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|l WAS ASKED BY THE ORGANIZERS TO COVER
INFLATION IN STRING THEORY. SINCE THERE
ARE O(1000) PAPERS ON THIS SUBJECT SPREAD
OVER A 20 YEAR TIME SPAN, MY COVERAGE WILL
NECESSARILY BE BOTH IDIOSYNCRATIC AND
SPORADIC.

MY GOAL IS TO MAKE AND ILLUSTRATE THREE
DIFFERENT POINTS:




1. INFLATION IS SUFFICIENTLY SENSITIVE TO UV
PHYSICS THAT ONE NEEDS A UV COMPLETE THEORY
(LIKE STRING THEORY) TO DO SATISFACTORY MODEL

BUILDING.

2. WITHIN STRING THEORY, THERE ARE MANY NON-
TRIVIAL CONSTRAINTS ON BUILDING SUCCESSFUL
INFLATIONARY MODELS. THIS PARTICULAR UV
COMPLETION DOES NOT SEEM TO MAKE IT OBVIOUS
THAT “ANYTHING GOES.”

3. SEVERAL OF THE MOST INTERESTING IDEAS
PROPOSED IN RECENT YEARS INVOLVE NOVEL
DYNAMICAL MECHANISMS AND (CORRELATED)
INTERESTING OBSERVATIONAL SIGNATURES.




IT IS AN IDEA GOING BACK TO GUTH THAT TO
EXPLAIN THE HORIZON AND FLATNESS PROBLEMS
OF COSMOLOGY, A PERIOD OF EARLY UNIVERSE
INFLATION
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IS A GOOD IDEA.

SINCE WE MUST EVENTUALLY EXIT INFLATION,
THIS EXPANSION SHOULD BE DRIVEN BY A
DYNAMICAL SCALAR FIELD (NOT A FALSE VACUUM
ENERGY WHICH IS RELAXED BY A FIRST ORDER
TRANSITION).




I. UV SENSITIVITY IN INFLATIONARY MODEL
BUILDING

THE POTENTIALS WHICH

SUPPORT SLOW-ROLL
INFLATION ARE A LITTLE
BIT STRANGE:

FIGURE STOLEN FROM A. LINDE




A.Linde,1982.
A. Albrecht and P.Steinhardt,1982.

THE SLOW-ROLL CONDITIONS WHICH ENSURE
ACCELERATED EXPANSION OF SUFFICIENT
DURATION:
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ARE SENSITIVE TO DIMENSION SIX, PLANCK
SUPPRESSED CORRECTIONS TO THE POTENTIAL.




THEREFORE, ONE CAN ONLY CONSTRUCT ROBUST
MODELS OF INFLATION IN A THEORETICAL
FRAMEWORK THAT CAN DETERMINE THE POTENTIAL
AT LEAST THIS ACCURATELY.

THIS DEGREE OF
SENSITIVITY TO HIGH

SCALE PHYSICS IS
RARE IN MODEL
BUILDING. EVEN
PROTON DECAY IN GUTS
ONLY DEPENDS ON
DIMENSION SIX, GUT
SCALE SUPPRESSED
OPERATORS:

Dimension 6 proton decay mediated by the X boson (3, Ej_é in S0(5) GUT.



IN FACT, IN THE MODELS OF MOST INTEREST FOR
THE NEXT GENERATION OF EXPERIMENTS DESIGNED
TO MEASURE B-MODE POLARIZATION, THE
SITUATION IS MUCH MORE INTERESTING.

E.G. THE PROPOSED CMBPOL EXPERIMENT CAN
PERHAPS REACH A PRIMORDIAL GRAVITY WAVE
SIGNAL DOWN TO 7 ~ .01

THERE IS A FAMOUS BOUND WHICH ARISES JUST
FROM THE DEFINITION OF R AS RATIO OF POWER
IN TENSOR MODES TO POWER IN SCALAR MODES:

R .14(;")2




THIS “LYTH BOUND” CORRELATES THE TENSOR
MODE SIGNAL WITH THE DISTANCE THE INFLATON
TRAVERSED IN FIELD SPACE, DURING SLOW ROLL.




EVEN IN THE HANDFUL OF E-FOLDINGS CLOSEST
TO OUR PRESENT HORIZON, THE TOTAL FIELD
EXCURSION WAS ROUGHLY:

A2 L O(1) * (55)"/2

.05

SO BASICALLY, A CMBPOL DETECTION OF R
WOULD IMPLY THAT THE INFLATON TRAVERSED
A SUPER-PLANCKIAN DISTANCE IN FIELD SPACE

DURING INFLATION.




