ,*%*(! $+! (13! )N/$,'(3! 3,3A(-$+! D3+/*(.! E),'3/!
0*E3+!)!+$+KS3-$!*7059!

G*0'-3!Y!*/!/*%*,)-!($!(13!&-3E*$'/!P*0'-3!N'(!*705yF6!l6!*/!
'/3D;! )! E),'3! %$-3! (.&*A),! P$-! %)A-$%$,3A',)-! A-./(),!
/(-'A('-3/9!#$%&)-*/$+!$P! P*0'-3/!F! )+D!Y! *,,'/(-)(3/! (1)(!
(13! D*/A-3&)+A.! $P! (13! CGV! )+D! ]GV/! D3&3+D/! ,3//!
/(-$+0,.! $+! (13! -3/$,'(*$+! ,*%*(! *P! (13! E),'3! $P! (13!
D*/&,)A3%3+(!&)-)%3(3-!*+A-3)/3/9!

L0/.&0%,'$1+/'*&("<+'0&
G*0'-3! W! *,,'/(-)(3/! (13! *+P,'3+A3! $P! (13! 0-*D! -3/$,'(*$+!
P)A($-!$+!(13!)&&3)-)+A3!$P!(13!3,3A(-$+!D3+/*(.9!*705yY!l6!
)+D!)!1*01!-3/$,'(*$+!,*%*(!$P!"97!l!*/!'/3D!*+!(13!&,$(/9!V13!
-3/$,'(*$+!P)A($-/!)-3!"e6;!"eF;!"eY!)+D!"eQ9!?(!A)+!N3!/33+!
(1)(! (13! )N/$,'(3! 3,3A(-$+! D3+/*(.! E),'3/! )-3! 1)-D,.!
)PP3A(3D! N.! (13! -3/$,'(*$+! P)A($-9! I%),,3-! -3/$,'(*$+!
P)A($-/! ,3)D! ($! /%$$(13-! D3+/*(*3/;! N'(! *%&,.! *+A-3)/3D!
%3%$-.!)+D!-'+(*%3!-3f'*-3%3+(/9!?+!%$/(!/*(')(*$+/!(13!
P)A($-!"eF!$-!"eY!*/!)!'/3P',!A$%&-$%*/39!

`=/,,/'*&'(&+;%&W'10/%0&<'%((/</%*+&C@@@&
G*0'-3!M!*,,'/(-)(3/!(13!3PP3A(!$P!$%*((*+0!(13!W777!/(-'A('-3!
P)A($-!*+!(13!]GV;!)/!*/!A$%%$+!&-)A(*A39!V13!A$+(-*N'(*$+!
($!(13!3,3A(-$+!D3+/*(.!*/!(13!A$+/()+(! ! ! !!!!!!;!413-3!
V! */! (13! E$,'%3! $P! (13! '+*(! A3,,9! V13! &,$(/! /1$4! (13!
P-)A(*$+/!A$+(-*N'(3D!N.! ! !($!3,3A(-$+!D3+/*(.!%)B*%)!)(!
A)-N$+! &$/*(*$+/! $P! (13! %$D3,! 4*(1! <]U! A$D3! ")N"!
54449&DN9$-08w! (13! E),'3/! &,$((3D! )-3! )E3-)03! P-)A(*$+/!
$E3-!),,!A)-N$+!&$/*(*$+/9!V13!]GV/!43-3!A$%&'(3D!'/*+0!
W3./3!4*(1!1*01!-3/$,'(*$+!,*%*(/!79W;!"97;!697;!F97!x!Y97!l!)+D!
A)-N$+! *705! E),'3/! 7;! Y;! F6;! MY! )+D! "6Q! l69! I*%*,)-!
A),A',)(*$+/!4*(1!$(13-!/%),,3-!)+D!,)-03-!&-$(3*+!%$D3,/!
/1$43D! (1)(! (13! &,$(/! *+! G*0'-3! M! )-3! (.&*A),9! V13! ! !
P-)A(*$+! $P! (13! 3,3A(-$+! D3+/*(.! */! )! P'+A(*$+! $P! N$(1! (13!
-3/$,'(*$+! )+D! (13! D*/&,)A3%3+(! &)-)%3(3-/9! G$-! E3-.!
1*01!-3/$,'(*$+!)+D!/%),,!*705!(13! ! !P-)A(*$+!*/!+30,*0*N,3!
N'(!A)+!0-$4!($!N3!/*0+*P*A)+(!)(!,$4!-3/$,'(*$+/!)+D!,)-03!
*7059! V13! ! ! P-)A(*$+! *+! (.&*A),! &-$(3*+! /(-'A('-3/! -)+03/!
P-$%!)N$'(!"7u!($!F7u9!

!7'C"+'=&%U"=:$%,&
V13$-3(*A),,.;! P3)('-3/! /3&)-)(3D! N.! %$-3! (1)+! 1),P! (13!
1*01K-3/$,'(*$+! ,*%*(! $P! (13! G$'-*3-! A$3PP*A*3+(/! A)+! N3!
D*/(*+0'*/13D! *+! )! ]GV!%)&9! G$-! 3B)%&,3;! (4$! &$*+(! /A)((3-3-/! /3&)-)(3D! N.! "9W! l! /1$',D! )&&3)-! )/!
/3&)-)(3!%)B*%)! *+! )!%)&! *P! (13! G$'-*3-! A$3PP*A*3+(/! 3B(3+D! ($! F!l! $-! 1*013-9! G*0'-3! d! *,,'/(-)(3/! (13!
&-)A(*A),!,*%*(/!P$-!-3/$,E*+0!(4$!+3*01N$-*+0!A)-N$+!)($%/!4*(1!/3,3A(3D!*705!E),'3/!)+D!D)()!-3/$,'(*$+!
,*%*(/9!V13!\)'//*)+!/1)&3/!$P!N$(1!(13!@K-).!/A)((3-*+0!P)A($-!)+D!(13!*/$(-$&*A!D*/&,)A3%3+(/!,3)D!($!)!

;(<6'$!@>!CGV!)+D!]GV!-3/',(/!4*(1!*705yF6!l69!!

;(<6'$!K>!]GV!-3/',(/!4*(1!)!/3,3A(*$+!$P!0-*D!
-3/$,'(*$+!P)A($-/9!!

;(<6'$!I>! ! ! !!!!!!!A$+(-*N'(*$+/!($!
%)B*%)!)(!A)-N$+!&$/*(*$+/9!!
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N,'--*+0!$P!(13!3,3A(-$+!D3+/*(.9!V4$!A)-N$+!)($%/!/3&)-)(3D!N.!"9W!l!)-3!D*PP*A',(!($!D*/(*+0'*/1!)(!"9W!l!
-3/$,'(*$+!3E3+!4*(1!*705y7!l69!?+A-3)/*+0!*705!E),'3/!f'*AL,.!-3D'A3!(13!3PP3A(*E3!-3/$,'(*$+!P'-(13-9!

G*0'-3!d!),/$!&-$E*D3/!P'-(13-!3B)%&,3/!$P!(13!/&-3)D!$P!)N/$,'(3!3,3A(-$+!D3+/*(.!E),'3/w!+$(3!(13!
D*PP3-3+(!/A),3/!$P!(13!.K)B3/!*+!(13!%)(-*B!$P!&,$(/9!

G%(%0%*<%,&
CP$+*+3;!<9:9!x!c-S1'%(/3E;!C9\9!5677Y89!CA()!#-./(9!CIJ;!"XKF69!

C0)-4),;!`9#9!5"XdQ89!CA()!#-./(9!C?@;!dX"KQ7X9!

\-$//3Ka'+/(,3E3;!`9Z9;!CD)%/;!<9]9!5677689!^9!C&&,9!#-./(9;!?K;!YddKYQ79!

\-$//3Ka'+/(,3E3;!`9Z9;!I)'(3-;!29a9;!CD)%/;!<9]9!5677Y89!234/,3((3-!$P!(13!?c#-!#$%%*//*$+!$+!#-./(),,$0-)&1*A!
#$%&'(*+0;!?;!66KF"9!

?+(3-+)(*$+),!V)N,3/! P$-!#-./(),,$0-)&1.!:$,'%3!#!5"XX689!>D*(3D!N.!C9^9#9!Z*,/$+;!a,'43-!CA)D3%*A!<'N,*/13-/;!
]$-D-3A1(eU$/($+eT$+D$+9!

Z))/%)*3-;!]9;!a*-P3,;!C9!5"XXW89!CA()!#-./(9;!CKA;!Y"MKYF"9!

!

;(<6'$!X>!>B)%&,3/!$P!3,3A(-$+!D3+/*(*3/!)-$'+D!(4$!A)-N$+!)($%/!/3&)-)(3D!N.!"9W!l9!!
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E"U/=1=&$/>%$/;''.&0%(/*%=%*+&('0&+7/**%.&,+01<+10%,&
Vladimir Y. Lunin  

Institute of Mathematical Problems of Biology, Russian Academy of Sciences, Pushchino, Moscow region, 142290 Russia 

#$--3/&$+D3+A3!3%)*,O!,'+*+[*%&N9&/+9-'!

K8*':,/,&
C!`*A3K(.&3!&-$N)N*,*(.!D*/(-*N'(*$+!4*(1!&-$&3-,.!)Dp'/(3D!&)-)%3(3-/! */!)!-3)/$+)N,3!)&&-$B*%)(*$+!
P$-! $N/3-E3D! /(-'A('-3! P)A($-! %)0+*('D3/! 413+! %3-$13D-),! ! 5$-! &/3'D$K%3-$13D-),8! (4*++*+0! */!
&-3/3+(9! V1*/! ),,$4/! ($! 3B(3+D! 3)/.! (13! '/'),!%)B*%'%! ,*L3,*1$$D! -3P*+3%3+(! (3A1+*f'3! P$-! (4*++3D!
/(-'A('-3/9!!

5*+0'.1<+/'*&
g+3! $P! (13! %$/(! )((-)A(*E3! *D3)/! *+! A-./(),,$0-)&1*A! -3P*+3%3+(! */! ($! 3+1)+A3! -3P*+3%3+(! &$43-! N.!
%)B*%*/)(*$+! $P! )! ,*L3,*1$$D! P'+A(*$+! *+/(3)D! $P! (13! A$+E3+(*$+),! %*+*%*/)(*$+! $P! (13! ,3)/(! /f')-3/!
5TIH8!A-*(3-*$+9!C!/&3A*),!(.&3!$P!(1*/!,*L3,*1$$D!P'+A(*$+;!41*A1!4)/!'/3D!&-*%)-*,.!P$-!(13!3E),')(*$+!$P!
%$D3,! f'),*(.! 5T'+*+;! "XQ6w! T'+*+! x! c-S1'%(/3E;! "XQYw! `3)D;! "XQMw! T'+*+! x! IL$E$-$D);! "XXWw!
c-S1'%(/3E!(-'./9;!"XXM8;!4)/!/1$4+!($!N3!)!0$$D!+34!0$),!P'+A(*$+!P$-!(13!-3P*+3%3+(!$P!)($%*A!%$D3,/!
5<)++'! x! `3)D;! "XXMw! U-*A$0+3! x! ?-4*+;! "XXMw! J'-/1'D$E! 3(! ),9;! "XXdw! CD)%/! 3(! ),9;! "XXd89! 2$4!
J)B*%'%!T*L3,*1$$D!5JT8!-3P*+3%3+(!*/!)+!3//3+(*),!P3)('-3!$P!/'A1!%)*+/(-3)%!&-$0-)%!A$%&,3B3/!)/!
&13+*B9-3P*+3!5CP$+*+3!(-'./9;!677W8;!`>GJC#!5J'-/1'D$E!(-'./9;!"XXd8;!<1)/3-!5`3)D;!677"8!)+D!$(13-/9!
?+! (1*/! &)&3-! )! /*%&,3! 4).! ($! 3B(3+D! (1*/! *D3)! P$-! -3P*+3%3+(! $P! (4*++3D! /(-'A('-3/! */! D*/A'//3D9! ?+!
-3A3+(! D3A)D3/;! (4*++*+0! 1)/! N33+! /1$4+! ($! N3! )+! *%&$-()+(! P3)('-3! $P! %)A-$%$,3A',)-! A-./(),/!
5b3)(3/;!"XXdw!b3)(3/!x!G)%;!"XXXw!])'(3-;!677Fw!<)-/$+/;!677Fw!T3N3D3E!3(!),9;!677M89!V4*++3D!A-./(),/!
)-3! A$%&$/3D! $P! /3&)-)(3! D*PP3-3+(,.! $-*3+()(3D! A-./(),! /&3A*%3+/9! ?P! A3-()*+! A$+D*(*$+/! P$-! '+*(KA3,,!
&)-)%3(3-/! )+D! $-*3+()(*$+! $P! (13! /&3A*%3+/! )-3! %3(! 5%3-$13D-),! (4*++*+08;! (13! -3A*&-$A),K/&)A3!
,)((*A3/!$P!D*PP3-3+(!D$%)*+/!A$*+A*D3!)+D!(13!%3)/'-3D!*+(3+/*(.!$P!)!D*PP-)A(3D!N3)%!N3A$%3/!(13!/'%!
$P! (4$! 5$-! %$-38! D*PP3-3+(! *+(3+/*(*3/! (1)(! A$%3! P-$%! D*PP3-3+(! /&3A*%3+/9! ! V13! N)/*A! *D3)! $P! JT!
-3P*+3%3+(;!+)%3,.;!($!%)B*%*/3!(13!&-$N)N*,*(.!($!-3&-$D'A3!(13!$N/3-E3D!E),'3/!)P(3-!),,$43D!-)+D$%!
A$--3A(*$+/!$P!(13!%$D3,!1)E3!N33+!D$+3!5T'+*+;!CP$+*+3!x!c-S1'%(/3E;!67768;!A)+!N3!3)/*,.!3B(3+D3D!
($!()L3!(4*++*+0!*+($!)AA$'+(9!V13!&-$N,3%!*/!1$4!($!A),A',)(3!(13!,*L3,*1$$D!P'+A(*$+!&-)A(*A),,.9!?+!(1*/!
&)&3-;!)!/*%&,3!)&&-$B*%)(*$+!P$-!(13!,*L3,*1$$D!P'+A(*$+!*+!(13!A)/3!$P!(4*++3D!*+(3+/*(*3/!*/!/'003/(3D!
)+D!(3/(3D9!V13!P$'+D!)&&-$B*%)(*$+!),,$4/!A$+/3-E*+0!(13!'/'),!h/1)&3i!$P!JT!A-*(3-*$+!)+D!-3f'*-3/!
/%),,!A$--3A(*$+/!$+,.!*+!A$%&'()(*$+),!&-$A3D'-3/9!

