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motivation

Some motivation.



motivation — compactification

Compactifications of string theory on Calabi-Yau three-folds give rise

to four-di

mensional effective theories.

These theories often contain massless scalar fields (moduli) that
parametrize the compact space.

Deforming the compact space by fluxes can make moduli massive.




motivation — type lIB flux vacua

In type |IB orientifold compactifications on Calabi-Yau three-folds X,
fluxes generate mass-terms for the axio-dilaton and complex-
structure modull.

Dasgupta, Rajesh, Sethi — 1999
Giddings, Kachru, Polchinski — 2001

he fluxes are constrained by the tadpole cancellation condition

O<Nﬂux§NmaX7 NHUX:/F/\H-
X




motivation — constructing all vacua
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Questions :: = |s the number of flux vacua for a given Npax finite?

Grimm — 2020
Bakker, Grimm, Schnell, Tsimerman — 2021

= How many flux vacua exist for a given Npax ?

Ashok, Douglas — 2003
Denef, Douglas — 2004

= What are general properties of such flux vacua? B e
DeWolfe, Giryavets, Kachru, Taylor — 2004 i
Conlon, Quevedo — 2004

Cole, Shiu — 2018 IR B D et
Dubey, Krippendorf, Schachner — 2023 e ;’ , |

This talk :: = Construct all flux vacua with Npmax < 10 for a simple example.
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flux vacua

The setting.



flux vacua — setting |

Consider type |IB orientifold compactifications on Calabi-Yau three-folds A with O3-/0O7-planes.

The four dimensional effective theory contains massless scalar fields (moduli) ::
= 1 axio-dilaton T=c+ 1S,

1

. 2! complex-structure modull A

Three-form fluxes H and F' along the compact space generate a potential for the moduli ::

W:/Q/\G, O e HP(X),
X

G=F—-—17H.



flux vacua — setting |l

Fluxes are constrained by the tadpole cancellation condition

flux number Naux

[ Fam
X

0 = Naux + 2Np3 + Qps .

Minima of the scalar potential are determined by vanishing F-terms

F, =0
F..

fL —

contribution of O3-/0O7-planes &

D7-branes — typically negative

> | number of D3-branes

G=—1%xG.

Giddings, Kachru, Polchinski — 2001



flux vacua

Some relations.



flux vacua — notation

For three-forms on X’ one can introduce an integral symplectic basis as (with I =0, .. ., hQ_’l)

(a1, 8"} € H(X.7). = [ ()@=

M:/X<(;>/\*(oz,6).

The matrix M is symplectic, symmetric, and positive-definite. Its eigenvalues come in pairs

(AI?Al_l)a )\I>1.

The fluxes can be expanded in the symplectic basis and combined into vectors as

h[
H:hl()é]—l—hjﬁj H:( >7

I
F=flag+ fi8' :<f)-



flux vacua — some relations

The minimum condition can be expressed in the following way

G=—1xG > n(F—Hc):—/\/le.

Using this condition one obtains the following relations

Noux HIMF
S = C

HTMH ~ HTMH

FIMF = (s° 4+ ¢*) (H' MH) .

2

The usual bounds on matrix norms imply (| denotes the Euclidean norm)

1
[HI* < HIMH < Apax|[H]1*

)\max



flux vacua

Finite fluxes in finite regions.



flux vacua — bound |

Using S-duality, the axio-dilaton can be mapped into the fundamental
domain. This implies ;

<
~ HTMH
Nﬂux )\max 2 2Nﬂux )\ma,x
< Naux H
= HTMH — "™ H|]2 IHI™ < V3




flux vacua — bound Il

With the axio-dilaton in the fundamental domain one also obtains

[HI® [[FI°

)\max )\max

(F* MF)

(HIMH)(F' MF)

(c7

(2 + 5%) (HTMH)?

(HIMH)(FIMF) = (¢

< (H'MH)(F!MF)

(c7

s?)(H* MH)

v

IFII* <

ANZ N\

Aux/‘max

3H]2




flux vacua — summary

Summary :: = [For a region of complex-structure moduli space in which the eigenvalues
of the Hodge-star operator are bounded,

= and for a given flux number Ngux,

= only finitely-many flux choices can lead to a vacuum in that region.

Remark :: = [he bounds can be made slightly stronger.

EP, Schlechter — 2023



outline

. motivation

. flux vacua

. the mirror octic

. results

. summary



the mirror octic

The periods.



the mirror octic — topology

The octic three-fold is a hyper-surface in weighted projective space [P11114 defined by

4
8 2
E xr, +4xy — 8V xor1Tr200374 = 0.
i=1

The mirror octic has Hodge numbers (h**, h*1) = (149, 1).

For the mirror octic an orientifold projection can be chosen such that

ot = 1, et = 0, Nor

plt 77 Noa

|
-

(p3 = —8.
72, Bt

16,

Moritz — 2023



the mirror octic — topology

The octic three-fold is a hyper-surface in weighted projective space [P11114 defined by

4
8 2
E xr, +4xy — 8V xor1Tr200374 = 0.
i=1

The mirror octic has Hodge numbers (h**, h*1) = (149, 1).

For the mirror octic an orientifold projection can be chosen such that

p2t = 1,

(Jps = —8.

Moritz — 2023



the mirror octic — periods

The periods that determine the holomorphic three-form are solutions to the Picard-Fuchs equation

[94 — 20+ 1O+ 2)(0+ 2)(6 + g)}n —0.

