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D1&A".3A"E4/"&(#&F+$#%+,&G.$/0%1

:0, K!>&)./-'>/!#!L')$#8,)/#F!/M,&-0!&L!N'#)/'8!G-#+*/0!#.!#!)&)O
P,-/'-%#Q+,;!$*R,&8&-PM*.8O*)+#-*#)/!N'#)/'8!S,F$!/M,&-0!&L!
$0)#8*>#F!G,&8,/-0!#)$!./'$0!*/.!P-&P,-Q,.!*)!#!@F#)><*#)!-,G*8,6!!

TM*.!P-,.,)/.!8#9&-!/,>M)*>#F;!PM0.*>#F!#)$!>&)>,P/'#F!>M#FF,)G,.K!!
$,#F*)G!=*/M!UVT!*)S)*Q,.!#)$!/M,!#%.,)>,!&L!#!SW,$!%#><G-&')$!
.P#>,Q8,;!$,+*.*)G!#PP-&P-*#/,!)'8,-*>#F!#)$!-,)&-8#F*?#Q&)!
8,/M&$.;!1-,O4$,-*+*)G!/M,!>F#..*>#F!F*8*/!#)$!PM,)&8,)&F&G06!



D1&A".3A"E4/"&(#&F+$#%+,&G.$/0%1

:0, K!>&)./-'>/!#!L')$#8,)/#F!/M,&-0!&L!N'#)/'8!G-#+*/0!#.!#!)&)O
P,-/'-%#Q+,;!$*R,&8&-PM*.8O*)+#-*#)/!N'#)/'8!S,F$!/M,&-0!&L!
$0)#8*>#F!G,&8,/-0!#)$!./'$0!*/.!P-&P,-Q,.!*)!#!@F#)><*#)!-,G*8,6!!

TM*.!P-,.,)/.!8#9&-!/,>M)*>#F;!PM0.*>#F!#)$!>&)>,P/'#F!>M#FF,)G,.K!!
$,#F*)G!=*/M!UVT!*)S)*Q,.!#)$!/M,!#%.,)>,!&L!#!SW,$!%#><G-&')$!
.P#>,Q8,;!$,+*.*)G!#PP-&P-*#/,!)'8,-*>#F!#)$!-,)&-8#F*?#Q&)!
8,/M&$.;!1-,O4$,-*+*)G!/M,!>F#..*>#F!F*8*/!#)$!PM,)&8,)&F&G06!

This	is	possible.!X#9&-!#$+#)>,.!/&=#-$.!/M*.!G&#F!M#+,!%,,)!8#$,!
*)!/M,!-,.,#->M!P-&G-#8!&L!Causal	Dynamical	Triangula6ons	(CDT).	
Y/!.,/.!#!>&)>-,/,!L-#8,!&L!-,L,-,)>,!O!%,0&)$!8#Z,-.!&L!/#./,!#)$!
./0F,!O!L&-!=M#/!=,!8#0!-,#.&)#%F0!,WP,>/!/&!%,!#%F,!/&!#>M*,+,!*)!
N'#)/'8!G-#+*/06



quantum	gravity:!)&)/-*+*#F;!'),WP,>/,$!-,.'F/.!$,.P*/,!)&)O,W&Q>!
*)G-,$*,)/.[!L')>Q&)*)G!>&8P'/#Q&)#F!L-#8,=&-<!1!"#$%"&'()*4!/&!
,+#F'#/,!N'#)/'8!&%.,-+#%F,.!%,0&)$!P,-/'-%#Q&)!/M,&-0[!!!!!!!!
&+,-"./"0#"1%(2.03"45(0"'(678"9+,"./"0#":#:()8'.(:"1($18"058#%3*!

