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B. F-THEORY PRELIMINARIES

Why F-theory?
Type lIB model building:  Type IIB orientifolds with D3/D7 and O3/0O7 planes

(i) perturbative string theory = g5 = e? <« 1

(ii) probe approximation: no back-reaction of

branes

Is this a good (enough) starting point to construct string compactifications?

=P Yes, at least under certain limiting assumptions!

(asymptotically back-reaction negligible, large volume, D7/O7 on top)

= Way out: F-theory



B. F-THEORY PRELIMINARIES

A problem with D7-brane back-reaction:

BPS solution of Type IIB supergravity for p-branes (p < 7)

1 1 o
ds® = H, %n,,dz"dz” + Hp 6;;dz'da?
3—p

3—p r N\ (—DP
ezqﬁ:ewolﬁfp2 , H, =1 (:)

For p = 7 (i.e. codimension 2) separate analysis needed
[Greene, Shapere, Vafa, Yau "90]
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A problem with D7-brane back-reaction:

BPS solution of Type IIB supergravity for p-branes (p < 7)

1
2

ds® = H, %n,,dz"dz” + HZ 6;;dz'dz?

For p = 7 (i.e. codimension 2) separate analysis needed back-reaction!!

[Greene, Shapere, Vafa, Yau "90]
e D7-branein the background RY7 x C

e D7 bane couples to RR 0-form (5 magnetically

Constraints from SUSY and equations of motions: or =0, r=Cy+ie ?

d*F9:5D7, *FQZdCQ
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Analysis in [Greene, Shapere, Vafa, Yau'90] shows: back-reaction of D7-branes not negligible,

7(z) generically strongly varying

Integrate around D7: /(Cd*F9 :/s *Fy :/s dCp =1

1 1
D7 D7
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=7 =>7+1 Monodromy



5
Analysis in [Greene, Shapere, Vafa, Yau'90] shows: back-reaction of D7-branes not negligible,

7(z) generically strongly varying

Integrate around D7: /(Cd*F9 :/S * Ly =/ dCp =1
S

1 1
D7 D7
1
Solution close to the D7: T(2) = 70 o logz+ ...
T
=7 =>7+1 Monodromy

How to interpret this monodromy?



5
Analysis in [Greene, Shapere, Vafa, Yau'90] shows: back-reaction of D7-branes not negligible,

7(z) generically strongly varying

Integrate around D7: /(Cd*F9 Z/S *Fy :/s dCp =1

1 1
D7 D7
1
Solution close to the D7: T(2) = 70 o logz+ ...
=7 =>7+1 Monodromy

How to interpret this monodromy?

Type IIB invariant under SL(2,R) gasd SL(2,7)

at + b Cs a b\ [Cs
L(2,7) : >
siens 1o ()~ (6 0) ()




5
Analysis in [Greene, Shapere, Vafa, Yau'90] shows: back-reaction of D7-branes not negligible,

7(z) generically strongly varying

Integrate around D7: /(Cd*F9 :/s *Fy :/s dCp =1

1 1
D7 D7
1
Solution close to the D7: T(2) = 70 o logz+ ...
T
=7 =>7+1 Monodromy

How to interpret this monodromy?

Type IIB invariant under SL(2,R) gasd SL(2,7) -
==l )

. . at + b Co a b Co

scez: ron (F) (0 ) (2

Monodromy by encircling D7 symmetry of the theory!



= Need to consider [p,q] 7-branes in Type IIB/F-theory

[p, q] 7-brane induces a monodromy transformation
2

_(l=pg p
Mp,q = ( _q? 1—|—pq> € SL(2,Z)

= worldvolume action of [p,q] 7-branes unknown



= Need to consider [p,q] 7-branes in Type IIB/F-theory

[p, q] 7-brane induces a monodromy transformation

1 —pg P’
M, , = c SL(2,7Z

= worldvolume action of [p,q] 7-branes unknown

Insight in [vafa'9¢] 3
Type IIB axio-dilaton 7is e —— complex structure of T

SL(2,7) in Type IIB —> modular group of T?

* |nterpret axio-dilaton 7;5 as complex structure of an additional auxiliary T?

* back-reaction of 7-branes induces profile for 7115

= non-triviality of the T? - fibration

o however: no 12d origin/interpretation of these T2 dimensions (known)

(no suitable 12d supergravity exisits, vol(T) not in the 10d effective action, ...)
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F-THEORY ON CALABI-YAU MANIFOLDS

codim. 1 singularities:

7-branes and gauge

algebra codim. 2: charged matter
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F-THEORY ON CALABI-YAU MANIFOLDS

. 1.
resolution P"s

smooth fiber resolved fiber

P! s have an intersection pattern as the nodes of affine Dynkin diagrams

—> intersection pattern dictates gauge algebra
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F-THEGRY ON CALABI-YAU MANIFOLDS h

F-theory on X,, 1

reduce on S integrate out
and push to the massive KK modes
Coulomb branch and W-bosons

M-theory on resolved X, 41

F-th X,q x St
at large volumes €ory on Ap4

d-dim. eff. action for - 5 d-dim. eff. action for
CY-zeromodes of g, C3 S1-zeromodes and Cartan U(1)s

