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c.f., Fernando Marchesano’s nice review
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F-theory (12dim) = Type IIB String Theory (10dim)
! w/ back-reacted

(p,q) 7-branes
ol regions with finite/infinite
g. on non-Calabi-Yau space

! on elliptically fibered
Calabi-Yau manifold

Through chain of dualities related to:
M-theory (w/ limit 11dim Supergravity) [via a limiting T-duality]

Heterotic String Theory (10dim) [via "~ stable degeneration”]
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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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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;...]

4 [Vafa; Vafa,Morrison,...] A
2&3;12"6==*1&*8#"4'8*406"[N*?"S1#'*;,"3+4%:;;2'5. *#*R""""
_ (9%0;%:".\%68I%6"S1;R?"%6RW1# RN%;"+*?'81'R*8*#&"6* )
Primarily discrete data:

Gauge symmetries, matter repres .& multiplicities, Yukawa couplings,...
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[ -1#&%;'R*)*;13&*6876*7'(\'*;;"3+4" 5:#%+16%*;%8*R'81#R*;; .O*";'=#1N3']
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While non-Abelian symmetries extensively studied: [Kodaira; Tate;Morrison, Vafa;
Bershadsky,Intriligator,Kachru,Morrison,Sadov,Vafa, Candelas,Font,...]
Rece ntIy: [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,;...]
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[ -1#&%;'R*)*;13&*6876*7'(\'*;;"3+4" 5:#%+16%*;%8*R'81#R*;; .O*";':#lNS']

While non-Abelian symmetries extensively studied: [Kodaira; Tate;Morrison, Vafa;
Bershadsky,Intriligator,Kachru,Morrison,Sadov,Vafa, Candelas,Font,...]
Rece ntIy: [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,;...]

Until recently, Abelian sector rather unexplored
Few early examples: [Aldazabal,Font,Ibanez,Uranga;
Klemm Mayr,Vafa]
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-1#&%;'R*)*; 13&*687?26*7'(\'*;;"3+4" 5:#%+16%*;%8*R'81#R*;; .O*";'=#1N3'

While non-Abelian symmetries extensively studied: [Kodaira; Tate;Morrison,Vafa;
Bershadsky,Intriligator,Kachru,Morrison,Sadov,Vafa, Candelas,Font,...]
Rece ntIy: [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,;...]

Until recently, 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 A
! [1#7"16'3% ¥ Rlorrison, Vafa; Aspinwall, Morrison;...Morrison, Till, Weigand]
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""" "\N'%7%"41N3;"6=2@#%;"BRJ.'dNXL"6'abE (not in this talk)

""" [71.S1;R'%R)%64*21&*8#2]'1.W-.80*1#2'RN%;"82'
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3.! Applications:

- Construction of rank 3 [U(1)3] - complete intersection CY in P3(only results)
- D=4 GUT’s w/ SU(5)xU(1)?: all Yukawa couplings
- Study of moduli space of U(1)? with non-Abelian enhancement (un-Higgsing)
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[Kodaira;Tate;Vafa;Morrison,Vafa; Bershadsky,Intriligator,Kachru,Morrison,Sadov,Vafa;...]

D\D*" *#?28#UBDHES 1 #'*::"3+8!#%+1 61 SX (w/ zero section)@

y? =x? +fxz* 4+ g2
s
B

BV'<*)*#"82'1S'?"6=N;%#I'82'R")"?1#'<"6'g"
[ [ords(f),ordg(g),0rds(A)] 4mmp Singularity type of fibration of X ]
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[Kodaira;Tate;Vafa;Morrison,Vafa; Bershadsky,Intriligator,Kachru,Morrison,Sadov,Vafa;...]

