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B. F-THEORY PRELIMINARIES

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

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

(i) probe approximation: no back-reaction of
branes

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

= Yes, at least under certain limiting assumptions!

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

= Way out: F-theory
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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 |IB 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-brane in the background RL1 C

e D7 bane couples to RR 0-form (Cy 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,

| (z) generically strongly varying

Integrate around D7: d!'Fg = | Fg = dCp =1
C Sty St
. 1
Solution close to the D7: 1(z) = 1o+ o logz +
=7 —7+1 Monodromy

How to interpret this monodromy?

D(! 1)

Type 1IB invariant under SL(2,R) SL(2,2)

3
at + b Cs a b\ [Cs

L(2,7) : >

SL(2,2) ! ct+d’ <32>%<C d) (BQ>

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 —pq p2

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

Insight in [vafa 9] :
Type 1IB axio-dilaton 715 — complex structure of T2

SL(2,7) in Type |IB —> modular group of T

* Interpret axio-dilaton 7;;5 as complex structure of an additional auxiliary T2

e back-reaction of 7-branes induces proble for Tiis

—» non-triviality of the 72K bbration

e however: no 12d origin/interpretation of these T? dimensions (known)

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

resolution Pls

smooth bber resolved bber

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

—» intersection pattern dictates gauge algebra
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F-THEORY ON CALABI-YAU MANIF

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,, 11

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

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

=» M2-branes wrapping Piléover codim. 1 singularity: massive W-bosons

=» M2-branes wrapping Piléover codim. 2 singularity: massive charged matter

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



F-THEORY IN A NUTSHELL

. . . map to
mathematics of elliptic Pbrations »  physics of F-theory
' Type IIB string theory with
varying axio-dilaton
Holy grail:  establish dictionary between physics and mathematics

11

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. 5D BLACK HOLES FROM D3-BRANES

e F-theory on RY>1 CY5: 6d supergravity with N =(1,0) CY;!" B,

An interesting sub-sector of the theory: D3-branes wrappedon C ! B>

> Strings Of 6d (1, O) SCFTs [e.g. del Zotto, Lockhart, Vafa, Haghighat, Tachikawa,
Shimizu E]

-+ excitations of 6d strings satisfy WGC and SDC In

highly non-trivial way  [Lee, Lerche, Weigand "18]

+ 5d spinning black holes  AdSz/ CFT (g 4

[Haghighat, Murthy, Vafa, Vandoren "15]
s SO(4)

background: Ri:' st . R,4 | B>

X0 X1 X244%°|X® X7 X® X°
D3 I | S a4 a



MICROSCOPICS VS. MACROSCOPICS

e inIR:2d N =(0,4) SCFT

k» Cr = 6kgr SU(2)r current algebra
o novel feature: identify SU(2)_ currentalgebra  SO(4), =SU(2). ! SU_2)r
~ | CL ) J 2 #
e entropy determined by CardyOs formula S=2! — n! —

6 KL
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MICROSCOPICS VS. MACROSCOPICS

e inIR:2d N =(0,4) SCFT

k» Cr = 6kRg SU(2)r current algebra
o novel feature: identify SU(2)_ current algebra  SO(4) =SU(2),. ! SU_2)r
: ~ | CL ) J 2#
e entropy determined by CardyOs formula S=27 5 n! o
L

MICroscopics

- D3braneon C! B, +D70s = ! (Z) varyingon B>

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

Topological duality twist [Martucci “14]

However: procedure misses D3-D7 modes
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MICIrOSCOPICS

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

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

x> =6kg =3C aC +3c¢1(B,) &4C

c’® =3CaC+ ¢ (By)ac + ! ¢°' P’
1 1

ki = =CaC! —-c1(B»,) &C

L= 5 > 1(B2)

notaton: C =g !, , ci(By)= ¢!, 1, 1 HYY(B,, 2)
AdB =A'!. B = Al B




MICroscopics

14

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

x> =6kg =3C aC +3c¢1(B,) &4C

CL

KL

1

2

1
C4aC! =c((B,) &C
4C ! Sci(Bo) 4 K’

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

3CaC + ¢(By)ac + ! ¢°' P’

dualize to M-theory!
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MICIrOSCOPICS

