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Summary

We give explicit constructions of N/ = 1 supersymmetric AdS, vacua,
along lines proposed by KKLT,

in orientifolds of Calabi-Yau hypersurfaces in toric varieties.

We find quantized fluxes for which Wy < 1 and g, < 1.

Whp arises from rigid prime toric divisors with constant Pfaffians.
All tadpoles are cancelled, and all moduli are stabilized.

We explicitly include worldsheet instantons in the Kahler potential.

We relied on new tools for computing Gopakumar-Vafa invariants,

constructing orientifolds, uplifting to F-theory, and enumerating
Euclidean D3/M5-branes, all at h"' > 1.

We have not yet considered arranging a suitable warped throat
for uplifting to de Sitter.



Collaboration

Mehmet Demirtas, Manki Kim, Jakob Moritz, Andres Rios-Tascon

+works in progress with




Broader Goal

Computation of the String Landscape

Understand through enumeration what is possible in quantum gravity

Construct ensembles of vacua whose phenomenology can be studied



Plan

I. Exponentially small flux superpotential
II. Nonperturbative superpotential from rigid divisors
III. Supersymmetric vacua

IV. Control of o’ corrections



Superpotential
First task: establish

W = Wﬂux(za T) + ZAD(Za T) eXP(_S_gTD) LAEREE
D
with
o Wy := <|Wﬂux|> < 1 Use mechanism of
o At least h"'! nonzero Pfaffians Ap(z, 1)

Find rigid prime toric divisors D;
We will require a stronger condition:
e At least h''! nonzero Pfaffians Ap that are pure numbers

Find toric uplift to F-theory, compute hg’l(ﬁ 7) by stratification
h2’1(ﬁj) =0 = J trivial = Ap, constant



Small Flux Superpotentials

Statistical arguments suggest |Wy| < 1 should occur,
but exponentially rarely,

and preferentially when moduli space dimension is large.

Our tools permit exploring such moduli spaces.
But brute-force search still very challenging.
Previous record: O(0.01)

Better to invent and apply a mechanism.
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Racetrack Superpotential
W = Winst(2) Winst(2) = N1e P2 4 Nope™P2% 4.

— 0 for z — p1.p2 >0

Winst (Zmin) = N2 (p1 — p2) (_ngz) _py

P1

< 1if |p1 — po| € p2, No <M



Incarnation as Flux Superpotential

Need to show that, in a bona fide solution of string theory:

(1) Wﬂux(z) — Winst(z) = Nie P*% + Noye P2% .
(2) with |p1 — p2| < p2 and Ny < N

Then we’ll have succeeded:

P2

<Wﬂux> — Winst(zmin) — N2 (P1—p2) (_%) r1—r2 L 1

P1

(1) we established a sufficient condition on topological data
(2) we fOU_nd eXpliCit examp]es Demirtas, Kim, L.M., Moritz 19

By analytic continuation to conifold, mechanism yields vacua
with small W and a warped conifold: e*# ~ |Wy| < 1

Alvarez-Garcia, Blumenhagen, Brinkmann, Schlechter 20 Demirtas, Kim, L.M., Moritz 20




Flux Superpotential in a Calabi-Yau
(h*%, hh) = (5,81)
We find quantized fluxes,

M=(3 -5 2 -2 —5)', K=(=5 5 —4 -1 5)"

st. z=p7, p= (2 2 2 2 2) s a perturbatively flat vacuum.

The leading instantons have GV invariants
Ng=(2 56 2 2).

2
(271')5 /2

Moduli are stabilized at g5 ~ 0.05 and

o T

Waux (T) =

(2 6271'?,7' 5 4 3924 627TZT 12)

x 36 x 180710 ~ 2.04 x 10723



Manufacturing small W,

1. Begin with an O3/O7 orientifold of a CY,, X

2. Compute prepotential via mirror symmetry

3. Find quantized fluxes F3, H3 that align with GV invariants of X

to give ITA worldsheet instanton racetrack along flat direction
(within the D3-brane tadpole!)

Step 3 is a search in 7207 (X)),

Feasible for h**(X) < 5 (laptop), < 7 (cluster).

cf.



Setting: Hypersurfaces

We will work with mirror pairs of CY3 hypersurfaces X, X
in toric varieties V, V
obtained from triangulations of 4d polytopes A°, A.

e

dc

oy
DFWV

2N o

473,800,776 4d reflexive polytopes < 10%*%8 CY,




Computation in Kreuzer-Skarke

Given a 4d polytope from Kreuzer-Skarke list:

NEW:

Now easily triangulate for any At!; GV up to ht! ~ 100.

CYTools: A Software Package for Analyzing Calabi-Yau Hypersurfaces

Demirtas, L.M., Rios-Tascon
Demirtas, Kim, L.M., Moritz, Rios-Tascon, work in progress



complexity of analyzing X grows exponentially —

h2,1

400+

ff the shelf

300

200

100 §

Where search for flux vacua is feasible,
which is for n**(X) <7,
ht1(X) is typically large, > O(100).

We will have to do everything at large h'!!
e Orientifolding

we can compute GV of X

e Finding rigid divisors
RNt o - o L e Uplift to F-theory, finding trivial 7

iess . . . e Computing GV invariants

Ly n
B
N e

( t ORI Wé car Search| for flux vacua
100 200 300 400 500
hl,l

complexity of analyzing X grows exponentially —



Superpotential so far

After flux choice: W =Wy+...

