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Abstract

This thesis’s project studies how black hole evaporation is captured in string theory by so
called Quantum Extremal Islands, extremal surfaces that allows to compute the entangle-
ment entropy of Hawking radiation. This project will focus on specific 10d type IIB string
theory uplifts of the largely studied 5d Karch-Randall models, doubly-holographic models
which allows to study the evaporation of an AdS black hole by coupling it to an external
bath via transparent boundary conditions. The main results of recent works on these uplifts
will be reproduced and the corresponding Hartman-Maldacena surfaces will be constructed
and studied in one of these uplifts, as well as their implications for the Page curve in presence
of a non-vanishing dilaton variation.
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Chapter 1

Introduction

Black holes are fascinating objects and, from the theoretical point of view, provide an intriguing
arena in which to explore the challenges posed by the reconciliation of general relativity and
quantum mechanics.

Beside its defining property of being a region from which no causal observer can escape from, a
black hole also obeys the no-hair theorem, which states that all black holes can be completely
characterized by their mass, charge and angular momentum. This already brings out some
problems, since it implies that the information of whatever falls into the black hole would not
be able to be distinguished from outside the event horizon.

In classical general relativity, it can be shown that black holes obey laws that are analogous
to the law of thermodynamics. Thus if one considers black holes quantum-mechanically, they
behave as thermodynamic objects characterized by a temperature and an entropy. The entropy,
also called Bekenstein-Hawking entropy, is given by the area of the event horizon in units of
Planck length squared.

Stephen Hawking discovered that black holes emit thermal radiation [1]. As a consequence,
emitting Hawking radiation, the black hole’s mass decreases, the black hole gradually evapo-
rates and eventually disappears. This means that either information is truly lost in black holes,
or that information has been preserved by Hawking radiation itself by some mechanism. In
addition to the notion of thermodynamic entropy, there is another definition of entropy which is
the von Neumann entropy: given a density matrix p describing the quantum state of the system,
the von Neumann entropy is defined as S,y = —Tr[plogp]. It quantifies our ignorance about
the precise quantum state of the system, it vanishes for a pure state, it is invariant under time
evolution and it is always less than the thermodynamic entropy.

In terms of this entropy we can make a more accurate statement of the information paradox. If
one computes the von Neumann entropy of the entanglement of Hawking radiation, one finds
that it increases as the number of emitted quanta; but after a black hole evaporates, all that is
left is the radiation which is still entangled and so is in a mixed state, in contrast with the fact
that the black hole could have been formed from a pure state. But according to unitarity, it is
impossible that a pure state evolve into a mixed state, hence the paradox.

The violation of unitarity by the evaporation of the black hole can be explicitly seen by the fact
that as the black hole evaporates, the area of the event horizon decreases and the Bekenstein-
Hawking entropy decreases as well since it’s proportional to the area of the horizon. Due to the
entanglement of the Hawking radiation, the von Neumann entropy of the black hole and the one
of Hawking radiation itself must always be equal but we run into problem when the increasing
von Neumann entropy of Hawking radiation becomes larger than the Bekenstein-Hawking en-
tropy of the black hole (which is always larger than the its von Neumann entropy). Thus, this
means that in order to preserve unitarity, at a certain point, called Page time, the entropy of
the radiation must begin decreasing, following the so called Page curve [2].

Ryu and Takayanagi conjectured a holographic entanglement entropy proposal [3], according
to which the entanglement entropy of a region of a conformal field theory can be calculated as
the area of a codimension two, spacelike extremal surface living in dual AdS theory of gravity.
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The proposal has been conjectured firstly in the static case, and then it was derived in time-
dependent geometries as well with contributions by Hubeny [4]. The static formula, and the
time-dependent formula in certain special states, were then derived through the AdS/CFT dic-
tionary by Lewkowycz and Maldacena[5]. Subsequently, it was found a quantum generalization
of the holographic entanglement entropy prescription[6],[7],[8],[9] and this generalization was
crucial for a deeper understanding of the calculation of the entropy of Hawking radiation. In
particular it was identified an additional contribution to the entanglement entropy of Hawking
radiation, namely the islands, regions physically disconnected from the asymptotic radiation
region, which turns out to become dominant at late times, leading to a Page curve and thus
ensuring the unitary evolution of black hole’s evaporation.

Islands have been firstly studied in lower dimensional gravity [10], [11] and then the first
extensions to higher-dimensional setups have appeared in [12],[13],[14],[15]. These higher-
dimensional setups are essentially based on the Karch-Randall models [16],[17],[18], models of
localized gravity which had been firstly constructed and studied between the ’90s and the begin-
ning of the new millennium and that have gained new vigor in the last years because they reveal
of crucial utility in order to reproduce the Page curve using holography ideas. These models
are based on a bulk AdS5 geometry with a 4d end-of-the-world (ETW) brane extending on an
AdSy slice, cutting off a part of the AdS5 bulk geometry and ending on its conformal boundary.
The importance of these models in the information paradox context is that they are doubly
holographic models: namely they have three different equivalent descriptions which are related
to each other by applying the AdS/CFT correspondence twice; in particular in one of these
descriptions the model can be viewed as a conformal field theory coupled with a 4-dimensional
massive graviton localized on the brane, in turn coupled via transparent boundary conditions
to a second conformal field theory living on the uncut-off part of the AdS5 conformal boundary,
which will be called the bath system. Thus if we imagine that an AdSy4 black hole lives on the
brane, it will evaporate since the emitted radiation reaching the AdSy conformal boundary will
be able to escape on the bath system thanks to the transparent boundary conditions. Otherwise
an isolated black hole in an asymptotically AdS space would not evaporate because the AdS
geometry acts like a box.

The doubly holographic nature of these models ensure also that the quantum extremal surfaces
contributing to the entanglement entropy of radiation region, taken as a subsystem of the ther-
mal bath far from the defect, are completely geometrized. In particular the possible quantum
extremal surfaces living in the bulk AdSs geometry start from the boundary of radiation region
and either drop into the horizon or end on the end-of-the-world brane. The first kind of quan-
tum extremal surfaces are called Hartman-Maldacena surface [19], and it actually connects the
boundary of the radiation region to the boundary of its copy on the second conformal boundary,
if we consider the full Penrose diagram of the bulk AdS5 Schwarzschild black hole. It connects
them stretching through an Einstein-Rosen bridge and its area grows linearly in time. On the
other side, the second type of extremal surface is the island surface, which stretches outside
the horizon and thus its area is constant in time. The competition between these surfaces was
proved to lead to a Page curve.

The Karch-Randall models can be seen in one of their three descriptions as boundary CFTs.
Holographic string theory configurations realizing interface and defect conformal field theories
have been constructed by D’Hoker et al [20],[21] as type IIB string theory uplifts. These type
IIB string theory solutions based on AdSs x S? x S§% x ¥, with ¥ a Riemann surface, turns out
to be completely determined by two harmonic functions on the Riemann surface 3.

We are going to investigate some examples of these solutions, such as the global AdS5 x S°, the
supersymmetric Janus solution and the 5-brane doped Janus solution, and most importantly
we are going to show how is possible to obtain the 10d uplifts of Karch-Randall models with a
suitable choice of the pair of harmonic functions. In particular, the Karch-Randall models with
non-gravitating bath, the ones discussed briefly above, can be described by an uplift correspond-
ing to semi-infinite D3-branes terminating on a system of D5- and NS5-branes with suspended
D3-branes among the 5-branes. The Karch-Randall models with gravitating bath [14] can be



obtained by adding a second end-of-the-world brane intersecting the conformal boundary of the
bulk AdSs geometry at the same point of the first ETW brane and their corresponding uplift
can be engineered with a system of intersecting D5, NS5 and D3-branes without semi-infinite
D3-branes since with the additional ETW brane the Karch-Randall geometry becomes compact
without any asymptotic AdSs region.

Uhlemann [22] constructed and studied quantum extremal surfaces on these uplifts, in partic-
ular in the uplifts with non-gravitating bath he found that it exists a 10d counterpart of the
brane angle of 5d Karch-Randall models, which will be the ratio of suspended and semi-infinite
D3-branes, and he numerically found that, as in the Karch-Randall models it exists a critical
angle at zero temperature below which islands cease to contribute, it exists a critical value of the
ratio within which islands are constrained to exist at zero temperature. Furthermore, he was
able to identify 10d versions of the ”left /right entanglement entropy” that was found to exhibit
a Page curve behaviour in 5d Karch-Randall models with gravitating bath.

Alessandra Gnecchi et al studied island surfaces in the same Uhlemann’s uplift with non-
gravitating bath but allowing a non-vanishing dilaton variation [23], discussing their properties
both in relation to the existence of a massive graviton in the same geometric background and
to the varying dilaton itself.

After reproducing the main results of both works, the original part of this thesis’s project is
to construct and study the Hartman-Maldacena surfaces in the same geometric background
considered by Gnecchi et al with non-vanishing dilaton variation, in particular extending the re-
sults obtained by Uhlemann about the area difference between island and Hartman-Maldacena
surfaces. Then we try to study the quantum extremal surfaces in a particular solution with
gravitating bath and with non-vanishing dilaton variation, even if in the case considered the re-
sults will reveal to be trivial and identical to ones of the original solution with vanishing dilaton
variation considered by Uhlemann.

This thesis’s project is structured as follows. In Chapter 2, we are going to briefly introduce
type II superstring theories, focusing at the end on type IIB supergravity since it will be central
for our work. In Chapter 3, we describe the other extended objects which exist in type II super-
string theories, specifically the D-branes and the NS5-brane, which will be the main ingredients
in the brane constructions corresponding to the type IIB geometric backgrounds we are going to
work on. In Chapter 4, we review the AdS/CFT correspondence, in particular the motivation
of the correspondence between N = 4 super Yang-Mills theory in 4 dimensions and type IIB
superstring theory on AdSs x S° and the holographic dictionary, finishing the chapter with a
discussion on the entanglement entropy and on Ryu and Takayanagi’s holographic entanglement
entropy proposal. In Chapter 5, we discuss the information paradox and the island prescription,
following a brief review of Karch-Randall models with non-gravitating and gravitating bath.
In Chapter 6, we discuss the type IIB string theory solutions based on AdS; x S? x §%? x &
background geometry found by D’Hoker et al, in particular we study the explicit local solu-
tion, the global regularity and topology constraints and then many specific examples, like the
supersymmetric Janus solution with and without 5-brane sources, the holographic duals of 3d
N = 4 SCFTs found by Gaiotto and Witten [24],[25] and the uplifts of both Karch-Randall
models with non-gravitating and gravitating bath. In Chapter 7, we discuss massive AdS grav-
ity, its embedding in string theory and its range of validity as an effective field theory, but more
importantly we are going to show how in the discussed type IIB string theory solutions the
lowest-lying spin-2 mode can acquire a tiny mass as a consequence of the no-compactness of
the internal manifold [26]. Finally the Chapter 8 regards all the work mentioned before about
quantum extremal surfaces in the 10d string theory uplifts.



Chapter 2

Superstring theory

The geometric background on which we are going to study the evaporation of black holes and
the entanglement entropy of Hawking radiation will be a particular type IIB superstring theory
solution. For this reason it’s worthwhile to briefly review some basic aspects of superstring
theory[27],[28],[29],[30], focusing then on the type IIB superstring theory and on its low energy
limit, i.e. the type IIB supergravity action, which describes only the massless modes of the
corresponding superstring theory.

The bosonic string theory suffers of two important shortcomings, namely the bosonic string

spectrum contains a tachyonic ground state and it exhibits only bosonic excitations. Thus the
vacuum instability due to the tachyonic ground state and the lack of fermionic excitations makes
the bosonic string quite unrealistic.
Both of these problems are solved in superstring theory. The basic idea is that one adds fermions
on the worldsheet by introducing supersymmetry, and their contribution to the zero-point energy
on the worldsheet will cancel exactly the negative zero-point energy of the bosonic string, which
originally caused the appearance of the tachyonic ground state, solving in this way both the
shortcomings mentioned above. The resulting theory will be a tachyonic-free supersymmetric
theory in d = 10 dimensions consisting of both a bosonic sector, which will be identical to the
worldsheet theory of the bosonic string, and a fermionic one.

There exist two major formulations of a superstring theory. Both of them enjoy super-
symmetry on the world-sheet and in spacetime, but in the Ramond-Neveu-Schwarz (RNS)
formulation supersymmetry is manifest only on the world-sheet and in the Green-Schwarz
(GS) formulation it is manifest only in spacetime. In the following we are going to use the RNS
formalism.

The superstring world-sheet action in flat gauge, i.e. the intrinsic world-sheet metric is set to
be the flat one hog = 143, is

1

S = / (o710, X0 Xy + iV S 5Ot uB) (2.1)
M

4r

where X* are worldsheet scalars, the first piece is the bosonic string worldsheet action in flat
gauge and ¢y = (wi, ") are 2-dimensional worldsheet spinors. o is related to the string
length I by o/ =2 and to the tension of the fundamental string as 7/1 = 1/(27a’). The string
world-sheet is the strip M = {(7,0)|0 < o < 7,7 € R} and on the two-dimensional world-sheet
with flat metric 7,5 the Clifford algebra is generated by real two-dimensional y-matrices with
anti-commutation relations

{77} aB = 20"PLag (2.2)

here A, B are spinor indices on the world-sheet and «, 8 are vector indices on the world-sheet,
a,8=0,1.



We assume the worldsheet spinors 14 to satisfy the Majorana condition % = 4. 1
In light-cone coordinates £+ = 7 + o, (2.1) becomes

S=SutSp =y [@eZ0.x 0. X+ o [Pelwrobivvo 0 (24)

and this action is invariant under the following supersymmetry transformations

SXH = z'\/%azw

(2.5)
ot = ,/%%’yaﬁaX“ - €
where ¢ is an infinitesimal constant Majorana spinor.
The equations of motion for X#(7,0) are given by a relativistic wave equation
(02 —9)XH=0,0_X"=0 (2.6)
and they must be supplemented by the vanishing of the o-boundary term?
=T
Os XH0X,, =0 (2.7)

o=0

Therefore we must impose boundary conditions such that these boundary terms vanish. The

consistent boundary conditions are

e Closed string: the boundary terms at ¢ = 0 and ¢ = 7 must cancel each other, i.e. this is
equivalent to impose periodic boundary conditions defining a closed string

XM(r,0 =0) = X¥(1,0 =) (2.8)

e Open string: the boundary terms at ¢ = 0 and ¢ = 7 have to vanish separately. Thus for each
XH* we must impose either Neumann boundary conditions 9, X* = 0 or Dirichlet boundary
conditions d X* = 0 on one or both string endpoints. Dirichlet boundary conditions for X*
correspond to string endpoint being fixed in the pu-direction. Thus for each direction the
possible combinations of boundary conditions at the endpoints are (NN), (DD), (DN), (ND).

The equation of motion (2.6) can be solved by splitting X#(7,0) into left- and right-moving
modes depending only on (T and £~ respectively, i.e. X#(7,0) = X} (") + X3(£7), which can
be decomposed into a Fourier series of the form

ot —

/ 1 .
Xi(r—o0)= — + o'p (T — o) + iy % ;} Edﬁeﬂ"h*”)
n
(2.9)

at + Tt o 1,
XM r+0)= —  t opH (T +0) + iy 5 ;} 50#16 in(r+0)

where p* and p* are the momenta of the modes and in order to ensure the reality of X* the

Fourier modes must satisfy o/, = (ah)* and a", = (ah)*.

!Suppose we choose the following basis of two-dimensional y-matrices satisfying (2.2)

() )

The Majorana condition is that the spinor 1 is equal to its charge conjugate spinor ¢ = CpT = iCy’Ty* = ¢*
since the charge conjugation matrix is C' = i7° due to the fact that for a Majorana spinor the Dirac conjugate
must satisfy ¢ = ¢Tiy® = TC. Thus in this case the Majorana condition is a reality condition because of the
fact that the y-matrices are real.

2The 7-boundary term vanishes by the assumption §X* (T=200)=0
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In the case of closed strings, the left- and right moving modes satisfy the periodic boundary
conditions if we set p# = p. The Z* term cancels in the sum X/ (&%) + X%(£7), while z#
represents the center of mass position of the string at 7 = 0 since

1 ™
- / do X* = at + 2a/ptr (2.10)
0

™

while p* represents the total spacetime momentum of the string
™
/ do 11*(7,0) = pH (2.11)
0

where II#(7,0) = 0; X#(7,0)/(27a’) is the canonical momentum.
In the case of open strings with Neumann-Neumann (NN) boundary conditions for the target
spacetime coordinate X*, the solution reads

1 .
XH(1,0) =zt + 2d/phT + iV 2d/ E —ahe ™" cos (no) (2.12)
n
n#0

notice that the boundary conditions relate X/ and X 1‘% in such a way the independence of left-

and right-moving oscillators drops, namely of, = d,.

In the case of Dirichlet-Dirichlet (DD) boundary conditions on X*, X#(7,0) = 2! and X*(7,7) =
w}‘ , we get
1 1 ;
XHt(r,0) =o' + ;(m’; —z')o + V2 Z Eaﬁe*”” sin (no) (2.13)
n#0
The equation of motion of the world-sheet spinors is the Dirac equation, describing left- and
right-moving waves

Ot =o_yh =0 (2.14)

provided that the boundary terms of the fermionic action vanish

Sp ~ [ drlu b —v-60-15; (2.15)

and, as in the bosonic case, there are two different types of strings satisfying the boundary
conditions, namely open and closed strings.

Open superstrings

In the case of open strings, the boundary terms at ¢ = 0 and ¢ = 7 must vanish individually
and this implies there are two possible Lorentz invariant boundary conditions on world-sheet

fermions:
R: ¢i (7—7 0) = lﬁﬁ (7—7 0) wi (T7 ﬂ-) = @bﬁ (7-7 77)
NS: ¢i <T7 O) = wﬁ (7—7 0) iﬁi (7-7 77) = —Wi <T7 W)

The Ramond sector (R) corresponds to periodic boundary conditions with integer modes

(2.16)

1 —in(TtLo
W(r,0) = ﬁZdﬁe (r£0) (2.17)

nel

whereas the Neveu-Schwartz sector (NS) corresponds to anti-periodic boundary conditions and
half integer modes

1 —ir(txo
vh(ro)= 7= 30 e (2.18)
reZ+1/2

where dl; and b}’ are Grassmann-valued Fourier modes and the Majorana condition implies that
dhy = (d",)" and b} = (b ).



OPEN SUPERSTRINGS 7

It can be proved in several ways, for example through the requirement of the absence of negative-
norm states in the Fock space of the quantized theory or the requirement of Lorentz invariance
of theory in the light-cone gauge, that the critical dimension of a superstring is d = 10, unlike
the bosonic string whose critical dimension is d = 26.

In the NS sector the ground state is a spacetime scalar and is tachyon, whereas the first level
excitations form a transverse massless vector 8, of SO(8).

In the R sector the ground state energy always vanishes because the world-sheet bosons and
their superconformal partners have the same moding. The Ramond vacuum is degenerate, since
both the ground state itself |0) , and dfj |0)  result to be annihilated by all positive modes. In
particular, the Ramond zero-modes satisfy the (ambient spacetime) Clifford algebra

v 1 14 v
{dg, dg} = AT, T} =" (2.19)

so the ground state |0) is a Spin(9,1) spinor. Being a 10-dimensional spinor, it has 204/2 —
32 complex components, which actually are real as a consequence of the Majorana condition
diy = (d",)7. In 10 dimensions Majorana spinors can be decomposed further into Weyl spinors,
corresponding to the splitting

32 =16 ® 16’ (2.20)

where the prime denotes negative chirality Weyl spinors.

Imposing that the ground state satisfies the Dirac equation, half of the components of Spin(9,1)
spinor are eliminated leaving a Spin(8) spinor. The two inequivalent spinor representations of
Spin(8), which describe spinors of opposite chirality with eight real components each, are de-
noted by 8, and 8.

The spectrum described above has several problems. First of all, in the NS sector the ground
state is a tachyon, a particle with imaginary mass. Secondly, the spectrum is not space-time
supersymmetric, since for example there is no fermion in the spectrum with the same mass as
the tachyon.

It is possible to turn the RNS string theory into a consistent theory by truncating (or projecting)
the spectrum in a such a way it results to be tachyon-free and space-time supersymmetric. This
projection is called GSO projection.

First of all, let us define the G-parity operator. In the NS sector it has the following form

G = (—1)FH = (—1) Xzttt (2.21)

where F' is world-sheet fermion number. While in the R sector the G-parity operator is defined
as

G = pn(_l)zi‘;l d,dj. (2.22)
where
Fll = FoFl...Fg (223)
is the chirality operator satisfying
Tn)?=1, {Tn, "} =0, Tyuy==+y (2.24)

and spinors satisfying the last equation are said to have positive or negative chirality respectively.
The GSO projection consists of keeping only states with a positive G-parity in the NS-sector,
whereas in the R sector one can project on states with positive or negative G-parity depending
on the chirality of the spinor ground state.

The GSO projection eliminates the open-string tachyon from the spectrum, since it has negative
G-parity. The first excited state in the NS sector has positive G-parity, so the massless vector
boson becomes the ground state of the projected NS sector, matching nicely with the fact that
the ground state in the fermionic sector is a massless spinor. This is a first indication that the
spectrum is space-time supersymmetric after the GSO projection, reinforced by noticing that
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the NS sector transverse massless vector boson has eight physical polarization states whereas
the R ground state is a 84 @ 8. spinor representation with 16 degrees of freedom, but after the
GSO projection only one of the two chiral representation survives with eight spinor degrees of
freedom as well.

The ground state for the open string spectrum is the 16-dimensional multiplet 8, & 8., if the 8,
chiral spinor representation is suppressed in the GSO projection and viceversa.

Closed superstrings

The closed superstring spectrum is the product of two copies of the open superstring spectrum,
with right- and left-moving levels matched.

In the open string spectrum the two choices for the GSO projection were equivalent, but in
closed string there are two inequivalent choices, taking the same or opposite projections on the
two sides. These give rise to two closed oriented superstring theories, respectively type IIB and
type IIA superstring theories.

Thus the massless ground states are given by

ITA : (8y & 8s) ® (8y & 8¢) (2.25)
IIB: (8, ®8)® (8, @ 8) '
Both type II theories have the same field content in the NS-NS sector, namely
8 8, =2® B, &G, =10283 35 (2.26)

which are a scalar field called dilaton, an antisymmetric two-form gauge field called Kalb-
Ramond field and a symmetric traceless rank-two tensor, the graviton.
In the R-R sector, the ITA and IIB spectra are respectively

8 D8 =[1]+ [3] = 8 @ 564
8 D8 =[0]+[2]+ 4+ =1D28D 35

here [n] denotes a fully antisymmetric n-tensor, i.e. [n] = C™ with components C[(;Z)---un]’ with
[4]+ denoting the part of the 4-form field having a self-dual field strength with respect to the
Hodge *-duality. The NS-NS and R-R spectra together form the bosonic components of d = 10
type II supergravity theories.

In the NS-R and R-NS sectors the tensor products are

8, ®8; = 8s D 56

(2.28)
8, @ 8, = 8 P 56,

each sector contains respectively a spin 1/2 dilatino and a spin 3/2 gravitino. In type ITA theory
they have opposite chirality, whereas in type IIB the same.

In the '80s and 90s, three further consistent superstring theories, known as type I and
heterotic superstring theories, with gauge groups SO(32) and Eg x Eg have been discovered,
and they turn out to be connected with each other and with type II theories by a web of dualities,
but from now on we will focus only on type II superstring theories.

Type IIB supergravity

Since we are going to study an uplift of an evaporating black hole model in a type IIB string
theory background, let us focus in more detail in this superstring theory and consider in partic-
ular the type IIB supergravity, whose field content is given by the massless spectrum of the type
IIB superstring. As we have just discussed, the fermionic spectrum consists of two left-handed
Majorana-Weyl gravitinos and two right-handed Majorana-Weyl dilatinos, the NS-NS bosons
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are given by the metric, the two-form By with field strength H3 and the dilaton ®, and finally
the R-R bosonic sector consists of the form fields Cy, Co and C4, with the latter must having a
self-dual field strength.

Writing down the action of type IIB supergravity presents an issue due to the fact that the
term?

j/d“hjﬁgﬁ (2.29)

does not incorporate the self-duality condition, thus it describes twice the actual number of
propagating degrees of freedom. There are several different ways to deal with this issue, for
example one approach consists in not constructing the action but only the field equations and
the supersymmetry transformations, whereas another approach, the Pasti-Sorokin-Tonin one,
consists in building a manifestly covariant action that reproduces the right number of degrees of
freedom by the introduction of an auxiliary scalar field with a compensating gauge symmetry.
Here for simplicity we decide to write an action that gives the correct equations of motion
once we impose the self-duality constraint, but which does not satisfy supersymmetry for the
reasons we have explained above.
The bosonic part of this action takes the form

S =Sns+ Sr+Scs (2.30)
with
1 10 29 " | —_
Sws = 35 | dav/=ge <R+Mﬂ@@—§mﬂ>
Sr = —i dlox\/—g(|F1‘2+‘F3|2+1‘F5|2> (2 31)
4k? 2 '
1
SCS: —4]€2/C4/\H3/\F3

where 2k? = (27)718, F;,11 = dC,, as usual and

F3 = F3 — CoHs
3 1 1 (2.32)
Fy :F5—§CQ/\H3+§B2/\F3
and self-duality is imposed at the level of equation of motions as
Fy = «Fj (2.33)

3here we use the convention that |Fn\2 = ﬁguwl g2 gt F g un Frave.on



Chapter 3

T-duality, D-branes and the
NS5-brane

String theory is not only a theory of fundamental one-dimensional strings, but there are also a
variety of extended objects, called branes, of different dimensionalities, whose stability depends
on the theory considered and its vacuum configuration. One of these are the D-branes[31],[32],
defined as the objects on which open strings end, and one way to motivate their necessity is
based on T-duality[33], a transformation that relates two different string theories.

