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F-theory & U(1) Gauge Symmetries

MOTIVATION



Why F-theory?

F-theory = TypellB
¥ back-reacted
(p,q) 7-branes
¥ regions with finite/infinite
g. on non-Calabi-Yau space

¥ elliptically fibered
Calabi-Yau manifold

Through chain of dualities related to:

M-theory (11dim Supergravity)

Heterotic String Theory



Why F-theory Compactification?

(

.

A broad domain of non-perturbative string theory landscape
with new promising particle physics & cosmology

Focus on [SU(5)] GUT:
Local model building: [Donagi,Wijnholt;Beasley,Heckman,Vafa;... Font,Ibanez;...

Hayashi,Kawano,T'suchiya,Watari, Yamazaki;...Dudas,Palti,...
Cecotti,Cheng,Heckman,Vafa; ...Marchesano,Martucci;...]

Global model building: [Blumenhagen,Grimm,Jurke, Weigand;

Marsano,Saulina,SchaferNameki;Grimm,Krause,Weigand;...
M.C.,Halverson,Garcia-Etxebarria;...] SM [Lin,Weigand]
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Local model building: [Donagi,Wijnholt;Beasley,Heckman,Vafa;... Font,Ibanez;...
Hayashi,Kawano,T'suchiya,Watari, Yamazaki;...Dudas,Palti,...
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Global model building: [Blumenhagen,Grimm,Jurke, Weigand;

Marsano,Saulina,SchaferNameki;Grimm,Krause,Weigand;...
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e

Employing geometric techniques for elliptically fibered
\Calabi-Yau manifolds and/or dualities to determine

[Vafa; Vafa,Morrison,...] )

J

Gauge symmetries, matter repres.& multiplicities, Yukawa couplings,E

E.



Why Abelian Symmetries in F-theory?
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Why Abelian Symmetries in F-theory?

[ Physics: important ingredient of the Standard Model and beyond ]

# Multiple U(1)’s desirable

Formal developments: new CY elliptic fibrations related to Mordell-Weil group

While non-Abelian symmetries extensively studied: [Kodaira; Tate;Morrison,Vafa;
Bershadsky,Intriligator,Kachru,Morrison,Sadov,Vafa, Candelas,Font,...]
Rece ntly: [Esole,Yau;Marsano,Schéafer-Nameki; Morrison,Taylor; M.C.,Grimm,Klevers,Piragua;
Braun,Grimm,Kapfer Keitel, Borchman,Krause,Mayrhofer,Palti,Weigand,;
Hayashi,Lawrie,Morrison, Schafer-Nameki; Esole,Shao,Yau,;...]

Abelian sector rather unexplored Few early examples: [Aldazabal,Font,Ibanez,Uranga;
Klemm Mayr,Vafa]

A lot of recent progress: [Grimm,Weigand;Esole,Fullwood,Yau; Morrison,Park; M.C.,Grimm,Klevers;
Braun,Grimm,Keitel; Lawrie,Schafer-Nameki; Borchmann,Mayrhofer,Palti,Weigand; M.C.,Klevers,Piragua,;
Grimm,Kapfer,Keitel,Braun,Grimm,Keitel;, MC,Grassi,Klevers,Piragua;Borchman,Mayrhofer,Palti,Weigand;
M.C.,Klevers,Piragua; M.C.,Klevers,Piragua,Song; Braun,Collinucci, Valandro; Morrison,Taylor;

Kuntzler,Schéfer-Nameki .
! Torsion part: [Morrison,Vafa; Aspinwall,Morrison;...Morrison,Till, Weigand ]



C.f., also talks on F-theory Iin plenary sessions by:

Anderson, Collinucci, Garcia-Etxebarria, Grimm, Hebecker,
Marchesano, Mayrhofer, Schafer-Nameki, Weigand, ...

and parallel sessions devoted to F-theory at SPO14



Outline & Summary

Systematic Construction of Abelian sector of F-theory

1. Engineering rank n Abelian sector U(1)" of global F-theory compactification:
construction of elliptically fibered Calabi-Yau manifolds with
rank n Mordell-Weil (MW) group
- Exemplify for rank 2 MW [U(1)?]



Outline & Summary

Systematic Construction of Abelian sector of F-theory
1. Engineering rank n Abelian sector U(1)" of global F-theory compactification:
construction of elliptically fibered Calabi-Yau manifolds with
rank n Mordell-Weil (MW) group
- Exemplify for rank 2 MW [U(1)?]
2. Develop techniques:
- Matter representations, multiplicities in D=6
- Yukawa couplings, chirality (G, - flux) in D=4
Two-fold advances: geometry & M-/F-theory duality



Outline & Summary

Systematic Construction of Abelian sector of F-theory
1. Engineering rank n Abelian sector U(1)" of global F-theory compactification:
construction of elliptically fibered Calabi-Yau manifolds with
rank n Mordell-Weil (MW) group
- Exemplify for rank 2 MW [U(1)?]
2. Develop techniques:
- Matter representations, multiplicities in D=6
- Yukawa couplings, chiralit’ic%e(gé”—n}‘t]t%) in D=4
Two-fold advances: geometry & M-/F-theory duality
3.! Applications:

- Construction of rank 3 [U(1)3] - complete intersection CY in IP’?%ime permitting
- Global D=4 GUTOsv/ SU(5)xU(1)2: all Yukawas; special un-Higgsing to E
- General study of moduli space of U(1)? with non-Abelian un-Higgsing



Type IIB perspective

F-THEORY BASIC INGREDIENTS

Brief: c.f., Palti’s nice review at SP’14



F-theory Compactification: Basic Ingredients

F-theory geometrizes the (Type IIB) string coupling (axio-dilaton):

l =Co + igé 1 asamodular parameter of two-torus T?(t)

Compactifcation is a two-torus T?(t)-fibration over a compact base space B:

Weierstrass form:
2 3 4 6
Yy =x" + fxz" + gz

f, g- function fields on B

T(X,Y,2)

[z:x:y] homog. coords on P?(1,2,3)
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f, g- function fields on B
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singular T2(x)-fibr. > g.,=>!
location of 7-branes
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¥ Total space of T?(t)-fibration: singular elliptic Calabi-Yau manifold X
D=4, SUSY vacua: fourfold X, [D=6, SUSY vacua: threefold X;]
¥ X,-singularities encode complicated set-up of intersecting 7-branes:
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F-theory Compactification: Basic Ingredients

¥ Total space of T?%(t)-fibration: singular elliptic Calabi-Yau manifold X
D=4, SUSY vacua: fourfold X, [D=6, SUSY vacua: threefold X;]
¥ X,-singularities encode complicated set-up of intersecting 7-branes:

Gauge theory (ADE...) - Matter in co-dim.
in co-dim. one in B, twoin B; [Katz,Vafa]
(7-branes) S (intersecting 7-branes)

G,-flux at intersection

Yukawa couplings _ _
induces chiral 4D matter

in co-dim. three in B,

,mf:SmS’mS”




Constructing elliptic fibrations with higher rank Mordell-Weil groups

U(1)-SYMMETRIES IN F-THEORY



Recall: Non-Abelian Gauge Symmetry

[Kodaira;Tate;Vafa;Morrison,Vafa; Bershadsky,Intriligator,Kachru,Morrison,Sadov,Vafa;...]

1. Weierstrass form for elliptic fibration of X @

y2 _ 3 +f:1:z4 +gzes
[ [ords(f),ordg(g),0ords(A)] 4=y Singularity type of fibration of X ]

S

2. Severity of singularity along divisor S in B:
B




Recall: Non-Abelian Gauge Symmetry

[Kodaira;Tate;Vafa;Morrison,Vafa; Bershadsky,Intriligator,Kachru,Morrison,Sadov,Vafa;...]

