D-branes and
multi-branched potentials

' f{ Instituto de

UAM-CSIC

erc

European Research Council



D-branes and
multi-branched potentials

Based on:

Multi-branched to talks by D. Escobar, A. Landete, G. Zoccarato and C. Wieck



Can we do it at all?

_ g Can we build models of Large A
Question: Field Inflation in String Theory?
- J
{Ongoing debate:}

| Di" cult to get scalar belds with
trans-Planckian excursions#

Instituto de F'sica Te—rica UANISIC

Madrid, 17 & 18 March 2016

| Di$erent engineerings seem in

tension with the Weak Gravity
Conjecture#

.. Solr ( isn)
| So far the proposal least a$ected \ Velenzucla (P! Munih) e
by this criticism seems to be

L. Witkowski (Heidelberg U.)
Axion Monodromy In3ation ifL e 9 asmen




Axion monodromy Iinf3ation

| Main ingredients:#

| Axion ! (shift symmetry
and periodicity)#

| Source of a non-periodic,
multi-branched potential

V($)
Early string theory constructions
n=1 n=2 use boundaries:
Slvenstein & Westptal 08
n=0 e tlister, Scluerstein, Westptal 08
n=3




The 4d viewpoint

| In 4d one may obtain these ingredients by allowing the axion
to couple (only) to a 4d four-form beld strength#

[ /d4:c|F4|2+ |d! |2+ | F4 j

| When we integrate out the 4d four-form we are left with a
potential for the axion

V()
1
V = ZpAfi(n+ 1)? Proposal for large
2 . _ field chaotic inflation
/ Zalopen & Sorbe 'O
n=0 .
Jump by DW n=3 %«[aﬁm, IW, SCW& ,,

charged under F4



The 4d viewpoint

| In 4d one may obtain these ingredients by allowing the axion
to couple (only) to a 4d four-form beld strength#

[ /d4:c|F4|2+ |d! |2+ | F4 j

| Due to the gauge symmetry of the Lagrangian, UV corrections
only depend on F4
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F-term axion monodromy . e e 10

| In string compactibcations this 4d e $ective action is recovered whenever at
small Peldthe source for the axion potential is a superpotential#

| 'We can compare/get inspiration from the #

oK | "

Vi = 75 K®D,WD,W —3|W|
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F-term axion monodromy . e e 10

| In string compactibcations this 4d e $ective action is recovered whenever at
small beldthe source for the axion potential is a superpotential#

| 'We can compare/get inspiration from the 4d sugra literature #

| Popular model: (Bilinear superpot w/ stabiliser Deld)

) Rawasake, Yamaguchi, Yanagida 00
Wiy = aX asS Rallooh, Linde, Rube'10

| X = Ppeld that contains an axion ! #

| S = stabiliser beld that retains <S> = 0 during inRation#

| Wins also vanishes during inRation, keeping -3eX|W[? bounded

Vinr ! |Fsl?! |al?]|! J? ——» small alowers the inRaton mass

K ! %(X + )2+ |SI2" 1|S|* ——» large Bincreases stabiliser mass



F-term axion monodromy . e e 10

| In string compactibcations this 4d e $ective action is recovered whenever at
small Peldthe source for the axion potential is a superpotential#

| 'We can compare/get inspiration from the #

| Popular model: (Bilinear superpot w/ stabiliser Deld)

) Rawasake, Yamaguchi, Yanagida 00
Wiy = aX asS Rallooh, Linde, Rube'10

| X = Ppeld that contains an axion ! #

| S = stabiliser beld that retains <S> = 0 during inRation#

| Wins also vanishes during inRation, keeping -3eX|W[? bounded

Vinr ! |Fsl?! |al?]|! J? ——> small alowers the inBaton mass

K ! %(X + )2+ |SI2" 1|S|* ——» large Bincreases stabiliser mass

[ Can we implement this in String Theory? J




Axions and superpotentials

| Can we generate a superpotential for these axions?#

! 1 ) ! p
D-brane :
Wilson line B-Peld RR potential

| Yes, but typically of the form exp(2 %! ) due to periodicity #
| a,b! World-sheet instantons #

| a, c! D-brane instantons

(& 2)

But can we generate a polynomial,
In the spirit of axion monodromy?