Another interesting object is the NS5 brane, which is neither a string or a D-brane, rather it is
a solitonic solution to the type IIB supergravity field equations as we will see. The NS5 brane
is related to the D5-brane through a weak-strong duality and the reason of prefix "NS” is due
to the fact that it couples magnetically to the NS-NS 2-form B,,, as opposed to the D-branes
which couple to R-R form fields.

T-duality of closed and open strings

Closed strings

One of the simplest examples to which T-duality applies is the bosonic string in a space-time
geometry R?»1 x S1. 50 the string target space is a 26-dimensional Minkowski space with one
spatial dimension compactified on a circle of radius R. Firstly let us consider the case of a closed
bosonic string: we take periodic boundary conditions for the compactified coordinate that we
suppose to be X?°

X®B(o+7m,7)=X®(0,7) +20RW, W €Z (3.1)
where W is the winding number, which indicates the number of times the string winds around

the circle.
The mode expansion of the coordinates X*, for u =0, ..., 24,

e 1 in(rto e 1, Cin(reo
X“::L‘”—F?a/p“T—l--i-M/EZHaﬁe n(r+ )"_ZV?ZEO‘ZG in(r—0o) (3.2)
n#0 n#0
does not change compared to the mode expansion in a flat 26-dimensional Minkowski space,

whereas the mode expansion of X2° changes to
X% =22 1 20/p*1 + 2RWo + ... (3.3)

with an additional linear term in o in order to satisfy the boundary condition (3.1). The
oscillation mode terms remain untouched under the compactification, thus they will be denoted
by dots from now on.

Since X% is periodic, from quantum mechanics we know that the momentum eigenvalue p*°
must be quantized, in particular it is of the form

K
p? = il KeZ (3.4)

10
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where the integer K is called the Kaluza-Klein excitation number.
Splitting the expansion into left- and right-movers X% (0,7) = X (0 + 7) + X% (0 — 7), we
obtain

1 K
XP = @~ %) + (o/ﬁ - WR) (r—0)+ ...
1 % (3.5)
X = 5(9525 + %) + <o/§ - WR) (T4+0)+...
where #%° is a constant that cancels in the sum. The usual level-matching condition N;, = Ng

and the mass shell relation get modified as follows
Nrp— N =WK

w0 = o/ [(EV 4 (WY Lo, 4o -4 30
R o

where Ny, r are the left- and right-moving excitations number operators.

The above equations are invariant under the interchange W < K, provided that one simulta-

neously sends R — R =d /R. This equivalence is called T-duality. In this case, T-duality

maps two theories of the same type (one compactified on a circle of radius R and one on a circle

of radius R = o /R) into one another and the interchange W <> K means that momentum

excitations in one description correspond to winding-mode excitations in the dual description

and vice versa.

Notice that this transformation can be expressed equivalently as

X - -X¥® and XP o XP (3.7)

so the mode expansion of X?%(c¢,7) is mapped into
- K
XB(o,7)=XPo+71) - XB (0o —7) =32 + 20/E0' +2RWT + ... (3.8)

here the coordinate x2°, which parametrizes the original circle with periodicity 27 R, has been
replaced by the coordinate #2°, which parametrizes the dual circle with periodicity 27 R, as its
conjugate momentum is p?> = RW/a/ = W/R.

Open strings

Let us consider the case of a T-duality transformation applied to a theory containing open
strings.
The first thing to notice is that open strings can always be contracted to a point, so they can
always be unwound from the periodic dimension and then the winding number is not meaningful
in this case. In order to find the T-dual of an open string with Neumann boundary conditions,
consider first of all the mode expansion for a space-time coordinate with Neumann boundary
conditions

X(r,0) =2+ 2d'pr + Z\/ﬂz %ane_”” cos (no) (3.9)

n#0

with right- and left-movers mode expansion

x—T o 1 »
Xp(r—0)= 5 + o'p(T — o) + iy 5 Z Eane*m(T*U)

n#0
T+ e 1 .
XL(T + U) = T + Oé/p(’f + 0') +1 5 Z 50477,6 in(r+o)
n#0

Compactifying the corresponding space-time dimension on a circle of radius R and carrying out
a T-duality transformation along it gives once again

(3.10)

Xr— —Xg and X, — Xp (3.11)
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and the dual coordinate becomes

- . 1 —inT -
X(r,0) =X — Xp =17 +2dpo +ivV2 Z —ape” "7 sin (no) (3.12)
n#0 K
from this mode expansion, we can conclude that the dual open string has no momentum in the
circular direction, since there is no linear term in 7 in the mode expansion of X; moreover at
o = 0,7 the position of the string is fixed, since the oscillator term vanish

2rKo!

X(r,0) =% and X(r,7) =7+ =i+ 2nKR (3.13)

where it has been used p = K/R and R = o/ /R for the dual radius.

Therefore T-duality transforms a bosonic open string with Neumann boundary conditions on
a circle of radius R to a bosonic open string with Dirichlet boundary conditions on a circle of
radius R = o /R; furthermore the original open string that has momentum and no winding in
the circular direction is T-dualized into an open string which has winding but no momentum in
the dual circular direction.

Notice that in this case the winding mode is topologically stable because the end-points of the
dual open string are fixed by Dirichlet conditions, so the string cannot unwind without breaking.

The hyperplane X = # to which the end points of the dual string are attached is an example
of D-brane (where D stands for Dirichlet and brane is an abbreviation of membrane), which
is defined as a hypersurface on which an open string can end. More specifically one uses the
term Dp-brane, where p denotes the number of spatial dimensions of the brane. In the example
we discussed above, the open string with Dirichlet boundary conditions on the dual circle and
Neumann boundary conditions in all the remaining directions end on a D24-brane. In general it
is possible to compactify n directions on n circles (or on a n-torus) and then perform T-duality
transformations in these directions, obtaining dual strings with Dirichlet conditions in the n
dual directions and ending on a D(25 — n)-brane.

Therefore if we consider a set-up of D-branes of various dimensions, in the T-dual formulation
these D-branes are getting replaced by D-branes such that:

e if a D-brane wraps a circle that is T-dualized, then the T-dual D-brane doesn’t wrap the
T-dual circle and vice versa;

e if T-duality transformation is performed on a direction tangent to a Dp-brane, the T-dual
brane is a D(p — 1)-brane, otherwise it is D(p 4 1)-brane if the direction is orthogonal to the
original Dp-brane.

T-duality of type II superstrings

Let us examine in the following T-duality transformations for type II superstring theories.
Suppose that the X? coordinate of a type II theory is compactified on a circle of radius R and
that a T-duality transformation is carried out for this coordinate. The transformation of bosonic
coordinates is the same as for the bosonic string, namely

X} - Xx?  and X% — —-X} (3.14)

which interchanges momentum and winding numbers. In the RNS formalism, world-sheet super-
symmetry (2.5) requires the world-sheet fermion 1 to transform in the same way as its bosonic
superpartner X?

Yy =y and YR = YR (3.15)
in particular the zero mode of w% in the Ramond sector transforms dg — —dg and, recalling
the relation between R-sector zero modes and 10-dimensional Dirac matrices T* = /2d!, we
conclude that the chirality operator, under a T-duality transformation, behaves as

Iy =rrt.r—--r, (3.16)
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since, except I'?, Dirac matrices stay unchanged under the T-duality transformation.

This implies that after T-duality the chirality of the right-moving Ramond-sector ground state
is reversed. The relative chirality of the left-moving and right-moving ground states is what
distinguishes the type ITA and type IIB theories. Since only one of these is reversed, it follows
that the T-dual of a type ITA theory compactified on a circle of radius R is a type I1IB theory
compactified on a circle of radius R = o/ /R and vice versa.

If several directions are compactified on circles, it is possible to carry out several T-duality
transformations along each of these circular directions. In this case an even number of transfor-
mations gives back on the dual torus the same type II theory that one started with.

T-duality of type IIA and type IIB superstring theory is a perturbative duality, holding order by
order in string perturbation expansion. To prove this, consider the NS-NS part of the low-energy
effective action of a type IIA theory, which has the form

1
? /dloxﬁNS (3.17)

being the string coupling gs related to the vacuum expectation value of the dilaton, namely
gs = ebo.

The NS-NS part of type IIB supergravity action has the same form with type IIB string coupling
gs- Compactifying both type IIA and IIB theory on circles of radii respectively R and R, keeping
only the zero-mode contributions on the circles, the NS-NS actions become

@ma) 2R P am) A / 2Ly (3.18)

g2 g2

Taking into account that these two theories are related by the T-duality identification RR = o/,
one gets the following mapping between string coupling constants

9s (3.19)

Since they are proportional to each other, a perturbative expansion in g, in type ITA corresponds
to a perturbative expansion in g, in type IIB.

D-branes in type Il superstring theories

Let us consider now D-branes in type II superstring theories, whose addition to the vacuum
configuration gives theories with closed strings in the bulk plus open strings that end on the
D-branes themselves.

The presence of the D-branes breaks some of the symmetries of the superstring vacuum. First
of all, adding a flat Dp-brane to the Minkowski space vacuum of a type II superstring the-
ory, neglecting its back-reaction on the geometry, breaks the SO(1,9) Lorentz symmetry to
SO(1,p) x SO(9 — p). Secondly translational invariance in the transverse directions is spon-
taneously broken giving rise to the 9 — p Goldstone scalar fields of the D-brane world-volume
theory. Thirdly some or all of the supersymmetries are also broken.

Explicitly regarding the last point, type II superstring theories have N’ = 2 supersymmetry in
the 10-dimensional Minkowski vacuum. Since in ten dimensions each supercharge is a Majorana-
Weyl spinor, with 16 real components, it is said there is a total of 32 conserved supercharges.
However, vacua containing D-branes can preserve at maximum half of them. The reason is that
type II superstring theories have supercharges @, constructed purely out of left-moving fields
on the worldsheet and @, constructed out of right-moving ones. The vacuum is invariant under
both, but once a D-brane is added to the vacuum, the D-brane imposes boundary conditions
relating left- and right-moving fields at the open strings’ end points. Thus left- and right-moving
fields are no longer independent and as a consequence only a linear combination of the two su-
percharges Q, and Q, is a supersymmetry of the full state [31].
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The D-branes preserving half of supersymmetries are called half-BPS D-branes. Being BPS
states, they carry conserved charges that ensure their stability, in particular D-branes couple to
R-R fields and thus carry conserved R-R charges.

To determine the conditions for stable p-branes, it is worthwhile to consider the types of
conserved charges that they can carry.
The world-volume of a p-brane can couple naturally to a (p + 1)-form potential

1 oz Ox¥r+1
,up/Aerl = Mp(p‘i‘l)!/Aylmprrl(%‘o 8Up "o (3.20)

where p, is the p-brane charge and this equation generalizes the coupling of a charged particle
to a 1-form gauge potential, which has p =0 and pug =e

n
e/A: e/dTA“aax (3.21)
T

This brane is electrically charged as the electric charge can be obtained through the Gauss’s law
pp = [ *Fpio, where in D dimensions this integral is carried out over a sphere SP=P=2 which
is the dimension required to surround a p-brane.

The charge of the magnetic dual branes can be measured by computing the flux | gpr2 Fpt2
and in D dimensions an SP2 can surround a (D — p — 4)-brane. Thus, in ten dimensions the
magnetic dual of a p-brane is a (6 — p)-brane.

The Dirac quantization condition for point-like charges can be generalized to charges carried by
a dual pairs of p-brane and in ten dimensions one has!

Wplh—p € 27 (3.22)

Thus in type II superstring theories a n—form gauge field can couple electrically to a p—brane
with p = n — 1 and magnetically to a p-brane with p =7 — n.

Since the R-R sector of type ITA theory contains gauge fields with n = 1,3, this theory should
contain stable Dp-brane with p = 0,2,4,6. Whereas the R-R sector of type IIB theory contains
n-form gauge field with n = 0,2, 4, so this superstring theory admits stable Dp-branes only for
odd values of p. Notice in particular that the 4- form potential Cys couples both electrically and
magnetically to a D3-brane, which is the brane carrying a self-dual charge since the associated
field strength is self-dual F5 = *F5.

The result that type IIA /B theories admit only stable Dp-branes with p even/odd is consistent
with the fact that a T-duality transformation maps a type IIA theory with Dp-branes into a
type IIB theory with D(p & 1)-branes and vice versa. Notice that, since R-R fields couple to
D-branes, the effect of a T-duality transformation, carried out for the coordinate X, on the
R-R fields is to add or remove a form 9-index

09 = C, é//' = Cu9, CNV9 = C[u,)/y Cul/)\ = Cul/)\g (323)

so odd-form potentials of type IIA theory are mapped to the even-form potentials of the type
IIB theory and vice versa.

D-brane action

Being dynamical objects, it is possible to construct the world-volume action of a D-brane.

The basic idea is that the modes of an open strings which start and end on a given D-brane
can be described by fields restricted to the world-volume of the D-brane. In particular, the
low-energy dynamics of a Dp-brane will be captured by the (p + 1)-dimensional effective field

'In all superstring theory and M-theory examples it turns out that a single p-brane carries the minimum
allowed charge, thus the product of the charges of a single p-brane and its dual (6 — p)-brane is exactly 2.
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theory of only its world-volume massless fields.
Let us focus on a half-BPS Dp-brane, whose world-volume theory has 16 conserved supercharges.
This theory can be constructed in the GS formalism, which maps the Dp-brane world volume
into a superspace using

X#(o) and  04%0), A=1,2 (3.24)

in particular X*(o) describes the embedding of the Dp-brane in ten-dimensional Minkowski
space-time, whereas the pair of Majorana-Weyl spinors extends the embedding to A/ = 2 super-
space. The coordinates o¢, with a = 0, 1, ...p, parametrize the Dp-brane world-volume.

The Dp-brane world-volume theory contains also a U(1) gauge field A, (o) since it is part of the
spectrum of an open string that starts and ends on the D-brane.

The low-energy dynamics of a Dp-brane in a flat spacetime without background fields is captured
by

Sppr = —TDp/dea\/—det(Gaﬁ + 2ma! Fop) (3.25)

where Tp, is the tension of the Dp-brane. For type II superstrings in Minkowski space-time,
supersymmetry transformations of superspace are given by

5@Aa — EAa
(3.26)
sXH = e
and the invariance is ensured by defining
Gop = nuII4ITG, T4 = 9, X" — 079,06 (3.27)
The remaining tensor is
Fap = Fop +bap (3.28)

where F' = dA is the usual Maxwell field strength and b is ©-dependent two-form required to
supersymmetrize F. From now on, we will restrict only on the bosonic part of the D-brane
action.

The action (3.31) is called Dirac-Born-Infeld action and can be expanded in powers of the field
strength

- _ p+1 ./ M af 4
SppI = TDp d o detG |1+ 1 F Fag + O(F ) (3.29)

thus the expansion contains a constant energy density term [ dP*t'o+/—det G resulting to be the
higher-dimensional generalization of the Nambu-Goto action, a quadratic Maxwell-type term
and higher-order corrections.

A convenient gauge choice is the static gauge, in which the diffeomorphism symmetry is used to
set the first p + 1 components of X* equal to the world-volume coordinates ¢%, while the other
9—p components survive as scalar fields on the world-volume that describe transverse excitations
of the brane and, to remark their physical interpretation, let us relabel them as 2wa/®*. In the
static gauge, the bosonic part of the DBI action takes the form

L / 10y [~det(nas + (27! )20, 81051 + 270 Fop) (3.30)

This action can be generalized for the case of a general background with bosonic massless
supergravity fields.

The background fields in the NS-NS sector are the space-time metric g, the two-form B,,,, and
the dilaton ®, which can be pulled back to the world-volume

Sppr = —TDp/deJe_cp\/—det(gaﬁ + Bopg + (210! )20,D105D" + 2w’ F o) (3.31)
where we have made an abuse of notation

Gap + Bag = P[g + B]QB = (g,w + BW)&)X“O“?BX” (332)
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The R-R background fields do not contribute to the DBI action, but with a Chern-Simons type
action. As already stated, type II superstring theories involve R-R form fields C,, only with
n = 0,1,2,3,4 (in particular odd-rank for type ITA and even-rank for type IIB); hovever for
a electric-magnetic symmetric treatment, it is convenient to introduce redundant fields C,, for
n = 5,6,7,8 such that field strengths satisfy

*Fn+1 = Fg_n (333)

Therefore a Dp-brane action should contain as well a Chern-Simons term which at lowest order
takes the form

Hp / Cp1 (3.34)

where 1, denotes the Dp-brane charge as usual, since a Dp-brane couples electrically to the R-R
field Cpt1.

It has been specified that this is the Chern-Simons term at lowest order since, in presence of the
NS-NS background B field and world-volume gauge fields, the D-brane can couple also to R-R
potentials of lower rank. In fact, the complete Chern-Simons term results to be

8

Scs = iy / (ceB“m/F) with =30, (3.35)

p+1 0
where the subscript p + 1 means we have to extract the (p 4+ 1)-form piece of the integrand
since a p-brane world-volume couples to a (p 4+ 1)-form potential. Since the fields B and F' are
two-forms, it means that a Dp-brane can couple to other R-R fields of lower rank aside from
Cp+1 and subsequently can carry charges associated to D(p — 2n)-branes for n = 0, 1,..., even if

they are generically smeared over the (p + 1)-dimensional world-volume.
In conclusion, let us determine D-brane tensions using T-duality arguments. T-duality ex-
changes a wrapped Dp-brane in the type ITA theory and an unwrapped D(p — 1)-brane in the

type IIB theory and vice versa. This fact gives

2rRTpp _ Tpp-1)

= 3.36
9s gs ( )
using now the mapping between string coupling constants (3.19), one gets
1
Tp,=—+=Tp(,— 3.37
PP = e P (3.57)
and by iteration
1 1
Tpp = (3.38)

(2m)P (o )P/2 Too = gs(2m)P (o) (P12
where we set Tpg = (gsx/a)*l

The tension of a D0-brane can be obtained by exploiting the fact that the M-theory, the 11-
dimensional theory containing no strings obtained in the strong coupling limit of both type
ITA superstring and Fg x Eg heterotic string theories, compactified on a circle of radius Ry
corresponds to 10-dimensional type ITA superstring theory with string coupling constant g; =
R/ va!. Then the mass of the supergraviton in 11 dimensions is zero

MZ = —pyp™ =0, M=0,1,..9,11 (3.39)
whereas in 10 dimensions
M120 = —pupt' = p%l, w=0,1,...,9 (3.40)
since the momentum on the circle in the eleventh direction is quantized, p;1 = N/Rj1, the
spectrum of ten-dimensional masses, which represents a tower of Kaluza-Klein excitations, is

N A2
M2 = (—) , Nez (3.41)
Ry

in particular a type ITA DO-brane can be interpreted, from the point of view of the M-theory,
as the first Kaluza-Klein excitation (N = 1) of the massless supergravity multiple, following the
DO-brane tension formula.
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Black-brane solutions and extremal black D-branes

In string theory and M-theory, it has been shown [34],[35],[36] that there exist higher-dimensional
counterparts of 4-dimensional classical black hole solutions corresponding to p-dimensional ex-
tended objects surrounded by an event horizon, i.e. black p-brane, which can be obtained as
solutions of the equations of motion associated to the low-energy actions.

We are mainly interested in the construction of black Dp-branes, for which the action required
is the type II supergravity action. In this case the NS-NS two form By should not be included
since the Dp-brane is not charged under it, thus only the R-R field C},11 needs to be considered
in the action, which in the string-frame? thus reads

1 1
Sp =33 dl%\ﬁ—g[e—%(R +4(02)%) = 5|Fpsal? (3.42)
where, as usual, p is even for a type ITA action and odd for a type IIB one. In the particular case
p = 3, the self-duality condition F5 = %F5 needs to be imposed at the level of field equations.

Since the presence of a Dp-brane breaks the SO(1,9) Lorentz symmetry to SO(1,p) x SO(9 —p)
as already underlined before, the most general ansatz that we need to impose to find the black

Dp-brane solution is
e® — e<1>(r)
2 2A(r) v 2B(r) i 9,0 (343)

ds“=e Nuvdxtdz” + e 0i;dy"dy’

where z# with u = 0,1,...,p are the coordinates tangent to the brane, y* with i =1,...,9 — p
are the ones transverse to it and r = y'y/ ;5. Substituting the ansatz into the field equations
associated to (3.42), we get a system of coupled non-linear differential equations subject to the
following boundary conditions

lim gy = nun, lim ") = g, (3.44)
T—00 T—00

These boundary conditions are chosen such that far away from the brane, i.e. for r — oo,
10-dimensional flat Minkowski spacetime is recovered and the dilaton approaches a constant
value corresponding to the string coupling constant gs. In addition to the ansatz and to these
boundary conditions, we need to impose that the solution must preserve half SUSY, since we
are interested in half-BPS black Dp-branes, and this BPS condition turns out to be the higher-
dimensional correspondent of extremality condition for 4-dimensional Reissner-Nordstrom black
holes. The BPS requirement leads to the extra constraint

(p+1)A(r)+(7T—p)B(r) =0 (3.45)

The solution is characterized by an harmonic function H,(r) and in the string frame is given by

o T—p
ds? = Hp_l/Qanm“d:E” + H;/Qéijdyzdyj, Hy(r)=1+ (7”7]0)

Fpro =dH, " Nda® Ndz' A A da? (3.46)
(3—p)
e? = gsHp *
An important fact to notice is that for p = 3 the dilaton is everywhere constant, i.e. e® = g,.
The Hodge-dual field strength results to be
$Fpya = (p— T)r] Pws_p (3.47)

where wg_,, is the volume form for a unit (8 — p)-sphere. If we integrate *Fj12 over S57P we get
the charge of the black Dp-brane, and if we recall that if the Dp-branes are BPS, as it is our
case, the charge equals the tension, we can finally find that

()" =evoror(f5E)en (3.48)

2the string-frame metric g/ is related to the Einstein-frame metric g&;y, in terms of which the Ricci scalar
appears in the action without the dilaton factor in front, by gmn = e(b/ggﬁN
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where we have used (3.38) and N is the number of coincident Dp-branes. The low-energy field
theory is a good and valid description for the solution we have just derived, and subsequently
the geometry is smooth on the string scale, only if g;Q) =« gsN > 1, which implies that the
characteristic length 7, must be much larger than the string scale [.

Type IIB S-duality and the NS5-brane

Type IIB supergravity (2.31) has a non-compact global symmetry SL(2,R). In particular, under
a transformation

d
A= ( c) € SL(2,R) (3.49)
b a
the two 2-form potentials By and C5 transform as a doublet
. B .
By = ( 2) — AB, (3.50)
Cy
while the complex scalar field 7, defined as
7=Co+ie® (3.51)
transforms non-linearly by the following rule
ar+b
.52
T— p—— (3.52)

The field Cj is usually referred to as an axion, because of the shift symmetry in the supergravity
approximation, and then the complex field 7 as an axion-dilaton field.

On the other hand, th SL(2, R) symmetry leaves invariant both the Einstein-frame metric gfy =
e~®/2g,, and the R-R 4-form Cj.

The global symmetry SL(2,R) of type IIB supergravity is not shared by the full type IIB
superstring theory since it is broken by a variety of stringy and quantum effects to the infinite
discrete subgroup SL(2,Z). One way to show that the residual symmetry group is SL(2,7Z) is
that under the transformation (3.49) the 2-form coupling of the fundamental string becomes

/ B, = / (dBs + ¢Cs) (3.53)

so a fundamental string with charge (1,0)? transforms into a supersymmetric (d, ¢)-string. Thus
the restriction to the SL(2,Z) subgroup is essential to ensure that the charges are integers, as
required by the Dirac quantization conditions.

Notice that, if we set the R-R scalar Cj to zero, the transformation (3.49) with a = d = 0 and
¢ = —b = 1 corresponds to a S-duality transformation, which is a transformation that relates
a string theory with coupling constant gs; to a possibly different theory with coupling constant
1/gs; indeed (3.52) becomes 7 = —1/7 which implies that ® = —® and subsequently g, = 1/gs.
In this case, the S-duality relates the type IIB superstring theory to itself.

This weak-strong duality takes the F-strings to D-strings into one another since

By = Cy, Cy = —Bs (3.54)

whereas it leaves the potential Cy invariant, so it should take the D3-brane to itself.

