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PraN OF THE TALK

@ Classical Black Holes and the Information Paradox
e String Theory and the Fuzzball Proposal

@ Stringy Origin of 4d Black Holes Microstates: From Open
Strings on D-Branes to Supergravity Fields with scattering
amplitudes

e Smooth Horizonless geometries in Supergravity

e From Supersymmetric quantum mechanics to Supergravity
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DerintTION OF BLack HoLE IN GENERAL RELATIVITY

World Line of typical
infalling particle

ExYerior
Universe

4/48
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Brack HoLg IDENTIKIT

» r = 2M (coord. singularity) is the horizon
H =Mn] (#7). Light cannot escape to infinity.

» Singularity Theorems: Trapped Surface = Singularity
» Cosmic Censorship: Singularity = Horizon

» Area Theorem: A > 0

» No hair theorem: Stationary, asymptotically flat black hole
solutions are fully characterized by mass M,
electric-magnetic charge Q and angular momentum | =
Kerr-Newman
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Brack HoLE THERMODYNAMICS

Law Thermodynamics Black Holes

Zeroth T constant trough body & constant over (Killing)
in thermal equilibrium  horizon of stationary
BHs (x*V,x = —kX)

First ~ dE =TdS —pdV dM = g-rkdA + Qpd]

Second 6S > 0in any process 0A > 0 in any process

Third  Impossible to achieve Impossible to achieve
T = 0 by a physical x = 0 by a physical
process process

A puzzle arises, indeed a BH in GR doesn’t emit at all, therefore:




INFORMATION PARADOX BHs v STRING THEORY StrINGY ORIGIN SUGRA QuanTuM MECHANICS
: :

QFT in CurveD Space: HAWKING RaDpiaTiON

Where are the micro states?

Lorenzo Pieri T
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INFORMATION PARADOX
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Lorenzo Pieri
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INFORMATION PARADOX




INFORMATION PARADOX BHs N STRING THEORY STRINGY ORIGIN SUGRA QuaNTUM MECHANICS

INFORMATION PARADOX: POssiBLE REsoLUTIONS

> LOSS Of unitaritYHawking, Unruh, Wald
» Remnants, Baby Universe susskind
> Non Local il‘lteractions BH-radiation Maldacena-Susskind, Raju-Papadodimas

» Hairs in the asymptotic structure of spacetime Hawking, perry,

Strominger

» The horizon is no more in an "information free vacuum”"

Fuzzball, Firewall

Lorenzo Pieri
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FuzzeaLL PrROPOSAL

BLACK HOLE FUZZBALL

Event horizon ‘ Singularity Ne event horizon, no singularity

Bena, Giusto, Lunin, Mathur, Ruef , Russo, Shigemori, Skenderis, Taylor, Turton, Warner
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FuzzeaLL PrROPOSAL

/

Flat space

“Throat"

1 =

2(a) 2(b)
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:

BHs v StriNG THEORY: THE Na1ve D1-Dsg

Brane | t | x1 | x»
D1
D5 —

X3 | Xa | Ys | Y6 | Y7 | Y8 | Yo

ds? = (H1 Hs)~V/2(—df? + dy2) + (H1Hs)"/?(dx? + .. .dx3) +
HyPHG P (dy2 + ... dy?)

Foim = OuHy" Fo.sm = OuHs' ¢ = H?H;'/?

Qn
Hn:]._'_r_z

14 / 48
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D1-Ds FuzzsaLL
ds? = | e [~ (dt—Adx’) 2+ (dys+Bidx')?) 4 [ Sk dx? -+ JH (T + K)dy?