WHY DOES THIS MATTER?

THE CANDIDATE SCALAR INFLATONS IN E.G. STRING
THEORY TYPICALLY ARISE AS ‘“MODULI FIELDS”
PARAMETRIZING THE SIZE AND SHAPE OF THE
EXTRA DIMENSIONS, OR THE POSITIONS OF BRANES
WITHIN THE EXTRA DIMENSIONS.

AS ONE CHANGES THE SHAPE, TYPICALLY THE
QUANTITIES IN THE LOW-ENERGY EFFECTIVE FIELD
THEORY ALSO VARY. E.G., MASSES AND COUPLINGS

OF OTHER PARTICLES DEPEND ON THE MODULUS.




IN A PATCH OF STRING SCALE SIZE IN FIELD SPACE,
SPECIAL POINTS WITH EXTRA LIGHT PARTICLES OR
ENHANCED SYMMETRIES OFTEN ARISE:

Figure 4.1: A plot of the metric g,4 against ¥ for * in the funda-
mentai region 0 < argy < 355 The cusps correspond to the conifold
at ¥ = 1. As 3 — oo the metric tends asymptotically to a metric of
constant negative curvature,

CANDELAS, DE LA OSSA,
GREEN, PARKES




BUT IF ONE WANTS A FLAT POTENTIAL OVER A
SUPER-PLANCKIAN DISTANCE FOR THE INFLATON,
EVEN COUPLINGS TO OTHER SUPER-MASSIVE MODES
(E.G. KALUZA-KLEIN MODES):

WILL BE DANGEROUS. INTEGRATING OUT PSI
LOOPS WILL PRODUCE A POTENTIAL FOR THE
INFLATON THAT TYPICALLY HAS O(1) VARIATION
OVER DISTANCES OF ORDER Mg IN FIELD SPACE




THE BEST IDEA TO EVADE SUCH CORRECTIONS IS TO
USE A NAMBU-GOLDSTONE BOSON OR AN AXION AS

THE INFLATON. THE SUBLETIES AND SUCCESSES
OF THIS IDEA IN THE STRING CONTEXT WILL BE
DISCUSSED IN A LATER PART OF MY TALK.




A SECOND POTENTIAL OBSERVABLE THAT WOULD
INDICATE NOVEL UV PHYSICS IS NON-GAUSSIANITY
IN THE SPECTRUM OF SCALAR PERTURBATIONS.

IN A MODEL OF SINGLE FIELD INFLATION WHERE
THE INFLATON ITSELF GENERATES THE DENSITY
PERTURBATIONS:

* SLOW-ROLL --> NEGLIGIBLE NON-GAUSSIANITY

~U O O 1 ACQUAVIVA, BARTOLONO,
ZV L % MATARRESE, RIOTTO;

MALDACENA




MORE GENERAL INFLATON LAGRANGIANS WITH
HIGHER DERIVATIVES

1

£-1 /d% V=9 (M2R+2P(X,9))

1
X = _§g'uya,u¢8u¢

CAN PRODUCE SIGNIFICANT NON-GAUSSIAN

FLUCTUATIONS IF THE SPEED OF SOUND

dP P CREMINELLI;
2 X ALISHAHIHA, SILVERSTEIN,

@& TONG; ARKANI-HAMED, CHENG,
S d E P 2 ){P MUKOHYAMA, ZALDARRIAGA;
X ‘|‘ G CHEN, HUANG,

S.K., SHIU

IS SMALL. IN ANY SUCH MODELS, HIGHER
DERIVATIVE TERMS PLAY A CRUCIAL ROLE, SO THE
UV COMPLETION IS IMPORTANT BY DEFINITION.




SO OUR PUNCH LINES SO FAR ARE:

1. TO MAKE ANY INFLATION MODEL, ONE MUST
CONTROL ALL TERMS WHICH CAN IMPART A MASS OF
ORDER HUBBLE TO THE INFLATON, WHICH
INCLUDES DIMENSION SIX, PLANCK-SUPPRESSED
CORRECTIONS TO THE LAGRANGIAN.

2. TO MAKE A MODEL WHICH GIVES MEASURABLE

B-MODES OR NON-GAUSSIANITY, ONE HAS TO HAVE

AN EVEN BETTER UNDERSTANDING, CONTROLLING

THE INFLATON POTENTIAL OVER SUPER-PLANCKIAN

DISTANCES IN FIELD SPACE (I.E., TO ALL ORDERS IN
A POLYNOMIAL EXPANSION). THIS REQUIRES
KNOWLEDGE OF ALL COUPLINGS TO EVEN VERY
MASSIVE FIELDS (AT A GIVEN POINT IN FIELD

SPACE).