D\D*"*#?8HANSIHES 1#;,"3+B!H%+1 61 SX' @
@
B

y? =x? +fxz* 4+ g2
[ [ords(f),ords(g),0rds(A)] 4=y Singularity type of fibration of X ]

BV'<*)*4'82'1S'?"6=N; %#1B2'R")" 2 1#'<""6'g"

QV"*?1;N+16"6=N;%#"82'S dadp""""" ?8#NABNH#*' 1S OB BHIYESS

[ -singularity: m

Recent refinements: [Esole,Yau,...;Hayashi,Lawrie,Schéfer-Nameki,Morrison;...]
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[Kodaira;Tate;Vafa;Morrison,Vafa; Bershadsky,Intriligator,Kachru,Morrison,Sadov,Vafa;...]
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y? =x? +fxz* 4+ g2
[ [ords(f),ords(g),0rds(A)] 4=y Singularity type of fibration of X ]

S

BV'<*)*4'82'1S'?"6=N; %#1B2'R")" 2 1#'<""6'g"

B

QV"*?1;N+16"6=N;%#"82'S dadp""""" ?8#NABNH#*' 1S OB BHIYESS

[ -singularity: m

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

4 )

- I Cartan generators for A’ gauge bosons: in M-theory via Kaluza-Klein

(KK) reduction of C, forms along (1,1)-forms ! ! P! on X
Cs! Al

(! Non-Abelian generators: light M2-brane excitations on P!‘s [Witten]
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[(1,1)-form wm 4@ rational section ] [Morrison, Vafa IT]
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[ f%+16%; 7*4+162' 133V 4%+ L Gl f%+16%;'31"68?"153\/'4N#)*]
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[ f%+16%;'?*4+16?".1;S"3\/5:#%+1w f%+16%;'31"68?"153\/'4N#)*]

DV f%+16%:;'31"816";;"3+4'AN#)*'Z'7"80'A*#1'31"68"|

ol "PPLINHIX G, Vo, Zg) 60" R INLSO  H78HASIHE
P
°Q

y2=x3+fxz*+g2°
> [ 11#R*; .O*";':#1N3'18'#%+16%;'3%"68’? z

ol %+16%:;'31"6871#& %" "=#1KBI6R*#'%RR"+16L"16'
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2. Qon Einduces a rational sectiong, : B! X of elliptic fibration

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

new divisor B, in X
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2. Qon Einduces a rational sectiong, : B! X of elliptic fibration

» QQ gives rise to a second copy of B in X:
new divisor B, in X

» (1,1)-form Wm constructed from divisor B, (Shioda map)
indeed (1,1) - form Wm <mmp rational section
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Consequences for Weierstrass form (WSF) w/ rat. point Q= [xq : Yo : Zo]
1. Implies constraint relation between f, g
ng = yQ ' a?Q ' fozQ
2. Implies singularity at codimension two in B:
Factorization:(y! yo)(y + Yo) = (x! xQ)(x* + xox + fz 5 +
- Singularity: Yo = fz5 +3x3 =0 ™% \\/SF singular at Q
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Consequences for Weierstrass form (WSF) w/ rat. point Q= [xq : Yo : Zo]

1. Implies constraint relation between f, g
ng = yQ ' a?Q ' fozQ

2. Implies singularity at codimension two in B:

|, fiber

resolved

w/isolated (matter) curve

P at
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Consequences for Weierstrass form (WSF) w/ rat. point Q= [xq : Yo : Zo]

1. Implies constraint relation between f, g
ng = yQ ' an ' fozQ

2. Implies singularity at codimension two in B:

|, fiber

resolved

P at

w/isolated (matter) curve

» Section SQ implies U(1)-charged matter, though only /,-fiber in codim. one
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[ Z;;"3+4'AN#)*7"80'A*#1'31"68" ] Yelc¥6+16%,;'31" 685 ~" ]

1.1 Consider line bundle M=O(P+Q,+...+Q,) of degree n+71 on E:
1) HO(M)=<x,,...,x,.,>, n+1 sections

2) HO(M¥)= k(n+1) sectionsy = " ;r( K sections known (deg. k monomials in x;)

o/ r<k(nt1): need to introduce new sections in M (n=0, 1)

| r>k(n+1): r-k(n+1) relations between sections: E embeddable in WP'™

2.! Existence of rational points Q,,..., Q,:
E non-generic Calabi-Yau one-fold in jyp'" ==

generic Calabi-Yau in blow-up of WP at rational points Q;



ML "3+ (N#)*? L 7"'80'1%+16%0;']1"68?"

