ReENoRMALIZING  THE Uy A

HC) LQOJ‘ neA ‘k’o S"bD \/Jor ‘\fm
OJ\C!— Lo\;e, W%«ﬁ'

Loqoftﬂ\ms

J LHe L
— ¥
TR
R@Ce(‘m ces

—>O.vcl S‘(mnerS NVOJ\C@J QF—‘- (C\'\ S)

- F‘omcws DQ\/ ch QFT I[
Se’“r\ Kore,n S P(’\D JA’WCS S <

B IOlC\f\mS\( Q%OFM&Q!ZO:\\(?(\ an\ ;
E@;&\ve L_.&CBF omQ oS

B IA\ SO Dcme cme QFT I
Dro\olem SCt &C\ P.(’Ec(er"( Denef
N QFA JYCXJYS P:"’S S(‘ec!mcjl. 7—{6 SCL\uM*Z




C,Or\\/e,njﬂ.ons" .t\=C:‘(B:CjNE1.

° N l.nc‘é{:ClCS Zero.,

* log & The naJ(urae [0 a«*uﬂ\m.

. @.: 9]2&, @g) \‘\ﬂo?s(:) -
‘ﬂod‘ Space, Eucddean {\g\n‘;‘cmc '\SSueE —\,EJ?L rgr:lfs\]

Sc.ir\ Q’\uf!

MO‘}(\IQJ\TON A YIOn jr\a(lin% w\n{'ﬂ\er‘ {'\(‘ om Q \DGASQ
he

oC n love,} u.lc,u ‘E) 'K e mMinuL QF 'H/K H%
le,p( beL\mAq € YFQC(Sraec/)nl7 H/\e &u —Zhgum\n mo.clness
D‘V exislence Owl Q. O‘u\cl«enif\g Leo&(‘ﬁ)eol\ : 3

@ \/\IILSQN\AN RG SQJYUP 3 P\rixﬂomp\nj

/‘\n exper(menjno(sj( eJYS ou CJrunk- \/Ou SJVumlOle
fnjﬁo G EUQ‘;CJQOJ\ &eor \T\j\mﬂ\ cClion S/\[CP],

y . s @ad: Hambtonian
where C(D(X) - L J(E\-%J QP E‘VD(P\ |’\<3S momenj(& L)elou /\o:
C’F(P) =0 1Cor IP‘ z /\0 — Supp(érb) - BA(/\)
De'gzne H’\e_ Ciuan+um ‘“f\co(\/ \3y ZI\O: fo DC{D e—S,\o[q»])

w‘\efe fom rECGuS JV\/\Q r&njc 6&\ momen{'o. OF C’F
[2




S H’ up x) = S(x) + ()
injz slow ;P}cr:l' WC)FocJeS ™

L,J\'\efe /\ :S/\o< /\o
(s=1-& D<8s«1).

~ »
S -~
-
S -
______
--------

v

W\Ome,n‘\'um
T Dp DDy, =
ZA? fo’\DCF e—SA,[cP] |= j; DCPS \j&\ﬁ -S, v+ q:] _

; ~sFed _
= fo Dch g M= Z.
o A, e
e = ['Dg, S50,

S:{P[CPJ 'KQSU\AOD% Q-S"°Eq>s+%]]

|r\ Pro\cjt'\ce) one  Can Clo ‘a\e PQJ(L‘ |
el ovec b, enly perturbetivdy, G

US\nS IOO\’DS , COun‘ter'tef‘ mS, ’C‘\"C. F

=




Oloservations: @ Zr\o - ZA, Since do(ng Q Pci“n
]n{‘cjmq deesa § dhaa ge s value.

