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COSMOLoay

RE€cOURSE To EFFECTIVE FIELD 'meoky:

CLASSICAL GR 15 NOT A S7TAND -ALONE
THeoRy EECAUSE IT (S NeT UV comprieTe

L Ty o e omessences!

INSTEAD: A THEORY WITH A CUToFF

£oly~M "

W eoRKS wouomruuy AT DISTANCES
LonG cortareP To Cp DECOUPLING

N COSMOLQQ)': PHYSICS AT seaes L
(S (NPEPEWDENT To LEAPING ORDER OF
THE PHYSICS AT SeALes < |

LOCALITY, CAUSALITY & CoOVARIANCE !

CAVEAT : COSMOLOGICAL CONSTANT PROBLEM
so FAR peFIcP ALL ATTemMPTS TO SoLveE IT
WITHIN A LOCAL'CAUSAL , COVARIANT FRAMEWORK .
po€S THIS SUGGEST OUR ASSUMPTIONS ARE
WRe NG 7

WeE wiLL o TINUE To IGNORE THIS...




BASIC OBSeR\VATIONS
THE QUNIVERLSE (S

® VERY oLD AND BIG
(T~1410%nrs 2 L Z 4500 MP.)

¥ HOMOGENEOUS AND I(SOTEOP/C
(THE SAME Fog muy ObseRVER AT A
QIVEN TIME, wiTH ACCURASYy Ao /o”)

* SPATM{Ly FLAT
(WITH SPATIAL G€omETRYy APPROXIMATED
By EVCLIEDEAN GEOMETRY wiTH ACCURASY Ik)

* éXPANDING’,  WITH US ~. E
(Hoese’s caw, H= 65 k"’/‘/HPg)

% FILLeD WwWITH MATTee WHICH IS
MOSTLY INVISIBLE

( THE USUAL BHRYyONS L LSPToNS cOMPRIse
onty ABowT ~ |7, oF THE Uo.nvce:s)




CMB ANISoTROPIES

HOwEveR THe umverse I1s NOT
PERFCELTLY SMooeTH - THERE ARe

"sMALL BLeMISHES ! - PERTURBATIONS
IN THC DISTRIBUTION oF MATTER
S P - &

S

GQALAXIES C wr-rezs’ NeguULAE

TREY YIELD THE SMA(L TeMPSRATURE
FLUCTUATIONS (0 THe CMB
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Sacus - WorFe
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MeASURED /& THE CMB .
CoBe , 1982

CHMB ANISOTROPIES A PERFECT Toor #oRf
opservers !
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U s HARRISoNv & Ze€tboVITCH

THE OBSERVED: STRUCTURES 11 TRE
UNIVERSE (GAcAxIES, CLUSTERS , vOIDS ér-c)
CAN B ExXpPLAINED BY _GRAVITATIONACL
(NSTABILITY [—, auqu) (F THERE
WAS AN IN(T/IAL SCALE=-INVARIANT
SPECTRUM OF FLUCTUATION S

WHAT GAVE RISE TO T2

THE ANSWER (S RELATED To THE
SOLUTION oF THE OTHER

CosMIC CONUNDRA ...

HOMOGENEITY | 1SOTROPY, AGE, FLATNESS. ..
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LASY CATreRING SURFAR

CAUSAL ReqGion
AT DECOUPLING

Tiere REGIDND ARE OUTS\PE
P CAuSAl. CoTAECY

(|
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WE SHOULD EXPECT ThHe
UNIVERSE =To Look MUCH
MORE eateuy !
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CURVATURE PROBLEM

BOUN PAR Y
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FLATNESS
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A SoluTION:

CoSMIC INFLATION

A.Gur”lzl, A‘LINDEI fZ
A AcprecHT Xk P.Ste/nt/aROT 82
/]

IDEA;: THE VERY EARCLY UNIVERSE

was DoM/NATED By DARK ENERGY
- A MNON-CLUMPING FoRmM of MATHA

WITH f o~ Ccons{

THEN
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- H~cwnst ' ‘R“'e“t

THE cosM\¢ BALOON STheTED
GRow ING EXPONENTALLY FAST !