The Db5-brane is a magnetic source for the R-R 2-form charge, so it should be transformed
through the weak-strong duality into a magnetic source for the NS-NS 2-form field. This object
is neither a string or a D-brane, rather it is a soliton, a localized classical solution to the field

3This notation denotes that the F-string has a charge that couples to the NS-NS 2-form B but neither that
couples to the R-R 2-form Cb
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equations, and it will be called a NS5-brane.
For NS5-brane, the extremal supersymmetric solution reads

ds? = ezq’&jdyidyj + nudatdx”

l
Hynp = _5ijk:8lq) (3.55)

20 _ 29 Q 2 _ a0,
e?? = 20() 32,3 e =y'yl 6
where z# with = 0,1,...,5 are the coordinates tangent to the brane, 3* with i = 1,...,4.
The product Tp1Tps = 7/ k%o should be equal to Tr1Tngs because of the Dirac quantization
condition (which determines the product of the charges) combined with the BPS condition
(which encodes the equality between the charges and the tensions), so it follows that the tension
of a NS5 brane is )
2« 1
Tnss = = (3.56)
k3, (2m)°g2a”3

The geometry of the metric contains an infinite throat: the point y* = 0 is at infinite distance,
and as one approaches it the radius of the angular 3-sphere does not shrink to zero but ap-
proaches an asymptotic value (Q/272)"/2. The dilaton grows in the throat of the NS5-brane,
diverging at infinite distance. Therefore the geometry of the throat is S3 x R x Mg, where Mg
is a 6-dimensional Minkowski space.

Moreover, notice that in the Einstein-frame in which gfﬂ = e % 29a5, we obtain that ds

y~3/4dy, thus the metric is still singular but the singularity is at finite distance.

Asymptotically flat space

Near horizon region

Figure 3.1: Infinite throat of a NS5-brane [37]



Chapter 4

AdS/CFT correspondence

One of the most exciting discoveries in theoretical physics in the last decades is the AdS/CFT
correspondence([38], [39],[40], a duality, conjectured by Maldacena in 1997, which relates gravity
theories on asymptotically Anti-de Sitter spacetimes to conformal field theories.
The most prominent example, which we are going to discuss, is the correspondence between
N = 4 super Yang-Mills theory in 4 dimensions and type IIB superstring theory on AdSs x S°.
More specifically, the strongest form of this AdS/CFT correspondence states that N' = 4
super Yang-Mills theory with gauge group SU(N) and Yang-Mills coupling constant gy s is
dynamically equivalent to type IIB superstring theory with string length I, = v/o/ and coupling
constant gs on AdSs x S° with curvature radius L and N units of F5 flux on S°. The map
between the two free parameters gyps and N on the field theory side and the free parameters
L/a’ and g5 on the gravity side by is given by

4
9}2fM = 2mgs and QQ%MN ) (4.1)

Thus if the AdS/CFT correspondence holds, the physics of one theory, including operator ob-
servables, states, correlation functions and full dynamics, can be mapped onto all the physics
of the other. This duality is very peculiar because through it we can map a possible candidate
for a theory of quantum gravity, namely type IIB string theory, to a field theory without any
gravitational degrees of freedom.

In its strongest form, the correspondence holds for all values of N and all regimes of coupling
gy n- However it’s more useful and we can obtain more tractable forms of the AdS/CFT cor-
respondence if we take certain limits on both sides in such a way we can obtain new insights
into the non-perturbative behaviour, i.e. the strong coupling dynamics, of one theory from the
computable weak coupling perturbative behaviour of the other.

For example the t’Hooft limit on the SYM side, in which A = g%/MN is fixed as N — o0,
corresponds to gs < 1 while keeping L/v/o/ constant on the AdS side. At leading order in g,
the AdS side reduces to the classical string theory, since we take into account only tree level
diagrams within string perturbation theory, not the entire string loop expansion. In this way
classical string theory on AdSs x S° provides a classical Lagrangian formulation of the large N
dynamics of N’ =4 SYM theory. This is known as the strong form of the conjecture.

If we take the additional limit A\ — oo, we obtain on one side a strongly coupled super Yang-Mills
theory and on the other side, since vo/ /L — 0, the point-particle limit of type IIB string theory,
which is given by type IIB supergravity on AdSs x S°. In this way the correspondence becomes
a strong/weak duality and this is referred to as the weak form of the AdS/CFT correspondence.

Motivation of the correspondence

We are going to motivate the weak form of the AdS5/CFTy correspondence and describe the
decoupling limit essential for the correspondence itself.
As we have already stressed out many times, superstring theory is not just a theory of closed

20
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strings since it contains also non-perturbative solitonic higher dimensional objects such as the
D-branes. The D-branes can be viewed, as we have already seen in the last section, from two
different perspectives: the open string perspective and the closed string perspective.

In the open string perspective D-branes can be visualised as higher dimensional objects
on which open strings can end. Since we have to treat strings as small perturbations, this
perspective is reliable only when the string coupling constant g, < 1. In the case of N coincident
D-branes, the string coupling becomes g5V, thus the reliability is ensured for gsN < 1.

In the closed string perspective, D-branes may be viewed as solitonic solutions of the low-energy
limit of superstring theory, namely of supergravity. As we have discussed in the last section, the
closed string perspective is reliable only for gsN > 1.

If we apply these two perspectives to a stack of N coincident D3-branes in flat spacetime,
this can allow us to motivate the correspondence which relates four dimensional N' = 4 SYM
theory to type IIB superstring theory in AdSs x S°. First of all, let’s assume that the stack
of N coincident D3-branes extends along the spacetime directions x*, with u = 0,1,2, 3, and is
transversal to the other six spatial directions z*, with i = 4, ..., 9.

Open string perspective

Consider a type IIB superstring theory in flat 10-dimensional Minkowski spacetime with N
coincident D3-branes. The embedding of this stack of D3-brane breaks half of the supersymmetry
of type IIB superstring theory in flat spacetime.

Perturbative string theory exhibits two kind of strings in this background: open strings starting
and ending on the D3-branes, which can be viewed as excitations of the (3+1)-dimensional brane
world-volume, and closed strings, which can be instead seen as excitations of the 10-dimensional
flat spacetime.

If we consider geometric configuration at energies £ < « , it’s equivalent to take only
massless excitations into account. In particular, the massless closed string modes can be arranged
into a 10-dimensional N' = 1 supergravity multiplet and the massless open string ones into
a 4-dimensional N' = 4 supermultiplet which consists of a gauge field A,, corresponding to
the bosonic longitudinal excitations, and six real scalar fields ¢?, corresponding to the bosonic
transverse excitations, as well as fermionic superpartners.

The effective action for all massless string modes can be written as

S = Sbulk + Sbrane + Sint (42)

1—1/2

where Sy, describes the closed string modes, Sprqne the open string modes and S;;,; the inter-
actions between them.
The bulk contribution Sp, is the action of 10-dimensional supergravity

Shulk = dx —G872¢('R + 46M¢8M¢) + ...

1
912
S (4.3)

~ -3 / d 0 zopho™h 4 O(k)
where dots refer to higher derivative terms and the action of fermionic and R-R form fields. The
second line represents the lowest order contribution in the metric fluctuations A around the flat
metric, obtained by expanding g = 1 + kh with 2k? = (27)7a’*¢2.

On the other side, Sprqne can be derived from the Dirac-Born-Infeld action 3.31 which for a
single D3-brane reads

Sppr = 1 ! /d4xe_¢’\/—det(73[g]w, +2ma’Fy) (4.4)

277)30/293

where we have set the Kalb-Ramond field B, to zero for simplicity. Expanding e~? and
g =1+ kh, at leading order in o’ we find

_ 1 a (1 w _ Loy gig 4 '
Simane = g [ dta(= 7P = 50 0,60,6 + O)) (45)
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whereas the interaction action S;,; can be derived from the Wess-Zumino term, which at leading
order in o/ reads

Sint = -

- / d*z OF,, F" + ... (4.6)
This holds for a single D3-brane, while for a stack of N coincident D3-branes, the scalars and
gauge fields becomes U(N) valued, ¢' = ¢"T, and A4, = A} Ty, we have to trace over the gauge
group to ensure gauge invariance, replace the partial with covariant derivatives and add a scalar

potential of the form
1

_ 7 112
V= Tan %:Tr[gb L] (4.7)

to the action Sprane (4.5).

If now one takes the limit o/ — 0, Sprqne becomes just the bosonic part of N' =4 SYM action
provided we identify 27wgs = 952/ A Seulk 18 just the action of free SUGRA in 10-dimensional
Minkowski spacetime and S;,; vanishes.

Thus the vanishing of S;,; implies that closed and open strings decouple, with the first which
are effectively described by SUGRA in flat 10-dimensional spacetime and the second by N = 4
super Yang-Mills theory.

Closed string perspective

Let us change point of view and consider N D3-branes in the strongly coupled limit gs N — oo.
In this limit, the D3-branes can be seen as massive charged objects which act as a source of the
several type IIB supergravity fields.

The supergravity solution of N D3-branes, recalling (3.46), is given by

ds? = Hy Y2dx - do + HY dy - dy

Hy(r) =1+ (5)4

r

(4.8)
GCD = 0s

Fs = dH3z(r)" ' Ada® A dat A da® A da?

where dz - dz is the 4-dimensional Lorentz metric along the brane and dy - dy = dr? + T2d§2§ is
the Euclidean metric in the 6 perpendicular directions.
Once again, using a result we have already found, namely (3.48), the radius L turns out to be

R* = 4wg,Na' (4.9)

The geometric background consists of two different regions for small r and large r respectively.
If r > R, then H3(r) ~ 1 and the metric (4.8) reduces to 10-dimensional flat spacetime; whereas
r < R corresponds to the near-horizon limit region (the horizon is at » = 0) and the metric
reads

r

2 2
ds? ~ (%) dx - dx + (R) dr® 4+ L2dQ2 (4.10)
with the change of variable z = R?/r, it takes the form

dx - dx + dz?
ds? = RPEECE T L R0z (4.11)
z
thus the near horizon geometry is AdSs x S°, with both AdS5 and S® having radius R.

Since the temporal component of the metric (4.8) goo = —Hs(r) /2 is not constant, the energy
FE, of an object measured by an observer at a constant position r and the energy F., measured

by an observer at infinity are related by

Eoso = v/—gooE, = H; *E, (4.12)
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this implies that as an object approaches the horizon r = 0, its energy would appear to decrease
for the observer at the infinity.
Therefore if we take the low-energy limit in the background described by (4.8), an observer
at infinity would observe two kind of low-energy excitations: massless particles propagating
in the bulk region with wavelengths becoming very large and any kind of excitation we bring
closer and closer to r = 0. These two kind of excitations decouple with each other for the
following reasons. The bulk massless particles decouple from the near horizon region because
the low-energy absorption cross section goes like o ~ w3R® [41], with w the energy, and this
can be interpreted as the fact that the particle’s wavelength becomes much bigger than the
typical gravitational size of the brane, with the latter being of order R. On the other side, the
excitations close to the horizon find more and more difficult to climb the gravitational potential
and escape to the asymptotic region.

In conclusion, the low-energy theory consists of the decoupled pieces, the free bulk super-
gravity and the near horizon region described by fluctuations about the AdSs x S° solution of
type IIB supergravity.

Combination of the two perspectives

In both perspectives, the open and the closed string ones, we have found two decoupled effective
theories in the low-energy limit

e Open string perspective: N' = 4 SYM theory on flat 4-dimensional spacetime and type IIB
supergravity on R%;
e Closed string perspective: type IIB supergravity on AdSs x S° and type IIB supergravity on
RO,
The two perspective should be equivalent descriptions of the same physics. This implies that,
since type IIB supergravity on R%! is present in both perspectives, the other two theories, the
N = 4 SYM theory in four dimensions and type IIB supergravity on AdSs x S°, should be
identified.
A clarification needs to be made: the N coincident D3-branes give rise to a N' = 4 gauge
multiplet in the adjoint representation of U(N) and this seems in contrast with the statement
made at the beginning that the correspondence is between an N = 4 super Yang-Mills theory
with gauge group SU(N) and a type IIB superstring theory on AdSs x S°.
The fact is that a U(N) gauge theory is essential equivalent to a free U(1) vector multiplet
times an SU(N) gauge theory, and the AdS theory is describing the SU(N) part of this gauge
theory, since in the closed string perspective the U (1) vector multiplet corresponds to zero modes
between the two kinds of low-energy excitations and thus living in the region connecting the
near-horizon region with the bulk one. From the AdS point of view, these zero modes live on
the boundary, and it looks like we might or might not include them in the AdS theory, having
subsequently a correspondence to a U(N) or a SU(N) gauge theory.

An important check of the conjecture is to verify if the two theories have the same symmetries.
The 5-dimensional Anti-de-Sitter space has SO(4,2) as group of isometries which is the same
as the conformal group in four dimensions. Moreover the SO(6) symmetry which rotates S°
can be identified with the SU(4)r R-symmetry of the conformal field theory. The supergroup
corresponding to the bosonic subgroup SO(4,2) x SO(6) is the supergroup SU(2,2/4), and it
can be checked also that the two theories have the same number of supercharges: type IIB
superstring theory has 32 supercharges as we have already discussed in the last section, whereas
4d N = 4 SYM theory has 16 Poincaré supercharges, and being conformal, has 16 additional
superconformal supercharges.

Then, in terms of D-branes’ physics, the Yang-Mills coupling is related to the string coupling

through
4mi 0 ;
T= 27” +f=i+co (4.13)
9yar 2T Gs

where it has been included also the 6 angle with is related to the expectation value of the RR
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scalar Cj. In particular, both the super Yang-Mills theory and the type IIB string theory have
an SL(2,7Z) self-duality symmetry under which

ar +b
ct+d

T — (4.14)
In fact, we have already shown that SL(2,7Z) is a strong-weak duality symmetry of type IIB
string theory in flat space and it should still be a symmetry also in an AdSs x S® background
since all the fields which have been turned on, the metric and the 5-form field strength, are
invariant under this symmetry as discussed in the last section.

Holographic dictionary

To define more properly the correspondence we need a map between the observables in the two
theories and a prescription for comparing physical quantities and amplitudes. A conformal field
theory does not have asymptotic states or a S-matrix, thus the natural objects to consider are
operators.
First of all, let’s choose the following Poincaré patch coordinates (see Appendix A)
» R, 2
ds® = ?(dz + dx*) (4.15)

on Euclidean AdS441 where x, are coordinates on R? and the boundary is at z = 0.
The fundamental statement of AdS/CFT correspondence is that

Zstring [¢(Q?a Z)

= do(@)] = e/ @O oy (4.16)
2=

where the left-hand side is the full partition function of string theory in an asymptotically
AdSg4y1 space, function of the boundary condition ¢ of the field ¢ on the boundary of AdS,
and the right-hand side is the generating function of correlation functions in the d-dimensional
conformal field theory, where ¢y is the source of a conformal operator . Thus each field
propagating on AdS space is in a one-to-one correspondence with an operator in the field theory
and the boundary value of the bulk field acted as a source for the CFT operator. From this, it
follows that there is a relation between the mass of the field and the scaling dimension of the
operator in the CFT, as we are going to show in a moment.

For simplicity, let’s consider the case in which ¢ is massive scalar field propagating in AdSgy1,
then its action is given by

S~ [attiyyate N ousonorm®e?) = [dzate(T)[(2) @002+ () @0 4mie?

R
(4.17)
and the equation of motion is
1 1 " 1 919
Going to Fourier space for the momentum on R?, 0,0, = —p?, we get
1
de(‘)Z(F qu) — 2226 — m2R%p = 0 (4.19)

there are two independent solutions that can be written exactly in terms of Bessel functions,
but if we study the asymptotic behavior near the boundary of AdS, i.e. z ~ 0, the term with
momentum can be neglected and the two independent solutions are power-law

d d?
¢~ go 2% + 1 27, ar =g =+ R?*m? (4.20)
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The solution 2%~ is the dominant one as z — 0, while the other one always decays, and since the
leading contribution approaches a constant only in the case «— = 0, in order to have a consistent
prescription one needs to impose the following boundary condition at z = 0

¢(x,2)| =€ ¢p"(x) (4.21)
z=€
where, since in AdS several quantities diverge as z — 0, we have introduced a cut-off and
imposed the boundary condition at z = &, which will be sent to zero at the end of computation,
and ¢(“" is the "renormalized” boundary condition.
If now we perform a rescaling of the coordinates

at — Azt z— Az (4.22)

which correspond to an SO(d, 2) isometry in AdSy1 and a dilation in the boundary C'FTy, the
bulk scalar field ¢ remains invariant, thus ¢p®" — A%~ ¢("(Ax) and, since we identify the latter
as the source of the corresponding boundary conformal operator O, the operator O must have
dimension

d d?
A:d—OZf:OLF:i—i— Z"—RQTI’LQ (423)
So we associate a bulk scalar field of squared mass m? to a boundary operator of dimension A.

Let’s make some observations about the identification
m?R* = A(A —d) (4.24)

First of all, m? > 0 only for A > d, so operators with A < d correspond to fields with negative
squared mass in AdS, but these are not tachyons since their energy is positive as long as the
Breitenlohner-Freedman bound [42] m?R? > —% is satisfied. The minimal value m?R? = —CETQ
corresponds to A = %l.

The minimal dimension of a conformal operator is given by the unitary bound A > %, so the

remaining case is the one of operators with % <AL %. To get this operators, we impose the

boundary conditions on the other mode ¢ ~ ¢1z%+, so that we get A = a_ = % — 4/ % + R?m?
and in this case the conformal dimension of the boundary operator can assume values % <

A<g

Si2mﬂar statement apply to all bulk fields, for which the field <+ operator map can be de-
termined explicitly. For example, the boundary value of the bulk metric gp;n is the boundary
metric g,,,, which is the source of the boundary CFT stress tensor 7}, and in this case the
mass/dimension relation results to be the same as the one of the massive scalar field

m?R? = A(A — d) (4.25)

If our theory of gravity has a gauge field Ay, the dual operator must be a vector J*, coupled
to the source as

/ dizA,J" (4.26)

Since the bulk theory must be invariant under gauge transformations, 0 Ay; = DA, it follows
that

0=4¢ / Az A, T = — / dz\D,,J" (4.27)

thus the current J, should be a conserved current in the boundary conformal field theory. This
is an example of a general feature of AdS/CFT correspondence: AdS bulk gauge symmetries
correspond to CFT boundary global symmetries.

From the wave equation in AdS, we get that the conformal dimension of the dual operator of a
bulk vector field must satisfy

m?R? = (A —1)(A —d+1) (4.28)
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in particular J, has dimension d — 1.
Another important example is provided by the value of the dilaton at infinity, which correspond

to the string coupling gs = g%,M

et — L _ 2T (4.29)

9s B 932/]\/[
which acts as the source of the operator Tr(F},, F*); indeed on AdSs x S° the dilaton is massless
and Tr(F),, F*) is a marginal operator of dimension 4, consistently with (4.24).

Definition and properties of Entanglement Entropy

One of the main aspects of the study of the evaporation of black holes which will be central in
this thesis project is the time evolution of the entanglement entropy between the evaporating
black hole and the outgoing Hawking radiation. Before going into detail of how entanglement
entropy is encoded and can be computed in holographic systems, let us introduce briefly in the
following some basic definitions and properties of entanglement entropy itself.
First of all, consider a quantum mechanical system with many degrees of freedom and let us
suppose to divide it into two subsystems A and B, so that the Hilbert space of the total system
can be written as Hyot = Ha @ Hp. If the density matrix of the total system is p, an observer
who is only accessible to the subsystem A will feel as if the total system is described by the
reduced density matrix

pa = Trpp (4.30)

Then we can define the entanglement entropy of the subsystem A as the von Neumann entropy
of the reduced density matrix pa

Sa=—Tralpalogpal (4.31)

This quantity tells us how closely entangled the state of the system p is.
This main properties of the entanglement entropy are
e if the density matrix p is pure and B is the complement of A, then

Sa=Sp (4.32)

e for any three subsystems A, B and C that do not intersect each other, the following inequalities,
known as strong subadditivity, hold

SauBuc + 5B < Saus + Spuc

(4.33)
Sa+Sc < Saus + Ssuc

in particular the subadditivity condition is obtained from the first equation by setting B empty

Saup <54+ SB (4.34)

Entanglement Entropy in QFT

After having studied entanglement entropy from the quantum mechanics point of view, let’s
discuss it briefly in a quantum field theory context.

First of all, consider a QFT on a (d + 1)-dimensional manifold R x M, where R and M denote
the time direction and a d-dimensional space-like manifold respectively, and we consider a d-
dimensional submanifold A C M at a fixed time. As before, we call A and B its boundary and
its complement with respect to M respectively.

In this case, with respect to a quantum-mechanical bipartite system, there is an important issue:
in a continuum QFT there are UV modes at arbitrarily small scales across the dividing surface
0A making impossible to split the full Hilbert space. To deal with this problem, we impose a
UV cutoff by introducing a ”lattice” scale er7yy. With a UV cutoff, the Hilbert space of a finite
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region is finite-dimensional and most of the properties seen before apply also in QFT. In the UV,
any finite energy is the same as the vacuum state, thus we can restrict to the vacuum p = |0) (0|
of the full system.

The divergent terms of S4 depend on both the UV physics and on the shape of the submanifold
A. In particular, since the entanglement between A and B occurs at the boundary A most
strongly, we expect the divergent piece to be a local integral over the entangling surface 0 A

Sdiv / A oV hF[K 4, hay) (4.35)
0A

where K, and hgy, are respectively the extrinsic curvature and the induced metric on dA and
F is some theory-dependent functional of them.

Now we can expand (4.35) in powers of Ky, ~ 1/L 4, where L4 quantifies the size of the region
A. Recalling that in a pure state Sy = Sp, thus also S%” = Sj‘éi” and taking into account that
the extrinsic curvature of a surface is K ~ Vn, with n orthonormal vector to the surface, then
this implies that only even powers of K, are allowed since going from A to its complement B
it flips sign

S%iv ~ UJlLflqil + aQLi*:i I (436)

where the coefficients a; depend on the theory but not on L 4. Furthermore, if we assume the
theory to be scaling invariant, in its vacuum state the only scale is the UV cutoff iy, so by
dimensional analysis we would have a; ~ 5%]_‘/d, ag ~ 5?]_‘/4, etc.

From (4.36), we can state that the leading divergent contribution is proportional to the area of
the boundary dA of the region A.

However, the area law (4.36) does not always describe the scaling of entanglement entropy.
For example, if we consider a 2-dimensional CFT in the vacuum state of the full system, the
entanglement entropy of a region A with length L4, assuming the full system is infinitely long
and by using the replica trick [43], turns out to scale logarithmically with the length

Sa = - log — (4.37)

where c is the central charge of the CFT.

Holographic Entanglement Entropy

The entanglement entropy has a gravitational interpretation in CFTs with a semiclassical holo-
graphic dual. This holographic derivation was conjectured by Ryu and Takayanagi in the static
case.

The holographic entanglement entropy S in a CFT for a subsystem A is given by

B Area(ya)

S
A 4G N

(4.38)

where 74 is a codimension-2, spacelike extremal surface in the dual AdS geometry, anchored to
the AdS boundary such that

Ov4 = 0A (4.39)
with the important requirement that the extremal surface v4 must be homologous, i.e. contin-

uously deformable, to the region A. In the case in which there are multiple extremal surfaces
satisfying the above properties, the prescription is to pick the one with the minimal area.
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>

CFTy

>

AdSg1

As an example, let’s compute the entanglement entropy in AdSs/CFT,. Gravitational
theories on AdS; space of radius R are dual to two dimensional CFTs with central charge
c=3R/ Gs\?).

The metric of AdSs3 in the global coordinates (¢, p, 6) is

ds® = R%*(— cosh? p dt* + dp? + sinh? pd#?) (4.40)

At the conformal boundary p = oo the metric is divergent, thus we introduce a cutoff py which
corresponds to the UV cutoff in the dual CFTs. In particular, if L is the total length of the
system and a is the UV cutoff in the CFTs, the relation between pg and a is
L
PO~ — 4.41

e~ — (4.41)
The 2D spacetime for the C'F'T is identified with the cylinder (¢, ) at the boundary p = pg and
a subsystem A is identified with a portion of this cylinder given by 0 < 6 < 27{/L. Then the
extremal surface 4 is in this case the static geodesic connecting the boundary points § = 0 and
0 = 27l/ L travelling inside AdSs. The geodesic distance is given by

L l
cosh (%) = 1+ 2sinh? pg sin? (%) (4.42)

and assuming a large UV cutoff we obtain the following entanglement entropy

R 200 .2 T P
Sa~ 8) log (e sin f) =3 log [e sin (f)] (4.43)
which perfectly matches the very well known CFT result. Similarly, if we use Poincaré patch

coordinates for AdSs )

ds® = %(—dﬁ + d2? + da?) (4.44)
z

the subsystem A can be identified with the interval —[/2 < x < +1/2 at the boundary z = 0.
The geodesic 4 is described by

l
(x,2) = §(cos A, sin ) with A€ (EUTV,W - EUTV> (4.45)
where g7y is the UV cutoff ey ~ 2a/l, thus we obtain the entropy
c l
Sa=-log— 4.46
4= glog_ (4.46)

which result to be, up to a constant, the small [ limit of (4.43), consistent with the CFT result
(4.37).



