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Instantons in F-Theory - Euclidean D3 branes

Theory at finite string coupling g, w/ no fundamental formulation
- multi-pronged approaches

Past:

1) zero mode structure

neutral (3-3) zero modes >monodromies in F-theory;anomaly inflow
[M.C., 1. Garcia-Etxebarria, R. Richter, 0911.0012],
[M.C., I. Garcia-Etxebarria, J. Halverson, 1107.2388]

charged (3-7) zero modes - string junctions
[M.C., 1. Garcia-Etxebarria, J. Halverson, 1107.2388],...

Recent/Current:
Iil)|Superpotential via dualities & directly in F-theory




- ii) F-theory instanton superpotential

Focus on Pfaffians (7-brane moduli dependent prefactors):

1) Via Heterotic Duality > Geometric interpretation of zero loci
(including Eg symmetric point)
[M.C., 1. Garcia-Etxebarria & J. Halverson, 1107.2388]

) ——

Inclusion of fluxes & direct F-theory results
[M.C., R. Donagi, J. Halverson & J. Marsano, UPR-1040-T, to appear]

lil) Effective Superpotential via N=2 D=3 M-theory
[study of anomaly cancellation as a prerequisite]
[M.C., T. Grimm, J. Halverson & D. Klevers, work in progress]

Not much time



D-instanton motivation:

1) Important role in moduli stabilization
[Strominger’86],...[Giddings,Kachru,Polchinski’0Ol],...
[Kachru,Kallosh,Linde,Trivedi’03],...
[Balasubramanian, Berglund, Conlon, Quevedo’05],...

i) New types of D-instantons: generate certain
perturbatively absent couplings for charged sector matter

[Blumenhagen, M.C., Weigand, hep-th/06091911],
[Ibanez, Uranga, hep-th/0609213],

- charges matter coupling corrections

[Florea, Kachru,McGreevy,Saulina, hep-th/0610003]
-supersymmetry breaking

Review: [Blumenhagen, M.C., Weigand, 0902.3251]

Encoded in non-perturbative violation of “"anomalous” U(1)’s



lllustrate: Type II(A)D-Instanton (geometric)- Euclidean D-brane
D=9+1 » D=3+1

|

Xg-Calabi-Yau X M4 3-flat

y
. —

y

Wraps cycle I1,,, cycles of X;  point-in 3+1 space-time

New geometric hierarchies.zfor' couplings:
Re (e=5e2) = ¢ Fas 02 2x_ Vol stringy!

— e aguT Yolpe

Instanton can intersect with D-brane (charged A’ - zero modes)

- generate non-perturbative couplings of charged matter



Specific examples of instanton induced charged matter couplings:

1) Majorana neutrino masses original papers...

i) Nonpert. Dirac neutrino masses [M.C., Langacker, 0803.2876]

iii) 10 10 5 GUT coupling in SU(5) GUT’s
[Blumenhagen, M.C. List, Richter, Weigand, 0707.1871]

Iv) Polonyi-type couplings
[Aharony, Kachru,Silverstein, 0708.0493],[M.C. Weigand,0711.0209,0807.3953],
[Heckman, Marsano, Sauline, Schafer-Nameki, Vafa, 0808.1286]

1) Local embeddings: Type II(A) original papers...
F-theo 'Y [Heckman,Marasno,Schafer-Nameki,Saulina 0808.1286]
i) Global embeddings: Type | (m.c., T.weigand,0711.0209,0807.3953]
Type 1B [Blumenhagen,Braun,Grimm,Weigand, 0811.2936]

F-theo I'Y[M.C., I. Garcia-Etxebarria, J. Halverson,003.5337]
New algorithm <« [Blumenhagen, Jurke, Rahn, Roschy, 1003.5217]




F-theory Compactification
Vafa’96..

Revival: geometric features of particle physics w/ intersecting branes
& exceptional gauge symmetries common in the heterotic string
-- at finite string coupling g,

Geometry of F-theory: Elliptically fibered Calabi-Yau fourfold Y/;

complexified g, encoded in T fibration over the base B,

Gauge Symmetry: where fiber degenerates (say for T2 pA+qgB cycle) a
co-dim 1 singularity signified a location (p,q) 7-branes in the base B,

Matter: Intersecting 7-branes at co-dim 2 singularities G,-flux needed (for chirality)

(Semi-) local &(limited) global SU(5) GUT’s: chiral matter&

Yukawa couplings (co-dim two (and three) singularities on the GUT 7-brane)...
[Donagi, Wijnholt’08’11’12],[ Beasley, Heckman, Vafa’08],...

[ Marsano,Schéafer-Nameki,Saulina’08’10’11],[ Marsano Schafer-Nameki’ll],
[Blumehagen,Grimm,Jurke,Weigand’09],

[M.C., Garcia-Etxebarria,Halverson,1003.533],...

[Grimm,Weigand’10], [Grimm,Hayashi’ll]; [Krause,Mayrhofer,Weigand’11’12],...
[Esole,Yau’ll],... [Cecotti,Cordova,Heckman,Vafa’10],...



