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Fioaywyn

To avtxelyevo tne napoloac Bimhwuatixrc epyaotac eivon 1 Yewplio clockwork [1] xou
CUYXEXQUIEVOL TO CUVEYES OPLO TNE. XE AUTO To 6plo, 1) Vewplo TEQLYPdpETOL oo ULaL Tie-
vTodtdototn Vewmplo fapbtntog 6mng yio mapddetypa 1) Yewpla twv Randall-Sundrum
ue ™ Sapopd dtL undpyet éva Poduwtd medio pe udlo (o dilaton). H dewplior -
™ etvon 1 Bt e to Boputinh TAeupd e “Bewplac Mixpwv Xopdohv” (Little String
Theory) [2].Enione, npoogépet hoon oto mpdéBinua tng tepopyioc xat amoxohoté to
TEOBANUA TN oudetepdTnTag (naturalness) twv otadepndy alknienidpaonc. H xdpuor
xoteluvor NG OIMAWUATIXAC ATOTEAECE 1) TUEAY WYY XOGUOAOYIXWY AICEWY Xdvo-
vTog yefon tne Yewplog autrc.

Y10 Kegdhowo 1, yiveton pa eloayoyr otn Yewpia clockwork ot Sopits tne
exdoy ) xou ev cuveyeta yiveton 1 oUVOEST TV 800 0plwV PECK Wag XUTEAANANG Ye-
WUETPlAC TOU TapdyEL To oo Td dpta. Emeita, napoustdletal 1) aUTO-CUVETTG TEVTA-
otdo ot Yewpla Boplntag mou mopdyel wg Ador T yewuetplo auth. Me Bdon auth
Topovotdlovial 1 Abom TNS LEpopy g Xt TNG OUBETEROTNTIC TWYV PUOIXEY TUPUUETEWY
xS xon 1) ahAnhenidpact v Baputoviwy e Ty VAN Tou Katepwuévou Ipotinou
10 omofo elvor BEoUELPEVO Tdve 6T peuBpdvn tou Beloxetou otn Véon vy = 0.

Y10 Kegdharo 2, yivetan o 6OVTOUN TEQRLYRUPT| TNG YEVIXOTERNG UTERCUUMETEIXAC
Yewplag D =5, N =2 n omola @hoZevel T Yewpio clockwork [3] émwe enlone xou to
novtéro Twv Randall-Sundrum péow evog di-nopopetoinol duvouxol. Tleprypdpeton
1 YEWUETEIXY gpunvelor TN Vewplag authc, OTwe TopouctdleTol OTIC EpYaoieg [4-6]
xadog eniong o To g 1 Yewpla clockwork anotehel Aoor e TNV xotdhhnhn emhoy
TWY TUPUUETEWY TOU BUVOULXOU Xal TOU 0ptlo) TV ETITEETOUEV®Y BodumToy Tedlwy.

Y1n ouvéyeta, oto Kegdhato 3, topouctdleton pia Slepedvnor xoouoloyixhic Aoong
ue yerion tne dpdone tou clockwork oe éva xatdhinio yewueted undPodpo. H -
valhtnon auth yivetoaw olugwva Ue TNy YeAETn Twy epyactedv [7-9]. Alvovtog Tic
eZlomoel Tou Ao T, XUTIAYOUUE OF €val GO TNHO OLOPORIXDY EELCHOEWY TOU
meplEyel To Paduwto clockwork cwuatido xan to otoyeio g petpinrc. Topd Tig
TEOCTAVELES UETE) BIAPOPWY U NUATIXWY TEYVIXWY, 1] LOPPY| TOLU BUVAULXOL TOU GW-
potdlou duoyepaivel TNy avalhtnon pag avoduTtixic Abong. Tlap” 6N autd, 1 avalhTn-
om aveALTIXAS Abomng ebvan Eva avory té TeoBANUa ue TpooTdieleg va Exouy Yivel oty
EQEUVNTIXT) XOWOTNTA OTIOL TTaPOLGLALoVTOL SLUTUEAXTIXES MOGELS OTKC Yol TUPADELY L
ota [10,11].

Téhoc, oto Kegpdhawo 4, mapovoidleton yior AVor ueroviic OmAg Tou ETOEYETL
n Vewpla clockwork ue mpogih yia 1o Baduntd cwpatido wxeBde To Blo e TNy
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oy Vewplor (linear dilaton). Auth n pehov o) mopouctdlet eninedn yweixy e-
Towh Yoo oTodept| ambotaon amd To onuelo Wlopop@lag, EVK ACUUTTWTIXG elvon Evag
un eninedog ywpo-ypdvog oe avtideon pe tnv Abor Schwardchild. Alceg ye auto
Tou £ldoug aouPTTOTIXAC CUUTERLPORAS €youy Peelel 6To Thaiclo Tng avtioTotyiag
AdS/CFT onoc yio napdderypa avapépeton otny epyaoio [12] 6mou tapouctdlovta
oL VEQUOBLYVAUIXES LOLOTNTES UE ToV oLV TEdTo. Emimpooiitwe, xataypdpouue tny
olxt| Bour TOU YWEO-YPOVOU TN UEAAVAC OTAG, TIC YEWOMOLIXES, TNV EMLPAVELNXT)
BapltnTar xou T0 ohoxAfpwua TN dpdone pe tov emmiéov Gibbons-Hawking emupo-
Vetoxd 6po vo uohoyileton 6nwe topovotdleton oty epyaocta [13]. Téhog, eZetdleton
1 awdopunTn xutdpeeucT) Tou xevol Yweou Tou clockwork oTtny ueAuvy| omY| VIUUEVT UE
ToV eLXAELBIO opllovTa axolouddviag Tn uedodohoyia Tng epyaoiug [14] »on evpioxeton
0 puiube ddomaomng auTo.

