
-



11- l.)~o Jo Lu{ .-t' 0-<. 'L. 'S+ 1 dü, &... pUl..! ~

---> (},L.in:~ 0 -k.u- I0 ~pi-; (: .(."tI\ u: () r 0&-

-h, ~ ;, ()4 ~L.r(r

1~ -fwr~ ~O«- -ft~ ~ c~ ~.:

~ ~~3_Q I ~-fl.~ ~ CA~A~ ... A~'2.6)

~~ J vtl", -h~ iJ- o ~ ck(~) 0" t -/t-to-
c~ M u'~~I' f-;L~ ~ :r otL'LL~ t~ J t'~ S !

( J..;J lko ~ L... k ,-,-' IN o',r.:,J {"",,-, I ---G"~

(h."\J & oftur ,0 SI .. {.,-{'-h~ 7/)

-I ~\"kCq*,'U1. ~} ()-''L~iY a..c{cr-r ~o-
rw. ..t'r- y e.~' r e. .R.)<l- Q dt t... ~."" S

~ ~ka- ~~A- (C~,J.lot,,--k f-' ~~ r'H"J~)

i~ Ü5k ~~.LJ ~ LI.. pr - r;tl~. e...~1'IfkJ

~\Q.U .

S- ~1fi ~-k.. J- iI'-f {r S~ J -{t<.Q.1>'<''i.1 r'
-t0t T ,TA I ':n:'E I ~ko~c-I C~ J( (& '

. l SO(Tt)

a-€.Q If'-.~ Co-<...n'~k. ~ 4... cl.= ,-(0 oLlLL. -e.. ~'R J



'). skO ~o- Ll~~ (d[UlMto(

~CI,. ~ b ~~-e~ ~"1'C1-.~ Q.rt ~

1
<2'- +" f"(~

bt.. lttro-- 8\.-.2.c. ~'!K (L..~" r )

k~ (\L.e0{(4"s<- ~ ~1 (k. ~ u Ju s+UoJ

--4 1- J,~.uOc..- ", QrrOQ6<! .

-, f.JJ .f4()r(j '-":Jt CLcttL'+:I>'-..Q eh'k.-L 1.' ~ j

* &",,-ol~J. 't\.cM (rh) tj ~ u..&'L.~

.h.-& ~ ~ 8-1.,(([,(

Sh ~1'~J- Wer k. <---f lo \fe~c.-l ~(~~ h

C
O Ar

)
~ ?~

h'l~ ~;10 ~v , lJ-J- Ljur ~Jo
~~ -Iu.., (t''<lY> ~ rZ.t. tJ. ~J,.~ ,

\<"K L:l{~ «fi-<-OUJ O:~J ~ ~;L<tf;~

CiJ- ~~ h GUT Q: AD KV (QJ ft. u/- fk~

1r, yl< ~ CIn- ~o: 1 Sn ( (0 ~i,'

G,ft S:k\{r ~ _ (&:usy) o.cJtbJ,

'1. ().4ct 0>. K h t'( I's n-c Q. ./u-« !:':~ t
iOJ rh f~~CI,

C\>r 0 .ß-e s k.'"+t ~h: -1-00 (U.il.u.er (). k kt...oWL.

P D.f a.c..L ~

il.. \ <>Ji.; uß,." " ß.. {J12, cL. " CI'("'~ I



11 1v. ~h ~ ~c!ro (j{c<-k

i~ H<-~ ~ ~ lhVÖ

vq) ~ -(f> 4-A f
--> f1.a t VE:\!, t 'Ir

'\r· Pi- · 'ZH G<-V

h(j r (1.,,!S (lu I!- · .E I
Q Q... ~ Corr C.C -I>15\-~ 4 !\.af 14.." n OJ~

~o. J-v. -h'e,,~ cL:~y-J-:'L

A r 'L ~ j\ c...~1t-

--1 1t gr\ 11 U ttl.. <>l kr+" h'f(

Q k ..e OY" Lu. 0-1.. ~ f' I" L - .-k Lu...:er- (J R ~' rt P\

C~Q-L-J.' G~~ t" (l"A- L~,)' h b-(h.J'())

.>( l.L&-L.,JJ )b L +> '" Jo J,.:{rqjJLO f'" ~ ,
~US, !

k-\-k- SVS1 ~ C<srrt c ",.~ :s



~<.w ; ck'l!: (Ai go's I -4.1- ik<"S~ ~'<- An~)

fI<:+r "'- cUl<... kh~1 (lLu t I-- ~ 0 J{
Y""r ~~ h1't!

