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 Lee-Wick-Tomboulis approach (1970s) :
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JEIEEIMAE(CFT)ZRY AND
AL EN—REZELREZEO—HELTENS
= ghost modeM 7 —U R E TGS




=5 PN

FL&OHIC

=FE NECFT
YZHETE

%% =) jj E’]‘T‘ == nHH
s’

A A

QL




R —

5h—5
=8 NECFT

UV cutoff ELNBERDFERL
Planck R — L& Z 5




YCHTRELEFEN =111

. . . ight ¢t/
The Action (Weyl + Euler + Einstein) WEE €
- /d‘lx\/—{——(ﬂ —bG4+1( L R—A+£M)}
“HvAT A\ 167G

U J
e
contormally Inva t ( ) Planck constant

H R FEHGEFZE( Cpre = 0) DFEDLYTOEEIRFH:
g:‘-!-ff — E'J'gd} (.@,u.y + th‘,u.y + "t ) ; f?(h) = ”

/ \
HZE—F FL—AUARTUYILE—R
(EEZ(ZHRD) (EFHIZRD)
(> 18 3m56(CFT)




ERAMERT B bt L
VIEHE— DI RTHE NS R CIhE BB ETRT
(HEZEHEBZEOELY THOEFHFNIELILSND)

Cﬂmg —+ () (conformally flat)

. 2

RiemannBFIZENFEH T HLHOTHFE A

t — 0

EFHAFMIHREND

{ cf. gauge theory: —g—12Tr (ﬁ?y) F,—0 (g—0) J

HHER 7 — 0 : EinsteinfEAMNER /5

10



HABE—ROFA(FIHZR

_ . Juv = egégﬁw
7 = /_dg c]gexp(el) = (G + thy + )
_ f ddh -] exp(iS(¢) + il)
Practical measure defined {5 Jacobian = Wess-Zumino actions
on the background @IRFE;/? @'n(?ﬁv)m? @n+1 A4Qq ce
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B—SFE Z 1% (diffeomorphism inv.)

55.9,151; — g;z}uvug}‘ T gu}.vﬁg}‘ §“’ . gauge parameter

Metric field is expanded about C,uxe =0

2 — B N A {2
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Riccifi ZHEE F

— . TUVILD REE DEEFIIBRSTAZEIZHESHLNDRIBRAHDT—DLFE
GE BEDHEMIBEBATIIELETARET, BITERETHRTS)




HEBRBOEEE

Riegert-Wess-ZuminofEBIZIELWVFEZL D (TIZER)
= R RIE 5 Hwell-defined
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Dimensional regularization

all orders, diffeomorphism invariant <«~—
REE

5P)(0) = [dPk =0

% HABREREII4EDRITDBEICEEND

/cf. DeWitt-Schwinger method N

one-loop order

s (0) = (z|le”P|2)|—o =) conformal anomaly

\ heat kernel J
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D dimensional integrability = bare action Helcean sign

1 1 e M?2
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A,‘_L — Z:;}QAI_L! t’}j — Z%XQ{L-’JJ* h’.l'_LU — Zh,ll h“p,y
—1/2
e=Ze,. t=2it, (Z.=2;7")

Ward-Takahashi identity "
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HBRE (WZEE
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? D—4 " (D—4)? = beta function
Bare action =» vertices and counterterms
1
2 f APz /GF, "

1
= % [ dPae P F R g5

Io

1 D L1 T [ T, .
= gfd 5‘-’{ (1 it oap T ) P399 € ordinary counterterms
2O LG

D—4 -
X 2 L € new vertices and
+§((D —4) + (D —4)z1 + 23+ - )ﬁ B t3a9""9 new counterterms

bl 1

Bare Weyl action

—|—(D—4-|—11?1—i—

Wess-Zumino action

1 1 _
— / ENCGIEE / dPz,/GeP-V9C2 for conformal anomaly
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Laurent expansion of b
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h = 5 Z n - ,
(4m)? = (D —4) by (t,, e,) = by + U (t,, )
Euler term Positivlel Nc;ronsieil]nt
"n=Z50 T9
b / d%fGD
by - € counterterms
{ (525 + g +) G

by -1 ]
( . . ) (20A40 ¥ By + —RE) _ .
—4 18 - €= \Wess-Zumino action

1 _ _
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J
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dynamics
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— "\ — t
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—_— ,— » sl _ 3
UV REETEH (O = —0Ootr )