Euyopioticsg

H nopoloo dimhwupatixd| epyocio exmvovilnxe ota TAUCL TOU SLOTUNUTIXOU UE-
TamTUYtaXoL TEoYedupatog  Puour xou Teyvoloyixéc Egaupuoyéc”™ tou touca Puot-
xfg g Lyohric Egapuoouévey Madnuatixay xoa Puowaov Enctriuoy tou Edvixo
Metoofetiou ITohuteyvelou oe cuvepyaoio ye to Kévtpo IMupnvixay Egeuvayv “AH-
MOKPITOX". To Sotunuotixd autd medypoupo QEVEL OE €TAY| SLAPOPOUE ETLOTN-
HOVIXOUE XASDOUS %ol XASDOUC UNYAVIXOU UE XOWVO TROGAUVATOAMGUO T1| QUOIXT) X0 TIC
TEYVOLOYIXES EQOPUOYES TNG TOVILOVTUG £TOL TN DLETULO TNUOVIXOTITA TV OVTIXEWEVWV.

Emunicov, Yo flera va euyapto Thow Tov emPBAETOY TNG OIMAOUATIXAG LOU QY-
otag xodnynt AAéCavdpo Keyayid yia Tnv suxonpior mou uou Tedc@epe Vo EQURUOTH
%o VoL BIEVEUVL TIC YVWOELS oL YEoo ota TAalota wag €€ OMNOXAAPOU EPEUVNTIXNS
epyaoioc. H Badeid xon cuveyrc tou dpeln yio Borydeior Aoy yiar Yévar plar cuvey g
Ty éunvevong xan onuoupywotntag. [apddinia, 1 cuehiia Tou ot Suayeipnorn xou
eniAuoT) TWV BLAPOEWY P NUATIXWY EUTOBIWY TOU TUPOVCLIC TNV XATE T1) SlotElfH,
ATOTEAEGAY Yol HEVAL TO TG OUGLOOES UAUNUAL Xl CNUAVTIXG EQPODLO YiaL TOV UEANOV.

Oa Hdeha, eniong, v evyaplothow Ty xonyRtete Toavoyidta Koavy tou Ilo-
vemo tnpiou Twavvivey yio T guhoevia xou tny e€onpetint| cuvepyasio. H enioxedn
oty €yve oTa TAdoLa TNG PEAETNG TWV TEVTAOLEO TATOY Vewplmv BapltnToag XaL cu-
YHUEXPUIEVOL UEQLXWY EX TWYV EPELVNTIXMY EQYACIMOY TNG XoUINYATELAS Tve) OE UTES
Tic Vewpleg. H x. II. Koavty| ye wa mohd @uadEevn dideon Ytav médvtor mpdduun yio
VoL Hou TeocpEpeL Bordeior UECE TAXTIXWY CUVAVTACE®Y UE GXOTO TNV XUTOVONCT) TOU
AVTIXEWEVOL oA xou TNV TEH000 NS TEOCWTLXAS wou peAetng. H ocuvelsgopd auth
ue PoRinoe va eufadive TEpIcodTERO GTNY EPELVITIXNY HOL EPYUCIN HOWY UPORY TIG
TeEVTAdLdo TaTeS Vewpleg BapdTnTag XaL TV XOGUOAOYIXWY UOVTEAWY TOU UTOPOLY Vi
TeoxOPouy and auTéC.

Téhog, Vo fleha vo euyapLOTACK TOU BIXOUEC oL avip®OTOUS, TNV OXOYEVELY
XL Toug PLAOUS oL yia TN oTARLEY XU XaTavONoT| TOoug auTd Tar ypovia. Eriong,
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EUYUPLOTE TOUC CUUQOLTNTES MOV OTO UETATTUYLUXO Yol TIC TOAUTWES oULNTACELS OF
Vépara g Puonic wg emoTAUN ahhd xon wg avipdOTvY SpaoTNELOTNTA ToL TNYAlEL
amd TNV €YYEVY avdyxr Tou avipwrivou eldoug yior TNV avallHTNOT XL TN XATEXTNON
e Aldetac.