=» M2-branes wrapping P}’S over codim. 1 singularity: massive W-bosons

=» M2-branes wrapping IP’}’S over codim. 2 singularity: massive charged matter

=» M2-branes wrapping [, : Kaluza-Klein modes



F-THEORY IN A NUTSHELL

mathematics of elliptic fibrations

11

map to

»  physics of F-theory

~ Type IIB string theory with
varying axio-dilaton

Holy grail: establish dictionary between physics and mathematics

Physics of effective theory in R1:9—2n

Geometry of elliptic fibration Y,

non-abelian gauge algebra

codim.-one singular fibers

localised charged matter representation
localised uncharged matter

codim.-two singular fibers
Q-factorial terminal singularities in codim. two

triple Yukawa interactions (4d/2d)
quartic Yukawa interactions (2d)

codim.-three singular fibers
codim.-four singular fibers

abelian gauge algebra
global structure of gauge group

free part of Mordell-Weil group
torsional part of Mordell-Weil group

[from TASI lectures on F-theory, Weigand "18]
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B. 50 BLACK HOLES FROM D3-BRANES

e F-theoryon R x CYsj: 6d supergravity with A" = (1,0) CY3; — Bs

An interesting sub-sector of the theory:
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+ excitations of 6d strings satisfy WGC and SDC in
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+ 5d spinning black holes  AdS3/CFT g 4

[Haghighat, Murthy, Vafa, Vandoren "15]
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B. 50 BLACK HOLES FROM D3-BRANES

o F-theory on R'® x CYj5: 6d supergravity with A" = (1,0) CY; — B,

An interesting sub-sector of the theory: D3-branes wrapped on C C B,

> Strings Of 6d (]_’ O) SCFTS [e.g. del Zotto, Lockhart, Vafa, Haghighat, Tachikawa,

Shimizu ...]

+ excitations of 6d strings satisfy WGC and SDC in

highly non-trivial way ILee, Lerche, Weigand 18]

+ 5d spinning black holes  AdS3/CFT g 4

f SO(4) L

background: R; x St x le_ X B5

[Haghighat, Murthy, Vafa, Vandoren "15]

X0 Xt Xz---X5‘X6 XT XxXs X
D3 — _ : ‘ _ _ . .



MICROSCOPICS VS. MACROSCOPICS

e inlR:2d N = (0,4) SCFT
k» cr = 6kp SU(2)r current algebra

 novel feature: identify SU(2)r, currentalgebra SO(4), = SU(2); x SU

2
e entropy determined by Cardy’s formula S =2x °L (n _ J_)

13
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MICROSCOPICS VS. MACROSCOPICS

e inlR:2d N = (0,4) SCFT
k» cr = 6kp SU(2)r current algebra

 novel feature: identify SU(2);, currentalgebra SO(4), = SU(2)r x SU(2)r

2
e entropy determined by Cardy’s formula S = QW\/% (n _ J_)

microscopics

+ D3braneon C C By +D7's = 7(2) varyingon B>

- worldvolume theory: A/ = 4 SYM with varying coupling + monodromies
-» supercharges transform under SL(Q, Z) = need generalization of top. twist

Topological duality twist [Martucci 14]

However: procedure misses D3-D7 modes

13
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microscopics

dimensional reduction of D3-brane action and counting of left/right movers

[Haghighat, Murthy, Vafa, Vandoren "15]
[Lawrie, Schafer-Nameki, Weigand "16]

cp’ =6kr =3C-C +3ci1(By) - C
cp? =30 -C+c1(By) - C + Acy?~P7

1 1
k= =C-C — ~¢1(By) - C
2 2
notation: (C = ¢“w,,, c1(B2) = c®wq, wo € HYY( By, 7)

A-B:Ao‘naﬁBﬁz/ ANB
B>

NaB = / Wa N\ Wpg
B
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microscopics

dimensional reduction of D3-brane action and counting of left/right movers

[Haghighat, Murthy, Vafa, Vandoren "15]
[Lawrie, Schafer-Nameki, Weigand "16]

C%S = 6kr =3C - C + 3c1(Bs) - C
cp? =30 -C+c1(By) - C+ Acy? 77

1 1
k —C'-C — =c1(By) - C
L 2 2 ! ( 2) K» dualize to M-theory!

A

dual M-theory picture: M5 brane wrapping C =77 (C) € H4(CY3)

M5 brane wrapping 4-cycle in CY3 described by MSW CFT

[Maldacena, Strominger, Witten "97]

P A’ P"=8¢(B)-C

macroscopics  AdS;3 X S3 x B, computation...more later



Short summary 15

Today: e generalize the setup in [Haghighat, Murthy, Vafa, Vandoren*15]

e compute CFT data from macroscopic side and match with

microscopics

o express CFT data in terms of geometric data of CY3

How: CFT data related to certain Chern-Simons coefficients
\\—v calculate them!

—» classical’ supergravity analysis not sufficient

— need to include one-loop generated Chern-Simons terms

,classical’ supergravity + one-loop Chern Simonsterms = microscopics
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C. 4d Black Holes from D3-hranes



B. MAKING 4D BLACK HOLES WITH D3-BRANES

16

background: R; x S x R‘i X Bs

X0 Xt X2---X5‘X6 XT Xxs X
D3 — _ . ‘ _ _ . .
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B. MAKING 4D BLACK HOLES WITH D3-BRANES

background: R; x S x TN,, X B

X0 Xxt XZ---XE"X6 X X% Xx°
D3 - — . ‘ — — : .

° geometry of TNm ‘M centers on top: A,,_1 singularity
/ 'E i i interpolates between Cz/Zm & R3 x St

¢ ° ies ,topological ch '
U(1)r, x SU((2)r S carries ;topological charge

\_/ f(l)
® near horizon geometry of D3-branes:

AdSs x S°/Zy, x (CY35 — By)
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B. MAKING 4D BLACK HOLES WITH D3-BRANES

background: R; x gl « TN,, x B>

X0 Xt X2---X5‘X6 XT Xxs X
D3 — _ . ‘ _ _ : .