[ Z;;"3+4'AN#)*"7"80'A*#1'31"68" | Yel#¥0+16%;'31" @8 ?" ]

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

=) 'ZX%&3:8bB’31"68P Q, R
1. M=O(P+Q+R)' R*=#**'80#**B0#**' ?2*4+ 16, v, wL'b2 . 411#R"6%8*?"
I E"2 AN A ANHYS PRIV W]
BV ZX"?8*64*1]"68P'Q, R: E 616.=*6*#"MN:"4'0%7?'81'S%481#"A*'%?"
u=20 3
e ufo(u,v,w) + H(aiv + byw) =0
=1

Degree two polynomial f4(u, Vv, w)
Q@

HIIEI=*6*#"4(%; %:" \U6N6":; 17.N311SpP2'%8'31"68@®R b'dP, '



IX3;"4"8' ZXN&3;* 7

N=0""19%8* S1HEGB2A"")

n=1: E'7"80P, Q"?'=*6*#"4'(\"'6BI;P*(1"1Y)" [Morrison,Park]

n=2: EI7"80IP, Q, Rlll?]:*6*#ll4l(\lll6ldpz [l\Bl[Oé’CII;lﬂel?’E;ls,l\giyaegl‘gla%fer,Paltl,welga.nd,.

n=3: E'7"80P, Q, R, S"?(G(\"'6"®,P’ [M.C.,Klevers,Piragua,Song]

Q=4'"?R*8*#&"6%68%#'*8%'154 work in progress: [M.C.,Klevers,Piragua,Song]
'0"=0%#",'618'4;*%HHI!



G;;N?8#%€lfg)""""".*;;'"B#40+167"80'871'#%+16%;'?*4+167?"
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Z;;"3+4'AN#)*"7"80'K!O LbBMN4164#*8*'*X%&3;’
[M.C., Klevers,Piragua]
[ Z;:"3+4'AN#)*" 7' 7" BV 1'#%+16%;'31"68?'p @'f
'(16?"R*#"6*":N6R;*'IbFK]gpgfL' 1S'R*=#**'Q'1B'K616.=*6*#"4'4N:"4™ 6L’
W) 6068NHY; #+ 31+ 2*68% +HABIHPPNHSIBHC"6'R**AATR]

26%63 + sguveleg -+ 83v26§ + 85’(1/(1)6%62 + Sgrwe; ey + 58w2e%) + 571)21062 -+ sng261

p=u(s1u

------------- TNAAT A% Y018 A=62A N 41 1R 6%8*2 43 R]

"""""""" KIAN LS ¥ N ) H2968 B 3K BN (@' D@ FulkEff
g

P: Eg! p=["sg:s3:1:1:0],

Q: Ei! p=["s7:1:s3:0:1],

R: D,Np=1[0:1:1:—s7:89].

]1"682'#*3#*2*68*R" 2" 68 #2*4+167'1S'
R's*#*68'R")"?1#?"G:R]1803"




(;%7??"54%+16'1§'R]' 3+45:#%+167?

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

GV'""9&:"*68"23%4*N dPy —— dPy(S7,So)
_IR]J5:#%+1ER*8*4&"6*R": 2 |
871'R")"2148} %6RS, K: 14" 1SHC@CL -
GGYEB:%:" \Y6BR3*#?NH S U Ecdp, — X
P*A+1&!
_14N8?'1N8"Z"'6}R] & 8, & J
_141*04"*6872. "6'(\*[N%+16'=*8""V*R" p

817*4+1671S"80*":%?*'g'’K16 20" R*3*6R*6&
—I411#R"6 %8 NM)NEMRY ' 'VR'8X*4+167



(;%7??"54%+16'1§'R]' 3+45:#%+167?

(1678#N4+16'1S'=*6*#%:;"™;;"B#8o+16?

section bundle section bundle
u | O(H — By — B2+ Sy + [Kg]) si | OB[KR'] =S — S)
v/ OH — By, + Sy — S7) So O(2[K3'] — So)
w' O(H — Ey) S3 O([Kz' + S — Sy)
€1 O(Ey) S5 O(2K3'] — S7)
s O(Ey) s6 O(K5")
r > S7 0(87)
—!I' (\416R"+16"S, %6R%. 5X*R S8 O([K3Z' + Sy — S7)
- »Sg O(Sy)