1 2\ ) -
Tw = {t_z — 2By + [ log (,u_z) } cr2,
1

= 5—0Clix L. - momentum defined
t,(p) on flat background
where =comoving momentum
. 1
t(p)

" Golog(1?/A3)  Asymptotic freedom

*%EEEE"]E@JE p2 — kz/{lg with a@ = Erj)
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Summary
1/ 1
4 -
ACUOn I = /d r { 2 ,tw,\cr bG4+ h(lS?TGR_A+£M)}

Effective action: T' = I + S + o(¢,)

b - _ : .
Si(p,g) = —(4;)2 /(14:131/_5? (2@5&@ + E4<;5) Riegert action
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(R —LFRE) (EinsteinBF2ZE)

HFLOIRILE—RT—IL Aga ~ 107 GeV
FEEREERE S\ = 1/Aqc (> ()
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REBAVIL—av R
_ 55 B 1= kU
BE=AT—ILOER mpy > Aqa [ t — 0 }
CLne — 0
EHHES (F> Ao ) "

—by 46+ 3wm2, €7 (26 + 0,60,0) = 0

L Riegert-Wess-Zumino action Einstein action

HEZARLE M ILPlanck R — )L THNIEH S
> A(TJL—3 FH

LL HEATHOEX

HBEAREENNFHIRILF—RT—)LTRELEIZENS
= Friedmann=Fm&H
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FHOEIE 2> FE(MHE—DODRT—)) dT = adn
d _ . t
—'r}tr('r) = A7) proper time

F1EIWess-Zuminof% 2k
by — by (1—aif; +--) =0 B(f,) (a1 > 0)

where 1
B(T) = = 0<k<1
=17 St (r)" versb B(r)

HEERRS—ILT = 1/Aqe (= TA) THE
BIWess-ZuminofR#BAVEZ 5
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B(r)(H +7THH +AH? + 18H?H + 6H*) — 3H}, (H + 2H?) = 0
\

H=Hp = a(1)= e?7) o o7

10 - - - : :

— ] ‘

2 inflati | HubbleZE %

Y o) Inflation |

S i . _ ) . o

~ P g =e? x DT | Einstein H=a(r)/a(r) = ¢(1)

Lol phase

= i ' lanck scal

S 50 f Planck time _ Planck scale

S l TA | Hp = mpp\/7/by
70 ' _ .

2 -1 0 1 ’% 3
logio (T/Tp) \SUZUTHEEEHNEETD
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B(7)(2HH — H* + 6H*H + 3H*) — 3BHL H? + 87%p/by = 0

- " — T
B(r) =0 mEEE:
HEZE—FABEHEZE-OTLS
RERFB T EIZER{L 9 5=>BigBang [ -

phase

S SRS, — s F—K : : . H— |
(4/77|‘/ = K€ I‘) 2 Inflation Friedman

e 2R Fr S5t :
M ERE o ] Einstein
p=0(H = Hp) 1 |

N
- o “H = H
HER R TOMERTE 05 | P
by oo |
p =3 HpH’ N -
! 0 20 40 60 80 100

proper time,T
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‘ EiﬂStGiﬂ*E ( E < Aqa ) Mp = 1/V87G
EIRIILFX—BFIEHR (derivative expansion)

low = /délfﬂw—g{ﬁg +Ly+ -}
1 \
tree + 1-loop tree

M2
£2="5

RIERDEinstein ARERXMER,, = T,, Z#AWLT
SREMOIEORERIRT 5&

¥
La= oy B R

1-l00p#IE: a(E) = ao + Clog(E*/Adg). (¢ > 0)