_ (kQ.; u&(t Lv",,-tJ. ~Ic jG {- q +- &..6 S~
__ -1 ,..;(g

V .-Lx~Q f ( f...V ~;1 0 cttA.

~""- cL:re cJ- ~ S-<r(, CI.~' n.

C o.2,j4.(L 1- kk -k,~-S . ~ MbW)
~l ( Ckuo{ fko{. 4 ~<-

..j( ~ ~ "- -0. ki()'I..~ IR- <>- O. D.1 u. k.

ß~ A.ko :. ./JQ ,e>t I <ßtt<,o r~'1 ~...t.
. (A1>J»

" :OJf~ ~!~~~.~-! ~ 1
.Cf-a.,...J.~

a Ißs ~'WA. C1<S ) ).lJC.. (.. 'I.<,~ Q.., V(
<Pli\~ 'J\..l. . U 0



--1 (klw QC~-1n~~ k. --/G.'~ t~'" 1

u(Ao~) - 6 (Ao~) \"ßtCQ-klf4j I

oL..<- -+., Ckew fO~~le, 'G -h~ iL. (U.o~

~ i e cl...:0-
e~.d.tJ '&;e~~ ~aS1a ~ N~ -f."

kkO W w-t<>-~ -h --C.Ok JM <LI- U/-CI --' )

Q.MJ iI. 0.~ f-h .L, 10e lK ~-r.-&eu..J

0} +e... rh C1...(r<lf~Crro ~ I rus~ tt~ 1tl..)

( i IM \M -La...~ {.L0- rt. oI..t<t,J- (L.. fW' ~ ~
~~ ~~U (~\) ctJJ ).r kClui/\.

CiS,..&.c..VI QA. .-k (,ß -- at...l<...e..Ir>'01...J.. trßrc.-h

(~e.. .AQ ~ \ s,QLt. ,~.~ d', L..,e..hn.J)
i[... CI. ß,. r - J-liM. ~r<tu. J., I-ut., cJ.

('~ dt-\ Co... k c~ re~ 1 {}.r Ir'-' wL.j,
pcolh'~ C/4. ß. .-t C~'k~ . .

~" f+&o- ~<>rö k~ (~\aJ-hc.J.~

<J) ~ ~~ I r:D,riJU...~ ~(4(A) Qrr~<ü

(l",-L~ <M \'0L+;cu 1 ~w A.ucJJ L

Cfs1.rrtr~ Ih ~ ) ~~' -l~s, Dr4.. st...O'
~ .el.-J. ~ ~'\A~ -B-r~ A~/

poJ.hcß;.. ~o~ "1 ~-<.. s~-~ Q.0

(lo.~~ ~ ru>t t, ~ -e.~e...



,

\J'<rit] o~ r03h-C-;'e.:~", w.'-k )"'6 lL...q
~~ ).x: ~~ ~~~'ö4-5 JQlK ~~

0\( ~~DlTV-~ol :

i.ar r .u.:~Q d..'iL..i.- ~'o-t..~ C~ 1)~')
ivqfTt .ot A {y-'1 ck", t<..~'n. ~ 0<~ I I 1?3 T

--i!
T~ V )C~ h-tvQ ot.(~ hOl..1 )1't( 1'-;10 k.