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

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

x> =6kg =3C aC +3c¢1(B,) &4C

c?® =3CaC+ ¢ (By)ac + ! ¢°' P’
1

, 1 ,
ku = SCaC! Sci(B2) &C K’

dualize to M-theory!
dual M-theory picture: M5 brane wrapping @ = !'' 1(C) ! H4(CY3)

M5 brane wrapping 4-cycle in  CY 3 described by MSW CFT

[Maldacena, Strominger, Witten "97]

= | ¢ P =8¢(B)aC

macroscopics ~ AdS3;! S®! B, computationEmore 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 CY 3

How: CFT data related to certain Chern-Simons coefbcients
L» calculate them!

— AaclassicalO supergravity analysis not sufpcient

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

aclassicalO supergravity + one-loop Chern Simonsterms =  microscopics
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background: R St TN, B,

X0 X1 X244%°|X® X7 X® X°
D3 I | a | ! | a4  a

® geometry of TN m centers on top: A1 1 Singularity

/’

l ¢« o ies atopological charge®
U, ! SUQ2)r 3 b carries atopological charge

@ near horizon geometry of D3-branes: /'

in fact AdS; | S3/ | we |V (CY3 " Bo)

with | ADE | SU(Z) most genera| [Couzens, Lawrie, Martelli, SchSfer-Nameki, Wong “17]

interpolates between C?/Z,, & R31 St

focuson | = /.,
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MAKING 4D BLACK HOLES WITH D3-BRANE

Charges of the setup
q : characterize C
n: KK momentum around S*
.
I : topological charge of TN Pr(TNm)=1! 5 trR"R=2m
Goals: () compute C R , kL,R in terms of the charges 0, m

(i) compare macroscopics with microscopics

(i) 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: SUN)™ quiver + 1 bifundamental hypers

\’ o
= | . .
m /—> type 1IB axio-dilaton

e wrappedover C ! B, < complexiped gauge coupling ! varies over C

need for top. duality twist

———8

Some issues with this approach:

= |gnoring D3-D7 string contributions

=P o (obvious) generalization of top. duality twist knownE

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

D3-brane wrappedon C | By probing TN, transversally

take 8[1)3 small T-dualize along ShuT
M-theoryon Ri! TNy, ! CYj Type lIA on R3S 8[1)3 | S&lUT I B>
M2-brane wrapping C,, = C + nE, D4 wrapping Sgg ! C

m NS50s wrapping 8[1)3 I B>
= microstate counting difpcult task

M-theory uplift

If ¢ ! mc
\
1,3 1
- can eff. describe M5 system as M-theoryon R™=! Spgz ! CYs
. - . .
SingeM50on @, = @+ mB, M5 brane on Spz ! @

M M5 braneson Si, ! B,
-» MSW CFT techniques!
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THE MSW, G E I

[Mal

e M-theory compactiped on compact CY3 - 5d N =2 supergravity

5d BPS string states: M5-brane wrapped on  [P]! H4(CY 3)

RG Row to IR

\4

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

e central charges of IR Pxed point:

compactify M5 brane theoryon P compute effective 2d spectrum

k—» counted by top. numbers

c. = PaP aP + c,(CYy3) aP

L 1 ,
cr = P aP aP + éCz(CYg) aP

= apply this to our case of interest

[Bena, Diaconescu, Florea "06]



MICROSCOPICS VIA MSW

Compute the following integrals for ell. bbered CY3

P3=  (q! +m!)3=3mCAaC! 3m2c(B,) 4C + m3c(By)?
CY 3

21



MICROSCOPICS VIA MSW

Compute the following integrals for ell. bbered CY3

p3 = (!, +m!y)®>=3mC aC! 3m?c;(B,) &C + m3ci(B2)?
CY 5

c(CY3) 4P = m! (B,)+12¢1(B,) &C ! mcy(By)?