"Z6="6"*#'6169:*;"%6=#1IN3?N&WNX616.=*6*#"4



(1678#N4+16'1S'(\"Z;;"3+4%%+167
;062" S2'PBHANTEB0'5X*R'Z"6'R]J'4017+6':%62* g"'6'abc'%6R 'abE

ZX%&3;*MabBR&' P
DV =*6"#"4'T%3*X"?28 @ *6*#" 2K DX>KDL'

6
S7 = nyHps 4
Sg = ngHps 5 Can construct and
n study entire family
0 0 2 4n6 8 of CY’s explicitly

BU '616.=*6*#"412.§*%;"A>KwL Bt Y&>KWK>KDX>KDL'




(1R"&*67?"16871'?"6=N;%#"+*?"

19//Zf'GI'-./leZF'OG/e'>KDL 7



1%U*#"'6'M*6*#%; M*1&*8#*?"/"80'>KDL
[M.C.,Klevers,Piragua;M.C.,Grassi,Klevers,Piragua]
ni (O%#:*Rl&%u%g-llR||&871lf>ll6:N ;%#ll+*?lll6lglll|llllll

|||||||||||||||||||| !%U*#l;14N?'Al"y/l""E"fzé + 3)((2g — O @

ol e"=0;2'#*RN4":;*")%#"*82"

Individual matter loci “ irreducible components
= associated prime ideals

ol GR*%;'8*406"[N"##*RN4":;*"41&316*6Sill 3#"&*"R*%;?"
(of polys y,,f-high degree)



1%U*#"'6'M*6*#%; M*1&*8#*?"/"80'>KDL
[M.C.,Klevers,Piragua;M.C.,Grassi,Klevers,Piragua]
ni (O%#:*R'&%U%g-llR"&871'7"6:N ;%#ll+*?lll6lgllllllllll

|||||||||||||||||||| !%U*#l;14N?'Al"y/l6"E"fzé + 3XQ - @

ol e"=0;2'#*RN4":;*")%#"*82"

[ Individual matter loci “ irreducible components ]

= associated prime ideals

ol GR*%;'8*406"[N"##*RN4":;*"41& 31 6*6Sill 3#"&* "R*%;?"
(of polys y,,f-high degree)

GR*6+&20U*BoR"?+6=N"?0*R"'/14"
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

ol "%R7?'81'%;;'3#"&*"'R*%; dB1H #%+167T W'<>KWwL'
[M.C.,Klevers,Langacker,Piragua]




G;;N?8#%K18Y&*67"16871'?"6=N;%#"+*?' 1SR 3+45:#%+167

19//Zf-Ff'- JeZFA'HO(>9M>KDL B



<N&&W#2'1S""%U*#'T*3#*?*68%+167

U@)! U(1)

Type B | @O@DHE 1)

Type A | (1D 02 ( 1" 2)




<N&&Y#2'1S"1%U#'T*3#*?*68%+167

U@L)! UL

Type A | (1D 02 ( 1" 2)

| '616.=*6*#"4>'#*%;" AASKWK>KDX>KDL"
933;2%6%;1=1N?'8*406"[RIR*8*#&"6 & Yo U*#'#*3#*?*68%+16"



<N&&Y#2'1S"1%U#'T*3#*?*68%+167

U@L)! UL

Type B | @OOHE 1

Type A | (1D 02 ( 1" 2)

| '616.=*6*#"4>'#*%;" AASKWK>KDX>KDL"
933;2%6%;1=1N?'8*406"[RIR*8*#&"6 & Yo U*#'#*3#*?*68%+16"

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




<N&&Y#2'1S"1%U#'T*3#*?*68%+167

UL)! UL SU)! U@)! U(L)

Type B | @WOO@DEA 1) |(5"20(520("2"1)| <

Type A ("1,1) (0,2) (" 1," 2) | (5," 2,1) (5,%,1) (10," {,0)

| '616.=*6*#"4>'#*%;" AASKWK>KDX>KDL"
933;2%6%;1=1N?'8*406"[ BRI R*8*#&"6 &% U*#'#*3#*?*68%+16'|

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




abc'1%U*#'<3*48#N&'J'IN;+3;"4"+*7?"