I

(-I L..1M(){r $ e. ß'" {,.. Q d i.- k1'f\.. j I t/.{ CI) )
G L> T sC~ .tX+V Q cit1.~...:t.~ ~ ~ l

rkCi)l,. Skc.~~ k~Q ~'~~ch'Ö'- 1

C d-t'k-~ ~'~J

Nb ~ o.lJ. QJlrtss ~~

(U.<-~lku~"S '1 tt.~ i--

~ ..& ~&tJ

{r~ (Jic-b ~

.JLt c.A,: lt<. ~ ""'~ ~ (I..u:.~

--1 y-~ Oi 1-<. Q .e,. 'f-q -f?,-G: ~ t 1 (1. I-- Q... ,fi> ~
es ci-. o~r ~ (t'{;) k: ?,--Ir~

0<.1- r~N{...J~~)



(k~ i~ 1-
(k~'~ {koddlA.< ~ Q. eii Li- & <h'~ ,1

I

CoIM. ~ k .ju.q -l:0- (Iv.eJ<. Q..<.t,"8k. !

Q.~S~lueJ ~OLu-tt J :

~Q s,q i 6{r .-e..e~ ~-tn'io-
l(+T

o t ~"CJ: ' ~tlk J QTJ !1 oJJ.

ge v.-t [p~ lL.0.( 0Ja-

(\.,0 Q L r ~ Q. ~ A'~~ · V"lcJ C!"4,r~-kktf{ J

~ %- t<o ~r~

~r tr~ r~Q~6 (~V~t.A ~bk I

~O-(.o.. ~ ö-<>. Ö ~ 11~ .Q ~~ ) J<-t

I."wlv -+t f~f kk; - »,c.~-&0---' ~ Irv-ewu't:



8

Ce~~.\k <3+-1 - ctt(~

cöo("~,q~

f1'1 )( >< ':b-Lt ,

-RJ- ,~ D. J.'r~c~ r-r, oLv\- 1 ~L..l.I sk.

~ Q C(. .k\.L ~ h 'I l..J)-k. 0. &4. P"'- ~ C ., Mo), ')
~.1\ I]) -y I. I

tU..cw-,'r.e ) K y( r rt .\'t-t...~ ~ r01.<.. L ..tJ<.. f.,Q.

ot,CIA..tk ki~ . (l)L Q ~S~ t M1 K )( b-~ -1-0 -&.

LA 10 ~ t:~ 1 1? - 0L,,,- , ~.{. t-k" ~q {.~! .)

Pt ,lilA.r-4. .(k (4_ rt '~ Q r ~ 06' , '7Q,CP-.-f,1 ~

C17"-'(" L~' ('( 0( .t'A Q 0.' ,..~ (- rr'o oi t. i.t I,r (..f1~ )

o



(
0 ':).\

)(= K
,

... x )(
I I , . .

A
- X

~J. ~~'L

JI1IJ C "" GhN' ) h ,N ~ 0, __. , '5, S-, ..,])

/

xs; ~ (} Eo ( 0, '2-. L [

rn'" otJ:c ..J,ot.t..d:ß.O ~ ..l-k.q

" (;J, 6l-oJt lJ,'{( Q ~<-~QJ pJ~ +

)- ot t~öGW ta.. iJ

;e ~ ~ ~\t dAt .. ~ u.~ f
-::h-ou. ~ '" ol u.~ ~ ><..;;.. eL"-ce +., iJ1...,

~ (1'\j ~ · ~ ()< '0+ ?-ü ')

r)c~<L- cL:J-- ...:. ..1 QJ"k..0-"":~ ~ lT1., -f(...06 .

t CJ( I 0) ~ L <t L,. (k) e'" Ö IL~: - 00

-tu k'a.O~~

k: ~ f-~

(

( ~ - .. -)I I I .

4'r~'.



~-e t-1-;-k -h..:a-- ~ 'J c;. x
1 -J€ 0. c:.~.\5\..Cl1rL.

