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Physics in a nutshell

o Electromagnetism, Weak and Strong forces — QFT — Standard Model;
o Many precision tests at LHC ~ 10" GeV!
@ Gravity — classical field theory — General Relativity;
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Motivation: Evolution of Physics and Black Holes

Physics in a nutshell

o Electromagnetism, Weak and Strong forces — QFT — Standard Model;
o Many precision tests at LHC ~ 10" GeV!
@ Gravity — classical field theory — General Relativity;

o Classical theory, i.e. no quantum mediator of the gravitational field (graviton
vs photons, W, Z and gluons);

o It has no chances to be quantum at all, in that it is not renormalizable (non
predictive): an infinity of infinities!

o Effective theory valid until M, = 1/ ~ 10" GeV.

R
Ser ~ M? /d“x\/gR = Ry = 59w = 0.
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Black Holes as tests for Quantum Gravity

o What is gravity above M), ?
@ What is the meaning of a quantum-fluctuating geometry at very small scales

Iy = /S5 ~ 107 %m?
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Motivation: Evolution of Physics and Black Holes

Black Holes as tests for Quantum Gravity

o What is gravity above M), ?

@ What is the meaning of a quantum-fluctuating geometry at very small scales
Iy = /S5 ~ 107 %m?
@ Black Holes are the "easiest” laboratories for QG:

2GNM _ 2nh
= \(M —~ M, =M,.

Ry(M) = =5
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Motivation: Evolution of Physics and Black Holes

Black Holes as tests for Quantum Gravity

o What is gravity above M), ?

@ What is the meaning of a quantum-fluctuating geometry at very small scales

Iy = /S5 ~ 107 %m?
@ Black Holes are the "easiest” laboratories for QG:
2GNM 2mh
s(M) = = (M — M, =M,.
Ry(M) = =52 = ho() = 22

@ BH are giant microwaves in the universe:

h K 9 y
T = om0 =V Vil
_Fk _ Ahor
6MBH a 8 6Ahor+¢Q t Hawking_r>adiation SBH o 4GN ’
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Black Holes as tests for Quantum Gravity

o What is gravity above M), ?

@ What is the meaning of a quantum-fluctuating geometry at very small scales

Iy = /S5 ~ 107 %m?

@ Black Holes are the "easiest” laboratories for QG:

2GNM E)\C(M) 2mh M* —M

(M) = cM

c2

@ BH are giant microwaves in the universe:

h kK 9 y
TH:g%, — 2K :V”g V“€V|hor’

A or
SMpy = 8%6Aho,+¢Q T _ 4h

— SBH .
Hawking radiation 4GN

@ Since “Spy > 1+ no-hair theorem”, where are all the microstates?
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String theory in a nutshell

@ A change of perspective is necessary:
e Special Relativity + Quantum Mechanics = QFT;

Tk =(&,t) Z(t),p(t) &(Z,t)
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String theory in a nutshell

@ A change of perspective is necessary:
e Special Relativity + Quantum Mechanics = QFT;

THh=(Z,t) 2(t),p(t) &(Z,t)
@ This is not the only way to combine SR and QM!

QM: (&(t),t) <

o(x,t) —» QFT

(&,t) = (2(r,0),t(r,0)) — String Theory
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String theory in a nutshell

@ A change of perspective is necessary:
o Special Relativity + Quantum Mechanics = QFT;

zh=(Z,t) Z(t),p(t) &(Z,t)

@ This is not the only way to combine SR and QM!

QM: (&(2),1) <

o(x,t) —» QFT

(&,t) = (2(r,0),t(r,0)) — String Theory

D-brane

/4

Open String

Closed String

Alessio Fontanarossa (UniTo) 9/10/2024



Framework (Supersymmetry, Superstring, Supergravity, AdS/CFT)
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o Supersymmetry: (55(55)},1/1 = e¢;

Alessio Fontanarossa (UniTo)



Framework (Supersymmetry, Superstring, Supergravity, AdS/CFT)

Super-things

o Supersymmetry: 65(55)},1/1 = e¢;
@ String theory + matter 4 supersymmetry = Superstrings: S = Sp + Sp +
susy = OsusyS = 0;

@ Superstring theory lives in D = 10, 11 space-time dimensions!