(L?*R'S1#&N Sd# abc'& YU # &N;+3;"4" BIH*6+#*'4,%7?7'1S'-.80*1#2
)Y%ANIY*#'%62" %78
ZX%&3 M g

(h, ) Multiplicity
. (1,0) 541 15ng +nj + (12 +ng)n; ! 2n2
J (0,1) 5442 (6ng! N3 +6n7! n2)
(1,1) 54 +12ng! 2n% + (ng! 15)n7 + n3
(' 1,1) n7 (3! ng+ny)
[23*'9" (0,2) NgN-
(1,1 2) Ng (3+nNg! ny)

G68*=*#2@623%4"S2'%; ;| :#%+16'1) 4>
-N;;'23*48#N& Y6 R'&N;+3;"4%27"80'<>KWLX>K D ISH{ BB

(167"?8*642'40*4?73*48#N&%64*;?'abc'%61&%;"*?"6'IN%68N&'5*;R'80* 1#-



abEM%U*# ?N#S%4* 2@ Kl

19//Zf'<|Z(/f>1'Gl'abE"

Construction of G, flux — 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



abE'<3*48#N&'
ZX%&3;*'gPp*" 7"80'>KREKDLLY ?8'=*6*#98,1;N+16'S 14 MN XY
Gy =asNg (4! N7+ ng)HE + 4asHpSp + asHg" (S) + a4Hs" ($R) + @S5

(q1,G2) abE40"#%;"+*?
(1, O) > asn7ng (4! n7+ ng)+ ag 2n7! (12! ng)(8! ng)! n7(16+ ng)
(()7 ]_) Z[asng (4! n7+ng) (12! ng)! as(n7 (8! nz)+ (12! ng) (4 + ng))]
(]_’ ]_) 1 [2asng(4! n7 +mg)(12! ng)! (az + as)(nd +n7(ng! 20) +2(12! ng)(4 + ng))]
(I 1,1) i(agl ag) ny (4+ n7! ng)
(0, 2) tnrng(! 2a4 + as(4! n7 4+ ng))
(—1,-2) | Zno(n7! ng! 4)(az+2a4+ as(nzy! 2ng))

9::'abE'%61&%:"*?'4%64*;'*&3:12"6{Hayashi,Grimm;Grimm,M.C.,Klevers]



abE'<3*48#N&'

ZX%&3;*'gP*"7"80">KREK D&M 28'=*6*#981;N+16'S1HMN XA
Gy =asng (4! N7 +ng)HE +4asHgSp + agHg" (Sq) + auHp" ($r) + @53
(q1,92) abE40"#%;"+*?

(11 O) 1asning (4! n7+ ng)+ ag 2n2! (12! ng)(8! ng)! n;7(16+ ng)
(0, 1) Z[asng (4! n7+ng) (12! ng)! as(n7 (8! nz)+ (12! ng) (4 + ng))]

(1, 1) 1 [2asng(4! n7 +mg)(12! ng)! (az + as)(nd +n7(ng! 20) +2(12! ng)(4 + ng))]

(I 1, 1) i (az! ag)n7y(4+ ny! ng)
(0, 2) inﬂlg(! 2a4 + 0,5(4 I n7 + ng))
(_17 —2) ! %ng(m! Ng! 4)(az+2a4+ as(nsy! 2ng))

<W&*'&*BO1R?'STFKWLX>KDLXA3B*R
V. dNX 0%403%#%68* 86 ;' ab 10" #0%; "HR*8*H#&"6*RY66 1 &%%; "2 40%4 *RX"
(0"#%:"8W*4 *R'%=%"678"T/23*gY'&%U*#"=*1&*8#"4'4%: 4N;%+167"



\N'%7%'(1N3:"6=2"N6>/ 2)'>KDL ?"

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

"abE"\N%7%' 41N 3:"6="20bR" &*6 2" TG OH-A" @

"['G68*#’?*4+16’?'1S'&%U*#'4N$W""""""(%;4N;%+16?'1S'3#"' ]

RPN 8?'S1# >KBN?3*4"54'<>KwLX>KDL
""9;; '=00N=*"6)%#"%083;" 6=2*1&*8#"4%;1#2%;"A*Ry"
W1 HO0AN: IN?'28#N49h81A1.R"&*6?"16'80# 5 8% +16"



\N'%7%'(1N3:"6=2"N6>/ 2)'>KDL ?"