S = S ot\ ) GLc'J ~
c

<.viR -It.- vd c~ cT

~ ~ J J' >< ( { drCf, "dt '('0

;10

)

()O

+ l C dt ~'k d'Cf: - (~ 2 f lk ~ ) <r.t *\
J~::1 L't ,,"')

~( LJ. C.:u.. ~Q.ot O~ ~ y(~-La-

~ rJ.. <t-c -h Ir-- ~o-<O'
S'f~C ~~ l""!:

a. g..:f Y'{..Q i'LJ.", !J~ ~O
Cl ~O- C~~ <1vo - ~odJ.. (LuL'02-

~

J&f.J, ~<J t:k,«- J. 1rL- (J t.:. ~ .

~l"<& r~ ~&<o ') -. ~ ~
-kn..: '~ -~.oU." " lA~ &>( ~ r
~Q\~r~ (1Mi)~.

i.:x 1.. (,{. !k. oS s A f...,. er..

Qu. ~ r",,'-K -{, W{r 0} ~ lZ SI';lK. ~u.. r
s( JCt.r5 . l('"- LJ1'.Jt ~Q ~~ S

-



+or ~JU ~ ( ~ -J b ')

c.tM. .Q~l' dr~+~ J- ~Q ~J

vlb~ r~...00 ) C&u.IQC~ f CQ ~'o.
~~~ T cf ~ S1 x ., X S~--.....--

f' .1-'"t-.rGt cL: ~ h"fl-J

kl-< ~~dfu

o -
C

r ~~~
)k.r{~ (4 ~ ~ I -.' I fl...

e 2d

/:.. .\-- I,.J (k. .., --/ '"" .h, --tL (>J\l" ~ (l<.. 0 oLQ

1- k..1,..:t"t. a...J LtQ; , (,:,Q...J{ ~cWS Jt"J-

~ ~ ~ ~ k 0-" tri lr 0..- "" ~ c.+-ru~ Q...;cr

~ k kul't~ t.:. CI J "t --fLe."\].
C"" r' ~ .r "" ~ ~ "- - l~--f &r~ lJe. -h ~

~ ~ i tl~ fe/X ~ 0 ~(r)

""- -/Lt -IrQ h '( x s~ .

Uu.-L h l's ~ ~_.~.ot~~ W rpea...ck r(~'6~ L

iL.. rJ (h; Oc.cu.rS +., 1J Q L. r oLi"'e.&"~J/, t:<t\

CE Cr) ,\ --\{ . Jet fc.,J1-v- Cw ()q -1 r< .



r ~[rick, ~a-l!- «J s"w..."O ·J r~ re.-€«1.'1r>b'

(k ~ <- Gr" ßk (l,../4..' ~J I-t lL It0(

_\ ~ t~...:~ ß~ - G'(J)11ll C~~ c-4~ WI''{

~~ rß~ r~ yJ,,~O{ f" (Jr-v \II'q

r (j ~ t ~ve ( ~ + ?~).V _ d~
.

)AI d ~ '\: r v
X OK X

-tL 9--r &<t~ ~S .r '72-> k <,

<jZ A :: d r~v _ 'dr;k + r"t r JI. _ r1 r>-
rvK d )( k ) 'cv rv k\ r~ v\

~J ~~~6r 'Erk
A

Cf.rK'" 1<. r" \<

~ ot Su~ßQ.r ~ r uCtLr<.. \J(----

L



A3

f><('Q .t G'M ....
~

GA'! (XIJ) : L

ik.o l.> C',n.. u -l-<t k ~ /J1-. ':Wo ~ k.A