DYNAMICS OF INFLATION

Livne, ‘82
¢ . INFLATON FI(€ELD V(‘)
H= &
e ¢
3H2.8WGN (-422- +\/(¢))

INELATION ©OCCURS WHER THE FRICTION |
TERMS DOMINATE OVER THE ACCELERATION
TeeMs : SLoW RollL

ANALLGY : PenDULUM

(N A VeRy VISCous ovcep,wng/
MeDIU -
- >IN GM
(T FELUCTUATES'



GUANTUM F LUCTUATIONS

QUANTUM FLUCTUATIONS oF THE INELATON
ARE (MPRINTEP N THE BACKGROUND AS
SMhLL RIPPLES ON THE SPACE —~T/IME —> S©
THey PROPUCE Deo\/s/ry FLYCTUATION S

THe OVEEDepiSE BeqlonsS WILL eVENTUAlY
beqIN  TO Colupapse By TEANS INSTABILIT yf
THE ORIGIN OF STRUCTURE: GALAXIES €rr...

HEVRISTIC “DerivaTiOoN
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BACKQQOUUD MeTRIC ALSO CLUCTUATES

— TENSOR GRAVITON MoDES ARE
GETTING EXC|TED

To COMPUTE: GO To THE AXIAL
HAVGE ( TRANSVERSG —TRACELESS ) AND

Pecact THAT €ACH GRAVITON POLARI2ATION
s A (SeAcAR FIELD) X ( PocARIZATION TENSIR)

.S_'?_ﬁ = Zéb_
- Me

To Leap/NG ©ORDPER  BoTH £¢
ave Sh Aee FleLps WHIcH HAVe
(A EAK SeLF/N'réch/oU! AND COpPlLe
TO THE BACKQROUND — TREAT
THEM AS gssewr//kcy FREE FIELD S
IN (NFLATING SPACE T(ME

FLUCTUATIONS = PARTICLE PRODUCTION
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A

PAIR CREATEDP FROM THE VACVUM CAN

% ANNIHILATE, LEADING To A BURBLE
DIAGRAM CORRECTION TO A, Frae-TUNER
AWAY As |5 USUAL

% PREVewzep FROM ANKIHILATION BY
COSMoLeGIcA _grec-rch'//uc‘7 BogolugoV
PARTICte prODUCTION = IMPRINTIN G
OF A CLASSICAL WAVE
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“FREC 2CS" : .0, DeFine ConFoRMAL
__ 1 =H% =

i 1--L 8" aw Y = 7

"
(P -+ (Kt-— 'f[z)\P =0
2 2 o
So : WwHen K ‘7 : 7 :lp,,y,,m_’/ H
MobPeS BECoME PoweR-LAl - ([_,s,i 4-3’}2

b > A+B™

FReeZ€-0UT d



(NOESD: conNSHER >mMALL FLUCTUATIONS
.y * 1 L1
b 43 +(m + — )# =0
- (R a w

A Techiicac As(De: FOR SMPUCITY

TACE H":'_c.orxsf CA = Ae exp CH{-)
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AND ReDeEFINE THE ScaLal o
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INPEED . CONSIDER GAVGE -INVARIANT
SMAL. FPLUCTUATIONS : BARDPECA

ds” - “2(' (:-—25{)0&.1‘1. (1+2¢ )a(:(’z>
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CURVATURE PERTVUR BATION Mucuswoy, &L
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- s . 2+ E:
R #1- E5ciV-0

IN The lR THIS REDPUCES ToO A
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CURVATURE PERTURDBATION

QUANTUM MECHANICS PETERMINES
THE NoRMAL zATION oF W~ .
CAL

S7anvoARD ResulT: < % > ~4
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Stow RolL REGIME
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Typicaicy , using €a@s oF MoTioN

¢ X,,v‘ ( )

f
M=Y 4 . searLe OF 'NFLAT(ON

R . LOw (VTEGER : \2,.. (HoDCbM
op =5 e >
- - = M~lo M, )0 Me

ONé INPU‘T‘. SLow Roc(L
QUARANTEES SCALE INVARIANE!