Cartoon of F-theory compactification (Y, as T2 over B,)

Instanton: Euclidean D3 brane (ED3) wrapping divisor in B

(p,q) 7-brane

Neutral (3,3) zero modes

Charged (3-7) zero modes vHidden” 7-bra




Instantons in F-theory

Past Work:
[Witten’96], [Donagi,Grassi,Witten’96], [Katz,Vafa’96],
[Ganor’96],..., [Diaconescu,Gukov’98],...

Recent Work:

Blumenhagen, Collinucci, Jurke’10],

[M.C., Garcia-Etxebarria, Halverson’l0,’11], [Donagi, Wijnholt’11],
Grimm, Kerstan, Palti, Weigand’11],

Marsano, Saulina, Schafer-Nameki’11],

Bianchi ,Collinucci, Martucci’ll], [Kerstan, Weigand’12]

|

Related recent works focus on G,-fluxes and U(1)’s




Non-pert. Superpotential for moduli stabiliz. W ~ Ae™ 7T
due to ED3 wrapping divisor D in B,

in the presence of (E5) GUT 7-brane wrapping B,

w/local structure captured by intersection curve 2 & flux G, there

s

-GUT

B;

2 -curve

Key upshots:
1) Conjecture how to compute Pfaffian A
(7-brane moduli dependent prefactor)
i) Explicit F-theory examples;
analyse substructure, such as points of Eg enhancement



F-theory ED3-instanton via duality (brief):

%
Siaresi
Heterotic <——>  F-theory ¢<——=> M-theory °

Shrink elliptic fiber
w/ fixed compl. str.

M5 with a leg in the fiber
(vertical divisor)

ED3
= @
O P




*Digression: F-theory via D=3, N=2 M-theory compactification
[Grimm, Hayashi’ll], [Grimm,Klevers’12]

Analyze 4D F-theory in D=3, N=2 supergravity on Coulomb branch

F-theory on X, x ST = M-theory on )24

Matching of two effective theories possible only at 1-loop

:> 1-loop in F-theory (by integrating out massive matter) =
classical supergravity terms in M-theory

Rich and controllable example: 3D Chern-Simons terms ©;;A' A F/
[Aharony,Hanany,Intriligator,

I:> 3D Chern-Simons terms ©;; encode Seiberg,Strassler’97]
1) 4D chiralindex y(R): e _J Gy Aoy Ay <= 017 ~ y(R)
(M- theory/supergrawty) (F-theory)

2) 4D anomaly cancellation implies relation among different CS-terms @,
[M.C.,Grimm,Klevers, to appear]

3) Index of charged instanton zero modes encoded in certain CS-terms.
c.f.. Klevers gong show talk! [MC,Grimm,Halverson,Klevers, in preparation]
I., !



F-theory ED3-instanton via duality:
Heterotic <——>  F-theory <——> M-theory

X, ellipt. fibered over B, Y, ellipt. fibered over B gprink elliptic fiber
with B;: P' over B, w/ fixed compl. str.

Vector bundle V. &> Flux G, €~

(Cheul)-spectral cover data (Cr.N)-spectral cover data

M5 with a leg in the fiber
Worldsheet inst. wraps 2 inB, ED3wraps P1over2 (vertical divisor)

Fermionic left-moving zero modes

Fermionic A" (3-7) modes

hO(E,V|2 ® 0(_1)) ED3

~ KO(e, L& K2 )
WS




2
Instanton data in F-theory: @ !

ED3 on divisor D in the presence
of (Eg) GUT divisor Bz C Bs

by gauge theory on R x B, data
(G, info) specified by Higgs bundle
<> spectral cover data (Cyoe, Nioc)

T 2-curve
Spectral surface, line bundle (G, info)

-GUT

B3

zero modes localizeon X =DnNBy; C Bs

—>study vector bundle cohomology on 2
>line bundle cohomology on curve Cloc = Cioc N7 X

Defining equation of Cjoc specified by moduli -
/-brane moduli in the instanton world-volume



Computing Pffafian prefactor: - cur

Class of curve Cipe :  [Cioc) =3s+ 'r?

section of £  elliptic fiber class
w/ further algebraic data:

1
c1(Nejiocle) = E(ns + (r + x)F) + AM(ns — (r — nx)F) X=cLB, B, S r=n-g L€’

['.A - (Nc,loc & 05(_F))|Cloc

conjecture:
hi(cloc, EA) 75 0 = Pfaff =0

Pfaffian determined via moduli dependence of cohomology
(short exact Koszul sequence o — £, ® Og(—cioc) = £4 — L4le,. — 0 )

Analogous to heterotic computation
[Buchbinder,Donagi,Ovrut’02,...,Curio’08,09,10]



Non-trivial checks via duality:

Heterotic: cohomology isomorphism via cylinder map
when a dual exists

Type |lIB: gauge dependent data localized at instanton
and 7-brane intersection->
natural interpretation as (3-7) charged ~'A” modes

M-theory: when a heterotic dual exists,
Jac(c,,. ) & [IJac(M5) are deeply related
[Further study...]