® Si“#: S,\o: the cOupL(njs ”8; clﬁoencl( or)\ /\)
Le. 'Hﬂej un 91“ SRR

r_Hr‘\]s. IS L)QCQuSe_ '\r\*emcjficwxs &moiB JT\f\e, mocle.s )

revious!| medioted b ‘ﬂuc:‘\uo. oS In The P
L_E)V\UY‘V r\oZ) he Supp\iej {o S:fp C‘{re,ch. F

® Gien an i o Scale /\.,.) the Map /\P—_’SZI;r :C(>]
Egven L)\«] \nj(;_;(‘&\n ou+ MmomentQ bejow A </\o)

jF\'r\es Jv\we, ENORMALIZATION SEMIGRouP FLOW

on the modli space M o all fheories.
Jhe plan® ® Mg kst the RGE and B, y
E 26 flow Tt ool developmedt
B RG tlow 1L geometry ¥ phifosoph

@ %‘c‘r\\nski‘s VefSion dp \/\J[lSOn[om RG
™

-




H_.’ “—HE M/\IN TOOLS: JV\/\e RGE Omc! ‘3,\/
Recall that Z,=[De, ™ =7Z,
\/Je can |<eeP \hj(cSrQJ(\}\% ouj( va ck.o.}f\"

Z/\ :Z,\ :ZA - [U\/—»IRJ o &0 'Jc;wr\]
° | 2 H'“jué do o ()tjf O‘C (1\/\& PT “

— qu (JeO.“ -"O‘% /\ Clown (ngﬂ‘\JYCS;moJ(y ‘Ffwa /\o.
e =] 2, shodd mmoin constant. If

Sf[c?:] = dedx [15(3@2 23(/\\ O, acp)] then
0= itz = Nix Z,(\, g () =

NS 2 20,0 -0

T\“\% cou (x'n S ) run ” JVO Qcccun{’ Fc)r 'Hne C\/\Q s
108 o & q

(AN Omc‘ ensufe JY\(\CfY Z/\ 1S \n&penclen{' o
Sca\e.. We 'mjtroJuce JV\M p WCD' J(o Meqsufe H\is’

— > 5




BUJV Jdﬂc \(.mci‘fc ) CouPl(n%" ,\ Can 0!80 un' 4

SUe) =L d5(3 (07 + 2a (N O, 3]
‘\Tf\is S Qnﬂojm%, o Wwe FenoerQIze c(F

OC\“ eneft J
Scale. /\ o \<ee? 1* Ccmor\'\ccx\(j nofmalized

CP(X) {ELJZ CP(X). [“ WN[QAV(S Wcuncjﬁon r@normael'zajf\&\ n]
Sule) = [ dx[50eS +2 Z6 (N Ole, 3¢,

‘W\.\S normoﬁi‘zes &JY on SCCLQZ /\) Bu‘k ir\JV (dkin
oit more mocle.SCPwuu CQJSe Z,\ o QQPPﬂ:? 8

Tl'»e QnomaQOUS CI(M{J\S N OJV\ S €SS6n{'i CLM
'\'\r\e p 'Fur\ cKion 0\[\ ‘&S "(};\?ejdc Cj:upkif\a: j

Yo =\ 3(153/\20 - ﬁ((og (Z,\VZ))

/N N, and the B, all depend implictly on all of
ﬁj .p/[;\c CQT‘Om’ S\‘/)mcmzik eqwﬁ\'cm

e COUF(\}\

fies oJ( 0{3 These Ae?en dences {'ogejdf\er.




(——

2] The Re Fiow® formdl develspmert

2.1, The. Callan~ Symanzk E quotion

Consder the n-poit comelator [, (¢, I\, )
[ = () x> =7 bq> plx) ) e T

L2 oy = 2T

,d_il«’. ZJ(,\ , ;‘f\‘i\ 1_,;(“‘ i“\oulcl Ee( Ungt\msec] (wken Wwe
O Pofl O e th nfearal 7 x.) oSsertions
P pe- 7%) Jﬂ(ﬂeﬂ Rﬁn\t T*(n\:

AN

L\O\Ve W\OMC{\-\Q ‘F&(‘ \DC[DLA
z::/zﬁin\ ( » /\O) (3: ( (\O)) :z;\n/zﬁ(n\ (
0

4" d T K
T I(@K\ - /\RT,\ (x.‘; /\, q;((\)