symmetry:!$*R,&8&-PM*.8!.088,/-0!*.!+,-0!$*R,-,)/!L-&8!F&>#F!
G#'G,!.088,/-0[!=,!S)#FF0!')$,-./#)$!M&=!/&!*8PF,8,)/!*/!
>&).*./,)/F0!*)!#!)&)P,-/'-%#Q+,!N'#)/'8!/M,&-0!&L!G-#+*/0!
		“demys6fica6on”:!N'#)/'8!1S,F$4!/M,&-0!#)$!G,),-#F!-,F#Q+*/0!#-,!
P,-L,>/F0!>&8P#Q%F,[!I\T!P-&+*$,.!%&Z&8O'P!-,#F*?#Q&)!&L!U]K!
>#'.#F!./-'>/'-,!*.!,..,)Q#F;!')*/#-*/0!*.!-,#F*?,$!

cosmology:!8&./!F*<,F0!PM,)&8,)&F&G*>#F!P-,$*>Q&).!=*FF!*)+&F+,!
,#-F0O')*+,-.,!N'#)/'8!PM0.*>.;!%'/!$,-*+,$!L-&8!/M,!L'FF!/M,&-0!
4.05#$0!#)!#!P-*&-*!.088,/-0!-,$'>Q&)!1')F*<,!N'#)/'8!>&.8&F&G04

HI1&3I(+)6&1(+&E$."J



HI$%K3&%I"&A.(L)",&M0%I&F+$#%+,&G.$/0%1J

^!!],),-#F!",F#Q+*/0!_!/M,&-0!of!.P#>,Q8,;!)&/!on!1#!SW,$4!.P#>,Q8,!
!!̂!!N'#)/'8!/M,&-0!%#.,$!&)!P,-/'-%#Q+,!.PF*/!!1;<"=>?!"@;<"""A"5;<"=>?"
&)!#!SW,$!X*)<&=.<*#)!%#><G-&')$!*.!)&)-,)&-8#F*?#%F,!&&&
&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&DN&-(.(OP&:N&@$G#(QP&R=S&BTT&U>VWTX&YCV!

^!!./#)$#-$!-,F#Q+*.Q>!N'#)/'8!S,F$!/M,&-0!1UVT4!)&/!#PPF*>#%F,;!)&!
%F',P-*)/!%,0&)$!P,-/'-%#Q&)!/M,&-0!1,W>,P/!)&)P,-/'-%#Q+,!F#`>,!
UI\;! but!/M*.!M#.!#!SW,$!%#><G-&')$;!$*R,-,)/!G#'G,!.088,/-04!

^!!)&!,WP,-*8,)/.!&-!&%.,-+#Q&).!/&!G'*$,!/M,&-0O%'*F$*)G!

^!!1)&)P,-/'-%#Q+,4!U]!≲!aDDDK!F#-G,!+#-*,/0!&L!#PP-&#>M,.[!!!!!!!!!!!!!!!!
!!!!!bH"&6(#K%&Z#(M&what&%(&E(,A+%"P&$#6&M"&6(#K%&Z#(M&how6c!!

^!!U]!≳!aDDD!1P&./!,W/,)$,$O&%9,>/.!,-#4K!-,)#*..#)>,!&L!bG&&$!&F$!
UVTcd/M,!P#/M!*)/,G-#F;!48"5(28"'8(%:8B"5#4"(:B"45(0"0#"7#CD$08!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!N'N&"%&$)N[&\*+$#%+,&-.$/0%1&0#&]C&*+"34(#3^P&$._0/[&BBCTNCTYTB!!!!!!!!!!!!!

E.:F



`$+3$)&21#$,0E$)&a.0$#G+)$4(#3[&%I"&L$30E3

Z =

∫

g∈ Lor(M)
Diff (M)

Dg eiSgrav[g]

G/

G/

G0

^!!G-#+*/#Q&)#F!P#/M!*)/,G-#F!&+,-!8,/-*>!$6&6L6;!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
:#:D8%0$%)(H28!12@4;!%#><G-&')$O*)$,P,)$,)/;!!!!!!!!!!!!!!!!!!!!
3&-,)/?*#)!.*G)#/'-,;!e\;!)&/!bG-#)$O')*S,$c!