FZ&L$',,"08&
?+!(1*/!&)&3-!43!D*/(*+0'*/1!P$'-!L*+D/!$P!E),'3/O!!

• h(-'3i!$-!h(13$-3(*A),i!E),'3/!(1)(!A$--3/&$+D!($!-3),!/(-'A('-3!)+D!(1)(!)-3!(13!0$),!$P!$'-!/('D.w!!
• h$N/3-E3Di! E),'3/! 5*+(3+/*(*3/;! $-! /(-'A('-3! P)A($-! %)0+*('D3/8! (1)(! 43-3! $N()*+3D! *+! )+!

3B&3-*%3+(w!(13.!D*PP3-!P-$%!(13!(-'3!E),'3/!N.!3B&3-*%3+(),!3--$-/w!
• hA),A',)(3Di!E),'3/!(1)(!43-3!$N()*+3D!4*(1!(13!'/3!$P!/$%3!%$D3,w!(13/3!E),'3!D*PP3-!P-$%!(13!

(-'3!$+3/!D'3!($!3--$-/!&-3/3+(!*+!(13!%$D3,!)+D!)&&-$B*%)(*$+/!'/3D!*+!A),A',)(*$+/w!
• -)+D$%!E),'3/! 5/(-'A('-3! P)A($-/;!$-!3--$-/8! !)&&3)-!413+!43!A$+/*D3-!)!E),'3!A),A')(3D!4*(1!

(13!'/3!$P!-)+D$%,.!03+3-)(3D!)DD*(*E3/9!

?Z&E"U/=1=&$/>%$/;''.&0%(/*%=%*+&('0&+7/**%.&,+01<+10%,&

?ZFZ&E%0';%.0"$&+7/**/*9&
V13! &13+$%3+)! $P! %3-$13D-),! (4*++*+0! %).! )&&3)-! 413+! (13! 3B)A(! $-! )&&-$B*%)(3! 5&/3'D$K
%3-$13D-),!(4*++*+08!/.%%3(-.!$P!A-./(),!,)((*A3!3BA33D/!(13!/.%%3(-.!$P!A-./(),!A$+(3+(9!?P!R */!/'A1!
h3B(-)i! -$()(*$+! /.%%3(-.! $&3-)(*$+! )+D! (4$! /&3A*%3+/! $P! (13! A-./(),! ,*+L3D! N.! (1*/! -$()(*$+! )-3!
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&-3/3+(!*+!(13!@K-).!N3)%!/*%',()+3$'/,.;!(13+!(13!D*PP-)A(*$+!&)((3-+/!P-$%!(4$!/&3A*%3+/!$E3-,)&9!?P
I true s( ) !*/!(13!*+(3+/*(.!$P! ( )h,k,l=s !(13!*+D3B3D!-3P,3A(*$+!P$-!(13!P*-/(!/&3A*%3+;!(13+!(13$-3(*A),,.;!(13!
%3)/'-3D!*+(3+/*(.!/1$',D!N3!3f'),!($!

! J theor s( ) = 1!!( ) I true s( )+! I true RTs( ) ! (1)  

=3-3! !"1 !)+D!! !)-3!-3,)(*E3!E$,'%3/!$P!(4$!/&3A*%3+/9!V13!(4*++*+0!P-)A(*$+!! !%).!N3!3/(*%)(3D!N.!
D*PP3-3+(!%3(1$D/!5b3)(3/;!"XQQw!])'(3-;!677Fw!T'+*+!(-'./9;!677d8;!41*A1!)-3!$'(/*D3!$P!(13!/A$&3!$P!(1*/!
&)&3-9!

?Z?Z&)'*V%*+/'*"$&$%",+&,_1"0%,&0%(/*%=%*+&
?P!/$%3!&-3,*%*+)-.!%$D3,!$P!(13!/('D*3D!/(-'A('-3!3B*/(/!)!A$+E3+(*$+),!,3)/(!/f')-3!-3P*+3%3+(!$P!(13!
%$D3,!&)-)%3(3-/!q A$',D!N3!&3-P$-%3D!N.!%*+*%*/)(*$+!$P!D*/A-3&)+A.!

! QLSQ q( ) = Hcalc s;q( )!Hobs s( )( )
s
"

2
#min !

(2)  

4*(1!

! Hobs s( ) = J obs s( ) ;! (3)  

! Hcalc s( ) = 1!!( ) Fcalc s;q( )
2
+! Fcalc RTs;q( )

2
;! (4)  

413-3! ( )sobsJ !)-3!3B&3-*%3+(),,.!%3)/'-3D!*+(3+/*(*3/!P-$%!(13!(4*++3D!A-./(),9!

C!43)L+3//!$P!A-*(3-*$+!568!*/!(1)(!(13!%$D3,!A)+!A$+()*+!*--3%$E)N,3!3--$-/!/$!(1)(!+$!A$%N*+)(*$+!$P!
P,3B*N,3!%$D3,!&)-)%3(3-/!%)L3/! calcF !3f'),! ($! trueF ! 5)+D!A$--3/&$+D*+0,.! calcH !3f'),! ($ trueH 89!C/!)!
/*%&,3!3B)%&,3;!)!&$-(*$+!$P!(13!)($%/!%).!N3!)N/3+(!*+!(13!A'--3+(!%$D3,!)+D!(13*-!)N/3+A3!A)+!+$(!N3!
A$%&3+/)(3D!N.!%$E*+0!$P!(13!)($%/!&-3/3+(!*+!(13!%$D3,9!G'-(13-%$-3!(13!()-03(!E),'3/! obsH ! *+!568!
D*PP3-!P-$%! trueH !N.!3B&3-*%3+(),!3--$-/9!G'-(13-%$-3;!(13/3!3--$-/!A)++$(!N3!A$--3A(3D!N.!A1)+0*+0!$P!
%$D3,!&)-)%3(3-/! 3*(13-9! V$! /$%3!3B(3+(;! (13/3! /1$-(A$%*+0/!%).!N3!$E3-A$%3! *+! (13! P-)%34$-L!$P!
%)B*%'%!,*L3,*1$$D!)&&-$)A19!!

?ZDZ&E"U/=1=&$/>%$/;''.&0%(/*%=%*+&
J)B*%'%! ,*L3,*1$$D! )&&-$)A1! D-)4/! *+($! -3P*+3%3+(! )DD*(*$+),! *+P$-%)(*$+! &-3/3+(! *+! (13! P$-%! $P!
/$%3!/()(*/(*A),!&)((3-+!P$-!*--3%$E)N,3!3--$-/9!G$-!3B)%&,3!$+3!A)+!A$+/*D3-!%3)/'-3%3+(!3--$-/!!

! ! s( ) = J obs s( )! J true s( ) ! (5)  

)/!*+D3&3+D3+(!-)+D$%!E)-*)N,3/!+$-%),,.!D*/(-*N'(3D!4*(1!S3-$!%3)+!)+D!E)-*)+A3! ( )s2! !53/(*%)(3D!
*+!(13!3B&3-*%3+(!P$-!3E3-.!-3P,3A(*$+!/3&)-)(3,.89!I*%*,)-,.!$+3!A)+!)//'%3!(13!)+.!)N/3+A3/!$P!)($%/!
*+!(13!A'--3+(!%$D3,!N3!'+*P$-%,.!D*/(-*N'(3D!*+!(13!'+*(!A3,,9!CP(3-!/()(*/(*A),!&-$&3-(*3/!$P!*--3%$E)N,3!
3--$-/!1)/!N33+!%$D3,3D!(13!f'3/(*$+!%).!N3!)/L3D!k=$4!,)-03!*/!(13!&-$N)N*,*(.!($!03(!(13!A),A',)(3D!
E),'3/!3f'),!($!(13!$N/3-E3D!E),'3/!)P(3-!-)+D$%!A$--3A(*$+/!1)E3!N33+!*+(-$D'A3!P$,,$4*+0!(13!D3P*+3D!
/()(*/(*A),!&)((3-+!$P!*--3%$E)N,3!3--$-/Äk!V1*/!&-$N)N*,*(.!*/!A),,3D!)/!h/()(*/(*A),!,*L3,*1$$Di!)+D!*(!%).!
N3!A),A',)(3D!P$-!(13!*+D3&3+D3+(!$N/3-E)(*$+/!)/!(13!&-$D'A(!
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! L = Probability
s
! Hcor s;q( ) = Hobs s( ){ } ;!

(6)  

413-3! ( )scorH ! /()+D/! P$-! (13! -)+D$%!E),'3! (1)(! */! (13! -3/',(!$P! *%&-$E3%3+(!$P! A),A',)(3D!E),'3/!N.!
-)+D$%!A$--3A(*$+/9!V13!,*L3,*1$$D!%).!N3!)D$&(3D!)/!)!%3)/'-3!$P!0$$D+3//!$P!(13!A'--3+(!/(-'A('-3!
%$D3,O! (13! ,)-03-! (13! ,*L3,*1$$D! E),'3! 5M8! (13! %$-3! -3)/$+)N,3! (13! %$D3,9! V13! A1$*A3! $P! (13! %$D3,!
&)-)%3(3-/! -3/',(*+0! *+! (13! ,)-03/(! ,*L3,*1$$D! ,*3/! *+! (13! N)/*/! $P! %)B*%'%! ,*L3,*1$$D! )&&-$)A1! *+!
%)(13%)(*A),!/()(*/(*A/9!!

?ZMZ&)"$<1$"+/'*&'(&+;%&$/>%$/;''.&
g+3!$P!(13!L3.!&-$N,3%/!*+!)&&,*A)(*$+/!$P!(13!JT!)&&-$)A1!*/!(13!A),A',)(*$+!$P!&-$N)N*,*(.!D*/(-*N'(*$+/!
P$-! h-)+D$%,.! A$--3A(3Di! E),'3/;! 7T(T! P$-! Hcor s( ) ! E),'3/! *+! $'-! A)/39! ?P! (13! *--3%$E)N,3! 3--$-/! )-3!
-3/(-*A(3D!($!(13!%$D3,!*+A$%&,3(3+3//!)+D!%3)/'-3%3+(!3--$-/!$+3!A)+!D3P*+3!-)+D$%!E),'3! Hcor s( ) !
)/!

! Hcor s;q( ) = 1!!( ) Fcor s;q( )
2
+! Fcor RTs;q( )

2
+! s( ) ;! (7)  

! Fcor s;q( ) = F part s;q( )+Ulost s( ) 9! (8)  

=3-3q ! */! )! /3(! $P! A'--3+(! %$D3,! &)-)%3(3-/w! ( )qsF ;part ! )-3! '/'),! 5D3(3-%*+*/(*A8! /(-'A('-3! P)A($-/!
A$--3/&$+D*+0! ($! (13! A'--3+(! &)-(*),! %$D3,w! ( )s! ! */! )! -)+D$%! 3--$-! D*/(-*N'(3D! 4*(1! (13! +$-%),!

D*/(-*N'(*$+!4*(1!S3-$!%3)+!)+D!E)-*)+A3 ( )s2! w! ( )sUlost !)-3!-)+D$%!/(-'A('-3!P)A($-/!A),A',)(3D!P-$%!
-)+D$%,.!03+3-)(3D!)($%*A!&$/*(*$+/9!

C!-3)/$+)N,3!)&&-$B*%)(*$+!($!&-$N)N*,*(.!D*/(-*N'(*$+!$P!-)+D$%!E)-*)N,3! Fcor s( ) ! */!L+$4+!5/33!3909;!
I-*+*E)/)+!x!<)-(1)/)-)(1.;!"XdM8!)+D!P$-!)!03+3-),!(.&3!+$+KA3+(-$/.%%3(-*A!-3P,3A(*$+!*/!

! PF F;s( ) = 2F
!Q s( )

exp "
F 2 + F part s( )( )

2

!Q s( )

#

$

%
%

&

'

(
(
I0
2FF part s( )
!Q s( )

)

*
++

,

-
.. ! (9)  

4*(1!!

! !Q s( ) = f j
2 s( )

j=1

Nlost

" ;!
(10)  

413-3! ( )sf j !)-3!)($%*A!/A)((3-*+0!P)A($-/!P$-!(13!%*//*+0!)($%/!)+D! 0I !*/!(13!%$D*P*3D!U3//3,!P'+A(*$+9!
V13!D*/(-*N'(*$+!$P!(13!P$-%!5X8!*/!$P(3+!L+$4+!)/!(13!`*A3!D*/(-*N'(*$+9!!

V13!D*/(-*N'(*$+!P$-! ( )scorF !%).!1)E3!)!%$-3!03+3-),!P$-%!4*(1!(4$!&)-)%3(3-/! ( )s! )+D! ( )s! !5T'+*+!
"XQ6w!T'+*+!x!c-S1'%(/3E;!"XQYw!cS1'%(/3E!(-'./9;!"XXM8!!

! PF F;s( ) = 2F
! s( )

exp !
F 2 +! 2 s( ) F part s( )( )

2

! s( )

"

#

$
$

%

&

'
'
I0
2! s( )FF part s( )

! s( )

(

)
**

+

,
-- ! (11)  
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?P!%$-3! /$'-A3/!$P! 3--$-/!)-3! ()L3+! *+($!)AA$'+(;!(TIT! )($%*A! /A)((3-*+0! P)A($-/!)-3!+$(!L+$4+!3B)A(,.;!
A$%%$+!/A),*+0! P)A($-!/1$',D!N3!)&&,*3D!($! Hcor s( ) !N3P$-3!A$%&)-*+0!4*(1! Hobs s( ) ;! /$%3!3--$-/!)-3!
&-3/3+(!*+!&$/*(*$+/!$P!)($%/!*+A,'D3D!*+!)!-*0*D!N$D.!N,$ALT!2$+K'+*P$-%!&-*$-!A$$-D*+)(3!D*/(-*N'(*$+/!
P$-!(13!%*//*+0!)($%/!%).!N3!*+E$,E3D!*+!(1*/!/A13%3!)/!43,,!5CP$+*+3!(-'./9;!'+&'N,*/13D89!

?ZaZ&G/<%C+8:%&"::0'U/="+/'*&('0&+7/**%.&/*+%*,/+8&./,+0/#1+/'*&
V$! 03(! (13! P*+),! D*/(-*N'(*$+! (1)(! A$',D! N3! '/3D! ($!
A),A',)(3! (13! ,*L3,*1$$D! 5M8! $+3! /1$',D! A),A',)(3D! (13!
(-*&,3! A$+E$,'(*$+! $P! &-$N)N*,*(.! D*/(-*N'(*$+/! P$-!

( )2sFcor ;! Fcor RTs( )
2
! )+D! ( )s! 9! V1*/! */! +$(! )! /*%&,3!