21



MICROSCOPICS VIA MSW

Compute the following integrals for ell. bbered CY3

p3 = (!, +m!y)®>=3mC aC! 3m?c;(B,) &C + m3ci(B2)?
CY 5

c(CY3) 4P = m! (B,)+12¢1(B,) &C ! mcy(By)?

Ny 1(By) =2+ hML(By) =121 ¢y(B)?

21



21

MICROSCOPICS VIA MSW

Compute the following integrals for ell. bbered CY3

p3 = (!, +m!y)®>=3mC aC! 3m?c;(B,) &C + m3ci(B2)?
CY 5

c2(CY3) &P = m! (B,) +12¢1(B,) &C ! mcy(B2)?

Ny 1(By) =2+ hML(By) =121 ¢y(B)?

Ewhich leads to the microscopic prediction

c. =3mC &C! 3m?ci(B>,) &C + m3ci(B,)? +12¢1(B,) &C + 12m! 2mcy(B,)?
cr =3mMC &C ! 3m?ci(B,) &C + m3ci(B2)? +6¢1(B2) &C +6m ! mcy(B2)?



MICROSCOPICS VIA MSW -

Compute the following integrals for ell. bbered CY3

p3 (@ !, +mlg)?=3mCac! 3m2cy(B2) 4C + m3cy(B2)?
CY 3

c2(CY3) &P = m! (B,) +12¢1(B,) &C ! mcy(B2)?

K» 1 (Bp) =2+ hb!(By) =12 ! ¢(B2)?

Ewhich leads to the microscopic prediction

c. =3mC &C! 3m?ci(B>,) &C + m3ci(B,)? +12¢1(B,) &C + 12m! 2mcy(B,)?
cr =3mMC &C ! 3m?ci(B,) &C + m3ci(B2)? +6¢1(B2) &C +6m ! mcy(B2)?

to get KL one has to work a bit harderE

1 1 ,
k. = >mC &C | ém2c:1(|32) ac
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Compute the following integrals for ell. bbered CY3

p3 = (!, +m!y)®>=3mC aC! 3m?c;(B,) &C + m3ci(B2)?
CY 5

c(CY3) 4P = m! (B,)+12¢1(B,) &C ! mcy(By)?

Ny 1(By) =2+ hML(By) =121 ¢y(B)?

Ewhich leads to the microscopic prediction

c. =3mC &C! 3m<ci(B2) &C + m°ci(B)“ +12¢1(B,) &C +12m! 2mcy(B,)°

cr = 6kg =3mMC &C! 3m?ci(B,) &C + m3ci(B,)% +6¢1(B2) &C +6m ! mcy(B2)?

1 1 ,
kp = ZmC &C | §m201(82) ac
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» starting point: 6d N =(1,0) supergravity describing F-theory on CY 3

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

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

gravity gu ! !'L! B My vector Apl L
[1T tensor B, ! !'r! ] [IH hyper FR! 1! @
e simplifying assumption: ny =0

tensor multiplets in supergravity

-+ denote collectively tensor and gravity multiplet two forms  B* ! =1,...,nt +1

+ tensor multiplet scalars |
_ SO(]., nT)

arametrize coset manifold M ¢ =
P ensor SO ( - )

/ \
obey quadratic constraint ! p» j'j =] & =1 (! » ) =signature(1,! 1,adal 1)
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more on tensor multiplets in supergravity

& kinetic terms of two forms and scalars g =
+ (anti-)self-duality constraint g ! G =
' 1 y 1 . o
Stensor = | Zgv G "#G | Zg- dj’ "#d
Me 4 2

Ein 6d F-theory compactibcation

2ji o ! L

v G

+ fermions

! !I —_ 11 | ' 1
B>
Type 1IB origin
JBZ — j! L

C, =B 11,
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more on tensor multiplets in supergravity

-+  kinetic terms of two forms and scalars gr =25 g1
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more on tensor multiplets in supergravity