D\. 2 P\ﬂom&QDuS ADl'mﬁr\S’tbr\S

87 Now \(? hos S\’\owﬂ up 'kw'\ce" U\'\QZ\- IS 3(7

4ro (:ch OUJ(.' 0) \n'\'esftgfc QUJ( TCCLS'k mocles ) +O'J<|09
A i H\c CuJVo{F down'’ /\ A W AW

N | @ mescale x—x'=sx fo restore

NN e ke N=sA— %=\

d-2

Bj APP@\AZX A,é(x\—ﬁcﬁ(x‘,z chF(gx)) S6
- = 0 = @

R(m(xj; A, 9(/\)) T (%\) L (xj; <\, 9(3/\)) =
et Benirs] £ (B T o N (V).

E\/]Clex\'H infe _JY(n ouj( € [S/\ /\] mocli{:(e.s The
SCCL({n\CS jo{ @3(%\(“8 be\'\owfs oS '|¢ @ Scole,c) Qs

Cf(x\ I @(x) = [S e %\]Vch(sx) =g CP(Sx).
f o= 1‘8& Then <7t = |+ ACFSS) while

EREAE B IR (B INEHE 2™




—ﬂ;\us JW\e Sco.k(n dimex\S\'cn A(P - é;_l +\ﬁ, aek
O(uayxjfum Correaa(ons , MCOSUQO‘ bj' Xq"

Commen‘\'S: @‘ﬁne Same O.no.\y,s'\s can \oe Cof Plec‘ QU{'
%( an (oc&e OPQFDHYO(‘ O n Jdl\e QCJ(icm.

O \/\!6 CQn ComplOle S::K: A;recﬂy {'O S,\ lD\/ FESCOJ(’na
/\ =s\N— 5/\2/\ This afroduces sto o eac
Oi. \/\]e View JY\I\QSC SCCL‘I{%S GS QG ’QOuS O{ 'Hr\e

i) U\f\if—‘f\ MAy 8& ijrbnger or weQ,Ler w{l‘t\ /\ )
‘?Lis /\‘ clepencl@nce S gﬂ AO,.'S oLuéJC. To o

@ | A ?O = [R-< resse.A’ irre(evanJY [ I
Az <0 = T R- e:iince : Pe(e\/ar\JY [ g‘z 7
AYS) =0 = Unc‘\cmﬁal “ [\ M&fginaﬂ [ 3»« ]

O ‘\-‘(\6 (eSence Q_F MQ\(ﬁS Ao_ Ciqx;wcl r\on{‘r'\\/'uo,“
on I -W\e RGYCP{'\(Q\A ClePenc(S Cmc:\a“7 on Yo y

©® MQ .l{\&Q operedors don 1 o Bla) =0, An
acJY{o(?\ ComPngekcl o such O iE 33(&‘?." (nvqrignJ(,

omcl e (er ’Po'\nJ( o{ 'k\l\e, RG ﬂow.




23 EXQA Pminjfs og Jdr\e RG HOL,J

E%; Consider r:u ot o tixed POInJ[Z
0=(A% -3 plgts - AL =

%i&m - 2Y; 1——,\(2\ = 1——,\(2\@(, j) > |XC_(§|:1)A¢ .

SO (3;0 'QXQS Jd/‘e 1°Pt E Op Q ch(e'{n\)&(‘lan*
ﬂ»eor\/ (CFT) , and Y Gives R(Z) the ng\/\{ Scaling.
One Can OL\SO SL\CD&A %’\0} “‘"S (;*OP\(CS <T,Ij> B O

g%; NQOJ‘ Q. Jf\lxcc( Po;nj(, c()j; - C{ + 88;, Ne

ﬁ(ﬂ) - [3((3* ¥ g(gl) = M N %%1(3,. 53, - Bi]' 83J :
o ‘W\e m&J(r"x B;. = %%J la? QC}S on J(‘/\(’, moclu(i SPace

)

M O{: Q“ Qd‘l'ons) Parame+riZeCl b\l ‘Hﬂefm CouP\\htiS gi'
¢ B:j S o l(neqﬂéecl RG ﬁow; r(:S O@'C‘;Cﬁm\&q 6\_\‘Q.CS

Chuse O ‘*o(‘ MG, . 3 ) Cl&naer ouSl\f \rre,‘e\/(‘m{ ’
OPQIDZ\‘O(S H\&JV le N qlr'we corrzc)_f_l&ms Aut Jto
\gq, omcl ‘Z)CCOW\C e e\/om'(,’ N J(‘«\e, _LE.