KEY PREMCTION .,



TIMELIKE WORLDLIAE

_— REHEATING

Hor1zon LEH

Katorze , K cetuy  Caweence  Sewror Zdo2



NoTe: M ~10""M, - 107" My

M ~ 107 GeV - 0"\ GeV

COULD (NFLATIONARY DyNAM(cs
BE SENSITWE To New

HIGH eNerGY PHYSICS 7






WHICH SCALES ARE FUNDAMENTAL G4

E6: GAVGE HIERARCHY PROBLEM : WHY ARE
THeErRE SVCH PISPARATE ScCALes wHELE
pIFFERENT FoRecs Be come STRNG T

% TESERT PARAPIGM : Awe Fokces UNIFY NEAR
Mc,u-r ~ /0'662\/ AND THE TeV-Mgur
peSERT (s PRITECTED BY SUSY  BRokeN AT TeV

FReaty HIGH SCALeS IN NATURE !

% LARGE X-TRA DIMENSIONS: ALL FORCES
gecomc STRoNG AT TeV , awo HIERARCKX
comes fFrom BILyTIoN IN X-TRA D

Low ENERGY INDICATIONS oF HIGH
ScALes ARG A MIRAGE !

TESTS .
% PROTON DECAY - IRRELEVANT OPERATORS
4 gt,xy‘ seecel & Mok
EASnfeez-&z kwiey Siio
RUN‘/’A’ - O ' 7
¥ RG G - L9oG. UMFICATIoN R i
Huik kmwey
C - ]l KKLS kk|SS
* CoSmoLegy (N EFLATION p,.,,,“',,.u"sr kK
Svmeoppssky & Teac=v
Hecra Cupe (6141601
_ Qoice Keis Liere tTEAU

Cuig, NoTals, Kievve ...



Te ChArc vLATE FLUCTUATIOAS.) ()se €FFecTIVE
PELD TH’éOR}' '

THeRe ARC scates IN THE
/M AscewDING ORPER

m<H <M<\[;

(NFLATOM HugsLE S caLe OF scale ©F
MASS ScaLE New PHYSICS IWELATON
KiNeTIC EVERGY

SPLIT THe Thceony AS BACKQROVA/D : i
FLUCTUATIHANS Ave oRGAMIZE IT BY THESE SCAtes

pLucTuATIONS LGHT : M < H

wew rHysics Heavy: M >H  INTEGRATE ouT !

RESULT : EFFECTIVE ACTION FoR FLU ¢cTUATIONS
6N ToP OF THE INFLATING BACKGEoUND /

Back GRoUpN D "Decovflep ‘(4 >M 7> H >Mm
so0 (T (s MeRELY A SPECTATOR (oNCe ov €
eEnsvReS THAT RADIATIVE CoReeCT/oNS Pe
NoT ULFT THE INFLaTol POTENT/AL !

CALCULAT/ON ¢ gecAle éf = H St
p- &



& UANTUM MECHANICS FPROVIDES THE
CORRECT NORMALIZATION FOR THESE pobes

MUST GUANTIZE /N CURVED SPACE-TIME
CHOICEC oF VACUUM /!

g# = 849, ¢ & 75'4-543'_-)-...