° geometry of TNm ‘M‘ centers on top: A,,_1 singularity
/ 'E i i interpolates between Cz/Zm & R3 x St

¢ ° ies ,topological ch '
U(1)r, x SU((2)r S carries ;topological charge

\/ 3_7'(1)
® near horizon geometry of D3-branes:

in fact Ang X SS/FADE X (CY3 — BQ)

Wlth FADE C SU(Q) most general [Couzens, Lawrie, Martelli, Schafer-Nameki, Wong "17]
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B. MAKING 4D BLACK HOLES WITH D3-BRANES

background: R; x S x TN,, X B

X0 Xxt XZ---XE"X6 X X% Xx°
D3 - — . ‘ — — : .

® geometry of TNm ‘M centers on top: A,,_1 singularity
/ 'E i i interpolates between Cz/Zm & R3 x St

U(1)r, x SU((2)r ¢ o carries ,topological charge’
~ o e 7o
® near horizon geometry of D3-branes: / @On I' E

with FADE C SU(Q) most genera| [Couzens, Lawrie, Martelli, Schafer-Nameki, Wong "17]



MAKING 4D BLACK HOLES WITH D3-BRANES

17

Charges of the setup
q-: characterize C
n : KK momentum around S
m: topological charge of TNy, p1(TNy,)

2

1/trRAR:2m
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MAKING 4D BLACK HOLES WITH D3-BRANES

Charges of the setup
q-: characterize CC
n : KK momentum around S
1
m: topological charge of TN,y p1(TNp,) = —3 /trR AR =2m
Goals: (i) compute ¢, R, K1 R interms of the charges ¢, m

(i) compare macroscopics with microscopics

(iii) extend F-theory dictionary: physics «—— geometry/topology
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MICROSCOPICS

* N D3-branes probing Zm Singularity [Kachru, Silverstein 98, Lawrence, Nekrasov, Vafa "98]

4d N =2 SCFT: SU(N)™ quiver + m bifundamental hypers

-
\' T = E /-> type 1B axio-dilaton

e wrappedover ' C By < complexified gauge coupling 7 varies over

need for top. duality twist

———8

Some issues with this approach:

=P ignoring D3-D7 string contributions

= no (obvious) generalization of top. duality twist known...

microscopics = use suitable dual M-theory description
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TWO DUALITY CHAINS

19

D3-brane wrapped on C' C By probing TN,,, transversally

take S35 small

M-theory on R; x TN,,, x CY3

M2-brane wrapping C,, = C' + nlk,

=» microstate counting difficult task

If ¢% > mc”

- can eff. describe M5 system as

A

Single M50on (C,, = CA' + mBs

- MSW CFT techniques!

T-dualize along SquT

Type 1A on RY3 x Sk, x Skiyp X By
D4 wrapping Sp; x C

m NSS's wrapping S[l)g X Bs

M-theory uplift

\4
M-theory on R' x Si, x CY3
M5 brane on Sp3 X C

m M5 branes on 511)3 X B



THE MSW CFT

[Maldacena, Strominger, Witten "97]

e M-theory compactified on compact CY3 - 5d A =2 supergravity

5d BPS string states: M5-brane wrapped on |P| € H,(CY3)
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THE MSW CFT

e M-theory compactified on compact CY3 - 5d A =2 supergravity

[Maldacena, Strominger, Witten "97]

5d BPS string states: M5-brane wrapped on |P| € H,(CY3)

RG flow to IR

\4

2d N = (0,4) SCFTis IR fixed point of M5 world-volume theory

e central charges of IR fixed point:

compactify M5 brane theory on P % compute effective 2d spectrum

k—' counted by top. numbers

CL:PPP—I—CQ(CYg)P

1
CR:P‘P‘P—I—§CQ(CY3)‘P

= apply this to our case of interest

[Bena, Diaconescu, Florea "06]
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Compute the following integrals for ell. fibered CY3

P’ = / (¢“wa +muwp)® = 3mC - C — 3m?c1(Bs) - C + m>ci(Bs)?
CYs

CQ(CYg) - P = mx(Bg) + 12¢4 (BQ) - C' — mcy (32)2

KV X(BQ) =2+ hl’l(BQ) =12 — 01(32)2
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MICROSCOPICS VIA MSW

Compute the following integrals for ell. fibered CY3

P’ = / (¢“wa +muwp)® = 3mC - C — 3m?c1(Bs) - C + m>ci(Bs)?
CYs

CQ(CYg) - P = mx(Bg) + 12¢4 (BQ) - C' — mcy (32)2

k} X(BQ) =2+ hl’l(BQ) =12 — 01(32)2

...Which leads to the microscopic prediction

cr, = 3mC - C — 3m2(:1(Bg) O+ m3cl(Bg)2 + 12¢1(B3) - C' + 12m — 2mcl(Bg)2
cr = 3mC - C — 3m?ci(B) - C +m>ci(B2)? + 6¢1(Bs) - C + 6m — mey (B)?
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MICROSCOPICS VIA MSW

Compute the following integrals for ell. fibered CY3

P’ = / (¢“wa +muwp)® = 3mC - C — 3m?c1(Bs) - C + m>ci(Bs)?
CYs

CQ(CYg) - P = mx(Bg) + 12¢4 (BQ) - C' — mcy (32)2

k} X(BQ) =2+ hl’l(BQ) =12 — 01(32)2

...Which leads to the microscopic prediction

cr, = 3mC - C — 3m201(32) O+ m3cl(Bg)2 + 12¢1(B3) - C' + 12m — 2mcl(Bg)2
cr = 3mC - C — 3m?ci(B) - C +m>ci(B2)? + 6¢1(Bs) - C + 6m — mey (B)?

to get K1 one has to work a bit harder...

