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Introduction

The standard model of particle physics

Gauge group :SU(3) X SU(2) X U(1)
Matter content:

spinl /2 SU@3)e, SU2)L, U(1)y
quarks Q'=(ur, dp)" (3,2,1/6)
(x3 families) u'’y (3, 2,-2/3) spinl SU(3)¢,SU(2),U(1)y
di, (3,1, 1/3) gluon g (8,1, 0)
leptons L' =(v, ep)" (1,2, -1/2) W bosons | W+ W° (1, 3, 0)
(x3 families) e’ (1,1, 1) B boson B’ (1,1, 0)
spin0
Higgs H=(H™*, H) (1,2,-1/2)




Introduction

Problem:

No gravitational interaction in the standard model

String theory

A good candidate for the unified theory of the gauge and
gravitational interactions

Closed string :
Q Graviton: gyn, Byn, @

EEEEEEE—— Ramond-Ramond field: C; 4
Dp-brane
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Problem:

No gravitational interaction in the standard model

String theory

A good candidate for the unified theory of the gauge and
gravitational interactions

Closed string .
Q Graviton: gyn, Byn, @
Open string
A Ramond-Ramond field: C; 4

Dp-brane Gauge fields: A4,
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(Perturbative) superstring theory requires the extra 6
dimension.

10=4+6

ﬁ)

6D Calab| -Yau (CY)Manifold
Rij = 0

Extra 6D space should be compactified to be consistent with
the observational and experimental data.

— Stabilization of the extra dimensional space
Moduli stabilization




Two types of moduli fields (4D massless scalar fields):

(PDClosed string moduli Q

: : (Imt) = g5
I) Dilaton (T ) gs: string coupling

i) Kdhler moduli (T )
Size of the internal cycles

iii) Complex structure moduli (U)
Shape

Moduli (axions) are ubiquitous in string compactifications
-2 Inflation, SUSY breaking, Moduli problem




Two types of moduli fields (4D massless scalar fields):

Dp-bry

Gauge fields: 4, u=0,1,..p)

-

/ >xa

Scalar field : ®, (a=p+1,..,9)




Two types of moduli fields (4D massless scalar fields):

Dp-brane (20pen string moduli
Ai (i = 4,5,..,p)

> Cba (a=p+1,..,9)

Gauge fields: 4, u=0,1,..p)

-

/ >xa

Scalar field : ®, (a=p+1,..,9)




Two types of moduli fields (4D massless scalar fields):

(PDClosed string moduli
(20pen string moduli

In this talk, we consider the stabilization of both the
open and closed string moduli based on F-theory
(“non-perturbative” description of IIB string).
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Flux compactification (Type IIB string on CY orientifold)

Low-energy effective theory based on 4D N=1 SUGRA

Kahler potential:

K=-— ln(if QA ﬁ) — ln(—i(r — ’L_')) —21In(V)

Q(U) :hol. (3,0) form of CY
V' : CYVolume

Flux induced potential=
“Gukov-Vafa-Witten (GVW) superpotential” [Gukov-vafa-witten 99]

W(,U) = f G+(1) A Q)
CY
Gz = F3 —TtH; :three-form



Low-energy effective action based on 4D N=1 SUGRA

K=—-In(if QAQ) —In(=i(zr — 7)) — 2In(V(T))

W(r,U) = j G (1) A Q)
CY

Lj=tU =0 DI — 61 + KI

V= eK< z KIDWD;W + (K"TKpK7 — 3)|W|?
No-scale structure KI _ 6,1(

Dilaton and complex structure moduli are stabilized at

D,W = Dy,W =0



Low-energy effective action based on 4D N=1 SUGRA
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Dilaton and complex structure moduli are stabilized at

D,W = Dy,W =0



Dilaton and complex structure moduli are stabilized at

DTW :DUW: O

W(t,2z) =f G;(t) AQU)

CY

(;fluxes are constrained as the imaginary self-dual fluxes:
Gz =1 *¢ G3

. Gz = F3 —TtH; :three-form
Tadpole condition for Cy:

f H3/\F3+QD3=O
CY
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Moduli stabilization in type IIB string

The remaining Kahler moduli can be stabilized by the non-
perturbative effects.