. J




D-branes and their moduli



Wilson lines from D-branes

| Let us consider a Dp-brane wrapping a (p-3)-cycle & on a Calabi-Yau Me.
Its energy will be minimised if it satisbes its BPS condition#

D6-brane D7-brane M
BPS condition |! 3 special Lagrangian ! 4 holomorphic <
complex moduli bi(! 3) hLO(1 4) + h20(1 )

Difbcult to stabilise ! l
(Wilson lines) Easy to stabilise

[same in Bux compactiPcations]

To obhtain these results one looks at D-brane deformations in a bxed
background.



D6-brane moduli

| The moduli of a D6-brane wrapping " 3 are#
| 3-cycle deformations X that preserve the SUSY (sLag) condition#
| Wilson lines A#

| Both classes of moduli are counted by the number of
harmonic 1-forms in " 3. We then have b1(" 3) complex
moduli#

Jc=B+1iJ =T2%,

| For each complex modulus/harmonic 1-form we have one non-trivial 2-cycle in " s.
Such 2-cycle may be trivial or non-trivial in the compactibcation six-manifold



D6-brane superpotential

| The D6-brane superpotential at large volume reads#

WP8 = (F J)2 " A#(F! Jo) 74“”‘“00;

4 ! 3
| There are three ways to generate a non-trivial superpotential for open string moduli: #

| % is torsional in homology <zdA' 0<zA! F' 0<zW ~#2 [Massive WL}#
Z M., Stin, Tanga 4

| Non-trivial worldvolume Rux Fon % <zW ~n#  [breaks SUSY drastically]#

| The two-cycle % is non-trivial in the bulk <zW ~ T# [bilinear open-closed]

T = \]C 2., 26%444&, W 4

)



Open-closed bilinear

| Let us analyse the bilinear case in more detail. The related scalar potential is:#

V = eK - K! !g“:! |2+ KT'F’||:_|_|2 — eK |a|2- K! !Q|T|2+ KT'pl! |2

v \

[ By freezing T we neglect its F-term J detected undetected
by DBI by DBI

| We can detect the potential for # in two ways: #

| Microscopically : study backreaction of D6-brane source. When # is as
above, its backreaction generically spoils the supersymmetry of the bulk.

.. Regalade, Boccarate 14
ds?

C;
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Open-closed bilinear

| Let us analyse the bilinear case in more detail. The related scalar potential is:#

V = eK - K! !g“:! |2+ KT'F’||:_|_|2 — eK |a|2. K! !Q|T|2+ KT'pl! |2

v \

[ By freezing T we neglect its F-term J detected undetected
by DBI by DBI

| We can detect the potential for # in two ways: #

| Microscopically : study backreaction of D6-brane source. When # is as
above, its backreaction generically spoils the supersymmetry of the bulk. #

.. Regalade, Boccarate 14
| Macroscopically : consider the Chern-Simons piece of the D6-brane action
and obtain the coupling of open string belds to Minkowski four-forms

Escobar, Landete, 7., Regalado 15



WL and axion-four-form couplings

| Looking at the Chern-Simons D6-brane action we notice the following coupling #

Cs! F " Iy Al ">

RL.31 1 4 R1.3 I 3
see aloa Dadas 14
Cs=C3! I, F=1"1A

| Which is part of the Lagrangian#
/d4az|F4|2 + |dl |2+ | Fy

| 'When we integrate out the 4d four-form we are left with a KS potential for the axion

1 V(9)
V = _I-J-Zflz(n + |)2
2 | n=1 n=2
4d DW: D4-brane wrapped on ! 2 "~ n=3

jumps quantum of internal F4 A



The big picture: moduli stabilisation

See tath by Luis VWaies

| To get a global picture one should integrate out these Minkowski four-forms after
taking into account their couplings to open and closed string modes#

| For type IIA vacua with RR Ruxes and no D-branes we have:

I 1eIK Z F ||#Fb+ Fan |:4_:dC§l
23212 Ris A AT 2 RL3 “ e from RR p-forms
1, ‘/b Blclleman, Tbaney, Valewsuela 15
apmn n
VRR = qe Z a

: 2
1 m
|§! AZLVRR (o, €a, Mm%, m) = e 4 e + bley + éKabcmabbbC + EKabcbabbbc
0 N 54 - g
+ e gab €a t Kacdmcbd + _Kacdbcbd € + Kpef meo + EKbef b0

) % & i
+ e 16e* V204 (M2 + mb?) mP+ mb® + & 4e® ¥2m?