^!!%'*F$*)G!&)!H'>F*$,#)!b$0)#8*>#F!/-*#)G'F#Q&).c;!$,S),!#!),=!!
2@!3&-,)/?*#)!a\!P#/M!*)/,G-#FK!8>(70'3"/#'$)'8"⇒"/.1:(0$%8"C(I8%/J!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!bN&:,Lcd.#P&!N'NP&&&A."A.0#%&:;<eCT?P&&&R=S&f]T&U>VVWX&?CY!!!!!!!!!!!!!!
^!!I\T!>&8%*),.!,8PM#.*.!&)!G,&8,/-0!=*/M!P#/M!*)/,G-#F!
>&+#-*#)>,!1)&!.PF*/!1;<"!"@;<"A"5;<!;!)&!B!f!C!$,>&8P&.*Q&)4!!
!!̂!!'.,.!#!-,G'F#-*?,$!+,-.*&)!&L!/M,!.P#>,!&L!G,&8,/-*,.;!!!!!!!!!!!!!
𝒢=E?!"K#%=E?L,.M=E?K!P*,>,=*.,!g#/;!.*8PF*>*#F!8#)*L&F$.!- !

^!!8*)*8#F!]"!*)G-,$*,)/.! g!./#)$#-$!U1V4T!8,/M&$.;!#$#P/,$!/&!
$0)#8*>#F!G,&8,/-0!g!)'8,-*>#F!8,/M&$.! h!#"M&%"..0%(.1&#"$.&ℓPl!!

^!!a\!-#)$&8!G,&8,/-0!*.!#!M&/!/&P*>!*)!8#/M.h!!!@N&@I"i")6P&$._0/[BBC]NCB?YC

%'*F$*)G!%F&><!
&L!e\!I\T



`$+3$)&21#$,0E$)&a.0$#G+)$4(#3[&%I"&L$30E3

Z =

∫

g∈ Lor(M)
Diff (M)

Dg eiSgrav[g]

G/

G/

G0

^!!G-#+*/#Q&)#F!P#/M!*)/,G-#F!&+,-!8,/-*>!$6&6L6;!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
:#:D8%0$%)(H28!12@4;!%#><G-&')$O*)$,P,)$,)/;!!!!!!!!!!!!!!!!!!!!
3&-,)/?*#)!.*G)#/'-,;!e\;!)&/!bG-#)$O')*S,$c!

^!!%'*F$*)G!&)!H'>F*$,#)!b$0)#8*>#F!/-*#)G'F#Q&).c;!$,S),!#!),=!!
2@!3&-,)/?*#)!a\!P#/M!*)/,G-#FK!8>(70'3"/#'$)'8"⇒"/.1:(0$%8"C(I8%/J!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!bN&:,Lcd.#P&!N'NP&&&A."A.0#%&:;<eCT?P&&&R=S&f]T&U>VVWX&?CY!!!!!!!!!!!!!!
^!!I\T!>&8%*),.!,8PM#.*.!&)!G,&8,/-0!=*/M!P#/M!*)/,G-#F!
>&+#-*#)>,!1)&!.PF*/!1;<"!"@;<"A"5;<!;!)&!B!f!C!$,>&8P&.*Q&)4!!
!!̂!!'.,.!#!-,G'F#-*?,$!+,-.*&)!&L!/M,!.P#>,!&L!G,&8,/-*,.;!!!!!!!!!!!!!
𝒢=E?!"K#%=E?L,.M=E?K!P*,>,=*.,!g#/;!.*8PF*>*#F!8#)*L&F$.!- !

^!!8*)*8#F!]"!*)G-,$*,)/.! g!./#)$#-$!U1V4T!8,/M&$.;!#$#P/,$!/&!
$0)#8*>#F!G,&8,/-0!g!)'8,-*>#F!8,/M&$.! h!#"M&%"..0%(.1&#"$.&ℓPl!!

