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Aim:




Aim:

First I ask:




Aim:

First I ask:




Propose and constrain mechanisms for inflation in string theory.
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Derive inflaton action in string compactifications with stabilized modulii.
e.g. for D3-brane inflaton.

o
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Common approximation schemes often fail to incorporate relevant effects of
massive moduli.
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Derive inflaton action in string compactifications with stabilized modulii.
e.g. for D3-brane inflaton.

Common approximation schemes often fail to incorporate relevant effects of
massive modulii.

Study D-branes probing compact warped throats, where noncompact
approximations and AdS/CF T are applicable, and compactification effects
can be included systematically.
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Brief review of the problem.
|. Systematic method:

|.  Gravity side: leading solution to 10d equations of motion
ll. Gauge theory side: enumeration of contributing operators

lll. Implication: D7-brane superpotentials
source fluxes

|\V. Conclusions
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.
The problem




» Inflationary Lagrangian generically receives critical contributions
from A f:u 6 Planck-suppressed operators.
— Very generally, we expect confributions from integrating out massive degrees of
freedom fo which the inflaton couples.

— Thekey pointis that for inflation, even Planck-mass degrees of freedomare
important. Moreover, we know that some new degrees of freedom must appear
at (or well below) the Planck scale.
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» Inflationary Lagrangian generically receives critical contributions
from A 5 6 Planck-suppressed operators.
— Very generally, we expect coniributions from integrating out massive degrees of
freedom to which the inflaton couples.

— Thekey pointis that for inflation, even Planck-mass degrees of freedom are

important. Moreover, we know that some new degrees of freedom must appear
at (or well below) the Planck scale.

— One important contribution:

qu
M,

Vo>V+—V=>0m,=6H =>dn=2 n=_—F5<1

» Problem persists even for small-field, low-scale inflation.

» Clear in effective field theory; comoborated by essentially all string
inflation models.
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Options for dealing with the sensitivity
to Planck-scale physics.
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l. Invoke a symmetry strong enough to forbid all such

contributions.
* |Le,, forbid the inflaton from coupling to massive d.o.f.

Freese. Frieman. Olinto &

Kallosh. Hsu, Prokushkin ©4

Dimopoulos. Kachru, McGreevy, Wacker 05
Conlon & Quevedo -

L.M._, Silverstein, Wesiphal O

[l. Enumerate all relevant contributions and determine

whether fine-tuned inflation can occur.
* |Le., amrange for cancellations.

Baumann. Dymarsky. Klebanov. L M_. 07:
Haack. Kallosh. Krause, Linde, Lust, Zagermann, 08;
Baumann, Dymarsky, Kachru, Klebanov, L M., 08
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» |In stning inflation, the Planck-suppressed contributions take varnous
forms (string loop and o’ corrections, both perturbative and nonperturbative; Euclidean
D-brane confributions; backreaction effecis; ...)

« |n practice, most of these contributions may be understood as arising
from integrating out massive moduli.

- Knowing (and controlling) the inflaton potential therefore requires
detailed information about moduli stabilization, 1.e_, one needs the full
effective action in a stabilized vacuum.

« This talk: use AdS/CFT to systematically enumerate these
compactification effects.
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» Inflation is highly compelling.
« Sensitivity to Planck-scale physics provides a rare
opportunity to probe processes at high energies.

» Inflation in string theory provides added value

— New mechanisms (e.g. DBlI, monodromy)

— Constraints on parameters (e.g. tensors in some classes of models
but not in others)

— Framework for dealing with Planck-sensitive problems
.... but only if done carefully enough to expose the novel
content.
— In particular, requires rather thorough dimensional reduction.

« Therefore, we should study one or more models for long
enough to get everything right!

rrsao0s00s0—  Jo-prane inflation is well-studied and admits a large toolkit. ..o
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» Focus on a D3-brane in a warped throat.

