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Abstract: We present a ssimple mechanism for obtaining large-field inflation, and hence a gravitational wave signature, from string theory
compactified on twisted tori. For Nil manifolds, we obtain a leading inflationary potential proportiona to phi®(2/3) in terms of the canonically
normalized field phi, yielding predictions for the tilt of the power spectrum and the tensor-to-scalar ratio, $n_sapprox 0.98% and $rapprox 0.04$ with
60 e-foldings of inflation; we note also the possibility of avariant with a candidate inflaton potential proportional to phi”(2/5). The basic mechanism
involved in extending the field range -- monodromy in D-branes as they move in circles on the manifold -- arises in a more general class of
compactifications, though our methods for controlling the corrections to the slow-roll parameters require additional symmetries.
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Monodromy in the CMB:
Gravity Waves and String Inflation
... the (not fully) closed story ...

Alexander Westphal
Stanford University
(work in progress)

in collaboration with
[.iam McAllister & Eva Silverstein
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* several lIB attempts in recent years ...
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* several |IB attempts in recent years ...

® position of moving D-branes as inflaton:
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e.g. realized in the D3-antiD3-brane model
[KKLMMT ‘03], the D3-D7 model [Dasgupta et al.‘02], OF
in DBl-inflation [Alishahiha, Silverstein & Tong‘04] ...
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several lIB attempts in recent years ...

position of moving D-branes as inflaton:
e.g. realized in the D3-antiD3-brane model
[KKLMMT ‘03], the D3-D7 model [Dasgupta et al.‘02], OF
in DBI-inflation [Alishahiha, Silverstein & Tong‘04] ...

Modular inflation driven by Kahler moduli
[Blanco-Pillado et al. '04/’06, AWV '05, Conlon & Quevedo '05, Bond

et al. ‘06, Linde & AW ‘07] ... e
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* most |IB models are small-field models, driving
inflation near a saddle or inflection point of the

potential:
[Blanco-Pillado et al. '04/’06, AW '05,Conlon & Quevedo '05, Bond et al.’06,
Baumann et al. 07, Krause et al.’07, Linde & AW '07 ...]

* thus no gravity waves due to Lyth bound:

Pr 50\ Ao -
= i— 9 Kk s
r= 20 < 0003 (N) (MP)

however, see multiply wrapped-branes proposals,

which failed because of excessive back-reaction at ¢ ~ Mp:
[Becker et al. 07, Kobayashi et al. ’07, Huston et al.'08]
® Trecent progress.
monodromies in [lA on Nil manifolds (£ siiversteins taik]
oo @xtension of Kahler moduli inflation [rlks by Quevedo & Cress]



* We would like to use monodromies in closed string
moduli space on warped CYs in [IB

* motivations: important class of examples with

Calabi-Yau 3-fol

Turn on fluxes

B B | s e e \

H; =K
B

A

"“Cvcle B
Stack of coincident
D3-branes atr ~0

tack of N D7-branes
wrapping a 4-cycle Page 8/45

fixes dilaton S & comblex structures [; [GKP‘0Il]

gives warped geometry
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wondrowies in IIB Kahler moduli space

* simple lIB-monodromy on a CY: B2 or

h= fzz BYS or ¢ = JE_ (5" on a 2-cycle X5 wrapped by a 5-brane,

b and c are part of the N = 2 Kéahler moduli multiplets

— gimilar to monodromies of mirror-dual CY-pairs

around the large complex structure point [e.g. Candelas et al. ‘91]

* explicitly visible: wrap a D5-brane on 2-cycle

breaks
1 : perturbative shi
D5 _ 6
Sper = — (27)8gsa’3 /M4><Ez d°¢+/det(G + B) symmetry in B
1 ,- " stmilarlyv; NSS-
_ e/ —a \/L“l 12 similarly; N
(2m)*gsa’? / o =2 brane breaks (5
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shift symmetry



* possible realization:

C? /Z> orbifold. local model to be glued onto a GKP-style warped C'Y

has A" = 4 SUSY broken to " = 2 at fix points
wrap D5 on shrunken blow-up orbifold 2-cvcle. turn on B> there

described by a gauge group quiver - T-dual to a D4
stretched between 2 NS5’s along a circle in [IA:

[ " D4-brane

' NSS
1
irsa: 08060140 i
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shift symmetry



* possible realization:

C-= /Z> orbifold. local model to be glued onto a GKP-style warped CY

has A" = 4 SUSY broken to \N" = 2 at fix points

wrap D5 on shrunken blow-up orbifold 2-cvcle. turn on B> there

described by a gauge group quiver - T-dual to a D4
stretched between 2 NS5’s along a circle in lIA:

/ " D4-brane

' NS5
I
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* alternative: wrap an NS5 with C; on 2-cycle
D5-brane is a BPS-state
S-cdluality thus links D5- and NS5-tension. implving:

for B>. (% large

I:z_‘)-j ~ f) = ‘i\ﬁq = A

* thus kinematically unbounded field range - but
limited dynamically:

Vs Nss < Unmod » Umod Scale of moduli potential
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* alternative: wrap an NS5 with C; on 2-cycle
D5-brane is a BPS-state
S-cdluality thus links D5- and NS5-tension. implving:

for B>. (% large

l'}_j-, s { ) = {"_\f s A

=

* thus kinematically unbounded field range - but
limited dynamically:

Vipe wae = Uhypi . scale of moduli potential
\ make GU'T scale

for op/p

irsa: 08060140 Page 14/45






* alternative: wrap an NS5 with C; on 2-cycle
D5-brane is a BPS-state
S-cluality thus links D5- and NS5-tension. implyving:

for B>, (5 large
Vps ~b = Vygs~c

* thus kinematically unbounded field range - but
limited dynamically:

Vi vee & Uosod . scale of moduli potential
/ \ make GU'T scale

warp J-brane tenson down for op/p
Peplacing 1t down a throart page 16145



* alternative: wrap an NS5 with C; on 2-cycle
D5-brane is a BPS-state
S-cluality thus links D5- and NS5-tension. implyving:

for B>, (5 large

I'D'i ~ f} — ‘:\,*55 i

* thus kinematically unbounded field range - but
limited dynamically:

Vs vss < Unmod _ scale of moduli potential
/ \ make GU'T scale

warp J-brane tenson down for op/p
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ala n-problews for B2 as the inflaten ...
strueture of 4d N=1 wwitiplets peses a problew:

OT7-orientifold splits 4d A" = 2 Kahler moduli into chiral multiplets

il

Th4g : :
T,=2% ) [ yCs and G*=Y e
=

gs s

superpotential depends through instantons holomorphically on 7, ., G?

le.g. Grimm 07|, thus stabilizes the fields T,, and G® separately

“ w * case: even-odd mrtersection

one field 7', one field G number: Ktgg

then the Einstein frame Calabi-Yau volu?! Vg is:

Ve ~ [T +T —Rgs(G+ G romme



ais n-problews for B2 as the inflaten ...

i Eilnsteie frame, the 19-brane inflaton potential
seales as:

_ gs 4
B [T + T — 459562]9/2 \/LEE \ad

aXpaiadiieg This potemntial i b gives thew a KKLMMT
likke 1-problows for b ..
- mmmm

C]f G’E C1 loop

® Kahler stabilization on a CY: AK ~ 1/3
o E VE = depend potentially on Vg
e power-law stabilization on non-CY: - toad of T. €. thus avoi
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= Riemann surfaces, Nil manifolds ding the above n-problem
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= Riemann surfaces, Nil manifolds ding the above n-problem



als n-problews for B2 as the inflaten ...

i Eilnstein frame, the 19-brane inflaton potential
scales as:

VDs

_ 9s 4
B [T + T — 4&9562] 92 \/LEE i

aXpaiadieg This potential i b gives thew a KKLMMT
like 1 -problows for b ..
= MMWM

D‘f Cf C1 loop

Ve 2 V4f3

® Kahler stabilization on a CY: AK ~

depend potentially on Vg
.pDWEI'-l&W StabﬂJZHtIOH on HOH_CY' instead of T, G. thus avoi-
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= Riemann surfaces, Nil manifolds ding the above p-problem



way out: use €2 on 2 NS5-brame ...