^!!a\!-#)$&8!G,&8,/-0!*.!#!M&/!/&P*>!*)!8#/M.h!!!@N&@I"i")6P&$._0/[BBC]NCB?YC

%'*F$*)G!%F&><!
&L!e\!I\T



=+Q#G&F+$#%+,&G.$/0%1&(#&$&)$QE"P&E(.."E%)1

-"#".$)&3%.$%"G1[!F#`>,!#>/.!#.!#!-,G'F#/&-;!=*/M!(i!>'/&R!( [!.,#->M!L&-!
#!>&)Q)''8!F*8*/!%0!#PP-&#>M*)G!#!.,>&)$O&-$,-!PM#.,!/-#).*Q&)!*)!/M,!
F*8*/!("N"O"=M*F,!-,)&-8#F*?*)G!%#-,!>&'PF*)G.!#PP-&P-*#/,F0[!#Z#*)!
$:.28%/('.03!1*)$,P,)$,)>,!&L!-,G'F#-*?#Q&)4[!/M*.!*.!#(%!b$*.>-,/,!U]c!

^!b-,#>M,.!=M,-,!&/M,-!8,/M&$.!$&)j/c;!.'%9,>/!/&!)'8,-*>#F!F*8*/#O
Q&).[!*L!*/!,W*./.;!>&)Q)''8!/M,&-0!*.!,..,)Q#FF0!$:.P$8!
!!̂!b)#k+,c!F#`>,!U]!1l!CAmA4K!P'/!+#-*&'.!S-./O&-$,-!L&-8'F#Q&).!&L!]"!
1/,/-#$!8; Q!f!.P*)!>&)),>Q&)!R; QS4!&)!#!SW,$!M0P,->'%*>!F#`>,[!
P-&%F,8K!$*R,&8&-PM*.8!.088,/-0!%#$F0!%-&<,)[!)&!*)/,-,.Q)G!-,.'F/.!

^!b)&/O.&O)#k+,c!F#`>,!U]!1l!CAJC4K!%#.,$!&)!b]"!=*/M&'/!>&&-$*)#/,.c!!!!!!!!!!!!!!!!
1ET"1;<=>?4!n!1- ;!oℓ."U;!.!VTWT:p4;!X1%(2q1;<r!n! XY81181- ;!oℓ."Up4!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!aN&!"GG"P&R+(/(&`0,N&:>V&U>VT>X&ffW!!!
^!!$*R,&O*)+#-*#)>,!8#)*L,./;!=&-<!$*-,>/F0!&)!𝒢=E?Z!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
I\T!1 ℓU!!"["( U4!*8PF,8,)/#Q&)!*.!F#%,FF*)GO*)+#-*#)/!!!
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aI"&A$%I&0#%"G.$)&U=<X&$EE(.60#G&%(&`2a

Z =

∫

G(M)

Dg eiSgrav[g] → ZCDT= lim
a→0

∑

inequiv.
causal

triang.T

1

C(T )
eiS

Regge[T ]

t!$*.>-,/,!!
.088,/-*,.!&L!T

!!'.'#FF0;!>#)j/!,+#F'#/,!>&8PF,W!@Y;!$&!H'>F*$,#)!],1"8>D=^X8$?!*)./,#$ !
!I\T!M#.!#!=,FFO$,S),$!#)#F0Q>!>&)Q)'#Q&)!1bu*><O-&/#Q&)c4!!!!!!

!!'.'#FF0;!M#-$!/&!-,)&-8#F*?,!>&8P#Q%F,!=*/M!$*R,&8&-PM*.8!.088,/-0!!!
!I\T!M#.!)&!-,.*$'#F!.088,/-*,.;!M#.!#!G,&8,/-*>!>'/&R! ( !