« Determine form of D3-brane potential, including all
relevant contributions.
« Concretely, | will compute the potential for a D3-brane in

a compact Klebanov-Strassler throat attached to a
general bulk whose Kahler moduli are assumed to be

stabilized nonperturbatively.

» In practice, will use Klebanov-Witten SCFT for most of
the computation.

» Result leads to interesting ten-dimensional perspective
on nonperturbative effects.
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warped throat
(e.g. Klebanov-Strassler

CY onentifold, with
“ ,ﬂux

§

es and nonperturbative W
(KKLT 2003)
D3-brane warped throat gives:
- weak Coulomb potential
conirol of energy scales
(3"'1 )d explicit local geometry
anti-D3-brane dual CFT
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Specifically, what is the leading effect of moduli stabilization on
the potential for a D3-brane in a throat?
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D3-branes in flux compactifications




D3-branes in flux compactifications




D3-branes in flux compactifications




D3-branes in flux compactifications




D3-branes in flux compactifications




ds? — 24 gwd:zr”dx"’ 1 e 240) ”-mn(y)dy”‘dy”

Fs = (1 +*10) [da(y) A d2® A dz' A d2? A d2’]

V=T;0_Eld, =¢"+o

ISD solutions:

D3-branes fee
but

G - @ G = (i £x6)G3

no potential in ISD solutions (‘no-scale’),

nonperturbative stabilization of Kahler moduli will spail this.
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D3-branes in KKLT compactifications

W= f CanQ+AWe™. K =—3log(p+5—k(y.D)




- - -

For generic A(y), solutions to D, IV = D,I1" =0

l.e., supersymmetric D3-brane vacua, are isolated. But
where are they, and what is the potential in between?

ED3/D7-branes

responsible for
Kahler moduli o’
stabrifization DeWolfe | M. Shiu & Underwood hep-th/0703088




» Compute A(y) in a special case.

Berg. Haack. Kors, hep-th/0404087
Baumann, Dymarsky, Klebanov, Maldacena, L M.. & Murugan, hep-th/0607050.

» Characterize the structure of the potential more generally.
Baumann, Dymarsky, Kachru, Kiebanov, & L. M., 0808 2811.
Baumann., Dymarsky. Kachru. Klebanov. & L M., in preparation.

Today: understand the leading term both ways.
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Clearly hard to compute in full generality.
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Clearly hard to compute in full generality.

Idea: for a D3-brane well inside a warped throat, leading effects captured
by structure of throat + some information about boundary conditions in UV.

Intuitive in CFI: leading terms in the potential on the Coulomb branch
captured by perturbations by the handful of most relevant operators.
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1.
The potential in 10D supergravity




A Simple |dea

b =M xa
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The D3-brane potential comes from ®_alone. So we are
iInterested in the profile of @ ..

Arbitrary compactification effects can be represented by
specifying boundary conditions for ®@_in the UV of the
throat, 1.e. by allowing arbitrary non-normalizable ©_
profiles.
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The D3-brane potential comes from ®_alone. So we are
interested in the profile of @ ..

Arbitrary compactification effects can be represented by
specifying boundary conditions for ®@_in the UV of the
throat, 1.e. by allowing arbitrary non-normalizable ©_
profiles. -
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The warped geometry filiers the compacitification XA ZHEBEB KRR

effects; in gauge theory variables,

AY
V(A) < Zc( - }

i
The leading contributions are those that diminish
least rapidly towards the IR, i.e. the most
relevant operators in the gauge theory.

By determining the specirum of dimensions \; we 2 | ),
can extract the leading terms in the potential. = 5 .

V(r)= Z cr ' [ (D) i
I_ _

O peinn s =
Pirsa: 09050050 Page 38/92 -
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Consider linearized ®_ perturbations around a finite-length KS
throat, which we approximate by AdS; x T'-1.