1 1
kr = §mC’ O — §m261<32) -C
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MICROSCOPICS VIA MSW

Compute the following integrals for ell. fibered CY3

P’ = / (¢“wa +muwp)® = 3mC - C — 3m?c1(Bs) - C + m>ci(Bs)?
CYs

CQ(CYg) - P = mx(Bg) + 12¢4 (BQ) - C' — mcy (32)2

X(BQ) = 2+ hl’l(Bg) =12 — C1 (B2)2

...Which leads to the microscopic prediction

cr, =3mC - C —3m®c1(Bz) - C + m’c1(B2)” + 12¢1(B2) - C + 12m — 2mey (Bsg)”

cr = 6kr = 3mC - C — 3m?c1(Bs) - C 4+ m>c1(B3)? + 6¢1(Bs) - C + 6m — mc;(Bs)?

1 1
ki = §mC’ - C — §m201(32) - C




D. Computation of central charges and levels: Macro



6D N=(1,0) SUPERGRAVITY & F-THEORY 2

starting point: 6d N = (1,0) supergravity describing F-theory on CY3

[Ferrara, Minasian, Sagnotti '97; Bonetti, Grimm "11]

« 6d N = (1,0) supergravity has 4 types of multiplets

gravity 9w Y1 @ B, NV vector A, DAL

NT tensor L, ®Xr®J NH hyper AR ®q1 @ qo
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e starting point: 6d N = (1,0) supergravity describing F-theory on CY3
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tensor multiplets in supergravity

-+ denote collectively tensor and gravity multiplet two forms B, a=1,...,n7 +1

+» tensor multiplet scalars
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e starting point: 6d N = (1,0) supergravity describing F-theory on CY3

[Ferrara, Minasian, Sagnotti '97; Bonetti, Grimm "11]

« 6d N = (1,0) supergravity has 4 types of multiplets
gravity Gur S YL B B,ny Ny vector

NT tensor L, ®Xr®J NH hyper

o simplifying assumption: ny = (

tensor multiplets in supergravity

+ denote collectively tensor and gravity multiplet two forms B¢,

+» tensor multiplet scalars

SO(1,n
parametrize coset manifold ~ Miensor = SO((nTg)
obey quadratic constraint Qaﬁjo‘jﬁ — ] ,7 — 1

A, DAL

AR ®q1 D ¢

a=1,....,n7+1



6D N=(1,0) SUPERGRAVITY & F-THEORY 2

e starting point: 6d N = (1,0) supergravity describing F-theory on CY3

[Ferrara, Minasian, Sagnotti '97; Bonetti, Grimm "11]

« 6d N = (1,0) supergravity has 4 types of multiplets

gravity 9w Y1 @ B, NV vector A, DAL

NT tensor L, ®Xr®J NH hyper AR ®q1 @ qo

o simplifying assumption: ny = (

tensor multiplets in supergravity

-+ denote collectively tensor and gravity multiplet two forms B, a=1,...,n7 +1
+» tensor multiplet scalars
SO(l, nT)

SO(TLT)

/ \
obey quadratic constraint Qagjajﬁ =97-7=1 (Qap) = signature(1, —1,--- , —1)

parametrize coset manifold ~ Mtensor =




more on tensor multiplets in supergravity

<% kinetic terms of two forms and scalars

Jap = 2JaJp — Slag
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more on tensor multiplets in supergravity

<% kinetic terms of two forms and scalars

Jap = 2JaJp — Slag

+ (anti-)self-duality constraint Gap * GP = QQBGB

23



>

=

more on tensor multiplets in supergravity

kinetic terms of two forms and scalars ~ gag = 27098 — {2ap

(anti-)self-duality constraint Gap * GP = QQBGB

1 1
vy A 2

23



more on tensor multiplets in supergravity

+  kinetic terms of two forms and scalars ~ go8 = 2j0Js — {2as

>

(anti-)self-duality constraint

gas ¥ GP = Qo 3GP

1 1
Stensor = / ——0asG™ A «GP — §ga5djo‘ A *djﬁ + fermions
Mg

4

...in 6d F-theory compactification

Qa5 = Nap :/ Wao N\ Wg
B
Type IIB origin
J32 — jo‘wa

C = BY Aw,
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more on tensor multiplets in supergravity

+  kinetic terms of two forms and scalars ~ go8 = 2j0Js — {2as

+ (anti-)self-duality constraint Gap * GP = QQBGB
1 o A3 1 ‘o0 .3 .
Stensor = ——gagGY N *xG” — —go8dj™ A xdj” 4 fermions
v, 4 2
...in 6d F-theory compactification Nop = Nap = /B Wa N\ W3
2
M-theory origin Type IIB origin
JCYg = Uow() + v (wa) JB2 — jo‘wa
Cy = AY A7 (wa) + . .. C = BY Aw,
Ka50:/ Wo N Wg N\ Wy = Nag
CYs
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more on tensor multiplets in supergravity

+  kinetic terms of two forms and scalars ~ go8 = 2j0Js — {2as

+ (anti-)self-duality constraint Gap * GP = QQBGB
1 o A3 1 ‘o0 .3 .
Stensor = ——gagGY N *xG” — —go8dj™ A xdj” 4 fermions
v, 4 2
...in 6d F-theory compactification Nop = Nap = /B Wa N\ W3
2
M-theory origin Type IIB origin
JCYg = Uowo + v (wa) J32 — jo‘wa
Cy = AY A7 (wa) + . .. C = BY Aw,
Ka50:/ Wo N Wg N\ Wy = Nag
CYs

% number of multiplets determined by top. data N7 = hl’l(BQ) — 1

23



hypermultiplets in supergravity

% hypermultiplet scalars qU : U=1,....4ng

parametrize quaternionic manifold

play no further role in supergravity analysis, later more....

always assume in the following anomaly cancellation T — ny = 273 — 29nr

total 6d N=(1,0) action (two derivatives)