W =< Wflux > +A€_aT

OKKLT scenario (< Whux > < 1 ) [Kachru-KaIIosh-Linde-Trivedi ‘03]
OLARGE volume scenario (< wyy, >~ 0(1))

[Balasubramanian-Berglund-Conlon-Quevedo ’05]

De Sitter vacua can be realized by introducing the anti D3-branes.

ORadiative moduli stabilization scenario
[Kobayashi-Omoto-Otsu ka-Tatsuishi ’17]



Comments on F-term axion monodromy inflation

W(r,U) = j G4(0) A Q) = Z(Ng—rzvg) I,
CY p
PerIOd vector: S. Hosono, A. Klemm, S. Theisen and S. T. Yau (‘95)
1
Hazfﬂz 1 TTiT Tk ) Uzo 2 . (B di T (B
ya kiU UTUY + 5,U" + ko — Y 5 nj (52w Lis(¢7) — 552U Lis(¢%))

—%fiijk;UjUk - fﬁ)ijUj + K; — (277+V Zﬁ n%dZng(qﬁ)

I3 i -7 }.".E
f]'d?' — (:,2?1'1(.":1{.

Geometric corrections for U

=>» Non-trivial axion potential  ypayashi-oikewa-otsuka 15
Phys.Rev. D93 (2016) no.8, 083508.
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Comments on F-term axion monodromy inflation

K(t,U)=—-In(if QA Q) — In(—i(zr — 7))
W(r,U) = f G5 () AQU) = Z(Ng—ﬂvf;) I,

CY

(h'? — 2)complex structure moduli and dilaton: 2
Other complex structure moduli: U, Us

At the leading level, we consider the following ansatz:
Hebecker-Mangat-Rompineve-Witkowski ‘15

K(t,U) = —In[fy(Rez,Re Uy, ReU,)]

W(r,U) = go(2) + 9:(2)(U, + NU;)

N :Integer (flux)
fo :Kahler potential at the LO
go.1(2) : flux-induced potential at the LO



Comments on F-term axion monodromy inflation

When we redefine the moduli, V¥ = U, + NU,.
b = (/'TQ:

K(S,U)=—1In|fo(Rez, (Re¥ — Red)/N,Re®) |,

WS, U) = go(z) + g1(2) ¥,

Re ®, z, U would be stabilized at supersymmetric minimum,

DiW =0 with I =V, 2 DWW =W, + K,W
W; = OW/0d!
Ke =0 ! /
KI - ('3K/8(I>I

O Im ® remains massless at this stage.
O Geometric corrections generate its potential.



Comments on F-term axion monodromy inflation

Period vector : S. Hosono, A. Klemm, S. Theisen and S. T. Yau (‘95)

1 \
Ui
iR U UIUR + 15U + ko — 305 0 (e Lis(¢”) — 5rU'Lis(¢%))

—%H}Z'ijjUk — HJZ'jUj -+ Ki — ﬁ 25 n%d@ng(qﬁ) /

I, =

It induces the geometric corrections P = 2midiU’
to the Kahler potential and superpotential:

7 V— o — P Y — P D A
AR =~ —{;—,> (£ + vtV N ! I) COS (—iﬂ'lp v N s I) e TN .
Jo m IN N

. -H-:I W — b
(ﬂé” + ”j%(\lf — (I;.‘}) 2R
| VU = U + NUy,

b = (]*2.)

AW

12

O One can extract the potential of Im @
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Comments on F-term axion monodromy inflation

Inflaton potential depends on the Kahler moduli stabilization.