) . ) o . s O ) : o) 9
ds® = h=/*n,, dz"dz” + h'/*(dr® 4+ r°dss..1)

27rg, "

45" -

h(r) =

In general, many other modes are turned on, but at the linear
level they do not couple to D3-branes.
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EOM linearized around ISD compactifications




EOM linearized around ISD compactifications

8A+o

24

€

IGL|? + e *4|V®L|? + local

V2o, —
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Linearization around ISD compactifications
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Linearization around ISD compacitifications
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Linearization around ISD compactifications




Linearization around ISD compactifications
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Solution:




Solution:




What are the lowest modes?




Solution:




What are the lowest modes?




i S e e el — N

We've found the leading contributions from the
nomogeneous solution for @,

3/2 2
Fle)c. ¥ tcr

I.e. ignoring IASD flux as a source In
SA+o

€ ~ |2
2 G4

Vo, =

We should check this.
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EBA+0

~ |2
1 1G=]

We should solve V2P, —
incorporating a source.

- A
To do this. one of us (A.Dymarsky) € — ;r LCE]

finds the spectrum of G turns on a generai G
background, and extracts the leading term in @©._.
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We should solve
incorporating a source.

§2<I>_|__ —

RA4+o

e
24

To do this, one of us (A.Dymarsky)

finds the spectrum of G turns on a generai G
background, and extracts the leading term in @._.

jef
4 &

G_= Zrlfl(‘f’)

Result:

=

V(r)=ter we,r ...

So the leading term In the D3-brane potential comes from

IASD flux.
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We should solve V2o, —
incorporating a source.

-~ A
To do this. one of us (A.Dymarsky) G = ;" f,(F)

finds the spectrum of G turns on a generai G
background, and extracts the leading term in @._.
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Solution:




Linearization around ISD compactifications

e — . s = o e e

S o . - SRR S imtecoen T e e S _a:-}.?:!ai"" et P LEEOT S .-'.-:'_ﬁ.‘.-':'-.-t‘llﬂ-":::E = o
.: - | - . T - Th 3 { N e a 1
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= X & L =
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Solution:




Solution:
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We should solve V2P, —
incorporating a source.

o A
To do this. one of us (A.Dymarsky) G = ;" f,(Y)

finds the spectrum of G turns on a generai G
background, and extracts the leading term in @._.
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We should solve
Incorporating a source.

%2‘21)_,__ —

—

SAd4+o

e
24

To do this, one of us (A.Dymarsky)

finds the spectrum of G turns on a generai G
background, and extracts the leading term in @©._.

Result:

=

V(r)erH+ c;,_r2

j&. )
=

G_= Zrlfl(‘lj)

So the leading term In the D3-brane potential comes from

IASD flux.
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Recap: after solving vV ®= = IGT|‘
with a general G background, the D3-brane potential is

V(r)= cr +c, 1" +cr -

/////’“\ A

supported by (G from homogeneous solution

So the D3-brane potential originates in UV perturbatlons of
(+ and @ .

™ - e ——
e

For a better understanding, let's try DR - S
@mother perspective. |
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The potential in the dual gauge theory
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Normalizable perturbations in supergravity correspond to
perturbations of the state of the dual CFT. These IR
contributions typically decouple from the
compactification, and hence are easily included.

o(N=ar*+pr

Non-normalizable perturbations in supergravity correspond
to perturbations of the Lagrangian of the dual CFT.
These UV contributions originate in the compact region.

Maldacena,
Gubser, Klebanov, & Polyakov,
Witten.
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Arbitrary compactification effects can be represented by
incorporating arbitrary perturbations of the CFT Lagrangian,
including coupling it to 4D gravity and to hidden sector
degrees of freedom.




= - — - —_
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Arbitrary compactification effects can be represented by
incorporating arbitrary perturbations of the CFT Lagrangian,

including coupling it to 4D gravity and to hidden sector
degrees of freedom.

Lo+ 0L = / d?0d%0 (K, 4+ 0K) + / 20 (Wy 4+ OW) + h.c.