()/L! )+D! (13! -3/',(! A)++$(! N3! &-3/3+(3D! *+! )! /*%&,3!
)+),.(*A),!P$-%9!V$!)E$*D!(1*/!&-$N,3%!$+3!A)+!/L*&!(13!
&-$N,3%! $P! A$+E$,'(*$+! )+D! /'&&$/3! (1)(! (13! -)+D$%!
E),'3/! Hcor s( ) !$N3.!D*-3A(,.!(13!D*/(-*N'(*$+!5""8!4*(1!
)D3f')(3,.! D3/*0+3D! ( )s! )+D! ( )s! ! &)-)%3(3-/9! C!
-3)/$+! P$-! (1*/! 1.&$(13/*/! */! (1)(! D*/(-*N'(*$+! 5""8!
$-*0*+)(3/! P-$%!\)'//*)+!(4$KD*%3+/*$+),!D*/(-*N'(*$+9!
?(! */! /*%&,.! (13! %)-0*+),! D*/(-*N'(*$+! $P! (13! D*/()+A3K
A$$-D*+)(3! 413+! (13! (4$KD*%3+/*$+),! \)'//*)+!
D*/(-*N'(*$+! */!4-*((3+! *+!&$,)-! A$$-D*+)(3/9!]'3! ($! (13!
#3+(-),! T*%*(! V13$-3%! 5$P! (13$-.! $P! &-$N)N*,*(*3/8!
\)'//*)+! D*/(-*N'(*$+! )&&3)-/! *+! %)+.! D*PP3-3+(!
A*-A'%/()+A3/! /$! (1)(! $+3! A)+! 1$&3! (1)(! *(/! D3-*E)(*E3!
5""8!*/!/'*()N,3!P$-!Hcor s( ) !E),'3/!)/!43,,9!!

V$!A13AL!(1*/!1.&$(13/*/!)!/3-*3/!$P!(3/(!4)/!&3-P$-%3D!
5I33! /3A(*$+! F! N3,$4! P$-! (13! D3()*,/89! ?+! (13/3! (3/(/!
/*%',)(3D!/3(/!$P! Hobs s( ) !E),'3/!43-3!A13AL3D!)0)*+/(!
(13$-3(*A),! D*/(-*N'(*$+/! 5""8! 4*(1! &-$&3-,.! )Dp'/(3D!
&)-)%3(3-/9! ?(! 4)/! P$'+D! (1)(! A$--3/&$+D3+A3! */! E3-.!
0$$D! P$-! -3,)(*E3,.!/(-$+0!-3P,3A(*$+/!)+D! */! -3)/$+)N,3!
P$-! 43)L! $+3/9! J$-3! D3P*+*(3,.;! (13! /*%*,)-*(.! $P!
3%&*-*A),! )+D! (13$-3(*A),! A'-E3/! D3&3+D3D! %$/(,.! $+!
-3,)(*E3! E),'3! $P! *+(3+/*(.! $P! -3P,3A(*$+! *+! A$%&)-*/$+!
4*(1!(13!&)-(!$P!(13!(-'3!*+(3+/*(.!A$--3/&$+D*+0!($!(13!
%*//*+0! )($%/9! V$! A1)-)A(3-*/3! )! -3P,3A(*$+! &$43-! 43!
'/3D! (13! -)(*$ ( ) ( )sH Q

calc != s" ;! 413-3! ( )sQ! ! */!

%3)+!*+(3+/*(.!A$--3/&$+D*+0!($!(13!,$/(!)($%/!D3P*+3D!
N.! 5"789! G*0'-3! "! /1$4/! 3%&*-*A),! )+D! (13$-3(*A),!
&-$N)N*,*(.!D*/(-*N'(*$+!P$-!D*PP3-3+(!E),'3/!$P!(1*/!-)(*$9!
C!%$-3!)AA'-)(3!A$%&)-*/$+!4)/!%)D3!4*(1!(13!'/3!$P!
2! !A-*(3-*$+9!G$-!,)-03!3+$'01!E),'3/!$P!(13!-)(*$!5 1>!

8!(13/3!(3/(/!0*E3!+$!-3)/$+!($!-3p3A(!(13!+',,!1.&$(13/*/!
(1)(!(13!D*/(-*N'(*$+!$P!Hcor s( ) !E),'3/!*/!A$+/*/(3+(!4*(1!
&-$N)N*,*(.!D*/(-*N'(*$+!5""89!C(!(13!/)%3!(*%3;!P$-!43)L!
-3P,3A(*$+! (13! A$+P*D3+A3! ,3E3,! 4)/! /%),,! 3+$'01! 5/33!
(3/(! X! *+! ()N,3! "8! )+D! (13! )&&-$B*%)(*$+! N3A$%3/! ,3//!

G*0'-3! "9! V13$-3(*A),! D*/(-*N'(*$+/! 5""8! 4*(1!
$&(*%),,.!D3P*+3D!&)-)%3(3-/! !" / ! 5/$,*D! ,*+38!

)+D! D*/(-*N'(*$+/! P$-! /*%',)(3D! obsH ! E),'3/!

5D$(/8!P$-!-3P,3A(*$+/!4*(1!D*PP3-3+(! Q
calcH ! !

-)(*$9!5I33!/3A(*$+!F!P$-!D3()*,/89!!
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)AA'-)(3! 5P*0'-3! "A89! ?(! */! +$(34$-(1.! (1)(! (13! (3/(/! D*D! +$(! -3p3A(! (13! 1.&$(13/*/!413+! (13! (4*++*+0!
P-)A(*$+!4)/!/3(!)/! 0=! 9!V1*/!%3)+/!(1)(!*+!(13!'/'),!JT!-3P*+3%3+(!54*(1$'(!(4*++*+08!3B&3-*%3+(),!
%3)/'-3%3+(!3--$-/!%).!N3!h)N/$-N3Di!N.!! / " !E),'3/9!!

C! /*%*,)-! )&&-$)A1! %).! N3! '/3D! *P! $+3! 1)/! %$-3! (13+! $+3! (4*++*+0! $&3-)(*$+! &-3/3+(9! V13! $+,.!
D*PP3-3+A3!*/!(1)(!(13!A),A',)(3D!E),'3/!Hcalc s( ) !)-3!)!%*B('-3!$P!%$-3!(13+!(4$!*+(3+/*(*3/9!!

?ZbZ&E"U/=1=&$/>%$/;''.&0%(/*%=%*+&('0&+7/**%.&<08,+"$,&
?P!(13!&)-)%3(3-/!! !)+D! ! !)-3!D3P*+3D!)+D! q !*/!(13!/3(!$P!P,3B*N,3!&)-)%3(3-/!$P!(13!&)-(*),!%$D3,!57T(T!
&)-)%3(3-/!(1)(!)-3!),,$43D!($!N3!A1)+03D!*+!(13!-3P*+3%3+(8!(13+!(13!,*L3,*1$$D!P'+A(*$+!5M8!()L3/!(13!
P$-%!

! L q( ) = 2Hobs

! s( )
exp !

Hobs s( )( )
2
+! 2 s( ) Hcalc s;q( )( )

2

! s( )

"

#

$
$

%

&

'
'
I0
2! s( )Hobs s( )Hcalc s;q( )

! s( )

(

)
**

+

,
--

s
. ! (12)  

! !  

5V1*/! P$-%',)! /'&&$/3/! (13! +$+KA3+($/.%%3(-*A! -3P,3A(*$+! $P! )! 03+3-),! (.&3! $+,.! N3! '/3D! *+! (13!
A),A',)(*$+w!/33!/3A(*$+!"9d!N3,$4!P$-!)!%$-3!03+3-),!A)/389!

V13!A),A',)(*$+!$P!,$0)-*(1%!$P!5"68;!A1)+0*+0!(13!/*0+!)+D!$%*((*+0!(13!(3-%/!(1)(!D$!+$(!D3&3+D!$+!(13!
P,3B*N,3!%$D3,!&)-)%3(3-/;!-3D'A3/!(13!&-$N,3%!$P!%)B*%*/)(*$+!$P!5"68!($!(13!&-$N,3%!$P!%*+*%*/)(*$+!
$P!(13!/()+D)-D!JT!A-*(3-*$+!

! QML q( ) =
! 2 s( ) Hcalc s;q( )( )

2

! s( )
! ln I0

2! s( )Hobs s( )Hcalc s;q( )
! s( )

"

#
$$

%

&
''

(
)
*

+*

,
-
*

.*s
/ 0min ! (13)  

4*(1! Hobs s( ) ! )+D! Hcalc s( ) ! E),'3/! D3P*+3D! )/! 5FKY89! V13! $+,.! D*PP3-3+A3! 4*(1! (13! A$+E3+(*$+),! JTK
A-*(3-*$+!*/!(1)(!Fcalc s( ) !E),'3/!)/!-3&,)A3D!N.!Hcalc s( ) 9!!

?ZTZ&E"U1=1=&$/>%$/;''.&%,+/="+%,&'(&! &"*.&" &:"0"=%+%0,&
V13!%*+*%*/)(*$+!5"F8!/'&&$/3/! (1)(! (13!&)-)%3(3-/! ( )s! ! )+D! ( )s! ! )-3!L+$4+! P$-!),,! -3P,3A(*$+/9!V$!
D3P*+3! (13/3! &)-)%3(3-/! &-$E*D*+0! %$D3,! &)-)%3(3-/! )-3! L+$4+;! (13! %)B*%'%! ,*L3,*1$$D! &-*+A*&,3!
%).!N3!)&&,*3D!)0)*+!5T'+*+!x!c-S1'%(/3E;!"XQYw!`3)D;!"XQMw!T'+*+xIL$E$-$D);!"XXW89!T3(!'/!/'&&$/3!
(1)(! P$-! )! (1*+! /&13-*A),! /13,,! *+! (13! -3A*&-$A),! /&)A3!&)-)%3(3-/! ( )s! ! )+D! ( )s! ! )-3! (13! /)%3! P$-! ),,!
-3P,3A(*$+!*+!(13!/13,,;!*939! ( ) !! =s ;! ( ) !! =s !)+D!(13!&-$D'A(!*+!5"68!*/!A),A',)(3D!$E3-!-3P,3A(*$+!P-$%!
(1*/! S$+3! $+,.9! #$+/*D3-! +$4! (1)(! (13! %$D3,! &)-)%3(3-/! q *+! 5"68! N3! L+$4+! )+D! P*B3D;! (13+! (13!
,*L3,*1$$D!P'+A(*$+!D3&3+D/!$+!(4$!&)-)%3(3-/!! !)+D! ! !$+,.!)+D!(13/3!&)-)%3(3-/!%).!N3!D3P*+3D!N.!
%)B*%*/)(*$+!$P!(13!,*L3,*1$$D!)0)*+9!C/!N3P$-3;!(1*/!%)B*%*/)(*$+!A)+!N3!-3D'A3D!($!%*+*%*/)(*$+!$P!!

! Q!" !,"( ) = K ln! + 1
!

Hobs s( )( )
2

s
! +

! 2

"
Hcalc s( )( )

2

s
! " ln I0

2!Hobs s( )Hcalc s( )
!

#

$
%%

&

'
((

s
! ! (14)  

413-3! K */!(13!+'%N3-!$P!-3P,3A(*$+/!*+A,'D3D!*+!(13!/'%/9!2$4!$+,.!(13!(3-%/!D3&3+D*+0!$+!! !)+D! ! !
)-3! *+A,'D3D! *+! %*+*%*/)(*$+! A-*(3-*$+9! C! (3A1+*f'3! $P! %*+*%*/)(*$+! $P! (1*/! P'+A(*$+! */! D3/A-*N3D! *+!
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5T'+*+!x!IL$E$-$D);!"XXW89!

C/!*(!4)/!/1$4+!N3P$-3!P$-!'/'),!-3P*+3%3+(!5T'+*+;!"XQ6w!T'+*+!x!IL$E$-$D);!"XXW8!&)-)%3(3-/!! !)+D!
! !)+D!%$D3,!&)-)%3(3-/!q !)-3!1*01,.!N*)/3D!*P!D3P*+3D!P-$%!(13!/)%3!/3(!$P!-3P,3A(*$+/9!I$!(1)(!! !)+D!
! ! &)-)%3(3-/! /1$',D! N3! D3P*+3D! $+! (13! N)/3! $P! (3/(! -3P,3A(*$+/! $+,.! 57T(T! $+3/! 3BA,'D3D! P-$%!
-3P*+3%3+(89! V13! /)%3! $N/3-E)(*$+! */! E),*D! *+! (13! &-3/3+A3! $P! (4*++*+0! )/! 43,,9! G'-(13-%$-3;! /$%3!
/&3A*),!)((3+(*$+!/1$',D!N3!&)*D!413+!/&,*((*+0!(13! P',,!/3(!$P!-3P,3A(*$+/! *+($!4$-L!)+D!(3/(!&)-(/9!V13!
&)*-! $P! -3P,3A(*$+/! ,*+L3D! N.! (13! (4*++*+0! ,)4! 57T(T! s ! )+D! sRT 8! /1$',D! 1)E3! /*%*,)-! (.&3! 5h4$-Li! $-!
h(3/(i89!

?ZIZ&G%="0>&'*&<%*+0',8==%+0/<&"*.&,:%</"$&0%($%<+/'*,&
V13!D*/(-*N'(*$+!5""8!%).!N3!'/3D!)/! */! P$-!)!03+3-),! (.&3!+$+KA3+(-$/.%%3(-*A!-3P,3A(*$+9!V$!0$! ($!)!
%$-3!A$%%$+!A)/3!43!/1$',D!A$--3A(!D*/(-*N'(*$+!5""8!P$-!+$+KA3+(-$/.%%3(-*A!-3P,3A(*$+!)/!

! PH H;s( ) = 2H
! s( )! s( )

exp !
H 2 +! 2 s( ) Hcalc s( )( )

2

! s( )! s( )

"

#

$
$

%

&

'
'
I0
2! s( )HHcalc s( )

! s( )! s( )

(

)
**

+

,
-- ! (15)  

=3-3! (13! &)-)%3(3-! ( )s! ! D3&3+D/! $+,.! $+! (13! -3P,3A(*$+! *+D*A3/! )+D! $+! (13! &)-(*A',)-! /&)A3! 0-$'&!

! = G! , t!( ){ }
!=1

n
!)+D!%).!N3!A),A',)(3D!)/! (13!+'%N3-!$P!-3A*&-$A),K/&)A3!/.%%3(-*3/! T

!G ! (1)(!413+!

)&&,*3D! ($! (13! E3A($-! s ,3)E3! *(! *+E)-*)N,3;! *939! ssG =T
! 9! G$-! A3+(-$/.%%3(-*A! -3P,3A(*$+! (13!

A$--3/&$+D*+0!&-$N)N*,*(.!D*/(-*N'(*$+!1)/!(13!P$-%!