1. Weierstrass form for elliptic fibration of X @

y2 _ 3 +f:1:z4 +ngs
[ [ords(f),ords(g),0rds(A)] 4=y Singularity type of fibration of X ]

2. Severity of singularity along divisor S in B:
3. Resolution: singularity type <4m structure of a tree of P1’s over S

S

B

[ -singularity:

A

Recent refinements: [Esole,Yau,...;Hayashi,Lawrie,Schafer-Nameki,Morrison;...]



Recall: Non-Abelian Gauge Symmetry
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1. Weierstrass form for elliptic fibration of X @

y2 _ 3 +f:1:z4 +ngs
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S
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[ -singularity:

A

Recent refinements: [Esole,Yau,...;Hayashi,Lawrie,Schafer-Nameki,Morrison;...]

4 )

-1 Cartan generators for Al gauge bosons: in M-theory via Kaluza-Klein

(KK) reduction of C; forms along (1,1)-forms  w; < P; on X
Cs; DA,

(! Non-Abelian generators: light M2-brane excitations on Pl@ [Wittexg




U(1)’s-Abelian Symmetry
- U(1)’s gauge bosons A™ should also arise via KK-reductionC3 D A™! .

(1,1)-forn{s'on X
- Forbid non-Abelian enhancement (by M2’s wrapping PY's): only /,-fibers



U(1)’s-Abelian Symmetry & Rational Sections

- U(1)’s gauge bosons A™ should also arise via KK-reductionC3 D A™! .

(1,1)-forn{s'on X
- Forbid non-Abelian enhancement (by M2’s wrapping PY's): only /,-fibers

[(1,1) - form wy, 4@ rational section } [Morrison, Vafa, IT]
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[ Rational sections of ellip. fibration » Rational points of ellip. curve ]




U(1)’s-Abelian Symmetry &Mordell-Weil Group

[ Rational sections of ellip. fibration » Rational points of ellip. curve ]

1.1 Rational point Q on elliptic curve E with zero point P
¥ issolution(zg, yg, 2¢)in field K of Weierstrass form

2 3 4 6
Y- =x° + fxz" + gz F
¥ Rational points form group (addition) on E Q

» [ Mordell-Weil group of rational points]




U(1)’s-Abelian Symmetry &Mordell-Weil Group

2. Qon Einduces a rational section§, : B — X of elliptic fibration

» §Q gives rise to a second copy of B in X:

new divisor B, in X



U(1)’s-Abelian Symmetry &Mordell-Weil Group

2. Qon Einduces a rational section§, : B — X of elliptic fibration

» §Q gives rise to a second copy of B in X:
new divisor B in X

» (1,1)-form  Wm constructed from divisor B,
indeed (1,1) - form Wm <mmp rational section



Structure of Elliptic Fibrations with Rational Sections

Consequences for Welerstrass form (WSF) w/ rat. point Q= [zg : yg : 20]
1. Implies constraint relation between f, g

975 = Yo — X ~ X2
2. Implies singularity at codimension two in B:
Factorization:(y! yo)(y+ o) = (X! Xo)(X*+ xox + fz3 + x3)

- Singularity: yo = f24 +3z5 =0 = \\/SF singular at Q Q

Q
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Structure of Elliptic Fibrations with Rational Sections
Consequences for Welerstrass form (WSF) w/ rat. point Q= [zg : yg : 20]
1. Implies constraint relation between f, g

078 = Y5 — Xo — fX 0z
2. Implies singularity at codimension two in B:
Factorization:(y! Yo)(y+ Yo) = (X! xQ)(X*+ xoXx + fz3 + x3)
- Singularity: yo = fz5 +3z5 =0 ™% \\/SF singular

|, fiber Singular fib

resolved

P at

w/isolated (matter) curve

» Section §Q implies U(1)-charged matter, though only /,-fiber in codim. one




Strategy: construction of elliptic curve E with with rational points

Find most general way to place n rational points on elliptic curve E:
¥ Solve the constraints in Weierstrass form
(f, g implied by rational points [z¢ : yq : 2q] )
¥ Provide resolved Calabi-Yau elliptic fibrations