Loucs & Micw 02



The big picture: moduli stabilisation et 1

| To get a global picture one should integrate out these Minkowski four-forms after
taking into account their couplings to open and closed string modes#

| When adding the D6-brane CS actions we have:

1€ K Fo = dcs
[ ZaF2"#HFP+ —— Fa" 47
23212 Ris A AT 2 RL3 + e from RR p-forms
1 K bll "
VrRrics = 75€ Z%"3"p = Vrr (€0, €, Mm%, m)

"4

: 2
1 m
|§! AZLVRR (o, €a, Mm%, m) = e 4 e + bley + éKabcmabbbC + EKabcbabbbc
0 N 54 - g
+ e gab €a t Kacdmde + _Kacdbcbd € + Kpef meo + EKbef b0

) % & i
+ e 16e* V204 (M2 + mb?) mP+ mb® + & 4e® ¥2m?



The big picture: moduli stabilisation et 1

| To get a global picture one should integrate out these Minkowski four-forms after
taking into account their couplings to open and closed string modes#

| When adding the D6-brane CS actions we have:

Fz = dCs

s ZapF2"#FP+ —— Fa", 4 = s

23212 Ris 4 4 A2 Ris ‘ from RR p-forms
— 1 K —-abun o _ a
VRrRics = 7€ Z7"3"p = Vrr(€0, €, M, M)
* 4
€ = € + Ng! e,=6e! ny!! negf, M= m*+
I =11 T3,

KapeQ® = Naif + npifl



The big picture: moduli stabilisation et 1

| To get a global picture one should integrate out these Minkowski four-forms after
taking into account their couplings to open and closed string modes#

| When adding the D6-brane CS actions we have:

Fi = dC3
| = ZaF2"#HEP+ = Fi"a v
23212 Ris A2 Ris from RR p-forms
— 1 K —-abun o _ a
VRrRics = 7€ Z7"3"p = Vrr(€0, €, M, M)
+ 4
€ = € + Ng! [eazea! na!J! Ngfa M= m*+
"4 | (1= 11 TR
previous WL result: €3 = @,

a Kabch: naifli3+ nbif;



The open-closed superpotential

Carta et al. 16
| The same statement holds at the level of the superpotential :#
1 1 Guloos 99
- + ay = aTbTcC 4 - aTbTcC

_ (=11 TR

W — WC|(eO’ea’ma’m)+ WOp — WC|(601ea1ma1m)

| As a result we have the following discrete gauge symmetries#

L T+ K e! e" Kkng es! ey + kng
fa! fatra €a! €3+ Nerg maKabc! maKabc ! [nbrc+ ncrb]

that leave invariant the dressed Ruxes



Discrete symmetries and gauge invariance

| These discrete symmetries correspond to #
| performing a loop in open string moduli space# fo! fao+r,

CL

| compensate it by shifting an RR Rux# m® —s m®

and are the microscopic version of the discrete symmetries
in axion monodromy multi-branched potentials me = / G



Discrete symmetries and gauge invariance

| These discrete symmetries correspond to #
| performing a loop in open string moduli space# fo! fao+r,

a

| compensate it by shifting an RR Rux# mé —s m% — o

and are the microscopic version of the discrete symmetries ~
In axion monodromy multi-branched potentials # me = / G
!_a
| What are the dressed Ruxes?#
: - didAL+ @) = 1(1,)+ (R ,)! 4(! op)
Mm% = m?+ k-8 = (dAL + @) ! k2

! ! 4 - n ! + Rl' ! ! 4" 06
I 4 M 6 !