[10




TE\C €\ S &Jfors OF OWP B clo no‘t Mix
l‘\o.\/e €§:\voﬁi A@ (I( /\//\ AO—G /\

COM i ajjl ‘De de.SoﬂO.Q ?ecl No* (1(1,0&\,8
\/\“(\ezﬂ B ‘Hﬂe, \is ‘[{E (ﬂ) S CLH \Crvef. so”

-t\ﬂe (lFe Q AmJY' Jte.n a S CO. Qc(
Our\ci (3 C}) S %cmCexﬁ’mq QL\CUBC Q€'H’\€, @SuJﬁnj C?:T

—W\m (Z&wmoloclc‘n \(ov) —W\erz S O C” {unc\ftm s} &n\/
un‘kcuy) (_o@.nj(z VO chf O\F—r In 2 Amensncns

NP} RG ﬂow rodiedt Qom (Zo.m)
e flow  (Rlch)




zl FIT-IE RG FLO\,J .' geomejfw ® P\f\ \eoSQPL\\Y
31 ‘W\e GEOmeJ(P\, o? ’W\Qom Spacz

3 \n\[\r\&ﬁ MO A >O M B
[we can Zsk ad ? elds __/4&{/
Jemcﬂ‘\,eg] !ou'k Qr\\v {:n\e —__e—-;»\r
1 % Mo

‘IT\Q Cf‘Jﬁcoﬂ Suriace C M IS ‘Hne Spom o{'\ H‘\e 3; ,
Ogncl \nos ‘(?n‘l'e ch:l menSien  in M

Key

S Cl‘(ous US J(o Aro.w uv —>—IR

° C 1S “<e\/ as® RG quw ppresses The SO Qn
S GC uneﬁwqou {’O QﬂIéPxeA Poa'(' p’ 7

H: S ¢ C r%.(ev&n'k ‘tofﬁ cJﬁve nj( QU (\Pom C
T\"\C RG JW"C\JQC{'OF7 Cﬁo SQVeﬂLQ 'thSS\/

O Fhow away fom C foreer
@ HJ( 0N Té {\XZCI om’l' O& S’C&e /\:

+W.61/Gm@ Pl o () =0,
- ﬁOﬂ+r|V& i r\oJ( [ 8/(} ]




@ HON *O Qa lm‘k C C_\C
© bt chass, odfndors, Jmctal bhouior <.

31 ’l_l’-\(e.e C)ODQ RG Bﬁln&\:io{&

> Geeol, S, Se ¢c ool b tooﬂl(@tm%
Irceievant  Cou uC e O
ani mcm SP Gre fEPe.“&? q yloy 'H'\e %

\AHL\OUJV ‘“\e % mOm\I S rocus n J(\/\e h&
SGme Fetevanjc Cl\(éc{’orxs Ou\c‘ bQC()mC Qc
S‘”3\€ \obo ene(‘a\/ ‘\‘\n{or\‘ ’[I\IS 1S nner S‘O\Qujﬂf‘
® |n GED, (N = ell-pe. log(Von T
Aiverges ot /\._: M, €xp ((34—&) 210" G,

‘W\e H‘\eor cloes 216) ex‘slr 1[\or /\ /\ ur\(ess 'H‘\e

dhsencd elcken chae 5 &0, Suh " quartun-
-l-(\l\/ 10.! .HACOY‘IQS CLL.JO»VS e LOJ‘CJ&-U 'PO(




ﬁLOmCiO.u \r\[mSellf WC&mOuS'j a&\& uP Oﬂl QED—
L_Oiﬁ‘e(‘ P(" ovlf\ﬂ H’\Cl{' —H'\ﬁ Q(CC‘&F on C(OQSn{' Cxl‘S-k. :

%; Lin((k C\Jclts in an RG Hou ﬁ'ﬁl&l (T/_\H%O{\, H’\&

(00‘(3 JV\r\e Same 0T Scoles /\, L, *, - .