» requires departure from Weierstrass form



Elliptic curves with rank-n Mordell-Weil group

ELLIPTIC FIBRATIONS WITH n RATIONAL SECTIONS



Elliptic Curves E with Rational Points

[ Elliptic curve with zero point P and n rational points Q; ]

has canonical embedding as Calabi-Yau one-fold in WP™

m) degree n+1 line bundle M=O(P+Q,+...+Q,) on E:  |M = Oypn(1)|&



Elliptic Curves E with Rational Points

[ Elliptic curve with zero point P and n rational points Q; ]

has canonical embedding as Calabi-Yau one-fold in WP™

m) degree n+1 line bundle M=O(P+Q,+...+Q,) on E:  |M = Oypn(1)|z
Example n=2: points P Q, R
1. M=0(P+Q+R) degree three: three sections (u,v,w) = P2-coordinates
! Eis cubic curve in P?[u : v : w]
2.! Existence of points P, Q, R: E non-generic cubic has to factorize as
u=>0

3
- ufz(u,v,w)+H(a,iv+biw) =0
i=1
Degree two polynomial f5(u, Vv, w)
Q@

E generic Calabi-Yau in blow-up of P2at points Q, R = dP,



Explicit Examples

n=0: Tate form in P?(1,2,3)

n=1: E with P, Qis generic CY in B1;P*(1,1,2) [Morrison,Park]

n=2: Ewith P, Q, Ris generic CY in dP, [ﬁoé’c%n;f‘g?s’l\gii i;&l;]fer’Pa‘ltl’Welga‘nd*

n=3: EwithP, Q R, SisCICY in Bl;P’ [M.C.,Klevers,Piragua,Song]

n=4 is determinantal variety in P* work in progress: [M.C. Klevers,Piragua,Song]

higher n, not clear...

Features:
¥ CY-elliptic fibrations automatically smooth

¥ For n=0,1,2,3: zero-section 8p is non-holomorphic
» still valid F-theory background



lllustration: d P -elliptic fibrations with two rational sections

ENGINEERING F-THEORY WITH U(1)?



Construction of CY Elliptic Fibrations

[M.C.,Klevers,Piragua;M.C.,Grassi,Klevers,Piragua]

lllustration: CY-fibrations X with rank 2 curve in dP,

Related work: [ Borchmann,Mayrhofer,Palti,Weigand ]
E C dP. 9 — X

three sections u fo (u, v, w) + vw(s7v + Sqw) = 0
SP,SQ SR
B

¥ p?-coordinates [u : v : w] and coefficients s; lifted to sections on B

¥ CY manifold X topologically determined by divisors &; = (s7) , Sy = ( 59)



Construction of CY Elliptic Fibrations

Classify all vacua with fixed E in dP, & chosen base B in D=6 and D=4

Example: D=4, B = P3
1. X generic [all s, exist, generic]: U(1) x U(1)

6
S
87 — n7H[p3 4
Sg = NgHps 5 Can construct and
study entire family
s s of CYO=xplicitly

2. X non-generic [s; realize SU(5) at t=0]: SU(5) x U(1) x U(1)




Codimension two singularities

MATTER IN F-THEORY WITH U(1)’s



Matter in General Geometries with U(1)’s

[M.C.,Klevers,Piragua;M.C.,Grassi,Klevers,Piragua]
Charged matter at codim-two singularities in B
¥ Highly reducible variety:

Individual matter loci “ iIrreducible components
= associated prime ideals

Matter locus : yo = fzg +3z§ =

¥ Ideal techniques: irreducible components 4mp prime ideals
(of polys y,.f-high degree)



Matter in General Geometries with U(1)’s

[M.C.,Klevers,Piragua;M.C.,Grassi,Klevers,Piragua]
Charged matter at codim-two singularities in B

Matter locus : yg = fzé + 3:::6 =0 @

¥ Highly reducible variety:

Individual matter loci “ iIrreducible components
= associated prime ideals

¥ Ideal techniques: irreducible components 4mp prime ideals
(of polys y,.f-high degree)

ldentify matter at distinguished loci:

Type A: matter at loci in B where sections are ill-defined
Type B: matter at loci characterized by additional constraints
=) matter with multiple U(1)-charges

¥ Leads to all prime ideals for dP,-fibrations w/ SU(5)
[M.C.,Klevers,Langacker,Piragua] - to appear



lllustration: Codimension two singularities of dP,-elliptic fibrations

MATTER FOR F-THEORY VACUA: U(1)?