Introduction

This thesis offers a presentation of the continuous version of the clockwork mech-
anism deployed in [1] with its main purpose to explore its possible applications
in cosmology and other gravity solutions, specifically a black hole solution. The
continuum clockwork (ccw) is essencially a 5D gravity theory very similar with
the Randal-Sundrum model with the difference that it includes a massive scalar
particle (the dilaton) and a different background which is the same with the one
produced by the gravity dual of Little String Theory [2]. Therefore, in the same
fashion, the clockwork theory solves the Higgs hierarchy and retrieves naturalness.

In Chapter 1, we briefly introduce the discrete theory of the clockwork mech-
anism including scalars and we show how we can build a gauge theory with expo-
nentially suppressed coupling to a pion field. Following, we are heading towards
the continuous limit of the theory presenting the geometry which offers the con-
nection of the continuum and discrete limits. After having produced the clockwork
geometry, we show how this can be derived by a self-consistent 5D gravity theory
including a dilaton field. Thereafter, using this theory we solve the hierarchy prob-
lem and illustrate how the graviton couples to the Standard Model fields, which
are located at y = 0, with the appropriate coupling which respects the observed
hierarchy.

In Chapter 2, we show how the clockwork theory can be hosted in D = 5N =
2 as has recently shown in [3]. We illustrate the geometrical interpretation of
D = 5N =2 following [4-6] and how the clockwork comes as an example of this
framework choosing the appropriate parameters of the theory.

In Chapter 3, we search for a cosmological applications of the ccw. We make
use of a 4D Poincaré invariant metric, the most general metric that can induce
a conventional cosmology with the proper Friedman equation. The research of
this clockwork theory extension is given in the context presented in [7-9]. Solving
the Einstein equations, we end up with a system of ordinary differential equations
(the Einstein and dilaton eom) which due to the Liouville type potential of the
dilaton are difficult to be solved analytically. However, perturbed solutions have
been appeared in the literature as for example in [10, 11].

In Chapter 4, it is presented a black hole solution to the clockwork theory with
a linear dilaton profile. With the purpose of using our educated intuition on black
holes, we examine the 4D version of this solution. This black hole admits a planar
non-compact horizon. In addition, it is an asymptotically non-Minkowski solution
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in contrast with the Schwarchild solution of the ordinary vacuum, ie of the Einstein—
Hilbert action. Such solutions are presented in the literature under the context of
AdS/CFT correspondence as for example the ones presented in [12] where the usual
thermodynamic laws are applied. In addition, we present the global structure of
the theory, the geodesics, surface gravity and the action integral including the
Gibbons-Hawking surface term whose computation was done as illustrated in [13].
Thereafter, the instability of the clockwork vacuum is studied, following [14], and
found that it decays to the dressed clockwork black hole at a given rate.
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Chapter 1

The Clockwork Mechanism (CW)

The clockwork mechanism is originally formulated as a discrete theory. Thus,
here is a brief introduction. The discrete version of clockwork can explain the
appearance of light degrees of freedom with highly suppressed interaction couplings
while there are no small fundamental parameters in the theory from the beginning.
This theory can be applied for any type of field, scalars, fermions, gauge bosons
and gravitons. Taking the scalar example, imagine we have a low—energy theory
with a global symmetry G = U(1)N¥*! which is spontaneously broken at some scale
f. For energies below f the theory is broken containing N + 1 Goldstone bosons 7;

U(x) =™/ j=0,... N. (1.0.1)
The low—energy Lagrangian of the theory reads

2 N m2f2 N-1
L= S o,Ul0mU; + 3 (U}U;I+1 + h.c.), (1.0.2)
j=0 Jj=0

where m? are chosen to be real parameter, and the mass term breaks softly, m? <

f?, the symmetry G down to U(1). The soft symmetry breaking allow us not to
bother with the UV—completion of the theory occurring at scale f. Plugging (1.0.1)
into the Lagrangian we take the theory in terms of the pseudo-Goldstone bosons

1Y 1
L= S ome et S martn, (1.0.3)
253 255
where the matrix M is given by
1 —q 0 0
—q 1+¢* —q ... 0
M=m?*| 0 —q¢ 1+4+¢ ... 0 . (1.0.4)
: : : 1+¢> —q
0 0 0 . —q q?

We can diagonalize this mass matrix in the mass eigenstate basis {¢o;, j =
1,..., N related to the pions 7; by a real (N + 1) x (N + 1) matrix as

1



™= Oa, OT'M?0 = diag(m?_,...,m2 ). (1.0.5)

Oco’

The eigenvalues are given by

m2, =0, ma, = \m®, (1.0.6a)
km

A= +1—2 k=1,.... N. 1.0.6b

k q + QCOSN+1, ) ) ( )

The elements of the rotation matrix are given by

(1.0.7a)

— Sin

N+1 N+1
j=0,...,N; k=1,...,N,

0= q2_q—2N7 k = <N+1)Ak -U.

We see that the massless Goldstone boson component contained in 7; is given

Ok_Nk[qsm jkm . (j+1)k:7r1
R )

by Ojo ~ ¢/, ie the Goldstone interaction can be sufficiently small for large N.
Specifically, if the matter sector of the theory couples only to the N-th pion 7y then
the state aq couples to them with a suppressed scaling as ¢~ given that ¢ > 1.