OF COURSE THERE ARE OTHER IMPORTANT ISSUES
THAT ARE UV SENSITIVE IN EARLY COSMOLOGY:

INFLATION IS NOT PAST ETERNAL. WHAT CAME
BEFORE? HOW DO WE RESOLVE THE ORIGINAL
SINGULARITIES? ETC.

“PATCH PROBLEM”: WHAT GAVE RISE TO THE
RELATIVELY SMOOTH HUBBLE-SIZED PATCH OF
SPACE-TIME WITH HOMOGENEOUS INFLATON, THAT
COULD INFLATE? FOR LOW-ENERGY MODELS, THIS
IS A PARTICULARLY SHARP QUESTION. BUT, TIED
UP WITH MEASURE ISSUES.

WE WILL IGNORE THESE ISSUES AND JUST TALK
ABOUT MODEL BUILDING. PERHAPS JUSTIFIED,
PERHAPS NOT.




II. BUILDING INFLATION WITH D-BRANES

ONE WELL STUDIED CLASS OF SCENARIOS
POSTULATES THAT THE INFLATON IS THE MODULUS
CONTROLLING A BRANE / ANTI-BRANE SEPARATION.
ITS POTENTIAL ARISES FROM COULOMB ATTRACTION

BETWEEN THE OPPOSITELY CHARGED BRANES:

DVALI, TYE
U(l) u()

BURGESS
" P :> ,
MARTINEAU,

QUEVEDO,

Brane/Anti—brane U(1)x U(1) ——wm Radiation + D—string + F—string




IN ITS EARLIEST FORM, THIS IDEA SUFFERS FROM
THE FOLLOWING PROBLEM. THE COULOMB
POTENTIAL FOR BRANES SEPARATED BY A DISTANCE
D IS

V() =D (1 IEase i )

273 M?O d4

OR IN TERMS OF A CANONICALLY NORMALIZED
FIELD:

Vig) = 213 (1




THEN USING THE STANDARD DEFINITION OF THE
SLOW-ROLL PARAMETERS, WE SEE THAT IF THE
RADIUS OF THE COMPACTIFICATION MANIFOLD IS L
(THIS ENTERS IN DETERMINING THE 4D PLANCK
MASS FROM THE 10D ONE):

n=0(1)(L/d)°

SO YOU RUN OUT OF SPACE IN THE EXTRA
DIMENSIONS, BEFORE YOU CAN SEPARATE ENOUGH
TO INFLATE!




A SECOND PROBLEM, WHICH IS MORE SERIOUS, IS
THAT EVEN IF ONE DID FIND A MODEL WHERE ETA
HAS NO (VERY ) NEGATIVE EIGENVALUE, THE
EINSTEIN-FRAME POTENTIAL ENERGY IS BASICALLY

THIS SOURCES RAPID RUNAWAY TO LARGE L, NOT
SLOW ROLL OF THE BRANE SEPARATION MODE. A
SIMILAR PROBLEM TYPICALLY OCCURS WITH OTHER
COMPACTIFICATION ‘“MODULI” (E.G. THE DILATON).




SO WE LEARN A GENERAL LESSON:

IF ONE WISHES TO INFLATE AT SOME HUBBLE
SCALE H IN STRING THEORY, IT IS IMPORTANT TO
GIVE DANGEROUS MODULI A MASS WHICH IS
LARGER THAN H.

IN PARTICULAR, HIGH SCALE INFLATION (WHICH
CAN GENERATE OBSERVABLE B-MODES) REQUIRES
MODULI STABILIZATION AT A VERY HIGH SCALE.




IN ANY SCENARIO WHERE THE SUSY-BREAKING
SCALE AND THE MODULI POTENTIAL ARE SIMPLY
CORRELATED:

Vv
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SUSY MINIMUM POTENTIAL AFTER SUSY BREAKING

THIS COULD LEAD TO A BOUND RELATING THE
SCALE OF INFLATION TO THE SCALE OF SUSY
BREAKING (SO THAT HIGH SCALE INFLATION
REQUIRES HIGHER SCALE SUSY BREAKING).

KALLOSH, LINDE




VARIOUS WAYS TO SOLVE THE PROBLEMS OF THE
BRANE/ANTI-BRANE INFLATION MODEL HAVE BEEN
DISCOVERED.