Alessio Fontanarossa (UniTo)



Framework (Supersymmetry, Superstring, Supergravity, AdS/CFT)

Super-things

o Supersymmetry: 65(55)},1/1 = e¢;
@ String theory + matter + supersymmetry = Superstrings: S = Sp + Sp +
susy = OsusyS = 0;

@ Superstring theory lives in D = 10, 11 space-time dimensions!
@ It contains the graviton (and the gravitino) with also photons and gluons:

R
R,u.l/ - Egl“/ + O/RZV + alz.. — O

Alessio Fontanarossa (UniTo) 9/10/2024



Framework (Supersymmetry, Superstring, Supergravity, AdS/CFT)

Super-things

o Supersymmetry: 65(55)},1/1 = e¢;
@ String theory + matter + supersymmetry = Superstrings: S = Sp + Sp +
susy = OsusyS = 0;

@ Superstring theory lives in D = 10, 11 space-time dimensions!
@ It contains the graviton (and the gravitino) with also photons and gluons:

R
R,u.l/ - Egl“/ + O/RZV + alz.. — O

@ One can turn off all the massive (bosonic and fermionic) fields: Supergravity!

Alessio Fontanarossa (UniTo) 9/10/2024



Framework (Supersymmetry, Superstring, Supergravity, AdS/CFT)

Super-things

o Supersymmetry: 65(55)},1/1 = e¢;

String theory + matter + supersymmetry = Superstrings: S = Sg + Sp +

susy — 5susyS = 0;

Superstring theory lives in D = 10, 11 space-time dimensions!

It contains the graviton (and the gravitino) with also photons and gluons:

One can turn off all the massive (bosonic and fermionic) fields: Supergravity!

R, —

2

Guv + OLIRZD + 01/2.. =0

How to relate to our D = 4 world? Compactifications and uplifts
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Framework (Supersymmetry, Superstring, Supergravity, AdS/CFT)

Super-things

o Supersymmetry: 6s(ﬁs)y1/1 = e¢;

@ String theory + matter + supersymmetry = Superstrings: S = Sp + Sp +
susy = OsusyS = 0;

@ Superstring theory lives in D = 10, 11 space-time dimensions!
@ It contains the graviton (and the gravitino) with also photons and gluons:
R

R,u.l/ - Egl“/ + O/Riy + a/2.. — O
@ One can turn off all the massive (bosonic and fermionic) fields: Supergravity!
@ How to relate to our D = 4 world? Compactifications and uplifts
Df,ygb(],ﬁ’y) =0 7 I Z@n 1ny/R - Z[ — :| (;1;“) =0.
S ——

scalar in d+1=d(z#)+1(y)

y is compact on S}% ©co massive scalars in d
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Framework (Supersymmetry, Superstring, Supergravity, AdS/CFT)

AdS/CFT

o Anti-de-Sitter,:

e maximally symmetric space time: R,.,0c = L_Q(g,wgpa — GupGvao);
(maximally supersymmetric s.t.);
Einstein s.t.: R,, o< —L7%(d —1)g,, = R<O0;
from the embedding in R**~1: —a2 + Y422 — 22 = — %
(dsze = da® +dy?, 2° +y* = L* = ds3, = L?d6?);
invariant under SO(2,d — 1);
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Framework (Supersymmetry, Superstring, Supergravity, AdS/CFT)

AdS/CFT

o Anti-de-Sitter,:
maximally symmetric space time: Ruvpo = L™ 2(9uvGpo — JupGvo);
(maximally supersymmetric s.t.);
Einstein s.t.: R, o< —L72(d — 1)g., — R <0;
from the embedding in R*»4~1: —z3 + El 1 a2 — 2% =—-L%
(dsze = da® +dy?, 2° +y* = L* = ds3, = L?d6?);
e invariant under SO(2,d — 1);
@ Conformal Field Theoryy

o QFT with Poincarré invariance (Lorentz+translations);
o CFT=QFT+dilatations+special conformal transformations = SO(2,d);

4 b

N ®o v L 4 H
() = A" + 2"+ a4+ A +m,
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Framework (Supersymmetry, Superstring, Supergravity, AdS/CFT)

AdS/CFT

AdS/CFT correspondence proposal by J. Maldacena. Holography: “there is a

correspondence between gravity in AdS;; and a CFT,; on the boundary of
AdSg41";

String Theory
~“gravity on AdS;

Quantu.m Field Theory
(no gravity) on R'?=0AdS;
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Framework (Supersymmetry, Superstring, Supergravity, AdS/CFT)

AdS/CFT

e

Maldacena motivation:

@ The near horizon limit of a stack of N D3-branes, which is the maximally
supersymmetric background AdSs x S°;

o N =4,d=4SYM with G = SU(N);
Have the same symmetries!
gravity: 32¢e x SO(2,4) x SO(6),
CFT: (16 + 16) supercharges x conf. symmetry x R-sym..