To illustrate the clockwork, suppose we have a gauge theory which is coupled
to the N-th site mp

L=

23
167T2fG,“,G (1.0.8)

Expressing the pion to the mass eigenstates as my = Opj;, the effective interaction
becomes

N ar
L=1o- GWG’“’< =3 (-)F > (1.0.9)

k=1
where

fq f

e (1.0.10)
N+1

Jo= , =

One sees from the first term in (1.0.9) that the massless eigenstate couples to
the gauge field by an effective scale f that is exponentially enhanced with respect
to the symmetry-breaking scale f. In particular fo/f ~ ¢V. It is also clear that in
this case the gauge bosons also couple to the so called clockwork gears. However,
their decay grow slowly with respect to N as fi./f ~ N*?/k and can be kept small
by regulating k.

To take the continuum limit of this theory N — oo we will go the other way
around, that is we will consider a continuous five-dimensional theory from which the



discrete clockwork arises. Therefore, we define an extra dimension y € (—7R, 7R)
with —y identified with +y leading to an orbitfold S;/Z,. We may write the 5D
general metric as

ds* = X(|y))dz* + Y (|y|)dy?, da® = dt* — di>. (1.0.11)

We also consider the action for a real massless scalar

X Y

TR X2 2
= _/O dy/d4g; [(aw)z + i (ayXl/le/‘l) 1, (1.0.12)

where in the second line we made a field redefinition to get a 4D canonically nor-

7r _ ; 2
o /7rRR w d%‘/__g( - ;QMNﬁMﬁb@Ncé) - "y / d%x?yuz[@uqﬁ) L (0,9) ]

malized scalar field.

Now, heading towards the discrete clockwork, we discretise the extra dimension
by choosing y; = ja with j = 0,..., N and a the lattice theory spacing such that
Na = wR. Hence, (1.0.12) becomes

1 N N-1
=y d [Z@W + > mi(¢5 — 456511)° (1.0.13)
Jj=0 j=0
m = mpy; U= Y IE (1014
J XinYih

In order to have m? and ¢; constant along the y direction and for ¢V to give a
non-trivial finite clockworking in the limit of infinite sites we must have

X;~ Y e mve gV = bR (1.0.15)
Therefore, in the large N limit, this proposed the following clockwork geometry

4k|y|

ds®* = e "3 (da® + dy?), (1.0.16)

where the absolute value is added to consider the total domain of y. Also, the
clockwork parameters m? and ¢ scale as
N? .
m? = oy Rl "N, (1.0.17)

which when plugging in back to (1.0.6a) lead to

2
m2 = 0, mi:kz—l—%—l—(’)(l/N), n=1,...N. (1.0.18)

From (1.0.18), one sees that we have a massless eigenstate (Goldstone scalar) and a
clockwork tower of particles (pseudo-Goldstone scalars) whose masses are quantized



by the equal values n?/R? just as the Randall-Sundrum model with a mass gap k%
In addition, we may make an easy interpolation between flat, warped and clockwork
spaces considering the following metric

4k|y|

ds? = e 3 (da? + e 4klvlqy?), (1.0.19)

The flat space corresponds to k = 0 while for warped spaces we have [ = 1/3
and k = %l% The conformally flat clockwork metric is being recovered by [ = 0.
Note that in this geometry the sign of the clockwork geometry (1.0.16) is flipped.
This is possible since descriptions with positive or negative k are equivalent and
follow by a change of coordinates. Here, we assume that k is positive. In this
case the hidden sector is located at y = mR while the TeV sector is at y = 0. To
have a negative k (or —k, k > 0) one performs the coordinate transformation
y — wR —y/. That means that in this case the role of the branes is interchanged
with the visible sector at y = mR and the hidden at y = 0.

Now let as see that (1.0.19) for [ = 0 gives back the clockwork solution with
the correct tower of massive particles. To do so, we consider the 5D action for a
real massless scalar field in the background (1.0.19)

S = /d4xdy [62(1’l)k|y‘(8u¢2) + 62(1“)’“'?/‘(8?!(;52)}. (1.0.20)
We expand the field as

>\ Pn () (y)

T,y) = ) 1.0.21
ey = (10.21)
where ¢,, satisfies the 4D equation of motion
270N _ 27
9,0(x) = myd(x), (1.0.22)
and the equation of motion for v, (y) is
(02 = (141K 4 e iz ] MYy, () = 0. (1.0.23)

For | = 1/3 this is the equation for the KK modes in RS model. For [ = 0 we get
the clockwork geometry where the equation of motion (1.0.23) become

(02 — k2 + m2 |V, (y) = 0. (1.0.24)

We may set Newmann boundary conditions dy¢ = 0 on both branes y = 0, 7R and
normalize the ¥ modes in order for the ¢’s to have canonically normalized kinetic
term in 4D. Doing so, we find

kmR

Yo(y) = okrR [’ (1.0.25a)
_ "kl @ : % ny
Un(y) R (n sin —= + cos 7 |, (1.0.25b)



where n € N and the masses are

n2
ﬁa
which agrees with the large-N limit of the discrete clockwork (1.0.18).