Cb : Canonically normalized axion

(1) KKLT scenario

. 0 f)
Vj”f ~ f\l (l — (O‘ﬁv) T \2() ‘-11111,\—[l

My, My ~ N/27

) LARGE volume scenario

Vige o A4(J + Az sin ( {}3) + Ag (l — COS ({—;3))

22



Tensor-to-scalar ratio (rn.002)

0.05 0.10 0.15 0.20 0.25

0.00

Planck data

Planck 2013

Planck TT+lowP
Planck TT,TE,EE+IlowP
Natural inflation
Hilltop quartic model
«v attractors
Power-law inflation
Low scale SB SUSY
R? inflation

V x ¢?

V x ¢?

V d)4/3

V x¢

V o ¢2/3

N,=50

N,=60

0.96
Primordial tilt (ns)

0.98
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Kobayashi-Oikawa-Otsuka ‘15

. Phys.Rev. D93 (2016) no.8, 083508.
(2 LARGE Volume Scenario vs-Rev. D93 (2016) no

(Mixture of polynomial functions and sinusoidal functions)

Vi o~ \4(} + A5 sin ({}3) + Ag (l — COS (\(—[)3))

0. 10—
: 'H'“'m_x_ !_VI3 -6
0.08} ~ .
_0.06] . M
0.04 P Mi=4
0.02¢ . M; =3
0.9500.9550.9600.9650.9700.9750.980

A»[/Ab =1 Mg
As/Ag = 5
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Type |IB action in Einstein frame(with other fields set to 0):

P v |07 |?
IIB — \/g Z(Im T)Z
where 7 = (C, + ie‘¢, ((Imt) = g5, gs: string coupling)
This action is invariant under SL(2, Z):

T-o71+1, 1o -1/t



Type |IB action in Einstein frame(with other fields set to 0):

P v |0T|?
IIB — \/g Z(Im T)Z
where 7 = (C, + i€_¢, ((Imt) = g5, gs: string coupling)
This action is invariant under SL(2,Z):

T-o71+1, 1o -1/t

Interpret T as complex structure of auxiliary torus T ? yaa-ss)




F-theory is defined in “12”D spacetime

12=4+38

7(u): dilaton
gs =(Imt >_1
gs: string coupling

8D CY manifold

String coupling can be takenas g, = (Im7)~1 > 1.
F-theory = “non-perturbative” description of type IIB



D7-brane looks like “cosmic string” in ambient space

(Greene, Shapere, Vafa, Yau, ‘89)

Metric:
7 u0®
ds?, = —dt? + Z dx? + H(u, @) dudi —)—
i=1 ;
D7
D7-brane has magnetic charge under C, D7-brane

1= f dCO — Co(uezni) — Co(U,)
u



D7-brane looks like “cosmic string” in ambient space

(Greene, Shapere, Vafa, Yau, ‘89)

Metric:

7 u0®
ds?, = —dt? + Z dx? + H(u, @) dudi

=1
D7

D7-brane has magnetic charge under C,

1= f dCO — Co(uezni) — Co(U,)
u

ReT —_ CO

1
Near D7-brane : 7 =~ 2—mln(u — Ug)

D7-brane

D7-brane location : T(uy) — i
(T? degenerate at u = u,.)



D7-brane looks like “cosmic string” in ambient space

(Greene, Shapere, Vafa, Yau, ‘89)

Metric:

UO®
ds?, = —dt? + Z dx? + H(u, @) dudi
i=1
D7

D7-brane has magnetic charge under C,

1= f dCO — Co(uezni) — Co(U)
u

ReT —_ CO

Near D7-brane : 7 =~ 2—mln(u Up)

D7-brane location : T(uy) — i
(T? degenerate at u = u,.)

8D CY manifold



[1, 0]D7 brane =»[p, q] 7-branes

y2:x3+xf+g A =4f° 4 27g°
ord(f) ord(g) ord(A) fiber type singularity type

>0 > () 0 smooth none

0 0 n I, A,
> 1 1 2 11 none

1 > 2 3 117 Aq
> 2 2 4 1V Ay

2 >3 n+ 6 I Dy iy
> 2 3 n+ 6 I Dyiy
> 3 4 8 V> Eg

3 >5 9 11T~ E-
> 4 5 10 I Es

M. Bershadsky et al., arXiv:9605200.



F-theory is defined in “12”D spacetime

<5><::%)