!!!!!!'.'#FF0;!@Y!M*GMF0!$*+,-G,)/;!)&!')*N',!-,)&-8#F*?#Q&)[!
!)'8,-*>#F!,+*$,)>,!&L!,WP&),)Q#F!%&')$!&)!t!&L!>&)SG'-#Q&).!

!!'.'#FF0;!>#))&/!$&!#)0!>&8P'/#Q&).;!@Y!)&/!]#'..*#)!
!I\T!#8,)#%F,!/&!X&)/,!I#-F&!.*8'F#Q&)[!G,/!N'#)Q/#Q+,!-,.'F/.!

!!'.'#F!P-&%F,8K!=M0!.M&'F$!@Y!F,#$!/&!#!')*/#-0!/M,&-0v!!
!I\T!-,g,>Q&)OP&.*Q+,!=6-6/6!$*.>-,/,!bP-&P,-!Q8,c

)(%8!#>Q&)



`2a&F+$#%+,&G.$/0%1[&."3+)%3
^!!=,!M#+,!#!>&8P'/#Q&)#F!L-#8,=&-<!w!=M#/!>#)!=,!$&!=*/M!*/v!

^!!PM0.*>.!&L!quantum	space6me!*.!>#P/'-,$!%0!*)+#-*#)/!quantum	
observables					K	

^!!&%.,-+#%F,.!*)!x#)GOX*FF.!/M,&-0!#-,!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
F&>#F!.>#F#-.;!F*<,!_;<_;<;!%'/!&%.,-+#%F,.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
*)!P'-,!G-#+*/0!#-,!)&)F&>#F!*)/,G-#F.!&L!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
.>#F#-.;!F*<,!

^!!b,WP,>/#Q&)!8#)#G,8,)/cK!0&'-!L#+&'-*/,!1.,8*O4>F#..*>#F!
N',.Q&)!=*FF!)&/!#!M#+,!@F#)><*#)!*8PF,8,)/#Q&)!1/M*.!*.!#!L,#/'-,4!!!!!!
!!̂!!!N'#)/'8!G-#+*/0!.*G)#/'-,K!I\T!P-,$*>/.!#!-,$'>Q&)!e!n!a!&L!/M,!
spectral	dimension!y G̀'";!!bN&:,Lcd.#P&bN&b+.Z0"M0EjP&!N'NP&=!'&Vf&UBCCfX&>Y>]C>&&!!!-,P-&O!
$'>,$!#>-&..!#PP-&#>M,.!w!')*+,-.#F!*)!U]v!&@N&`$.)0AP&`*-&]?&UBC>YX&>V]CC>&

! öO" =
1
Z

!
Dg O[g] e! Sgrav [g]

öO

b/M,!P&*)/!Wc!*.!#)!!
')PM0.*>#F!>&)>,P/

E
>

�

M
d4x

�
g R(x)



k"1&."3+)%[&",".G"#E"&(l&E)$330E$)0%1&l.(,&`2a
TM,!8,#.'-,$!#+,-#G,!.M#P,! ! a\ =0?" !1.P#Q#F!+&F'8,!#.!#!L')>Q&)!&L!
P-&P,-!Q8,4!&L!/M,!$0)#8*>#FF0!G,),-#/,$!N'#)/'8!.P#>,Q8,!*)!I\T!
8#/>M,.!/M#/!&L!#!>F#..*>#F!$,!z*Z,-!.P#>,6!

bN&:,Lcd.#P&:N&-m.)0EIP&bN&b+.Z0"M0EjP&!N'NP&=!'&>CC&UBCCWX&CV>]C?P&=!2&YW&UBCCWX&CT]f??

