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Towards Enumeration of Vacua

Liam McAllister
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Plan

I will describe progress we have made in this direction:

CYTools: software for computing string data

Some first fruits of this approach:

Vacua with small flux superpotential

This talk does not involve ML, but our data is a natural target.



Reality is hard

We seek a de Sitter solution of string theory.

Exact nonsupersymmetric solutions of superstring theories
with 4d gravity seem out of reach.

This is not a cosmological issue.

e.g., no derivation of Standard Model + Einstein gravity
(with no light moduli) to standard demanded for de Sitter.

Non-supersymmetric compactifications are hard,
but this does not imply they do not exist.

We need

. o /
Fundamental expansions are in o' and g .



Strategy for constructing vacua

Conceptually easy, impractical at present:

Find solution preserving N’ =1 SUSY, e.g. type IT on CY;-O.
Directly compute 4d EFT to NXLO, in o’ and g .

Exhibit de Sitter solutions in EFT at N*"!1LO,
show that NXLO negligible.
Practical: apply further approximations.

e.g. find parameter regimes where sectors decouple
into modules that interact weakly.
Analyze modules in isolation, then weakly couple them.

Final is a key challenge.



Our aim

Work under bright lamppost: Calabi-Yau compactifications.

Systematically compute topological and geometric data
that enter 4d N =1 EFT,
for a vast ensemble of CY3 hypersurfaces in toric varieties.

Automate the construction of vacua.

In time this may reveal controlled de Sitter vacua, or not.



Which string data”

Needs vary depending on model, so try to get ‘everything’.
At least, everything that follows directly from topological data.
Start: 4d reflexive polytope A° € Kreuzer-Skarke list

Fast
Automatic
Complete

Past True/extended Kahler cone of X
Automatic (Gopakumar-Vafa invariants of curves in X

incomplete e of effective divisors on X
Orientifolds of X
Limited  F-theory uplifts Y of orientifolds of X
Divisors supporting EM5 C Y or ED3 C X
Limited C alabi-Yau metric on X talks by Douglas and Krippendorf




CYTools

A Software Package for Analyzing Calabi-Yau Hypersurfaces

Purpose-built to construct and analyze triangulations,
and associated Calabi-Yau hypersurfaces in toric varieties.

Orders of magnitude faster than available codes like Sage.
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Computational progress

: CPU time: CPU time:
vear bt cbanene  iiecector
~»~ 2014 25 hours hours
2017 100 <1s 30 min
2020 491 20 ms 3s

Expected in 2021:
Calabi-Yau fourfolds

On the horizon:
Gopakumar-Vafa-invariants
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2d cross-section of Kahler cone in A'' = 491 threefold

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



Application:

Vacua with Small Flux Superpotential

Computer-aided discovery of analytic results.






KKLT de Sitter vacua

Compactification of type IIB on an orientifold X of a CYj,
including:

three-form flux G3 = F3 — 7TH3 € H3(X,Z)

an N =1 pure SYM sector on N, > 1 D7-branes

a warped deformed conifold region
containing one or more anti-D3-branes

Claim [KKLT]: in a suitable parameter regime,
these sources can yield metastable dSy,
and corrections to approximations are small.



Setup

Type IIB string theory compactified on O3/O7 orientifold, X, of a CY,.
d82 _ GABdXAdXB _ 6—6u(:c)—|—2A(y)g“Vd$,udxv 4+ eZu(m)—ZA(y)gabdyadyb

Take hi’l =1, ¥ € Hy(X,7Z). Choose G3 = F3 — TH3 € H3(X, 7).
Moduli: axiodilaton 7 := Cy + ie” ¢

complex structure U,, a=1,... h21

Kahler: T = e** + 2/ Cy.
¥

4d N = 1 supergravity:
Wiaux = / G3 N
X

K=-3log(T+T)—log(—i(r — 7)) — log(—i/

XQAQ)

For generic GG3, solutions of D.W = Dy W = 0 are isolated = 7, U, fixed.



Setup

K=-3log(T+1T)

Consider a stack of D7-branes on ¥ that support pure SU(N.) SYM.

N,

Wap = 3972

D) =Ae T W =W+ Ae M T

This supergravity theory has a SUSY AdS; minimum:



