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Outline

1. What is F-theory?

2. What is F-theory good for? (2 examples)

3. What more do we want from F-theory? (3 examples)
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1. What is F-theory?

F-theory: Nonperturbative formulation of type IIB string theory

Dictionary for geometry ↔ physics [Vafa, Morrison-Vafa]

∼ compactification of IIB on compact Kähler (non-CY) space B (e.g. Pn)
B2 (complex surface) → 6D, B3 → 4D.

Defined by Weierstrass model (fiber τ = 10D IIB axiodilaton)

y2 = x3 + fx + g, f , g “functions′′ on B2

Elliptic fibration: π : X(CY) → B,
π−1(p) ∼= T2, for general p ∈ B

Fiber singularities →

Gauge group G (codimension 1 in B)
[Kodaira: resolution → affine Dynkin]

Matter (codimension 2 in B)
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2. What is F-theory good for? (A) Global picture of the (SUSY) landscape

• 6D: One large connected moduli space with (finitely) many branches;
Max (h2,1(X3) = 491)

{140,62}
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• Most known Calabi-Yau threefolds (and fourfolds) are elliptic
(Empirical results, theoretical arguments: [Huang/WT, Anderson/Gao/Gray/Lee])

• Typical CY3 has large rigid (geometrically non-Higgsable) gauge group
G ∼ E5

8 × F6
4 × (G2 × SU(2))10 [Morrison/WT, . . . ]

(CY4 similar: → SM + dark matter?!)
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Features of the 6D F-theory landscape

• Geometry encodes nonabelian, abelian, discrete G

• Rigid gauge factors:
SU(2), SU(3),G2,F4, SO(7), SO(8),E6,E7,E8 ubiquitous

• Matter: generic + some exotics (more later)

6D swampland is tightly constrained

• Nonabelian G, # tensors T < 9 ⇒ finite # theories [Kumar/Morrison/WT]
T ≥ 9 : infinite families(?)
[KMT, Kim/Shiu/Vafa, Tarazi/Vafa, Hamada/Loges, Loges]

• G = U(1), infinite charge combos in swampland(?)
[WT/Turner, Cvetic/Lin/Turner]

Provides an arena for “quantitative swampland physics”
[Seiberg/WT, Kim/Shiu/Vafa, Lee/Weigand, Morrison/WT, Raghuram/WT/Turner,
Becker/Kehagias/Sezgin/Tennyson/Violaris, Hamada/Loges, . . . ]
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What is F-theory good for? (B) String phenomenology

There are many different ways the standard model may be realized in F-theory

GUT (SU(3)× SU(2)×U(1))(/Z6)

Tuned G Tuned GUT (e.g., SU(5)) Direct tuned GSM

Rigid G Rigid GUT (e.g., E6,E7) Rigid GSM

• Much work: tuned GUT e.g. SU(5) [Beasley/Heckman/Vafa, Donagi-Wijnholt]

• Can tune GSM directly (e.g. “F11” fibers, “quadrillion SM”)
[Klevers/Mayorga Peña/Oehlmann/Piragua/Reuter, Cvetič/K/MP/O/R,
Raghuram/WT/Turner, Cvetič/Halverson/Lin/(Liu/Tian, Long), Jefferson/WT/Turner]

Tuned models are rare in landscape, however: require tuning many moduli,
many bases will not support

• SU(3)× SU(2) can be rigid/geometrically non-Higgsable in 4D
[Grassi/Halverson/Shaneson/WT]; U(1) factor difficult however to integrate

Most natural approach: rigid/non-Higgsable GUT
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Breaking E7 → GSM [Li/WT, arXiv:2112.03947, 2207.14319, 2401.00040]

E7 fairly typical in 4D landscape (∼ 20% [WT/Wang])

Can break gauge group with fluxes ϕ:

ΘIJ =

∫
SIJ

G = M(IJ)(KL)ϕ
KL .

When Θiα ̸= 0, breaks Cartan generator i;
∑

i ciΘiα = 0∀α preserves U(1), etc.

Can choose fluxes to break E7 → GSM

Technically: vert. flux → SU(5), rem. flux → (SU(3)× SU(2)× U(1))/Z6

Many nice features

– In particular, proton decay suppressed by E7 suppression of bad Yukawas
– Generally, fairly realistic models with 3 generations and little tuning
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3. What more do we want from F-theory?