! PH H;s( ) = 2
!" s( )! s( )

exp !
H 2 +! 2 s( ) Hcalc s( )( )

2

2! s( )! s( )

"

#

$
$

%

&

'
'
cosh

! s( )HHcalc s( )
! s( )! s( )

(

)
**

+

,
-- ! (16)  

V13! A1)+03/! *+! 5"6K"Y8! )-3! /(-)*01(P$-4)-D9!Z3! D$! +$(! *+A,'D3! (13! /()(*/(*A),!43*01(! ( )s! ! *+($! ( )s! !
&)-)%3(3-!)/!*(!4$',D!D3/(-$.!(13!1.&$(13/*/!(1)(!),,! ( )s! !)-3!(13!/)%3!*+!)!(1*+!/&13-*A),!/13,,!*+!(13!
-3A*&-$A),! /&)A3;!41*A1! */!'/3D! ($!D3P*+3! )+D! &)-)%3(3-/!&-$E*D3D! (13! A'--3+(!%$D3,! */! P*B3D! 5/33!
/3A(*$+!69d89!

DZ&!%,+/*9&+;%&*1$$&;8:'+;%,/,&

DZFZ&!%,+,&"*.&0%,1$+,&
C! /3-*3/! $P! (3/(/! 43-3! &3-P$-%3D! ($! A13AL! ($! 41)(! 3B(3+(! (13! `*A3K(.&3! D*/(-*N'(*$+! 5""8! %*01(!
)&&-$B*%)(3! (13! D*/(-*N'(*$+! $P!%3)/'-3D! (4*++3D! *+(3+/*(.! P$-! )! &)-(*A',)-! -3P,3A(*$+9! ?+! 3E3-.! /'A1!

(3/(!)!/)%&,3!$P!h3B&3-*%3+(),i!%)0+*('D3/! H j
obs{ } j=1

N
!4)/!03+3-)(3D!N.!)!J$+(3!#)-,$!(.&3!&-$A3D'-3!

P$-!/$%3!P*B3D!-3P,3A(*$+! s !()L*+0!*+($!)AA$'+(!(1-33!/$'-A3/!$P!'+A3-()*+(*3/O!

• h%*//*+0i! )($%/;! *939! $+3/! &-3/3+(! *+! (13! -3),! /(-'A('-3;! N'(! )N/3+(! *+! (13! A'--3+(! &)-(*),!
%$D3,w!!

• )+!3B&3-*%3+(),!3--$-!413+!%3)/'-*+0!*+(3+/*(*3/w!
• )+!)-N*(-)-.!/A),3!P$-!(13!%3)/'-3D!*+(3+/*(*3/9!

V13!&)-)%3(3-/! opt! !)+D! opt! !*+!(13!(13$-3(*A),!D*/(-*N'(*$+!!
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! Ptheor H;!,"( ) = 2H
!
exp !

H 2 +" 2 Hcalc( )
2

!

"

#

$
$

%

&

'
'
I0
2"HHcalc

!

(

)
*

+

,
- ! (17)  

(1)(!%)(A13/!N3/(!(13!h$N/3-E3Di!%)0+*('D3/!43-3!D3P*+3D!N.!%)B*%*/)(*$+!$P!(13!,*L3,*1$$D!

! L !,",( ) = Ptheor H j
obs;!,"( )

j=1

N

! "max !
(18)  

5/33!D3()*,/!N3,$489!G*0'-3!"!),,$4/!E*/'),!A$%&)-*/$+!$P!$&(*%),,.!P*((3D!(13$-3(*A),!D*/(-*N'(*$+/!4*(1!
(13! 3%&*-*A),! $+3/! A),A',)(3D! P-$%! 03+3-)(3D! obs

jH ! /3(/9! ! V13/3! 0-)&1/! -3E3),! f'*(3! -3)/$+)N,3!
A$--3/&$+D3+A3! )+D! N)AL! (13! *D3)! (1)(! D*/(-*N'(*$+! 5""8! */! /'*()N,3! ($! D3/A-*N3! D3E*)(*$+/! *+!
3B&3-*%3+(),! %)0+*('D3/! 413+! )! (4*++*+0! )+D! 3B&3-*%3+(),! 3--$-/! )-3! &-3/3+(9! V$! 3/(*%)(3! (13!

A$--3/&$+D3+A3! f')+(*()(*E3,.! (13! h+',,! 1.&$(13/3/i! (1)(! H j
obs{ } j=1

N
! )-3! -)+D$%! +'%N3-/! 03+3-)(3D!

P$,,$4*+0! ($! ( )optopttheor HP !" ,; ! &-$N)N*,*(.! D*/(-*N'(*$+! 4)/! A13AL3D! '+D3-! 2! ! A-*(3-*$+9! V)N,3! "!

&-$E*D3/! (13!$N()*+3D! 2! ! E),'3!)/!43,,! )/! (13! /*0+*P*A)+A3!E),'3!D3P*+3D!)/! (13!&-$N)N*,*(.! ($!03(! (13!

$N()*+3D!$-! 3E3+!4$-/3! 5,)-03-8! E),'3!$P! 2! ! *+! (13! A)/3!413+! H j
obs{ } j=1

N
! )-3! -3),,.!$N()*+3D!4*(1! (13!

(3/(3D! D*/(-*N'(*$+! 5*939! (13! +',,! 1.&$(13/*/! */! (-'389! ! V13! +',,! 1.&$(13/3/! /1$',D! N3! -3p3A(3D! *P! (13!
A$--3/&$+D*+0!A$+P*D3+A3!,3E3,!*/!/%),,9!V)N,3!"!/1$4/!(1)(!P$-!/(-$+0!-3P,3A(*$+/!$+3!1)/!+$!-3)/$+/!($!
-3p3A(! (13! +',,! 1.&$(13/*/9! V1*/! */! +$(! (13! A)/3! P$-! 43)L! -3P,3A(*$+/9! 23E3-(13,3//;! (13! D*PP3-3+A3/! *+!
3%&*-*A),!)+D!(13$-3(*A),!D*/(-*N'(*$+/!A$+A3-+!%$/(,.!h()*,/i!$P!D*/(-*N'(*$+9!?+!JT!-3P*+3%3+(!$+3!(-*3/!
($! )Dp'/(! (13Hcalc E),'3/! ($! %)B*%)! $P! A$--3/&$+D*+0! D*/(-*N'(*$+/;! /$! (1)(! *+)AA'-)A*3/! *+! h()*,/i! $P!
D*/(-*N'(*$+/!P$-!43)L!-3P,3A(*$+/!/1$',D!+$(!)PP3A(!(13!-3/',(/!$P!-3P*+3%3+(!($$!0-3)(,.9!!

B/C.$!AD!`3/',(/!P-$%!)!+'%N3-!$P!(3/(/!3B&,)*+3D!*+!(13!(3B(9! calcH !)+D! Q! !)-3!D3P*+3D!N.!3f')(*$+/!5Y8!)+D!5"78!

A$--3/&$+D*+0,.9!

(3/(!

+'%N3-!

! !

( )2calc
I

H
!

!

Q

calcH
!

!
(13$-3(*A),! D3P*+3D! |!

N*+/!
2! ! A$+P*D3+A3!

&!

G*09!

! ! ! ! opt! ! opt! !

"! 79! 79! W97Y! "9! Qd7"9! "97! QMX79! 6X! 6M9F! 79M"! !

6! 79! 79! 69Fd! "9! QMdW9! 79XXQ! Qd6"9! 6X! FY96! 796F! !

F! 79! 79! 79W7! "9! QM7"9! 79MdQ! XQ6Q9! 6X! 679M! 79Qd! !

Y! 79! 797W! W97Y! ! ! "977"! QQXd9! 6X! FM97! 79"d! !

W! 79! 797W! 69Fd! ! ! 79XXQ! QQF69! 6X! 6d9M! 79WY! !

M! 79! 797W! 79W7! ! ! 79MQ6! XQ"M9! 6X! 6"9M! 79QF! !

d! 79FM! 797W! Y97Q! ! ! "97""! WMYd9! 6X! 6Y9"! 79dF! ")!

Q! 79FM! 797W! 69YQ! ! ! "97FX! YYFW9! 6X! 6Y96! 79d6! "N!

X! 79FM! 797W! 79dQ! ! ! "9YFW! F7Qd! 6X! ""Y9! Y96B"7K"6! "A!

DZ?Z&!%,+&:"0"=%+%0,&
>E3-.!&)-(*A',)-!(3/(!4)/!D3P*+3D!N.!)!/3(!$P!&)-)%3(3-/O!
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• (13!*+D3B3/!$P!(4$!(4*++3D!-3P,3A(*$+/! ( )111 ,, lkh=s !)+D! ( )222 ,, lkhT =sR !)+D!%)0+*('D3/!)+D!
&1)/3/! $P! (13! A$--3/&$+D*+0! /(-'A('-3! P)A($-/! A),A',)(3D! P$-! )! &)-(*),! %$D3,w! *+! $'-! (3/(! (13!
&)-(*),!%$D3,!4)/! $N()*+3D! N.! 3BA,'/*$+! $P! "7u! $P! )($%/! -)+D$%,.! ! P-$%! "#W>! 5b)+0! (-' ./9;!
67778!%$D3,w!!!!!!!!!!!

• (13!(4*+!P-)A(*$+!E),'3!! w!5(1*/!E),'3!4)/!D3P*+3D!)/!79FM!P$-!"#W>!A-./(),8w!
• (13!/&)A3!0-$'&!5 12P P$-!"#W>8w!
• (13!+'%N3-!Nmissing !$P!)($%/!(1)(!)-3!&-3/3+(!*+!(13!41$,3!/(-'A('-3;!N'(!)-3!)N/3+(!*+!(13!&)-(*),!

%$D3,w! (13! &$/*(*$+/! $P! (13/3! )($%/! 43-3! A$+/*D3-3D! )/! *+D3&3+D3+(! -)+D$%! E)-*)N,3/!
'+*P$-%,.! D*/(-*N'(3D! *+! (13! '+*(! A3,,w! Nmissing ! 4)/! /3(! ($! 67X! *+! $'-! (3/(/! 5"7u! $P! (13!41$,3!
+'%N3-!$P!)($%/!*+!"#W>!%$D3,8w!

• (13!)AA'-)A.!$P!%3)/'-*+0!$P!*+(3+/*(*3/! I! w!(13!%3)/'-*+0!3--$-!! !4)/!A$+/*D3-3D!)/!+$-%),,.!

D*/(-*N'(3D! -)+D$%! E)-*)N,3! 4*(1! S3-$! %3)+! )+D! E)-*)+A3! 2
I! w! I! ! 4)/! /3(! ($! S3-$! $-! ($!

0.05* Hcalc( )
2
!*+!$'-!(3/(w!

• (13! /A),3! P)A($-! Scale ! A$+E3-(*+0!%)0+*('D3/! *+($! /$%3! -3,)(*E3! /A),3w! ?(!4)/! P$'+D! (1)(! (1*/!
A$3PP*A*3+(! *+P,'3+A3! $+! $&(*%),! ! ! )+D! ! ! E),'3/;! N*(! D$3/! +$(! *+P,'3+A3! $+! (13! f'),*(.! $P!
)&&-$B*%)(*$+w!(13!-3/',(/!*+!()N,3!"!A$--3/&$+D!($!E),'3! 1=Scale w!

• /()-(!E),'3!P$-!-)+D$%!+'%N3-!03+3-)($-;!+'%N3-!$P!N*+/!P$-! 2! !/()(*/(*A/;!(-39!

C/!)!-3/',(!/*%',)(3D!%)0+*('D3/!"560!43-3!A),A',)(3D!)/!

! Hobs = Scale* I twin +! ;! (19)  

! I twin = 1!!( ) F part h1,k1, l1( )+U h1,k1, l1( )
2
+! F part h2,k2, l2( )+U h2,k2, l2( )

2
! (20)  

413-3! ( )lkh ,,U !*/!)!/(-'A('-3!P)A($-!A),A',)(3D!P-$%!-)+D$%,.!03+3-)(3D!A$$-D*+)(3/!$P! Nmissing !)($%/!

)+D!! !*/!03+3-)(3D!-)+D$%,.!4*(1!\)'//*)+!D*/(-*N'(*$+! ( )2,0 IN ! 9!C!A1)-)A(3-*/(*A!E),'3!

! ! =
Hcalc

!Q
!

(21)  

4*(1! Q! !D3P*+3!N.!5"78!4)/!A),A',)(3D!P$-!3E3-.!(3/(9!

DZDZ&K:%</"$&<",%\&*'&+7/**/*9B&*'&=%",10%=%*+&%00'0,&
?P! (13! (4*++*+0! )+D! %3)/'-3%3+(! 3--$-/! )-3! )N/3+(! A,$/3! P$-%',)/! 5XK"78! 3B*/(! P$-! (13! &-$N)N*,*(.!
D*/(-*N'(*$+!)+D!&)-)%3(3-/!! !)+D! ! 9!V1*/!%).!N3!'/3D!($!A13AL!(13!D3E3,$&3D!+'%3-*A),!&-$A3D'-3!
5/33!/3A(*$+!Y!N3,$48!P$-!3/(*%)(*$+!$P!! !)+D!! !&)-)%3(3-/!)/!43,,!)/!($!A13AL!(13!3B(3+(!(13!03+3-)(3D!

H j
obs{ } j=1

N
!E),'3/!)-3!A$+/*/(3+(!4*(1!(13!(13$-3(*A),!D*/(-*N'(*$+9!`3/',(/!$P!(1-33!/'A1!(3/(/!A)--*3D!$'(!

P$-!D*PP3-3+(! ! K-)(*$!$AA'&.!(13!P*-/(!(1-33!,*+3/!*+!()N,3!"9!?(!*/!4$-(1.!$P!+$(*+0!(1)(!(1$'01!P$-!43)L!
-3P,3A(*$+! 5(3/(! F8! (13! ! opt

! )+D!
opt &)-)%3(3-/! )-3! D*PP3-3+(! P-$%! (13! (13$-3(*A),! $+3/! N'(! (13!