8¢o -<¢¢>?=ZH;T i
3 3

Sb = LT -z_t.rcﬁ.‘.Q-
H H*

S+=z—1i.'(\+c ;‘_z-* ,)

SIMILAR PROCEIVEC FoR TEmSoRS !



| e
THIS LeADS TO (Agc o, =2 P)

S-W—S_WMS’B‘P\/ (I-rC )

- B
T ot mz M2 )
def: e =2 32{1- TewsoR TILT
= }_if Scow Roce PARAMETER
2V
3 O
e ) - - o=
n.r+2( 5 Ze% M“+ 0(*)

AN IN-PRINCIILE EFFECT OF new PHYS)CS
WHICH LEADS TO DeVIATIONS AwW Ay FROM
THE STANDARD INFLATIONARY CONSISTENCY
CoNDITION T SUELEAP/NG OROer N Rre

Kacerer kmw [ ppusten ce £ fufuneﬁ

< Hu) & Ewne
W (THOUT éT (L€ Could &61‘0{&;?[6*{ ﬁ(CSﬁ:—”—j

AS A G{F&fédf PoT€ STIAL



2
OUR ReSVLT (ax __.H1 ) PEFENDS ceucu\uy
M
ON VACUUM CHolCE ° THERMAL (A:A
APIABATIC | BUNCH - pAwes...) VACUU M

OTHER CHOICES - INFLATION APPROX De SITTER
—> VAcUUM (APPROX) DS (NVARIANT

In DS 3 CONTINUGUS OF oF INVARIANT S‘M‘fts.’
all«>=0

- N, (An- < ah) F

ﬁ QxP(M')
chevukor £ Ta vov; Gehenjauk Sch M

schowbleond & sz:‘ulcﬁ-, 00‘024 4((::: ; Qe o <0
5-059 /"ofbu_,&shmu‘sc«

T anielssew

f Laslher, Greeue,
kiumey & Staic

BUT : BACKREACTION HUGE ATTEMPTS T0
coNTROL |T BREAK LocAL/‘r)/ DECOUPLING..,

kLSS
Bavcs & [AWNELS
€ vhotud LALSES

PoS ITIVE MesAGE - THERMAL VACH(m
IS THE RIGHT C#OfCG'




THUINRING W A ROX ..

P =0 THRMAL (x=0) Z_E #0 ("‘*")

-
oL &0 Lever ocapancy —» e £ 71alt

sees A SHoweR of HIGH ENERG Y
QUANTA 9 AT THe MHoRjiz2onv THEIR
ENERGY —> 0o ge€cAysc OF BLOESHIFT

WHY VouLp ‘k TRusT EF T OF The
pAckGgRroUNp 28



P, s — i, | — -~

T S e e e s

X
Lp e
T
CON'SIDeR O=Z Y i |
o o
Apys < H D~ -A— cos (€443



AT HORIZON ¢ RossING

x'urs =%°- A—H-1 b K~4°H

G ~ Boin® roasw'

P
THERE : }BI ~_A_ ~-’l’-ﬁ.fo'5
AH H
M
14

I8l =1

BREAL DPoWN OF PERTYRBATION THeoRY ]
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WHAT CAN Ac.‘NAu.y BE SEEN

NEED Te OBSeEVE TensoRS —» €.G. B)/
CHMBR PeCAR\ZATION MecASUREMENTS

Tke VOLST OBSTACLE CoSMIC VARIANCE
To McasuRE 2T we saAmpe < looco
REGioNS o TIG Sk STATIST ICA

)

VARIANce s sk .t °
s o

HENCE : ANY CORRECTION pMyst
e 2 0.0\ To 8e OBSERVARLE

@ Stow - Rt PARAMETER &£ S '-—L

MUST HAYE
N
c .f'_ 2 01 -1
S M:‘

!
To B€é OBSER VABLE .



IN ALL ESSENTIALLY 4D MopeLs (P
My ~ lO'q GeV (e.q. WeNkLy COUPLED HereRoTic

4 > ..
STRING THEORY ™, 9s ~ 0.1 , Mg ~10 Ge
ANy New  PHYSICS WILL EITHER :