R+ ﬁgﬂ cf. chiral perturbation theory

IR {/AN/NTA—F ¢ ZFIELT BHEERM N ELirrelevant|Z4: 5
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e-foldings#k
- Tpl

_ {I-(Tp) o AQG

-> 1’\@(} ~ 101" GeV

FHOFIRE: 10°°
A I7L— a3 AR
1030 (& N =70)
2V —F< U HAR
10%° (& 1017GeV/2.7K)

scale a

10° gy |

10v29 1

- &1 L
1 oFT |

inflation era

..--.m.-"’ﬂ‘_--

big bang &

radiation-dominated era

matter-dominated era

today

gﬁ — 1/1’\@(} (>> ['pl)

energy E
mp +109GeV
Ng +10"GeV

X SDK

1/H¢ (Hubble distance)

1/Hy ~ 10°¢,

(~4000Mpc)
CMBT#i AT 8
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DLE(EHRTUvIL) DREHER
ds® = a?[— (1 + 20)dn? + (1 4 2®)dx?]

Evolution equation for gravitational potentials  Effective action

: . o\ = RIi + + Fi i
B{Tj{_ga;t@ — 20,6030 + (_8§§®+ Lf@z) 02D Riegert + Weyl + Einstein

., 10 16, 4.\ .
+ (—125‘-3@* + = n@?‘*) Oy + (.—aﬁqﬁ - §33) §*a

20,6050 + (8020 + %@2) 020+ (12050 - %a,]gsyj 9,

16, 2.\ ..
+ (ko - 5#) ¥l
+HE {6020 + 180,00, — 48°D — 60,60,V

+ (12020 + 120,00, — 29°) T} =0

Constraint equation

2 92 doox e 4 % "
A A - SR - A5 Initially ®(7;) = W(7;)
4 - 28, 8. . 8. (tr = 0)
+B(r){§a§¢ + 40,00, + (Eag@_ ~0,00,0 - 5@4’-) o)
—é 60, + (—%a;f@w%a@a”@_%@ﬁ) @} Finally &(75) = —W(7a)
f A f —r(tr — OO)

+HE e {20 — 20} =0
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AT — )L AZIEEIRANRINIL

DEARG =R T —IVAFELGCFTANIML & =T =¢

1 = 1/F;

( ! Al . ! - o 2 w2 () i
(p(ri X)ip(72,x)) = = pp=log (m¥lx = x[%) -
In Fourier space m = a(7;)Hp
d*k An? m?

— log (m2|x|2) _ /;;}E 2n7 3 gikx _ 10%272)
@ ™ Delta function
iIn Fourier space
1 ko - 5 1
P(ri. k) = o ({lo(7. k)[7) = 5T by ~ 10

: , _ for GUT models
Harrison-Zel'dovich-Peebles spectrum

F:b_1>0 €= YER (unitarity)
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s AR T )LDEFEIFEE (BRRZa )
O =V (=)
0.25 // . . . . HEE A THDESTDKRES
DHEHELTDEZR
0.15 t 5_1? N A(zg(;, 10"
0.0008 | R 12Hp _
205 _o.ooog : o
-0.0004 | .
174 176 1.78
-0.05 - - - -
3 2 1 0 -,

log,o(7/7p)

RMEA/NSKED (=R TE)

-1 1
0
(‘I:/‘I:P) 1

proper time, log;
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‘ poEDEEFE (From CFT to CMB)

AT —)ILEREIZARY )L (RHE4EEE) PlanckE&h SHubblefagE T

Bardeen Potential ®(b,=10, m=0.0156)
59 30 29
10> =10"+10
t t

inflation Friedmann

0.10 S 1
0.00 :
2 ] ; T ,, - o
< HEERS A TOARI L
B - propertime 1" o
proper time, log;o(v/1;) 1 /, - 59 g
kMpe™] “M oo
N 5 —
RMIEA/NEKTED ‘acbar2008
~ 5 4000 |
LIPS
R~ 1oH3 ~
2000