IN ONE VARIANT, ONE PLACES THE BRANES IN A
WARPED COMPACTIFICATION GEOMETRY WITH

APPROXIMATE METRIC:
KKLMMT

ds® = h=Y2n,, detdx” + hY2(dr? + rids3. )




THE PICTURE YOU SHOULD HAVE IN MIND FOR THE
EXTRA DIMENSIONS IS A CONE WITH 5D BASE
(COMPACTIFIED AT SOME LARGE VALUE OF THE
RADIAL COORDINATE):

THE TIP IS ACTUALLY SMOOTHED OUT IN A WAY
THAT WILL NOT BE IMPORTANT FOR US.




THIS GEOMETRY ARISES IN A CANONICAL EXAMPLE
OF THE ADS/CFT CORRESPONDENCE. IT IS CALLED
THE (WARPED) CONIFOLD; THE DUAL FIELD THEORY
IS AN N=1 SUPERSYMMETRIC CONFORMALLY
INVARIANT GAUGE THEORY.

KLEBANOV,
WITTEN;
KLEBANOV,
STRASSLER

THE WARPING ARISES FROM BACKREACTION OF
BACKGROUND GAUGE FLUXES THREADING THE
EXTRA DIMENSIONS. THESE HELP TO STABILIZE
THE PROBLEMATIC MODULI FIELDS.

GUKoOV, VAFA, WITTEN;
DASGUPTA, RAJESH, SETHI;
GIDDINGS, S.K., POLCHINSKI

s = D aRE N - R IR 0N




THE COULOMB ATTRACTION BETWEEN A BRANE AND
AN ANTI-BRANE IN THIS WARPED GEOMETRY TAKES
THE FORM:

V=2n% (1

WHERE:

TO IS THE ANTI-D LOCATION

1 IS THE D BRANE LOCATION

AND THE WARPED GEOMETRY NATURALLY ALLOWS
"0 TO BE EXPONENTIALLY SMALL.




THIS CLASS OF MODELS THEN OFFERS PROMISE OF
EVADING THE MOST BASIC PROBLEMS OUTLINED
EARLIER:

* THE FLUXES TOGETHER WITH OTHER EFFECTS
(E.G. NON-PERTURBATIVE DYNAMICS TO FIX THE
VOLUME MODULUS) ALLOW ONE TO FIX THE FAST-
ROLLING MODULLI.

* THE WARPING SOFTENS THE COULOMB
POTENTIAL ENOUGH SO THAT AT ATTAINABLE BRANE
SEPARATIONS, ONE CAN ACHIEVE SLOW ROLL.




SUBTLETIES FROM INFLATON/MODULUS MIXING

UNFORTUNATELY, NEW MORE REFINED PROBLEMS
ARISE AS OLD PROBLEMS ARE SOLVED.

SUPPOSE WE CALL THE CHIRAL MULTIPLET
CONTAINING THE VOLUME MODULUS

ol alilis.

DIMENSIONAL REDUCTION ON THE COMPACT
CALABI-YAU MANIFOLD SHOWS THAT THE 4D
EFFECTIVE THEORY HAS KAHLER POTENTIAL:

K(p,p, ¢, ¢) = —3log (p+ p — k(¢, ¢))




A STABILIZATION MECHANISM THAT FIXES P
(OR ANY COMBINATION OF FIELDS OTHER THAN THE

ONE APPEARING IN THE ARGUMENT OF THE LOG)
THEN GENERICALLY IMPARTS A MASS TO THE D-
BRANE POSITION MODES!

YOU CAN SEE THIS BECAUSE THE RESULTING
SUPERGRAVITY POTENTIAL HAS THE FORM:

X(p)

Ll fel ol T

EXPANDING ABOUT SOME VACUUM FOR /P

Yomn=r-Y/5 (14—04@%—...).
2T




THIS IS A HUBBLE-SCALE MASS FOR THE WOULD-BE
INFLATON. THE PROBLEM HERE IS VERY
ANALOGOUS TO THE SUGRA ETA PROBLEM.