mg =0, m=k+ (1.0.26)

1.1. Continuum Clockwork geometry
Here, we present a self-consistent theory that can give rise to the clockwork

geometry given by (1.0.19) for I = 0. Such a geometry can be generated by the
gravity dual of the Little String Theory which, written in the Jordan frame, reads

3
S — / d%dys/_—g]\gg’es (R + MY (018) (O S) + 4k2)

+ /d4xdy\/—g

S

\/e%[—(S(y)Ao—(;(y—ﬂ'R)Aﬂ], (1.1.1)

where S is the dimensionless dilaton field, —k? the (negative) vacuum energy in
the bulk, Ag, A, are the vacuum energies (also called as tensions) of the two branes
located at y = 0 and y = mR, respectively, and the R in the delta function is the
radius of the S;/Z, compactified extra dimension.

However, it is more convenient to work in the Einstein frame where the gravity
kinetic term is canonical. This can be done by performing the conformal transfor-
mation (see Appendix A)

_28
JMN — € 3 guN- (1.1.2)

which leads to the following Einstein frame action

M3 1 2
S :/d4:rdy\/—975 (R — ggMNaMSﬁNS + 4]{726_3S>

1
e~ 5"

V955

We now look for solutions of the equations of motion assuming that the metric

— /d4xdy\/—_g [(5(y)A0 +o(y — WR)AW} : (1.1.3)

has a 4D Poincaré invariance which, due to the parametrization freedom of the fifth
coordinate, can be written in the following conformally flat form

ds? = e?W) (nu,,dac“dx” + dyZ), w,v=0,1,2 3. (1.1.4)

Varying (1.1.3) wrt metric we find the Einstein equations of motion which read



1 1 1 1
Gun = Ruyn — §R = 5(8MS)(6NS) ~ 9MN (3(35)2 — 4k26—25/3)

— G0k 6% e /3
pv NM3\/_

Similarly, for the dilaton we have

(6(y)A0 oy — WR)AW), (1.1.5)

o—S/3
05 — k2253 _ Mi (5(y)A0 + oy — WR)A,F>. (1.1.6)
5 \/

For the background (1.1.4) and taking the dilaton to depend only on the y
coordinate, (1.1.5) and (1.1.6) reduce to the following equations

S/2 12k2 2(0’ )
9(0" —0”) + 87 = =37, (1.1.7)
S + 35’5 = 4k2€2(a—3/3) o A,

where primes denote derivatives wrt to the bulk coordinate y and

P

M:: <5(y)/\o +0(y - WR)AW) (1.1.8)

is the boundary matter contribution which leads to the jump of the second deriva-
tives of the metric and the field.

To find the jump of these functions we integrate the last two equations of (1.1.7)
over a small interval (r, — €, 7, + €), where r,, a = 0,7, is the position of the two
branes at y = 0 and y = mR respectively. The corresponding jump conditions, also
known as junction or Israel conditions, are given by

A —

Tq+€ GUG_TA
g ¢ fa (1.1.9)
roq—€ Mg’
Sa
Tqte€ GJQ_TA
=, 1.1.9b
o ra—¢ 3M§, ( )
The most general solution to (1.1.7) which respects (1.1.9) is
_ 2kly| o2
3 +o 00,
S = 2k|y’€%770 + So,
with
— Ao = A, = 4kM?. (1.1.10)

6



Setting Sy = 0 = 0, which are of no physical meaning, we get

- 2klyl
3 Y
S = 2kly|, (1.1.11b)

(1.1.11a)

which is the CCW solution. We rewrite the clockwork metric for future reference

4k|y|

ds®* = e 3 (da? +dy?). (1.1.12)

One can see that for the clockwork (linear dilaton) solution (1.1.11) the space—
time in the Jordan frame is flat while the Planck mass varies along the extra
dimension and it is exponentially suppressed as one move towards the brane located
at y = 0 indicating a strongly—interacting gravity. On the other hand, in the
Einstein frame is the other way around. The Planck mass remains constant for any
y while the curvature grows exponentially towards the brane at y = 0 revealing
again strongly interacting gravity. Therefore, at fundamental level, the 5D mass
My can be as small as desired in order to decrease the hierarchy gap and retrieve
naturalness (to be defined below).

1.2. Solution to Hierarchy Problem

The hierarchy problem in particle physics is the energy gap between the weak
interaction and Planck scales. Equivalently, is the fact that Higgs mass is so much
smaller than the Planck scale.

In addition, demanding Higgs to be much lighter than Mp one needs to fine—
tune the mass parameter of the fundamental theory to be of the high order of
Mp ~ 10" M@GeV. This comes in contradiction for the demand of naturalness
which states that all parameters of a physical fundamental theory should be of
order of one.

One can avoid this problem by just saying that there are many patches of the
universe or many effectively realizable universes (such as the various vacua of string
theory) where the Higgs boson has different mass but the one (patch or universe)
that is capable of accommodating life has my < Mp and hence we should not be
surprised by the hierarchy. This line of thought is known as the anthropic principle.