1 | 1 1 1
Seq = “Rx1— =g,3G*ANxGP — Zg,5d7* A xdj” — Zhyvdg? A xdg¥
6d (27T)3/MFi2 * g b * o) *d) o tuvad *dq

equations of motion have black string solution

AdSs x S%/Z,, — RYt x TN,

near horizon » asymptotics

24



25
black string solution: some properties [hetLam,Vandoren'18]

1
dsgq = 2H *du(dv — §H5du) + Hds*(TN,,)

\_. H=+\/H, H,

QO&
+ 4r

r — 0

near horizon (IR) limit H{ = pg,

\4

AdS3 x S°/Zy, with R%(S%/Z,,) = m\/Q - Q

—» in addition: non-trivial profile of 7% and G°

\\/v 6d tensor branch attractor flow

—+ ()% is macro charge of the string under B“

/a G* = (2m)° Q"

TN,

How to relate the macro charges ()“to the micro data (¢“, m) < (C,m)?



26
Connecting micro and macro data

e consider D3-brane wrapped around (' C B , extended along )] in 6d
e string couples to a two-form  Sgtring = —Q/ B=-0Q B AYX)

5 M
e total action  Siot = Sed + Sstring

Lv reduce CS action of D3-branes on (U

N N
T Jx

N N
Ssrin — T L C+:__ B* A oa — T 5 B~ oa — T & aozBﬁ
rrine 2T Jexc : 2T Jyxc “ 277—/2 /C’w 2 4 e

equation of motion of tensors

d(gas * G”) = (27)* 105 N¢"6(2)

l Integrate

[ 05 +6?) =nas [ 6 = (2nas@’® = e Nnasa® - | Q* = N

N TN,




Subleading contributions: higher-derivative corrections

6d effective action obtains higher-derivative corrections

Sha ~ / naﬂcaBﬂ ANtrRAR
Mg

-+ relevant for gen. Green-Schwarz mechanism

[Sagnotti "92; Sadov "96]
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Subleading contributions: higher-derivative corrections

6d effective action obtains higher-derivative corrections
Sha ~ / naﬂcaBﬂ ANtrRAR
Mg
-+ relevant for gen. Green-Schwarz mechanism

Where does this come from in M-theory/Type IIB picture?

M-theory

11d supergravity contains higher derivative correction

1
Slld = / 03 VAN [tl“R4 — —(tI‘R2)2]
M1 4

compactify on CY3 — Ssd = / Coo A NtrRAR
M

[Sagnotti "92; Sadov "96]
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Subleading contributions: higher-derivative corrections

6d effective action obtains higher-derivative corrections

Sha ~ / naﬂcaBﬂ ANtrRAR
Mg

27

-+ relevant for gen. Green-Schwarz mechanism [Sagnotti*92; Sadov"96]

Where does this come from in M-theory/Type IIB picture?

M-theory

11d supergravity contains higher derivative correction

1
Si1q = / Cs A [trR4 — —(trR2)2] €2 o
Miq 4/7

compactify on CY3 — Ssd = / Coo A NtrRAR
M

/ C9 (CYg) N\ Wy
CYs
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Subleading contributions: higher-derivative corrections

6d effective action obtains higher-derivative corrections
Sha ~ / naBCaBﬂ ANtrRAR
Mg
-+ relevant for gen. Green-Schwarz mechanism [Sagnotti*92; Sadov "96]

Where does this come from in M-theory/Type IIB picture?

M-theory

11d supergravity contains higher derivative correction

Slld = / 03 A [tl“R4 — 1(131‘732)2] Coa — / CQ(CYg) /N\ Wa
h 4/7 CYs
compactify on CY3 — Ssd = / Coo A NtrRAR
M

F-theory uplift

> S6d~/ UQBCQBB/\U“R/\R
M




Type 1IB with varying coupling
10d bulk effective action does not contain such a correction

- T isvarying: localized sources embedded in 10d space-time

- look at higher curvature corrections of D7/07
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- T isvarying: localized sources embedded in 10d space-time

- look at higher curvature corrections of D7/07

/ CTAtrRAR So7 D L 1
r ' o7
D7 4 (27T)3 48 O7

/—C+:BaAwa

1 1
o Sp2 = / BO‘/\trR/\R(/ wa—|—2/ wa)
" (27T)3 96 Mg D7 o7

CINtrRAR
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Type 1IB with varying coupling
10d bulk effective action does not contain such a correction

- T isvarying: localized sources embedded in 10d space-time

- look at higher curvature corrections of D7/07

/ CTAtrRAR So7 D L 1
r , o7
D7 4 (27T)3 48 O7

1 1
S — B At R/\R( 40 a)
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- look at higher curvature corrections of D7/07
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D7 4 (27T)3 48 O7

1 1
S — B At R/\R( 40 a)
"R (27)3 96 /M6 ' /D7w - /07w
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Type 1IB with varying coupling

10d bulk effective action does not contain such a correction

- T isvarying: localized sources embedded in 10d space-time

- look at higher curvature corrections of D7/07

1 1
Sp7 D / CI/\tl“R/\R, So7 D

1 1
(27’()3 48 o7

1 1
S — B At R/\R( 40 a)
"R (27)3 96 /M6 ' /D7w - /07w

. /D7wa+2/o7w“:/BQ%‘A([NHQ[O?D

o elliptic fibration is Calabi-Yau

+> [A] = [D7] + 2[07] = 12¢;(Bs)

CINtrRAR
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Type 1IB with varying coupling
10d bulk effective action does not contain such a correction