The Matnoshke doll Hamillorian hos g function
plg = a8 = g(N+h'. Sek u=#, t=ldg/\
Thea % =041 = W= faolt * dar'u] =

‘ 3(/\\~|njmn(/\+c).

Per iocL‘ci\JVj 0 /\ MO.\G:S J(‘/\e,
S\/S‘*em (‘e.Sem\Olc r\esjﬂ'ng clous.

33 T‘f\t Conj(lhu,um \_mmJ(

T He_a: watch the  scale- J(‘neoog 0S e Send
e iv{\'\'i(l() scale /\o—} :

° S,\o o CETE A= leoves S,\oz SA Unc\ﬂOnﬂccl.
p

14




S C (Q\S\r\Cj .eowes mole  (bom \'0 Hou Cloum

J(o Scale /\; Qs /\ 9 S,\ becomes o CFT.

S ¢C (Ousw:“) /\ S’('Pengj(‘/\ens
€ : QJ( Sco.
j'_,

— 'Hﬂe Coup mgs C‘lverge.

.. unless we mocln'@ the N((of JY\'\eor ,

Sulo] > S.lal+ Sule A
\/\/6. ‘('Unﬁ H\e CjR BE’ \(\QnA J(o ensufe J(\l\an Hﬂe

renormal\ZQCl COqu\ngS N S FEMOJr\ {T*C GS /\ — OO

\/\/L\OS( PJV\’\Q low ena \LL\QO Y\eeds +o Conjfa\n I 7
Sucln theodies Connt Z)e :Y /\ -0 w@c\n

SUPPrtSSeS ‘“’\QM New PLVJS;CS S FCCiufeA(

10 218 246 10° 10* 10"

eV M<V GeV/ 7 GeV GeV  GeV - Mp

usl QC_D Cle +mml< Suw GUTS MSSM 77?
SCOJ€ _X ><




m EPILOGuE c\mns\as Imp(emenjfcfﬂm o{:

\/\, lSon \an Reno(' n/\a l‘-ZClJ(tor\

‘“’\\S MDmewor \<

Q How JYo QCJYUQ((\, Cbmpu‘\c

A By beig ven cloe ,
Recoll dt we defined Z,= [ Do st
b e“‘“ [De, & Sme &

2 "Dy, e Selpd Sl )
To s this pectucbatiely, we need thre propagater
Dixmg) =[ B3 = o [do [0, o 55

N<lpl<n,

Flow iotes m&( Jmke /\ w/\ &/\
njtkw O g/\ << TL\C pmpugc.&or Becomcs

d=l
D,\(Xﬂj 21«\“ //t il\f leJ 2 Mot j)

(1¢




At oder §1\, Hhe dingrns kbt o ? o

o

¢ CF; On(\/ or C(>‘o on(j" O.LS(DA) H/\c \%{m@ WD S A

'H/\e (&J(fer inJ(o \/acuum enercﬁ.

CFS N2
tone & P“bPo\j&J‘Df; § ........... { +§ b
treat P as external * NS T
(ﬂj(eam{l

;'\ Ou‘{' j’\i l'\ enefqiesS - :
Qmoun+s 3"‘0 Z0oom i% ouJ( E}n’ke 4 v
‘f\e&\/k( Propo. Q\ors COJ\no{' be /\II—\
re_So(\ze, , On /D,\ L‘»ecome.S Qn g i

etrective vertex.