-1 _ L dv(F(v)
H™ = fo |¥— P B LT OT |T—F(v
L doF; (v
Ai=— 0T|va(v|2 dB:—*4dA v:t—ys

For instance F; = cos(wv), Fp = sin(wv), F3 = F4 = 0. The

metric has only a coordinate singularity on the curve F(v),

indeed near curve we recover the metric of a Kaluza-Klein
monopole times regular spaces.
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: :

STRINGY ORIGIN OF 4D Brack HoLes MICROSTATES

Brane | t | x1 [ X2 | X3 |y |1 |2 | T2 | Y3 | I3
D3y - . . e T e T e
D34 -] . . = T I T
D3, — | . . . e e B
D3; |—| .| .| .| .|=|.|=]-
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: :

Mixep OPEN-CLOSED SCATTERING AMPLITUDES

7,

Lorenzo Pieri
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FroM AMPLITUDES TO SUPERGRAVITY FIELDS

A(k) oc [ ,;‘1/2:;/ (Wetosed (2, 2) Vopen (z1) .. - Viopen (zn))

We will work at the leading order in g;, take all open string
momenta equal to zero and the closed string momentum k only
in non compact space directions. This limit is well defined only
if the disk diagram cannot factorize via the exchange of open
string states, so one must choose the polarization of the open
strings in such a way that no factorization diagram is allowed.
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:

10D SUPERGRAVITY SOLUTION

KK
Pr = K Zr =L+ _|€g1<| LK

M |, LK legk| KiKjKk
=, /’L:T—i_ )i I+ ] ]

2V 6 v

e = 217,25V — 2V2, b =Pr—4, & =dj—brdy;
*3dA =dV *3dﬂ)1 = —d(K]) *3d00 =dM
*3[17)[ = dL] *3dw = Vdu — udV — VZ[dP[

1 P1P,P5P
Rmn = ggFmpippsp, FN 22 Fs=x10Fs  F5 =dCy
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: :

HarmMmonNic MuLtipOLE ExPANSION

Hy(x) =ha + 3205 Cglu.l'npilmin (x)
|x+a| Z?’l Oall alﬂPlen (x)
i i d;
P(x) = L Pi(x) = — Py(x) = Zatubd

|x [x[°

Py in(®) = [ ke (k) Py (k) = S0k .k

n! k2

n

(2m)
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: :

L SoruTtioN

At linear order in ap3 one finds:

dgmndxMaxN = 3k [ — 3 (dy? — dx? — di?)| + ..
0Cy = —0L Ndt Ndyr ANdya Ndys + ANdijr Adipp Adijz + ...

with L = L — 1 and A both of order apz. One can take:

L=1+ 2N #3dl = dA

Ix]
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ONE BOUNDARY AMPLITUDE
Vi) (a) = a2 &ir.oiy 0X (01) Tlip [0 52 0X" (xa)
WnisNs (Z7 Z) = CNS (ER)MN e*“’sze’kX (Z) e*%bNe’kRX (Z)

E(p) =20 & i dh .. ¢ E=h+b

ANS—NS,g(d;) = <C(Z)C(2)C(Zl)> <WN5,N5(2,2)V5(¢)> =1icNs tI‘(ER)f(k)
The asymptotic deviation from the flat metric can be extracted:
- ; o O Ans_ns.gn
ogmn (k) = (*kiz) Yo Tt = ons 52 (MR)mn
After Fourier transform one finds agreement with SUGRA:
dgun = | A508mn = —3(IR)mn SL(x)
In particular, for a single D3 brane at position x = a:
§(e) ~e?
Lorenzo Pieri | Black Hole Microstates in Four Dimensions | 23 /48
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: :

K SoLution

At linear order in ap3 one finds (x3dw = —dK):

SgmndxMdxN = —2dtw — 2K dysdys + . ..
0Cq = (Kdt N dyz —w Adijz) A (dy1 Ndijp +diji A dyp)

For example one can take K to be

~ Ui%i ey N
K~pp ooy
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Two BOUNDARY AMPLITUDE
AR e de4< (z1) c(22) c(23)) <Vﬁ(zl) Viu(z2) W(z3,24) V£(¢)>
Vu(zl) —;L e —¢/2 Sp0003 VH(Zz) :/LBB_W/z Sporo3

<tI‘ ﬂ(A,LLB)> = % UMNP (FMNP)AB omne € 10 Of 50(6)
Ve

D1,

ANy = 31 (ER)mwkp MNP € (K)

One can turn on vy,3,3 = —v1 = 47 v, finding SUGRA fields

X3

— _p X — X2 JUp—
02t = —0 & 081t = U7t 08ysin = —V i
Lorenzo Pieri 25 /48
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:

M SorutioN

sgmndxMdxN = 2M (dy1 dyy + dys ay3) +...
0Cy = —Mdt A (dyr ANdija A dys + din Adijp Adijz) + w2 A (dyr A
dys A dys +dipn ANdya Adijz) + ...