Chapter 5

Information paradox and
Karch-Randall models

Information paradox and Page curve

In 1975, Stephen Hawking discovered that black holes emit thermal radiation [1]. Using quantum
field theory in a classical curved space-time background geometry, he argued that gravitational
fields at the horizon are strong enough for quantum mechanical production in the vicinity of the
horizon to lead to the emission of thermal radiation. Roughly speaking, the Hawking radiation
involves the creation of an entangled pair of particles near the horizon, where one particle falls
into the hole, and the other one is emitted as a physical on-shell particle. As a consequence,
emitting Hawking radiation, the black hole’s mass decreases, the black hole gradually evaporates
and eventually disappears. This means that either information is truly lost in black holes, or
that information has been preserved by Hawking radiation itself by some mechanism.
In terms of the von Neumann entropy we can make a more accurate statement of the information
paradox. If one computes the von Neumann entropy of the emitted Hawking radiation, one finds
that it increases as the number of emitted quanta; but after a black hole evaporates, all that is
left is the radiation which is still entangled and so is in a mixed state, in contrast with the fact
that the black hole could have been formed from a pure state. But according to unitarity, it is
impossible that a pure state evolve into a mixed state, hence the paradox.
The violation of unitarity by the evaporation of the black hole can be explicitly seen by the fact
that as the black hole evaporates, the area of the event horizon decreases and the Bekenstein-
Hawking entropy decreases as well since it’s proportional to the area of the horizon. If we
assume the black hole has formed from the collapse of a pure state, the von Neumann entropy
of the black hole and the one of Hawking radiation itself must always be equal but we run into
problem when the increasing von Neumann entropy of Hawking radiation becomes larger than
the Bekenstein-Hawking entropy of the black hole, since by definition the von Neumann entropy
must be always less than the thermodynamic one. One of the first to propose that unitary must
be preserved was Don Page[2]. Since we assume to start at a pure state for the black hole, we
finally have to arrive at a pure state at the end of the evaporation process to preserve unitarity.
This means that the entropy of Hawking radiation must be zero at the end state, thus according
to Page this means that it must begin decreasing at some time, called Page time, following the so
called Page curve. Arguments for the Page curve rely on fundamental properties of fine-grained
entropy. In particular, it is impossible to fix the problem by adding small corrections to the
Hawking process and this holds for all orders in perturbation theory. Therefore, if there is a
solution for the problem, it should be non-perturbative in gravitational coupling G . The major
question in the construction of a solution is how to bend the curve down in order to preserve
unitarity, a problem sometimes called ”information puzzle”.

Advances in this direction rely on a deeper understanding of the calculation of the entropy
of Hawking radiation, which has been possible thanks to the identification of a new contribution
to the entanglement entropy[7],[44],[9]: the islands, regions that are physically disconnected
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Figure 5.1: Schematic behaviour of the entropy of the outgoing radiation

from the asymptotic radiation region and that dominate the entropy contribution at the Page
time, ensuring a unitary evolution of the system.

The starting point is an extension of Ryu-Takayanagi entanglement entropy proposal to a gen-
eralised entropy which includes the entropy contribution of quantum external fields [4],[6].
Specifically, the gravitational proposal for the von Neumann entropy, i.e. the minimum of the

generalised entropy, is

Area(X)

— A T Sse(X 1
el (5.1

where X is a surface of codimension 2, ¥ x is the region bounded by X and a cutoff surface, and
Ssc(Xx) is the von Neumann entropy of quantum fields living on ¥ x in the semiclassical descrip-
tion and the quantity inside the square brackets, including an area term and the contribution
of quantum fields, is the generalised entropy which obeys the second law of thermodynamics.
The surface X must be chosen so that it minimizes the entropy in the spatial direction and
maximises it in the time direction. If there are multiple extremal surfaces, we must take the
one corresponding to the global minimum, and this extremal surface will be called the Quantum
Extremal Surface (QES). The idea is to start from a cutoff surface outside the black hole and
to move it past the horizon into the interior of the black hole to find the minimum.

S = minx{extx[

Entropy of an evaporating black hole

Let’s apply the fine-grained entropy formula (5.1) to all stages of the evaporating black hole.
After the black hole forms but before any Hawking radiation has a chance to escape the black
hole region, the extremal surface is vanishing, so the first term in (5.1) vanishes, but also the
second term vanishes because the collapsing matter that formed the black hole is a pure state,
thus at the initial stage of evaporation the entropy vanishes. Once the black hole starts evap-
orating and emitting Hawking radiation, the von Neumann entropy is not longer zero due to
the entanglement with outgoing Hawking radiation and begins increasing due to the pile up of
mixed interior modes, whereas the Bekenstein-Hawking entropy, i.e. the thermodynamic en-
tropy, starts decreasing. At the same time, as the Hawking radiation starts escaping the black
hole region, a non-vanishing extremal surface appears as well and it turns out to lie very close
to the event horizon and the corresponding generalized entropy turns out to be dominated by
the area term, thus it can be approximated by the thermodynamic entropy. In particular, since
the thermodynamic entropy decreases as black evaporates, this extremal non-vanishing surface
yields a decreasing generalized entropy. The final prescription of (5.1) is to take the minimum
of generalized entropy among all possible extremal surfaces. Taking into account the time evo-
lution of generalized entropy of vanishing and non-vanishing extremal surfaces, we get a Page
curve, with an initial grow due to vanishing extremal surface and a final decrease due to the
non-vanishing one.
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Figure 5.2: Page curve for the fine-grained entropy of the black hole

Thus this seems to indicate a unitary black hole evaporation but it does not address directly
the information paradox since the latter concerns the entropy of outgoing Hawking radiation.

Entropy of radiation

So far we have assumed ¥ x to be connected, but in order for the entropy of outgoing Hawking
radiation to exhibit a Page curve, we must consider the case in which ¥x is disconnected.
This would increase the area term in (5.1), but in order to ensure the entropy can still be
minimised we must jointly decrease the semiclassical entropy contribution. This can happen if
we have regions that are far away from any entangled matter; this is precisely our case, since
the outgoing radiation is entangled with fields living in the black hole interior. Therefore we can
decrease the semiclassical entropy Ss. by including a region representing the black hole interior.
Disconnected regions like these are called ”islands” and the fine-grained entropy of radiation
with this island prescription reads

Area(X)

iGN + Sse(Eraa U Eisland)} } (5.2)

Srad = minx{extx [

where the area here refers to the area of the boundary of the island, the min/ext procedure is
with respect to the location and shape of the island itself, 3,4 is the region from the cutoff
surface to infinity accounting for all Hawking radiation that has escaped the black hole region
and Y;4qna refers to any number of islands, disconnected regions contained in the black hole side
of the cutoff surface. The necessity of including the interior when calculating the fine-grained
entropy in the island prescription was justified through the replica wormholes [45],[44].

As before, we can have the case of vanishing island contribution. In this case the entropy is
completely due to the semiclassical entropy contribution of X,.,4, which grows with time as the
emitted Hawking radiation quanta. After some time, called scrambling time ty., = 75 In Sy [7],
a non-vanishing island appears: this island is centered around the origin, its boundary is very
near the black hole horizon and moves it up for different times along the cutoff surface. In this
case, the semiclassical entropy accounts for both the radiation and the island regions and thus
is close to zero since the ingoing Hawking radiation, contained entirely or almost in the island,
combines with the outgoing one turning what was before a mixed state into a pure one. This
means that the area term dominates and the generalised entropy decreases with time tracking
the thermodynamic entropy of the black hole.

As before, the fine-grained entropy is given by the minimum of the generalized entropies of
the two cases and this leads to a Page curve, with the rising piece coming from the no-island
contribution and the decreasing one from the island contribution.
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Figure 5.3: Page curve of the fine-grained entropy of emitted radiation

The Page curve of both the evaporating black hole and of the radiation are the same, con-
sistently with the fact that if the black hole has formed from a pure state, the entropies of the
black hole and the emitted radiation must be the same as stressed out many times.

Karch-Randall model with non-gravitating bath

One of the most recent and promising developments in the context of quantum gravity have been
the calculations of the Page curve in some simplified models using holography ideas. In order
to have a theory of gravity under theoretical control, it is convenient to study black holes in
asymptotically AdS space so one has a non-perturbative definition of quantum gravity in terms
of AdS/CFT correspondence. Since AdS space acts effectively like a box, large black holes in
this space do not evaporate.

One way to solve this problem and to have a tractable model of an AdS evaporating black hole
consisting in imposing transparent boundary conditions, allowing the radiation of an AdS black
hole reaching the boundary of AdS to couple to an external flat space heat bath.

AdS with transparent boundary conditions is thus crucial in the holographic calculations of the
Page curves. One of the model that embeds these transparent boundary conditions are is the
Karch-Randall model [16],[17],[18] describing an end-of-the-world brane (with specific features
discussed below) coupled to a non-gravitating bath. Such a system is a doubly-holographic one
because it has three descriptions related to each other by applying the AdS/CFT correspondence
twice:

1. as an Einstein gravity in an asymptotically AdS;11 space containing a Karch-Randall
brane as an end-of-the-world (ETW) brane ;

2. as CFT, with an intrinsic UV cutoff coupled to d-dimensional graviton on an asymp-
totically AdSy space, whose boundary is connected to another d-dimensional CFT on
half-Minkowski space via transparent boundary conditions;

3. as non-gravitational CF T on half of a Minkowski space with a (d — 1)-dimensional bound-
ary (i.e. a BCFTy).

The second holographic interpretation is the one of interest for the black hole information para-
dox: to pose the paradox, the AdSy slice is replaced by an AdSy black hole, obtaining in this
way a black hole on the ETW brane coupled to the remaining half of the conformal boundary
of the bulk AdS4.1, which serves as a bath.

For simplicity let’s assume d = 4, thus we consider a 4d AdS theory coupled to a CFTy living
in a flat space bath region, and let’s briefly review the simple Karch-Randall geometry with a
Planck brane ending on the conformal boundary of the bulk AdS5 (denoted as M below).
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Figure 5.4: Embedding of an AdS,; Karch-Randall brane in a bulk AdSs space

Therefore we are lead to consider the following action’

_ 16;% /M Pay/=g(R+ %) + 87T1G5 /Bd‘lx\/fh(K Y (5.3)
where B denotes the ETW brane with induced metric h,, and should be seen as one of the
boundary component of the bulk AdSs spacetime, L is the AdSs; radius and A is a quantity
proportional to the tension of the brane. K = h%®K,;, is the trace of the extrinsic curvature
K, defined by K,, = Vany where n is the unit vector normal to the brane B with a projection
of indices onto B from M. Moreover we have to remember that the cosmological constant A is
related to the AdSy; radius L by A = —d(d + 1)/2L>.

Now let’s compute the variation of the above action with respect to the metric

1
167 G5
where the terms coming from the variation of the integral on M vanish because of the Einstein
equations on M and the terms involving the derivative of §h% vanish thanks to the boundary

term. Since the boundary component B is a brane, let’s impose Neumann boundary conditions
by setting the coefficients of 6h% to zero

Kab - Khab + )\hab =0 (55)

55 = /B V=h [Kabwb (K - )\)habéh“b] (5.4)

Now, let’s write down the AdSs line element in Poincaré patch coordinates

L2
ds? — ﬁ(_dﬁ +dz? + dy? + da? + da?) (5.6)

here the y € R is the horizontal direction in figure 5.4, z > 0 is the vertical direction and
Z = (w1, x2) represents 2 real transverse directions which are suppressed in the figure together
with ¢ € R.

The brane is the surface z = —ytan#, where 0 is some angle between 0 and 7/2. We can
compute the extrinsic curvature of this surface getting

cos 0
L

and plugging into the boundary condition 5.5 we obtain a relation between the angle # and the
parameter A representing the tension of the brane

Koy = 27 s (5.7)

A= %COSQ (5.8)

where it has been used h%h,, = 4.
Finally by substituting y = —z cot # in the AdSs line element and making the change of variable
Z = z/sinf, we can see that the induced metric on the brane is effectively AdS, with radius
L
l=—
sin 0

(5.9)

!The Gibbons-Hawking term of the remaining half of the AdSs conformal boundary has been omitted for
simplicity
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It can be shown that when A becomes equal or larger than the critical tension A, = 3/L, the
induced metric on the brane becomes Minkowski or de Sitter and the boundary of the brane is
no longer timelike but changes discontinuously to be lightlike or spacelike. From now on, we
focus only on subcritical branes with |A| < A, since they are the only ones relevant for our
purposes.
One of the most surprising feature displayed by subcritical Karch-Randall branes is the fact
that the d-dimensional graviton localized on the brane picks up a mass. This has been proved
by studying the spectrum of linearized gravity fluctuations around the AdSy4 solution in [18],
thus from bulk considerations related to description 1), but this can be deduced in a simpler
way through description 3) as a direct consequence of the transparent boundary conditions:
any gravitational theory on any AdS; space, not necessarily living in the world-volume of a
subcritical Karch-Randall brane, has a description in terms of a CFTy_; with a conserved
stress tensor and once we couple this CFT;_; with transparent boundary conditions to another
system (in our case the CF'T; living on half of the AdS;1 bulk’s conformal boundary) to which
it can transfer energy, the stress tensor exhibits a leakage, is not longer conserved and gets an
anomalous dimension which translates into a massive graviton in the dual theory according to
the AdS/CFT correspondence dictionary.

Moreover, [18] shows that the wavefunction of the lightest but massive graviton is normal-
izable and gives the following relation between the Newton constant on the brane and the brane

angle
1

-1
G~ gd—2

(5.10)
Moreover it turns out that in the 6 — 0 limit, together with the vanishing of G and the divergence
of the curvature radius on the brane [ (5.9), the mass of the lightest graviton localized on the
brane goes smoothly to zero, so a massless graviton re-emerges.

Extremal surfaces and Page curve

The second holographic interpretation, among the three discussed previously, is the one of
interest for the black hole information paradox: to pose the paradox [10],[12],[13],[14], the
bulk empty AdSgy1 metric is replaced by an AdSy4q1 black string metric, inducing a planar
AdS4-Schwarzschild black hole on the brane; in this way the black hole on the brane will couple
to the C F'Ty living on remaining half of the conformal boundary of the bulk AdS;4 1, which serves
as a bath, and as long as we keep the bath at a finite temperature 7' matching the Hawking
temperature of the black hole on the brane, they will be in stable equilibrium. Even if this setup
is not suited to calculate the Page curve of an evaporating black hole, it will be very useful to
identify the quantum extremal surfaces contributing to the radiation entanglement entropy, in
particular to establish the existence of islands.

In this Karch-Randall setup with a non-gravitating bath, the outgoing radiation can be captured
by calculating the entanglement entropy of a region R, which it will be called radiation region,
in the ambient space of the BCFT far away from the defect. Naively, R has nothing to do with
the quantum extremal surfaces living on the world-volume of the Karch-Randall brane, but
according to the island prescription (5.2), its entanglement entropy must allow contributions
from islands located elsewhere, in particular near the brane-world black hole

S(R) = minz{ext[Sgen (R UZ)]} (5.11)

where the island 7 is a codimension-1 region on the brane disconnected from R, while Sye,
denotes the generalized entropy functional used in the quantum extremal surface prescription
(5.1)

A(0T)
4G N

where 07 is the quantum extremal surface, over which we minimize Sge, to obtain the von
Neumann entropy of radiation region. Since, as proved by Porrati [46],[47], in the context

Sgen(RUI) = + Smatter(RUI) (512)
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of Karch-Randall braneworlds gravity (hence also graviton mass) can be thought as entirely
induced by loops of matter fields on AdSy, the area term can be included in Sy,g¢ter. Then using
holography, the CFT matter in description 2) can be related to its bulk dual in description 1), so
that the leading semiclassical order of Spqtter can be computed using only the geometrical data
in the bulk AdSg;1, i.e. using the standard Ryu-Takayanagi minimal area prescription (4.38).
Let us say we want to calculate the entanglement entropy of a radiation region located at y > yq,
for some fixed yg. As it will be clear in a moment, the full black hole geometry involves a second
boundary, thus a second copy of the CF'T behind the horizon implying we must include a copy
of the y > yg region in the second CFT as part of the radiation region R itself.
There are two kinds of extremal surface appear to contribute to the holographic entanglement
entropy:
e the Hartman-Maldacena surfaces, stretching between the boundary of the radiation region
and the corresponding point in the thermofield double;
e the island minimal surfaces, which start from the bath extending until the gravity system, i.e.
the ETW brane.

The Hartman-Maldacena surfaces [19] are present independently from the ETW brane and they
go straight down through the horizon connecting via an Einstein-Rosen bridge to the second
boundary of the fully extended black hole geometry. One very important aspect of these surfaces
is that their area grows linearly with time together with the length of the Einstein-Rosen bridge.
On the other hand, the presence of the Karch-Randall brane allows the existence of another kind
of RT surface, the island surface[48], which does not stretch across the Einstein-Rosen bridge
and end on the brane outside the black hole horizon; as a consequence, its area stays constant
in time.

By constructing numerically this second kind of extremal surface, [48] found that at ¢ = 0 this
surface has a larger area than the Hartman-Maldacena surface. This means that the entangle-
ment entropy of the radiation region R is initially due to the Hartman-Maldacena contribution
and it grows linearly in time together with the Hartman-Maldacena surface’s area. Then at a
certain time, the so called Page time, the areas of two kind of extremal surfaces will be equal
and after that time the entanglement entropy will be dominated by the island contribution.

A brief digression on Hartman-Maldacena surfaces

It’s worthwhile to go into details about Hartman-Maldacena surfaces, in particular how they
have been found [19] and their physical interpretation.
The metric of an AdS;41 black string has the form

2 1 dy 742 dz? 2
ds* = ] [—(1 —2%)dt* + T4 + dmd_l} (5.13)
and introducing the coordinate p, defined as
d
dp= ———2 (5.14)
24/ (1 — 2%)
can be rewritten as
ds® = —g*(p)dt* + h*(p)daf_ + dp? (5.15)
where the functions h and g are
2 d \12/d d
h= p {cosh (5,0)} ) g = htanh <§p) (5.16)

This black hole has an horizon at p = 0 and temperature 7' = 1/27, as can be easily checked.
Since the Hartman-Maldacena surfaces will reveal to be extremal surfaces penetrating the hori-
zon, let’s consider the eternal AdS black hole geometry. An eternal black hole is the black hole
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with the full, two-sided Penrose diagram and in AdS an eternal black hole has two boundaries,
so is dual to two copies of a conformal field theory in a particular pure entangled state.The
interior region corresponds to purely imaginary p = ik and t = t; — iw/2, with ¢; real and
spacelike in the interior.

In the eternal black hole geometry, temporal symmetry requires that time must run forwards
on one copy and backwards on the other copy of the thermofield double, namely in the two
conformal field theories living on the two boundaries of the eternal black hole. Since we want
to introduce a time dependence in our setup, we choose to make the time run forwards on both
copies and we separate each copy in two halves at some time ¢, which will be the same on both
sides.

special extremal slice

extremal surface

I th

Figure 5.5: Full-extended Penrose diagram of an AdSg41 black hole (left) and extremal surface com-
puting the entanglement entropy (right), sitting very close to a special critical spacelike surface in the
interior for ¢, > 1[19]

At this point, using the Ryu-Takayanagi formula, we want to calculate the entanglement
entropy of the region A, corresponding to the union of the same half of each of the two copies of
the thermofield double. Finding the extremal codimension-2 surface that ends on the boundaries
of region A amounts to find a function ¢(p) describing how the surface moves in the ¢, p direction.
The area, in units of & volume, needed to be extremized is

A=Viea [ dt ()=o) + 72 (5.17)

Since the surface is symmetric under the time reflection t; — —t, we expect that p = 0 at t; = 0.
Moreover, since the area integrand £ = [h(p)]9~2/—g%(p) + p? does not depend explicitly on ¢,
we obtain a quantity conserved along any solution of the equation of motion

oL 92 hd—2

C=p—L=—2
op V—g2 + p2

where in the last equality we evaluate g and h at the interior point py = ikg at which p = 0.

In particular we can obtain
T P dp
=-i3- [
ik() 1 . 92h2d—4
g g2h2T1

with the integral having a pole at the horizon p = 0, for this reason the integral must be taken
along a contour which avoids the pole.
Then the area is simply given by

= —igohd? (5.18)

t (5.19)

A=2Vy / dp (5.20)
iko

hd—2
gghg"
1—- g2h2d—4
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where the factor 2 comes from the symmetry of the surface.

This integral is finite as long as pg = iko is not the point where the function a = (—ig)h?=2 is
extremized, which we will denote with ppmer = tkmaerz. Indeed this function a vanishes at the
horizon, starts growing in the interior reaching a maximum at p,,., and then it decreases, as
can be checked explicitly
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Figure 5.6: Plot of the function a(k) = (—ig(ik))h?2(ik) with d = 4

For finite values of ¢, = t(p = o0) we have ko < kpaz, but as t; becomes large we have that
ko — kmae. For large tp, the minimal extremal surface has two regions: the region where the
surface crosses the horizon and goes near the boundary, which gives a constant to (5.20) for
tp > 1, and the piece of surface in the interior lying at k ~ k.4, for a long range of the spacelike
interior ¢-direction. The interior piece gives a large contribution linear in ¢, to the area, which
can be computed by setting p = 0 and ¢ — gmaz, P — hmag in (5.17). The entanglement entropy
for large t; thus reads
A Vyo

5= 4Gy 2Gn

(@mazty + const.) (5.21)

If, instead of a full-extended AdS;i1 eternal black hole, we consider an eternal black hole
solution with an end of the world brane that cuts it in an half, the holographic computation
of entanglement entropy is identical to the one we have just carried out, except for the fact
that now the extremal surface ends at the end of the world brane sitting at t; = 0 and the
entanglement entropy is the same up to a factor of two, since the end of the world brane cuts
off one of the two sides of the full-extended geometry.

The linear growth of entanglement entropy in ¢ is due to the fact that the extremal surface is
growing along the ¢; direction inside the horizon. Indeed the shape of these extremal surfaces
resembles the shape of the so called "nice slices” [49], which grow as well since we keep adding
space in the interior, making the range of t; bigger.

Islands and area difference at t =0, 0 = 7/2

A possible way to find the island RT surface that will contribute to the entanglement entropy
at late times is to consider the one-parameter family of surfaces ending on the brane and find
among these surfaces the one with minimal area.

An alternative approach is to impose that the island RT surface must end orthogonally on the
brane: indeed the full Karch-Randall geometry includes two identical copies of the geometry
shown in figure 5.4 and to reduce the full Karch-Randall solution to a single-sided copy, we
need to impose an orbifold projection across the brane. Thus to be consistent with this orbifold
projection, the RT surface must be symmetric in the double-sided geometry with respect to the
brane itself.

As an example, we can construct the islands in the simplest Karch-Randall model, the one with
0 = 7/2. In this case the background metric is given by an AdSs planar Schwarzschild black
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hole

dz?

h(z)
We can obtain the island extremal surface with ¢ = 0 and y = y(z) imposing the boundary

conditions y(0) = yo, since the island surface must be anchored at the boundary y = yg of the
radiation region R located on the conformal boundary z = 0, and

1

ds? = ?(—h(z)dtZ by + de), h(z)=1— (i)4 (5.22)

Zh

=0, with  y(z) =0 (5.23)

The latter condition is equivalent to impose that at y = 0 it must be 2/(0) = 0, which is the
Neumann boundary condition required for consistency with the orbifold projection y — —y as
discussed earlier.

The area per unit volume in T space reads

Z 1 /1
A /0 dz23 \/ w T (') (5.24)

The extremality condition can be easily solved by exploiting the fact that the integrand of the
area functional does not depend on y. Once found ye,:(2) and fixed its integration constant
imposing (5.23), we plug it into the area function which subsequently results to be

Zx 1

A /0 dz EN N e PN (5.25)
This area has a divergence near z = 0, which is the characteristic UV divergence of the en-
tanglement entropy. We can regulate this divergence in two ways, imposing a cutoff z = ¢ or
computing the difference between the area of the island surface and the area of the Hartman-
Maldacena surface, which in this case with § = 7/2 it’s given by y = yo. In the latter case, the
divergence disappear since this is common to both extremal surfaces which are anchored at the
point y = yo on the AdS5 conformal boundary. The finite area difference is thus given by

AA = /0 dzzgi/ﬁ< — (;Z*)ﬁ - 1)— /’ dzzgf/ﬁ (5.26)

where we have used the fact that for the Hartman-Maldacena surface y = yg the area functional
reduces to (5.24) with ¥’ = 0 and this surface extends up to the horizon, thus the integration
from z = 0 to z = z,. In [13], by numerically computing pairs (yo, AA) for several values of
Zx, setting zp, = 1, the authors found that the area difference is monotonically increasing and
becomes positive for large yg and this is the reason why we must take the radiation region R far
away from the defect in order for it to capture the effects of the escaping Hawking radiation.
A natural question now emerges about what happens to extremal surfaces in the smooth massless
graviton limit § — 0. The Hartman-Maldacena surface is clearly unaffected by this limit, the
island surface approach now the AdS;; conformal boundary on both its endpoints. This means
that the island surface will gain an additional divergent area contribution which cannot be
cancelled anymore by the area of the Hartman-Maldacena surface. This means that the time
t. at which the area of Hartman-Maldacena surface exceeds the one of the island surface will
diverge as 1/6%72, since the divergence can be seen as arising from the vanishing of the Newton’s
constant on the brane G (5.10). The divergence of t, implies that the island contribution will
never be important to the entanglement entropy since Hartman-Maldacena surfaces become
always dominant.