-+  kinetic terms of two forms and scalars gr =25 g1
+ (anti-)self-duality constraint O ! G =!G
' 1 D 1 U e e .
Stensor = l —g G "#G | —g~ dj’ "#d] +fermions
me 4 2
Ein 6d F-theory compactiPcation L =1 = T B
B>
M-theory origin Type 1IB origin
— /0 T -
Jev, = Vilg+t v " (1) Jg, =j !
Ca= A 11 (" )+ ... C, =B !1!,
Kr g = L,y Tl hg="
CY 3

+ number of multiplets determined by top. data nt = ht1(By)! 1
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hypermultiplets in supergravity

& hypermultiplet scalars qU : U=1,...,4ny4

parametrize quaternionic manifold

play no further role in supergravity analysis, later moreE.

always assume in the following anomaly cancellation Ny ! ny =273 29y

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

1 1 1 , . . e
= @13 M SRUL" 200 G #1G " Sor d'#!dj " Zhyydg’ #!dqg”

equations of motion have black string solution

AdS;! S3/z, " RY I TN,

near horizon » asymptotics




black string solution: some properties [het Lam, Vandoren "18]

! . )
dsiy =2H' *du dv! SHsdu + Hds?(TN 1)

rl 0 \_VH: H]_é.ll‘l]_

near horizon (IR) limit Hy = + (i—r

\4

AdS3! S°/Zy with R3%(S%/Z,)=m Qa0

—» in addition: non-trivial proble of | ‘and G

\\/v od tensor branch attractor Row

— Q' is macro charge of the string under B

| & =@q

'TN m

How to relate the macro charges Q' to the micro data(q , m) !

(C,m)?

25



Connecting micro and macro data

e consider D3-brane wrapped around C ! B, , extended along | in 6d

e string couples to a two-form Ssing = ' Q B =10Q B" I(l)
| M6

e total action  Syot = Sed + Sstring

L, reduce CS action of D3-branes on C

N N ' ' '
- =1 —— t— oo — ) ! "=
Ssting = ! 5 HCC4 -2 HCB | '2!!B c 2

equation of motion of tensors

dgr !'G =(2!)""» Ng #!)

l Integrate

dg | G G =(2")°1» Q =(2")°N!y q =P

TN m #TN




Subleading contributions: higher-derivative corrections
6d effective action obtains higher-derivative corrections

Shy ! l.¢cB "trR"R
Mg

- relevant for gen. Green-Schwarz mechanism

[Sagnotti 92; Sadov "96]
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11d supergravity contains higher derivative correction
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Si1d = Cs! trR*" Z(tr R?)? Co1 =

M 11 /
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Subleading contributions: higher-derivative corrections
6d effective action obtains higher-derivative corrections

Shy ! l.¢cB "trR"R
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

27

[Sagnhotti "92; Sadov "96]

Co1 = c2(CY3) ! 1

_ 1 .
Slld = C3 I tr R4 " —(tl’ R2)2
h 4/V CYs
compactify on CYj3 — > Sgq = Co 1 A"l trR!' R
Ms
F-theory uplift -
» Sgq ! l» ¢ B "trR"R

Mg



Type |IB with varying coupling

10d bulk effective action does not contain such a correction

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

- look at higher curvature corrections of D7/07
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10d bulk effective action does not contain such a correction
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- look at higher curvature corrections of D7/07

1 1 1 1
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Type |IB with varying coupling

10d bulk effective action does not contain such a correction

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

- look at higher curvature corrections of D7/07

1 1 1 1,
Sp7 ! C,"trR"R So7 | C, "trR" R
°7T 21)396 5, | OTF (21)348 4 *
1 1 | _ _ ”
Sgp2 = Bl trR! R "y +2 "
i (2!)396 i, D7 o7
Iy +2 I Ly [D?] +2[O7] =12 Iy Cl(Bz) =12"» C
D7 o7 B B

elliptic Pbration is Calabi-Yyau - [! | =[D7]+ 2[07] =12 c1(B>)