The M solution are actually associated to the vanishing
combination cM + 32 | K = 0, so they start as ~ rls (no dipole
modes). In particular we take the harmonic M to be of the form:

~ 3xl-x]-—6ij|x\2
M~ 0=
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Four BouNDARY AMPLITUDE
Consider the insertions of four fermions (i, starting on a D3-brane of
type (a) and ending on a D3-branes of type (a + 1) witha =0,1,2,3
(mod 4), in a cyclic order. The condensate is complex. Indeed, even if
each intersection preserves ' = 2 SUSY (1/4 BPS), so that each
fermion p, comes together with its charge conjugate ji,, the overall
configuration preserves only N' = 1 SUSY (1/8 BPS), so that we have
two pairs of opposite chirality.

Aji;’?i) = (e(z1) e(22) () [ dzsdzsitzg <vHl () Viy (22) Vi (z3>vu4<Z4>wN5Ns<zS,z6>vg(¢>>

Lorenzo Pieri
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Four BOUNDARYAMPLITUDE

(w5 7)) = 225 0p457" o € (3,3) of SUL(2) x SUR(2)

1/4
(o2(z1)02(2)on(zs)oa(z0)) = f (22 ) (22
flx) = ﬁ F(x) =2F1(1/2,1/2;1; x)

Ax) =3, e o [ miR+ iy 3RS |
1,12

A = |(ER)g) + (ER)gg | ik o7 &(k)
0817 = 0853 = —2mivh X ¢ (k)

We found again agreement with the SUGRA solution. One can
even turn on different condensate to get new SUGRA solutions:

O35 — g ™ " 13 i)
OB — tr 8 ) il
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THE 4D soruTion: STU MODEL

£ = g (Rs = Xy %0t — JFI"F, — JFR™F, )

dsj = —e*t(dt + w)* + e 2t |d¥?
Uy =-b + i(VeZUZI)_l

br = % -5 ag = —puV2etd ap = Vet (——321%2 + K H)
*3dW0 =dV *3 dZU[ = —dKI
sadw = L(VAM — MdV + KjdL; — LidK;)
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REGULARITY OF THE SOLUTIONS IN 4D

V=L = Im(H) M=K = Re(H)

= 271'd ;f

The analog for asymptotically flat solutions turns out to be not
possible L.pieri(2016), arxiv.org /abs /1507.06670. ANyway, to evade strong No go
theorems for regular solutions in four dimensional gravity
(ibbons — wamer(2013)) and to make contact with the physics of AdS,,
these black holes should resemble a wormhole like geometry,
that is not what we really want... Let’s go to higher dimensions!
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| |

THE 11D LIFT (5+6)

ds? = ds% + dsZ, RIS x St x T® — {t,%, W,y 71}

ds? = —lEe@Viw) i 4 7 7) 705 (VLAY + wp)? + VIdE]2]
(212, 23)3

1
3
dspe = 74 (ﬂul ZL ) (dy? + dij?)
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REGULARITY CONDITIONS IN 5D

Multi-center Taub-NUT ansatz

1 N
V—vo+z— L1—€01+Z ik K= liFZ M = mo Z_l
i=1 i i

i

Near each center, R x R* / Z|qz.|, asymptotically R13 x SL,.
Geometry factorises, i.e. regular in 5-d, if near the centers

~ (L (fing ~
Zi|, o =~ ¢ (finite) and p|,_,~0
Absence of horizons and closed time-like curves requires
ZiV>0 and &Y>0
Lorenzo Pieri | Black Hole Microstates in Four Dimensions | 33 /48
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BusBLE EQuATIONS
Z; finite near the centers if:

.  Jeyx| KKK o KRR
I,l - 2 . ) 1 2
qi i
1 vanishes near the centers if Bubble Equations are satisfied
N 11273 3 I3 1K
11 k; k k; ky k k;
> L+ = lorki — |eyk| =2 —moq; =0