Actually it was numerically found in [50] that at zero temperature (i.e. in empty AdSgi1) the
island surface’s endpoint on the brane runs to the AdSy11 conformal boundary already if the
brane angle drops below a critical angle. At finite temperature, island surfaces still exist below
the critical angle but they are anchored beyond a critical anchor point on the brane. This critical
anchor point turns out to be an asymptotically decreasing function of brane angle, in particular
it decreases from the horizon and it vanishes at the critical angle.
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Karch-Randall models with gravitating bath

A gravitating bath can be realized by introducing a second end of the world brane as a bath.
The geometry we are going to consider is the one in the figure below.

Figure 5.7: Embedding of a Karch-Randall braneworld with two subcritical branes in Anti-de-Sitter
space. R denotes the radiation region, Z the island on the brane, the dashed green line is the candidate
RT surface and the dashed black line is the black string horizon [14]

We refer to the left brane at an angle 61 as the physical brane and the right brane at an angle
07 as the bath brane. Both branes, as in the Karch-Randall model with non-gravitating bath, are
taken to be subcritical, so the geometry of both the physical and bath brane is asymptotically
AdSy.
Let’s start by considering the vacuum solution, i.e. the empty AdS;.1 case. There are two
useful coordinate systems we can employ. The Poincaré patch coordinate system on AdSgy1,
assuming it has unitary curvature radius, reads as usual

ds* = 21—2(—dt2 + d2® + dy* + d7?) (5.27)
where, as before, y € R is the coordinate in the horizontal direction, z > 0 is the coordinate in
the vertical direction and Z corresponds to the coordinate in the d — 2 real transverse directions
suppressed in the figure. The conformal boundary of AdS;y; is at z = 0 and the defect,
representing the intersection between the conformal boundary and the two branes is at y = 0.
However there is a more suitable coordinate system for our subcritical branes’ geometry

ds® =

1 /—dt? + du® + dz?
o~ 9( - n d92> (5.28)

where v > 0 and 6 € (0, 7) represents the radial and angular coordinate of the spherical coordi-
nate system centered on the defect. In this coordinate system, the physical and bath branes are
located respectively at § = 61 and 6 = m — 6. Notice that the metric in each slice at constant 6
is an AdSy geometry, with u playing the role of the associated radial Poincaré patch coordinate.
The change of coordinates between two system is given by

z =wusinf (5.29)
y = —ucosf ‘

In the Poincaré patch coordinate system, the area density per unit & volume for an embedding

y(z) can be written as
dz
A= / VT (5.30)

whose extremization gives

(5.31)
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where z, denotes the depth of the turnaround point of the minimal surface and it separates
two branches of the solution which goes towards smaller values of z. The only solution which
does not have a turnaround point and reaches the Poincaré patch horizon is ¥’ = 0, the straight
vertical line corresponding to z, — oo, while all the other solution turn around and reach either
one of the two branes giving rise to an island, the one denoted with Z in the figure.

Using the other coordinate system, we can show that the minimal area surface must end orthog-
onally to both branes. Indeed, the area functional for the embedding u(#) becomes

0 dg
A= ) (asin )71 u? +u/(0)? (5.32)
1
In deriving the equation of motion
ou u 702 =02
0=0A= - df(e.o.m.)o 5.33
A (usin 0)d=1 /3,2 3 /2 o, /91 (e.om.)ou ( )

The first term is the boundary term obtained through the integration by parts, and in order for
it to vanish we need to impose Neumann boundary conditions

' (01) = (m—63) =0 (5.34)

from this we get an analytical check of the symmetry arguments based guess of Neumann
boundary condition of the island RT surface on the brane we have made before for the single
brane configuration (62 = 0).
For the embedding y(z) this orthogonality condition translates, through the use of the change
of coordinate (5.29), into z
/

Y ” (5.35)
consistent once again with (5.23).
If instead of empty bulk AdS;4; we consider the AdS;y1 black string, the metric in spherical
coordinates (u, #) reads

1 du? ud=1
2 _ _ 2 =22 92 _1_
ds® = i sin29{ h(u)dt* + hw) + dZ* + u°db }, h(u) =1 e (5.36)

The area functional for the embedding function u(#) results to be

m—02 do ' (6)2
— I !
A o (usin §)d-1 ut h(u)

(5.37)

and the boundary conditions at the branes are still Neumann type as for the empty AdSg1.
While in the Karch-Randall model with non-gravitating bath one requires a Dirichlet boundary
condition on one end of the RT surface, namely we fix yg as the endpoint on the BCFT living
on the conformal boundary of bulk AdS geometry so that yy defines the radiation region R
on the bath, in the case of gravitating bath we cannot define a fixed radiation region and we
must minimize over both the endpoints of the RT surface on the branes, in particular we let the
boundary of radiation region OR adjust in order to minimize the entropy. This translates into
Neumann boundary conditions on both RT surface’s endpoints as we have seen.

Taking into account what we have just stated, let’s notice that the only island-free RT surface,
i.e. the only surface that does not turn around, is the trivial and Hartman-Maldacena like
surface y' = 0, but this surface can never be orthogonal to the bath brane if 5 # 0. Therefore,
we have a unique always dominating RT surface whose area doesn’t grow in time, leading to a
flat entropy curve.

Specifically, if one allows the end points of the minimal surface on both ETW branes to be
chosen dynamically, at zero temperature (empty AdS;y1) the radiation region R on the bath
would reduce to a point and the entanglement entropy would be zero, while at finite temperature
(AdS441 black string) the minimal surface would settle on the black string horizon. In neither
case we get a Page curve.
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Left /Right Entanglement Entropy

Although the conventional geometric entanglement entropy of radiation does not lead to a Page
curve in the Karch-Randall model with gravitating bath at both zero and finite temperature,
the time-dependence can be found in some other form of entanglement entropy for finite tem-
perature setups. The crucial point is that the defect is non-gravitating, thus we should split its
degrees of freedom into a ”left” and ”right” part and call the entanglement entropy between
these two parts the left /right entanglement entropy.

In computing the left /right entanglement entropy, we must consider potential RT surfaces that
start from the defect where the two branes meet. There are once again two classes of candi-
date minimal surfaces: the Hartman-Maldacena surface connecting the defect to its thermofield
double and the island surface connecting the defect to either brane. The quantum entangling
surface is chosen as usual picking the minimal area one between the two candidate surfaces.
In this way, choosing to anchor the minimal surface at the remaining point of the conformal
boundary of AdSgi1, i.e. at the defect, it would emerge a Page curve as shown in [14] and the
resulting entanglement entropy can be interpreted as the one between the left and right defect
degrees of freedom.

Figure 5.8: Quantum extremal surfaces contributing to left/right entanglement entropy in Karch-
Randall models with a gravitating bath. Both kind of quantum extremal surfaces starts from the defect
and ends either on one of the two ETW branes or on the horizon [14]

Then the authors of [14] numerically determined the island surfaces, namely the RT surfaces

starting on the defect and ending on one brane with Neumann boundary conditions (5.34) and
they found a peculiar behaviour: surfaces, imposed to end orthogonally on either of the two
brane and to start from the defect, exist only for branes below a special value for the angle,
called the critical angle .. This critical angle depends only on the dimension of the space and
the anchor point of the RT surface on the brane results to be a monotonically decreasing func-
tion of the brane angle vanishing (i.e. dropping into the defect itself) at the critical angle 0.
Above the critical angle 6 > 6., it was found that the left /right entanglement entropy is domi-
nated by the so called tiny island surfaces, infinitesimal surfaces obtained as asymptotic limits
near the defect, whose area difference with the Hartman-Maldacena surface is —oo, and which
are subdominant when the brane is below the critical angle 6.
Finally, they found that for much smaller angles than the critical one, the island surface has
a larger area than ¢ = 0 Hartman-Maldacena surface. This implies as usual that the initial
entangling surface is the Hartman-Maldacena one, whose area growth reflects the initial area
growth of the entanglement entropy which saturates once the island surface becomes the dom-
inant one. However it was found that at an angle, called Page angle 8p, which results to be a
bit smaller than the critical one, and in the range of angles 6 € (0p,0.), the island surface is
already dominating at ¢ = 0 thus leading to a trivial entropy curve.



Chapter 6

Exact half-BPS Type IIB interface
solutions

D’Hoker, Estes and Gutperle, in a pair of articles [20],[21], have constructed all type IIB
supergravity solutions with 16 supersymmetries, thus half-BPS solutions, on AdS; x S? x §% x ¥
space-time geometry with SO(2, 3) x.SO(3)x.SO(3) symmetry in terms of two harmonic functions
on a Riemann surface Y. These solutions are holographically duals to conformal interface theories
with 16 conformal supersymmetries. Indeed the addition of a planar interface to 4-dimensional
N = 4 super Yang-Mills theory reduces the conformal symmetry group SO(2,4) to SO(2,3),
which is precisely the isometry group of AdSy, and the 32 superconformal symmetries may
be reduced to either 0, 4, 8 or 16 with maximal internal symmetry groups SO(6), SU(3),
SU(2) x U(1) and SO(3) x SO(3) respectively [51].

These geometries are of very interest for our work since the Karch-Randall models are boundary
conformal field theories BCFTy, in the case in which the black hole is coupled to a non-gravitating
bath, and defect conformal field theories, in the case of gravitating bath. Thus the uplifts in a
10-dimensional string theory background of these defect /interface conformal field theories will be
some of this class of geometries corresponding to a suitable choice of the two harmonic functions
on .

As stressed several times, the bosonic fields of type IIB supergravity are the metric g,,, the
axion-dilaton field 7, the complex 2-form B§ = By + ¢Cy and the real R-R 4-form Cj.

In order to obtain field equations in a simpler form, let us introduce the following composite
fields

B 1+ 2:7‘
1—r
f=0-1B"
P = f%dB
Q = f*Im(BdDB)
G = f(F5 — BFy)
Fﬁ%@+g%A@—%A@)
where F§ = dBS and the field strength Fy is required to be self-dual as usual
Fy = «F} (6.2)

In terms of this set of composite fields, the Bianchi identities are given by

dP —2iQAP =0
dQ+iPANP =0
dG—iQANG+PAG=0 (6.3)

dF5—%G/\G=O

42



43

while the field equations are given by
1
VIP, —2iQ"P, + ﬂGprW’) =0

_ 1 =
vaMup - iQpGuup - PpGuup + éi(FS)uupaAGpUA =0 (6-4)
1
96

The fermionic fields are the dilatino A and the gravitino v, both of which are complex Weyl
spinors with opposite chirality. The supersymmetry variations of the fermions are

L s 1 _ . 1
Ry, — P,P, — P,P, — —(F2),, — (GG + G Grpo) + @ng”‘”\GpoA =0

SA=i(T - P)Cle* — 214@ Qe

; 1 (6.5)
— (T F5)[e — —(T,(T - 2(T - GYIH)Cter
1920( 5)Lue 96( p(-G)+2(I-G)IH)C e
where C is the charge conjugation matrix of the Clifford algebra, which is such that CC* = I and
CI'#C~1 = (T*)*. The BPS equations are obtained by setting 6\ = d1p, = 0.
The ansatz of type IIB supergravity solution with SO(2,3) x SO(3) x SO(3) symmetry for the
metric is

0y = Dye +

ds* = fids%s, + ffds?gf + f%dsgg + 4p%dzz (6.6)

where f1, fo, fi are functions on X. The factor SO(2, 3) requires the geometry to contain AdSy,
whereas for the symmetry factor SO(3) x SO(3) we could have chosen either S? x S? or S3.
But we have to take into account that the Yang-Mills theory with planar interface and maximal
supersymmetry has SO(3) x SO(3) R-symmetry and this reduced R-symmetry split the scalar
multiplet into two triplets ¢’ with ¢ = 1,3,5 and 45] with j = 2,4, 6, which transform as (3,1)
and (1,3) respectively. This implies that the natural choice is S? x S2, while the two remaining
dimensions remain undetermined by the symmetries and the most general space must carry an
orientation and a Riemann metric as well, namely it must be a Riemann surface.

Solutions of the form given by the ansatz (6.6) preserving 16 supersymmetries correspond to
supergravity fields for which the BPS equations d\ = 61, = 0 have 16 independent solutions .
By using the ansatz and symmetry arguments, BPS equations reduce to a integrable system of
first order differential equations for two real scalar fields, the dilaton ¢ and the X-metric factor p,
as well as two arbitrary holomorphic functions on Y. If Bianchi identities and field equations are
reduced to AdSy x S? x 8% x ¥ ansatz, they automatically hold whenever ¢ and p are solutions
to the BPS system of first order equations. By a change of coordinates this integrable system
of first order differential equations can be mapped onto a set of linear equations, which is then
solved in terms of two holomorphic functions A and B, or equivalently, two harmonic functions
h1 and hs.

In writing down the solutions, it is convenient to introduce the dual harmonic functions

hi = —i(A— A) — W =A+A

_ _ 6.7
hy =B+ B — hY =i(B - B) 6.7)

which will be defined up to additive real constants, and the following combinations of hy, ho
and of their first derivatives (here 0 = 0/0z, 0 = 0/0%) :
W = 8h15h2 + 5h18h2 = aé(hlhz)
Ni = 2h1hg|Ohi)? — W3W (6.8)
Ny = 2h1ho|Ohs|? — h3W
The dilaton solution! is given by

N
el = 2

=¥ (6.9)

in this case we use ¢ = ®/2 for the dilaton
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while metric factors, in the case in which W < 0, explicitly read

NlNQ N1N2W2
8 — 16 ==
. we ' hih (6.10)
ff = 16}151; f2 = 16h;
N} N3

Type IIB supergravity is invariant under the strong-weak duality, under which we have the
following transformation rules

h1 < ha, ¢ —0 (6.11)

Moreover, let’s underline the following combinations of metric factors, which will result to be

much useful later on ) 22
Jifi = 4e ¢h1

f2fi =4e M3 (6.12)
o IR = AW
The complex 3-form field strength F{ = H3 + iF3 decomposes into the real NS-NS form H3
and the real R-R form F3, which in conformal coordinates z on ¥ take the form

H3 = w® A dby F3 = w® A dby (6.13)

where w* and w®" are the volume forms of unit-radius spheres $? and S%, and

by = 2ihy hth(ahla?\f —OmOha) | opp
haha (O hy — o (614
by — 2, 1120 ]\?_ ! 2>—2h{’
2

The first contributions to by and by are well-defined single-valued functions on ¥, since both
hy1 and hg are single-valued, as well as their derivatives, but the dual harmonics hfg are not
single-valued in general. As a consequence, if we consider a 3-cycle M3 decomposed as M3 =
Cy x (S3)"MUCy x (S2)"2, with (1,2 two closed curves in ¥ and n; and ns the integers representing
the number of times Mj wraps the spheres S7 and S3, the flux through the 3-cycle is given by

f F§ = 8y 7{ dhy — 8mnai ?{ dhy (6.15)
M3 Cq C

where the two contour integrals can be solved by applying the residue theorem.
Finally the 5-form reads

Fy = —4ff0"B A F + 42 20" AWET A (30 F) (6.16)

where w?!?3 is the volume form of the unit-radius AdSy, F is a 1-form on ¥ with the property
that ff}" is closed and o denotes Poincaré duality with respect to the ¥ metric. The explicit
expression for F is given by

_ hih
frF = djy with  j1 =3C+3C — 3D +i ;VQ

(Oh10hy — Oh10hs) (6.17)

where C and D are defined respectively as C = A9B — BOA and D = AB + AB.
Once again, in evaluating closed contour integral of dj;, the last term does not contribute being
single-valued

7{ djy = 374 d(C+C —D) (6.18)
C C

The above expressions give the local form of the general solution for the ansatz (6.6).
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Global regularity and topology constraints

Although any pair of harmonic functions gives a local solution of the supergravity field equations,
global consistency requires regularity and topology conditions[20].

First of all, the dilaton and the metric functions must be non-singular in the interior of ¥ and
on the boundary 9%, except possibly at isolated points on the latter. For example, as we are
going to see, an asymptotic AdSs x S° region, which may be appear in the limit Re(z) — oo, is
an example of isolated point in 9% where fy diverges, as well as singularities of probe D5 and/or
NS5 branes, for which the metric factors fi, fo and fy diverges.

Excluding the isolated points on 9%, the remaining part of the boundary consists of open
segments and we require they correspond to regular interior points, which can be achieved by
demanding that throughout each such segment one of the two S2, but not both, shrink to zero
size, implying that the product f;f must vanish along 0% except on the isolated points.
Exploiting this fact, the third combination of metric factors (6.12) and the non-singularity of p?
on 0%, it follows the vanishing of W on 0%. Furthermore, by requiring that 0% has only a single
connected component, it follows that fifo and W cannot vanish in the interior of ¥, except at
isolated points, and by continuity their sign must remain constant throughout the interior of X.
A final constraint is that the AdSy-radius f; cannot vanish, since its vanishing would imply the
vanishing of both the metric factors f; and fo originating an unphysical singularity in the type
IIB geometry. Combining the non-vanishing of f; and the fact that ¢ is non-singular (except
possibly on isolated points) with (6.12), we get that f; = 0 if and only if h; = 0 and the same
conclusion for fy and he. In particular if on an open segment of 0¥ f; = h; = 0, namely
h, satisfies a vanishing Dirichlet boundary condition, it can be proved that he must obey a
Neumann boundary condition on the same segment and vice versa, so

hl == 8nh2 =0 on 82+ h2 == 6nh1 =0 on 827 (619)
where 0,, denotes the derivative normal to the boundary 03, while 0%, and 0% form a partition
of 0¥ and they are such that their closures intersect at isolated point.

In the explicit examples of solutions we are going to investigate, we assume that the Riemann
surface is given by the infinite strip

E:{z:x—i—iyeZ‘OSygg} (6.20)

Global AdS; x S° solution

The simplest solution is the global AdSs x S® which is obtained by the following choice of the
pair of harmonic functions Ay /o

h1 = —iasinh z + c.c. and hg = &cosh z + c.c. (6.21)

and they gives using (6.10)

pt = |ad] ffz4p2cosh2<z+z>
z2—Z zZ—Z (6.22)
f12:4"25m2< 2% > f22:4p2cosz< 2% )
writing z = & + iy one recognizes immediately the AdSs x S° metric
ds® = L*[dz® + cosh®(z)ds%yg, + dy* + sin® (y)ds?q% + cos? (y)ds%%] (6.23)

with radius L* = 16|ad| and constant dilaton e?? = |a/al.
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Supersymmetric Janus solution

A one-parameter deformation of AdSs x S® solution, whose original non-supersymmetric version
was found in [52], is given by the supersymmetric Janus configuration given by the real harmonic
functions

) )
hi1 = —iasinh <z — 7(;5) + c.c. and ho = & cosh (z + 7¢> + c.c. (6.24)

where d¢ is a real parameter, which corresponds to the difference of the values that the dilaton
assumes in the two asymptotic regions, as we are going to show now.
In the asymptotic regions # — Zo0o the Janus geometry approaches an AdSs x S° one. In

particular, for the case © — —oo, by defining ¢ = e* and by expanding around g = 0 one can

find 0] )
adk
fi=

N ——— 4 a2 |ad h

(6.25)
f12 ~ 4p?sin®y f22 ~ 4p? cos®y
so the asymptotic metric takes the typical form of an AdSs x S° metric with radius and dilaton

LY = 16|ad]cosh (5¢) e20- — |2
«

e~ (6.26)

A similar result can be found in the limit  — +o00, where the radius of the AdSs x S° region
is the same and the dilaton is the same up a flip in the sign

o’

L2, = 16|ad] cosh (5¢) e+ = | Z|eto? (6.27)

(07

Thus it results clear that the dilaton difference ¢4 — ¢_ corresponds to the parameter §¢ as
anticipated at the beginning.

After having studied the asymptotic limits of the solution, we want to check its regularity.
The harmonic functions, after some simplification, take the form

0
h1 = 2a.cosh (ac — ;) siny

56 (6.28)
ho = 2& cosh (:p + ?> cosy

and we obtain that
W = —adé cosh d¢ sin 2y

Ny = 2a%acosy D(z,y) (6.29)
Ny = 2aé%siny N(z,y)

where the functions N and D are given by

N(z,y) = cosh (m — 5;) + cosh (396 + %) +2 [cosh (m + MTQS) + cos 2y sinh <a: + %b) sinh 5(4
D(z,y) = [cos 2y + cosh (23: — 5)] cosh (m + 5;) + 2 cosh (37 — 6;) cosh 66 sin y>

Thus the dilaton will be given by

Ao

(d)Q cosh (2 4+ %) Nz, y) (6.30)

1
2N/ cosh (x—%) D(z,y)

The absence of singularities is ensured by the fact that both N(z,y) and D(z,y) are free of
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Figure 6.1: Three dimensional plot of the dilaton e*? (left) and of the metric factor f? (right) for the
supersymmetric Janus solution as a function of z and y, for d¢ =1

zeros being strictly positive over their entire domain.

Then we can find that the the S?-metric factors fi o are never singular as a result of the posi-
tivity of N(x,y) and D(z,y) as well (the same holds for the AdS; metric factor fs and for the
¥ metric factor p) and they goes like f; ~ siny and fa ~ cosy, thus they shrink to zero size
only on the boundaries of ¥, i.e. at y = 0 and y = 7/2, and in particular they don’t vanish
simultaneously on 03, consistently with regularity constraints.

Figure 6.2: Three dimensional plot of the metric factors fZ (left) and f2 (right) for the supersymmetric
Janus solution as a function of x and y, for d¢ =1

The holographic interpretation of the Janus solution is an interface conformal field theory: the
dual 4-dimensional field theory lives on two 4-dimensional half spaces glued together through a
three-dimensional interface. Let’s see this in more detail.

The boundary of the bulk geometry corresponds to the limit x — +o00 at which the AdSy metric
blows up as can be seen from (6.25). However there is an additional component of the boundary
of the bulk geometry; indeed, employing the Poincaré patch metric for AdSy

1
dsid&l = 2—2(—dt2 + dw% + dw% + dzz) (6.31)

we don’t have to forget the boundary component at z — 0. The 10-dimensional asymptotic
metric, in the limit + — +oo and z — 0, recalling the asymptotic behaviour of the metric
factors (6.25), is given by

dw? + dw3 — dt? + dz*

2
ds 4 coshd¢

1
2,2 <22d,u2 + + 2242 (dy? + sin? yds?g% + cos? yds%)) + 012
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where p = e so that the limit  — 400 corresponds to the limit p — 0.

Thus the boundary is made of three components, two asymptotic 4-dimensional half spaces
which are glued together at a 3-dimensional interface at z — 0. Two 4-dimensional SYM theory
live in the two halves, with different values of the coupling constant gy ps: recall that, according
to the AdS/CFT correspondence, the coupling constant of the 4-dimensional N = 4 SYM is
identified with the asymptotic value of the dilaton, in particular in this case we get

2
z — oo M _ ou (6.32)
27

Janus solutions doped with 5-branes

Now let us consider the solution corresponding to the following choice of real harmonic functions

hy = [_z’a sinh(z — ) —v1In (tanh(%r - ZA; 6)” tec (6.33)

hy = [éz cosh(z . B) . @m(tanh(zT_é))] +ec.

where the parameters (o, 3,7,0) and (o},B,’y, 3) are all real and oy, &% must be non-negative
in order for the solution to be regular inside X. Indeed, if ary or &% were negative, the solution
would exhibit curvature singularities supported on a 1-dimensional curve in the interior of X
[20].

This solution describes the near-horizon geometry of stacks of intersecting D3-branes, NS5-
branes and D5-branes and preserves the same super-Poincaré and R-symmetries as the brane
constructions of linear quiver gauge theories discussed in Appendix B.

Notice that, setting v = 4 = 0, we recover the Janus geometry (6.24), and setting furthermore
B = 3 = 0 the solution reduces to the global AdSs x S7 (6.21).

The background geometry defined by the harmonic functions (6.33) approaches asymptotically
two AdSs x S° regions at x — 400, with the values of the radius and the dilaton given by

Li, =16laFa* +_ 5+ 26+ _ ﬁ +(BE—p%)
5+ = 16|a™a~ | cosh( = — and e’ =|—xle (6.34)

4 4 +1/2
o = a1+ =T e£(6-8) and Pt = ef <1 + lei(‘sfﬁ» (6.35)
o o

with similar expressions holding for &=, Bi.