Cosmological perturbation theory
~ zitE  °

1 10 100 500 500
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AR E R RE D3R m = a(r) M

1EBHEERE €o = 1/Aqe (> 1) Aqe = 10" GeV

DAL —a LRI Sa KYKRELDSFIZFEELEL
> HEEETAH T, IWEHFELGL

1/ >~ 4000 Mpc A =a(r)Aqe  a(r) ~ 107

DEIXATL—a3 Do F)AEFBLAEL

Z DR Zrunning coupl\ing’éﬁﬁb\fi'%?‘

P.(k) = A, (i

ns—1+4v/log(k?/\2)
Tn)

ne =1

0.
-------------------------------------
/ 0.98 0.99 1 1.01 1.02 1.03 1.04 1.05

A =IU AR Z (Harrison-Zel'dovich ARZ7 kL)
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TT power spectrum

6000

wmap Syrs ———— i

acbar2008 ‘ N O N —1

. A = 0.00026 Mpc
4000 r
= (.06
2000 | 7o = 0.08
O -
1 10 100 500 1500

Q. = 0.20, Qp =0.043, Quae = 0.757, Hy =73
[\?/dof = 1.10 (2 < [ < 1000)] y



FUYLDLE

X A TT 92927 TT 43 TT
12(7) {aﬂh‘ﬁ —24°9 hiy + &hy }
b Lo, 4. o\ 4 Lo 8.0n Nt

7 . 2 _ , R
+ (—éé‘f‘;g‘) + Eaﬁ,@&}@) EPE h-éTJ-T}

Tensor Perturbation (6,=10, m=0.0156)

by 2 2¢ 1-2 TT o .o 1 TT 1_2TT
+@HD(, ¢ {_Edﬂhij — d',}l;-')anh-ij + Efjﬁ’ h‘.:'_j } =0

Initial CFT spectrum
I ) ne4v/ log(k? /A\?)

Pi(k) = A, (—

m
AEBRMEDE=OHTUVILDLED
FEAEIE/NSWTNES. EDED
A27L—2aV DERRI-NLHD T,

RELF R CIEEFRTELGLD r = P/ P

ny = 0

1x10° [d

37



FOE
FEH
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» HABERMEOREELTFEDYUTEIRABE—FOPLENTY
YILE—FDENKIVEBRIZLGLHEFRLE
=EFENNFHARDNDEED
» ROBANS—BEEARTIT. ENEDFA(FIVRETT
AL —aVvETIVERERLE
> FILWLWAZHR—IL Aqe = 101 GeV > B5ZCiRECFE
> e-foldings# = N. =~ Mp/Aqc
> FHODHAEH D CFTARIMNL(RT—ILTE)
> (IS A CTOIRIBO KEE D 0R/R ~ (Aqa/Mp)*
s CMBARIJKILDKRKABERSDEHIVELIAARZ IFEHAT—)L
ZFAULNCERBAL 7=
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S ARA 2V RE R
self-dual Weylfig Cuvne = Chvne
s eIV ) bR
BELIELD D 4 —IIF3—DIEWH
> To29IR—ILDFAFZHR
> EBXTFME

Y
(Tl

Y
(Tl
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WZ{ER EEUlerZ EDORRIZDULNT

2RITEFE N ARTTEFEN S 1E
L 9
R EulerZE Ey=Gy— EV’?R

VIR = =7 (28,0 +R) ERHX  VgEi= =7 (4D + Ey)

2

A, — 02 HKWAELR A=V +2R"V,V, — 2RV
MrERF Aoy,
3 !
by ¢ b ¢
o F::f Ao/~ R WZ S T o)
4?1_/( 1 ; @ g ﬂzﬁﬁ (4W)2/d J./D dor/—qgEy
b ‘ _ _ / , L
— —ﬁ/dz:}t? —q (@/_\2@ + R@) _ _(4;)2 /datm — (2f+'*l’$4(.-*)—|- E4@)
Liouville{E A Riegert{E

(RAERTENBWZIER),



Wess-Zumino¥a 4 a] B 5 44

bare action
Conformal variation of effective action (conf. anomaly)
(=path integral by conf. mode) J

