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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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WOULD BE A GOOD THING.

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.




l.E., IF A QUANTUM CORRECTION INDUCES A SMALL
SHIFT TO THE POTENTIAL OF THE FORM:

THEREFORE, ONE MUST UNDERSTAND ALL OF
THE POSSIBLE CONTRIBUTIONS TO THE POTENTIAL
TO A VERY HIGH DEGREE OF ACCURACY, TO
DISCUSS INFLATIONARY MODEL BUILDING IN A
REASONABLE WAY.




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 THIS TALK, WE DISCUSS IN DETAIL ONE WAY
THAT PEOPLE HAVE TRIED TO CONSTRUCT MODELS
WHERE THE RELEVANT EFFECTS CAN BE
UNDERSTOOD IN DETAIL AND, POTENTIALLY,
COMPUTED IN A VERY WIDE CLASS OF STRING
THEORY COMPACTIFICATIONS.

HAPPILY, THESE MODELS OR THEIR CLOSE
RELATIVES ALSO HAVE POTENTIAL STRIKING
OBSERVABLE SIGNATURES (LOW-TENSION COSMIC
STRING NETWORKS; NON-GAUSSIANITY).




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:
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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.




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: S KL e .

MALDACENA, MCALLISTER, TRIVEDI

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

V(r) = 27528 (1

WHERE:

IS THE ANTI-D LOCATION (END OF THROAT)

IS THE D BRANE LOCATION (INFLATON)

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. S.K., KALLOSH,

LINDE, TRIVEDI

* 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)
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EXPANDING ABOUT SOME VACUUM FOR /P

Yomn=r-Y/5 (14—04@%—...).
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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

II1l. HOLOGRAPHIC SYSTEMATICS

SO FAR, WE HAVE WRITTEN THE D3-BRANE
POTENTIAL IN THE THROAT AS:

VI(®) = Vpsp3(0) + H*¢?

* THE FIRST TERM INCLUDES THE BRANE TENSIONS
AND THE COULOMB ATTRACTION TO THE ANTI-D3




* THE SECOND TERM H?¢? ARISES FROM THE
MINIMAL EFFECT OF STABILIZING THE VOLUME OF
THE EXTRA DIMENSIONS, AS WE JUST DESCRIBED.

BUT THE TRUE FORMULA FOR V SHOULD LOOK LIKE
THIS:

V =Vpsps + H¢* + AV

WHERE THE LAST TERM INCLUDES ALL OF THE
CORRECTIONS TO THE POTENTIAL THAT COME FROM
EMBEDDING THE SYSTEM INTO A COMPACT CALABI-

YAU SPACE.




HoOw ON EARTH CAN WE ESTIMATE THE EFFECTS
THAT CONTRIBUTE TO SOMETHING SO GENERAL?

D3-brane

WE KNOW THE EXPLICIT SOLUTION FOR THE
WARPED THROAT REGION. SUCH A REGION COULD
ARISE (AND RATHER FREQUENTLY DOES) AS PART
OF MANY DISTINCT COMPACT CALABI-YAU SPACES
WITH DIFFERENT BULK FLUXES, BRANE CONTENTS,

ETC.




THERE IS A COMPLETELY SYSTEMATIC WAY TO
ESTIMATE THE LEADING CORRECTIONS TO THE
THROAT SOLUTION!

WE’LL FIRST DESCRIBE THIS IN THE THROAT

GRAVITY SOLUTION, THEN USE ADS/CFT DUALITY
TO DESCRIBE IT IN A DUAL GAUGE THEORY.

A. THE PERTURBED THROAT GEOMETRY

THE TYPE IIB STRING THEORY HAS A METRIC
AND VARIOUS P-FORM ANTISYMMETRIC TENSOR
FIELDS (GENERALIZED GAUGE FIELDS).