I the harmonic component of the internal gauge invariant 3uxes, including sources#

| The KS statement is that the corrections to the potential depend on these gauge
iInvariant quantities, not on the WL individually (unless they do not break periodicity)



Conseguences for inf3ation

| Becauset#
— a 1— aTbTcC } aTbTc
In the bilinear superpotential #

Wi = aX asS

we cannot make a small. It is bPxed to be an integer due to the discrete symmetry. #

| Not good but not disastrous either: In principle we can still lower the mass of the

whole in3aton system by making Ks# large.
See tall by D. Escobar



D-branes and KShler
potentials



KShler potential in type IIA

| In the absence of D6-brane moduli we have

K = Kk + Ko

Kk = ! Iog. %Kabc(Ta! P)(T°! P)(TC! P°)

Grimen & Louis 04

KShler moduli

T= B+il
Cpx. str. moduli

N'= Cs+iRel

1 , L
Ko =" 2log 7 ReF, Imz' ! Rez" ImFg
Fk =l F F homogeneous of degree 2
e Ko homogeneous of degree 4 on n' = Im N'K
e Kk homogeneous of degree 3 on

t2=Im T2



KShler potential in type II1A

| In the presence of D6-brane moduli we still have#

K =Kk +Kg

but now the complex structure moduli get redePned by the open string modes #
NK — N!K | h(l) W&‘ZW,”
Renstan & Wecgand 1

and we need to express Kg in terms of the new chiral variables

Ko(N™) 1 Ko(N¥ +h())



KShler potential in type II1A

| In the presence of D6-brane moduli we still have#

K =Kk +Kg

but now the complex structure moduli get redePned by the open string modes #
NK — N!K | h(l) W&‘ZW,”
Renstan & Wecgand 1

and we need to express Ko in terms of the new chiral variables#

Ko(N™) 1 Ko(N* +h(1))
| Di$erent approaches to detect what h(# ) is#

| look at holomorphic quantities like gauge kin. function or D-instanton action #

| impose that NX transforms holomorphically when closing loops in open string

moduli space, like (! ( +k
Camara, (ondecsca, Dudas 09



Holomorphic variables and mixing

Carta et al. 16
| By imposing the latter we obtain that #
NK = N1 TapK () BENNER & A s
where ha are some functionals debned by Hitchin# see aloo Grimm & Lopes 1
Im |
| In the toroidal case this reduces to# NX = N'K 1 X TafaImT
| In Kq we need to perform the replacement #
n' = n* + 2hK (1 ,t,n") l'=Im !
hence#
Ko(n™)! Kg(n®, t3,1) o
\ WO (\ \OS o
4 N \NG (.\e(\\\;\o‘ \ 35
Kahler and complex structure 0‘0‘\63\0 « SOt
: i \ O
moduli spaces no longer factorise!! we\®

. J




Holomorphic variables and mixing |
Carta et al. 16

| This mixing complicates all kind of computations, but still interesting structure: #

| K =Kk + Ko only depends on (nX, ta, 1 )
I shift symmetry for axions, in particular for Wilson line (#

| K still given in terms of homogenous functions #

hs (,t,n) —> n'® =nf +t3hK (0, t,n") —> € Ko

homogeneous homogeneous homogeneous
of degree O of degree 1 of degree 4
| This implies KShler metric identities like K'KiKg=7 K'"Kg=1"11"

[ With these one can reproduce the |

tree level F-term scalar potential

\. J




Recap: D6-branes in type IlA [3ux vacua

Wopen = NT! n! O() bilinear open-closed

— + l shift symmetry for a,b,c axions
K=K+ Koln,t 1) at large volume and tree level

V = Vrrics *+ Vpg
A AN
Vie | KPP 2+ K 2T

4 N

KS structure: behaviour at large beld via DBI:

corrected potential only depends Vins ! c- 1+f2p2" 1
on WLOs via dressed Ruxes



Recap: D6-branes in type IlA [3ux vacua

Wopen = NT! n! O() bilinear open-closed

_ hift symmetry for a,b,c axions
K = Kk () + Ko(n,t, ! >
< (1) o(n,t 1) at large volume and tree level

V = Vrrics *+ Vpg

Vit 1 KTPIL 2+ K2 TP
KS structure: behaviour at large beld via DBI:
corrected potential only depends \V/ c 1+f2@" 1

on WLOs via dressed Ruxes

[ What about moduli stabilisation and 4d backreaction? J




Integrating out modull

Landete, 7. N., Weeek . 16

| With the help of Buxes we should be able to stabilise all moduli beyond the inRaton
system above the Hubble scale #

| 1f we do it vanishing their F-terms we get an e$ective theory for the inRaton system
given by#

We (T,!) Ke (T,!)