0,1 = / d*z\/—gw {-r,‘rlR.ﬁ_y o T ngﬂiy +103R? + V2R + maR + -m.g}
Integrability condition

['5&—‘1 2 'iuz]F — 8(??1 + 12 + '3”3) X /dij}\f —ng[]V?wg] =0

=» Weyl action and Euler combination (no R"2)
1

- 2 2 ¢ 2 2
("'_u.y}.r:r — R_u.y}u:r o 2R;u/ + §R

J

 Gi=R,, —4R%, + R’
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RiegertfFHD IEE =1L

HFLWVEE y=0,0 Lagrange multiplier

/
|:> Srwz = /dj‘ { = [fn\ + 27§ x + (CPE”) ] v Oy — l)}

'l.

4 = by .
7N &EE’JE th — —r;@¢gx P @?31}1 2«—2 CPE

IE#E T AR 1%

_ [6(n,%x), Py(n,x")] = [x(1,%x), P, (n,x")] = idz(x — x)
(DiracE¥1t)

: N i d3k 1 k iwnb(k ikt h = O ) _~_ OT
¢<(z) = O RCEE {a(k) 4+ iwnb(k)} e ] P T @
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s 7R
RS TR D E T (o [oen)
it Py=H= / dx A, P = / PxB;,
LorentzZ#t Mo, = /djx{—-? i — a2 A= P00}, M = /dh"x{ze
Dilatation D= /dﬂx {-?}A + "B+ Pyx: +Pr;,} ;
WAL K= [dﬂx{ u‘rf + Xz) A+ 202" By + 2 : Py x: 422" 1P 0o
b
411 (2 Yo+ 1000 o ) +2nP,; + pr},
K; = _/dﬂx{(—'?lfz + XE) B; — 2x;0"By — 2nx; A — 225 1Py
_ 0 . I _
—2n:P,0;0: — ok X0 2:1:;;13@},
where 22 by .
A=— 3 P‘2 + :Pyx: +8 5 (J N+ :c}’zqfuf@:),

B; =P, 0;x: + :P,0;0: .

‘TJ'Bi} /
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[P,Lh -"-E)I/' = 0 [ﬂ'{,upv PA] = —f ('?F,u}\ -"-E)I/' - 'n:z,lp,u)

[ﬂ'{,uvr *'l'f,kcr: = — (""}'mﬂ'fw + Mo ﬂir,u,k — Nyo ﬂka — Tl ﬂ'{,ucr)
D,P] = —iP, [D.M,]=0 [D,K,]=iK,
(M. K\ = =ik, —n,K,) [K,K,]=0

K,,P) = 2i(n.D+M,,)

H 215 0D &€/ B

Vo(z) =¥ .= i H—T " ()
— n!
i [P, Valz)] = 9, Va(x)
i[M,Valz)] = (2,0, —2,0,) Va(x)
v D, Vo(x) = (20,4 ha) Val(x)
K, Vi(x)] = (.’1:28# —2z,2"0, — 2z, h.&) V. (x)
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BRSTEEF

1 5/7-_:/ BHE & |:> A= & 2:1,'#(-.“}‘ 1ot + :1:201 — ZIAIﬁCi
(conf. Killing vectors)

{e,b} =1
{c“"’, b’}‘g} = 7 — gt C gau_ge ghosts
{c‘i by } _ {C+ b”'} e b: anti-ghosts

4

HEEHRDERF
Ph = i ( 2bcfy + bhe + bt el + Qbif‘#;x)
1{;{ — 4 ( .f-I V . b:z C'u i b.fi C‘i o brici £+ b#}tcv}. L byhc,u}l)

Dy = i b’}‘CH—b”‘ )
Kt = i (2bct — b“c‘—l—b“hc}‘—|-2b*}‘ )

gh

BRSTEEF
QprsT = . (P + Pgh) + (UW + = Ujff) +c (D + %Dgh)
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Wess-ZuminoE &S =R S