% CONTRIBUTE AT THE CUTOF'FNMH

¥ QeT HIGGSeD BY ¢ TO YY;,_, T
. ThomAsS

HENCE - M ~ m,_/
| ;
(w» ScALe o0F INFLATION H<lo"g,g\ |
- ]
oo e

M2z

CoMPLETELY UNOBSCRVABLE

¥ ExcePTion). IT (S P6SSiBle rvo HAKE co0PLINGS

(A +d)Tw which GIVe Mya O PURING

INFLATION = WIMPZILLAS - WiLL PRoPUGE A gLiP!
L wpe €7 A CHEONG €7 Ac



Bur: Fmopers (w Mg << Mp,

e -

f KK MPL :
=eNn B =M

MPL Mgt

BY GAUSS LAW: N=(M£L) %’e



WITH THIS, S MoDELS WiTH OBSERVABLE
Slaun'ulus N THe CTMB.

e.%.) MANIFOLDS @ C{z HotonoMy

T SINGQULALITY GIVING
Rise Te G, Holonory
G KrouP

copimension &4

M'F ~m" ~ 4 IO'BGZV
Ht

C ~O1

Mg

WARNING : CALCULAT/IONS |MPRECISE :



MORE PRECISELY

CoNSIPER CoMPACTIFICATION S WITH
2 2
= (&, ,
* mﬂ. - mI’L d \/d 8 = (ZIO 62\/)

2

& D(qqzuge = ;’?r e E.LS‘ So TwAT RG

RUUN (MG FRODUCES THE RIGHT vawe AT TeV

/
/ =]
@ -;_’—' >(\/°{_") 4D pescRIPTION

& qu = /,Pd \/d-q SUB- PCANCKIAN -
: H

2
N~ P . Of)
™% pfy
PL‘d P"d
ST HIGHEE- D IMEA S1oNAL SUGRA (s Vaup !

SIGNAL couLD 8¢ cranked UP !
NOTE : /) GIVES UP 4D UNIFICATION, AS
M ~H ~ 10!4GeV

17 Peeten DECAy PROPLEMS

[.L.



PosSIBLE IMPLOVEMENT : PIRECT GRAVITY

WAVE DETECTION simce A <« H™1
rueee Aaec NO cosMiC VARIANCE ConsSrRANTS

BUT: HARD To DetecT ( weAeness of Geawry..)

AN  OPTIMISTIC PROPOSAL ! C—}REAT MisSION
Co!chH,SPéﬂQGL g Bewnverr

Se«JSlT/WTy' ~ 10.3- IO.I' INECATION

2
H) SO e R

: M~ 10 GeV

GUT SCALE —? NWNEAR #oaavn-(’\/v‘r'rcu

THIS WweuLp &€ FAR IN THE F‘UTUQC,
BUT AT C(EAST IS PoSSIBLE N PRINCIPLE. ..



WHAT |F INFLATION WERE SYORT oR
THERE WeRE SIGNIFICANT FEATURES IN
THE INFLATON DYNAMICS ~ 60 €-Fods
BerPoRe THE €xIT 7

szc;essr Ceve ’HOL Man  (em eux

SIGNAL Couly Be pARAHcreceAccy
SLIGHTLY (arGeR : o< & mmn.w(ﬂ)

BUT: THIS IS STILL A (ow-ENERGY
EFFECT HAVING NOTHING To
PO WITH TRANSP(ANCK/AN 3CALsS

INFLATON FLYUCTUATIONS ARE PRODUCED
N A STATE WH\CH IS NOT Twe€
THERMAL VACOUM BUT, SOoM€ excrrep
STATE GENERATED 37 eMwReNMedrAL
CIRCUMSTANCE S



INFLATION WITH A HICKUP

M. kapLingHAT & N.K.
wer-TH /030701 3

CONSIDER @UANTUM-MECHANICAL ANALOGY:

SUDDEN
TRANSITION
GROUWD Q
STATE

JE TRANSIT/oN SHARP THe SYSTEM REMAINS
IN THE STATE |T OCCUPIED BeEFORE THE
TRANSIT/ON WHICH (S NOT A VACUUM ANyMeoRe



THIS STATE IS A SQUECZED STATE on Tof
OF THE THERMAL VACULM AND THE /INFLATON
FLUCTUATIONS ARE PRODUCED IN |T. THEY
CARRY THE INFORMATION ABoUT THE
DeVvIATION OF THIS STATE FRom THE VAWM,
CORRECTING THE THERMAL VACUUM ResoLT
e SP/P J. BoorfeW