A$+/*/(3+A.!$P! /)%&,3!D)()!4*(1! (13! P$'+D!D*/(-*N'(*$+! */!+$(!4$-/3! (13+!413+!'/*+0! (13!D*/(-*N'(*$+!
4*(1! (13$-3(*A),!&)-)%3(3-!E),'3/9!V13!+'%N3-!$P!N*+/;! 2! ! E),'3!)+D!A$+P*D3+A3! p ! )-3!F";!6M97!)+D!
79d6!A$--3/&$+D*+0,.!*+!(13!,)/(!A)/39!
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DZMZ&)'*V%*+/'*"$&="U/=1=&$/>%$/;''.\&*'&+7/**/*9B&=%",10%=%*+&%00'0,&:0%,%*+&
V3/(/!YKM!43-3!&3-P$-%3D!P$-!(13!A)/3!413+!(4*++*+0!*/!)N/3+(;!N'(!3B&3-*%3+(),!3--$-/!)-3!&-3/3+(9!?+!
(1*/! A)/3! ( )scalcH ! A$*+A*D3/! 4*(1 ( )spartF 9! V13! 0$),! $P! (13/3! (3/(/! 4)/! ($! 3/(*%)(3! ($! 41)(! 3B(3+(!
D*/(-*N'(*$+/! 5""8! %).! N3! '/3D! *+! A$+E3+(*$+),! JTK-3P*+3%3+(! 4*(1$'(! 3B&,*A*(! A$--3A(*$+/! P$-!
%3)/'-3%3+(! 3--$-/9! V13! -3/',(/! /'&&$-(! )+! *D3)! (1)(! *+! -3P*+3%3+(! 5"F8! (13/3! 3--$-/! )-3! ()L3+! *+($!
)AA$'+(!*%&,*A*(,.!N3!%3)+/!$P!A1)+0*+0!$P!(13!! !)+D!! !&)-)%3(3-/9!

DZaZ&)'=='*&<",%&
V3/(/! dKX! *+A,'D3D! N$(1! )! (4*++*+0! )+D!%3)/'-3%3+(! 3--$-/9! G$-! /(-$+0! )+D!%3D*'%! -3P,3A(*$+/! (13!
D*/(-*N'(*$+/! 5""8! D3/A-*N3!43,,! /)%&,3! D)()! ( )sobsH 9! G$-!43)L! -3P,3A(*$+/! 5 1<! 8! -3/',(/! )-3!4$-/3!
5(3/(!X89!23E3-(13,3//!(13!E*/'),!A$%&)-*/$+!$P!0-)&1/!*+!P*0'-3!"A!/1$4/!(1)(!)(!hf'),*()(*E3i!,3E3,!(13!
D*PP3-3+A3!*/!+$(!($$!D-)%)(*A!)+D!(13/3!D*/(-*N'(*$+/!A$',D!N3!'/3D!P$-!43)L!-3P,3A(*$+/!)/!43,,9!

MZ&E"U/=1=&$/>%$/;''.&%,+/="+%,&'(&+;%&./,+0/#1+/'*&:"0"=%+%0,&
C!&-$N,3%!43!%33(!*+!(13/3!(3/(/!*/!1$4!($!D3P*+3!(13!&)-)%3(3-/!$P!D*/(-*N'(*$+!5"d8!(1)(!%)L3/!*(!(13!

%$/(! A$+/*/(3+(! 4*(1! /)%&,3! D)()! H j
obs{ } j=1

N
9! G$-%),,.;! (1*/! &-$N,3%! */! )! &)-(*A',)-! A)/3! $P! )! %$-3!

03+3-),! &-$N,3%! /('D*3D! *+! 5T'+*+! x! IL$E$-$D);! "XXW8! 413-3! /)%&,3! D)()! 43-3! /'&&$/3D! ($! 1)E3!
D*PP3-3+(!&-$N)N*,*(.!D*/(-*N'(*$+/!54*(1!D*PP3-3+(! calc

jH !E),'3/8! ,*+L3D!(1-$'01!(13!A$%%$+!! !)+D! ! !
&)-)%3(3-/9!23E3-(13,3//;!(1*/!&)-(*A',)-!A)/3!*/!)!h/*+0',)-!&$*+(i!$P!(13!%$-3!03+3-),!)&&-$)A1!)/!/$%3!
L3.!&)-)%3(3-!

! ! = Hobs( )
2
Hcalc( )

2
" Hobs( )

2
Hcalc( )

2
! (22)  

*/!3f'),!($!S3-$!*P!),,! calc
jH !)-3!(13!/)%39!V1*/!-3f'*-3/!)!/3&)-)(3!/('D.!$P!(13!&-$N,3%9!

MZFZ&4'0="$/,"+/'*&'(&V"0/"#$%,&
G*-/(! 43! -34-*(3! (13! &-$N,3%! 5"dK"Q8! '/*+0! )! %$-3! A$+E3+*3+(! P$-! )+),./*/! +$()(*$+9! T3(! (13! -)4!

%$%3+(/!$P!(13!/)%&,3!D)()! H j
obs{ } j=1

N
!N3!!

! B1 = Hobs =
1
N

H j
obs

j=1

N

! , B2 = Hobs( )
2
, B4 = Hobs( )

4
, !

(23)  

413-3! . !%3)+/!(13!)-*(1%3(*A!%3)+;!7T(T!P$-!)+.!P'+A(*$+! ( )H! !43!D3P*+3!

! ! Hobs( ) =
1
N

! H j
obs( )

j=1

N

! . !
(24)  

?P!)(!,3)/(!(4$!$N/3-E)(*$+!*+!(13!/3(! H j
obs{ } j=1

N
!)-3!D*PP3-3+(;!(13+!

! B2 !B1
2 = Hobs ! Hobs( )

2
> 0 , ! (25)  

/$!(1)(!!
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!
B1
2

B2
<1 , B1

B2
<1 . !

(26)  

T3(!+$-%),*/3D!E)-*)N,3/!N3!

! u = B2
!
, t = "H

calc

!
, zobs = H

obs

B2
, !

(27)  

(13+!(13!%)B*%*/)(*$+!$P!(13!,*L3,*1$$D!5"dK"Q8!*/!3f'*E),3+(!($!%*+*%*/)(*$+!$P!(13!P'+A(*$+!

! Q u, t( ) = !2 lnu+u2 + t2 ! ln I0 2utz
obs( ) , u " 0, t " 0 . ! (28)  

5V13!/()(*/(*A),!43*01(! ( )s! !*/!*+A,'D3D!*+($! ! !&)-)%3(3-!*+!(1*/!A)/389!

MZ?Z&!;%&=/*/=1=&'(&YQ1B+R&"+&+;%&#'0.%0&'(&+;%&"$$'7%.&0%9/'*&
T3(! /('D.! P*-/(! (13! N31)E*$-! $P! P'+A(*$+! ( )tuQ , ! )(! (13! N$-D3-! $P! (13! ),,$43D! -30*$+! 0,0 !! tu 9! V1*/!
P'+A(*$+!(3+D/!($!*+P*+*(.!*P! 0!u 9!c/*+0!)+!)/.%&($(*A!3B&)+/*$+!!

! ln I0 (x) = x !
1
2
ln x +... , x"+# ! (29)  

43!03(!P$-!,)-03!E),'3/!$P!(13!&-$D'A(!ut !

! Q u, t( ) = t ! B1
B2
u

"

#
$$

%

&
''

2

+ 1! B1
2

B2

"

#
$

%

&
'u2 +... , ut(+) , ! (30)  

/$!(1)(! ( )tuQ , !P'+A(*$+!0-$4/!($!*+P*+*(.!*P!u !$-! t !&)-)%3(3-!0-$4/9!?P! 0=t ;!(13+!(13!P'+A(*$+!!

! ( ) 2ln20, uuuQ +!= ! (31)  

1)/! (13! '+*f'3! %*+*%'%! )(! 1=u 9! C/! )! -3/',(;! (13! %*+*%'%! )(! (13! N$-D3-! $P! (13! ),,$43D! -30*$+!
5*+A,'D*+0!*+P*+*(.8!*/!)(()*+3D!P$-! ( ) ( )0,1, =tu 9!

MZDZ&K+"+/'*"08&:'/*+&%_1"+/'*&
?P!)!%*+*%'%!*/!)(()*+3D!)(!/$%3!*++3-!&$*+(;!(13+!)(!(1*/!&$*+(!$+3!1)/!

!

!Q
!u

= "
2
u
+ 2u" t# ut( ) = 0

!Q
!t

= 2t "u# ut( ) = 0

$

%
&
&

'
&
&

! (32)  

413-3!(13!P'+A(*$+! ( )x! !*/!D3P*+3D!)/!

! ! x( ) = 2zobs
I1 2z

obs x( )
I0 2z

obs x( )
. ! (33)  
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J',(*&,.*+0!(13!P*-/(!3f')(*$+!*+!5F68!N.!u ;!(13!/3A$+D!N.! t !)+D!()L*+0!(13!D*PP3-3+A3!43!03(!

! u2 ! t2 =1 , u = 1+ t2 ! (34)  

V13! /3A$+D! 3f')(*$+! *+! 5F68! %).! N3! '/3D! +$4! ($! 03(! (13! +3A3//)-.! A$+D*(*$+! P$-! (13! &$*+(! $P! (13!
%*+*%'%!

! ! t( ) = 2t " 1+ t2# t 1+ t2( ) = 0 . ! (35)  

MZMZ&P*/_1%*%,,&'(&,'$1+/'*&'(&%Q+Rc@&
Z3!1)E3! ( ) 00 =! !)+D!'/*+0!(13!)/.%&($(*A!

!
I1(x)
I0 x( )

=1! 1
2x

+... , x"+# !
(36)  

43!03(!

! ! t( ) = 2 1" B1
B2

#

$
%%

&

'
((t +... , t)+* . ! (37)  

/$!(1)(!5D'3!($!56M88! ( )t! !*+A-3)/3/!P$-!,)-03! t 9!C/!)!-3/',(!43!1)E3!(4$!),(3-+)(*E3/!&$//*N,3!

• ( )t! ! *+A-3)/3/!/()-(*+0!P-$%! 0=t ;!/$!(1)(!! 0=t ! */!(13!$+,.!/$,'(*$+!$P!(13!3f')(*$+!5FW8w!(1*/!
%3)+/!(1)(!(13!0,$N),!%*+*%'%!$P! ( )tuQ , !*/!)(()*+3D!)(! ( )0,1 w!

• ( )t! !D3A-3)/3/!P*-/(;! (13+!0-$4/!($!*+P*+*(.;!/$!(1)(! *(!3B*/(/!)!/3A$+D!/$,'(*$+!$P!3f')(*$+!5FW8!
A$--3/&$+D*+0!($!(13!0,$N),!%*+*%'%9!

V$!-3/$,E3!(1*/!),(3-+)(*E3!*(!*/!+3A3//)-.!($!/('D.!(13!E*A*+*(.!$P!(13!&$*+(! 0=t 9!c/*+0!(13!)/.%&($(*A!

!
I1(x)
I0 x( )

=
1
2
x ! 1
16

x3 +... , x" 0 !
(38)  

43!03(!

! ! t( ) = B4
B2
2 " 2

#

$
%

&

'
(t3 +... , t) 0 . ! (39)  

?(!P$,,$4/!P-$%!(13!,)/(!P$-%',)!(1)(!

• *P! B4 > 2B2
2 ;! (13+! 0=t ! */! (13! $+,.! /$,'(*$+! P$-! 3f')(*$+! ( ) 0=! t ! )+D! (13! 0,$N),!%*+*%'%!$P!

( )tuQ , !*/!)(()*+3D!)(! 0,1 == optopt tu w!A$--3/&$+D*+0,.!! opt = 0," opt = B2 = Hobs( )
2
w!

• *P! B4 < 2B2
2 ;! (13+!(13!3f')(*$+! ( ) 0=! t !1)/!+$+KS3-$!/$,'(*$+! optt !)+D!(13!0,$N),!%*+*%'%!$P!

( )tuQ , !*/!)(()*+3D!)(! 1+ topt( )
2
, topt

!

"
#

$

%
& w!&)-)%3(3-/! optopt !" , !)-3!D3P*+3D!*+!(1*/!A)/3!)/!
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! ! opt =
B2

Hcalc

topt

1+ topt( )
2
, " opt =

B2
1+ topt( )

2 . !
(40)  

MZaZ&K'$1+/'*&'(&+;%&%_1"+/'*&%Q+Rc@&&
]'3!($!+$+K%$+$($+*A!N31)E*$-!$P! P'+A(*$+! ( )t! !43!'/3D!)!S3-$K$-D3-!%3(1$D!54*(1$'(!$P! (13!'/3!$P!
D3-*E)(*E3/8!($!/$,E3!*(9!23E3-(13,3//!)+.!$(13-!%3(1$D!A)+!N3!'/3D!)/!43,,!4*(1!+3A3//)-.!&-3A)'(*$+/9!!

aZ&K7/+<;/*9&/*&+;%&$/>%$/;''.&(1*<+/'*&&
T3(!D3+$(3! J j

obs = H j
obs( )

2
;!(13+!(13!/4*(A1*+0!A$+D*(*$+! 2

24 2BB < !%).!N3!4-*((3+!)/!

! J obs ! J obs( )
2
< J obs

2
! (41)  

$-!

! variance J obs( ) <mean J obs( ) . ! (42)  

V13!$N()*+3D!A$+D*(*$+!%3)+/!(1)(!(13!,*L3,*1$$D!)&&-$)A1!/'003/(!($!'/3!)!/*%&,3!5Z*,/$+8!D*/(-*N'(*$+!!

! Ptheor H( ) = 2H

Hobs( )
2
exp ! H 2

Hobs( )
2

"

#

$
$
$

%

&

'
'
'
! (43)  

($! D3/A-*N3! (13! $N/3-E3D! E),'3/! *+/(3)D! $P! )! %$-3! A$%&,*A)(3D! D*/(-*N'(*$+! 5"d8;! *P! D3E*)(*$+/! $P!
*+(3+/*(*3/! obsJ !P-$%!(13!%3)+!)-3!($$!,)-03!5%$-3!(13+!(13!%3)+!*+(3+/*(.!E),'389!V$!/$%3!3B(3+(!43!
A)+!*+(3-&-3(!(1*/!)/!(13!,*L3,*1$$D!P'+A(*$+!*+D*A)(3/!(1)(!(13!A),A',)(3D! calcH P-$%!)!&)-(*),!%$D3,!*/!($$!
'+-3,*)N,3!)+D!/1$',D!+$(!N3!'/3D9!I'A1!/4*(A1*+0!*/!)!-)(13-!(.&*A),!P3)('-3!$P!,*L3,*1$$D!P'+A(*$+/!'/3D!
P$-! -3P*+3%3+(! $-! 3E),')(*$+! $P! )($%*A! %$D3,/! *+! A-./(),,$0-)&1.! 5T'+*+;! "XQ6w! T'+*+! x! IL$E$-$D);!
"XXWw!T'+*+!(-'./9;!677689!

J<>*'7$%.9=%*+,&&
V1*/!4$-L!4)/!/'&&$-(3D!*+!&)-(!N.!0-)+(!"7K7YK776WYK)!$P!`'//*)+!G$'+D)(*$+!P$-!U)/*A!`3/3)-A19!