Ck.Lt <.1- cJ{ t\<..0 tn ~ (k 0 du, .

ck C~ 10 K f]../HJ QS

G (.) ( (] (.\ I (.,S- r J Gf('
f.\-

Geo)
I c

rr

ClA-J Lu",'+<-

Nl?-k Q,l
6Lr-t rJ s ?. r l>((Jl' i-

S" L

ot'lf JC4r ! r oJ1.<..'t .hl..

Olv -\ Q/" I f -) cf f-4A+do(I r r t



4s~ t.:cf rn ~ I-- f w-. -k.w .t<l~

l{ ~ 0'''- ~ +cr- "-'-' rk ~ C1(~) 0Q..f }~~,

(~QLh.~ (Dr('(~f d2.c(S -h. IiK 0 ~

).~-4Q. olLlM.., kJ- ~ ctn~ tk6~ ~'Lu-t Q..

f· .kJ,' ...R. -. ~ r.u ~ l.r{1( -te-'f ~~cJ' )
~f~ er w-:<tt Cr>u-~""crt.~ Cf ~ L-~' k-f6*-
Q c)-; ~ t..r<- r J -k J\--

~ ':l

"<"ft.r H J( C[i\ L

IX ~.., -{e... "h_w.J.n.. Gr<-$~ I--

T-t {I..."S&-i u-<.. k.k h 0s flJ<.. ~ 0.. (h Q ~h~
I -//J ~ tt..

Cf~ \j-) ~ l...n1'-- (k.. 0.H (4."'- · t:- o...J-RAA

(~'+t ) h~. -r~r ~Q~s C~M ~. 10

~~0' n u9 ~ '8t<.. ~ t (Iu q SIt. ss 8'Q ,-,,r .{,r.....

( ~ ot ~ f ) ..t '"+. ~ (L ~ >~{UJ J 0 r- J-;..Q0\

( ?. J0-r \ (k. c) ~ ~ S(~«r C ~~_o.. f J ..j.."

(kQ..!u.. Q ClA<l~hlr<. ~~ rQ..(f)tR (S;-J.o-/)..

A.. q <;I-'Lr( kl (l o'& Qr( & 'Vr ~ u-- etr --lL

~Q ~KHr aCL<-o t'LQ~ (cß~ r- t~" *~) ..

Ai- .t.: ~-(\f-n-(e\ A u-J. 0"-'-.t- +rQ...Y) .s J.n rko ~

{1,..;x. .tt~ I-- kk AwJ.r ,A i- 0(. a.J
(kül-L ~ov fr~(r(J-~ h~ .



LJ;-t (\..~ Cc4..jt.'<.o..kc< h~~ S'f"aA )(':1>-\
~(. C~ a110 6ß~~'~ ~~ ... A&l,'~

~t -fL-or;UI. Ii-o~w- I ~ X])-~ ,) Li.

~tr~ ewo-<-ot , ~ 4- A - ~ ,'S r<{'Mr<:..l.

k.. ~ ~ ...ft-~~ h 't x. ><.))-l( l~ )0 t.. -l~~

e) ~ ~ ~1''''-4 -k I1kf. -, cd.!. 11 ~ u..rVle{,

~CL ~~ C~f{"C:~~ln'{. - (k.o~ ~ ~ ~~fQ..Sk~
\ k(

fltp +., ~ f'A 1 o-;f T-t-V (1<. k k -h, WV j

~ ~\rl k\.. 6C- J.{Jlf{o(, .

_, ~J4 ~ ,~u.'-t.QJl\:) Joe.~ (k-o ~ J.pt)4J

)"'t ,v..+<.. ~t.. ~r<.-~ .