* shift symmetry in C2 preserved in tree-level K
but dangerous:

F D1 instantons
FE D3 instantons with dissolved D1-branes

gives dangerous cos(c)-dependences in potential

these may be absent, as argued by [Witten ‘95; Grimm ‘07]

partly understand, but work in progress still, given that in the

presence of fluxes the zero mode counting of instantons may change
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als n-problews for B2 as the inflaten ...

il Einsteile frame, the 15-brane inflaton potential
seales as:

_ s 4
B [T + T — 4&9562]9/2 \/LEQ e

axpaidineg this potewtial i b gives thew a KKLMMT
like n-problows for b ...
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= Riemann surfaces, Nil manifolds ding the above p-problem



way out: use G2 o an NST-brane ...

* shift symmetry in C; preserved in tree-level K

but dangerous:

E D1 instantons
FE D3 instantons with dissolved D1-branes
= AW, = e—%—i—ic _I_e——TT%-H'c

gives dangerous cos(c)-dependences in potential

these may be absent, as argued by [Witten ‘95; Grimm ‘07]

partly understand, but work in progress still, given that in the

presence of fluxes the zero mode counting of instantons may change
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SUPPressing instantons ...

e if EDI & ED3-DI instantons absent, then [Grimm ‘07]:

gpias i _ .
AR e_T_i_Hc ! e_i E'DJ mstanton with a
c dissolved D1 and D-1

suppresses c-dependence compared to Vnss sufficiently
for weak string coupling

e but if not absent:

can suppress c-dependence in AW, sufficiently

by stabilizing b/gs at a large enough VEV

can get a large VEV by employing the
woeod [ ~setup [Kallosh & Linde, '04] for stabilizing T e



way out: use G2 o an NSJ-brane ...

* shift symmetry in C2 preserved in tree-level K

but dangerous:

FE D1 instantons
FE D3 instantons with dissolved D1-branes

gives dangerous cos(c)-dependences in potential

these may be absent, as argued by [Witten ‘95; Grimm ‘07]

partly understand, but work in progress still, given that in the

presence of fluxes the zero mode counting of instantons may change
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SUPPressing instantons ...

e if EDI| & ED3-DI instantons absent, then [Grimm ‘07]:

=y T L | -
AW - e—T-%_HC _ e_i E'DJ mstanton with a
b dissolved D1 and D-1

suppresses c-dependence compared to Vnss sufficiently
for weak string coupling

e but if not absent:

can suppress c-dependence in AW, sufficiently
by stabilizing b/¢gs at a large enough VEV

can get a large VEV by employing the
wod [ ~-setup [Kallosh & Linde, ‘04| for stabilizing T rweaws



3Uppressing instantons ..

e if EDI & ED3-DI instantons absent, then [Grimm ‘07]:

&) - L | -
AW. — e_T_i‘HC e i E'DJ mstanton with a
i dissolved D1 and D-1

suppresses c-dependence compared to Vnss sufficiently
for weak string coupling

e but if not absent:

3

can suppress c-dependence in AW, sufficiently

by stabilizing b/gs at a large enough VEV

can get a large VEV by employing the
weod [ ~setup [Kallosh & Linde, ‘04| for stabilizing T e



a version with H > wae ...

* total superpotential:

W — WO + Alﬁ’_alT —+ AQE_RET —|—AWC

WkL

tuning Wy, stabilize T" at (DTWgkyr) ~ 0~ (Wkr)

stabilizes 1" at higher mass scale than G.

mass of G gets small as (Wgr) — 0
cos(c) scales with (Wk ), goes away for (Wgr) — 0

but (Wgkr) — 0 is also the limit of low-energy SUSY
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"= this provides further motivation for using C5 ..



IF all of this works out ...

Vss(@) ~po . o~c¢c = n,x=0975 and r=0.07
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IF all of this works out ...
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IF all of this works out ...
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IF all of this works out ...

Vnss (@) ~pu3¢ , d~c = ng~0975 and r=0.07
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Conclusions

S—hranes wrapped on 2-eyeles generate .o o AL
2 ¢ s @ .7z = this opens up large field ranqe
in llB on Calabi-Yaus ...

- especially for C2 a near-perfeet shift-symmetry helps controlling
corrections & back-reaction for super-Planckian field range

-C2nota qeomfrie mdulus — L mechanism allows for &1 T
seale moduli poten nudedforehaoﬂelnhﬂon.wﬂle
potentially cnabllng OW-2nergy SUSY