G%(%0%*<%,&
CD)%/;! <9! ]9;! <)++';! 29! I9;! `3)D;! `9! ^9! x! U-z+03-;! C9! V9! 5"XXd89! #-$//KE),*D)(3D! %)B*%'%! ,*L3,*1$$D!
3+1)+A3/!A-./(),,$0-)&1*A!/*%',)(3D )++3),*+0 -3P*+3%3+(9!!153'$.-/'@3.MT'937T'J9@;!Y@;!W7"QKW76F9!

CP$+*+3;! <9:9;! \-$//3Ka'+/(,3E3;! `9Z9! x! CD)%/;! <9]9! 5677W89! V13! <13+*B! -3P*+3%3+(! P-)%34$-L9! ??!B'
$(;0/9!@=;!A$+(-*N'(*$+!Q9!

U-*A$0+3;!\9!x! ?-4*+;! ^9! 5"XXM89!J)B*%'%K,*L3,*1$$D!/(-'A('-3! -3P*+3%3+(O! (13$-.!)+D! *%&,3%3+()(*$+!
4*(1*+! UcIV>`! Ç! V2V9! !153((M7<I0' 5H' -L(' ??!B' 9-2M8' ,((=(<M;! ])-3/N'-.! T)N$-)($-.;! Z)--*+0($+;!
>+0,)+D;!QWKX69!

])'(3-;!s9!5677F89!V4*++3D!A-./(),/!)+D!)+$%),$'/!&1)/*+09!@3-.'?180-9!]KY;!677YK67"M9!

T3N3D3E;! C9C9;! :)0*+;! C9C9! x! J'-/1'D$E;! \929! 5677M89! ?+(3+/*(.! /()(*/(*A/! *+! (4*++3D! A-./(),/! 4*(1!
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3B)%&,3/!P-$%!(13!<]U9!@3-.'?180-9!]I=;!QFKXW9!

T'+*+;! :9b9! 5"XQ689! V13! '/3! $P! %)B*%'%! ,*L3,*1$$D! )&&-$)A1! ($! 3/(*%)(3! &1)/3! 3--$-/! *+! &-$(3*+!
A-./(),,$0-)&1.9!!1(G17<-!5`'//*)+8;!<'/1A1*+$;!`'//*)9!1((&Oee4449*%&N9-'e&DPeT#JR"XQ6RF-9&DP!

T'+*+;!:9b9!x!c-S1'%(/3E;!C9\9! 5"XQY89! ?%&-$E3%3+(!$P!<-$(3*+!<1)/3/!N.!#$)-/3!J$D3,!J$D*P*A)(*$+9!
@3-.'?180-9;!C@J;!6MXK6dd9!!

T'+*+;!:9b9!x!IL$E$-$D);!V9<9!5"XXW89!`KP-33!T*L3,*1$$DKU)/3D!>/(*%)(3/!$P!>--$-/!P$-!<1)/3/!#),A',)(3D!
P-$%!C($%*A!J$D3,/9!@3-.'?180-9!CKA;!QQ7KQQd9!!

T'+*+;!:9b9;!CP$+*+3!<9:9!x!c-S1'%(/3E;!C9\9!5677689!T*L3,*1$$DKN)/3D!-3P*+3%3+(9!?9!?--3%$E)N,3!%$D3,!
3--$-/9!@3-.'?180-9!CKZ;!6d7K6Q69!!

T'+*+;! :9b9;! T'+*+);! 29T9! x! )+D! U)'%/()-L;! J9Z9! 5677d89! >/(*%)(3/! $P! (13! (4*++*+0! P-)A(*$+! P$-!
%)A-$%$,3A',)-!A-./(),/!'/*+0!/()(*/(*A),!%$D3,/!)AA$'+(*+0!P$-!3B&3-*%3+(),!3--$-/9!@3-.'?180-9! ;!]I?;!
""6Xo""FQ!

J'-/1'D$E;! \929;! :)0*+;! C9C9! x! ]$D/$+;>9^9! 5"XXd8! `3P*+3%3+(! $P! J)A-$%$,3A',)-! I(-'A('-3/! N.! (13!
J)B*%'%KT*L3,*1$$D!J3(1$D9!@3-.'?180-9!]K?;!6Y7K6WW9!

<)++';! 29! I9! x! `3)D;! `9! ^9! 5"XXM89! ?%&-$E3D! /(-'A('-3! -3P*+3%3+(! (1-$'01!%)B*%'%! ,*L3,*1$$D9!@3-.'
?180-9!CK=;!MWXKMMQ9!

<)-/$+/;!I9!5677F89!?+(-$D'A(*$+!($!(4*++*+09!@3-.'?180-9!]KY;!"XXWK677F9!

`3)D;! `9! ^9! 5"XQM89! ?%&-$E3D! G$'-*3-! A$3PP*A*3+(/! P$-!%)&/! '/*+0! &1)/3/! P-$%! &)-(*),! /(-'A('-3/!4*(1!
3--$-/9!@3-.'?180-9!C@=;!"Y7K"YX9!

`3)D;! `9^9! 5677"89! <'/1*+0! (13! N$'+D)-*3/! $P! %$,3A',)-! -3&,)A3%3+(! 4*(1! %)B*%'%! ,*L3,*1$$D9! @3-.'
?180-9!]KX;!"FdFK"FQ69!

I-*+*E)/)+;! `9! x! <)-(1)/)-)(1.;! I9! 5"XdM89! 95:(' 0-.-70-73./' .GG/73.-75<0' 7<' &Y1.8' 3180-.//5I1.GL89!
<3-0)%$+!<-3//9!

c-S1'%(/3E;! C9\9;! IL$E$-$D);! V9<9! x! T'+*+;! :9b9! 5"XXM89! C! &-$A3D'-3! A$%&)(*N,3!4*(1! @K<Tg`! P$-! (13!
A),A',)(*$+!$P!3,3A(-$+KD3+/*(.!%)&/!43*01(3D!'/*+0!)+!`KP-33K,*L3,*1$$DKN)/3D!)&&-$)A19! \T@GG/T?180-9;!
=Y;!dY"KdYY9!!

b)+0;! G9;! ])'(3-;! s9! x! Z,$D)43-;! C9! 5677789! >PP3A(/! $P! A-./(),! (4*++*+0! $+! (13! )N*,*(.! ($! /$,E3! )!
%)A-$%$,3A',)-!/(-'A('-3!'/*+0!%',(*4)E3,3+0(1!)+$%),$'/!D*PP-)A(*$+9'@3-.'?180-9!]KI;!XWXKXMY9!

b3)(3/;!V9!g9!5"XQQ89!I*%&,3!/()(*/(*A/!P$-!*+(3+/*(.!D)()!P-$%!(4*++3D!/&3A*%3+/9!@3-.'?180-9!C@@;!"Y6K
"YY9!

b3)(3/;!V9!g9!5"XXd89!]3(3A(*+0!)+D!$E3-A$%*+0!A-./(),!(4*++*+09!4(-L5M0'#<X8:5/9!=XI;!FYYKFWQ9!

b3)(3/;!V9g9!x!G)%;!U9#9!5"XXX89!<-$(3*+!A-./(),/!)+D!(13*-!3E*,!(4*+/9!9-123-21(;!X;!`6WK`6X9!

!



!

! "#!

ARTICLES 

$%&'()*)+%,*-!$./0)*--%1.*'2/!3450-4))4.!6#7889:!!;!"#<="!

1

!"#!"#$!%&''()*!
>-4?*,@.4!A.B2(&)04C*;D;!E*C4-!F:!>G%,+,4H!*,@!E*(-!I:!>@*&0H;@! !

!"#$%&'(&)*+,")+-*%,./+'(0(123(4!21356(71839'($:;:0<0=>'(?@=<=("AAB81CD'(71!5C3(
E;DF98C9( G3H!16I356'( .58J31986F( KL( )!5CF'( $:;:( >MN'( 7!C2A6O( /39( +C835C39( 36( /39( P3CD5KAKQ839'( R=R<?( S!5/K32J13,AT9,

)!5CF'(71!5C3(
C4!U135C3($31B3A3F()!68K5!A(4!EK1!6K1F'(V53(&FCAK61K5(*K!/'($4G#(?=*<0>0'($31B3A3F'(&W(N=@><(.+W:((
/G3H!16I356(KL($8K35Q8533185Q'(.58J31986F(KL(&!A8LK158!($31B3A3F'($31B3A3F'(&W(N=@><(.+W:(

$%..40'%,@4,H4!4&*+-J!0*H2*K+1D&H:G.!!

+,*-$./-!
P4+! &%@4-! %G! *! .+1+@LD%@/! 2*.&%,+H! @+0'-*H4&4,)! +,).%@(H4@! +,! H./0)*--%1.*'2/! D/! MH2%&*N4.! O!
P.(4D-%%@! 68QR=9! D4H*&4! *! .41(-*.! )%%-! +,!&*H.%&%-4H(-*.! 0)(@+40! *,@! +0! *! '*.)! %G!&%0)! %G!&%@4.,!
.4G+,4&4,)!'*HN*140:!P24.4!*.4!*!C4./! -*.14!,(&D4.!%G!'(D-+H*)+%,0!.4-4C*,)!)%!P4+!*,@!4?'-*+,+,1!+)0!
@+GG4.4,)!*0'4H)0:!S%54C4.;!)2404!'(D-+H*)+%,0!)/'+H*--/!-*HN!)24!@4)*+-0!4004,)+*-!G%.!(,@4.0)*,@+,1!2%5!
)24!P4+!&%@4-!*H)(*--/!5%.N0;!%.!H%,)*+,!)%%!&(H2!%G!)24!G%.&*-!&*)24&*)+H*-!@4)*+-0!)2*)!*.4!@+GG+H(-)!
)%! H%&'.424,@! G%.! .4*@4.0! 5+)2%()! *@C*,H4@! &*)24&*)+H*-! D*HN1.%(,@:! T,! )2404! ,%)40! 54! @%! ,%)!
'.404,)! *,/! ,45! @4C4-%'&4,)! %G! )24! P4+! &%@4-:! T,0)4*@;! 54! H%,0+@4.! &*,/! 0+&'-4! 4?*&'-40! )2*)!
+--(0).*)4! +&'%.)*,)! G4*)(.40!%G! )24!&%@4-:!A0+,1!)2404!4?*&'-40;!*!14,4.*-!H*04! +0!0)(@+4@!.40(-)+,1! +,!
)24!5+@4-/!N,%5,! G%.&(-*4:! M+&'-+G+4@! G%.&(-*4!*.4!1+C4,! G%.! 04C4.*-! 0'4H+*-! H*040! )2*)!&*/!%HH(.! +,!
&*H.%&%-4H(-*.!&%@4-+,1! *,@! .4G+,4&4,):!U4! D4-+4C4! )2*)! )2404! ,%)40!&*/! D4! (04G(-! G%.! +,@+C+@(*-0!
52%!5*,)!)%!(,@4.0)*,@!)24!D*0+H0!%G!P4+!&%@4-+,1!*,@!,%)! V(0)!(04! +)!*0!*!WD-*HN!D%?X;!*0!54--!*0! G%.!
H./0)*--%1.*'2+H!0%G)5*.4!@4C4-%'4.0!5*,)+,1!)%!+&'-4&4,)!0%&4!0'4H+G+H!G4*)(.40!@40H.+D4@!24.4:!

2

0.,1)!#"!/#2-)2-*!
8:!T,).%@(H)+%,!"
#:!I40H.+')+%,!%G!&%)+%,!
>:0:(W6KI8C(/89HA!C3I356(H!1!I3631(XWG;Y(
>:>:(*K6!68K5(!Z39(!5/(6D381(H!1!I363189!68K5(
>:M:(*K6!68K5[(A853!1(!HH1KZ8I!68K5(
>:=:(&DK8C3(KL(6D3(HK856(!6(6D3(!Z89(
>:R:()K5,A853!1(3LL3C69(

Y:!M'4H+*-!H*04!8J!.+1+@!D%@/!).*,0-*)+%,!
":!M'4H+*-!H*04!#J!.%)*)+%,!*?+0!'*.*--4-!)%!#!
=:0:(*K6!68K5(!1K25/(B(!Z89(
=:>:(*K6!68K5(!Z89(H!1!AA3A(6K(#(

Z:! M'4H+*-! H*04! YJ! .%)*)+%,! *.%(,@(#! H%..4-*)4@!
5+)2!).*,0-*)+%,!

R:0:(+3J31!A(3Z!IHA39(
R:>:(+C13U(!Z39(!AK5Q(B((
R:M:(P4+(H139356!68K59(
R:=:(V18Q85(9D8L6(
R:R:(+3!1CD(LK1(6D3(!HH!1356(1K6!68K5(!Z89(
R:?:(;!1!I36319(U86D(!(HDF98C!A(I3!585Q(

R:!M'4H+*-!H*04!"J! )2.44!.%)*)+%,!*?40!'*.*--4-! )%!
$%#!

?:0:(.5CK113A!63/(H213(1K6!68K59(
?:>:(+C13U(1K6!68K59(!1K25/(6D3(CKK1/85!63(!Z39(!

[:!\%)*)+%,!*.%(,@!*,!*?+0!+,!*!14,4.*-!'%0+)+%,!
@:0:(*K6!68K5(!1K25/(!(L8Z3/(EK5/(
@:>:(&KK1/85!63(9F963I(!A8Q53/(U86D(6D3(EK5/(
@:M:(WZ89(U86D(6D3(L8Z3/(/813C68K5( (

3

@:=:( WZ89( U86D( 6D3( L8Z3/( /813C68K5( \( IK/8L83/(
CKK1/85!63(9F963I(

@:R:(48E1!68K5(!Z89(6D!6(I!F(CD!5Q3(869(/813C68K5(
@:?:(+FII36189!68K5(KL(+(
@:@:(P(!5/(4(H!1!I363189!68K5(
@:]:(+(H!1!I363189!68K5(

=:!]4,4.*-!H*04!!
]:0:(+3J31!A(!Z39(85(!(Q3531!A(HK9868K5(
]:>:(#3531!A(LK1I2A!3(
]:M:(W5!AF989(KL(6D3(P4+(I!618C39(

Q:!M4*.H2!G%.!)24!%')+&*-!P4+!@4H%&'%0+)+%,!
N:0:(VH68I!A(P4+(/3CKIHK9868K5(!5/(13L853I356(

U86D(P4+(
N:>:(;1!C68C!A(9CD3I3(
N:M:(V5C3(IK13(!EK26(6D3(K18Q85(!6(6D3(13!C68K5(

C35631(
>''4,@+?!>:!$2*,1+,1!)24!H%%.@+,*)4!0/0)4&!
W0:(P1!59LK1I!68K5(I!618Z(
W>:(*3A!68K5(E36U335(CKK1/85!639(
WM:(%!618C39(KL(A853!1(KH31!6K19(
W=:( ;1KH316839( KL( I!618C39( .( X61!C3( !5/(

9FII361FY(
\4G4.4,H40!
M%&4!%)24.!.4-4C*,)!*.)+H-40!
"

!