Given a particular gravity solution, how to identify the dual (quantum/conformal)
theory?
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Framework (Supersymmetry, Superstring, Supergravity, AdS/CFT)

AdS/CFT

Branes are the key: whenever a solution can be interpreted as the NHL of some
configuration of branes, we have (at least..) a hint of the parent theory. How? We
start by the well known dualities

M-theory, M2 | AdS; x S7 | N = 6,d = 3 ABJM
Type IIB, D3 | AdS; x S° | N =4,d =4 SYM
Type 1A, D4 | AdSg x 57 N —1,d=5SCFT
M-theory, M5 | AdS; x 57 = (2,0),d =6 SCFT

(m)-TypellA
AdSg x S*
BHin Adgs | NV =1d=5)/5

AdS, x §? x&%
—_———

Near-horizon geom
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What's next sphere: Spindles

@ A spindle is the orbifold W(CIF’[l

n—1n+] =

/\(Z1,22) = ()\"—zl,/\”+z'2), AE U(l),

S3/U(1),. where
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What's next sphere: Spindles

@ A spindle is the orbifold W(CIF’[l

n—1n+] =

/\(Z1,22) = ()\"—zl,/\"+z'2), AE U(l),
e Locally modelled by C/Z,,, singularities: d.S? o2 do3 + %—:dqﬁ2 A¢ = 2m;
+

~

S3/U(1),. where
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The Spindle

What's next sphere: Spindles

@ A spindle s the orbifold W(CIP’[ln_ ny] = S3/U(1),. where
/\(Z1,22) = ()\"—zl,/\"+z'2), AE U(l),

~

2
e Locally modelled by C/Z,,, singularities: d.S? o2 do3 + %—:dqﬁ2 A¢ = 2m;
+

@ Physical perspective: BH can accelerate!
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The Spindle

What's next sphere: Spindles
@ A spindle s the orbifold WCIP[ln_’M] = S3/U(1),. where
/\(Z1,22) = ()\n_Zl,/\n"'ZQ), e U(l),

2
e Locally modelled by C/Z,,, singularities: d.S? o2 do3 + %:dqﬁ2 A¢ = 2m;
+

~

@ Physical perspective: BH can accelerate!

@ Spindle solutions (meaning AdSp x  spacetimes) have been built for
D =2,3,4,5 In the last few years.
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Spindles: arXiv:2011.10579

@ Minimal gauged supergravity in D = 5 has eom and susy variation

2 1
Ry = —4g — gFupru - §guquanaa
2
dxF=—SFAF, Fu=(dd)uw,
i v v 1 :
Vi = 35 ([ = 40,T7) Fyp = ST — i4,)e=0
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Spindles: arXiv:2011.10579

@ Minimal gauged supergravity in D = 5 has eom and susy variation

2 1
Ry = —4g — gFupru - §guquanaa
2
dxF=-3FAF, Fu=(d4).,
i v v 1 :
Vi = 35 ([ = 40,T7) Fyp = ST — i4,)e=0
@ Near-horizon-like geometry
4y 1 a
d 2 = 7d 2 d 2 A = - 1 - - d
Sy 9 Sadss T ds7, 1 ” z,
ds? = dy? + q<yl dz? = Az =7, qy) =4y> — 9> + 6ay — o>
q(y) 36y
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Spindles: arXiv:2011.10579

if
n2 —n2 V2,/n% +n?
=3 >, Az= i
nZ +ni n_ny
then

1 n_—n 1 n_—+mn
— [ F=——=* x()=— /| R vol = ——*,
2m 2n_n4 4T n_ni
N D3 at the sing. of the C'Y3 cone over SE5: AdSs x SE>+——N =1,d=4

BH in AdSs J = l

AdS; X x SEP——— N = (2,0),d =2

SBH|grav = 1Og(Q)}CFT
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Actual Research (Branes Wrapped on Spindles, Orbifolds and Holography)

o In D = 6 gauged Supegravity we found (arXiv: 2210.16128) AdS; X ¥z X o
and more surprisingly AdSs x 1 X o

m_,my]
ds? =(y?*hihy)'/4 ["f dshas, + C;(E; da? + i(—;) dy?
(a0 D]
(n_nyl
A = Zlf (dz - % (1 - %) d¢) . Xi = (Phyhe)¥BRTY

a’
B= %vol(AdSﬂ,
hi(y) =y* + i, f(y) =m?hihs —y*, q(z) = 2* — 42 + daz — a°.
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Actual Research (Branes Wrapped on Spindles, Orbifolds and Holography)

o In D = 6 gauged Supegravity we found (arXiv: 2210.16128) AdS; X ¥z X o
and more surprisingly AdSs x 1 X o

@ These can be uplifted to D = 10 solutions of massive type IlA sugra: no
singularities, thus allowed AdS/CFT computations!

m_,my]
ds? =(y?*hihy)'/4 ["f dshas, + ;i) da? + (fl%) dy?
Fap gD
(n_nyl
e LN S

a
B= %vol(AdSﬂ,
hi(y) = v* +qi, f(y) =mPhihe —y*, q(z) = 2* — 42® + dax — a°.