SK=) cO,  W=)do™™

(In general, these operators may involve 4D curvature or
hidden sector fields.)
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Arbitrary compactification effects can be represented by
incorporating arbitrary perturbations of the CFT Lagrangian,
including coupling it to 4D gravity and to hidden sector
degrees of freedom.

Lo+ 0L = / ’0d%0 (Ko + 0K) + / 20 (Wy 4+ W) + h.c.

SK=) cO,  W=)do™

The RG flow filters these effects; the leading contributions are
those that diminish least rapidly towards the IR, i.e. the most
relevant contributions.

The structure of the potential on the Coulomb branch is therefore
“determined by the lowest-dimension operators in the CF1.




Concrete example,CFT side




Concrete example,CFT side

Or =Tr(A® By, AB;, ... A By, ) +cc.

03/2 =¥ (AEBJ) - E-C.



Leading perturbations, CFT side

aL— / d*0 Tr(AB) + h.c.




Leading perturbations, CFT side

s — / d’0 Tr(AB) + h.c.
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» We have understood the leading (r') term in the D3-brane

potential in two ways: Y oSAto
— In 10D supergravity, via a solution of TE([): = — |G-: I:z
supported by IASD G-flux. 24

— Inthe dual CF T, as the lowest-dimension perturbation to the
superpotential. o
) ) / d G Irx({AB) + he

» We have one more perspective to try: 4D supergravity.
We can try to compute A(y) and plug into

W = / Gy ANQ+ Aly)e ™. K=-3 ln}_’;(_;} +p—kly. ;}a)
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Normalizable perturbations in supergravity correspond to
perturbations of the state of the dual CFT. These IR
contributions typically decouple from the
compactification, and hence are easily included.

o(N=ar*+pr

Non-normalizable perturbations in supergravity correspond
to perturbations of the Lagrangian of the dual CFT.
These UV contributions originate in the compact region.

Maldacena,
Gubser, Klebanov, & Polyakov,
Witten.
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E"‘ o

Recap: after solving V @+ = 1Gv|‘
with a general G background, the D3-brane potential is

V(r)= cr e +cr +.

P s T A

supported by G #0 from homogeneous solution

So the D3-brane potential originates in UV perturbatlons of
(G and @ .

-H-H"'\-\.,\_ __ -'_‘_‘_‘-\_l-'-'--'.
e

For a better understanding, let's try -
@mother perspective. |




Leading perturbations, CFT side

gL — / d*0 Tr(AB) + h.c.




D3-brane is a source for a perturbation of the warped metric.

It corrects the warped volume of the four-cycle =, and hence
corrects the nonperturbative superpotential.

Wy =exp(~T, V")
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« We have understood the leading (r') term in the D3-brane

potential in two ways: N pSA+o
— In 10D supergravity, via a solution of Tjs:[): = — |Gi: I:z
supporied by IASD G-flux. 21

— Inthe dual CFT, as the lowest-dimension perturbation to the
superpotential. =
VL = / ¢ P (AR + h e

» We have one more perspective to try: 4D supergravity.
We can try to compute A(y) and plug into

W — / Gy AQ+ A(y)e™™. K—4 1”?3;(1*_1?7_ Ay. 5")
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D3-brane is a source for a perturbation of the warped metric.

It corrects the warped volume of the four-cycle =, and hence
corrects the nonperturbative superpotential.
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« We have understood the leading (r') term in the D3-brane

potential in two ways: -~ FEese
— In 10D supergravity, via a solution of T?TI): —— |GI|‘3
supported by IASD G-flux. 24

— Inthe dual CF T, as the lowest-dimension perturbation to the
superpotential. -
o — / ddIr(AB) + he

 We have one more perspective to try: 4D supergravity.
We can try to compute A(y) and plug into

B / Gy N\NQ+ A(y)e ™. K—3 1“?—2(!’ +p — k(Y. -5'!)
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| =1

D3-brane is a source for a perturbation of the warped metric.