The other important feature of this solution is the presence of singularities on the boundary of
the strip at z = § +in/2 and z = 5, which describe the presence of stacks of respectively D5
and NS5 branes.

One way to see that a stack of NS5 branes is located at z = § is to zoom in on the singular
region near z = ) by choosing the coordinate z = re'¥ + § and expanding in small r. This gives
at leading order

where

h=2—" rsiny h = —2&1n(f> (6.36)

cosh (0 — 9) 2

For the dilaton we obtain at leading order

edd ('AVCOSh (0 — 5)>2 ‘hl(%) ‘ (6.37)
Y
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which diverges as 7 — 0. The metric factors at leading order read

4

fi=ti=1 cosh?Z— 3) ﬁ‘ln(%)

_
pPr=Vr—s

3 ln(g) i (6.38)

r2
fi =4/ ——7si’’¢

\ln( )

Thus in the vicinity of 7 = 0, we find the metric of the warped space (AdSy x S3) X, S?

A% = 3(0)[dshas, + sty + 42 020r) [0 + sin? sy + —5ar? (6:39)

Together with the behaviour of the dilaton, this suggests a supergravity solution corresponding
to the NS5 brane geometry (3.55), whose world-volume consists of AdSy x S? at z = 4. The
presence of a D5-brane stack at z = § 4+ iw/2 can be showed analogously or more directly by
carring out a S-duality transformation which exchanges the two harmonic functions and flips
the sign of the dilaton, and transforming the complex coordinate z — im/2 — z.

Another way to show that the singularity z = ) signals the presence of NS5 brane source
consists in identifying first of all a non-contractile 3-circle that can support the NS-NS 3-form
Hj flux. This 3-cycle is given by the fibration of the sphere S7 over an open curve Z in ¥, which
starts and ends on the lower boundary of the infinite strip enclosing the the point z = §; since
the sphere S? shrinks to zero in the lower boundary, this 3-cycle is topologically a 3-sphere.
Through this cycle there is no RR 3-form flux since the RR 3-form Fj is proportional to the
volume of the sphere S2 (6.13). Thus the flux of the NS-NS 3-form Hj through CJ = S? x T or
equivalently the NS5 charge reads

Q(IsVS5 = /CS H3 = /Idbl /S2 w45 = 47r/zdb1 = 47Tb1|31' (640)
3 1

exploiting the fact that h; vanishes on the real z-axis and recalling the expressions of b; (6.14)
and h¥ (6.7), we get

A~

)]+ e

in total accordance to (6.15) with ny = 1. It results that the 5-brane charge contribution is
completely due to the imaginary part of the logarithmic function, which in turn depends on
the choice of the branch cut. The most natural choice is to put the logarithmic cut outside
the infinite strip ¥; with this choice h? has a discontinuity of 277 at the singularity on the
upper boundary of the strip and h2D has a discontinuity of —27% at the singularity on the lower
boundary.

Finally we can write

Q%gs = 8ThD oz with [ [m cosh (z - B) — 4 (tanh(

Qg5 = 1675 (6.41)
and repeating an analogue reasoning for the singularity z = § + im/2, we find a non-vanishing
flux of the R-R 3-form Fj3 through C§+m/2 = 52 x T, where now Z starts and ends on the upper
boundary of the infinite strip enclosing the the point z = § + im/2, and the D5 charge results to
be Siin)

+im/2
e T = 16wy (6.42)
These charges are local, gauge invariant and conserved. They can be expressed in terms
of the number 5-branes exploiting the fact that they are quantized in units of 2k?T5, where
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2k? = (27)7(a’)* is the gravitational coupling constant, and Ty is the tension of a D5-brane,
which can be derived from (3.38). The tension of a NS5-brane is equal to the one of a D5-brane
up to a factor 1/gs (3.56), but since we have kept the dilaton arbitrary so far, we can set it so
that gs = 1 and the tension of NS5-branes and D5-branes is thus the same. Then we get

Qs = —167°9 = —4m”a’ Ny g5 (6.43)
OEIm/2 — 16m2y = dn2a/ NOET/?

The D3-brane charge is more subtle to deal with. Indeed, from the second equation of (2.32),
taking the differential we obtain

dEs = xjp3 = dF5 — H3 A\ F3 (6.44)

and taking the differential once again, taking into account that dH3 = xjyg5 and dF3 = *xjps,
we get

d(*ng) = _(*jNS5) N F3+ Hz A\ (*jDS) (6.45)
then the D3-source current is not conserved, implying the associated charge is neither conserved
nor local.
However, it’s possible to obtain a charge that turns out to be local, conserved and quantized at
cost of gauge invariance, by defining

¥j 139 = xjps + (¥jnss) A Ca — By A (xjps) (6.46)

whose associated charge will be called the Page charge.

In fact, previously the non-conservation of the charge was due to the fact that the field strength
Fy satisfies an anomalous Bianchi identity, whereas the Page charge definition amounts to rede-
fine the R-R 5-form field strength as

F5—>Fé:F5+CQ/\H3

), (6.47)
Fs = Fy =F5 — Ba A\ F3

which ensures the non-anomalous Bianchi identity, thus the conservation of the current, but now
the resulting 5-form field strength associated to jggge is no longer gauge invariant.
Which of the two choices (6.47) is the suitable one depends on the case under consideration, in
particular it depends on which of the two form, By or Cs, can be defined globally on the 5-cycle
over which one wishes to integrate. ) A
For example, if we consider the 5-cycle Cg = 52 x Cg , we know that the integral of F3 = d(C5 on
C§ vanishes as said before, thus Cy can be defined globally on C2 and the D3-brane Page charge
(in the follow whenever we talk about D3-brane charge, we will implicitly refer to the Page one)
will be

Q(SDS = /cé Fs+Cy NHs = 47rb2‘z:5Q(]SVSB (6.48)

5

similarly By can be defined globally on Cg“”/ 2 _ S2 C§+iﬂ'/2

reads

and the D3-brane Page charge

e/ = /c 5= By AFy = —Ambi|os i pQp (6.49)
5

The integrals have been computed assuming to take the cycles to lie very close to the 5-brane
singularities, so that the gauge potentials are constant, implying in particular the vanishing of
F5 on the integration cycles, and taking into account that the integrals over the 3-form fluxes
coincide with the 5-brane charges as computed before (6.41),(6.42).
Computing b; and bs with the choice of harmonic functions (6.33) and choosing the ”canonical
gauge” ¢ = f =0, we get

Q‘SDEMQ =283 (dfy sinh (6 — 3) — 2v4 arctan (6876)>
: ) A (6.50)
Qs = 2873 <o@ sinh (6 — B) + 24~ arctan (6’5—6))
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Closing the AdSs x S° asymptotic regions

As already pointed out, the limit # — 400 corresponds to AdSs x S° regions with radii (6.34).
An interesting fact emerges in the limit @« = & = 0, in which the radii vanish and the asymptotic
AdSs x S° are smoothly capped off and get replaced by regions homeomorphic to AdSy x Bg,
where Bg is the 6-dimensional ball.

To prove this, let’s consider the harmonic functions (6.33) with o =& =0

hy = —v ln(tanh(% — Z; 5))} + c.c. 651)

hy = —ﬁ/ln(tanh(ZT_é))] +c.c.

introducing now the coordinate

r? =2(e? + 625)552’: (6.52)

and proceeding in computing the metric factors in an expansion around r = 0, one can get in
the limit x — +o0:

ds® ~ L2 [dsid&1 + dr? 4 r*(sin? (y)ds?g% + cos? (y)ds?gg + dy?)] (6.53)
with 164
7 — (6.54)
cosh (§ —0)

This metric locally describes an AdSs x RS geometry, thus in this case the asymptotic limits
correspond to regular interior regions of the solution.

Thus the metric corresponding to the choice of harmonic functions (6.51) describes a warped
product AdSy X, Mg, where Mg is a compact 6-dimensional manifold, with singularities at the
location of the 5-branes. In particular, notice that the AdS, radius is proportional to (v4)'/4,
so the presence of both D5 and NS5 branes is required for the regular solution.

Another interesting fact to underline is that, since the asymptotic AdSs x S® have been smoothly
closed, there are no semi-infinite D3-branes or D3-branes stretched between the two asymptotic
regions as were present in the 5-branes doped Janus solution, and ,being present only one stack
of D5-branes and one of NS5-branes, we get that the net number of D3-branes ending on the
NS5-brane stack is equal to the net number of D3-branes ending on the D5-brane stack. This
can be checked through (6.50) by setting & = & = 0 and recalling (6.43), from which we get

Stim/2 $ o+im/2 8 2 -6
NDB“T/ :_ND3:—ND5”/ NNSE);arctan(e ) (6.55)

The background described above is an example of a gravity dual of the N' = 4 SCFTs labeled
by the pair of partitions (p, p). The simplest possible partitions in this example are

p=p: N=1+1+4+..4+1 (6.56)
corresponding to having the same number of each kind of brane, which can be obtained in the
special case v = 4 and § — § = Intan 5.

Solution for non-gravitating baths

The Karch-Randall models describe an AdS black hole coupled to an external thermal bath that
can be either gravitating or non-gravitating as we have already seen in the last chapter. They
admit three different descriptions and in one of them they can be seen as boundary conformal
field theories (BCFTs) or as 3-dimensional defect conformal field theories, depending on which
the bath is non-gravitating or gravitating respectively.

The uplifts of these models on the type IIB supergravity background studied so far can be
carried out by choosing suitable representative solutions dual to BCFTs and 3d SCFTs.
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The solution for non-gravitating baths can be obtained with the following choice of the harmonic
functions

! ! .
hy = —i%K@Z _ %N5 In [tanh (% _ f)} Tec.

2
/ /
ho = %K@z - %Ng, In [tanh <§>} + c.c.

(6.57)

In this case, the limit + — —oo leads to a regular point in the internal space, whereas an
AdSs x S® geometry emerges in the limit # — +oo, and from this follows that the solution is
dual to N' =4 SYM on a half space coupled to a 3d T' [f)) [SU(N)] theory on the boundary. Setting

r = e~2% and expanding around r = 0, it is possible to find at leading order

2. 3( 1 )2 ?
4 afm(KK)® 1 4 T .
(6.58)
f12 ~ 4p%sin®y f22 ~ 4p? cos? y
and the value of the radius of AdSs and S° and dilaton are given by
5 K
L} = 41a”*(K + K)Ns e = = (6.59)

Notice in particular that we have a vanishing dilaton variation in the AdSs throat if K = K.
As the Janus solution doped with 5-branes, there is a stack of D5-branes at z = iw/2 and a stack
of NS5-branes at z = 0, which can be verified through a flux calculation perfectly identical to
the doped Janus since it only depends on the logarithmic terms of the harmonic functions that
result to be the same in the two cases. In particular, from (6.43), it results that the parameter
N5 corresponds effectively to the number of 5-branes in each stack.

The D3-branes flux computations give in this case

Q7 — t6rta?[ 5 4 Nk
p3 = —10m | ==+ N5

i N2 R .
11)3{2 = —167ta" [75 + N5K] (6.60)
Qi = 473 L} = 167" a*(K + K)Nj
where we exploit the results (6.48) and (6.49) taking into account that
I - L,
b1(0,y) = Jma (N5 + 2K siny) and b2(0,y) = ST (N5 + 2K cosy) (6.61)
while the semi-infinite D3-branes’ charge as been calculated recalling that
SEmITO0 — /S B = 4Vol(S®) = 43 L3 (6.62)
finally, remembering the D3-brane charge is measured in units of 2k*Tp3 = 1674’2, we get that

the brane configuration consists of (K + K )N5 semi-infinite D3-branes ending on the system of
N5 D5-branes and Ny NS5-branes, N5 K D3-branes ending on the D5-branes, N5 K D3-branes
ending on the NS5-branes and Ng /2 D3-branes suspended between the D5- and NS5-branes.
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Figure 6.3: Brane configuration for the representative non-gravitating bath solution with K = K [22]

As we are going to show next, an important feature in this solution is the presence of a
lowest-lying massive graviton as a consequence of the non-compactness of the internal manifold.
A crucial parameter both for graviton’s mass and for the contribution of quantum island surfaces
to radiation’s entanglement entropy at zero temperature will be

o=—— 6.63

i (6.63)
which is, for K = K or equivalently for ¢ = 0, the ratio of number of suspended D3-branes
between 5-branes and the number of semi-infinite D3-branes; thus it quantifies the number of
"boundary” over "bulk” degrees of freedom. In the case of non-vanishing dilaton variation the
corresponding quantity is

Ng
KK

o=

(6.64)

which can expressed as (6.63) for generic §¢ through the redefinitions K — Ke'® and K —
Ke %,

Solution for gravitating baths

The representative solution for gravitating baths, holographic dual of a 3d T pf) [SU(N)] SCFT,
corresponds the following choice of the harmonic functions

=% N (tann (7 Z20)) n(tann (7 - 220))] 4 e

hoy = _(1'1\275 [ln(tanh<z 5 5)) —|—ln<tanh< ;6))} + c.c.

(6.65)

The resulting geometric can be considered an extension of (6.51) to two stacks of D5-branes
and two stacks of NS5-branes. In particular there are two N5/2 D5-brane groups located at
z = =+06 +im/2 and two N5/2 NS5-brane groups located at z = +4.

In particular, in presence of more than one singularity for each kind of 5-brane, (6.50) with
a = & = 0, since the asymptotic AdSs x S° regions are capped off, can be generalized, in term
of the number of D3-branes, as

q
“ 2 2
Nps = —Nps g N]I(,S5; arctan (e(s”_‘sa)
b=}1 (6.66)
~ R 2 &
Nf)3 = —NJZ(,S5 g Ng5; arctan (65*’_5"“)

a=1
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where we assume D5-brane singularities d1, d2, ..., 04 and NS5-brane singularities 51, 52, . 3,3.

In our case, it results to be present NT”QA suspended D3-branes between both the two stacks of
D5-branes and the two stacks of NS5-branes, with A = % + %arctan €20 and N2 /2 suspended
D3-branes between both the groups of D5-branes and the groups of NS5-branes. Thus the
parameter ¢ determines how the D3-branes terminate on 5-branes, and if § = 0 we return to the
case (6.51) in which the number of D3-branes terminating on each group of 5-branes are equal.

N, N
= D5 =2 D5

N2 Ng N2

N5 A > N5 A

fs NS5 = NSs
Figure 6.4: Brane configuration for the representative gravitating bath solution [22]

Introducing now the coordinate
r? = 4202 (6.67)

and proceeding in computing the harmonic functions in an expansion around r = 0, one can get
in the limit z — —o0

1
Ny =Ny = 5@(1 + e2)AN2 cosysiny r* + O(r°) (6.68)
thus e*® = Ny /N1 = 1 and the same result holds also in the limit £ — +o00, following the
vanishing of the dilaton at infinity. A non-vanishing dilaton can be obtained for example by
changing the number of NS5 branes in each stack to be N5/2, i.e. by changing the parameter
of the harmonic function hs from N5 to N5, obtaining in this way at infinity

N,
20 = 8

- (6.69)



Chapter 7

Massive AdS gravity

Massive gravity have a long story, but the AdS massive gravity is known to be the ”easier
case” with respect to the Minkowski or de Sitter gravity, since the van Dam-Veltman-Zakharov
discontinuity is not present in Anti de Sitter space[53], where the massless graviton limit is
smooth whenever the square of the graviton mass vanishes faster than the cosmological constant.
However questions remain concerning both the consistency of massive AdS classical theories and
the range of validity if viewed as effective field theories around a given classical background. The
answers of these questions are hoped to be found by embedding massive AdS gravity in a UV-
complete theory like string theory.
In the solutions of type IIB string theory derived by D’Hoker et al and discussed so far, the
lowest-lying spin-2 mode can acquire a tiny mass. To show this, first of all let us rewrite (6.6)
in the following form

ds?* = Li(y)guvda’dz” + gijdy'dy’ (7.1)

where the Greek indices run over {0, 1,2, 3}, g, is the metric of the unit-radius AdS, and Latin
indices labels the remaining coordinates, v, of the internal manifold Mg, which is the warped
product of the two 2-spheres over the Riemann surface as usual.

In [25] it was derived the equation for the spectrum of the spin-2 Kaluza-Klein excitations
around any solution with maximal symmetry in four dimensions. In particular, restricting to our
supergravity solution with background metric (7.1) and to perturbations of the four-dimensional
metric only

ds® = LE(y) (G + hyw)dat'dz” + gijdy'dy’ (7.2)
we can look for factorized solutions of the linearized field equations of the following form
Ty (,y) = B @\ (y|A) (7.3)

where hgf,] solves the Pauli-Fierz equations for a massive spin-2 particle in AdSy

(OP — Mal =0 and Vet = g plt =0 (7.4)
where the four-dimensional Pauli-Fierz mass is related to A as
A+2=m?(y)Li(y) (7.5)

The two equations (7.4) force h%f,] to be transverse and traceless. The linearized Einstein equa-
tions with the above ansatz (7.3) reduce to a single-order equation for the internal-space wave-

function ¥ (y)
-2

M2y = —F (0,14 /5070, = (A +2)u (7.6)
V9
An interesting fact is that the mass operator M? only depends on the background metric, and
on no other fields: this is consequence of the fact that all other background fields enter the
linearized equations for spin-2 modes via the total energy-momentum tensor, which can be re-
expressed in terms of the background curvature.

95
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The eigenmode equation must be supplemented with a space of admissable ¢ (y), which in turn
requires the introduction of a norm. With canonically-normalized fields in 10 dimensions, the
Kaluza-Klein reduction of the inner product reads

(Wrlia) = /M N (7.7)

We conclude therefore that the normalizable excitations are those for which their norm is finite.
One immediate corollary is that the mass eigenvalue m? is non-negative, and this follows from

m? o (BIM2[) = — / dy* (LA /Gg"0;) = / Sy /GLYOVE > 0 (78)

with the mild assumption that, upon integrating by parts, one picks no contributions either
from singularities or from asymptotic regions.

Another simple consequence, with the same mild assumption as above, is that from (7.8) a
massless graviton must necessarily have 1(y) =constant. Thus, from normalizability condition,
it follows that

the existence of a massless graviton = / dSy\/gL3 < oo (7.9)

This condition is automatically satisfied for compact internal manifolds with smooth L3(y).
Thus the AdS, vacuum, where the internal manifold Mg is compact, includes a massless low-
lying graviton and a Kaluza-Klein tower of massive modes. Conversely, the background allowing
for a massive graviton must include non-compact internal manifold and in order to examine
quantitatively how it can acquire a small mass, we consider specifically a compact region in the
vicinity of the 5-brane singularities, called bag, attached in a matching region to a semi-infinite
Janus throat. In particular, as we are going to see, the tiny mass can be obtained if the radius
of the Janus throat Ls is much smaller than the AdS4 radius L4, which is tied to the bag-size
Liqg as a consequence of the scale non-separation problem [54],[55].

However, this can be already understood holographically[26]. If one considers a 3d CFT in its
own, dual to the above AdSy solution, its stress energy tensor is conserved, and as a consequence
it has canonical conformal dimension A = 3, translating, through the AdS/CFT correspondence
holographic dictionary (4.28), in the presence of an AdS, massless graviton

m2L; = A(A —3) (7.10)

Once the 3d CFT is coupled to a 4d N' =4 SYM, corresponding holographically to the attach-
ment of a semi-infinite throat to the bag solution, the three-dimensional stress energy tensor
is no longer conserved since it leaks in the extra bulk dimension, thus its canonical dimension
acquires an anomalous dimension A = 3 4+ £ which corresponds holographically to a correction
to the AdSy graviton mass m7L3 ~ e.

Therefore requiring a tiny graviton mass amounts to require a weak stress energy tensor leakage
in the extra bulk dimension, which in turn amounts to require that the number of boundary
degrees of freedom is much greater than the bulk ones or equivalently, in terms of the dual solu-
tions, that the number of semi-infinite D3-branes is much smaller than the number of D3-branes
suspended between the 5-branes in the bag region.

Figure 7.1: The geometric background of interest allowing a small mass low-lying graviton [23]



o7

We are not interested in solving the entire spectrum problem, but only in finding the smallest
eigenvalue of the mass operator M?

Ao + 2 = min,, [ /M dSy\/gL(g" 0" jw)} with /M dSy\/gL3Y|? =1 (7.11)
[§ 6

If Mg is reduced to the compact Mg by truncating the Janus throat as it has been done in sub-
section 6, the minimum would correspond to the massless graviton with constant wavefunction

-1/2
dyygL3) (7.12)
Mg

Yo(y) = (

and we identify it with 1p,,.

As can be verified starting from the supersymmetric Janus solution, \/§LZ reaches a minimum
value L inside the semi-infinite throat and then diverges as L8 cosh® z at infinity where the 10-
dimensional geometry asymptotes to AdSs x S°. This implies that normalizable wavefunctions
should therefore go to zero inside the semi-infinite throat.

Therefore, at leading order in Ls/Lp.g, the contribution to the norm comes exclusively from
the bag, while the contribution to the graviton mass comes only from the bottom of the throat
where \/§Li is minimal. The matching region contributes to neither and can be shrunk to a point
for our purposes. The minimal eigenvalue problem can be reformulated thus as a variational
problem in the Janus geometry:

Ao+2 =~ mind)[ \/gL?L(gijailb* ﬂb):| with v — {d’bag in the matching region
throat 0 at oo
(7.13)
Taking into account that in the Janus geometry
1 4 -2 4 02 ¢2 20 L5 . 5
Z\/§L4P = Lyfifs = 16hih; = 16 ™ (27)6(2) (7.14)

where we used the metric factors’ combinations (6.12), the expression of the harmonic functions
of the supersymmetric Janus (6.28) and 7 instead of the usual y as imaginary coordinate of the
Riemann surface, and the function G(z) reads

cosh 2z + cosh d¢ 2
= 7.15
G(z) ( cosh d¢ ) ( )
finally knowing that the lightest spin-2 eigenfunction is only function of = [26], we get
3 e tr =
o + 2 = miny, [ng / dxg(:c)(aw)?} with ¢ 4 Vg BT (7.16)
4 Te 0 at r = o0

where we have cutoff the integral at some large negative value x. at the boundary of matching
region, since ¥ would have been a non-normalizable mode in the complete Janus geometry.
The solution of the variational problem , defining a = cosh §¢, gives

373 3 .2
)\0 =+ 2= TLf)wbagJ(a’) (717)

where the Janus correction factor J(a) reads

a? a?
J(a)™! = (a2?il)3/2bg [a +Va? - 1} - (ag—l) (7.18)
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As §¢ goes from 0 to 0o, J(a) decreases monotonically from 1 to 0, thus for AdSs x S5 throats
for which the dilaton is constant J(a) is trivially the identity, whereas in general it has the effect
of reducing the graviton mass. Also the vanishing of the graviton mass at large dilaton variation
can be understood holographically: d¢ is the difference between the value of the dilaton at the
entry of the throat and its value at infinity, with the latter determining the coupling constant
gym of the dual 4d N' = 4 super Yang-Mills theory. If one takes gyas to zero, meaning that
the dilaton variation d¢ is taken to diverge, the bulk CFT decouples from the 3d CFT, dual to
the bag solution, restoring the conservation of the stress energy tensor and sending the graviton
mass to zero. However this limit is singular, since reaching this point in the dilaton moduli
space would bring down an infinite tower of modes which invalidate the effective field theory
itself, beside the fact the supergravity approximation would break eventually down in this limit.
Finally let’s express 1pqq, defined in (7.12), as

Vg = /M oy /GLE = Vo (L2)yay = VoLiag (7.19)
6

where Vg is the volume of the bag, and <Li>bag is the average AdSy squared radius which is of
the same order as the Kaluza-Klein scale, due once again to the scale non-separation problem.
Therefore the contribution to the graviton mass (7.5) reads

m

Il
3

2L27 37T3< L5

8
3 A ) J(cosh d¢) (7.20)

Lbag

at the leading order in the radii ratio.
In the case of the solution for non-gravitating bath (6.57), the radii are given by Lg ~ N5 K and

Lﬁag ~ N2 and the graviton mass thus takes the form

>2J(cosh do) = ELJ(COSh d¢) (7.21)

2
g 4V6 a2

272
mgL4—

- 37r3<K

4Vs \ N5
thus it is proportional to the inverse of microscopic ratio « (6.63). The dependence of the
graviton mass on the ratio @ was expected because of the reasoning we have made before,
namely the stress energy tensor leakage (and subsequently the dual graviton mass) decreases as
the ratio of boundary over bulk degrees of freedom increases.