- —

! @ = ]

nt

PC)\C((\;nS‘v(i Q‘O{'&\hecl On QG How eﬂ\uol\"um ](‘.OT‘ S,\‘

8Sa° 8Sa"

NS gl = [ b dy [Dog 85 55 -
AN O qD - X Y ,\X&j S‘F(’" &F(ﬁ’
£is;
: D’\% ) 5‘?"‘@9] -




Nou ntroduce the RG Lime t=1[s /\
Rlnks sqeckon con be cilen 25 o bk flous

35 = [ by Doy s (657,
Equiv&(en’uv, (’?T + A) Q—qu)] - O ,
w\/\efe J[‘/\e L&Pl&clom A on ‘H/\{ Space 61; \Ge,lcls (S

_ I g
A= deRddx dj D’\ij) &F(x)&F(j) .

— Lot wod® i AC\S/CFT, the RG fime 1
bCComeS -H/\e r‘OLclng ((Dqu) A'\f‘ec?('lcm 2 O{: /A\AS

OY\C SQLJS JY‘I\CL'k L\0|03FCLP\’1\/ ) 3€omekﬂ'265 “ JY\'\E RG.

he CFTA (N(q% on g(P\ClSJ“) , Le. O.'k ‘Z’O, [N
‘E'xccl Po;nJ(; 'Hl\z. 22 '

mS‘\f&'n 6012 l.r\ I.f:SJC —OC‘C]C(‘ o

J(OJ@&S J‘\"e \C:rm oj‘\ on RG ﬂow eo‘uujdon. o

LO(E: U\/ ) ’H’\Q \Du\ut — IR on J(\!\e boundaf\/;
IQ n ‘l'\’\e t)u“ﬁ — U\/ on 'H\e bDunCthy.




CQY\C(US;@\S.‘ Meclljmjfe on The \Co“ou(nj.

@ 'HM’. CL\OJ‘ clc‘l'e(‘ QOZL\OY\ 0{'\ \C re(eijr Ee(‘ QJ,YOrS

& \Llﬂe C~ ‘Hnea(‘em Omcl RG HO\AS Near xecj PomeS
® {(’)e 'pocus\n dr RG {:(bwg m‘&o umvef’S&Q J(y CJO.SSeS
® H‘W. (é&qt.zop(m O\C RG \qow Qs CJRIASIO“

d QG \C\c()’\)u\ F(‘C;Tl_uce;gr < Clrexum‘oer OF Aeﬁreas o{\ {(‘eeéo]r[\n
Nn_ G L\lS coupll of" f(2Qf(i ent O
e e T s pesible.

Seeing renormalization When your theory isn't conformally invariant
for the first time ‘

Introducing your seventh UV
cutoff in the last two hours




—l /A\ SCN.INQ. ARGUMENT

S,\ and S have QHQ%JV Cujroﬁ% /\:S/\o</\o,
w\'\eré S ~1. COMPQFQ Jt\r\em \97 rescal(ncj'

IH

)<

SX
i
5,

p

cjdx' = g* C{Jx,
N-EA-A,

'_l

p )

EP = e :

Buj( rcall that J(\We 1SZ machive \’cciu res The
o bﬁ Sccxﬁe VOO ch(

On [cP]_fd [ (9e) +Z (N\) O q>,8q>}=

L<nelk *‘E('m a S

= [§%[50

Ig) + =

—fd [1 2A(BCI>(SX)

] - (LS2]

) = S¥ q:(Sx).

‘W\e Sco.(thﬂ EC\‘\QVior o‘; Hf\e, O; con &DQ 'W\J;erracl"
Sef Dfddx %“\) O;(cp, aq;) =

= fddx' g;({\) S ()

— o ©;<CT>, a/q_)) |




\We insist Hhak this scoling be absorbed i the .-
g N =555, |00, 7 () n,.
B] The E{Iv”ecjme Action

Take Oulas] = fdx[ () + £’ + Lol
a0d decompege = . * (9. Thea, singe the

S(Ow OJ\CA \Q)sjf S ar OF*QOS@nO. e ‘Fnd

Suled = [ S5O0 « H3g) -
:).rV\C\b +IW\C§>¥ +I— P * CPF:(

:S [c()] SAO[CPJ S [q>+c‘>€]_—>
Sf‘P 4’¢]=€S[“’]€XP<S [ ] S [CF CP{:])

7’(6(‘6 nc!e/a\ the 7;&

=5