z*)>,!/M,!GF&%#F!.M#P,!&L!/M,!')*+,-.,!*.!9'./!#!.*)GF,!!!!!!!!!!!!!!!!!!!!!!!!!
8&$,!&L!/M,!8,/-*>;!=,!>#))&/!>&)>F'$,!/M#/!*/!is!#!!!!!!!!!!!!!!!!!
1H'>F*$,#)4!$,!z*Z,-!.P#>,!XbT"=*/M!F*),!,F,8,)/!
!!!!
!!!!
!!!!!!!!!!!!!!!!!!!!uM#/!#%&'/!/M,!local	geometry!&L!/M*.!N'#)/'8!')*+,-.,v!!
!!!!!!!!!!!!!!!!!!!!!!I#)!=,!#Z-*%'/,	local	curvature	/&!#!)&)O.8&&/M!8,/-*>!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!!!!!!!!!!!!!!!!!!!!.P#>,v	Ycd;<=>?"!"e1Tf1TfU1g"!"h	",>,)/F0;!=,!$,S),$;!/,./,$!
!!!!!!!!!!!!!!!!!!!!#)$!8,#.'-,$!#!=,FFO$,S),$!)&Q&)!&L!quantum	Ricci!
!!!!!!!!!!!!!!!!!!!!curvature!#PPF*>#%F,!*)!#!@F#)><*#)!-,G*8,6!RN&k)0%G$$.6&n&!'P&=!2&VY&&&&

&&&&&&&&&&&&&&&&&&&&&UBC>WX&C?TCCCW&$#6&>CTC>YP&;+.N&=I13N&bN&`WC&UBCBCX&VVCP&bN&S.+#"Z.""l&n&!'P&=!2&>C]&UBCB>X&CBTC>V

tds2 = dt2 + c2 cos2(t/c )d! 2
(3)

E+"/:(D/5#0"#i"058"/5(D8"
! a=0?" "#i"058"$:.28%/8

SIMPLICIAL 
MANIFOLD

6
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!")$4(#&%(&(+.&$E%+$)&+#0/".3"
I\T!P-,$*>/.!#!')*+,-.,! M0%I&A(304/"&Λ;!=M*>M!&)!F#-G,!.>#F,.!*.!
,W/,)$,$!#)$!L&'-O$*8,).*&)#F;!#)$!=M&.,!3I$A"&$#6&$/".$G"&
E+./$%+."!#-,!>&8P#Q%F,!=*/M!/M&.,!(l&$&6"&@0o".&3A$E";!8#/>M*)G!
&'-!>'--,)/!')$,-./#)$*)G!&L!/M,!+,-0!,#-F0!')*+,-.,6!
",8#-<#%F0;!/M,.,!P-&P,-Q,.!M#+,!%,,)!$,-*+,$!i%#C"k%/0"D%.:7.D'8/!
*)!/M,!L'FF!N'#)/'8!/M,&-0[!=,!#F.&!M#+,!*)!P-*)>*PF,!#>>,..!/&!
1$*R,&8&-PM*.8O*)+#-*#)/4!>&--,F#Q&)!L')>Q&).6!!

7/!=M#/!.>#F,.!#)$!M&=!$&,.!G-#+*/0!*)/,-#>/!=*/M!8#Z,-v

Y)+,.QG#Q&).!&L!I\T!>&'PF,$!/&!8#Z,-!S,F$.!M#+,!)&/!L&')$!#!
.*G)*S>#)/!*8P#>/!&)!/M,!G,&8,/-0!⇒!b8#Z,-!$&,.)j/!8#Z,-!#/! G̀' cv

Z =

∫

G(M)

Dg

∫

Φ

Dφ ei(Sgrav[g]+Smatter[g,φ])



I\T!U]!*.!*)!#!P&.*Q&)!/&!-,#P!/M,!%,),S/.!&L!#!)&)P,-/'-%#Q+,!
L-#8,=&-<!/M#/!>#)!P-&$'>,!b)'8%,-.c!1_!,WP,>/#Q&)!+#F',.!&L!
N'#)/'8!&%.,-+#%F,.4!=*/M&'/!-,F0*)G!&)!#$OM&>!#..'8PQ&).6!TM,!
#-/!*.!/&!iden6fy	(more)	observables!/M#/!>#)!%,!-,F*#%F0!8,#.'-,$!
*).*$,!/M,!#+#*F#%F,!.>#F,!=*)$&=;!=M*F,!0*,F$*)G!*)/,-,.Q)G!PM0.*>.6!