-I LJ~ ~~ ~r~ ~ (koaLJJ ~11L ~~.



~I~ r,,,k

~c.~ L'.(fQ.ycAa-

~ W1r" <r~!n'tJ

ilic,f.(\<:. r<=<- A +Va... -+w. .e1.uJ..r",,-J

" ilo ~1 -I-; k..<.t> J ~ \A.r -tta- <r <>'v\ + <1. .-h- fL J..
lo-J~ !

'f-W-,z -rcu ~I ~ ""1".J '1
.elt c.(.c~ 12-~ I )0 ~'L ~'14 ~ t'ko-tt ~~~! ,

-k.. ~ \- 15 P Q J.. /V M = AD1? ~V ~ A -~
1{ . /\0 ~.

1 !J di", t-...!-i ar<>.u, f.,..,-ü. .s

1"
C ü. (JaLt 1'-"-1<.."

r;Lif )
weu: u... Q cL-

( 1<-
1<-1)':f f'- -

<j(j

-d! (fQ
ßr; c:.-r-<- oL' J llJl.J +0

nQÖk R i
hct;\

S+<-""d,

oY. ("(.0.Jd . t0- )7
cic(1. u..

I

l,u...; tc"-..f.,.Ol..

J hE"1v ",) 1- t1 1>< ?/



~L Q. Ck0 d e 1.P-K /51.."- Gs4 F H +: r-c u\

~)<.A-,,, ck1<- -&. k6l. Jt.. ':! t v-W

o --

~
T ~ 'L~ d

1C \
d~1 d~

()k <- ..b...~Q. cl,. '/A .

G~(j cLev> ~ (k. ~ rr~ +.

~L+O kR...l !.. fuOLo- u: -N-'" ~ -k~.s ?

--' Sh F ~f.h c..Qv.. CL- ci c.:--hr" ce -4 Öl- S UR} '-e 01

~ Q -G.c~JL!

~ &- ,?q-'lIr~>rl I _

<~ ~

~-;~;~ ~h !O<UA- ----



~,~" _ok:t.. ~Ok.J _+0__~ 0( --\4~
~ow ~o Lu<: a-ß+~'~ ~ ~Q.SS )C~ ~J

cour e..:~ ...: ~ <{c{ -'1Y-L~'\K ~r1- f'L..

..ft.- j6.:r - oL..'L<..h..!\'J1..~ r J. lt4. e... +,J) ~c-cu~

~ d\ && )...l~ - tk,,,-,.~ ONrt ,,-,,'Jt '1'-eQ...Cl
Se~ t\ -.\; Ot 01.. ('l5L<..j'<cet-' ;.)...-k "- dL l ~ 01. I

''t Si1Z ~~c -kJI>-r J 1>.'1 1...
{k.-QS~ ctCl e.-~"", L(}1 ~ 0 I Cl (1"\ h ~ SOe.-<
[ r ~, -{ 'jZ,cc: -k.- s''- Ck J. JC~<I.r c...r [,,, ~

,

((j()iN 1 - '[ ) Cl(J 0 ~! JY ~ ~ ,.e..dL..J- 0 ~ -{cL)

CL...4r 1- k.:.. e...~ 61- ~ .

~ sk - \1.{-&vI- QL.f..; i\ ~ +-fI... J.,'/A... t.. h~ r '

\
~~ -ILvt-- ~1f\..

ß-kQ~r~ 1 kk r)...dd,
~:~ -I-e ~ ot CAc~.~

_ ~ L \ ct~ r-z;;} (4)
V\'1{ J K ~ ~' 1C