(&D7 tadpole cancellationO)

28



equation of motion of tensorsEagain

dg |G =(21)% Ng #!)+

. . | _ !
micro-macro charge relation Q = Nqg +

1 ’
5"!" CirR" R

Integrate

C trR! R

29



equation of motion of tensorsEagain

dg- !'G =(2!)*" Nq #! )+

v

| I 1

micro-macro charge relation Q" = NQ' + 5
use brst Pontryagin number of TN P1(TN

1 ;
5"!" CirR" R
Integrate
1
C trR! R
@) w,
1 trR" R=2m

m)— - 2(2|)2 .

29



equation of motion of tensorsEagain

| K " 1 "
dg 'G =(2! )2"!-- Ng #! )+ él ctrR" R
Integrate
v
1 1
micro-macro charge relation Q! = Nq! M YZY 2CI trR! R
8(2!) TN i
1 1
use brst Pontryagin number of TN PL(TNy)="! 5 212 trR" R=2m
- TN n
Tl

29



equation of motion of tensorsEagain

micro-macro charge relation

use brst Pontryagin number of TN

In the following: set

dg- 'G =(2!)* Ng #! )+ %"!u ctrR" R

Integrate
Q =Ng + i(zgl)zd L WRIR
P1(TNm)="! %(2!1)2 . trR"R=2m
= Ng' | %c'

N =1

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

29
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HOW TO COMPUTE LEVELS & CENTRALClI

« 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 N R-symmetry

KL < » 't Hooft anomaly of SU(2)./U(1),

L» bulk description known
» compactify to 3d, e.g. AdS3! S3/Z, ’\

 gauge isometries of space you reduceon U(1). ! SU(2)r

—» produces gauge belds in Kaluza-Klein ansatz AL, Ar

* from compactiPed action read off kL,R . CL ! Cr



HOW TO COMPUTE LEVELS & CENTRALClI

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

KL kK ) # o " Cn ) t
Scs = —— AL!dAL+4_R tr Ar! dAg+ 2A% + LR g owy gy 20

L’ U(1). CS-term L’ SU(2)r cs-term L» grav. CS-term

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

use N =(0,4) use grav. CS
o read off kg » Cr = 6kg » CL =CR*+(c! cr)

o read off K

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

encoded In Chern-Simons terms

L ————— ————————



ACLASSICALO LEVELS & CENTRAL CHARG

e reduce two-derivative supergravity action & collect ChernNSimons terms

=P Sp1 der = %m!!-- Q Q | 8i #es(AL) + 4i #CS(AR).
Cﬁ-der = k2der = %C%-der _ %m!!-- 0'Q" = %m; q ! %C! ; q ! %C"
(cL ! cR)*™ =0
e subleading contributions: higher-derivative corrections
- want to produce CS-terms for the KK-gauge belds ! !+ cB "trR"R

e

contains !gsav -» Cc ! cr=0



ACLASSICALO LEVELS & CENTRAL CHARG

e reduce four-derivative supergravity action & collect ChernNSimons terms

. C e .
Ss-der = 16 —"pCc (! Smc #ls +A4#cs(AR)
kéLl-der =0 | )
* k&der = 1. ¢ q 1 D¢
! 2 "
(c.! cg)*¥ =61, ¢ g ! %c"

e adding up twoN and fourNderivative contributions

3
class - 3mC21 3m?2 c1(B) &C + 21m Cl(B) +12¢,(B) &C! 6mC1(B)2

, 3 ,
ceass = 6k92S = 3mC?! 3m?cy(B) &4C + Z,m3c1(B)2 +6¢,(B)&C ! 3mcyi(B)?

1 1 , 1
kelass = §mC2 | §m2 ci(B) &C + ém?’cl(B)Z.