which we obtain by taking W and K bxing the heavy moduli to their vev.
This takes into account the 4d backreaction e $ects



Integrating out modull

See tall by 4. Laadete

| With the help of Buxes we should be able to stabilise all moduli beyond the inRaton
system above the Hubble scale #

| 1f we do it vanishing their F-terms we get an e$ective theory for the inRaton system
given by#

We (T,!) Ke (T,!)

which we obtain by taking W and K bxing the heavy moduli to their vev.
This takes into account the 4d backreaction e $ects#

| For W everything works Pne, but for K it does not. The shift symmetry of the parent
KShler potential is inherited by Kes, which only depends ontand ! #

| It is then impossible to get something like K ! %(x + )2+ |S|>" 1|S|*
because S also has a shift symmetry#

| This ends up generating a tachyonic direction on Im S along the inRationary traj.



What can we do?

| In principle this problem can be solved if we add e $ects that break the shift
symmetry of one of the axions#

| Most generic e$ect: world-sheet instantons breaking the shift symmetry of T#
| These e$ects are only important for volumes comparable to the string scale #

| Nothing wrong with that, but then we lose control over the moduli stabilisation
process, which relies on the presence of RR Ruxes?

| A simpler approach is to look for similar setups in type IIB Rux vacua where now#
Wins = aX as

involves a D7-brane Wilson line and a bulk complex structure mode



The type IIB scenario



D7-brane superpotentials
See tallk by G. Bocaratte

| The D7-brane superpotential is of the form #

Wp7 = T F"# A WMartuce:’ 06
I 5 Sy

| D7-brane with a WL wraps a four-cycle S 4 with one-cycles and three-cycles.
One-cycles are trivial in the bulk but three-cycles may not be. If they are not WL
develop a superpotential #
Wp7 = ! 9(2)
z: complex structure moduli

g(z) = linear combination of CY periods
can be chosen linear in the z

A=Im(! 10Dy
I =1+ f(2)!p

| Again: Vit | K221 2+ K P|z)?
pV K

V = Vrrscs + Vpgi

&«

(a (b redebne K Ruxes



What about shift symmetries?

See tall by C. Weeck

| Type 1IB KShler potential in the absence of D7-brane moduli

Kk = ! 2log %K!--# VaRVARYid Ko="!logi(ZF,! Z'F))
T! = }K!"# V" V#! |C| ) ]
2 shift symmetry only in large
complex structure limit or
shift symmetry, but hard special points, but hard to
to Pnd explicit expression bnd explicit expressions

anywhere else



What about shift symmetries?

See talls by O, Wiech

| Type 1IB KShler potential in the presence of D7-brane moduli

) i 1 o
P=T! -—13m!l® —3> Kk =12log éK!"# VARVARYd

iIf f is not linear in z this redePnition also breaks the shift symmetry

4 )
Combine these two sources of

ldea: shift symmetry breaking to

obtain an appropriate K¢
. J




Epilogue



Conclusions

| We have seen that in several instances a superpotential of the form #
W = T open aX closed

arises in type Il compactibcations. We may miss it if we treat D-branes as dynamical
objects in a Pxed background. This a$ects the counting of D-brane moduli, and
gives a mechanism to lift Wilson line scalars.#

| This superpotential is connected to several proposals in the 4d inRationary literature: #

| It is an example of F-term axion monodromy, its dynamics can be understood
from an axion-four-form coupling or a supersymmetric version of it. This has
Interesting consequences as it constrains possible UV corrections.#

| It is the main ingredient of 4d supergravity models of large beld inRation with
stabiliser peld, and it could provide an UV completion of these models.



Conclusions

| To realise these models one should have the appropriate KShler potential,
which is more di" cult to realise. #

| Case well understood: type IIA at tree-level and large volume.
There too many shift symmetries spoil the model. #

| More promising: type IIB with D7-brane WL away from the Ics limit.
Less understood but in principle possible to break the shift sym of X

| Our results describe scalar potentials with
open and closed strings on equal footing >
Can be applied to incorporate open strings in
scenarios of moduli stabilisation, like type IIA )
[Rux compactibcations

r

De Wolfe et af. ‘05

Camara, Fout, Tbane; 05
Dalti, Tasinate, Ward ‘05

D7

D7
Tatoen fnom Camara, Tbanes, Valensuela 14