!
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34!52-$#%&/-(#2!

$./0)*--%1.*'2+H!&%@4-+,1!%G!(,H4.)*+,)+40!+,!*)%&+H!'%0+)+%,0!(040!@+GG4.4,)!N+,@0!%G!'*.*&4)4.0:!M%&4!
%G!)24&!@40H.+D4!)24!0*&4!'24,%&4,%,!5+)2!@+GG4.4,)!*HH(.*H/^!*,!4?*&'-4!+0!+0%).%'+H!%.!*,+0%).%'+H!
*)%&+H! @+0'-*H4&4,)! '*.*&4)4.0! 6WG;9:! _)24.! '*.*&4)4.0! @40H.+D4! )2404! (,H4.)*+,)+40! *)! @+GG4.4,)!
-4C4-0;!0(H2!*0!+,@+C+@(*-!*)%&+H!C+D.*)+%,0!+,0+@4!*,!*)%&+H!1.%('!%.!*!)24.&*-!&%)+%,!%G!)2+0!1.%('!*0!*!
52%-4!6044!>G%,+,4!4)!*-:;!#787!*,@!.4G4.4,H40!)24.4+,9:!T,!)2+0!04,04;!%,4!02%(-@!,%)!H%,0+@4.!*,!*)%&+H!
1.%('!&%)+%,!%,-/!*0!*!5*/!)%!.4@(H4!)24!,(&D4.!%G!'*.*&4)4.0!)%!5%.N!*)!-%5!.40%-()+%,0!D()!*0!*!5*/!
)%!D4))4.!@40H.+D4!(,H4.)*+,)+40!+,!*)%&+H!'%0+)+%,0:!

`%@4-+,1! *! .+1+@! 1.%('! &%)+%,! +0! D*04@! %,! )24! G*H)! )2*)! *,/! @+0'-*H4&4,)! %G! *! .+1+@! D%@/! &*/! D4!
H%,0+@4.4@! *0! *! 0('4.'%0+)+%,! %G! *! .%)*)+%,! *.%(,@! *! 1+C4,! *?+0! *,@! *! ).*,0-*)+%,! 6044;! G%.! 4?*&'-4;!
]%-@0)4+,;!8QZ79:!aC4,)(*--/;!)2404!)5%!&%)+%,0!&*/!D4!H%..4-*)4@:!U24,!*!.+1+@!1.%('!%0H+--*)40;!)2*)!+0!
&%C40! *.%(,@! +)0! &4*,! '%0+)+%,;! )24! )4.&! b-+D.*)+%,c! +0! (04@! +,0)4*@! %G! b.%)*)+%,c! *0! +)! 2*0! D44,!
+,).%@(H4@! +,! H./0)*--%1.*'2/! D/! $.(+HN02*,N! 68QZRD9:! T,! 52*)! G%--%50! 54! 0)*/! 5+)2+,! *! 2*.&%,+H!
&%@4-!*''.%?+&*)+%,!)2*)!*00(&40!0&*--!*)%&+H!@+0'-*H4&4,)0:!!

U2+-4! 0%&4! '.%H4@(.40! )%! &%@4-! 2*.&%,+H! .+1+@L1.%('! @+0'-*H4&4,)! *,@! .4G+,4! H%..40'%,@+,1!
'*.*&4)4.0!2*C4!D44,! 0(1140)4@!'.4C+%(0-/! 6044! G%.! 4?*&'-4!E*5-4/;! 8QRY;!8QR"9!,%5*@*/0! )24!P4+!
&%@4-!%G!*!.+1+@LD%@/!2*.&%,+H!@+0'-*H4&4,)!6MH2%&*N4.!O!P.(4D-%%@;!8QR=9!+0!)24!&%0)-/!(04@!%,4:!
S4.4! P;! 4! *,@! +! 0)*,@! G%.! Y! &*).+H40! @40H.+D+,1! ).*,0-*)+%,;! -+D.*)+%,! *,@! )24+.! H%..4-*)+%,! 60H.45L
.%)*)+%,9;! .40'4H)+C4-/:! T)! 2*0! D44,! @4&%,0).*)4@! )2*)! P4+! &%@4-+,1! &*/! '.%C+@4! .4*0%,*D-4! .40(-)0!
4C4,!G%.!-*.14.L0H*-4!C+D.*)+%,0!6044!G%.!4?*&'-4!E*+,)4.!O!`4..+));!#77Z9:!P2+0!*D+-+)/!)%!H%C4.!*!D.%*@4.!
C+D.*)+%,*-! .*,14! +0! H%,0+@4.4@! *! '%54.G(-! G4*)(.4! %G! )2+0!&%@4-+,1;! *-)2%(12! )24! .40(-)0! %D)*+,4@! *)!
0(H2!+,*''.%'.+*)4!H%,@+)+%,0!02%(-@!D4!+,)4.'.4)4@!5+)2!*!H*()+%,:!!
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m4)c0! 0(''%04! )2*)! )24! ).*,0-*)+%,*-! @+0'-*H4&4,)! +0! +0%).%'+H:!U24,! .%)*)+%,! *,@! ).*,0-*)+%,! *.4! ,%)!
H%..4-*)4@;!)24!)24.&*-!&%)+%,!4--+'0%+@!+,!%(.!4?*&'-4!2*0!%,4!*?+0!'*.*--4-!)%!)24!*?+0!#!*,@!)5%!%)24.!
*?40!,%.&*-!)%!+)!6G+1(.4!Z:8*9:!

U24,!)24!@+0'-*H4&4,)! ( )0,, znzn dxdy! !%G!*!'%+,)! ( )nnn zyx ,, !@(4! )%!.%)*)+%,! +0!H%('-4@!6H%..4-*)4@9!

5+)2! +)0! 02+G)! ( )zzds,0,0 !!AK5Q( 6D3( 1K6!68K5( !Z89;! )24! )%)*-! -+,4*.! @+0'-*H4&4,)! ( )zzznzn dsdxdy ,,! !

*''.%?+&*)40!*,!*.H2!%G!*!24-+?:!P24!'*.*&4)4.!9^!@4G+,40!)24!0-%'4!%G!)24!).*V4H)%./!5+)2!.40'4H)!)%!)24!
*?+0!6G+1(.40!Z:8D;!H9:!!

>!0('4.'%0+)+%,!%G!*!.%)*)+%,!*,@!*!H%..4-*)4@!@+0'-*H4&4,)!+,!)24!@+.4H)+%,!5K1I!A(6K(6D3(1K6!68K5(!Z89!
14,4.*)40! *,! *''*.4,)! .%)*)+%,! *?+0! 02+G)4@! 5+)2! .40'4H)! )%! )24! %.+1+,*-! %,4;! *0! @+0H(004@! *D%C4! +,!
04H)+%,!#:Y:!>0!*,!4?*&'-4!6G+1(.4!Z:#9;!-4)c0!H%,0+@4.!*1*+,!*!.%)*)+%,!*.%(,@!)24!#!*?+0;!)2*)!14,4.*)40!

>(?&$)!D434! MH24&*)+H! +--(0).*)+%,!%G!*! -+D.*)+%,!*.%(,@! )24!C4.)+H*-!*?+0! 6*,!*..%5!*)! )24!H4,)4.!%G! H+.H-49!*,@!*!
.*,@%&! ).*,0-*)+%,:! P24!&%)+%,0! *.4! (,H%..4-*)4@! +,! )24! .%)*)+%,! '-*,4! 62%.+B%,)*-9:! a--+'040! 02%5! 0(.G*H40! %G!
*)%&+H! @+0'-*H4&4,)! 5+)2! )24! 0*&4! '.%D*D+-+)/:! 6*9! P24! .%)*)+%,*-! @+0'-*H4&4,)! 6D-(49! *,@! ).*,0-*)+%,*-!
@+0'-*H4&4,)!*-%,1!)24!.%)*)+%,!*?+0!6.4@9!*.4!(,H%..4-*)4@^!&*+,!4--+')+H!*?+0!+0!2%.+B%,)*-:!6D9!P24!@+0'-*H4&4,)0!
*.4!'%0+)+C4-/! H%..4-*)4@^! )24!&*+,! 4--+')+H! *?+0! 6D-*HN!D%-@9! +0! +,! )24!'-*,4! G%.&4@!D/!D-(4! *,@! .4@! *..%50! *,@!
G%--%50!*!.+12)L2*,@!24-+?:!6H9!P24!@+0'-*H4&4,)0!*.4!,41*)+C4-/!H%..4-*)4@^!0+&+-*.!)%!6D9!D()!)24!&*+,!4--+')+H!*?+0!
G%--%50!*!-4G)L2*,@!24-+?:!M44!M4H)+%,!Z:8!G%.!&%.4!@4)*+-: 
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#" #"

>(?&$)!D464!MH24&*)+H! +--(0).*)+%,!%G!*!H%..4-*)+%,!%G!*!.%)*)+%,!*.%(,@!*,!*?+0!#!,%.&*-!)%!)24!'.%V4H)+%,!02%5,!
*,@! *! ).*,0-*)+%,! +,! )24! @+.4H)+%,! %:! 6*9! @+0'-*H4&4,)0! @(4! )%! .%)*)+%,! 6-+,4*.! *''.%?+&*)+%,;! D-(4! *..%509! *,@!
).*,0-*)+%,!6.4@!*..%509!*.4!02%5,!G%.!04C4.*-!'%+,)0^! 6D9! )%)*-!@+0'-*H4&4,)!6D-*HN!*..%509!*,@!)24!02+G)!%G! )24!
.%)*)+%,!*?+0!)%!+)0!*''*.4,)!'%0+)+%,!&.:!M44!04H)+%,!Z:8!G%.!&%.4!@4)*+-: 

*! D! H!
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)24! 02+G)! ( )0,, znzn dxdy! !G%.! )24! '%+,)0! ( )nnn zyx ,, :! TG! *@@+)+%,*--/! 54! *@@! *! ).*,0-*)+%,! ( )0,,0 zyds ;!

524.4! ys !+0! 0%&4! ,(&D4.;! )24! )%)*-! 02+G)! D4H%&40! ( )( )0,, zynzn dsxdy +! :! P2+0! H%..40'%,@0! )%! *!

.%)*)+%,!*.%(,@!)24!*?+0!'*.*--4-!)%"#!*,@!H.%00+,1!)24!'%+,)! ( )0,0,ys! :!(

D464!G/$)J!.<)*!.1#2?!I!!

m4)!(0!*,*-/04!*!0H.45!.%)*)+%,!*.%(,@!*,!*?+0!#!&%.4!G%.&*--/:!>0!@+0H(004@!+,!)24!'.4C+%(0!04H)+%,;!)24!
H%..40'%,@+,1!@+0'-*H4&4,)!%G!*!'%+,)! ( )nnn zyx ,, !+0!

( ) kkq zznzzzznznn dsAddsdxdy +=!= ,, !! ! ! !! ! ! 6Z:89!

P24!H%&'%,4,)! kzzds !+0! )24!0*&4!G%.!*--!'%+,)0!%G!)24!.+1+@!D%@/!*,@!+)! +0!*!).*,0-*)+%,!H%&'%,4,)!%G!

)24!1.%(':!>HH%.@+,1-/!6#:Y9!)24!&*).+?! nU !+0!!

Un = sz
2 dz

2 kk!( )+ An dz
2 kk!( )An! + An sz dz

2 kk!( )+ sz dz
2 kk!( )An! !! ! 6Z:#9

!_,4!&*/!,%)4!*!0+&+-*.+)/!D4)544,!6Z:#9!*,@!6":Z9:!P24!G+.0)!)4.&!+,!6Z:#9!+0!+,@4'4,@4,)!%G!)24!*)%&+H!
H%%.@+,*)40!*,@!0)*,@0!G%.!)24!).*,0-*)+%,!%G!)24!1.%(':!P24!04H%,@!)4.&!@4'4,@0;!)2.%(12!&*).+?! nA ;!

%,!)24!*)%&+H!H%%.@+,*)40!h(*@.*)+H*--/!*,@!H%..40'%,@0!)%!)24!1.%('!.%)*)+%,:!P5%!-*0)!)4.&0!+,!6Z:#9!
@4'4,@!%,! *)%&+H! H%%.@+,*)40! -+,4*.-/! *,@! *.4!@(4! )%! )24! 0H.45! H%&'%,4,):! f%--%5+,1! MH2%&*N4.!O!
P.(4D-%%@!68QR=9!54!*00%H+*)4!)2404!)4.&0!5+)2!)24!&*).+H40!T ;! L !*,@! S !)2*)!54!@4G+,4!24.4!*0!!
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"
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U+)2!)2404!&*).+H40;!!

( )!! SASALAATU nnnnn +++= !! ! ! ! ! ! ! 6Z:R9

!D4@4!!"#!8$)*)2-.-(#2!

3%5! -4)c0! 14,4.*-+04! )24! 4?*&'-40! %G! 04H)+%,0! Z:8! *,@! Z:#:!U4! N44'! )24! 0*&4! ,%)*)+%,! *,@! (04!,! G%.!
).*,0-*)+%,*-!@+0'-*H4&4,)! 604H)+%,!Y9!*,@!*5! G%.! )24!@+0'-*H4&4,)!@(4! )%! -+D.*)+%,;! *-5*/0! +,!*! -+,4*.!
*''.%?+&*)+%,!604H)+%,!#:Y9:!

f%.!*,!*)%&!5!'.404,)4@!D/! +)0!$*.)40+*,!H%%.@+,*)40! ( )nnn zyx ,, !+,! )24!0*&4!D*0+0!*0!*D%C4! )24! )%)*-!
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@+0'-*H4&4,)!C4H)%.!!

kuvuq nznn Ad+=+=
!
!! ! ! !! ! ! ! 6Z:[9!
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!
!
!

"

#

$
$
$

%

&

+

'

=
!
!
!

"

#

$
$
$

%

&'

+
!
!
!

"

#

$
$
$

%

&

=
!
!
!

"

#

$
$
$

%

&

z

zny

znx

zn

zn

z

y

x

nz

ny

nx

u
dxu
dyu

dx
dy

u
u
u

q
q
q

0
!!!!! ! ! !! ! 6Z:=9!