ACLASSICALO LEVELS & CENTRAL CHARG

e reduce four-derivative supergravity action & collect ChernNSimons terms

. C e .
Ss-der = ﬁ' c q! Smc #ls +A4#cs(AR)
kﬁ-der =0

> o= 2 Mo
! 2 11}
(c.! cr)*% =61, ¢ g ! %c"

e adding up twoN and fourNderivative contributions

CC|aSS = 3mC2 | 3m201(B) ac + §rﬂsC]_(B)z + 12C1(B) ac | 6mC1(B)2,
L 4

3
cdass = gkgaS =3mC?1 3m?cy(B) &C + ~m3cy(B)? +6¢,(B) &C! 3mcy(B)?,
R R

1 1 , 1
kelass = §mC2! §m2 c1(B) &C ém?’cl(B)Z.
\/

Do we recover the micro result? Not even closeE what did we miss?
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e fact: Chern-Simons terms can be loop induced

A
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Three-step plan to success

r

(1) determine (relevant) Kaluza-Klein spectrum on S3/ Zm
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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

® |oop induced Chern-Simons terms give corrections to KLr,CL ! CRr

Three-step plan to success

r

-

(1) determine (relevant) Kaluza-Klein spectrum on S3/ Zm

—» use known spectrumof N =(2,0) on S3 /™ charged under SO(4) = SU(2). ! SU(2)r
— 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. )

.




(1) Kaluza-Klein spectrum

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

Kaluza-Klein tower transforms under

SO(4) = SU2), ! SUQ@)k
JL IR
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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]

« Kaluza-Klein tower transforms under SO(4) = SU(2). ! SU(2)r
JL JR
« additional information: sign of the mass matrix eigenvalue  sgn(M )

notation  (j,jr)S9"M)

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

é !! n #l 1
. . 1
spin 3/2 2 Ju L £ 5
-1 3
JL_f’f""

ER i E i, E #,
spin1/2. 2 TS B Lot ;o b 2nr 4 ny) INIEE
jL=%,%,... jL=1,2,.. jL:%,%,---

| # K #
vectors JL.Jjx1 ! ny jL.jLx1°
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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]
« Kaluza-Klein tower transforms under SO(4) = SU(2). ! SU(2)r
JL J R
« additional information: sign of the mass matrix eigenvalue  sgn(M )
notation  (j,jr)S9"M)
 truncationof N =(2,0) spectrumto N =(1,0)
( !! ll. . 1#. 1
spin 3/2 2 Ju L ® 35
j L — %, %,

I " #, I " H, I " H,
spin 1/2 2 jLirts 12 jL ot 3 1 2(nt +nR) jLjLxi™
jL=2.5.. jL=1.2,. jL=1.3..

! #. ! #
vectors Ju.,juxl I ony L, L1
\ jL=1,2,.. jL=1,2,.. )




(2) One-loop Chern-Simons terms

e need to consider three species of belds

spin 1/2

spin 3/2

chiral vectors
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(2) One-loop Chern-Simons terms

e need to consider three species of belds spin 1/2 spin 3/2 chiral vectors
e chiral vectors: ésquare I‘OO'[O of Proca beld [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
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(b) brute force loop calculation

— peld beld transforming under U(1), ! SU@2)g " SU2). ! SUQR) intheirrep (jL,jr)

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

spin 1/2 spin 3/2 vectors
ke sgnM )(j )22 r +1) 3sgnM )(j .~ )2(2j r + 1) 127 )22 r +1)
Kr L 3sgnM)jr(r +1)R2jr +1) | ! sgnM)jr(jr +1)(2jr +1) | 55gnM)jr(ir +1D(2jr +1)
c. ! cr
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g spin 1/2 spin 3/2 vectors
k M) #)2@2jr +1 3 | 225, +1 123G 9)2(2) +1
L sgnM)(J 7 )“(2r + 1) sgnM)(J 7 )“(2Jr +1) 1 2(,7)“(Qr +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 o

- group theory exerciseE
e quotientis generated by Zm ! U(1). ! SU(2)L
(2)L +1) N dimensional irrep of SU(2). - 2J N fold sym. tensor product of 2