General comments:

• No non-perturbative definition of F-theory

– Holomorphy/algebraic geometry gives remarkably strong global picture

– Often defined as limit of M-theory

– IIB supergravity provides some insights, Sen limit perturbative

– Duality to heterotic when B is P1-fibered

– String junctions give insights

– Special cases τ constant

But despite all this we have no rigorous definition that could in principle enable
precise analysis of quantitative features of F-theory, even given arbitrary
computational abilities. [cf. Morrison: “What is F-theory, 1” wip]

Rest of the talk: some specific places where a better understanding of F-theory
would be useful; in particular these involve various singularities
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What do we want from F-theory? (A) Exotic matter representations

Consider 4 kinds of matter representations in 6D N = 1 SUGRA for a given
group G (focus on SU(N); for U(1) an interesting but complicated story)

– “Generic” matter

– Exotic F-theory matter

– Exotic non-F-theory stringy matter

– Swamp matter

Generic matter: appears on moduli branch of greatest dimension [WT/Turner]

For SU(N): { , , adjoint} generic (no for SU(2), = ¯ for SU(3))

Generic matter appears naturally in F-theory in the simplest models, e.g. Tate
[Bershadsky/Intriligator/Kachru/Morrison/Sadov/Vafa]
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Exotic F-theory matter

A variety of non-generic matter types appear in F-theory

e.g. SU(6) (20) appears in special tuned Weierstrass models, can be reached
by “matter transitions” leaving G invariant
[Morrison/WT, Anderson/Gray/Raghuram/WT]

Systematic classification of exotic F-theory matter:
[Katz/Vafa, Klevers/Morrison/Raghuram/WT]

Exotic F-theory matter representations live in incomplete affine Dynkin
diagrams (incomplete since otherwise fiber shrinks completely)

Examples: SU(6) w/Cartan indices (0,0,1,0,0) →

SU(4) × SU(4) bifundamental/SU(4) →

Realized when gauge divisor(s) cross(es)
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Exotic non-F-theory matter

It has been known for some time that other types of matter can arise in heterotic
constructions, e.g. (56, 2) for E7 × SU(2) [Dixon/Harvey/Vafa/Witten]

Unclear how these connect to F-theory [Cvetic/Heckman/Lin]

Recent work by Baykara, Hamada, Tarazi and Vafa: use asymmetric orbifolds,
construct models with non-F-theory exotics,
e.g. (56, 2) of E7 × SU(2) and (3, 3, 3) of SU(3)× SU(3)× SU(3).

– Models have other interesting features: no neutral hypermultiplets
(impossible in standard F-theory), violates “Kodaira condition”

Can show: [Baykara/Oehlmann/Tarazi/WT, to appear]

Matter from such asymmetric orbifolds always lives in a complete affine
Dynkin diagram

e.g. for above examples:

Can we generalize F-theory to incorporate such matter types?? (@ finite d!)
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What do we want from F-theory? (B) Resolution-independent physics

Much of the physics of F-theory is hidden in the singularities of the elliptic
Calabi-Yau

Standard approach (∼ M-theory), resolve singularities and compute.
Hides resolution-independence of physics; is there a more direct route?

Example: chiral matter χr = nr − nr∗ =
∫

Sr
G (Sr a “matter surface”)

[Donagi/Wijnholt, Beasley/Heckman/Vafa, Braun/Collinucci/Valandro,
Marsano/Schäfer-Nameki,Krause/Mayrhofer/Weigand, Grimm/Hayashi]

Standard approach: work in a specific resolution
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Resolution-independent structure in chiral matter analysis: [Jefferson/WT/Turner]

MIJKL intersection numbers on CY4 X generally depend on resolution.

Organize as matrix on Hvert
2,2 : M(IJ)(KL) = MIJKL = SIJ · SKL .

We then have fluxes χR ∼ ΘIJ =
∫

SIJ
G = M(IJ)(KL)ϕ

KL ,

where G =
∑

KL ϕKL PD(SIJ).

Removing the null space associated with trivial homology elements,

M → Mred is nondegenerate

Observation/conjecture: Mred is resolution independent up to basis
(seen in large classes of examples, general argument with one assumption)

Can we directly construct Mred from the singular geometry?

Related question: identify invariants under base flops [Jefferson/Kim/WT, wip]
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What do we want from F-theory? (C) Fluxes through singular cycles

When the vanishing degree of Weierstrass coefficients (f , g) → (4, 6), there is
no Kodaira-type resolution

– At codimension 1, goes to infinite distance, unphysical

– At codimension 2, resolution → blowup base/non-flat fiber; some
understanding in 6D as superconformal matter.
[Seiberg, Heckman/Morrison/Vafa, . . . ]

– At codimension 3, meaning is less clear.
[Candelas/Diaconescu/Florea/Morrison/Rajesh]

In many cod. 3 cases, resolution → extra elements of H4 can support flux
[Jefferson/WT/Turner, Jefferson/Li/WT wip, also work w/Anderson, Gray]

– Flux may produce superconformal matter or standard matter

– Flux may or may not break gauge symmetry

Can we find a more direct way of understanding these kinds of phenomena?
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Summary

F-theory is a powerful framework, and arguably provides the broadest global
overview available of the (SUSY) landscape and the largest and most natural
set of supersymmetric Standard Model-like string constructions

It is, however, not completely defined. The theory does not see some classes of
string vacua and associated phenomena, and geometric singularities can be hard
to understand and analyze. SUSY breaking is difficult to analyze. We need,
e.g., some analogue of string perturbation theory and/or string field theory
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THANK YOU!
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