~~~J,~ ltH (t;~1)

L0<- ~QCJ( ~

':fc~ -k..:s b... w-&Jr 0 ~ A. +. Q - olw. .

~~-ko- ~~iretA.



LJt (\...0 l.) q ~~ t. f "j- Ir a CL -h k.e. D-L. ci...

(1.c CiS\..<..f "c~. .h< -k-Q ct:l<-e.. In 51..~ I .ke...u.
'l _ ( () \ r _I. v ~ z

tt.s -- 1 rv + --\'...rv) rJ..>c lAX, - 't d.SC c...)

w;.Je, .tr ltiA }c.'(",,-k'6l. "'.-<n<-o{ f<t- l{~

h c.: k.o wsk.t (\ ,-'Mc. V'v. 'T ~ '.1 -kU l.d:I) W ,l{ oe. (f" u) k (-R..," ) d C"" -+ 'U.: tA

IL.. ß-. r -- ol,'!.. , Q c:-k 0\. ,

'+<04- ~.~ L< a~
\f ('(ho.) ""' ~

ö-- ~ Y Va ' ~

12. CI<.) = 12. (4) V ca..QJ...koA. er- -e.iv ,

kUL

h'l.{t-l. J ot51 y ~
X ('I.)

< y--

= v(~)

i"" -k f1L5 C6L..f ~ (Ol..-(rc. +" ~

\1c..) ~ ('2lr'- ')

~Q'

D- J('f lJ~ "-J ~ ~\<Otr" J.i«.. .

c~ u.: aL..CJ.. Q ). "V r f-t'f'<: ~ -!e ~ f
M * (S (t I-- ...e f (



9.. ~ '-

J~~ d* ~

/Vo,k -Kd- ß..r - cL t~~{i..J- d~ ka.

.).0 S +. .k4.lT<- ~Gl ~~ oLtk. L y; öl.. ("'" 0. [cJ<~J. 0 1

[6~1 · - ~ .

C5\.~r- ~ ' ~'fu: - cL'"" of ~~
c~o~ ~ ,~o-r~~~~.

--I )C" ~ --h /&. (nt. htlud, <U fd'<r( ~lNo-

0{ \"'" <- {koA ~J.Q 1Me.A.,J ~6 a-

",J. ~~ ft'F ~ao- ( 5'lrz.:cr7)



k l.

~ Ö- ~ EJ(A) -teu Cl..~-I-w-~ hk "\ ..f4
)..~ -tel< olt- L\...~ eh OL.. J 1\ ~ 4. ~ C\.- .i..

"1><" '

T.e.,~ ~'U ~ j'<r,J Br'14'J\. ~ t,{ ~
.A~IO~. "-fbk ~~~ ~ou-( yJq-h'~ ~(~-h

+ru. a's~o- O~r t~tI.! ~ r~o\qrk
iIA cJ2k dA: L<..4 Is-'01- !: , 0~ Ra- wut.

CA t~~ ~ m.~ yo( ~ ~&-
~ shf <1 ~<tlS1'io- (H?,- \,~- bl<)

L~~ ~ q !Vc~'"



z'-

AJ.- ot<S~C4UA ßft,w ~ ~I~c-hr'(<>.+-'"

'/0 e>L"," ~ , c.J t:Ü In Q ~ Ol...~ *,1f1.-..

+- - \0 -L-f-' ...R. -f o-r ~<t lr\ t. Ä-c-LJ

A r ~ -h CGL.. (lOk) (I t ~ "" r(. ,'0 ""!r>'73-
~ ~ ol~ J-()v..c.t6 d.~ -l-o (V b.;f ~ ~ ,

()...0\ &, fo-r ~ o!.t Ir. «. .j..,."" Jod ~ "'- a01.<- J ,

~ CL w-t .1 a.lr( -feu. ~ ~ ~
'f' ~ 0.1 ~~

S~'-'-U M lkt1- "-' ~?~ (~+'\,..)~ cr-e~cl S(~ ~~ " }
y'"

~b W{,re ~ ~ .../fu. A -J-r.. oL {.. h lfI-s ; .f .r > 1. .~ hf(

M" ( ;( ,,,-V (\ .o<d...J.~.t fot.. ~
(k"" - o~~lJq *'n.. '1 ~JrQ1.J- '3'"" Ir)' ~ eJY~-h

Q4- u.€L~$ ~o ~..r"

-\ h wU \- 10 sy{e-& u~ I'! ~ /j '1<-\i I ..JL ~

h~? A kV.

~J< {koM.! lJ>'R 11-\"" 0 ( ~ 7<-l.J) C\A

On ~ \

CoJ<...I\.~ rJ... .-t'" f -U< +,..0 ~. L...-e ~ "" J "

( Ac l..(tu.;- U~ e u\ Cf.\ op",..L f rau ...l. ' fg
, \ J (I

",Q\,4. k"..d..:s (~b)



Tests of the Gravitational Inverse-Square Law below the Dark-Energy Length Scale

D.J. Kapner,* T.S. Cook, E.G. Adelberger, J.H. Gundlach, B.R. Heckei, C.D. Hoyle, and H.E. Swanson
Center for Experimental Nuclear Physics and Astrophysics,

Box 354290, University of Washington, Seattle, WA 98195-4290
(Dated: November 30, 2007)

We conducted three torsion-balance experiments to test the gravitational inverse-square law at
separations between 9.53 mm and 55 /.Lm,probing distances less than the dark-energy length scale
Ad = {f'hc/ Pd ~ 85 /.Lm. We find with 95% confidence that the inverse-square law holds (lad :s; 1)
down to a length scale >.= 56 /.Lmand that an extra dimension must have a size R :s; 44 /.Lm.