COPELAND, LIDDLE, LYTH,
STEWART, WANDS

OPTIONS FOR SOLVING IT:

* INCLUDE ADDITIONAL BRANE DYNAMICS IN
THROAT (E.G. D7S WITH NON-PERTURBATIVE W):

BAUMANN, DYMARSKY,
KLEBANOV, MCALLISTER,
STEINHARDT;

. i KRAUSE, PAJER;
B Rt BURGESS, CLINE,
- DASGUPTA, FIROUZJAHI

warped throat

Figure 1: Cartoon of an embedded stack of D7-branes wrapping a four-cycle ¥4, and a mobile
D3-brane, in a warped throat region of a compact Calabi-Yau. The D3-brane feels a force
from the D7-branes and from an anti-D3-brane at the tip of the throat.




THEN, FOR SUITABLE D7 EMBEDDING AND INITIAL
D3 LOCATION, ONE CAN FIND A VERY FLAT

POTENTIAL:
V(9)x10"

218 1 /

2.16
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* QUITE PLAUSIBLY, PERTURBING THE THROAT
GEOMETRY BY THE EQUIVALENT OF SLIGHTLY
IRRELEVANT OPERATORS IN THE DUAL FIELD

THEORY, ONE CAN TUNE THE INFLATON
POTENTIAL. BAUMANN, DYMARSKY, SK, KLEBANOV,

MCALLISTER (RANDOM DISCUSSIONS)




ONE CAN PROVE THAT ALL D3-BRANE INFLATION
MODELS BASED ON SUCH LOCAL THROAT
GEOMETRIES ARE SMALL-FIELD MODELS.

PROOF: BY DEFINITION, ONE HAS BAUMANN,

M3 = M3V

MCALLISTER

WHERE: AR B TR T

ds3y = h=Y2(y) g dxtdz” + h'/2(y)gi; (y)dy'dy’

WE CAN BREAK THIS INTO BULK & THROAT
CONTRIBUTIONS:

V6w = (VGw)bulk A (V6w)th’r’oat




THE THROAT CONTRIBUTION IS EASILY COMPUTED
FOR SASAKI-EINSTEIN CONE METRICS:

. = Vol(O6) fOTUV dr r° h(r)

)N ena

BY NEGLECTING THE BULK CONTRIBUTION, WE
ONLY DECREASE OUR ESTIMATE OF THE 4D PLANCK
SCALE:

M]% > MfO (VGw)thmat




NOW, IT IS EASY TO DERIVE A BOUND. THE
CANONICAL FIELD CORRESPONDING TO THE
D3 POSITION IS:

¢2 i T3T2

jid 1 1
TS — (27)3 gs(a))2

FOR A THROAT INFLATION MODEL.:

ATy

2 2

2
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O(V%w)throat




AND INSERTING OUR ESTIMATE FOR THE THROAT
VOLUME, WE FIND:

2
Ag
(M—P> =

WHICH IMPLIES:

4
TSNX()l

THIS IS NOT GOOD FOR A B-MODE SIGNAL, SINCE
LARGE N IS REQUIRED IN THESE MODELS TO BEGIN
WITH.




PLAUSIBLY, BY USING WRAPPED HIGHER P-BRANES
INSTEAD OF D3 BRANES, ONE CAN INCREASE THE
B-MODE SIGNAL TO THE VERGE OF DETECTABILITY.

BECKER, LEBLOND,
SHANDERA

POSSIBLE SIGNATURES OF BRANE MODELS:

1. THE END OF BRANE INFLATION OCCURS WHEN A
BRANE AND AN ANTI-BRANE ANNIHILATE. THIS
INVOLVES AN ABELIAN HIGGS MODEL (THE
TACHYON WHICH CONDENSES TO END INFLATION),
AND SO COSMIC STRING CAN FORM BY THE KIBBLE

MECHANISM. SARANGI, TYE;

COPELAND, MYERS, POLCHINSKI




BECAUSE OF THE WARPED GEOMETRY, THESE
COSMIC D-STRINGS OR SUPERSTRINGS ARE
NATURALLY QUITE LIGHT:

1084 =€ @ s 10

THEY MAY BE DISTINGUISHABLE FROM STANDARD
FIELD THEORY STRINGS, DUE TO (P,Q) FLAVOR
STRUCTURE OR DIFFERENCES IN RECOMBINATION
PROBABILITY (THEY CAN MISS EACH OTHER IN

EXTRA DIMENSIONS!). JACKSON, JONES,

POLCHINSKI




2. NON-GAUSSIAN DENSITY FLUCTUATIONS

THE KINETIC STRUCTURE OF THE D-BRANE ACTION
IS ACTUALLY A NATURAL GENERALIZATION OF THE
RELATIVISTIC POINT-PARTICLE:

g % / d*z/—gR— / diz\/—g [f(gb)_l\/ 1+ f(¢)g" 0,00, — f(¢) " + V()]

WHERE F IS DETERMINED BY THE WARP FACTOR IN
THE METRIC.




EXPANDING THIS OUT GIVES AN ACTION WITH A
VERY NONTRIVIAL STRUCTURE OF HIGHER
DERIVATIVE TERMS. IN DBI INFLATION, ONE FINDS
A SOLUTION FOR AN INFLATON TRAJECTORY WHERE
ALL TERMS ARE EQUALLY IMPORTANT -- THIS IS A
POTENTIALLY UV COMPLETABLE D-BRANE EXAMPLE
OF K-INFLATION.

SILVERSTEIN, TONG

IN THESE MODELS, THE BRANE HAS A LARGE GAMMA
FACTOR

1
LS rvrer




THESE THEORIES GENERATE A LARGE NON-
GAUSSIANITY, WITH:

L ~ 7

AND A CHARACTERISTIC SHAPE IN K-SPACE PEAKED
ON EQUILATERAL TRIANGLES.

WHILE IT SEEMS DIFFICULT TO GET COMPACTIFIED
THROATS OF THE PRECISE SORT I’VE DESCRIBED
THAT CAN SUPPORT DBI INFLATION (VERY LARGE N
WOULD BE NEEDED), IT SEEMS VERY LIKELY THAT
GENERALIZED THROATS WHICH WOULD SUPPORT IT
DO EXIST. SEEING A BISPECTRUM WITH THE
APPROPRIATE SHAPE WOULD CERTAINLY BE
SUGGESTIVE.




I[II. STRINGY INFLATION WITH SHIFT
SYMMETRIES: LARGE FIELD MODELS

AN OBVIOUSLY GOOD IDEA FOR MAKING SLOW ROLL
INFLATION, IS TO USE A FIELD WITH A SOFTLY
BROKEN SHIFT SYMMETRY.

C.F. “NATURAL INFLATION” OF
FREESE, FRIEMAN, OLINTO

* SYMMETRY UNDER a0 — a + C FORBIDS
RADIATIVE CORRECTIONS OF THE FORM




(BECAUSE THE SPURION OF SHIFT SYMMETRY
BREAKING MUST APPEAR). SO A MAJOR WORRY
(THE ETA PROBLEM) IS BASICALLY GONE.

IN MANY SIMPLE CASES, THE POTENTIAL FOR AN
AXION TAKES THE FORM:

V(a) = A* (1 — cos(a/f,))

“AXION DECAY CONSTANT”

“DYNAMICAL SCALE”




IN E.G. HETEROTIC STRING THEORY, THERE IS A
TWO-FORM B-FIELD POTENTIAL IN 10 DIMENSIONS.
KK REDUCTION ON A CALABI-YAU M RESULTS IN
AN AXION

a; :szB

FOR EACH GENERATOR (; oF Hy(M).

THIS IN GENERAL RESULTS IN MANY AXIONS IN THE
4D LOW-ENERGY EFFECTIVE FIELD THEORY.




THE POTENTIAL FOR THESE AXIONS IS IN GENERAL
GENERATED ENTIRELY BY ‘“WORLDSHEET
INSTANTONS,”” STRING WORLDSHEETS THAT WRAP
C. AS A RESULT:

A= Mstring EXp(—Area(C))

FIRST QUESTION: CAN ONE OF THESE AXIONS GIVE
US A GOOD INFLATON CANDIDATE THAT HAS

Aa > Mp AND COULD EXPLAIN A DETECTION OF
GRAVITY WAVES?

WITH THE GENERIC COS POTENTIAL, ONE FINDS:

MP)Q’ n ~ (Mp)2

e~ (7 fa



SO TO ACHIEVE ROBUST SLOW-ROLL INFLATION,
ONE WOULD WANT TO HAVE:

s

ON THE OTHER HAND IN STRING THEORY, THE
AXIONS WE JUST DISCUSSED IN THE HETEROTIC
STRING HAVE:

]\];—123 ~ V((idw) X Area(C')

AND MORE GENERALLY, STRING AXIONS HAVE:

SVRCEK, WITTEN




DOES THIS MEAN THAT ONE CANNOT USE SHIFT
SYMMETRIES TO REALIZE LARGE-FIELD INFLATION
IN STRING THEORY? NO.