It corrects the warped volume of the four-cycle £, and hence
corrects the nonperturbative superpotential.

irsa: 09050050 W\‘P — exp( _]; IE‘:‘ ) Page 79/92




Result for a general warped throat




Kuperstein, f(ZI) =z, — U
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Kupersiein.
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f@)=z-n

_— IGA Q+ A4 f(z) e™

¥

1 / | - --” —ap
erzj.GAQTJ%{_._—;H e

K =-3log(p+ p —k(z,.Z,) + const.)
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Kuperstein, f(::) = Z —ﬂ\
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Weer = [ GAQE A, f (Y ™

¥

WKECEI :J.GAQ+AO{:'__,H ";-'-' e_ﬂﬂ

K =-3log(p + p —k(z,.z,) + const.)|
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« We have understood the leading (r') term in the D3-brane
potential in three ways: _ SBAEo
— In 10D supergravity, via a solution of T*!(I): —
supported by IASD G-flux.

|CT |‘.?.
L =

— Inthe dual CF T, as the lowest-dimension perturbation to the
superpotential. -
oL — / 9 Tr(AB) + h.c.

— In 4D supergravity, as the leading correction to the nonperturbative

superpotential.
W= IGA--—A (z —,u) ¥ e

* Numerous cross-checks from these three perspectives.
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Kuperstein. f(:;) = ,U

.W :IGA Q—%—AO._,:‘“ = ,:."e—ﬂ;i'e

¥

- =J.GAQ.‘.—AG{:._ — gy e™

K =3log(p+p—k(z.z) :—con*sf.)? ~

/e e ‘
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» We have understood the leading (r') term in the D3-brane

potential in three ways: Shrs
; - : By € D)
— In 10D supergravity, via a solutonof Y ~-®. = — G|
supported by IASD G-flux. 24

— Inthe dual CFT, as the lowest-dimension perturbation to the

tential. 2
superpotentia £ / d 0t AR - he

— In 4D supergravity, as the leading correction to the nonperturbative

superpotential. ay
W =[GAQ+4,(z,—p)y™ e

* Numerous cross-checks from these three perspectives.
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Phenomenology:
Inflection point inflation




Q. What sources the IASD flux?
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D3-brane at position y backreacts on
geomeiry, corrects D7-brane volume,
hence W=W(y).

D3-brane potential computed via 4D
N=1 data: K W(y).
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Something sources G,,. Thisisin
turn a source In

— eSAre __ N
Vo, = 21 G|

Potential of probe D3-brane is then
computed via 10D supergravity:
V¥=—h%
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D3-brane at position y backreacts on
geometry, corrects D7-brane volume,

hence W=W(y).

D3-brane potential computed via 4D
N=1 data: K W(y).
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Something sources G,,. Thisisin
turn a source in ’

V2o, = ——|G.P

24
Potential of probe D3-brane is then
computed via 10D supergravity:
V=—Th&
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W~T=Ao§(:)““e“’”=eXp(—f”] Jor < 272p —log g(z,)

superspace completion:

|d*0 W W, =(27p—log g(z))F*F,, + Fyi°2,

auxiliary component: ’ F « C_I'gs—lB!

Implies a gaugino coupling:

(C-ig;'B) 2“2,
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- We have a systematic approach to computing the structure of
the inflaton potential in warped brane inflation.

» Method: consider generic perturbations of ultraviolet region,
and focus on most relevant terms.

« Equivalently, perturb dual CFT by most relevant operators.

» Our approach reproduces, extends, and simplifies the results
of direct computation of W from wrapped D7-branes.

« We capture general effects of compactification, provided that
the D3-brane is far from the top and from the tip.

» Leading effect comes from IASD flux sourced by D7-brane
superpotential.

» Phenomenology: inflection-point inflation.