12=4+38

7(u): dilaton

gs =({Im7t >_1
gs: string coupling

?BD Kahler
. manifold

Elliptically fibered
CY fourfold (CY4)

(1D7-branes exist at the singular limit of torus

(@String coupling > 1
(“Non-perturbative” description of type IIB superstring)

(3 Both open and closed string moduli are involved.
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Brane Superpotential:

Whrane = Nbf (
['p,0l'L=C

For branes wrapping on the whole CY, open string partition function is
given by holomorphic Chern-Simons theory [Witten ‘92]:

_ 2
W=| QATIANIA+ZANANA]
CY

Lower dimensional branes wrapping on holomorphic submanifold C

can be obtained by dimensional reduction A — ¢ [Aganagic-Vafa ‘00]
r

Worane (W, @) = fC Qijz qbia_qujdzdz'

_ f a
I,0T'=C CY




@ Brane superpotential (Open mirror symmetry)

Mirror Quintic CY3 (degree 5 hypersurface in CP*) r

P(Y) = Y71 Y7 — 5Uy1Y2 Y3 Ya ys = O

Let us consider holomorphic 2-cycles
where the brane wrapsimorrison-walcher '07] Mirror Quintic CY3

Ci:iyy+y, =0,y3+y, =0,¥8 +/5Yyy3 =0

w=|[a
r

No moduli dependence at fixed C.!

Brane deformation: orI into (seometrically non-holomorphic) curve
surrounded by a holomorphic divisor




@ Brane superpotential (Open mirror symmetry)

Mirror Quintic CY3 (degree 5 hypersurface in CP*) r

P(Y) = Y71 Y7 — 5Uy1Y2 Y3 Ya ys = O

Continuous deformation of C.:
(Hol. divisor defined by a degree 4 polynomial) Mirror Quintic CY3

Q(¢p) = yé — 5¢y1Y2Y3Ys = 0

Brane deformation

Brane superpotential:

Whorane (W, = | QY, —
o rane (U ) fr W, b) fr s

which is related to D7-brane with magnetic flux F

[Grimm-Ha-Klemm-Klevers '09]

FAQ



CY3+brane =2 CY4 without brane

Oln the toric language, the previous system corresponds to
A-model : Quintic CY3 over CP*

[Berglund-Mayr ‘98,
Grimm-Ha-Klemm-Klevers '09,
Jockers-Mayr-Walcher '09]

ll — (_4‘,0,1,1,1,1, _11 _1'0) ll + 12: Quintic CY3

l, =(-1,1,0,0,0,0,1,—1,0) l,: brane deformation
l; = (0,-2,0,0,0,0,0,1,1) [3: base CP*

B-model : Elliptically fibered CY4

[Berglund-Mayr "98]



F-theory compactification on CY4

7(u):|dilaton ‘

3D Kahler

i manifold

CY3+branes Elliptically fibered CY4

Complex structure moduli of CY3

Dilaton Complex structure moduli of CY4
Open string (position) moduli




Flux compactification in F-theory on CY4

OGVW superpotential + brane superpotential in type IIB

=G4 -flux superpotential in F-theory (Grimm-Ha-Klemm-Klevers ‘09, ..]

W= G4/\.Q.
CY4

Olmaginary self-dual three-form fluxes in type 1B
=correspond to self-dual G,-fluxes [Gukov-Vafa-Witten 9]

Gy =% Gy

O Tadpole conditions
X 1

—=nD3+—f Gy N\ Gy
24 2 CY 4 X: Euler number of CY4
an:#Of D3



Flux compactification in F-theory on CY4

OThe orientifold limit of F-theory
[Dasgupta-Rajesh-Sethi ‘99, Denef-Douglas-Florea-Grassi-Kachru ‘05]

(OK3 X K3 background [Berglund-Mayr ‘13]

OkElliptically fibered CY4 in the large complex structure limit
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F-theory on elliptically fibered CY4 4D N=1 supergravity

In 4D N=1 SUGRA

Kahler potential:

K = —lnj OANQ—2InV
Y4 _
= —In(Il'n;;IlV) — 2InV
Superpotential:
W = G4_ N Q= TliT]l'jHj

CY4

I1; = [ ;Q: Fourfold periods
y "
y* : Homology basis of H'(CY4, Z)
nij : Topological intersection matrix

n' : Quantized four-form fluxes
IV : Volume of 3D Kahler base



@ r-theory compactification on elliptically fibered CY4

z: Complex structure modulus M, =1, Iy =2 Iy = —2, I, = S,
S: Dilaton I — 55-. H6::222,fhzzzzf,rhzz__ggzz__gza
Z4: Open string modulus 0 5 5 5 |

: Oy = =27, Hjg=—=2° I, = =52+ —2* — —27,
n;: Quantized fluxes )= T3 o = TEE B = e e T A
Kahler potential:

— 5%} , 2 1 5!

K=—-In[—i(S§=8)] —In|—(z—2)° + — (1 —-2)"+ —=(=z-2)"]| —2InV

~i(s - 5)] ~In | 5= 9 H o (~5 (1 =)' + 13-

NLO in g, correction

Superpotential:

2\ 5 5 6 2 3 2

2ns . D 5 1
- Tz‘f + ny (6523 + 524 — 62?)

5 2ng 5 5 , 5 O
W = ni1 +n10S +ngz +neSz + 5 (E + ﬁ) R e no <—Sz‘2 .h —z3> — N9z — Ez%




@ r-theory compactification on elliptically fibered CY4

z: Complex structure modulus M, =1, Iy =2 Iy = —2, I, = S,
S: Dilaton Il — 55 TI; — 222, I, = 222, Tlg = _gSZQ B 223’
z41: Open string modulus 5 5 5 5 .1,

: Oy = =27, Hjg=—=2° I, = =52+ —2* — —27,
n;: Quantized fluxes )= T3 o = TEE B = e e T A
Kahler potential:

— 5%} , 2 1 5!

K=—-In[—i(S—-8)] —In|—=(z—2)° —(—=(xn -2+ —=E=-2)"]| —2InV

~i(s - 5)] ~In | 5= 9 H o (~5 (1 =)' + 13- j] 0

NLO in g, correction
Superpotential:
D 2ng
W = nqy +n652+§<%+%>22 —%
D 1
+ nq (6523 + 524 - 62?)
The self-dual G, fluxes




@ Vacuum structure of F-theory

As a consequence of the self-dual condition to G, fluxes,
all the moduli fields are stabilized at

z: CS modulus

S: Dilaton

z41: Open string modulus
n;: Quantized fluxes

DsW = D,W =D, W = 0

VEVs Rez = RGZl — ReS =0
Imz = (67111 ) e 2\/ne
(8n6(

5n ns + ng) — 5n2)1/4’

[ 307111 L A/ 7
e (8716(

n ns + ng) — dnz)l/4’

1/4
S — 67211 ns
5?11 1/7%6(8%6(715 -+ n6) — 5%%)1/4




@ Vacuum structure of F-theory

Although the fluxes are constrained by the tadpole condition,

1
= Np3 +_f G4/\G4_
CY4

24 2

x=1860: Euler number of CY4
Np3: # of D3
we find the consistent F-theory vacuum, e.g.,

ny = 1,715 — 15:77/6 — 10,%7:2,7111 = 28

nD3:O

All the moduli fields can be stabilized at the LCS point of CY fourfold

Rez = Rez; = ReS =0,
Imz ~ 2.28, Imz; ~1.14, ImS ~ 1.71



Conclusion

OMirror symmetry techniques can be applied to the F-theory
compactifications.

OWe explicitly demonstrate the moduli stabilization
around the large complex structure point of the F-theory fourfold.

OAIll the complex structure moduli can be stabilized at the Minkowski
minimum.

Discussion
OQuantum corrections to the moduli potential
OOther CY4
OStabilization of Kahler moduli
—LARGE volume scenario or KKLT