=1 Ti ; =1

with Hi]‘ = (qil]j)_z H?:l <kllq] — k]IqZ) and 7‘1‘]‘ = |fl — J_C}|
Bubble equations imply absence of Dirac-Misner strings

1
=3 30y (3= 2)ar =13 gy
ij=1 i hy) T ij=1
with wy = (7i; + 7i)- (i} — #i;7)dpi;/1ij free of DM strings along
lines between two centers, since numerator vanishes there
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AsymprroTric CHARGES

B 1
- 817G sz
Qazl/ (Z% %4 Fp — R™ Fy) Pa=1/ E,
4 Js2, ’ 4 Js2,

Boundary conditions and charges for orthogonal branes
()t =v=Q/2, M = K; = 0 is Reissner-Nordstrom BH):

V%1+§ L1%1+€—; K'x~M~=~o(r?)

wgde® ] = *g d€@)

1
167G Jsz_

m:v+£1 +£2+£37 P = (U,0,0,0), Q: (07£la£27£3)

Angular Momentum:

o hy- %
H=hy+—+ 2
r r

-

] = mo vy — vg iiia + Log ky — ko Lar
Lorenzo Pier I ———
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SCALING SOLUTIONS
If the coefficients k! satisfy

3
vom; =y Lorkf + kb b — mogi =0
=1

invariance under rigid rescaling of the positions of the centers
fj — )\f,
Multiplying by the positions of the centers ¥;, the solution can
be shown to carry zero angular momentum in agreement with
(Sen’s) expectations for micro-states of single center black holes.
In fact this is not obvious (see canonical ensemble
interpretation) and usually | # 0 from electric and magnetic
charges. As a bonus, stringy interpretation (four boundary
diagrams):

my+ Y kp=0
Lorenzo Pieri | Black Hole Microstates in Four Dimensions | 36 /48
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FuzzBALL OF ORTHOGONALLY INTERSECTING BRANES BH
Boundary conditions for single center black hole:

N N
ly=v=1 my=m=kj=k'=0 Yki=> k=0
i=1 i=1

For g; = 1 (to avoid orbifold singularities) and N centers:
o~ legk|k] KK

Pp=N , Q=-), 7

i=1
Bubble Equations:
N T (6 — k)

j#i
Configurations with one or two centers fail to meet the BPS

requirement Q; > 0. Let us start (and end) with three centers

fuzzballs.
Lorenzo Pieri | Black Hole Microstates in Four Dimensions 37 /48

3
LRRK -3 K =0
Tij =1
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THrREE CENTER SOLUTIONS

The bubble equations for three centers can be solved in general
by taking (we need r;; > 0 and triangle inequalities):

. TIyp 123 . Tz 13
12 = 13 =
M3 — 13 (T2 — A7) —Ip3 + 13 (' + T2 — A — Ag)

3 3

I I I 1,2,3

;= | I(ki —K) I = E K, A = KRS
I=1 I=1

| —K1 Ky  —K1K3 K (K2 t+ K3)
ki= K3 Ky —Kp — K3
0

— K4 K4

3
1 1 1 K3 KD
V=1+ E - M = K1KkpR3ky | — — — Li=14+krg | —— —
Ti n n n 2

i=1

2

Ky | K3 KoKg | Kakg | (K2 + K3)

L2:1+n1n4(——+—> L3:l+n1(7+7+7
r 23 r 123 3

Kp K3 Ky + K3 K3 K Ky + K3 1 1
Ki=m|{-———F —|K=—+—-—"""7 K=m|-——+—
n 2 3 n n 3 n 2
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SCALING SOLUTIONS
The scaling solution corresponds to the choice:

ky =0 k1 =1 K3 = K4 = K
One finds
0 —kr kK
kli = K 0 —K T2 =713 =113 = 14
-k K 0

Pp=3 Qi=Q=Q=+
for any given ¢. One can show that Z;V > 0 and e~#! > 0. Very
peculiar solution: centers in an equilateral triangle with
arbitrary size, f = 0, regular and smooth everywhere and
stringy interpetations. There are actually 12 solution, from the
allowed permutations of the matrix entries. Bounded in
quantum regime? Boer, El-Showk, Messamah, V.d.Bleeken(2008), Bena, Berkooz, De Boer, El-Showk,