C CHet

loc™

W/ heterotic dual = cohomology on C,. isomorphic to cohnomology on C,,
lunder the cylinder map [Donagi,Curio’98], the curves are the same]



Setting up the computation in F-theory:

* given B, find an ED3 divisor D and GUT divisor B,
which intersect atacurve = (P')

ecompute spectral cover data: _
X=C,B,'B,% Tr=mn-p,%€EL

and Awhich satisfies D3 tadpole

- Class of the spectral curve Cjoe in £ & line bundle £ 4
determined

- compute Pffafian via Koszul exact sequence

0> Ls4® OS(_CZOC> — L — ‘CA‘CZOC — 0



Typical Pffafian prefactor structure:  Pfaff ~ H e

f. - polynomials in complex structure of
/-brane moduli restricted to instanton world-volume

- depend on local subset of full moduli data
[the same correction could arise in different compactifications]

- interesting physics can determine the
substructure of each f, (an example later)



Example: Pfaffian calculation directly in F-theory (without a dual)
B, in terms of toric data (generalization of weighted projective spaces):

Holomorphic coord.

To T1 To Ty 2z &g | class
GLSM charges . L @ @ b 1 d X
(scaling weights) 1 I 8 W I B | oy
1 5 E E O 0 E»
(@23, T3T5, 2T5, TT1T2, TOT12) T
Stanley-Reisner ideal Divisor classes

* E; GUT on B, = {z = 0} and ED3 instanton at D={x,=0}

« Y, defining equation: ¥* = 2° + fz 2%v* + g 2%° + 2%v* (bo2v® + byzvz + bay)
with sections b g , 3)in terms of O(a,b,¢) = O(aX + bE; + cEy)

3
ccompute:” =9, X =1 & A=5 > [co] =3s+5F  La=0g(6s - F)



» only subset of moduli b in Pfaffian: bm = bmlcurnps = bm|z=s;=0

bo = $3 + 1o 5173% + 13 373332 + 1y $3fl72 + s $3x2 + 1 ¢ 25
= ¢1 $3 + P2 $3372 + @3 37356'2 + ¢4 x2
53 = X1 x% + X2 513:1),97% + X3 33%

- using defining eq. forc,, Jeo = boW + bauX + bsg
to compute via Koszul exact sequence

sresultt | pfaff~ frs' = (XTxa63 — xixa¢3ds — 2x1X3 0301 —
X1X2X3¢302 + X5X30103 + diXT —

2020ax3X7 + X1X505 + 3P10aX1X2X3 +

G2X101X5 + PTIX5 — PaX201X5 — Padp1X3)"




Comments:

« beautiful factorization pfaff~ frs*

other examples (c.f., later) with substructure ubiquitous

w/ Eg enhancement often

- the physics governing the substructure> fzs = det(M)= Res(bs, bs)

Es; enhanced point in instanton world-volume!
Pfaff=20 = 3 pt of Eg in instanton WV

M

(61 45
0 ¢
X3 X2

0
Lo 0

G2
@3
X1
X2
X3

é& 0
oo
0 0
x1 O
X; X1)

Sylverster matrix

* |s this relation more general ?-> quantified further (no time)
[Eg points can cause the Pfaffian to vanish even for SU(5) GUTs

as a sublocus within the vanishing locus of the Pfaffian]

* Phenomenological implications: in SU(5) GUTSs, points of Eg4

enhancement can give natural flavor structure, minimal gauge
mediated supersymmetry breaking... [Heckman, Tavanfar, Vafa’10]



Calculation well-defined > Scanning across B, bases:
Toric B, -from triangulations of 4308 d=3 polytopes (99%) of
Kreuzer-Skarke d=3 list

r x M N | Multiplicity Comments i
1 0 6 =2 2454 pfaff = 0 example with het. dual SpeCtraI data:
5 1 6 -1 13163 pts of Es, example without het. dual = =
6 1 6 =2 15034 pfaff = 0 F-theory [cloc] =3s+rF
7 1 6 =3 2897 transition matrix
§ 1 6 -4 55 not computed —
1 2 6 =2 13070 not, comguted La= O(Ms T NF) |c‘°“
12 2 6 -3 5356 not computed P
13 2 6 —4 168 not computed 2
6 3 6 =2 2200 not computed
17 3 6 =3 2507 not computed
8 3 6 —4 155 not computed
19 3 6 =5 7 not computed
23 4 6 —4 33 not computed
Comments:

« Many examples are identically zero - implic. for moduli stabil.
* Many examples are the points of Eg Pfaffian
* Only 13 unique functions; high Pfaffian degeneracy
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Conclusions:

Moduli dependent instanton Pfaffian prefactors in F-theory:

1) Conjecture: Pfaffian is computed in F-theory via line bundle
cohomology on the spectral curve over the
iInstanton-7brane intersection

Checks: when heterotic dual exists, in Type [IB limit
(M-theory-further study)

i) Pfaffian has a rich structure

typically factorizes into non-trivial powers of moduli polynomials

- points of Eg enhancement can cause Pffafian to vanish;
quantified conditions for when this occurs

-> physics implication