As we are going to discuss in the last chapter, the ratio « represents the 10d counterpart of
the inverse of the brane angle 6 of 5d Karch-Randall models. Thus, as in Karch-Randall setups
islands are not expected to contribute for 6 < 6.+ at zero temperature, in the 10d string theory
realizations of these models islands are not expected to contribute for o > pr. This means
that graviton mass must be large than a critical value in order for islands’ contribution

1

Qerit

(7.22)

mg > mg,crit ~
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Furthermore, the graviton mass formula (7.20) holds only if Janus throat radius Ls is much
smaller than the bag size Ly,y ~ L4, equivalently only if N5 > K, meaning that the critical
value a..;+ must be sufficiently large to ensure this regime.
Finally let’s make a comment on the breakdown of AdS massive gravity theory in regime of
small graviton masses (my < 1, i.e. K < N5). The effective field theory breaks down at the
scale [56]
1/3 5 ,1/3
A, = % (7.23)
4

in an AdS background with fixed radius Ly, i.e. with fixed number of 5-branes N5. Mp is the
4d Planck mass, which we will set to unit, and it is already clear, as it must be, that m, < A,.
The critical value of the graviton mass can be either outside the regime of EFT validity or inside
it but at an energy scale below or above the graviton mass. In order for the critical mass to be
at an energy scale below the EFT breakdown, it turns out that we must require

Kepig < KV3ND/S « NI/ (7.24)

where we have used the breakdown energy scale formula (7.23), the graviton mass formula (7.20)

and exploited that, due to the no-scale separation problem, < L}l/ 2>b ~ Lllm/ ; ~ Ng .
ag

More stringent is thus the requirement that the graviton mass is above the critical mass value
which yields
Koy < K (7.25)



Chapter 8

Islands and Page curve in type 1IB
string theory

In the following we are going to construct and study the quantum extremal surfaces in the
type 1IB string theory uplifts of the Karch-Randall models. In particular we briefly motivate
how the type IIB solutions corresponding to the choices of harmonic functions (6.57) and (6.65)
represents the 10d uplift of 5d Karch-Randall models with respectively non-gravitating and
gravitating bath. Then we will find the extremality conditions determining the island and
Hartman-Maldacena surfaces, we will describe the numerical relaxation method to solve them
and to construct the extremal surfaces themselves. We proceed to study and analyse these
surfaces, in particular we are going to reproduce the main results of Uhlemann [22] in the case of
vanishing dilaton variation both for the uplifts of non-gravitating and gravitating bath solutions
and the results regarding island surfaces for solutions with non-gravitating bath in presence of
non-vanishing dilaton variation found in [23]. The original work will consist in constructing
the Hartman-Maldacena surfaces for solutions with non-gravitating bath in presence of non-
vanishing dilaton variation and extending the results found by Uhlemann regarding the area
difference between the extremal surfaces at ¢ = 0 for non-vanishing dilaton variation. The
target of extending the results of extremal surfaces for a particular solution with gravitating
bath with non vanishing dilaton variation reveals however trivial results with respect to the
vanishing dilaton variation case.

Construction of quantum extremal surfaces in type IIB string
theory uplifts

Karch-Randall models can be uplift in type IIB string theory background and 4d black holes
coupled to non-gravitating and gravitating baths are realized through 10d black hole solutions
based on the AdSy x S? x §% x ¥ type IIB solutions discussed extensively in section 6.
In particular the type IIB string theory realization of the Karch-Randall model with a non-
gravitating bath, as previously anticipated in 6, can be obtained with the choice of the harmonic
functions hy, he (6.57), which we recall here (setting for simplicity o’ = 1 from now on)

N5 coshz — siny
In (—)

Y
hy = —iTKer — Tsln [tanh (ZE _z e

1 1 2)] +c.c.:gK6msiny—

coshx + siny
T A N5 z T A N5 coshx — cosy

= TR~ Yt franh (2] + e = Tercany — 201y (S22 050y

2Ty Tl R O + g e Yo cosh x 4 cosy

the reason of the uplift is that the asymptotic region AdSs x S at 2 — 400 corresponds to the

AdSs5 part of the 5d Karch-Randall model, whereas the region with the 5-brane sources is the

string theory version of the end-of-the-world brane itself. Moreover, we recall that the dilaton

variation in the asymptotic throat amounts to

e?? = (8.1)

==
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The solution for the Karch-Randall models with gravitating bath can be obtained instead with
the choice of harmonic functions (6.65)

N cosh (x — 0) —siny cosh (x 4+ 0) —siny
C 8 [n<cosh( (5)+siny> n(cosh(a:—i—é)—i—siny)}
N5 cosh (z — J) — cosy cosh (z + 9) — cosy
=_—"1In 1
ha 8 [ (cosh(x (5)—|—cosy> n(cosh(a:—i—é)—i—cosy)}

(8.2)

which, as discussed in 6, describes a 5-branes doped Janus solution in which the asymptotic
AdS5 x S° regions are closed off. The capping off of the asymptotic region at  — 400 cor-
responds to the introduction of the second end-of-the-world brane in the Karch-Randall model
with gravitating bath. The entire 10d solution corresponds to the remaining wedge of AdSs.
To introduce the temperature, we need to replace the AdSy by a finite temperature AdSy
black hole and in doing this replacement we still obtain a solution to the type IIB SUGRA field
equations. The corresponding metric is
ds? = dr® + ¥ (=b(r)dt? + ds3,) b(r) =1 — 3n) (8.3)
tob(n) o '
where r = ry, is the horizon radius, as can be verified by imposing b(r) = 0, and the conformal
boundary is at r — co.
The horizon temperature of an AdS planar black hole can be derived by expanding the associated
Fuclidean metric in the near horizon limit

1
ds® ~ 3¢ (r — rp,)dr? + - —dr’ + ethds]iQ (8.4)

where 7 = —it is the Euclidean imaginary time. Defining R? := 4(r — r,)/3 and neglecting the
angular part of the metric, the near horizon metric takes the form of a Rindler one

2rp
ds? ~ geTR2d7'2 + dR? (8.5)

Finally imposing the periodicity of the Euclidean time 7 ~ 7+ 8 so to avoid conical singularity,
one finds that the horizon temperature is given by
1 3e™

T=-=
I3 47

(8.6)

Notice that the temperature of the AdS planar black hole (8.3) vanishes in the limit r;, — —oo0,
or equivalently if b(r) = 1.
In certain cases, it is useful to use a tortoise radial coordinate

dr = u = gcosh_1 (e%(r_rh)) (8.7)
b(r

d:
Y 3

~—

using this radial coordinate, the exterior region of the black hole is described by u > 0, the
horizon is at u = 0 and the metric becomes

ds? = du® + €*™ cosh?/3 <3?u> [— tanh? (%)dtQ + d8%2:| (8.8)

Islands surfaces

The extremal surfaces are 8-dimensional surfaces in the 10d geometry wrapping both S? and
partially the Riemann surface ¥ and the AdSy black hole geometry. Thus their embeddings can
be described in terms of the AdS, radial coordinate r(z,y) for any given point of ¥ and the
induced metric reads

ds% = e fidshs + ffdsi,% + fgdsgg + 4p%(da® + dy?®) + 6{4) (dzdyr + dydyr)? (8.9)
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where the metric (8.3) has been used for the AdSs black hole geometry.
From the induced metric, the area of the surface in units of the volume of R? x S? x S7 results

to be given by
A =32 / dxdy e* fr/1+ g(Vr)? (8.10)

where we exploited the combination of metric factors (6.12) and defined the functions f(z,y)

and g(x,y) as

1 |hiho
f | 1742 |a g 2b(7“) ‘ W

and V is the covariant derivative with respect to the metric on X.

The extremality condition is found by solving the Euler-Lagrange equation of the integrand £
of the area functional

1 <5£ oL 1

0=2\6 ~ 5(Vr)) T 1+g(Vr)?

(8.11)

1 1+ g(Vr)?
2 — = -V1 (7)} 8.12
V(gVr) + 29V7’ Vin GIE (8.12)
Let’s discuss now the boundary conditions we need to impose to surfaces extending along 3.

The induced metric near the lower component of the strip y = 0, recalling that f; ~ 4y?p?
(6.38), reads

i
b(r)

the contribution (9,7)?dy? may introduce a conical singularity in the (y, S?) part of the induced
metric on the surface. To obtain a smooth metric, we must impose a Neumann boundary
condition of the embedding function r(z,y) on the lower boundary of the strip, and analogously
it can be checked that the same must hold on the upper boundary

ds% ~ * fidsgs + fgdség + 4p%(dz® + dy* + y2ds§%) + (dxdyr + dydyr)? (8.13)

Oy (@,y)ly—o,z = 0 (8.14)

At x — —o0, the background geometry closes off smoothly, whereas for the surface to be smooth
the limit lim,_,_ 7(z,y) should be independent of y. Recalling the asymptotic behaviour of
metric factor at  — —oo (6.54), the induced metric on the minimal surface in this limit becomes

. dv?
ds% ~ 12 [egrdsﬁz + dv? + v? (dy2 + sin? ydséf + cos? yds?gg) + (dx@zr)Qv—Q (8.15)
where in this case we have used as expansion coordinate v = 2e”. The metric in the round bracket
is the line element of S® and a smooth R® with no conical singularity is obtained imposing
lim e “0yr(z,y) =0 (8.16)
T—r—00
which together with (8.14) forms the 10-dimensional analog of the Neumann boundary conditions
imposed at the ETW brane in the 5d Karch-Randall models.
The boundary condition at x — 4o0 is different depending on which we are studying the
solution with a non-gravitating or a gravitating bath. In the former case at £ — +oo there is an
AdS5 x S° region and a Dirichlet boundary condition anchoring the surface is imposed, while
for the latter case the limits © — 400 both lead to regular boundary points and the boundary
condition at x — +o0 is identical as the one at x — —oco with x — —x. Thus in summary
lim r(z,y) =rr(y) =rr for non-gravitating bath
E . (8.17)
lim e™0,r(z,y) =0 for gravitating bath
T—+00
the reason the Dirichlet boundary condition at z — +oo for the non-gravitating bath solution
is independent of y lies on the fact that the form of rz(y) can be determined considering the
global AdS5 x S® solution (6.21) for which |hihe/W| o 2 cosh? z, which is independent of y.
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To solve the partial differential equation (8.12) numerically, we introduce an auxiliary external
time parameter 7 in such a way the embedding is described by a 7-dependent function r(z,y, 7)
and its T-evolution is given by

1

Orr(x,y,7) = BEYCOE

1+9(Vr)” g(w)2>] (8.18)

b(r) f?

For a generic 7 we get a trial surface satisfying the boundary conditions, and by waiting for a
sufficiently long relaxation time 7,4, > 1 in order for the extremality condition to stabilise, the
trial surface will dynamically settle on the minimal area configuration.

To numerically implement the relaxation, first of all we perform the change of variable £ = tanh x
in order to get a finite domain, then this domain is discretized into a rectangular lattice with
equidistant points, the derivatives are discretized using second-order finite differences and the
boundary conditions are implemented such that they are compatible with the second-order
accuracy of the finite differences. In this way, the partial differential equation turns into a set
of coupled algebraic equations and then these equations are then solved with the relaxation
method (8.18), through which they are replaced by a set of first order differential equations.
The resulting extremality condition after the coordinate transformation £ = tanhz can be
obtained by performing the change of variable either directly in the extremality condition (8.12)
or from the beginning in the area functional (8.10); in both cases now the extremality condition
reads

2—-V(gVr) + 1er -Vin
[ 2

1
0= W{2 - [aygayr + (=1 + &%) Degder + g(&jr + (14 E3)(260er + (-1 + 52)28527“))} }
1
39 [ L% _ 2202
1+g(@r)2{ 2[ I Oyr + (=1+¢7) 7 8951“}
+W [(aygayr +(=1+ 52)2859857’> (Vr)? +4g(—1 + 62)20y7"(9§r8§2yr+

3(rn—r) (Y7,)\2
243 3 2\4 292 202 € (Vr)
4g6(—=1 4 €)% (0gr)” + 29(—=1 + £7)"(0er) O + 29(0yr) 6yr} -3 e }
where 7, g, f are now functions of (&,y) and (Vr)2 = (JVr)? = (9,7) + (—1 + £2)2(8¢r)?, with
J the Jacobian of the coordinate transformation.

We typically use a 30 x 30 grid and the residuals have been decreased to O(10712) or less.

Hartman-Maldacena surfaces for non-gravitating bath solutions

For the non-gravitating bath solutions, let’s use the tortoise radial coordinate u and parametrize
the embedding of t = 0 Hartman-Maldacena surfaces using x(u, y) instead of r(x,y), for reasons
of convenience which will be clear in a moment.

These extremal surfaces extends from ur = u(rg), imposed by the Dirichlet boundary condition
(8.17), through the horizon v = 0 into the thermofield double; in particular we are going to
consider surfaces anchor at the same point rz in the thermofield double, thus symmetric with
respect to reflection across u =0 at t = 0.

Exploiting the reflection symmetry, we can restrict to u > 0 and subsequently find the curve
xp(y) along which the extremal surfaces end on the horizon.

The induced metric on the surface results to be

ds? = *™ cosh?/? (%)ﬁds%z + ffdséf + fgdség—i—
+[f7 4 4p*(0yz)?)du® + 4p?[dy? (1 + (Byx)z) + 2(0yx) (0yx)dudy]

(8.19)

and the area in units of 5% x S5 x R? volume is

A= 32/dudy e cosh®/3 (32u>f\/g((1 + (ny)Q) + (Oyz)? (8.20)
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where here the functions f and g are now defined as

[ = |hiho W], 9=75 (8.21)

The extremality condition is given by

B 1 O, f 1 3
0 g(1+ (9y2)%) + (3u=’13)2{ 7 [9(1+ (9y2)) + (Buz)®] + Eaa:g(l + (9yx)?) — 2tanh <§u> Ou
_oyf Ouf 29202z + 29(0yx)*(02x) + 20,9(9yx) (Duz)?

f 9 Ty O 2091 1 (9,2)?) + ()]

B (0yg90yx + 2022)g(1 + (Oyx)?) — 4g@u338ym83y1:}
2[9(1 + (9yx)?) + (Ouz)?]

(8.22)
with boundary conditions

Oy (u, y)|y=0,z =0, lim z(u,y) = +o0 (8.23)

u—u(rg)

the Neumann boundary conditions on the upper and lower boundary of the strip can be found
by analogous arguments to the ones which leads to (8.14) and the Dirichlet boundary condition
is the corresponding of (8.17) in the x(u,y) parametrization.

In the one-sided perspective, as said previously, the surface should end at the horizon and
the symmetry under reflection across u = 0 translates into the following Neumann boundary
condition

O (U, y)u=o = 0 (8.24)

which ensures the vanishing of the boundary terms coming out of the variation of the area
functional.

In this case the domain of the embedding function z(u,y) is already finite, but we perform
the change of variable £ = tanh z anyway since it helps to implement numerically the Dirichlet
boundary conditions at u — u(rg) as

lim &(u,y) =1 (8.25)

u—u(rg)

while the partial derivative equation (8.22) with this change of variable reads

(1=€90f (-1 +€)° + (3,61 ~ )0y
f 29[(-1+¢2)% + ( §)?] +2(9u8)?

-1+¢ 3 Ofy o, Ol
T+ 6+ @, g 2 (34) 8 47 0+ T 0ue + dsual

_ 2
{g[(—1 + £2)2 —1i- (aéyg)Q] + (8,6)2)2 {[(_1 + 52)2 + (8y§)2] (%augaug + %gayfayg - g@%ﬁ)-ﬁ-

H(0u)29(~26 + 267 — 026) — g (— 1+ E)[(—1 + )26 — 26(0,€)%] + 290,60,02, ¢}

0= n

+

as for the island surfaces, we typically use a 30 x 30 grid and the residuals have been decreased
to O(10712) or less.

Analysis of extremal surfaces for vanishing dilaton variation

First of all, let’s construct and analyse extremal surfaces in 10d solutions with non-gravitating
bath and vanishing dilaton variation in the asymptotic throat, i.e. with K = K.

The parameters that control the solution and subsequently the shape of the extremal sur-
faces are the anchor point rg = limg—s; r(£,y) in the asymptotic AdS5 x S° region, the horizon
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radius 7, and N5/K, namely the ratio of the number of suspended D3-branes between the 5-
branes and the number of semi-infinite D3-branes. For simplicity in the following we set r, = 0,
except when we will consider surfaces at zero temperature which are obtained with b(r) =1 or
equivalently r, — —oo.

Examples of island surfaces obtained with fixed & = N5/ K = 2.5 and varying anchor points are

SO ' tanh(x)

Figure 8.1: Island surfaces obtained with o = 2.5, r, = 0 and with the anchor point rg = {0.5;2;3.5}
from top left to bottom

As the anchor point rg is decreased towards the horizon, the entire surface moves towards it.
Then notice that due to the symmetry of D5/NS5 branes in the supergravity solution (8) under
S-duality combined with z — im/2 — z, the Einstein-frame metric is invariant under y — 7/2—y
and, since their boundary conditions respect this symmetry, the same holds for the minimal
surfaces.

In the following we report examples of island surfaces with fixed anchor point rgr = 1.5 and
varying a = N5/ K
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-1.0

Figure 8.2: Island surfaces obtained with rg = 1.5, 7, = 0 and with ratio o« = {0.2;1;2.5} from top left
to bottom

We can notice that as a decreases at fixed rg, the effect of the poles in correspondence of
the 5-brane sources is more pronounced. This is due to the fact that, as we are going to see
later, increasing « the point r;, where the island surfaces close off at © — —oo moves towards
the Poincaré horizon, thus for small a the effect of 5-brane singularities at which the surface
must drop logarithmically into the Poincaré horizon itself [22] is more accentuated.

Some examples of t = 0 Hartman-Maldacena surfaces are displayed below.

L i -05 tanh(x) M, | " 05

tanh(x;
-1.0 )

Figure 8.3: Hartman-Maldacena surfaces with N5/K = 2 and rr = {1,2} from left to right

These surfaces drop into the horizon along a curve &,(y) which is located before the 5-branes
at £ = 0. More precisely, as one gradually increases the anchor point rg, the surfaces reach
smaller values of z and the corresponding curve &, (y) starts to shift towards negative values
in the interior of 3, whereas its boundary points £, (0) and &, (7/2) remain at positive values
without reaching the position of the 5-branes at & = 0.

Once we have solved the PDEs numerically and we have constructed the extremal surfaces, we
can compare the areas of the island and ¢ = 0 Hartman-Maldacena surfaces in order to study the
evolution of the entanglement entropy. Their areas are divergent as any entanglement entropy
in four dimensions, but instead of regulating the two areas separately, we directly compute the
area difference between the two kinds of surfaces, anchored at the same point rg, which turns
out to be finite as usual.

For numerical stability, we take the difference between the areas at the level of the integrands, at
least in the region of large = (in our computations we have performed the integral of the difference
from £ = 0.95). Since the Hartman-Maldacena surfaces have been obtained with a different
parametrization with respect the island surfaces, specifically their embedding is described by
&(r,y), the interpolation function &gps(r,y) obtained from the numerical solution has been
inverted with respect to the first argument and the derivatives of g7 (£, y) can be easily obtained
in terms of the derivatives of {gas(r, y); then ryar (€, y) and its derivatives have been used in the
area functional (8.10). The area difference has been computed as the integral of the difference
between the integrands in the range {(£,y)|§ € [0.95,0.999],y € [0,7/2]}, then this has been
summed up with the island area computed in the range {(£,y)|¢ € [-1,0.95],y € [0,7/2]} and
finally it has been subtracted the Hartman-Maldacena area computed in the range {(£,y)|¢ €



ANALYSIS OF EXTREMAL SURFACES FOR VANISHING DILATON VARIATION 67

[Emin, 0.95],y € [0, 7/2]}, where &, is the minimum of the curve £,(y). The integration of the
three contributions has been carried out numerically as well and the dependence on the choice
of the cut-off &, = 0.999 has been verified to be very mild.

This area difference has been studied as a function of the anchor point rg in the asymptotic
AdS5 x S° region with different choice of the ratio N5/K and the results are shown in the
following.
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Figure 8.4: Area difference AA = A;siand — Ay curves as a function of the anchor point rg, from
bottom to top, for N5/K = {1.2;1.6;2} with K =1

We can see that for each value of &« = N5/K, the area of t = 0 Hartman-Maldacena surface
is smaller than the area of the island surface if the anchor point rg is not too far from the
horizon r, = 0. In these cases, in other words for radiation regions far in the bath system,
the Hartman-Maldacena surface initially dominates over the island surface, contributing to the
entropy of radiation region. The former will increase in time until the island surface will become
the minimal surface, consequently bounding the entropy and leading to a Page curve.

Each curve in fig. 8.4 shows a transition point r%%"* at with the area of the two surfaces are
equal at t = 0, suggesting constant entropies for rg > r%“”s. Moreover, beyond values 77, near

the end point of each curve, the relaxation extends the Hartman-Maldacena trial surface all the
way to & = —1 and a equilibrium configuration is not reached. Since our numerical relaxation
method does not capture extremal surfaces for which the area functional does not take a local
minimum, for these anchor point values the Hartman-Maldacena surface can become a saddle
point implying the relaxation’s transition towards the island surface. Another possibility is that
these surfaces extending over negative £ values also on the boundary of 3 may become relevant
for some reason. The value of r}, starts small for small «, increases with o diverging towards
the critical value gy ~ 4 (it will be clear later why we call it ”critical”) and for larger «
Hartman-Maldacena surfaces can be found without any bound on rg.

Finally another important thing to notice is that the area difference AA = A;gand — Agas is
larger for larger o. In terms of the 5d Karch-Randall models this can be interpreted in the
following point of view: larger N5/K corresponds to a boundary conformal field theory (third
doubly holographic description at the beginning of section 5) with more 3d defect degrees of
freedom than 4d bulk degrees of freedom, which amounts to a larger tension of the ETW brane;
a larger tension implies a smaller angle 6 between the brane and the bulk AdSs conformal
boundary (5.8). Thus we expect the island surface to have larger area with respect to ¢t = 0
Hartman-Maldacena surface for smaller 6, which is reasonable since the ETW brane is further
from the bath.
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Analysis of extremal surfaces for non-vanishing dilaton variation

In the case of non-vanishing dilaton variation in the AdSs x S throat, the parameters that
control the shape of the extremal surfaces are once again the anchor point rg = lim¢—1 7(£,y)
in the asymptotic AdSs x S° region, the horizon radius rj, and the ratio o which now is given

by
2
a= N‘E’A (8.26)
KK

As before, in the following we set r, = 0, except when we will consider surfaces at zero tem-
perature which are obtained with b(r) = 1 or equivalently r, — —oo. The first thing to notice
is that while in the d¢ = 0 case the extremal surfaces are symmetric under y — 5 — y and in
particular the boundary points of the Hartman-Maldacena surface’s horizon curve £, (y), namely
£,(0) and &(m/2), are equal due to the latter symmetry, in the 6¢ # 0 case the y — § —
symmetry is spoiled by the fact that K # K and this implies that the boundary points of the
Hartman-Maldacena surface’s horizon curve are different, in particular from numerical solutions
n(0) < &n(m/2).

Then if we fix @ and the anchor point rg, as 0¢ increases it has been found that the curve &, (y)
moves towards larger positive values as can be observed in the plots below.

B ' tanh(x)
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Figure 8.5: Hartman-Maldacena surfaces with fixed & = 2 and rr = 2.3, and with §¢ = {1.2;2;5} from
top left to bottom

Actually increasing d¢, the entire surface asymptotes £ = 1 and for high enough d¢ we do not
find an extremal Hartman-Maldacena-like surface. The reason is that tuning §¢ to high values,
we get in a regime of small graviton masses (7.20) and the background becomes closer to the one
with a gravitating bath, for which the graviton mass vanishes because of the compactness of the
internal geometry. In particular, we have seen that in a Karch-Randall model with gravitating



ISLAND SURFACES AT ZERO TEMPERATURE AND CRITICAL BRANE SETUPS 69

bath the Hartman-Maldacena surface is not a quantum extremal surface, i.e. does not contribute
the the conventional geometric entanglement entropy of outgoing radiation. Thus this behavior
is well captured by the 10d uplift under consideration.

Next we can repeat the same analysis concerning the area difference we have previously done
for the case of vanishing dilaton and study how an area difference AA = A;g0ng — Ay curve
at fixed o modifies as d¢ changes.

As an example, we consider the cases & = 1.2 and « = 2 and we study the behaviour of the area
difference curve for d¢ = {0.8;1.2;1.6} and d¢ = {0.8;1.2} respectively.
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Figure 8.6: Area difference AA = A;siana — Agy curves as a function of the anchor point rr with
a =1.2 (left) and o = 2 (right), with d¢ = {0;0.8;1.2; 1.6} from bottom to top

As we can see from the above figure, the non-vanishing dilaton variation produces several effects
on the area difference curve.

First of all, the values of the curve become larger as §¢ increases. A second important behaviour,
which is related to the first, is that in general there is not a transition point r%“”s at which
the two quantum extremal surfaces’ areas are equal at ¢ = 0. As in the d¢ = 0 case, the
area difference curves have an end point, since increasing gradually the anchor point rg the
two boundary points of the Hartman-Maldacena surface’s horizon curve &, (y) shifts gradually
towards £ = 0, and once the point £,(0) goes over the NS5-branes singularity, the trial Hartman-
Maldacena surface does not settle anymore on equilibrium.

Island surfaces at zero temperature and critical brane setups

In the Karch-Randall model it has been showed the existence of a critical angle 6. defined as the
angle at which at zero temperature the end-point on the ETW brane of a surface anchored at
a fixed point in the bath system diverges towards the Poincaré horizon and below which island
surfaces disappear. It exists a 10d counterpart of this critical angle in the type IIB string theory
uplift under consideration as we are going to prove now.