- T isvarying: localized sources embedded in 10d space-time

- look at higher curvature corrections of D7/07

1 1 1 1
St O CTAtrRAR So7 D CTAtrRAR
b7 / A T @r)P a8 Jor 4T

1 1 /
o Sp2 = BO‘/\trR/\R(/ wa—1—2/ wa)
& (27)3 96 Mse D7 o7
J / Wea + 2/ Wy = / W N ([D?] + 2[07]) = 12/ Wa N c1(Bg) = 127704506
D7 o7 B2 B2

o elliptic fibration is Calabi-Yau » [A] = [D7]+ 2[07] = 12¢1(B>)

(,D7 tadpole cancellation”)

28



equation of motion of tensors...again

1
d(gas * Gﬁ) = (27)*1asN¢°6(2) + gna[gcﬁtrR AR

integrate

1
micro-macro charge relation Q% = Ng“ + 3 (27)? c /I‘Nm trRAR
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equation of motion of tensors...again

1
d(gas * GB) = (27)*1asN¢°6(2) + gna[gcﬁtrR AR

integrate
v
micro-macro charge relation Q% = N¢g“ 4 1 ! Ca/ trRAR
° 8 (2m)? TN,
: : 1 1
use first Pontryagin number of TN, p1(TN,,) = —= 5 / trRAR =2m
2 (2m) TN,

29



equation of motion of tensors...again

1
d(gas * GP) = (271)°N0sNG?5(Z) + =nagcPtr RAR
p p ] p

micro-macro charge relation Q% = Nqg~ +

use first Pontryagin number of TNy, p1(TN,,) = —=

> Qa _ Nqa_%ca

integrate

29



equation of motion of tensors...again

1
d(gas * Gﬁ) = (27)*1asN¢°6(2) + gna[gcﬁtrR AR

1
e micro-macro charge relation Qa — Nqa + g (27’(‘)2

o use first Pontryagin number of TN, P1(TNp,) = 2 (27)2

_> QO{:NQO{_

M
2\

e inthefollowing:set N =1

\_

integrate

charge shift due to non-trivial
topology of Taub-NUT space

29



(1) ,.classical” contribution



HOW TO COMPUTE LEVELS & CENTRAL CHARGES? *

central charges and levels are related to anomalies on the 2d CFT side

CL, —CR < » gravitational anomaly
kr < » t Hooft anomaly of SU(2)r — R-symmetry
kr = » 't Hooft anomaly of SU(2)r,/U(1)p,

L» bulk description known
» compactify to 3d, e.g. AdSs x S°/Z,, ’\

» gauge isometries of space you reduceon U(1l)y x SU(2)gr

—> produces gauge fields in Kaluza-Klein ansatz Ay, Ar

* from compactified action read off k1 r, cL — CR



HOW TO COMPUTE LEVELS & CENTRAL CHARGES? .

Concretely: look for Chern-Simons terms in the 3d action and read off

k k —
SCSZ—L AL/\dAL‘l'ﬁ/tI’(AR/\dAR‘l‘%AgR)—FCL CR/tr(w/\dw—I—%w?))

8 967

L' U(1)r CS-term SU(2)r CS-term LV grav. CS-term

[Witten "98; Kraus, Larsen 05, Hansen, Kraus "06; ... ]

use N = (0,4) use grav. CS
e read off kR > CRZGICR » (], :CR—l—(CL—CR)

o read off k.

central charges and levels of the N=(0,4) SCFTs fully
*

encoded in Chern-Simons terms

T —— ——————————



LCLASSICAL" LEVELS & CENTRAL CHARGES .

e reduce two-derivative supergravity action & collect Chern—Simons terms

1 1 1
= So_dor = imﬁaﬁQaQﬁ [87/WCS(AL) + E/WCS(AR)]
(deGr _ k2-der _ 162-der _ lmn BQQQB _ lm(qa—@6a> (qﬁ_ﬂcﬁ)
L k 6 1 o e 9 9 2
(CL . CR)2—der — 0

e subleading contributions: higher-derivative corrections

- want to produce CS-terms for the KK-gauge fields ~ /nach‘Bﬂ AT RAR

o~

grav

contains Wag =P ¢ —cr # 0



LCLASSICAL" LEVELS & CENTRAL CHARGES

e reduce four-derivative supergravity action & collect Chern—Simons terms

]- 1 rav
S4 der = —Uaﬁca (qﬁ__mcﬁ) [/wés + 4WCS(AR)]

167 2
|
> el
(cr — cr)* 4 = 61 5c” (qB — %cﬁ>

e adding up two— and four—derivative contributions

3
258 — 302 — 3m2¢,(B) - C + Zm?’cl (B)* + 12¢1(B) - C — 6mey (B)?,

3
™ = 6k$™ = 3mC? — 3m2ci1(B) - C + ~m3ci(B)? + 6¢1(B) - C — 3me1 (B)?,

4
kclass _ lmCZ . 1777,26 (B) C—l—l 3 (B)2
L — 9 9 1 Rm C1 .
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LCLASSICAL" LEVELS & CENTRAL CHARGES

reduce four-derivative supergravity action & collect Chern—Simons terms

]_ o ]~ rav
S4 der = 16—7T77a50 (qﬁ_§mcﬁ) [/wés + 4WCS(AR)]

k;l;—der — O
m s

b (e
m
(CL . CR)4—der _ 6naﬁca (C]B _ ECB>

adding up two— and four—derivative contributions

3
class — 3mC2 . 3m2€1<B) . C _|_ —m361 (B)2 —|— 1261(3) . C — 6m01 (B)27

cy 1
3
™ = 6k$™ = 3mC? — 3m2ci1(B) - C + ~m3ci(B)? + 6¢1(B) - C — 3me1 (B)?,

1 1 1
gSlass — §mC’2 — §m2 c1(B)-C §m301(B)2.

\/

Do we recover the micro result? Not even close... what did we miss?