9/10/2024
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Actual Research (Branes Wrapped on Spindles, Orbifolds and Holography)

o After uplifting to massive (m)type IlA sugra — near-horizon limit of a system
of N D4-branes and Ny D8-branes wrapped on M = | x o;
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Actual Research (Branes Wrapped on Spindles, Orbifolds and Holography)

o After uplifting to massive (m)type IIA sugra — near-horizon limit of a system
of N D4-branes and Ny D8-branes wrapped on M = | x o;

@ The dual CFT will (should..) be again obtained as (N =1,d = 5)/M;
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o After uplifting to massive (m)type IIA sugra — near-horizon limit of a system
of N D4-branes and Ny D8-branes wrapped on M = | x o;

@ The dual CFT will (should..) be again obtained as (N =1,d = 5)/M;
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Actual Research (Branes Wrapped on Spindles, Orbifolds and Holography)

o After uplifting to massive (m)type IIA sugra — near-horizon limit of a system
of N D4-branes and Ny D8-branes wrapped on M = | x o;

@ The dual CFT will (should..) be again obtained as (N =1,d = 5)/M;
o Difficult in practice! (Sometimes nearly impossible...)
@ We take advantage from the toric properties of our solution:

(a) ged(t,m4) = 1.

9/10/2024
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Actual Research (Branes Wrapped on Spindles, Orbifolds and Holography)

p1

Wy
p3

(a) ged(t,m+) = 1.

V2 mi +m? — (my +m-) ny +n_ V3rN®/? [Bu(z? +1) — z(2® + 5)]3/2

S =
2mym_ nin_ 8 — Ny (x2 +3)(p—x)1/? '
t = /dA _ et / dAp = Tme—m- | tne
nyn— mym— mym—
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Actual Research (Branes Wrapped on Spindles, Orbifolds and Holography)

@ ldea: Use a “geometrical” approach to find the entropy functions from the toric

data! For “‘toric-symplectic’” orbifolds we conjectured an off-shell free energy.
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Actual Research (Branes Wrapped on Spindles, Orbifolds and Holography)

@ ldea: Use a “geometrical” approach to find the entropy functions from the toric

data! For “‘toric-symplectic’” orbifolds we conjectured an off-shell free energy.

b1 + _
o s, +;
s pi=p =t pi=pi=
e t
. P2 w1 801+902—g51+[%_27g]52—2
w3 P4 mam
a ny —n_—
= =(++,+,—-), = .
" o = ( )y M o
Orbifold grav. blocks
F(pi,er;pf) o d Fal®D) 7 @2) o NOD/2(@gmg)d-9)/2
a,a+1 5152
a a a det(ui)‘ +17g) a det(ﬁj 75
Of = p; —plef —pitles, ef :_%7 52:%’
a,a+1 a,a+1

®1 + Y2 — det(Wvg) = 2) p{ll + pg =0 + det(W7u:;a) ’

:ZDabP?7 quﬁazo - q(IL%:ZDababy
a a b

9/10/2024
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Actual Research (Branes Wrapped on Spindles, Orbifolds and Holography)

From 2402.08724:

ds? = (H, H,)Y/(P—2) @dQ ds?
S ( 1 2) a2 SAdSD_4+ SMy | o

where

(H Hs)™! _ _
dsfy, = 7:2(12 iy 5 (VEA, = V2A,) dv? + (VEA, — V2A,) dg?

dereaciCa [ NyAy NA yr—a? o, x?—yr
2 (yD5 dypde| + A, dy“ + A, dz”.