Let’s suppose to work with vanishing dilaton variation firstly. If we fix the anchor point rg =
lim, s 100 7(2,y) of zero temperature island surface in the asymptotic AdSs x S°, the other
anchor point r;, = lim,_,_ 7(x,y) at which the surface closes off at x — —oo moves towards
the Poincaré horizon as @« = Nj/K increases, in particular the difference rp — r increases
linearly for small o and then it diverges in correspondence of a critical value aeri¢ = 4.

The critical value a..;+ has been found by gradually increasing a and verifying if the difference
Ar = rr —rp, changes as the relaxation time increases and jointly if residuals decrease or remain
finite. Once we reaches a value of « for which the residuals are irreducible keeping driving the
anchor points further apart with increasing relaxation time, it means we have found the critical
value ot
Taking into account the role of 6. in the Karch-Randall model with non-gravitating bath at zero
temperature and the behaviour of island surfaces for brane angles close to it, these results are
consistent with the identification we have discussed before between N5/ K and the inverse of the
brane angle 1/60 of 5d Karch-Randall models. For black hole solutions with finite temperature,
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Figure 8.7: Ar =rpr —ry, as a function of @« = N5/ K for d¢ =0

this behavior is regulated and island surfaces can be found also beyond the critical ratio since
numerically the endpoint ry appears stuck below a critical value, similarly to what happens in
the 5d Karch-Randall model with non-gravitating bath at finite temperature.

For d¢ # 0, it still exists a critical value ag.;, which is pushed to higher values for increasing
d¢ as can be seen below.

Qcrit

) {

Figure 8.8: Monotonic increase of a..;+ with dilaton variation d¢ across the geometry

For values d¢ > 3, divergences at small o appear as well, even though island surfaces can

be found for larger «, and these signals code’s loss of predictivity; thus we present numerical
results only for ¢ < 3.
Recalling the fact that the graviton mass is proportional to the ratio of bulk over boundary
degrees of freedom, namely mg L4 o a~ !, in the case d¢ = 0 the critical value a..;+ =~ 4 turns out
to be not large enough to put the islands in the regime of validity of AdS massive gravity, which
in string theory is under theoretical control only for small graviton mass mgLi < 1. Thus the
crucial important consequence of non-vanishing dilaton variation is to increase the value of the
critical ratio aipr so that it is big enough to ensure the possibility to find at zero temperature
islands in the regime of small graviton masses.

Extremal surfaces in a gravitating bath

As in the Karch-Randall models with gravitating bath, if we consider their 10d string theory
realizations corresponding to the type IIB string theory solution (6.65), there is no an asymptotic
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AdSs5 x S® region, which was the natural place to geometrically define the radiation region at
2 = 400 and to anchor minimal surfaces in the 10d solutions with non-gravitating bath. As a
consequence, minimal surfaces extending from z = —oo to x = 400 satisfy Neumann boundary
conditions on both ends and are found to settle onto the horizon leading to flat entropy curve,
similarly to what happens in the corresponding 5d Karch-Randall model.

A Page curve can arise considering surfaces that divide the internal space and which we expect
to compute non-geometric entanglement entropies, in perfect analogy to the surfaces starting
from the defect in the 5d KR models with gravitating bath. In particular, due to the reflection
symmetry of the solution (6.65) under x — —x, the natural 10d analog of the defect is the locus
x(y) = 0, which will serve as an anchor point for the 8d minimal surfaces wrapping the spatial
part of AdSy, both the two 2-spheres S? and a curve in ¥ depending on the tortoise radial
coordinate wu.

The Hartman-Maldacena surface at ¢ = 0 can be found by imposing the trial surface to be
anchored at the locus z(y) = 0 both for u — oo and in the thermofield double and letting the
relaxation method to settle on a equilibrium configuration. This procedure selects x(u,y) = 0
as the Hartman-Maldacena surface at t = 0.

For the island surfaces, we must impose they are anchored as well along x(y) = 0 for u — o
and their embedding u(z,y) must satisfy Neumann boundary conditions both at z — +o0.
Exploiting the invariance of the supergravity solution under x — —x, we can construct the
island surfaces extending from z = 0 to x — —o0.

Since in this case we want the embedding function to be wu(z,y), we start by rewriting the
induced metric (8.9) using the tortoise radial coordinate u

ds?f = ¢ cosh?/3 %ffds]%g + ffdsgf + fgdség +4p%(d2? + dy®) + f1(dzdyu + dyd,u)® (8.27)

then the area density functional reads

A =32 / dxdy e*™ cosh?/? <37u>f\/ 14+ g(Vu)? (8.28)

where V is the covariant derivative with respect to the metric on ¥ and here the functions f
and g are defined as

_ 1yhihe
=2l w
We set as usual r;, = 0 and we can notice that the area functional written in the tortoise radial
coordinate w is very similar formally to the one written in the radial coordinate r, since the
difference is only the non-derivative factor in the area integrand £ and a factor 1/b(r) in the
definition of g(z,y).
The extremality condition is found by solving the Euler-Lagrange equation of the integrand £
of the area functional

f=IhihaW|, (8.29)

1 (5£ oL

1
0=7\6u ™ 5(vu)) " 1+ g(Vu)

w)2
z =)

f2

with Neumann boundary conditions on both upper and lower boundary of the strip ¥, and at
x — —oo (8.16)

2tanh suy _ V(gVu) + 1gVu -Vin
2 2 2

yu(w,y)ly=0,z =0, lim e *0yu(z,y) =0 (8.30)

Tr—r—00
whereas at z — 0 we must impose that the embedding function u(z,y) diverges

ig]% u(z,y) = +o0 (8.31)

Then we perform the change of coordinates { = tanhz and ((¢,y) = tanh [u(&, y)] respectively
in order to make the domain of the embedding function finite and to implement numerically the
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Dirichlet boundary condition at & — 0. The resulting extremality condition in these coordinates
becomes

(—1+¢*)? [ g (_ Oy f

Wl o oo g 220
M=+ g(Gy0° + (-1 + R0 LT\ T2 06 21877 m 0t

9yCOyh + (=1 + €2)*9¢(Och 3 9yg9yC + (=1 + £%)*9¢g0¢C
+ n ) 4 tanh <2 arctanh() 2 e +

(_11%2)2(24(%02 — (=14 ¢*)5¢ — (1= €)(=26(~1 + )9+

F2(=1+E)C(00) — (~1+€)(~1+ ¢)3C) ) | = 0

+2

(8.32)
where the function h(&,y) is defined as

2 . 212 2
b 1) =1+ LERNOOH CLE (00 ©33)

Examples of island surfaces for different values of the 5-brane source location § on 3 are shown
below.
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Figure 8.9: Island surfaces in gravitating bath solutions with § = {0.5;0.4;0.3} from top left to bottom

As we can see from the plots above and quantitatively from the figure below, the cap-off
point tanh u;, exponentially falls off tanhuy, = 1.17e~%289 towards the black hole horizon u = 0
as 0 increases, however towards small values of § the cap-off point grows rapidly diverging for a
critical value . = 2.8. Below this critical value, the relaxation method does not settle the trial
island surface on an equilibrium configuration. Notice moreover how the island surfaces seem
to bulge towards the horizon in correspondence of the location of the 5-branes, even if this local
behaviour is not well captured by our numerical solution method.
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Figure 8.10: Cap-off point tanhuy as a function of 5-branes location ¢

Uhlemann [22] has also calculated the area difference between the island and ¢t = 0 Hartman-
Maldacena surfaces and he found out that for larger ¢ the area of t = 0 Hartman-Maldacena
surface is smaller than the one of island surface, ensuring a Page curve as time grows. In
particular the area difference at t = 0 displays a value of 4, called the Page value dp, such that
the area difference vanishes and from numerical data it results to be dp &~ 0.29, thus close but
slightly larger than .. In particular for 6. < § < dp, the island surface is already dominant with
respect to t = 0 Hartman-Maldacena surface.

Furthermore, in the range § < §. we have found numerically trial island surfaces approaching the
AdSy conformal boundary almost everywhere on X, except near the 5-branes locations where
they reach the horizon. These can be interpreted as the 10d version of tiny island surfaces,
giving a dominant contribution in 5d Karch-Randall models with gravitating bath in the regime
above the critical ETW brane angle.

Thus these 10d results are perfectly consistent with the results found out with the 5d Karch-
Randall model with gravitating bath if we identify the inverse of the brane angle of the 5d KR
description with the brane stack position § of the 10d string theory uplift.

As anticipated in 6, a 10d uplift of the Karch-Randall model with gravitating bath and with
non-vanishing dilaton can be obtained with the following choice of the harmonic functions

N, cosh (z — §) —sin cosh (x + §) — sin
= 20 i (SOAEZ0) Sty (ORI D) sy,
8 cosh (z — 9) +siny cosh (x + d) + siny (8.34)
N cosh (x — J) — cosy cosh (x + J) — cosy '
=5 in( )+ )
8 cosh (z — 9) + cosy cosh (z + 9) + cosy
for which the dilaton variation reads )
N,
e =2 (8.35)

Ns
unfortunately with this choice of the harmonic functions, the function g results the same as the
one with the previous choice, since in the ratio h1he/W the factors in front of hy and hy drops
out, whereas the factor in front of f = |hjhoW| changes but it drops out in the extremality
condition since the function f always appears through the ratio (0f/f) as can be seen from
(8.32).

Another possibility to obtain a non-vanishing dilaton variation could be with the choice

By — N5 In (cosh (x—9)— siny) B & N (cosh (x+9)— siny)
cosh (x — §) + siny 8 cosh (x 4+ §) + siny (8.36)
h2:—£ (COSh( 5)—cosy> 7&1n(cosh(1‘+5)—cgsy) .
8 cosh (x — §) + cosy 8 cosh (x + d) + cosy

but this choice cannot yield a valid type IIB solution since the harmonic functions do not satisfy
the required S-duality transformation.
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Conclusions

We have presented UV-complete string theory settings exhibiting the emergence of entanglement
islands and Page curves for black holes in 4d theories of gravity. These gravity theories certainly
differ from the one we experience in nature but they have dynamical gravitons, whose mass can
be controlled, and they show versions of information paradox whose resolution can be analyzed
by applying AdS/CFT dualities.

In particular, starting from the bottom-up 5d Karch-Randall models, we have studied specific
examples of d’Hoker’s type IIB string theory solutions based on AdSy x S% x S? x ¥ background
geometry, checking their consistency with global constraints, studying the asymptotic regions
and the possibly presence of 5-brane singularities, together with the fluxes and the brane con-
figuration. Among these examples, a supersymmetric 5-branes doped Janus solution with one
asymptotic AdSs x S° region closed off has been identified as the 10d string theory realization
of Karch-Randall model with non-gravitating bath and similarly a solution, resulting to be an
holographic dual of 3d SCFTs, has been selected as a representative 10d uplift of Karch-Randall
model with gravitating bath. On this 10d uplifts, following Uhlemann’s and Gnecchi et al works
[22],[23], we have constructed numerically the quantum extremal surfaces, i.e. the island and
Hartman-Maldacena surfaces, contributing to the entanglement entropy of outgoing radiation
and whose competition leads to a Page curve. Most of the work has been focused on the uplifts
with non-gravitating bath, on which we have reproduced the Uhlemann’s results in the case of
constant dilaton field, more specifically we have reproduced the ¢ = 0 area difference curves
as a function of the surfaces’ anchor point in the asymptotic AdSs x S°, studying how they
behave as the microscopic parameter « changes and noticing it always exist an anchor point
value at which the area difference vanishes, which suggests to take the radiation region far in
the bath system if one wants to obtain a Page curve, in line with what has been found in the
Karch-Randall models [13], [12]. Then always about Uhlemann’s results, we have verified the
presence of a critical value of the microscopic parameter o above which at zero temperature
the islands cease to contribute to the entanglement entropy, similarly to what happens in the
Karch-Randall models, and we have verified, in line with Gnecchi et al work, how island surfaces
change in the same geometric background allowing a non-vanishing dilaton variation, and how
Qerit gets modified as d¢ varies. In particular ag-;+ increases as d¢ increases and this ensures we
can tune dilaton variation in such a way to obtain a critical value of o big enough to the island
surfaces to contribute in the regime of validity of massive AdS gravity as effective field theory,
namely of small graviton masses.

In this thesis’s project we have constructed and studied the Hartman-Maldacena surfaces in the
uplifts with non-gravitating bath and in presence of a varying dilaton field. In particular we
studied the area difference curves with fixed o and varying the dilaton variation d¢ finding that
the area difference increases as d¢ increases and noticing there is no more an anchor point value
in the asymptotic AdSs x S° such that the area difference vanishes. It follows that for all the
anchor point values for which the area difference curve is defined, i.e. for all the values for which
we can numerically find an Hartman-Maldacena surface settling on an equilibrium configuration,
it is possible to get a Page curve for the time evolution of radiation entanglement entropy.
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Concerning the 10d realizations of Karch-Randall models with gravitating bath, we have checked
the existence of a critical value of 5-brane location §, which in this solution plays the role of the
brane angle 6 of the Karch-Randall model, below which island surfaces cease to exist. The brane
configuration has been slightly modified in order to allow a non-vanishing dilaton variation but
unfortunately the extremality condition determining the island surfaces remain unaltered.

It would be interesting to study more complex brane configurations corresponding to more gen-
eral 10d solutions for both non-gravitating and gravitating bath, in which it may be expected a
more complicated phase structure. Furthermore it would be desirable to investigate how the crit-
ical parameters in supergravity solutions translate on the CFT side and study their implications,
for example through CF'T correlation functions.



Appendix A

Anti de Sitter space

Anti de Sitter space is a maximally symmetric Lorentzian space with constant negative curvature
and it is a solution of Einstein equations with negative cosmological constant.

The geometrical properties of a d-dimensional Anti de Sitter spacetime can be derived by looking
at this space as an hypersurface embedded in a spacetime with d+1 dimensions. The embedding

equations can be written as
d—1

Xg+X7-> XP="0 (A1)
i=1
in a flat (d + 1)-dimensional space with signature

d—1
ds® = —dX§ — dX3+ ) dX} (A.2)
=1

where [ is a constant of dimension of a length that parametrizes the radius of curvature of the
AdS hypersurface. By construction, this space has the isometry SO(2,d — 1).

The d-dimensional metric can be obtained by choosing a proper parametrization of the d 4 1
embedding coordinates.
A global parametrization is constructed as follows. Given the form of the embedding equation
(A.1) we consider two spheres X + Xfl =12, Z?;ll X2 = r3 of radii 71, r9, such that

ri—rd =12 (A.3)

This equation is solved by setting 71 = lcoshp, ro = Ilsinhp where p € RT. Taking the
parametrization in spherical coordinates and replacing in the line element (A.2) one gets

ds® = —(dr} + ridy®) + drj + r5dQ5_,

A4
= 1%(— cosh? pdyp* + dp* + sinh? pdQ2_,) A

This is the global parametrization of AdS since all points of hyperboloid are taken into account
exactly once.

Notice that the time-like coordinate 1 is an angular coordinate ¢ € [—m, 7| and, as a conse-
quence, this global parametrization of AdS gives closed time-like curves. This can be avoided if
one passes over the universal covering surface! by taking a new time-like coordinate ¢t € R.

The change of coordinate tan # = sinh p gives the metric

2
ds? :

=— (—dt® + db? + sin 62dQ3_,) (A.5)

where 0 < 6 < /2 for any d > 2.
If d = 2, the coordinate p € R since ro can assume any real value due to the degeneracy of d — 2

Lthis procedure of unwrapping the circle of time coordinate is legitimate because the space is not simply
connected, so the time circle cannot be topologically reduced to a point
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sphere, thus the range of the coordinate 6 is —7/2 < 6 < 7/2. This implies that the Penrose
diagram of the global AdSs, obtained from (A.5) by dropping the overall conformal factor, is
an infinite strip between § = —7/2 and 6 = +m/2, whereas the Penrose diagram of AdSy is the
ball By—1 x R (actually it is one of the hemisphere times R since 0 < 6 < 7/2). Moreover, it
follows that the boundary of conformally compactified AdSy is R x S4~2, which is equal to the
conformal compactification of the flat Minkowski space R4~

Another useful parametrization is provided by Poincaré coordinate system (¢, r,x;) defined
by the following relations
1
Xo=-(1+ r2(1% + 7% — 7))
T
Xi:lTl‘i, (Z'Zl,...,d*2)

1 (A.6)
X411 = 5(1 —r2(I1? = 2% + %))
Xg=1Irt
Inserting into (A.2) we get the desired line element
ds? = 2( 9 2 (—ai? 4 ai? AT
s = TT +7r (— + dx ) ( . )
where t,z; € R. Notice from (A.6) that
Xo — Xg-1
- 5 (A.8)

we conclude we have two different Poincaré charts. The first chart is the region r > 0, that
means Xg > Xy_1 and corresponds to one half of the hyperboloid; the other half Xg < X4_1
corresponds to the second Poincaré chart, i.e. the region r < 0. The Poincaré AdSy space is
the portion of AdSy corresponding to one of these two charts (the » > 0 is usually chosen).
Due to the fact that we cannot cover the entire AdSy; with an unique Poincaré patch, we have
a degenerate Killing horizon at » = 0. The conformal boundary is attained at » — oo and the
line element becomes:

ds® = 1®r?(—dt?® + di?) (A.9)

so the Poincaré AdS, space conformal boundary is topologically a (d—1)-dimensional Minkowski
space. In terms of the coordinate z = 1/r the line element (A.7) becomes

l2
ds® = ;(—dﬁ + d2? + d7?) (A.10)

up to a conformal factor, this is just like the d-dimensional Minkowski space, thus its Penrose
diagram is the same. The latter is a triangular region, thus it does not cover the whole spacetime
region of the Penrose diagram of the global AdS,; space as expected. Let us briefly construct
the Penrose diagram of a Minkowski space

ds® = —dt* + dz* + dz? (A.11)
then we introduce the light-cone coordinates

ur =t+z = ds*=—du,du_ + di* (A.12)

notice that z = (“+§"‘) > 0 implies uy > u_, so these are infinite range coordinates. Let us

proceed defining new finite range coordinates

U4 = tan t4 (A.13)
such that 44, a_ € (—7/2,+7/2) and @y > 4_. Finally defining

=140 (A.14)
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the metric, by dropping an overall conformal factor and reducing to two dimension in the
coordinate (7,6), becomes
ds* = —dr? + dp* (A.15)

which describes a flat compact two dimensional space since |t+| < 0, thus |7 £ 60| < 7/2, and
0 > 0, so the Carter-Penrose diagram is a triangular region as claimed.



Appendix B

D=3, N =4 SCFTs

The theories Tlf: (SU(N)), introduced by Gaiotto and Witten in [24] and argued to flow in the
IR to 3d N/ = 4 SCFTs under certain constraints we are going to discuss, are labeled by a pair of
partitions p and p of N, which uniquely determine a three dimensional N = 4 supersymmetric
gauge theory in the UV limit.

The gauge group of T[f: (SU(N)) is

G =U(N1) x U(Ng) x ... x U(N;

i1 (B.1)

then the theory has one hypermultiplet in the bifundamental representation of each pair of
neighboring factors U(N;) x U(N;41), as well as M; hypermultiplets in the fundamental repre-
sentation of each U(NV;) factor of the gauge group.

This SUSY gauge theory is summarized by the linear quiver diagram shown in the following[25],

) D (n

Mfc 1 M M,

where the circles denote the gauge group factors and the squares and blue lines stand for
fundamental and bi-fundamental hypermultiplets respectively.
Any two partitions p and p of N determine completely the gauge theory data {N;, M;}. Two
useful parametrizations of each of the two partitions are given by

P N:ll—l-...-i-lk:ZlMl

l
A A . (B.2)
p N=li+..+0 =) M
]

where the [; are positive non increasing integers, Iy > ls > ... > Il > 0, while M, is the number
of times the integer [ occurs in the partition, and the same hold for the parametrization of p.
One can associate to p and p a Young tableau whose rows have length respectively Iy,...,l; and
l},...,l}g. With this choice of parametrizations, M; is precisely the number of hypermultiplets in
the fundamental representation of U(N;) gauge group factor, with

Ny =k -1, Nj:Nj,1+77?,j—lAj, ji=2,..,k—-1 (B3)

where m; = m;_1 — M counts the number of terms that are equal or bigger than [ in the partition
p. The set my is a non-increasing sequence of positive integers defining the partition p’, whose
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Young tableau is the transpose of the one associated to partition p.

The condition p? > p, implying k > I1 and thus N; € N, M; = 0 for [ > k, is necessary in order
for the linear quiver associated to the triplet (p, p, N) to make sense. The conjecture of Gaiotto
and Witten [24] is that all these quiver gauge theories 7 5 (SU(N)) flow to a non trivial infrared

fixed point. Since p? > p implies p7 > p, also T, f (SU(N)) is expected to flow to an infrared
superconformal field theory and it’s believed to coincide with the one of Tg (SU(N)).
The linear quiver gauge theories T' g (SU(N)) can be realized as low-energy limits of certain type
IIB brane configurations, as we are going to see in the follow.
The basic brane configuration consist of:
e a set of k D5-branes spanning the dimensions (012456);
e a set of k NS5-branes spanning the dimensions (012789);
e a set of D3-branes stretched among the five-branes along (0123).

011123456789
D5 X | X | X XX | X
NSS | X | X | X XX | X
D3 [ X | X |X|X

Such a configuration preserve 1/4 of the supersymmetries of type IIB string theory, namely
8, which correspond to the three dimensional ' = 4 Poincaré supersymmetries of Tpf) (SU(N))L.
The R-symmetry of Tg (SU(N)), which coincides with the R-symmetry of the infrared SCFT, is
the SO(4) ~ SU(2)1 x SU(2)3 rotation symmetry which is manifest in the brane configuration
in the (456) x (789) dimensions.
The vector multiplets live on the D3-branes, and since these branes have finite extension along
the z3 direction, the corresponding four-dimensional world-volume theory at large distances
becomes a three-dimensional gauge theory. On the other hand, hypermultiplets arise from
open strings stretching between the D3-branes and the Db5-branes, or between two stacks of
D3-branes ending on the same NS5-brane from the left and right. The only relevant data of
this brane configuration in the infrared limit are the total numbers k£ and k of D5- and NS5-
branes respectively (but not their ordering along the 2% segment, since rearrangements of the
five-branes change the phase of the gauge theory but not its superconformal limit) and their
linking numbers defined as

li:*ni+RZNSS i=1,..,k

. X B.4
lj =fj+ LY j=1,...k (B-4)

where n; is the number of D3-branes ending on the ith D5-brane from right minus the of the
number of D3-branes ending on it from the left, 7; is the same difference referred to the jth
NS5-brane, RN55 is the number of NS5-branes lying to the right of the ith D5-brane and L;-j 5
is the number of D5-branes lying to the left of the jth NS5-brane. The linking numbers are
invariant under five-brane movements because when a D5 brane moves past a NS5 brane in the
direction from left to right, a D3-brane stretching between the two is created.

A brane configuration realizing a linear quiver gauge theory T [f)) (SU(N)) can be depicted as
N D3-branes in the middle ending on the left on a collection of NS5-branes and on the right on
a collection of D5-branes. Then, from (B.4), it follows that the net number of D3-branes that
terminate on each five-brane is precisely its linking number and in addition

These are the two partitions p and p of N that label the theory T ﬁp (SU(N)): the partition p
encodes the linking numbers of NS5-branes, while p encodes the linking numbers of D5-branes.

!The Poincaré superalgebra supercharges are Weyl spinors with 2(P~1/2 — 9 real components each, for a
total of 8 SUSY d.o.f.
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Since the relative order of five-brane of the same kind is irrelevant in the infrared, it is possible
to arrange them so that I; > 1o > ... > [ and il >y > ... > Zk, where ¢ = 1 and j = 1 are the
innermost five-branes, while i = k and j = k are the outermost ones. Notice that S-duality of
type IIB string theory exchanges the two type of five-branes, and thus two partitions realizing
the mirror gauge theory Tf(SU(N)).

The condition p? > j, discussed earlier as necessary for the linear quiver associated to the gauge
theory Tg (SU(N)) to make sense, can be recovered in the brane configuration in the weaker

form p?” > p as a requirement for unbroken supersymmetry; however, when the inequality is
saturated it can be shown that the corresponding quiver gauge theory breaks down to pieces
that flow to non-interacting SCFTs in the infrared.

When the strong form of the constraint is satisfied, the brane configuration, consists of a con-
nected linear chain of k NS5-branes, attached in pairs by N; D3-branes. The D5-branes intersect
the D3-branes being detached from them at the same time. The gauge theory data that can be
derived from this configuration agrees precisely with the gauge content of Tg (SU(N)): there is
one U(Nj;) gauge group factor for every set of N; stretched D3-branes, one hypermultiplet in
the bifundamental representation for each adjacent pair of NS5-branes and one hypermultiplet
in the fundamental representation of the corresponding gauge group for each D5-brane.
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