1. A VERY REASONABLE IDEA WHICH SEEMS FAIRLY
GENERIC, IS THE FOLLOWING. WE WILL EXPLAIN
IT IN A FAIRLY ROUNDABOUT WAY, BUT THE
CONNECTION TO THE IDEA OF SHIFT-SYMMETRY

WILL BECOME CLEAR. WESTPHAL;

+ MCALLISTER

GENERICALLY, IN CALABI-YAU MODULI SPACE,
THERE EXIST SINGULAR POINTS AROUND WHICH
SUBMANIFOLDS A,B UNDERGO ‘“MONODROMY”’
TRANSFORMATIONS. AROUND THE GENERIC
CONIFOLD POINT IN MODULI SPACE, FOR INSTANCE:




A= A
5 sty i Al |

WHERE A IS A VANISHING CYCLE AT THE CONIFOLD,
AND B IS ITS HOMOLOGY DUAL.

NoOow, SUPPOSE ONE HAS A BRANE WRAPPING B
(AND FILLING SPACE-TIME). AS ONE GOES AROUND
THE CONIFOLD POINT, TRAVERSING A PATH OF
LENGTH F IN FIELD SPACE, ONE ADDS TO IT A
BRANE WRAPPING A, WHICH COSTS EXTREMELY
SMALL ENERGY NEAR THE CONIFOLD POINT, AS A IS
A VANISHING CYCLE.




Fig. 1: The u plane with monodromies around 1, —1, and oo. Note the
choice of base point in the definition of the monodromies.

IN THIS FIGURE FOR INSTANCE, THE CONIFOLD
POINT IN MODULI SPACE CAN BE IDENTIFIED WITH
-1, AND THE PATH IS TO BE IDENTIFIED WITH

M_4




* CLEARLY, IN THIS PROCESS,

AV ~ T Vol(A),
AD ~ F

WHILE V ITSELF IS GIVEN BY

V ~ T Vol(B)

IMAGINE AN ENCIRCLING PATH CLOSE TO THE
SINGULAR POINT IN MODULI SPACE (SO A IS
SMALL), BUT FAR ENOUGH AWAY TO KEEP F FIXED
AND REASONABLE. THEN ONE CAN GET SMALL
SLOW-ROLL PARAMETERS ON A PATH ENACTING
THE MONODROMY TRANSFORMATION MANY TIMES.




SINCE A IS A VANISHING CYCLE, THE ENERGY COST
OF ENCIRCLING A (AND ADDING THE BRANE
WRAPPING A) IS QUITE SMALL, AND THE PATH
AROUND THE SINGULAR POINT IS ALMOST ONE
WHICH ENJOYS A SHIFT SYMMETRY -- THERE IS A
SOFTLY BROKEN SHIFT SYMMETRY. SO, THIS
“MONODROMY MECHANISM” IS AN EXAMPLE OF
INFLATION USING A NAMBU-GOLDSTONE BOSON OR
AXION.

ALTHOUGH F ITSELF IS SUB-PLANCKIAN, THE MANY
TRAVERSALS OF THE PATH LEAD TO A SUPER-
PLANCKIAN FIELD RANGE. SO ONE CAN CONSTRUCT
INFLATIONARY MODELS WHICH GIVE MEASURABLE
GRAVITATIONAL WAVES BY THIS MECHANISM.




IN A SPECIFIC EXAMPLE INVOLVING
COMPACTIFICATION ON THE ‘“NILMANIFOLD,’” ONE
FINDS

V(g) ~ ¢*/3

FOR THE POTENTIAL IN A SUITABLE FIELD RANGE.




2. A MORE BRUTE-FORCE IDEA, IS TO SIMPLY
UTILIZE MANY AXIONS EACH OF WHICH ENJOYS THE
SMALLER FIELD RANGE.

DIMOPOULOS, SK,
MCGREEVY, WACKER;
EASTHER, MCALLISTER

TYPICAL CALABI-YAU SPACES HAVE LARGE BETTI
NUMBERS, SO THEY DO GIVE RISE TO A LARGE

NUMBER OF AXIONS.

SUPPOSE:

> 1 (3(0a;)? — A*(1 — cos(ai/ f)))




SINCE THERE ARE N INDEPENDENT SHIFT
SYMMETRIES, THERE WILL BE NO CORRECTION TO
THE POTENTIAL OF THE FORM:

INSTEAD, ANY SYMMETRY BREAKING TERM
INVOLVING TWO DISTINCT AXIONS MUST SCALE LIKE

AdA4
ST

Y

AND SO SUCH TERMS ARE NEGLIGIBLY SMALL.