The scalar fields are

Xi — <H1H2)(D—3)/2(D—2)Hi71 ,

9/10/2024
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Actual Research (Branes Wrapped on Spindles, Orbifolds and Holography)

the gauge potentials are given by

2N, _ s
A = = yS1 — (ClCQVz(l) dy — CQCle(l) d¢)
E(x? —y?)HyyP?
2Nz31 . 1 =
- E(a? - y?) HyaP5 (1eV ) dv — eV dg) |

2Ny82
(e — ) HoyP
2Nx32

e v - el ds),

[1]

(cQEle(Q) dw — 6152‘790(2) d¢)

(1]

(1]

9/10/2024
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Actual Research (Branes Wrapped on Spindles, Orbifolds and Holography)

and the (D — 4)-form is

B 48182(Nya® — Nyy3)

B = pEIpE— vol(AdS,) (D=6),
23132(Nyx4 — N,y%) 2Nygs1s2x
B=— 1(A - —
(22 = ) vol(AdS3) 22y diyy Ade A dx
2N, gs182y
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Actual Research (Branes Wrapped on Spindles, Orbifolds and Holography)

I'he functions are
2N, 2N, s1 2N, s3 2Ny a’g’ 5353
2 2 y 2( 2 yS1 2 yS2 2 2 2 ya g 5153
Ay——y+a—yD5+ (y_st)(y_ Ds)—agy—i D5

2 2Na 4P <x2 B 2N15%> < 2 2N15§> R 2Na’g’s3s5

xD-5 xD-5 xD-5 xD-5 ’

Az:—xQ—i—a

Ve =vv® v =vive . vi=vOvy®,  vE=vvP,

2 2

() _ 2of 2 2Nys; @) _ 1/ 5 2N,s
VO =1-g (y_yD_;)’ =1 (-2 ).

2 2

(i) _ 2 2 QNIS.L TG 1 2 ZNISZ
Vx _179 <CE o :L-D75)’ Vx _17012 T - rD—5 )

H; =1+ (yD*E’ _xD*E’)’

E=1-d%g%, si =sinhd;, c¢; =coshd;, ¢ =4/1+a?g?s?.
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Recap and Comments

Comments:

@ Our conjecture is valid also for M5-branes wrapped over M with minor
tweaks and for an arbitrary number of fixed points;

@ It works also for the AdS3 3 x My solutions of arXiv:2402.08724;

@ sum over fixed points = equivariant integration at work = equivariant
volume ([Colombo-Faedo-Martelli-Zaffaroni])/ localization of the action
(Genolini-Gauntlett-Sparks);

@ Proved: M2, D3 and M5 on , M5 on My;
Some open problems:
o D4 branes?
@ Are there other interesting equivariant quantities?
@ Black objects with My horizon in D = 6,7 gauged supergravity?
@ Existence of solutions?

1
Si(pi,epi,ne) = — [Fd(SOi + pie) £ Fa(pi — pie)]

- = O"I’L+ Z n_ + n— +ony
§ @1 pl - 9
n—_n4 n_n4
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Recap and Comments

Back-up slides

|21 |Z2|2_1
a? b2

S*(a,b;ma;t) = S*(a,b;ms) ) Zy = (Cy /Ly ¥ Co/Z, )] Ly,

with the identification

P 2mi 2mi 2mi 27i 2mimy 2mim_

(21,29) ~ et o(e™ zj,e™t z9) ~ (€'~ z1,e" ™t 2z9) ~ (e T 21,6 T 29).

Consider t = ky k_t and m4 = kimmy:

2mim omim 2mim g 2mwim _

ik ik 2mimy kg P
(e7F z1,e7 T z9)=(e - z,e P+ z9) = (e F-  z1,e ™ 29).

Alternatively
W = (n_,0), W= (tay,m_), w3=(—n4,0), wy=(ta_,—my),

with aymy +a-m_ =1 (or rymy +r_m_ =t with r+ = tay).
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Recap and Comments

Back-up slides

Z&E (Pareispa) = Y c(Qa, Ji)elPeQeteli)
QU/7J1

; d adgi —i e J:
eSBH(Q“’Jl) = C(Qa,Ji) :/ ;j‘(' o Z(EET(SDaagi)e (PaQat 1J1)7

Sen(Qa 1)) = [10g ZEET (pur21) = i(paQu + )|
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Moreover
ZCFT = Zgrav = /D[@}e_s[‘t’] — G_SOS[(I)] .
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Squashed-branched lens space:
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Consider t = kyk_t and my = kyimy:
271 m 2mim 27:iﬁ+ 21:iﬁ7 27Tiﬁ+k+ L
(e7 7 z1,e” T z9)=(e - z1,e Pt z3) = (e * 21,62’”’”*22).

Alessio Fontanarossa (UniTo)

9/10/2024



Recap and Comments

SB

P2t =1, n=ac+iy, m=z+it |0 +|n)®=
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Choosing (21, 22) = (cos § el(=#/2+%) gin § ¢i(#/2+%)) the metric appears as the
Hopf fibration
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