HOWEVER, THE DIRAC-BORN-INFELD ACTION OF A
D3-BRANE MOVING IN A IIB BACKGROUND COUPLES
TO A VERY SPECIFIC COMBINATION OF BACKGROUND

FIELDS AS A POTENTIAL. IF:

ds® = e**(y)guvdatdz” + €= (y)Gmn (y)dy " dy"

(WHERE THE UNWARPED COMPACT METRIC IS

CALABI-YAU) AND IF THE 5-FORM FIELD STRENGTH
Fs = (1 + x10)[da(y) Adz’ Adx Adz® A dz”]

THEN THE D3-BRANE ‘“SEES” A POTENTIAL:

Vas—c |5 (64A—Oé)




SO, WE NEED TO UNDERSTAND THE LEADING
POSSIBLE PERTURBATIONS TO THE OBJECT

b =it _

INDUCED BY COUPLING THE THROAT TO A COMPACT
CALABI-YAU GEOMETRY.

[NOTE THAT E.G. THE POTENTIAL ATTRACTING THE
D3 TO THE ANTI-D3 CAN BE UNDERSTOOD IN THIS
LANGUAGE AS WELL; WE WILL NOT GO THROUGH
THAT EXERCISE HERE.]

DEWOLFE, S.K.,
MULLIGAN




OUR LEADING-ORDER THROAT SOLUTION INVOLVES
COMPACTIFICATION ON THE CALABI-YAU CONE OVER
&1
ke LUCKILY, THE KK HARMONICS OF THE

®_ FIELD ON THIS SPACE HAVE BEEN SOLVED FOR
BY CERESOLE, DALL’AGATA, D’AURIA AND

FERRARA.

THEIR RESULTS (AFTER SOME MASSAGING) YIELD:

A(L)
) YLM(\I/) S g

WHERE L =( LABEL

SU(2) x SU(2) xU(l) GLOBAL QUANTUM NUMBERS
UNDER THE ISOMETRIES oF 71l (aND W

REPRESENTS THE 5 ANGULAR VARIABLES THERE).




THE DELTA VALUES THAT APPEAR ARE:

= -2+ \/6[J1(J1 + 1)+ Jo(Jo+1) — R2/8} + 45

AND GROUP-THEORETIC SELECTION RULES
RESTRICT WHICH QUANTUM NUMBERS ARE
ALLOWED.

THIS ALL LOOKS COMPLICATED BUT THE UPSHOT IS
VERY SIMPLE.

* THE LOWEST EIGENVALUES THAT ARE ALLOWED
BY SELECTION RULES HAVE

B oo 00 (R0 N = 2 DD




SO, THERE ARE TWO CASES TO CONSIDER:

“FRACTIONAL” CASE:

A = 3/2 perturbation present
B~ (G

“QUADRATIC” CASE:
A = 2 is leading perturbation present

0 (1)~ ((T;V)M...)

OBVIOUSLY, THE FIRST CASE IS GENERIC.
HOWEVER, THE SECOND POSSIBILITY IS ALSO
QUITE REALISTIC, BECAUSE UNBROKEN GLOBAL
SYMMETRIES OF THE FULL COMPACT MANIFOLD
CAN FORBID THE FRACTIONAL CASE.




THE PHENOMENOLOGY IN THESE TWO CASES IS
VERY DIFFERENT.

IN THE “FRACTIONAL’” CASE, ONE NEEDS TO
INFLATE IN A POTENTIAL OF THE FORM:

1—|—1(i>2—632< ¢ )3/2
3 \ My R

TO OBTAIN INFLATION, ONE NEEDS TO INFLATE
NEAR AN INFLECTION POINT.

S




THIS IS VERY SIMILAR TO MODELS THAT WERE
STUDIED IN THE VERY SPECIFIC CASE THAT D7-
BRANES (GENERATING NON-PERTURBATIVE
CORRECTIONS TO THE POTENTIAL) STRETCHED
DOWN THE THROAT:

bulk CY

BAUMANN, DYMARSKY,
KLEBANOV, MCALLISTER,

STEINHARDT;
KRAUSE, PAJER

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.

HOWEVER WE HAVE SEEN THAT THE FORM OF THE
POTENTIAL IS GENERIC (EVEN WITHOUT D7S IN THE
THROAT).