A. STARBINIEY
M.KAPLING HAT & Nk

EXAMPLE : ConNSIDER A poTenTIAL WHERE
THE SoWReLL PARAME TER r]:_;‘; SUMPS
Néo EfoLpDs GeFoREC THE Swp O6F (N?LAT/O”/

eR WHERE (NFLATION WAS SHORT  STARTIN G
FRomM som<cS pon -VACUUM STATE

\'4



USE€ GAVGE-INVARIANT PERTURBATION THeoRY:
’ mev
¢ =a%d -2& S
d/‘

(‘PK" + (u® - —'-E—:’)%:O

z
= ey “
=z = vlz*z(?)*"' ezn;'u"

"
A TUMP N Q:—L' PRODUCE S s

CANONICAL TRANSFORMA T/ON -

(Pn[’,:) e (‘eg('):>
N I ("):)SJ‘-;("I: ) _A(\:'-e)\ﬁ,‘-ﬂ‘

BogoLIUBOV TRANSFORMATIoN IN THE
PR TURBATIVE HILBERT SPACE - THE STATE ©OF
Tae INELAToA] DIFFERENT FROM THE THERMAL

(ACUUM AFTER THE TRAN ST 10N



L INFLATON EKDs UP N THE STATE OBeYING

b 43)|Tp=-ia(-e) Ko b (yNI>

2k -E
sQueezep stgTe |

ORGANIZE THe RESULT As A TRIPLE SERIES:

2
e' A( - € H H
Stow RoLL <cyDDE N ADIABATIC

+ 2(2-Ln2-y)(2€ -1)-2€



Focus o O (%)

A(-©) B sin (2P

P H
# vANISHES WHEN A [V)—e)-» O NoT AN
B Whlisues WO B oes OO o(- VAC !

QUANTUM NO-HAIR THM !

IF THE TRANSITION occuRed ~ 60
©.FoLDS BEFORC THE €X(T, THIS

Be 2 FEW,

CAN BE VIEWED AS A PoTenTIAL
DIAGNOSTIC OF SHORT INFLATION ++»



SVUMMARY

Tueee EXIST mopeLs wWHICH Lehve
0BSCRVABLE SIGNATURES W Tue CMB !

AcTHOUGH THey MAy REGUIBE SPESIAL
PARTICLE PHYSICS ( CHOICE OF ScALES ,

RATIONALE Fok. UMIFICATION , NEW FHySICS
v GO O-FaPs BEFORE THE €XIT ), THE y
ACe Fuiey ConSISTEUT WwITH EFT

LocAL, CAUSAC, TACHYaw —FREE, o8y IN G
OSUAL De couPLIrG

[E ONE ABAVPNS EFT, oNE CAV GeT
LARGEL SIGNALS, BUT (T 1S NOT CleAR
one cAv TRUST 7

HEDQING STRATEGY : THIS MAy BE€ woRty
PURSVING SINCE |IT couLp Be one OF
Few cHANCES WE GET To S€€ REALLY

High €NERGYy PHYSICS



The Conclusion

Now, reader, I have told my dream to thee;
See if thou canst interpret it to me,

Or to thyself, or neighbour; but take heed
Of misinterpreting; for that, instead

Of doing good, will but thyself abuse:

By misinterpreting, evil ensues.

Take heed, also, that thou be not extreme,
In playing with the outside of my dream:
Nor let my figure or similitude

Put thee into a laughter or a feud.

Leave this for boys and fools; but as for thee,
Do thou the substance of my matter see.

Put by the curtains, look within my veil,

Turn up my metaphors, and do not fail,

There, if thou seekest them, such things to find,
As will be helpful to an honest mind.

What of my dross thou findest there, be bold
To throw away, but yet preserve the gold;
What if my gold be wrapped up in ore? —
None throws away the apple for the core.
But if thou shalt cast all away as vain,

I know not but 'twill make me dream again.