J
complex-structure modulus | «— — | II = ( ) — Q=1"a;+11,;5’
11z
0
vl g = o
0z

The solutions are typically expanded in power series that converge for |z| < 1.

Morrison — 1991
Font — 1992
Klemm, Theisen — 1992

Bastian, van de Heisteeg, Schlechter — 2023



the mirror octic — moduli space |

The complex-structure moduli space can be covered by six discs of radius 0.9.
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the mirror octic — moduli space |

The complex-structure moduli space can be covered by six discs of radius 0.9.

(LCS point)
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(Landau-Ginzburg point)

z =41 (conifold)



the mirror octic — moduli space |l

-Or convenience, t
0e mapped to the
mirror map

ne modull space can

Kahler side via the

Im(t)

z = +1

2.5

2.0

1.5

1.0

z = +1



the mirror octic

Strategy flux vacua.



the mirror octic — hodge-star operator

Im(t) 4

The largest eigenvalue A, .x Of the Hodge-star
oerator diverges at the conifold and LCS point.

®)

conifold

1

>\max

20

10 T - conifold

Q1.0




the mirror octic — finding vacua

For each bulk region ( \,,.« Is finite ) ::

= Determine periods IT up to O(100).

m Determine relevant flux choices for NVyyax -

= [ry to solve minimum condition.

For each boundary region ( Anax diverges) ::

= Determine periods at leading order.

= Determine relevant flux choices for N«
(oartially) analytically.

m Solve minimum condition.

point region A ax
Zep = 0 1072 < |z — Zep| < 0.9 37.98
Zep = +1 1072 <z — Zep| < 0.9 3.99
Zep = OO 2 — Zep| < 0.9 8.33
Zep = —1 2 — Zep| < 0.9 5.00
Zop — 11 2 — Zep| < 0.9 11.24
Zep = —1 2 — Zep| < 0.9 3.35
point region
Zep = 2 — Zep| < 10—
Zep = +1 2 — Zep| < 10—
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results

Distribution of vacua.



results — distribution |
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results — distribution Il
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results

Number of vacua.



results — number of vacua |

The cumulative number of vacua for a given Ny« # of vacua

can be fitted as

N (Nﬂux < Nmax) = 1.88 - (Nmax

O

f Denef/Douglas

This result agrees approximately with the estimate

)3.89

5000 -

10000 -

1.88 -+ (Nmax )"

Nost (Ntux < Ninax) = 137+ (Nmax) -

Denef, Douglas — 2004



results — number of vacua ll

The cumulative number of vacua with Wy = 0 for

a given Npax can be fitted as

N(Nﬂux < Nmax)

< wo—o = 432 (Nimax

All these vacua are located at the Landau-
Ginzburg point.

)1.99

+# of vacua

400 |
300 |
200 |

100 |

132 (Npax)

Nmax

c.f. DeWolfe, Giryavets, Kachru, Taylor — 2004



results

Distributions.



results — distributions

count
Relevant for moduli stabilization via KKLT and LVS is oo N = 10
the quantity i
500?
eKcs WO|2 . 4002—
300;—
200;—
100;—
O: lllllllllllllllllllll
0 20 40 60 80 100
6KCS|W0’2
The gravitino-mass is determined by the expression probability
0.20 - /7—\_ Nmax = 10
i v aiil=y
Kr+Kes 2 ; —/ -
€ l@ﬂ)l . 015} / B
Excluding Wy = 0, it follows a normal distribution 0:10¢
with mean and standard deviation - W( q
(f%(f>::((L427fVmaX7(L204fVmax)- cmdo . y . L

e]CT +]Ccs ’ WO | 2

c.f. Ebelt, Krippendorf, Schachner — 2023
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Sampling vs. complete scan.



results — sampling vs. complete scan

N a sampling approach, one often choses
flux quanta from a box of length L. as

hIa h17 fla fI C [_Lboxa _|_Lbox] .

The ratio 7(Lbox, Nmax) Of vacua possibly-
captured In this way can be defined as

# of vacua for box of size Ly

# of all flux vacua

Nflux S Nmax

Lipox

1 2 3 4 5 10 15 25 35

Niax

1 0.667 1 1 1 1 1 1 1 1
2 0.173 0.808 0.962 1 1 1 1 1 1
3 0.0561 0.475 0.814 0.898 0.960 1 1 1 1
4 0.019 0.344 0.629 0.838 0.902 0.996 1 1 1
5 0.009 0.211 0483 0.691 0.826 0.982 1 1 1
§ 0.004 0.137 0.391 0.604 0.744 0.968 0.998 1 1
7 0.002 0.087 0.305 0.503 0.659 0.942 0.991 1 1
8 0.001 0.060 0.239 0.443 0.588 0.917 0.983 1 1
9 0.001 0.040 0.199 0.378 0.526 0.886 0.970 0.999 1
10 0.001 0.026 0.156 0.328 0.474 0.860 0.958 0.997 1

The ratio T(Lboxy Nmax) -
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summary

Summary :: = \We developed a strategy to determine all flux vacua for type
IB orientifold compactifictions.

= \We applied this strategy to the mirror octic for Ngux < 10.

= \\Ve analysed properties of the dataset.

Remarks :: = [he main technical difficulty is the required computing time.

= [he dataset (together with a Mathematica notebook) is
freely available.