Summary of Matter Representations

U(1) x U(1)

Type B (1,0) (0,1) (1, 1)

Type A | (-11) 0.2) (-1,-2)
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Type B (1,0) (0,1) (1, 1)
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X non-generic =2 realize SU(5) x U(1) x U(1)
Apply analogous techniques to determine matter representation

Specific example: w/ SU(5) at t=0




Summary of Matter Representations

U(1) x U(1) SU(5) x U(1) x U(1)

Type B (1,0) (0,1) (1, 1) | (5,—2,0)(5,2,0) (5,-2%,-1) | €

Type A (—1,1) (0,2) (-1,-2) | (5,-24,1) (5,3,1) (10,-%,0)

X non-generic =2 realize SU(5) x U(1) x U(1)
Apply analogous techniques to determine matter representation

Specific example: w/ SU(5) at t=0




D=6 Matter Spectrum & Multiplicities

Closed formula for D=6 matter multiplicities for entire class of F-theory
vacua over any base B

Example: B=p?

(Ch, &) Multiplicity
(1,0) 541 15ng +ng + (124 ng)n7 ! 2n2
Type B (0,1) 54+2 6ng! N2+ 6n;! n
(1,1) 54 +12ng! 2n3 + (ng! 15)n; +n2
(' 1,1) nz (3! ng+ny)
Type A (0,2) NoNny;
(1,1 2) Ng (3+nNg! n7)

Integers n,, ng specify all dP,-fibration over =%
Full spectrum and multiplicities also with SU(5)xU(1)x(1) group

Consistency check: spectrum cancels D=6 anomalies in quantum field theory



D=4: Matter surfaces, G,-flux

MATTER SPECTRUM IN D=4

No time

Construction of G, flux B H,?2(X, Z/2) - determine chiralities
First explicit construction of G, for B= p3 ; Matter curves
Constraints from D=3 M-/F-theory duality



D=4 Spectrum

Example B=P3with U(1) x U(1): most general solution for G,-flux [a/]

G4 = dsNg (4' n- + ng) Hé +4a5HBSp + agHBU(éQ) + a4HBU(éR) + a5S%>

(91, g2) D=4 chiralities
(1,0) |2 [asnrne (4 — ny + ng) + as (202 — (12 — ng) (8 — ng) — n7 (16 + ng))]
(O, 1) 5 lasng (4 —n7 +ng) (12 — ng) — ag (n7 (8 — n7) + (12 — ng) (44 nyg))]
(1,1) |4 [2asno(d —n +n9)(12 — ng) — (a3 +as)(n? + nr(ng — 20) +2(12 — n9)(4 + ng))
(—1,1) i(ag—a4)n7(4+ n7 — ng)
(0, 2) %n7n9(—2a4 + a5(4 — n7 + ng))
(—1,-2) —ing(n7 — ng — 4)(as + 2a4 + as(n7 — 2ng))

All D=4 anomalies cancelled - employing[Hayashi,Grimm;Grimm, M.C.,Klevers]



D=4 Spectrum

Example B=P3with U(1) x U(1): most general solution for G,-flux [a/]

G4 = dsNg (4' n- + ng) Hé +4a5HBSp + agHBU(éQ) + a4HBU(éR) + 3.58%)

(g1, q2) D=4 chiralities
(1,0) |2 [asnrne (4 — ny + ng) + as (202 — (12 — ng) (8 — ng) — n7 (16 + ng))]
(O, 1) 5 lasng (4 —n7 +ng) (12 — ng) — ag (n7 (8 — n7) + (12 — ng) (44 nyg))]
(1,1) |4 [2asno(d —n +n9)(12 — ng) — (a3 +as)(n? + nr(ng — 20) +2(12 — n9)(4 + ng))
(—1,1) i(ag—a4)n7(4+ n7 — ng)
(0,2) Lnzng(—2as + as(4 — n7 + ng))