NOW NAIVELY, SINCE THE EQUATIONS OF MOTION
ARE

gicE g =

AND V IS BASICALLY THE SUM OF N INDEPENDENT
TERMS, ONE HAS:

GN(%)2%7 77”( f

Mp) i

N




THIS IS AN EXAMPLE OF ‘“ASSISTED INFLATION”; IT
IS RADIATIVELY STABLE ONLY BECAUSE OF THE N
INDEPENDENT SHIFT SYMMETRIES (OTHERWISE,
HAVING THE MULTIPLE FIELDS DOESN’T HELP).

LIDDLE, MAZUMDAR, SCHUNK;
KALOPER ET AL.

AT LARGE N, IT LOOKS LIKE GENERIC INITIAL
CONDTIONS LEAD TO:

(Aa)i 0 = Do(Aa;)? ~ N f*




SO IF ONE CAN REALIZE LARGE N AT THE SAME
TIME AS THE OTHER ASSUMPTIONS THAT GO INTO
WRITING DOWN THE STRINGY AXION POTENTIAL
(LARGE VOLUME, FIXED DECAY CONSTANTS, ETC.),
ONE CAN MAKE LARGE-FIELD INFLATION MODELS
THIS WAY.

THESE ASSUMPTIONS SEEM HARD TO REALIZE

CONCRETELY AT LARGE VOLUME, AND MAY REQUIRE
A CALABI-YAU WITH E.G. MANY CONIFOLDS.

GRIMM;
KALLOSH, SIVANANDAM,
SOROUSH

CONCEPTUAL PROBLEM:

THERE ARE N DEPENDENT RADIATIVE
CORRECTIONS IN QUANTUM GRAVITY.




T

THEN THERE IS AN UNCERTAINTY IN INFLATIONARY
PARAMETERS:

1 (M NA?
famiitinid fP)2 (1 7 16w27\}/1%)

THIS IMPLIES THAT JUST FOR SELF-CONSISTENCY,
ONE CAN TRUST THE MOST NAIVE ANALYSIS ONLY
UP TO A MAXIMAL VALUE OF N




AND A CONSEQUENT MAXIMAL VALUE OF THE
NUMBER OF E-FOLDINGS:

o M7
TR

N i~ N(_M%)2< g

THE REAL NUMBER IS SENSITIVE TO THE UV
CUTOFF. IN STRING THEORY, ACTUALLY, THE
LEADING N-DEPENDENT CORRECTION IS AN ALPHA’

CORRECTION:

Liop = My (Rio + ¢(3)(e)
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WE CAN FIND AN N-DEPENDENT CORRECTION TO
THE 4D EINSTEIN TERM, AND HENCE ESTIMATE THE
STRINGY ANSWER:

N2 — NAT v i X(M)C(S) ((%QSM]QD

1672 873

THEN WE FIND:

273 N
Ne < 3y (D]




SO ONE CAN, FOR A CALABI-YAU WITH A SUITABLE
TOPOLOGY THAT GIVES A CANCELLATION IN THE
EULER CHARACTER, POSSIBLY GET A SUFFICIENT

NUMBER OF E-FOLDINS.

OF COURSE, THIS “N-FLATION” MODEL IS ONLY

STRING MOTIVATED, NOT DERIVED IN ANY
PARTICULAR COMPACTIFICATION. (THE LARGE
NUMBER OF FIELDS INVOLVED MAKE THAT SEEM
VERY DIFFICULT IN PRACTICE IF NOT IN
PRINCIPLE).




Chaotic Inflation

— —

A on Nil manifolds

md2 (O) —  pronds
¥

N= 50 60
At e @ 3
N=50 (dash) @ m202 0| O -
N=60 (solid) @ _ ]
N=70 (dash-dot) N-flation m2¢° © | O
H

HZ

STRING MODELS NOW APPEAR ON THE PLOTS IN
PAPERS LIKE WMAP 5!




SUMMARY:

* MANY, MANY CLASSES OF MODELS HAVE BEEN
PROPOSED.

* SOME ARE APPROACHING ‘“RIGOROUS”
CONSTRUCTION (BY MODEL-BUILDING STANDARDS).

* MOST INTERESTING DEVELOPMENT: POSSIBLE
EXPERIMENTAL SIGNATURES! COSMIC STRINGS,
NON-GAUSSIANITY, TENSOR MODES,...

* IMMINENT PLANCK LAUNCH TOGETHER WITH THE
INHERENT UV SENSITIVITY OF THE SUBJECT,
PROMISE TO KEEP THIS AREA VIBRANT IN THE

FORSEEABLE FUTURE!