THE TUNING REQUIRED TO GET AN INFLECTION
POINT IN THE REGIME WHERE ONE TRUSTS THE
THROAT GEOMETRY LOOKS MILD, (’)(

1
100

IN THE ‘“QUADRATIC” CASE, THINGS ARE RATHER
DIFFERENT.

ONE TRIES TO TUNE 3 <1 TO ACHIEVE

INFLATION. THIS WAS THE ORIGINAL CLASS OF
WARPED MODELS; THE PHENOMENOLOGY WAS
STUDED IN DETAIL BY FIROUZJAHI AND TYE.




IN BOTH CLASSES OF MODELS, ONE CAN OBTAIN A
RED SPECTRUM WITH VERY SMALL TENSOR MODES
EASILY. COSMIC STRINGS MAY BE PRESENT, WITH

10_12 < GNM < 10_8 SARANGI, TYE;

COPELAND, MYERS, POLCHINSKI

B. DUAL GAUGE THEORY PERSPECTIVE

FOR THE EXPERTS, | BRIEFLY DESCRIBE WHY THESE
RESULTS ARE OBVIOUS FROM THE PERSPECTIVE OF
THE DUAL GAUGE THEORY.




STRING THEORY ON THE CONICAL GEOMETRY WE
STUDIED, IS DUAL TO AN N=1 SUPERSYMMETRIC
GAUGE THEORY WITH

S TECNEhiand RN

GAUGE GROUP, AND BI-FUNDAMENTAL MATTER
FIELDS

Ai9,B12

GOVERNED BY A SUPERPOTENTIAL:

KLEBANOV,

= héijéklAinAjBl WITRES




THE LEADING PERTURBATIONS WHEN WE COUPLE
THE THROAT TO A COMPACT CALABI-YAU ARE GOING
TO BE OPERATORS OF THE FORM:

AIC:c/d49 Mz B AEO) AVe—c = F O

A FEW LINES OF ARGUMENT SUGGESTS THAT IN
KKLT-TYPE MODELS, THE SCALE OF BULK F-TERMS
THEN GIVES EFFECTS OF THE SIZE WE MENTIONED,

FOR THE SPECIFIC CASES:

“FRACTIONAL,,: 03/2 = TI' (AZBJ) 4+ c.c. .

C“QUADRATIC”?: 0,= Tr(A4) , Tr(44),




| WOULD LIKE TO CLOSE BY STRESSING THREE
IMPORTANT POINTS:

I) THE QUADRATIC OPERATORS (IN THIS CASE) ARE
LOWEST COMPONENTS OF SYMMETRY CURRENTS OF
THE THROAT. THAT IS WHY THEIR DIMENSION IS
PROTECTED AND STAYS AT 2 EVEN AT STRONG
COUPLING. SUCH CURRENTS ARE PRESENT IN ALL
OF THE KNOWN THROATS, THOUGH THERE COULD
WELL BE THROATS WITHOUT THEM THAT WE
HAVEN’T WRITTEN DOWN YET.

I1) THE FRACTIONAL OPERATOR IS EASILY
FORBIDDEN BY A DISCRETE SYMMETRY, E.G.

Ai == _Ai




IT IS EASY TO FIND COMPACT CALABI-YAU SPACES
WITH A CONIFOLD THROAT THAT WOULD PRESERVE
THIS SYMMETRY; INFLATION IN THESE CASES
WOULD FALL INTO THE QUADRATIC CASE.

I11) OUR ANALYSIS IMMEDIATELY GENERALIZES TO
INFINITE CLASSES OF THROAT GEOMETRIES, GIVEN
SUFFICIENT INFORMATION ABOUT THE KK
SPECTRUM. FOR INSTANCE, AS WE DISCUSS IN THE
PAPER, WE EXPECT THE FULL INFINITE CLASS OF

Y P4 CONES FALLS INTO THE QUADRATIC CASE.

(I SAY “EXPECT” BECAUSE THIS RELIES ON THE
ASSUMPTION THAT NO UN-PROTECTED

NON-CHIRAL OPERATORS HAVE A < 2).