Z, e 0 z

o/ actson 2 as 210
m Z5 0 €& Z5

- Induces action on symmetric tensor representation

e projection condition can be easily calculated

(,-p) _ %mk, " zJ
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Summary

Kaluza-Klein spectrum

spin 3/2

spin 1/2

vectors

Loop corrections

2 JL.JL
JL:%,%,---
L
2 JL1JLi 2 I 2
JL:%,%,...
| n #-
Ju o1 !
]|_:1,2,...
spin 1/2
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#.
1
t 2
I 2 L #,
jLjut 370 2(nt + ny) T
j|_:1,2,... jL:%’%’"_
o
Nt Ju,JL % 1
j|_:1,2,...
spin 3/2 vectors

KL
Kr

cL! Cr

Projection condition

sgnM )(j )22 r + 1)
I 2sgnM)jr(jr +1)(2jr +1)
LsgnM)(2jr +1)

. (3
i) =

3sgnM)(j )22 r +1)
' sgnM)jr(jr +1)(2)jr +1)
| Zsgn(M)(2jr +1)

}mk

k! Z
2

1 2G.7)2(2r +1)

zsgnM)jr(jr +1)(2jr +1)
2(2jr +1)



left level k
KU = L ACT ZTmle,(By) 4C + =m3cy(B,) &cy(B
LT 5 L5 1(B2) a g c1(B2) ac1(B2)
1 ,
k(e =1 2mPey(B2) dci(B2)
1 , 1 , -
kol = >mC 4C | 2mzcl(Bz) ac = kmiero
right level k g
sugra _ 1 , 1 2 z 1 3 2 , 1 2
Ko © = §mC ac ! ém c1(B») aC + ém c1(B2)° + ¢ (B») aC'! émcl(Bz)

m? m
kg = 2 rcu(B2)? + Sei(Bo)? + m

> g™ =6kg™ =3mCaC! 3m?ci(B2) &C + m®cy(B2)?
+6¢(By)AC +6m ! mcy(B5)?

39



40

gravitational Chern-Simons level ¢ | N &

o

(! cr)™® =6c1(B2)aC! 3mcy(B2) aci(B2)

(cL ! cg)9@™™ =6m +2mcy(B2) ac1(B2)

C]t_otal

C'Itgtal + ( L ! CR)total

3mC 4C ! 3m2c¢y(B;) 4C + m3cy(By)2 + 12¢1(B,) 4C + 12m! 2mc;(B5)?

Pnal result

cc =3mC aC'! 3m2C1(Bz) ac + m3C1(Bz)2 + 12C1(Bz) ac +12m ! 2I’T1C1(Bz)2
cr =6kg =3mC &C! 3m?c;(B3) &C + m3c;(B3)? +6¢1(B2) &C +6m ! mci(B2)?

1

1
k. = =mC &C! =m?c;(B,) &C

2

2

= matches microscopic prediction!



E. Other families: ADE BI:



D. Other families: ADE Black holes”

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

e recall: F-theory AdS;3 solutions preserving N = (0,4) SUSY have ADE classibcation
AdSz! S3/1 pe ! (CY3" By)

\\v la =2Zm ! SU(2) cyclic group
b = D, ! SU(2) bin. dihedral group
le =T ,0,1I' I SU(2)
e microscopic interpretation: D3-brane with transverse  ALF space

hyperkShler manifold with C?/! apg Ssingularity
e no (straightforward) dual M5-brane picture in M-theory

-+ MSW techniques for micro donOt apply

However: macroscopic computation can be done! /

e — e ——
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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

—» C_r and k_r are determined by geometric/topological data In the setup

e brst Pontryagin number of Taub-NUT space Il
e prst Chern class of the base of the bbration Cl(B 2)
e (co-)homology class of the curve wrapped by the D3 C

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

— oneNloop ChernNSimons terms crucial for the matching



F. Outlook b

—» study the remaining possible quotients in the A DE classibcation

RN

macro computation done \/ micro difPcult
generalization of top. duality twist?

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

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

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

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