However, one may not be satisfied by this explanation and search for a deeper
physical meaning that can explain the hierarchy within the theoretical framework
that describes our own observable universe.

One way out to resolve the problem, is by the introduction of an extra dimen-
sion. The well known Kaluza—Klein theories resolve the problem but then this is
transformed to the problem of fine-tuning of the size of the extra dimension (which
is not so bad!). This fine—tuning can subsequently be avoided by the introduction



of a new degree of freedom, called radion, which comes from our natural demand
for radius stabilisation.

In the clockwork theory, the linear dilaton plays the dual role of generating a
non-trivial background leading to the solution of the hierarchy as well as being the
field that stabilizes the theory.

Specifically, regarding the RS model the stabilization of the extra dimension is
accomplished through the Goldberger-Wise mechanism (appendix B). This mech-
anism introduces a new field (the radion) with a potential in the bulk as well as on
the two branes. Then the stabilization comes from demanding for the field to take
a specific value on the boundary.

On the contrary, in the clockwork theory we already have a field and no intro-
duction of a new one is needed. Indeed, we can suppose that there is an interaction
potential for the linear dilaton on the brane which fixes its value, ie S(7R) = 5.
Then, this boundary condition, automatically fixes the radius

kTR = b;” (1.2.1)

Then, one can fix the value of S such that the radius is big enough to resolve
hierarchy. This will become clear in the following.

However, it is clear that the number of degrees of freedom between RS and
CCW models is the same since the background metric in the RS model is completely
determined by the E-H action, and the new dof comes in only for stabilization.

Therefore, let us illustrate how the effective Planck mass occurs. If the effective
theory lies on the boundary located at y = 0, then then the effective Planck mass
is the pre-factor of the 4D Ricci scalar induced on the brane. More specifically, we
have

VE / d*zdyy/—gR = M? / dhxdy W\ —g@ (g Ry, + g% Rss
= M3 / d*xdy me%(y) (e_Q"(y)R(4) +.. )
= M;/d“m/—g(@ (RV...), (1.2.2)

and hence, by matching

Mg’]{dye?"’(y) =M} =

4 M3
M} = Mg’)]{dyez‘y' = | M} = kf(e%”R — 1) : (1.2.3)

Thus, the hierarchy is solved in terms of the parameters £ and R. This is a good
point to illustrate the way that gravitons couple to the Standard Model matter.
Consider the 5D gravitational action



3
S = /d4xdy\/—g<]\§5R+£m>, (1.2.4)

where L, is a matter Lagrangian in the bulk. We also consider a metric of the
form
ds® = e2W) [g,wdx“dx” + dyz}, (1.2.5)

where g,,, can be thought of as containing fluctuations around the 4D Minkowski
space

2
g'lw e nl-“’ + Wh‘wj, (126)
with an inverse
g =t — 23/2 h* + i?)h‘”hj + (’)(h3). (1.2.7)
M M;

In the transverse-traceless gauge d,h*" = 0 = 7, h*”, the action becomes

1 1
S = / d'zdye® [ = 5 (O ) (O 1) = 5 (Dyhyu ) (O, h) = 60", Dy
o 620
- (60’ + Wﬁ]\/j) hu,,h'uy s (128)
which when integrated by parts become

. 1 1
S = / dirdye® [ = SO (O W) = 5 (D) (O,)

20
+ (3(0” +0%) — ;/jgﬁm> hu,,h‘“’] : (1.2.9)

Assuming that the bulk matter does not depend on the 4D coordinates, the 4D
components of the Einstein equation read

1
G, = T, =
H M53 H
3(c" +0") = iﬁm (1.2.10)
M3

Therefore, the action for the graviton reads
1
S = _5 /d4xdye2k|y‘ {(akh;w)(a/\h‘“’) _|_ (ayhﬂy)(ayh/—tu)} ) (1211)
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We deconstruct the graviton in the usual way

) i hg;)\/_l/}"( v) (1.2.12)

Suppose that the SM Lagrangian is localised on the 4D brane at y = 0 while at
y = wR it is the hidden brane. Consider the SM energy-momentum tensor

SM

oL
SM __
T5M = 2

g + g LM : (1.2.13)

Guv="Npv

Then, the gravitational interaction will be given by

h,, 0)TSM 0o B(n) TSM S r3/2

Thus, using (1.0.25) and (1.2.3) we find

k2 R?

Ao = Mp, A, = \IM§WR<16 =+ 3 ) (1.2.15)
The equation (1.2.15) illustrates the spirit of the clockwork. It shows that the
interaction of the massless gauge boson with the SM particles is exactly the observed
Planck mass Mp. On the other hand, it includes interactions between the tower of
massive clockwork gauge bosons and the SM with an interaction scale A,, which is
smaller than Mp by a clockworking factor e*™%. Therefore, the interaction of the
extra tower of gauge bosons will interact with couplings which respect the observed
hierarchy.
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Chapter 2

Clockwork Supergravity

The clockwork theory presented above is naturally hosted into the D = 5, N = 2
supergravity. In the following, we will present the geometrical structure of the
theory in which the clockwork theory is just a particular example of convenient pa-
rameter selection. The theory has the supergravity multiplet, one vector multiplet
where the clockwork scalar is its scalar component. The scalar come out to has a
two parameter potential which can host the RS and clockwork model. Thereafter,
if we insist to take the clockwork background (1.1.12) half supersymmetry must be
broken and we are left with D = 4, ' = 1 on the boundaries.