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

"abE"\N%7%' 41N 3:"6="20bR" &*6 2" TG OH-A" @

"['G68*#’?*4+16’?'1S'&%U*#'4N#W""""""(%;4N;%+16’?'1S'3#"' ]

2PN 87'S1# >KBI?3%4"54' <>KwLX>KDL
""9;; '=00N=*"6)%#"%083;" 6=2*1&*8#"4%;1#2%;"A*Ry"
W1 HO0AN: IN?'28#N49h81A1.R"&*6?"16'80# 5 8% +16"

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);< Eq4

[but NOT into SU(7)]  Primarily field theory analysis; further study of geometry
[M.C.,Klevers,Piragua,Langacker]



033:"4%+16"">KRDL

%6 'QIFfaZzi .OZGi'ZiiG]/GLGgfIGFI<"

E as a complete intersection CY in Bl P’ No details here
Classify Calabi-Yau elliptic fibrations of E over given base B
Matter multiplicity involved: determinantal varieties



abc''%U*#'J''N;+3;"4"82'S1#">KDL

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

(0%#=*7?" IN;+3;"4"+*?"
KD@D@.!| [ss] als1s]
KC@D @t [So] &[S19]
KD@C@E S10] &[S20]
K.D@QCO! EE 5;7 — [sg] - [S1s]
KC@.D@! [S3] @S7 ! [ss] a[sis]
K.D@.D@. [ss]a Q! [S10] AlS20]
KC@COt S;43! [s19][So]

: AKSP T 3([pa]??! 2K 5D ! 3([p)S ! 2K5HS ! 3([p])Sy
tri-fundamental KD@D@I | 265, 2 21KL 15, + O PS5, + 58S, + £ Sroy1 852

(non-pert.): 2K+ 3(0pal)? + 2[K 5 18 + 3N G, + 2[K 3 1S5 + 3( o) S
KD@D@( B +§7§72| 3[K||31]SQBI 9([p2]b)892| 4§789' 49?789:-789 2 7

2[K g P+ 3([p”)? + 2[K g IS + 3([p2]) S ! 3K 1Sy + 3([p2]”) S:
Kbeco! +29,5; + S2+ 2[K5"Se ! 9([p2]”)Se! 58/Se ! 487;9+6522 '

>[K' P+3([pdD?! 3K HUY +3([pA)S + S+ 2[K S
KC@b@! +3([p]") Sy + 2887 + 2[K —1139 1 9([p2] )399 | 485y 58S + éé‘g

AKg 21 3, 2K S ! 3([pI)S + 2[K 5 11S7 ! 3([pI”)S:
Kbece! | §S,1 2821 2K} l]39 +9([ p2] 2)39 +49,S, + 573759 ! 26897

1

4 Kg )2 = 3([p2])? + 21K Ky 'S = 3([po]°)S7 — 257 — 2[Kg ]S
KC@D@( I 3([p2] )S7 I 87821 I 2[ ]Sg -+ 9([p2]p)89 + 58789 + 48789 I 689

C@C@LIKLT ! 4 +2(K} 19 4GS, 25+ 2K 8| 4GP,
—2S7S7 — 282 + 2[ i 1]89 + 12(“32] )Sg + 68789 + 687895 — 1082




033;"4%+16N"NB==7"62S">KBL

1Fl. 99ZiG9I'M9>MZZIe9l(!ZI/ '1S'>KDL



116. 9:%;"%BM%N=*Z60%64*&*68""

"""" Z;;"3+86:#%+167"80'0"=0*#'#%6LH#R*;, .O*";'=#1N3'4#N4"%,;'S1#"""
"NOR*#?8%06R"6="80'RN;"?3%4*'1S'-.80* 14P&3%4+54%+167

W <BNRR6£"==7"66'41&3;*X'?8#N48IARN;*?3%4*
" *60%64*&*68'1S">KDE2> 81'6169:%;"%672&&*8#2'

------- fo06 'D'49%6?*' N6R*#7811R/\' [Morrison, Taylor]
" gbc!-.80*1#2'7"807"6=;*>K DN6 £"==2*B1<>KBL

g tuning comp. str. moduli A

ﬁ [
u(1) 2 SU(2) on Riemann surface !
adjoint matter VEV

.