33



(1) ..,quantum” contribution



One-loop Chern-Simons terms

e fact: Chern-Simons terms can be loop induced

A

34
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A A

\— spin 1/2, spin 3/2, chiral vectors

¢ loop induced Chern-Simons terms give correctionsto kr.r, cL — CR
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One-loop Chern-Simons terms

e fact: Chern-Simons terms can be loop induced

A A

\-— spin 1/2, spin 3/2, chiral vectors

¢ loop induced Chern-Simons terms give correctionsto kr.r, cL — CR

Three-step plan to success

r

(1) determine (relevant) Kaluza-Klein spectrum on SS/Zm

—> use known spectrum of N = (2,0) on S3 charged under SO(4) = SU(2)r x SU(2)g

— truncateto N = (1,0) spectrum
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(2) compute loop contribution to Chern-Simons terms for a single field
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One-loop Chern-Simons terms

e fact: Chern-Simons terms can be loop induced

A A

\— spin 1/2, spin 3/2, chiral vectors

¢ loop induced Chern-Simons terms give correctionsto kr.r, cL — CR

Three-step plan to success

r

-

(1) determine (relevant) Kaluza-Klein spectrum on Sg/Zm

—> use known spectrum of N = (2,0) on S3 charged under SO(4) = SU(2)r x SU(2)g

— truncateto N = (1,0) spectrum

(2) compute loop contribution to Chern-Simons terms for a single field

(3) sum over Kaluza-Klein tower projected on Z,,— invariant states ((- function reg.)
y




(1) Kaluza-Klein spectrum

e Kaluza-Klein spectrum of (2,0) theory worked out by [Deger, Kaya, Sezgin, Sundell"98; de Boer 98]

o Kaluza-Klein tower transforms under SO(4) = SU(2), x SU(2)r

JL JR

35



(1) Kaluza-Klein spectrum

e Kaluza-Klein spectrum of (2,0) theory worked out by [Deger, Kaya, Sezgin, Sundell"98; de Boer 98]

o Kaluza-Klein tower transforms under SO(4) = SU(2), x SU(2)r

JL JR

» additional information: sign of the mass matrix eigenvalue sgn(M)

notation (jr,jr)*e"M)
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(1) Kaluza-Klein spectrum

e Kaluza-Klein spectrum of (2,0) theory worked out by [Deger, Kaya, Sezgin, Sundell*98; de Boer 98]

o Kaluza-Klein tower transforms under SO(4) = SU(2), x SU(2)r

JL JR

» additional information: sign of the mass matrix eigenvalue sgn(M)

notation (jr,jr)*e"M)

e truncation of N = (2,0) spectrumto N = (1,0)

o0

spin 3/2 2 @ (jL7jL + %)$

. 1 3
JL=5,5,--

35
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(1) Kaluza-Klein spectrum

e Kaluza-Klein spectrum of (2,0) theory worked out by [Deger, Kaya, Sezgin, Sundell*98; de Boer 98]

o Kaluza-Klein tower transforms under SO(4) = SU(2), x SU(2)r

JL JR

» additional information: sign of the mass matrix eigenvalue sgn(M)

notation (jr,jr)*e"M)

e truncation of N = (2,0) spectrumto N = (1,0)

spin 3/2 2 @ (jLﬁij: %)$

spin 1/2 2 @ (jr.jr £3)" @2 @ (jL,jLi%)i@Q(nT—an) @ (ijjLi%)i

geee



35
(1) Kaluza-Klein spectrum

e Kaluza-Klein spectrum of (2,0) theory worked out by [Deger, Kaya, Sezgin, Sundell"98; de Boer 98]

o Kaluza-Klein tower transforms under SO(4) = SU(2), x SU(2)r

JL JR

» additional information: sign of the mass matrix eigenvalue sgn(M)

notation (jr,jr)*e"M)

e truncation of N = (2,0) spectrumto N = (1,0)

é 00 )
. x
spin 3/2 2 @ (]L»JL + %)
JL=%,5,...
spin 1/2 2 @ (jLajLi%):F@Z @ (jL,jLi%)i@Q(nT—FnH) @ (]’L,]'L:I:%)i
jL:%,%,... JjL=1,2,... jL:%,%,---
o0 o0 :|:
vectors ED (jLajL =+ 1)$ D np @ (jL,jL + 1)
g in=1,2,... ir=1,2,
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(1) Kaluza-Klein spectrum /
e Kaluza-Klein spectrum of (2,0) theory worked out by [Deger, Kaya, Sezgin, Sundell"98; de Boer 98]
o Kaluza-Klein tower transforms under SO(4) = SU(2)r x SU(2)r
JL IR

» additional information: sign of the mass matrix eigenvalue sgn(M)
notation (jr,jr)sM)

e truncation of N = (2,0) spectrumto N = (1,0)
r - ~

L ==
spin 3/2 2 @ (]L,]L == %)
jL:%7%7"'
spin 1/2 2 @ (jr.jr £3)" @2 @ (Jr,jr + %)i ® 2(ny + np) @ (Jz,Jr + %)i
jL:%,%,... JjL=1,2,... jL:%,%,---
= o = o +

vectors ED (jr.jr £1)" @ ny @ (Jr,jo £1)

. jL=12,... jr=12, )




(2) One-loop Chern-Simons terms

* need to consider three species of fields

spin 1/2

spin 3/2

chiral vectors

36



(2) One-loop Chern-Simons terms

* need to consider three species of fields

e chiral vectors: ,square root” of Proca field

spin 1/2 spin 3/2 chiral vectors

[Townsend, Pilch, van Nieuwenhuizen "83]

e loop corrections studied by  [Bonetti, Grimm, Hohenegger*12]