2.1. The N=2 Maxwell-Einstein Supergravity— A
Geometrical Interpretation

The N = 2, D = 5 supergravity multiplet contains a graviton ey’ a gravitini
!, (doublet of SU(2)r R-symmetry) and an abelian gauge A, (EM).

This can be coupled to D = 5,ny vector multiplets each of them containing
one scalar ¢, an SU(2)x doublet gaugini A\’ and a gauge field A,. Therefore, the
field content of the theory is:

(el s AL X, 671, (2.1.1)

where I = 0, x with z = 0...n for the n vector multiplets.

We may think of A/ to live in a (n+1)-dimensional space G and ¢* as the coor-
dinates of an embedded n-dimensional hypersurface M C G. Next, we parametrize
the space G as {¢*, V} where V is an independent coordinate pointing out of M.
In order to describe the whole space G we define as coordinates:

& =€, V). (2.1.2)

Using these coordinates one can build an orthonormal base of the space G. We
define the arbitrary function f = f(V, ¢*) with

11



f(V,¢") = const. =k, (2.1.3)

defining a foliation of G for each value of the constant k. For example we may take:

V(") = k. (2.1.4)

For a given k (and hence for a given V) there is a local basis at each point of G
which we denote as

{£I7I7n[}a (215)
where £7,, € TM and n; is the normal to the hypersurface, given by
ny = |V(iny)| = O 10y = orlny (2.1.6)
I s af[ =07 . .

We may set h; = any and h! = B¢ and constrain them such that

hlh] =1=
aféing =1=
10V = (aB) 7, (2.1.7)

following that the hypersurfaces are such that (2.1.7) is always satisfied. To find
the metric of G we differentiate (2.1.7) and we have

0, {fl(%an} _ 0=
Y + E10,inY =0 =

1 1
“hy+ =hlopinY =0 =
(8]

B
«a I
hy = —<68Uln]/)h , (2.1.8)
thus the metric reads
o
arjg — —Ea]]lnv. (219)

Therefore, the induced metric on M is

ds® = ay detde’
= aIngaz flay d¢*de”
= B 2arh’ . hJ7y d¢*dgY
= arshih]de"de”
= Guyd®de”, (2.1.10)

12



1€,

Gy = arshln? (2.1.11)

z' %y
where we define hl = —p~1hl .
Now, we are in position to compute the Riemann curvature for both G and M.
We compute the Christoffel symbols for G as

1
Ik = (aJCLIK + Okary — 0ICLJK)

2
@

25

[0
= —550KlnY. (2.1.12)

(aJIKan + aK]Jan - 8[JKan>

The Riemann tensor is

RPNKL = aPMRMNKL
=a" (8KFMLN — Ol N + FMLSFSKN - FMKSFSLN>

=a" (FMLSFSKN - FMKSFSLN>

P pS P S
=1 sy =T ksl n =

We see in (2.1.13) that even though I's are not tensors, for the geometries which
respect the restriction (2.1.7) they are. Given (2.1.13) we can calculate the induced
Riemann curvature of M. This is given by the Gauss equation:

Koy = 28° Q0 + Ry g€ € €52 650, (2.1.14)

where €, = Q,, is the second fundamental form of M. The second funda-
mental form evaluated at a point p gives the deviation of the embedded space at a
neighbourhood of the point p from the exponential mapping of the tangent space
evaluated at point p. It is given by:

roy = fl (51790 Wy +FIJK£J7:E fK:y ) . (2115)

It can be shown that €2, = 0, therefore the Riemann tensor K, ., of M is given
by the second term in (2.1.14). Thus the geometry of M is entirely determined by
the geometry of G. In addition, it is shown that ) must be a homogeneous function

of degree three, ie.:
V = B3C €l ek, (2.1.16)
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2.2. Clockwork supergravity

The scalar field target space (hypersurface M) is given by V = 1, ie

CIJKhI(¢)hJ(¢)hK(¢) =L (2.2.1)
or

V= B0 ree’eR = 1. (2.2.2)
Connection with the physical theory demands 3% = % Also, in order for V to be a
homogeneous polynomial of degree three from (2.1.7) we have a? = é or o = %

Therefore, from (2.1.6), (2.1.9) and the definition of h; we have

Lo
ary = —5(91] an, (223)
1

hy = —0;InVY (2.2.4)

3p

V=1

For a gauged D = 5 and N = 2 one can read off the scalar potential V =
g*P(¢), where P(¢) due to supersymmetric invariance of the the theory is written
as

P(¢) = —F; + P, P*, (2.2.5)

where

Py =20V, P, =+2hlv, (2.2.6)

with V; are ny 4+ 1 arbitrary constants.