PACS numbers: 04.80.-y,95.36.+x,04.80.Cc,12.38.Qk

Recent cosmological observations[l, 2, 3] have shown
that 70% of all the mass and energy of the Universe
is a mysterious "dark energy" with a density Pd ~ 3.8
keVfcm3 and a repulsive gravitational effect. This dark-
energy density corresponds to a distance Ad= {flic/ Pd ~

85 /Lm that may represent a fundamental length scale
of gravity[4, 5]. Although quantum-mechanical vacuum
energy should have a repulsive gravitational effect, the
observed Pd is between 1060 to 10120times smaller than
the vacuum energy density computed according to the
standard laws of quantum mechanics. Sundrum[6] has
suggested that this huge discrepancy (the "cosmologi-
cal constant problem") could be resolved if the gravi-
ton were a "fat" object with a size comparable to Ad
that would prevent it from "seeing" the short-distance
physics that dominates the vacuum energy. His scenario
implies that the gravitational force would weaken for ob-
jects separated by distances s ;S Ad' Dvali, Gabadaze
and Senjanovic[7] argue that a similar weakening of grav-
ity could occur if there are extra time dimensions. In
their scenario, the standard model particles are localized
in "our" time, while the gravitons propagate in the ex-
tra time dimension(s) as weIl. Other scenarios predict
the opposite behavior: the extra space dimensions of M-
theory would cause the gravitational force to get stronger
for s ;S R where R is the size of the largest compactified
dimension[8]. These considerations, plus others involving
new forces from the exchange of proposed scalar or vec-
tor particles[9] motivated the tests of the gravitational
inverse-square law we report in this Letter.

Our tests were made with a substantiaIly upgraded
version of the "missing mass" torsion-balance instrument
used in our previous inverse-square-Iaw tests[10, 11]. The
instrument used in this work[12], shown in Fig. 1, con-
sisted of a torsion-pendulum detector suspended by a
thin ~ 80-cm-Iong tungsten fiber above an attractor
that was rotated with a uniform angular velocity w by a
geared-down stepper motor. The detector's 42 test bod-
ies were 4.767-mm-diameter cylindrical holes machined
into a 0.997-mm-thick molybdenum detector ring. The
hole centers were arrayed in two circles, each of which had
21-fold azimuthai symmetry. The attractor had a simi-
lar 21-fold azimuthal symmetry and consisted of a 0.997

FIG. 1: Scale drawing of our detector and attractor. The 3
small spheres near the top of the detector were used for a
continuous gravitational calibration of the torque scale. Four
rectangular plane mirrors below the spheres are part of the
twist-monitoring system. The detector's electrical shield is
not shown. ...::,

mm thick molybdenum disc with 42 3.178-mm-diameter
holes mounted atop a thicker tantalum disc containing 21
6.352-mm-diameter holes. The gravitational interaction
between the missing masses of tlie detector and attractor
holes applied a torque on the detector that oscillated 21
times for each revolution of the attractor, giving torques
at 21w, 42w, 63w, etc. that we measured by monitor-
ing the pendulum twist with an autocollimator system.
The holes in the lower attractor ring were displaced az-
imuthaIly by 360/42 degrees and were designed to nearly
cancel the 21w torque if the inverse-square law holds. On
the other hand, an interaction that violated the inverse-
square law, which we parameterize as a single Yukawa

m1m2
Ver) =-G-[1 + aexp(-r/A)] , (1)r

would not be appreciably canceled if A is less than
the 1 mm thickness of the upper attractor disco We
minimized electromagnetic torques by coating the en-
tire detector with gold and surrounding it by a gold-
coated shield consisting of a tightly-stretched, 10 /Lm-
thick, beryllium-copper membrane between the detector
and attractor plus a copper housing that had smaIl holes
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