36



36
(2) One-loop Chern-Simons terms
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(2) One-loop Chern-Simons terms J

e need to consider three species of fields spin 1/2 spin 3/2 chiral vectors
e chiral vectors: ,square root” of Proca field [Townsend, Pilch, van Nieuwenhuizen *83]

e loop corrections studied by  [Bonetti, Grimm, Hohenegger*12]

corrections to Chern-Simons level can be computed by (a) index theorems

(b) brute force loop calculation

— field field transforming under U(1); x SU(2)g C SU(2)r x SU(2)g in theirrep (jr,Jr)

contributes to U(1)z, SU(2) g and grav. Chern-Simons terms as

spin 1/2 spin 3/2 vectors
ki sgn(M) () (25r + 1) 3sgn(M)(j;”)*(2jr + 1) ~2(j;”)(2jr + 1)
kr —3sgn(M)jr(jr +1)(2jr +1) | —sgn(M)jr(jr+1)(2jr +1) | 2sgn(M)jr(jr +1)(2jr + 1)
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(3) Sum over invariant states

e main question: how does the Z,,, quotient act on the Kaluza-Klein states?

+ check how Z,,, acts on spherical harmonics on S°
- group theory exercise...
e quotientis generated by Z,, C U(1)r, C SU(2)r

(2jr, +1) - dimensional irrep of SU(2);, = 2j,— fold sym. tensor product of 2

z em 0 z
/., actson 2 as (ZD — ( 0 eT) (z;)

- induces action on symmetric tensor representation

® projection condition can be easily calculated

1
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Summary 38

Kaluza-Klein spectrum

oo
S 1\ F
spin 3/2 2 P (r.irt3)
jL:%7%a
= o = . + = . -
spin1/2 2 B (jr.jo£3)" @2 P (rirt3) @200 +nu) @ (i)
jL:%,%,... JjL=1,2,... jL:%,%,---
o ©.@) n
.. T ..
vectors @ (Jr,jo £1)" @ ng @ (Jr,jo £1)
in=1,2,... ir=1,2,
Loop corrections
spin 1/2 spin 3/2 vectors
ki sen(M) (512 (25R + 1) 3sgn(M) (1 )?(2jr + 1) ~2(j;”)(2jr + 1)
kr —5sgn(M)jr(jr +1)(2jr +1) | —sgn(M)jr(jr +1)(2jr + 1) | 3sgn(M)jr(jr +1)(2jr + 1)
cL, — CR 2sgn(M)(2jr + 1) —2ksgn(M)(2jr + 1) 2(2jr + 1)

1
Projection condition j(LB) — §mk ke Z



1
(O - —
2m01

left level k;
sugra 1 1 2 1 3
kL = §mC’C—§m Cl(BQ)°C—|— gm Cl(BQ)°Cl(BQ)
1
k%uantum _ _ngCl(Bz) . 61(32)
total 1 1 2 micro
kL :§mCC—§m Cl(BQ)‘C:k'L
right level kg
sugra 1 1 2 1 3 2
kR = §mCC—§m cl(Bg)C'—l—gm Cl(BQ) —I—Cl(BQ)
quantum m3 2 m 2
kg = gcl(BQ) T 501(32) +m

> o =6k = 3mC - C — 3mZci(By) - C 4+ mPci(Bsy)?
+ 6¢1(By) - C 4 6m — mcy (Bs)?

(Bz)?
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gravitational Chern-Simons level ¢, — cg

(CL — CR)sugra — 601 (BQ) (' — 3m01 (BQ) - Cq (B2)

(cr, — cr)"™™™ ™ = 6m + 2mcy (Bs) - ¢1(B>)

total __ _total total
» Y =cEg™ + (cp —cr)?

= 3mC - C — 3m?c1(Bz) - C +m°c1(Ba)® + 12¢1(Bz) - C + 12m — 2mc1 (Ba)?

final result

cr, =3mC - C —3m”ci1(Bs) - C + m’c1(B2)” + 12¢1(B2) - C + 12m — 2mc; (Bz)”

cr = 6kr = 3mC - C — 3m?ci(By) - C +m>ci(B3)? + 6¢1(B3) - C + 6m — meyi (By)?

1 1
kr = §mC’ O — §m2cl(B2) - C

= matches microscopic prediction!



E. Other families: ADE Black Holes



D. Other families: ADE Black holes

e up to now restricted to Taub-NUT space —» C?/Z,, singularity close to center

o recall: F-theory AdSs solutions preserving N = (0,4) SUSY have ADE classification
Ang X SS/FADE X (CYg — Bg)

\\V ['a =7y, C SU(2) cyclic group
I'p=D; C SU(2) bin.dihedral group
I'p =T 0 T* C SU(2)
* microscopic interpretation: D3-brane with transverse ALF space
hyperkihler manifold with C? /T"sapg singularity

e no (straightforward) dual M5-brane picture in M-theory

- MSW techniques for micro don't apply

However: macroscopic computation can be done! J
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F. Summary

—» studied IR CFT of wrapped D3-branes in F-theory

—» computed central charges and levels of 2d N=(0,4) IR SCFT

\__y determine entropy

—» ¢, r and k g are determined by geometric/topological data in the setup

e first Pontryagin number of Taub-NUT space m
e first Chern class of the base of the fibration C1 (BZ)
e (co-)homology class of the curve wrapped by the D3 C

—» obtained matching of micro and macro result (for a fairly involved expression)

—» one—loop Chern-Simons terms crucial for the matching



F. Outlook :

—» study the remaining possible quotients in the ADE classification

RN

macro computation done v micro difficult

generalization of top. duality twist?

—» wrapped D3-branes probing
singularities in F-theory

—» ook at D3-branes in Type IIB on K3 x T2 with ADE quotients

k' does not follow by c1(B2=K3)=0

—» both macroscopics and microscopics under good control, yet non-trivial