------ M*1&*8#" 4'BH#Y%62"+16)E8+4%:; R")"?1#" 681 #%+16%; ?7*4+16

J




116. 9:*;"%6M%N=*'260%64*&*68"SKDL

[M.C.,Klevers,Piragua,Taylor]
/60%64*&*68'1S'>KDLXFHLQ*# ?8H#NASNH#*

FRN4*'10.#%6 '81'A*#1".2&*#="6="#%+16%,;'31'Q@R 7"80'A*#P

u=2>0

3
£ & ufo(u,v,w)+ Il[(aw biw) =0

/

Q@



116. 9:*;"%6M%N=*'260%64*&*68"SKDL

[M.C.,Klevers,Piragua,Taylor]
/60%64*&*68'1S'>KDLXFHLQ*# ?8H#NASNH#*

*RN4*"10.#%6 '81'A*#1":2&*#="6="#%+16%:'31'Q@F 7"80'A*#P
u =20

uf o(u, v, w) + A(ayv + bpw)?(asv + byw) =0

ol rk(MW)=2 > 1as PQ >0



116. 9:*;"%6M%N=*'260%64*&*68"SKDL

[M.C.,Klevers,Piragua,Taylor]
/60%64*&*68'1S'>KDLXFHLQ*# ?8H#NASNH#*

*RN4*'10.#%6 '81'A*#1":2&*#="6="#%+16%:'31'QE&F 7"80'A*#P
ufo(u,v,w) + 11! 2(a1v + byw)® =0

ol rk(MW)=2 > 1asPQ > 0
ol rk(MW)=1>0asPR > 0

Tuned fibration with codimension one singularity built in:
1.1 U(1)xU(1) > SU(3):set !; =1 atlocus f5(0,! b,a,)=0inB

» I;-singularity at P

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



| <N&&%#2]

ol <27?78*&%H678HNA+LS!;;"3+45:#%+167 WI'LA#R™: .O*";'=#1N3?'
(explicit n=2,3 w/ general: U(1)x U(1) and U(1)xU(1)xU(1) [& w/ SU(5)]

o] a*)*:13'8*406"[N*?'K=*6*#%:L""

" abe '&YUH 3H*2*68%+16?@ ' &N;+3:"4"82"

" abE"\N %7%'41N3;"6="AD"#%; "BRIIN X 're KBABI@jWBLX'41678#%"687L"
" H#1&'=*1 &*BH 2B BHHE, 6% 68YH *82'8* 406" [N*2Y A"

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

! 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



| FNg;11" |
o abE'=;1:%:'<IWM>/'&1R*: 7W'>KDLN=*6*#%;"%*%416R"+167? @'
[N%6+A%+16'LSUNX CHEP [%#+4;<]027"42'G&3;"4%+167?"
[M.C.,Klevers,Langacker,Piragua] - in progress
ol 6zQN*X3:"4"8'41678#N A+ EHE1# [M.C. Klevers,Piragua,Song]- in progress
ol (1&3#*0*67?")*'?8NR2'1&1RN;?3%4*'S1#' N6==""6~
"">KD$->'616.9:*;"%6=0N=*'80*1#2'*60%64*&*68"
[M.C.,Klevers,Piragua,Taylor] - in progress

| <BNR2'IB8*#1+2RN%;?'1S'-.80*1#2"7"80'>KDL_?'

[M.C.,Grassi,Klevers,Piragua,Song]- in progress




| FNg;11" |

! F-theory without zero section -
Discrete symmetries (Tate-Shafarevich Group)

! [Braun,Morrison],[ Morisson,Taylor],[Anderson,Garcia-Extebarria Grimm],
[Klevers,Pena,0ehlmann,Piragua,Reuter] (beyond Z,) c.f., KleverOs talk; !
[Garcia-Extebarria, Grimm,Keitel],[ Mayrhofer,Palti, Till, Weigad] (Z,)

c.f., MayrhoferOs talk !

‘ work in progress

Mordell-Weil meets Tate-Shafarevich !