Riegert{E F Oﬁﬁﬁj\i\%ﬁt

SR‘-&Z(U g

/ o /=g E; Ei= Gy —2V?R/3

Wess-Zuminofga 2 Rl et (FER R D DL A KY)

Srwz(9, ) = Srwz(w, §) + Srwz(d — w, €™ §)

B = BFZEIh T M D FIERA
Z|w; = / ddh) o5 exp {iSrwz(, €*9) + il (e*g)
: \ . . D : o
/ [dodh); exp {-E-SRWZ (w,g) + iSrwz(d, eg) + il(e™ g}}

= /dﬂ)dhg exp {'EI-SR“.Q(’ g) + "le“ z(U — W, E ) + EI( )}

= Z, - ~— ~

Wess-Zumino 5% {# F
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E:

EE—FDIFKYRAAEE (7, =1)
00
0 0d
&
ﬁégrg ‘5%\ + Q’% ;3 = UV finite
bit, bit, bit;
/ \
i e (o te)] e P (e )

D=4-2¢
z:. small fictitious mass (IR regularization)

o e - 1/e=1/e — v+ logdm
H—FRZETlEZELY = cancel out ! [e=1/

propagator 1/k* — 1/(k* + 2%)?

50



‘ Two-point function of e”4 Vertex function ( ¢F;, ) of e”6

.~ Y Ir"‘\
e ofe g ﬂ @ @:ﬁ v :
nf €2 npel ¢ nr e2 m € . 3 Ng & . Ne & Ng &; e - S
f@j i ? """"" ; Wﬁaw M&M Wﬂ
L
£ 3 £ b e £ }f\ £
N {/q“‘

ng 'E"! TIF

/!
e=(4—D)/2
o e T T i)

And also, two-point function of e”6

BT Z,=1T ?@W @ @ﬁ?
HMYBRLKZENTES
O +
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Hathrell DX EZEDFTEDHIR

Hathrell, Ann.Phys.142(1982)34,
Ann.Phys.139(1982)136

HathrellAAA L Yf=counterterm

“‘I'_-
aC ‘Ao

1/t
/ A >7=F2ZE £ T3-loopDETEZEZEITL. bkchD
EEFZRE (BH) ORIZROBEFRMNRYILDIEERLT:

by = 2c; (* PEDEFBEITKLEL)

+bGy+cH* H=R/(D-

DXRit=FENEHA
_ (D—3)*(D—4) (D =3)*(D -4
Co=Cit pqpp_gt €F = (D —2) b

D —3 1
|:> C1 = (D 2) b2_EbQ+O(D 4)
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Non-Gaussianity in initial CFT spectrum
SR 1

_ _ 20 (_9.0%» — O.:n
orp = 92 = 9,3° ( 0;0"p — 0;00 @)
: ~ f2
In Fourier space  §x(k) = ont (k)
2m?
d3 3 2
PNL(k +/ o(k/2—q)¢(q+k/2) ( Ez) + o(3*)

= non-Gaussianity parameter is fnp ~ 1

Z . diffeomorphism inv.m 5 D IFFEE D T,
CDFA—F—NFHELDAETRNDS
D> HREB R TIIENDIREDNRITESFATES
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String susceptibility 7 ~ N,

— 7. EREmENDFTEIL

~(4)

/st

S 1 >
=2 — 5 (bl—l—\/bi—%l)

i

Phase Diagram of 4D SQG + Matters(N,,N,)

N,=16K, Conflgratlons 10000.

0 | g .
Tr| Cr|t|cal Pomt (N, +62N 9(2))
j"‘{—ﬂobs Brancheg) Polymer
e]-r v >0
q,
Dlmple“P]bﬁE:?s,, on g,
Crumple Phas ~ e .
Z{ 50 = -]
o th Phase
+
>
=
Crumpled Phase
100 |
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Horata, Egawa, Yukawa (2002)
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exp(fteNy)
by = — (Nx + 62 \')+‘(’q 2
[)- Zd — — (1
T30 X T 180
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