V.d.Bleeken(2012)
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ANOTHER (NON SCALING) SOLUTION

kp =0,k1 =3K, k3 =2K, K4 = K

0 -3k 3k
K = K 0 —=
-2k 2K 0
o — 12 Iiz 23 . 6I<d2 123
12_12H2—7’23 13_6H2—7’23

Po=3 Q1=2r> Q=6kr* Q3=3r%r3<6(2—V2)kK

We notice that triangle inequality in this case impose an upper
bound on r3 leading to a moduli space of finite volume.
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: :

THE QUANTUM MECHANICS ON THE BRANE WORLD-VOLUME

Untwisted Fields:
Adjoint Chiral SuperMultiplet:
=" W FY 4=1234 1=123
Adjoint Vector SuperMultiplet:

V@ = (W A& p@y =123
Twisted Fields:
Bifundamental Chiral SuperMultiplet:

7(ab) _ {Z(ub)’ w(ub)’ F(Zub)}

Chowdhurv. Garaviiso. Mondal. Sen (2015.2016)
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From g;Q =010 g;Q >>1
In the limit g — 0 we first go from a SUGRA multiple centers
configuration in the large scale regime to a Quiver QM
description. Indeed after quantum corrections, the Coulomb
branch (xl@ # 0) of the QQM is actually identical to the SUGRA
“solution space,” as both are subject to the Bubble equations.

single D-brane Quiver Higgs Quiver Coulomb two particles
(sugra)

& o .-

‘ j |

0 c|Aa¥? c|Aa| K

If we keep on lowering gs = 0, the strings stretched between the
branes become tachyonic and the system decay into a
configuration with nonzero z(*"): Coulomb — Higgs. Finally, at
gs =0, the z() can be interpreted as the moduli of a suitable
geometric object, a system of intersecting susy D-Branes penef 2002).
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WHAT HAS BEEN DONE

4
5 — [WAWA]F+ E (Z(ﬂb)ev(b)_v(ﬂ)z(ba)) + |:<I>*<I>:|D+Sz+W+W

a,b=1

D

ZZ

aZ(KI)

4 4
Z} : T E : E :(Z(mz(m — 20Uy ()
2
K=1 I=1

K=1

3¢<K>

VGauge = E E E (x(K> (L>)(x(1<> _x(L))(Z(KL) (KL) 4 5(LK) (LK)

i=1 K=1 L=1
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What we waNT TO DO (Toy SQM EXAMPLE)

L= 2~ (@MW) + 2 (0 — ) — W ()

Sx=ep—ep  Sp=e(ix+ W) 6 =e(—it + W)
5 / Ldt = / dt (~ieQ — iéQ)
Q = P(ix+W) = d(ip+:W) Q= ¢(—ix+0:W) = ¢h(—ip+0: W)

epl=i  {ed}=1  ¥=£(x)0)+f(x)P|0)

QU=0QU =0T =e"|0)or¥ =e"¢|0)
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THE coAL

W(s) = W(sY) + 04 -

1 [ o*w
2

—} (sa —53) (5B —5§) + - - -
95458 | .0

= W(so) + E cl(ﬁo) (7—3]))2
A

(0) _
GO — p= 2o a A I I1 €0)
céo)<0

14 _e i X
1/Jé+) — Mig fiar €~ 2 5% 7295 Agrgoe’

(WO M40 | GO s open string condensate
Lorenzo Pieri | Black Hole Microstates in Four Dimensions | 46 /48
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SuMMARY AND CONCLUSIONS

e Black hole microstates can be identified in gravity by
computing the backreaction of the branes with disk
scattering amplitudes computations.

@ The condensate of open strings binding the branes are
actually not arbitrary numbers, but they are fixed by the
explicit quantum configuration of the microstate. In a SQM
approach one can hope to uncover the difference between
microstates. Will the microstates differ for higher order
multipoles in the gravity description?

e Large class of regular and horizonless solutions in
supergravity have been found. In this work we have
focused on four charge geometries. Many puzzles remains,
in particular one can ask how much general are these
results: is SUGRA enough for fuzzballs?