524.4! zd ;! *0! '.4C+%(0-/;! @4G+,40! )24! -+,4*.! *''.%?+&*)+%,! ( )0,,0 zd !)%! )24! @+0'-*H4&4,)! %G! )24! '%+,)!
68;7;79:!3%)4!)2*)!+)!G%--%50!G.%&!04H)+%,!Z:#;!).*,0-*)+%,!C4H)%.!u !&*/!+,H-(@4!)24!0H.45!H%&'%,4,)!*,@!
)24.4G%.4! D4! H%..4-*)4@!5+)2! )24! .%)*)+%,:! $%&'%,4,)0! %G! )24!&*).+?!.5! 6#:Y9! +,! )24! 0*&4! H%%.@+,*)4!
0/0)4&!6$;!%;!#9!*.4J!!

Unxx = ux ! yndz( )2 = ux
2 + yn

2dz
2 ! 2ynuxdz = ux

2 + yn
2 dz

2 ! 2yn uxdz !

Unyy = uy + xndz( )
2
= uy

2 + xn
2dz

2 + 2xnuydz = uy
2 + xn

2 dz
2 + 2xn uydz !

Unzz = uz
2 !

Unxy =Unyx = ux ! yndz( ) uy + xndz( ) = uxuy ! ynuydz + xnuxdz ! xnyndz
2 !

= uxuy ! yn uydz + x uxdz ! xnyn dz
2 !

Unxz =Unzx = ux ! yndz( )uz = uxuz ! ynuzdz = uxuz ! yn uzdz ! !

Unyz =Unzy = uy + xndz( )uz = uyuz + xnuzdz = uyuz + xn uzdz ! ! 6Z:Q9!

M+&+-*.-/!)%!04H)+%,!Z:#;!54!H*,!%D)*+,!)24!P4+!'.404,)*)+%,!

!!!
nnnnn ASSALAATU +++= ! ! ! !! ! ! 6Z:879!
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A !!! !

! ! ! ! !

6Z:8"9!

T,!'.404,)*)+%,!6Z:87LZ:8"9!&*).+H40!P;!4!*,@!+!*.4!)24!0*&4!G%.!*--!'%+,)0!%G!)24!.+1+@!D%@/!52+-4! nA !+0!

4?'.4004@!)2.%(12!)24!'%+,)!H%%.@+,*)40:!P2+0!'.404,)*)+%,!H*,!D4!%D)*+,4@!4+)24.!D/!@4H%&'%0+)+%,!%G!
6Z:=9!%.!D/!*''-/+,1!6#:Y9!)%!6Z:[9:!

a?'.400+%,0! 6Z:88LZ:8Y9! 02%5! )24!87!'*.*&4)4.0! H%&&%,! G%.! )24! .+1+@! 1.%('J! R;! 8! *,@!Y!'*.*&4)4.0!
*00%H+*)4@! 5+)2! P;! 4! *,@! +;! .40'4H)+C4-/:! P%14)24.! 5+)2! )24! &*).+H40! nA ;! )24/! G(--/! @4G+,4! nU !G%.! *--!

*)%&0!+,!)24!.+1+@!1.%(':(

D4B4!L$(?(2!*=("-!

_DC+%(0-/;!&*).+H40! nU !02%(-@!,%)!@4'4,@!%,! )24! H2%+H4!%G! )24!%.+1+,!%G! )24! H%%.@+,*)4! 0/0)4&!52+-4!

&*).+H40! nA !@%:! P2+0!&4*,0! )2*)!P;!4;!+! %.! *)! -4*0)! 0%&4!%G! )24&;! C*./!5+)2! )24! %.+1+,:! T,C4.04-/;! )2+0!

&4*,0!)2*)!0%&4!H%&D+,*)+%,0!%G!P;!4!%.!+!&*/!H%..40'%,@!)%!)24!0*&4! nU !D()!4?'.4004@!+,!H%%.@+,*)4!

0/0)4&0! 5+)2! @+GG4.4,)! %.+1+,0:! U4! 5+--! @4&%,0).*)4! )2+0! .4-*)+%,! )2*)! +0! C4./! +&'%.)*,)! G%.! G(.)24.!
*,*-/0+0:!

T,!*!,45!H%%.@+,*)4!0/0)4&!5+)2!)24!%.+1+,!02+G)4@!D/!C4H)%.! ( )zyx ppp ,,=p !

pOO +=! ! ! ! ! ! ! ! ! ! 6Z:8Z9!

)24!,45!H%%.@+,*)40!*.4! znynxn pzpypx !!! ,,

!

@4G+,+,1!)24!&*).+?!!
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=
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A ! ! !! !
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"
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%
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'
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"
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=
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! ! ! 6Z:8R9!

654!@4G+,4! )24!02+G)!C4H)%.! +,! )24!%''%0+)4!5*/!*0!P+HN-4!O!`%00! 68QQQ9!@%9:!`*).+?!;! +,! 6Z:8R9! +0! )24!
0*&4!G%.!*--!'%+,)0!%G!)24!1.%(':!>HH%.@+,1-/!)%!6Z:879!&*).+?! nU !D4H%&40!!

Un = T + !An +P( )L !An +P( )! + !An +P( ) S + S! !An +P( )! ! !
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= T + !AnL !An
! + !AnLP

! +PL !An
! +PLP!( )+ !AnS +PS( )+ S! !An

! + S!P!( ) !

= T +PLP! +PS + S!P!( )+ !AnL !An
! + !An S + LP

!( )+ S! +PL!( ) !An
!

!

= !T + !An !L !An
! + !An !S + !S ! !An

! = !Un ! ! ! ! ! ! 6Z:8[9!

6*)!)24!-*0)!).*,0+)+%,!54!0(D0)+)()4@! !
nAPL "
!D/!

!!
nAPL "
!(0+,1!)24!0/&&4)./!

!LL = 9:!$%&'*.+0%,!5+)2!

6Z:879!@4G+,40!,45!&*).+H40! !T , !L !*,@! !S *0!

( )!!! PSPSPLPTT +++=" !

LL =! ! ! ! ! ! ! ! ! ! ! 6Z:8=9!

!LPSS +=" !

T)!+0!C4./!+&'%.)*,)!)2*)!)24!4?'.400+%,0!6Z:8=9!54.4!%D)*+,4@!G%.!*!14,4.*-!H*04!%G!&*).+H40!P;!4!*,@!+!+,!
6Z:879!5+)2!,%!(04!%G!)24+.!0'4H+G+H!G%.&!6Z:88LZ:8Y9:!>!0+&'-40)!4?*&'-4!+--(0).*)+,1!6Z:8=9!+0!'.404,)4@!
D4-%5:!

Let’s suppose that a rigid group oscillates around the axis k. In this case the 
only non-zero matrix is L (5.6) while T and S are zero. For the point M = 

(0,0,0) its 
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nA  giving zero matrix nU  (a point sits at the rotation 

axis). Now let’s choose another coordinate system shifting the origin by p = 
(1,0,0). The new coordinates of the point M are (-1,0,0), its new matrix 
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P . New matrices are 
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New matrix 
!!!
nnnnn ASSAALATU ""+""+"""+"="
 
is a zero matrix, as it should be.   

D4D4!G).$/=!"#$!-=)!.88.$)2-!$#-.-(#2!.<(*!

>''-/+,1!6Z:8=9!)%!)24!0'4H+*-!H*04!6Z:88LZ:8Y9!%G!*!.%)*)+%,!*.%(,@!#!1+C40!!
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a?'.400+%,!6Z:#Y9!02%50!4?+0)4,H4!%G!*!0'4H+*-!%.+1+,!!
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,%5! lR @4G+,4@! +,! 6[:879! H*,,%)! D4! (04@! *,/&%.4! *,@! +0! 0(D0)+)()4@! D/! dR

!
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,(&D4.!%G!'*.*&4)4.0!)%!#7!k!R!r!R!r!=:!P.*@+)+%,*--/!0)*.)+,1!G.%&!MH2%&*N4.!*,@!P.(4D-%%@!68QR=9!
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222 ˆ xxxx duS ! ;! 222 ˆ yyyy duS ! ; 222 ˆ zzzz duS ! ! ! ! ! 6[:Y[9!

S+0)%.+H*--/;!)24!H%,C4,)+%,!%G!04))+,1!)24!).*H4!%G!)24!+!&*).+?!4h(*-!)%!7;!!

0=++ zzyyxx SSS ! ! ! ! ! ! ! ! 6[:Y=9!

+0!(04@!)%!*004.)!)2*)!6[:Y[9!2%-@0!).(4:!

M(H2!*!H%,@+)+%,!H%..40'%,@0!)%!6R:R9!%D)*+,4@!G%.!)2.44!.%)*)+%,!*?40!654!0*5!+,!04H)+%,!R:[!*D%C4!)2*)!
)24!)2.44!.40(-)+,1!*?40!*.4!*-5*/0!&()(*--/!%.)2%1%,*-9:!P24!H%,@+)+%,!6[:Y=9!H*,!D4!*-0%!(,@4.0)%%@!
G.%&!)24!G%--%5+,1!4h(*-+)/J!!

tr S( ) = dxûx + dyûy + dzûz = dxûx + dyûy + dzûz
!

= dlx ux ! lywz ! lzwy( )"# $%+ dly uy ! lzwx ! lxwz( )"# $%+ dlz uz ! lxwy ! lywx( )"# $% ! !

= dlx( )ux + dly( )uy + dlz( )uz + !

+ d lx lywz ! lzwy( )+ dly lzwx ! lxwz( )+ dlz lxwy ! lywx( )"# $% !

= dlx( )ux + dly( )uy + dlz( )uz !! ! ! ! ! ! 6[:YQ9!
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%.)2%1%,*-!C4H)%.0;! l
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*,@! w!l :!P24.4G%.4;!H%,@+)+%,!6[:Y=9!D4H%&40!!

dlx( )ux + dly( )uy + dlz( )uz = 0 ;!!! ! !! ! ! ! 6[:"79!
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ah(*)+%,0!6=:Z9L6=:[9!*.4!-+)4.*--/!0+&+-*.!)%!6[:#Z9L6[:#[9!@4.+C4@!*,@!*,*-/04@!'.4C+%(0-/:(

T4@4!+2.1H*(*!#"!-=)!!"#!'.-$(/)*!

g%)2!0+&'-4!4?*&'-40!*D%C4!*,@!)24!@4&%,0).*)+%,!+,!04H)+%,!=:#!02%5!)2*)!G%.!*--!N+,@0!%G!.+1+@LD%@/!
%0H+--*)+%,0;!H%,0+@4.4@! +,!*!2*.&%,+H!*''.%?+&*)+%,;! )24!04)!%G!&*).+H40!.5! G%.!*--!*)%&0!%G! )24!1.%('!
H*,!D4!4?'.4004@!*0!*! 0(&!6Z:879!%G! G%(.! )4.&0!524.4!P;!4! *,@(+! *.4! H%&&%,! G%.!*--! *)%&0!*,@!4*H2!
*,)+0/&&4).+H!&*).+?!W5!H%,)*+,0!+,@+C+@(*-!H%%.@+,*)40!%G!)24!*)%&!5:!`*).+H40!P!*,@!4!*.4!0/&&4).+H!
52+-4!+!+0!,%)!,4H400*.+-/!0/&&4).+H:!

3%5!-4)c0!0(''%04!)2*)!H./0)*--%1.*'2+H!H*-H(-*)+%,0;!G%.!4?*&'-4!*0!@+0H(004@!D4-%5!+,!04H)+%,!Q;!1*C4!
(0! 0%&4!P;!4!O(+!&*).+H40! *,@!54!5*,)! )%! G+,@!52+H2! .+1+@LD%@/!&%)+%,!'.%@(H40! )2404!&*).+H40:!P%!
*,054.!)2+0!h(40)+%,!04C4.*-!0)4'0!02%(-@!D4!'4.G%.&4@:!U4!.4&+,@!)24!.4*@4.!)2*)!.%)*)+%,!*?40!)2*)!
@%!,%)!'*00!)2.%(12!)24!%.+1+,!*0!54--!*0!)24!.%)*)+%,L).*,0-*)+%,!H%..4-*)+%,!H%,).+D()4!)%!*,!*''*.4,)!
).*,0-*)+%,! *,@! )2*)! )2404! H%,).+D()+%,0! 02%(-@! D4! .4&%C4@! '.%'4.-/! +,! %.@4.! )%! @4G+,4! )24! '(.4!
).*,0-*)+%,!H%&'%,4,):!

*9 _.+1+,!02+G):!M2+G)!%G!)24!%.+1+,!+,)%!)24!.4*H)+%,!H4,)4.! zyx ppp ,, !604H)+%,![:R9!+0!)24!0%-()+%,!%G!

)24!0/0)4&!%G!-+,4*.!4h(*)+%,0!6[:Y#9:!P24!,45!&*).+H40! SLT !!! ,, !+,!)2+0!,45!H%%.@+,*)4!0/0)4&!

*.4!%D)*+,4@!*HH%.@+,1-/!)%!6Z:8=9:!T,!)2+0!H%%.@+,*)4!0/0)4&!&*).+?! S ! !+0!0/&&4).+H;!).*H4!%G!T ! !
+0!)24!0&*--40)!'%00+D-4^!D%)2!)2404!'.%'4.)+40!*.4!.4)*+,4@!+,!G(.)24.!.%)*)+%,!%G!)24!H%%.@+,*)4!
0/0)4&!6>''4,@+?!>"9:!_D)*+,!,45!*)%&+H!H%%.@+,*)40! ( )nnn zyx !!! ,,

!

D/!0(D).*H)+,1! ( )zyx ppp ,, !;!

prr !=" nn :! T,! G*H)! 24.4! *,@! -*)4.! 54! @%! ,%)! ,44@! *)%&+H! H%%.@+,*)40! G%.! )24! P;! 4;! %.! +!
+,)4.'.4)*)+%,^!)24!).*,0G%.&*)+%,!+0!@%,4!0+&'-/!G%.!H%&'-4)4,400:!

D9 I+*1%,*-+0*)+%,! %G! 4:! f+,@! Y! ,%,L,41*)+C4! 4+14,C*-(40! %G! &*).+?! L! !*,@! )2.44! &()(*--/!
%.)2%1%,*-!4+14,C4H)%.0^! .%)*)+%,!&*).+?! dR !6[:YZ9! +0! H%&'%04@! G.%&!)24!H%%.@+,*)40!%G! )2404!

4+14,C4H)%.0:!$2%%04!*!,45!H%%.@+,*)4!0/0)4&!5+)2!)24!,45!*?40!*-%,1!)24!)2.44!4+14,C4H)%.0^!

dR

!

+0! )24! ).*,0G%.&*)+%,!&*).+?! )%! )2+0! 0/0)4&:! \4H*-H(-*)4! )24!&*).+H40! !
dd RLRL "="" !6[:YZ9;!

!
dd RTRT "="" ;! !

dd RSRS "=""

!

*,@! ,45! *)%&+H! H%%.@+,*)40! *0! ndndn RR rrr !=!=!! " #1
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