Goal: W:WO—I—ZADexp(—g—gTD) + ...
D

e Find at least A'! rigid prime toric divisors D, I € {1,... il 4}

e whose uplifts D 7 to F-theory have trivial intermediate Jacobian J

e in an orientifold where all seven-branes lie in s0(8) stacks
Dy rigid & h*(D;) = (1,0,0,0) < h%(D;) = (1,0,0) and h* (D;) = (0,0,0)
h2’1(131-) =0 = J trivial = Ap, constant
So we need to compute the Hodge numbers of divisors at large h'!.

Find a combinatorial formula via stratification.

Thus equipped, we carried out a search.



Search for vacua

W=W0+ZADieXp(—%—?Ti)+.... 1=1,...

K = —210g(V(Ti,TZ-)

Want: Dy, W = 0 = Re(T}) ~ — log(W5 ) +...

But where in the Kahler cone is this point?

1,1
 h



2d cross-section of Kahler cone in A'' = 491 threefold

SUSY vacuum

Demirtas, L.M., Rios-Tascon, 20



2d cross-section of Kahler cone in A'' = 491 threefold

SUSY vacuum

Demirtas, L.M., Rios-Tascon, 20



Control checks

WZWoJrZADZ.eXp(—i—?Ti)%—.... i=1,... Kb

Control of superpotential

e Ensured that Ap, are nonzero numbers by standard zero-mode counting.
Their numerical values have small effects: AT;/T; ~ log (AAp)/log(Wy)
We checked that our vacua persist for Ap, € [107%,10%]

e Further instantons (e.g., ED3 on other divisors) negligible

o Wgp(—1) = Z Bk(z)e%ih negligible due to gs < 1
k=1



Control of Kahler potential

e Einstein-frame volumes are large Re(T;) ~ g log(Wy ")
: I 21
e String-frame volumes are order-unity : s OC <1
log(Wy )

e Weak string coupling = leading corrections are at string tree level,
to all orders in o

K= —210g( -2 V(TZ,T)

Gopakumar-Vafa invariants

— 1 ¢(3)x(X)
T;,T;) == kiat't/t* —
V(T 1) =gris 4(27)3
1 : vq,—27q-t ; v-q,—2mq-t
+ 3T A LI?,((—U ¢ )+27rq-t L12((—1) e ) ,
qEM(X)
i 9 ijk 24 E i 2 .

qEM(X)

cf.



Convergence of worldsheet instanton sum

. —2mn q-t
En 1= Nnqe g

q: curve class in X
t: Kahler parameters in KKLT vacuum

Convergence if &, — 0 for n — oo.

So we compute the GV invariants .4, for small curves, and check.
I'll present one example.

Of the 175,772 smallest curves, all but 25 have A = 0.

Of the curves with A4 # 0, almost all have A;q = 0 VE > kpax € N.
These are safely collapsible, but we do include them.

But we keep searching outward until we find 758 rays of curves

with increasing (and plausibly infinite) series of nonzero .A%q.



log(&n)

Convergence of worldsheet instanton sum

Sn:zzuwaqe—anqt
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-500
1

largest correction: (’)(10_7)
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dlog(én)
758 rays ~dn
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An example with (h**, h"1) = (5, 81)

The vertices of A are the columns of

1 -2 -2 -2 -2 00 0 O 0 3EUS3 |Wel=208e=23 =239
0O -1 -1 0 0 001 1 log(&n)
0O -1 0 -1 0 0 1 0 1 ~100
o1 0 0 -1 100 -1 00

There are h'' 4+ 3 = 18,4(s) + 66gps rigid prime divisors with h>'(D;) = 0. -300-
The fluxes

M=(3 -5 2 -2 -5, K=(=5 5 —4 —1 5",

-500

123 456 7 8 9 10
carry D3-brane charge %, and the D3-brane tadpole is 44, so there are 8 D3- n
branes and one ‘half’ D3-brane. The leading instantons have GV invariants

5-81/3213 |Wy|=2.04e—-23 ¢ =239

Ny = (2 56 2 2) : 35-

30-

and the flux superpotential is 25
Wﬁ (T) — \/E 1 (2 827‘(’%“7'-% + 324 6271'2'7'-%) +0 (BQWiT-%) gjz,

e ™ (2mi)2 ’ 1ol

5_

which stabilizes the moduli at g; ~ 0.05 and

O_
-50 -40 -30 -20 -10

Wy ~ %(2;‘)2 x 36 x 180710 ~ 2.04 x 10723 dlog(&n)/dn

0

We find a supersymmetric AdS; vacuum with volume V &~ 507.4 and with
vacuum energy
Vo = =3 W|* = —8.6 x 1075 M),



Conclusions
We have given explicit constructions of supersymmetric AdS, vacua
in CY5 orientifolds with h*! <7, hl'! > 51.

Stabilization is at g < 1, LCS, large Einstein-frame volume.

Heavily tested. We judge them to be robust.
These are incarnations of the KKLT scenario.
Supersymmetric KKLT vacua are in the landscape.
Mechanism for small Wy led to giant hierarchies.
Search is automated; large-scale studies possible.

Uplift is a question for the future.