TM,!),=! quantum	Ricci	curvature!!sN&t))0/0".P&bN&8+#E%N&:#$)N&BfT&UBCCVX&W>C!!&P,).!
,W>*Q)G!#+,)',.!/&=#-$.!#!-,F#Q&)!=*/M!,#-F0O')*+,-.,!PM0.*>.K!!
!!̂!!'.,!*/!/&!N'#)QL0!/M,!'#7('!,R,>/!&L!#!8#..*+,!@F#)><*#)!P#-Q>F,!
#)$!>&8P#-,!=*/M!#!.,8*>F#..*>#F!,WP,>/#Q&)!!!!-N&`)","#%"P&!N'NP&MN0NAN!

^!!'.,!*/!/&!,W#8*),!/M,!./-*)GOF*<,!.*)G'F#-*/0!.P&)/#),&'.F0!L&-8*)G!
*)!/M,!%*L'->#Q&)!PM#.,!&L!I\T;!#.!#!P&..*%F,!7(:B.B(08"#i"8(%'3^
$:.28%/8"/0%$70$%8"i#%C(H#:"=("D%.C#%B.('")'(7F"5#'8h?!!

^!!>&8P'/,!*/.! 04#^D#.:0"i$:7H#:T!>&8P#-,!=*/M!UVT!&)!$z!.P#>,!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

`+.."#%&$,L04(#3&$#6&A.(3A"E%3



`2a&."/0"M3[&&bN&:,Lcd.#P&:N&-m.)0EIP&bN&b+.Z0"M0EjP&!N'NP&=I13N&!"AN&f>V&UBC>BX&>BYP&
$._0/[&>BC]N]fV>u&!N'NP&`)$33N&*+$#%N&-.$/N&]Y&UBCBCX&C>]CCBP&$._0/[>VCfNCWTTV

^ genuine	progress!*)!)&)P,-/'-%#Q+,!N'#)/'8!G-#+*/0K!*)./,#$!&L!
>&8P#-*)G!b#PP-&#>M,.c;!./#-/,$!/&!>&8P#-,!&%.,-+#%F,.d-,.'F/.;!
,6G6!=*/M!/M&.,!&%/#*),$!%0!L')>Q&)#F!"]!8,/M&$.!!!8N&@$+"."330G&"%&$)N!

^ I\T!N'#)/'8!G-#+*/0!*.!#!-#-,!,W#8PF,!&L!space6me	emergence	

^ work	in	progressK!N'#)/'8!8,#.'-,.!&L!M&8&G,),*/0!~!*.&/-&P0!!
:N&@0)/$P&!N'N[!,W/,)$!,#-F*,-!"]!g&=!#)#F0.*.!!bN&:,Lcd.#P&bN&-0jL".%e@%+6#0EZ0P&:N&

-m.)0EIP&bN&b+.Z0"M0EjP&!N'NP&8.(#%N&0#&=I13N&W&UBCBCX&B?Y!!!#)$!F&&<!L&-!*)$,P,)$,)/!
,+*$,)>,!&L!#.08P/&Q>!.#L,/0[!8,#.'-,!>'-+#/'-,!>&--,F#/&-.;!
./#-Q)G!*)!a\!!!bN&/$#&6".&2+0#P&!N'N!!

^ challenge:!8#/>M!)&)P,-/'-%#Q+,!#)$!P,-/'-%#Q+,!&%.,-+#%F,.!!

!⇒!!=#/>M!/M*.!.P#>,h

t+%)((Z&



aI$#Z&1(+v
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δ
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〈d〉
δ

7".,$##8"3%9:;<&=(%36$,&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&>?&@"A&BCBB