(—1,-2) —ing(n7 — ng — 4)(as + 2a4 + as(n7 — 2ng))

Same methods for SU(5)xU(1)xU(1) applied:

G,-flux has 7 parameter; all D=4 chiralities determined; anomalies checked,;

Chirality checked against [Type B] matter geometric calculations



Yukawa Couplings in GUT’s & U(1)’s

[M.C., Klevers, Langacker, Piragua]-to appear

D=4 Yukawa couplings at codimension three:

[ Intersections of matter curves <= Calculations of prime ideals]

Results for U(1)?2 & specific SU(5)xU(1)2:
All gauge invariant couplings geometrically realized!

m) \Viiraculous structure at codimension three of fibration



Yukawa Couplings in GUT’s & U(1)’s

[M.C., Klevers, Langacker, Piragua]-to appear

D=4 Yukawa couplings at codimension three:

[ Intersections of matter curves <= Calculations of prime ideals]

Results for U(1)?2 & specific SU(5)xU(1)2:
All gauge invariant couplings geometrically realized!

m) \Viiraculous structure at codimension three of fibration

Application: Exploration of gauge symmetry enhancement (un-Higgsing)
specific SU(5)xU(1)? = rank-preserving non-Abelian symmetry
D=4 examples of spectrum and couplings, fit into SU(6)xSU(2);SO(10)xU(1);< Eg
[but NOT into SU(7)]  Primarily field theory analysis; further study of geometry



Application: U(1)3

Rank 3 MORDEL-WEIL ELLIPTIC FIBRATIONS

E as a complete intersection CY in B3],P° No time
Classify Calabi-Yau elliptic fibrations of E over given base B
Matter multiplicity involved: determinantal varieties



D=6 Matter & Multiplicity for U(1)>

[Calabi-Yau elliptic fibrations of E over given base B classified]

Charges Multiplicities
(1,1,-1) [se] - [s18]
(0,1,2) [So] &[S10]
(1,0,2) [S10] &[S20]
(-1,0,1) [85] - S7 ! [sg] - [Sig]
(0,-1,1) (8] - & - [ss] - [s18]
(-1,-1,-2) [ss]2a 9! [S10] &AlS20]
(0,0,2) $749! [SwollSe]

tri-fundamental'(1,1,1)

ALK P 3([p2l?)? ! 2[KE ST 3([p2]”)S7 ! 2[KEtSy ! 3([p2]”)Sy
| 285, + 2[K LSy + 9([p2]?)So + 59,Se +55,S, | 832

2[K 5+ 3([pa]”)? + 2[K g 1Y + 3([p ) S + 2[K 5 1S5 + 3([p2]") S

(1,1,0) +935, 1 3KLYNSe! 9([pa]P)Se! 49,Se! 4S;Se+7S2
(1,0,1) 2[Kg P +3([pa]")? + 2[K 5 1) + 3([pI) D, ! 3K 11S7 + 3([pal”) Sy

T +2S;S; + S2 + 2[K5YSe ! 9([pa]?)Se ! 5S:Se! 4S;Sy + 6S2
(0,1,1) 2[Kg T+ 3([pal")” ! 3K '19; + 3([pa]")D: + & +2[Kg ]S

" +3([ p2] )57 +29.S; + 2[K ]59 — 9([p2]") Sy — 49739 —5%,S,+6S;
(1,0,0) 4K 3([p2]"?! 2[Kg 1S ! 3([p DS + 2[K 511! 3([p2]b)57

a | 851 2881 2KL 1S, + 9(p)S, +48S, + 58S, 652
(0,1,0) 4[K ! 3([p2]b)2 +2[K 1S, ! 3([pz]b)97 I 281 2[Kg 1]S7

T 1 3([p NS ! 95! Z[Kél]ssa +9([p]”) Sy + 59739 +4%,Sy! 65§
(0,0,1) AKg TP 4(po]?)? + 2[K g 9L A9 ! 2+ 2[K 1Sy ! 4([pa]) Sy

1 29,5, 1 252 + 2[K L 1]Ss + 12([pa]”) So + 6 S S + 6 $7Ses ! 1052



Application: un-Higgsing of U(1)?

NON-ABELIAN GAUGE ENHANCMENT of U(1)’s



Non-Abelian Gauge Enhancement

Elliptic fibrations with higher rank Mordell-Weil group crucial for

understanding the moduli space of F-theory compactifications
® Study un-Higgsing in complex structure moduli space:

enhancement of U(1)’s = to non-Abelian symmetry

Rank 1 case understood: [Morrison, Taylor]

D=6 F-theory with single U(1) un-Higgses to SU(2)

g tuning comp. str. moduli

ﬁ =
U(1) — SU(2) on Riemann surface >4
adjoint matter VEV

.

Geometric: transition of vertical divisor into rational section



Non-Abelian Gauge Enhancement:U(1)?
[M.C.,Klevers,Piragua,Taylor]
Enhancement of U(1)xU(1): richer structure

Reduce MW-rank to zero by merging rational points Q, R with zero P

u=2>0

3
£ g uf2(u,v,w) + [ [(av + bw) =0

= =

Q@



Non-Abelian Gauge Enhancement:U(1)?
[M.C.,Klevers,Piragua,Taylor]
Enhancement of U(1)xU(1): richer structure

Reduce MW-rank to zero by merging rational points Q, R with zero P

u=>0

wfo(u,v,w) + A (av + byw)?(azv + bsw) = 0

¥ rkMW)=2 >1as PQ >0



Non-Abelian Gauge Enhancement:U(1)?

[M.C.,Klevers,Piragua,Taylor]
Enhancement of U(1)xU(1): richer structure

Reduce MW-rank to zero by merging rational points Q, R with zero P
wfo(u,v,w)+ 11l o(arv+ biw)® =0

¥ rk(MW)=2 > 1asPQ > O
¥ rk(MW)=1 > 0asPR > 0

Tuned fibration with codimension one singularity built in:
1.1 U(1)xU(1) > SU(3):set !, =1 atlocus f»(0,! by,a,) =0inB

» l;-singularity at P

2.1 U(L)xU(1) > SU(2)xSU(2): set f2(0,! b1,a1) =1
®» fiberat! =0 inB: wf2(u,v,w)=0
3.! General case not rank preserving: U(1)? - SU(3)xSU(2)?



[ Summary J

¥ Systematic construction of elliptic fibrations w/ Mordel-Weil groups
(explicit n=2,3 w/ general: U(1)x U(1) and U(1)xU(1)xU(1) [& w/ SU(5)]

¥ Develop techniques (general):
- D=6 matter presentations, multiplicity
- D=4 Yukawa couplings & chirality (G, flux —H,??)(X,Z/2); constraints)
From geometry [Determinantal variety techniques]:

miraculous structure of codim. 2 and 3 singularities: tri-fund. reps., couplings,E

¥ Applications:
- explicit rank 2 (hypersurface in dP,): U(1)? [& w/ SU(5)]
-explicit rank 3 (complete intersections in Blz(P?)): U(1)3
-study of un-Higgsing of U(1)? [w/ SU(5)] = non-Abelian gauge symmetries



[ Outlook ]

¥ D=4 global SM/GUT models w/ U(1): general base; SUSY conditions,
quantization of G, flux,... - Particle Physics Implications

[M.C.,Klevers,Langacker,Piragua] - work in progress
¥ n>3: explicit construction for n=4

[M.C.,Klevers,Piragua,Song]: work in progress
¥ Comprehensive study of moduli space for un-Higgsing:
U(1)" =2 non-Abelian gauge theory enhancement
[M.C.,Klevers,Piragua,Taylor]- work in progress

¥ Study of heterotic duals of F-theory with U(1)’s
[M.C.,Grassi,Klevers,Piragua,Song]- work in progress

# New insights into geometry and physics of F-theory