In the clockwork theory we have only one scalar field and thus we are interested
in the simple case of a single vector multiplet coupled to D = 5, N' = 2 supergravity.
Therefore, the theory simplifies a lot. We have I = 0,x, x = 1 and hence the
manifold M is parametrized by a single scalar ¢* = ¢. Now, the space G is a
two-dimensional space and the constrain V = 1 defines M which is just a curve.
For the prepotential V), in this case we have

V=g <Cooo (€°) + 3C100 (&) €" + 3Cons€” (51)2). (2.2.7)

Since C} i are arbitrary, we may choose Cypg = 0 = Cgp and Cyy1 = %, such that

2
V= ﬁ3§°(gl) =1. (2.2.8)
In addition, plugging (2.2.5) into (2.2.3) and (2.2.4), after some algebra, we have
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1 1
ar; = diag (2, 2) , (2.2.9)
2(¢) (¢

1 (1 2
hi=—|=,= |- 2.2.10
All we want to do is to match the potential (2.2.5) with the CW potential which is

Vew = —4k2e*/3. (2.2.11)

From (2.2.6) for our case we have

P, = 2(h1V1 + hQVQ)
- 2(a11h1V1 + a”hgvg)
2

2%(1/150 + 1€, (2.2.12)

Py = V2(hVi + h2V5)
= ﬂ(allhlx‘/l + a22h2x‘/2)
3 3
=Vv2[ Vo= —-V1—=|. 2.2.13
Al o
For the scalar target space (2.2.8) we may choose a parametrization
1 1
0= o2 ¢l— ___gt@ 2.2.14
& = 5o, €= one (2.2.14)

Then, the scalar target space metric in terms of the parameter is

Gz = allhlxhlx + a22h2xh2x

4b?
= — 2.2.15
which for a cononically normalized scalar field ¢ we set g,, = 0, leading to
bt (2.2.16)
=+ 2.

from which we choose the b = —1/+/3 solution. It follows that the potential reads

15



292

- <Voe_2¢/‘/g + ‘/16“5/*/3) 2 + i (2%6_2¢/\/§ + ‘/16(1’/‘/3) 2}

1
_ 352 <V06—¢N§ n 41/1@2¢N3>, (2.2.17)

which is a two-parameter family of potentials. From this, we may choose the CW
potential by taking the arbitrary constants to be 1 =0 and V; = \/g S so that

V= —2k2*V3 | = \/ggvl. (2.2.18)
The bosonic part of the theory, for vanishing gauge fields, is
e Lipos = ;R - ;auqba“qs 1 2k2e20/V3, (2.2.19)
from which, defining ¢ = —5/3 we get exactly the CCW lagrangian as in (1.1.1)
¢ Ly = ;<R _ ;aﬂsaﬂs + 4k262:f>. (2.2.20)
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Chapter 3

Clockwork Cosmology

A very interesting application of 5D gravity theories is the model building in which
our universe is a 3-brane embedded in a higher dimensional space-time. In these
theories the extra dimension is not observable either because it is sufficiently small,
either because our universe is confined onto the 3-brane, in which case the extra
dimension can be taken large. In both cases the hierarchy problem can be solved.
In the former, the hierarchy is solved with the 4D metric to scale exponentially
through the bulk while in the latter the Planck scale is derived in terms of the
small fundamental scale and the volume of the extra—dimensional space.

In addition, we have the induction of an effective cosmological model on the
brane whose behaviour is determined by the content of the bulk. One of the prob-
lems of 5D gravity scenarios is that the are resulting unconventional Friedman
equations on the brane with the Hubble constant going as H ~ p rather than
H ~ /p. However, this problem can be avoided by the stabilization of the extra
dimension.

Here we will use the clockwork theory and try to derive a proper cosmology
on the one brane located at y = mR. The clockwork scalar plays the role of the
radion and thus the stabilization of the extra dimension is guaranteed, after we
have removed its time dependence from the factor of the metric associated with
the extra dimension. The formalism developed here can be applied to any type of
potential for the scalar.

3.1. The theory and equations of motion

We assume a five-dimensional spacetime with an extra spatial dimension in
which our universe is confined to a (3+1)-dimensional brane. As we wish to write
a line element for this space, we make the following assumptions: (i) our (3+1)-
dimensional universe is isotropic and homogeneous, thus we may use the Robertson-
Walker 3-space metric tensor and (ii) the isotropy along the fifth dimension is broken
due to the existence of the branes, thus, the metric tensor will have an explicit y-
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dependence. In addition, since the y-directed isotropy is broken with a localized
matter-energy brane there will be discontinuities for quantities appearing in the
equations of motion as we will see.

Given these, we make the following most general ansatz that respect the two
constraints mentioned above

ds® = g, dz™ dz™

= —n?(t,y)dt* + a®(t,y)yda'da’ + b*(t, y)dy?, (3.1.1)

where M, N = 0,1,2,3,5,7;; is the usual R-W 3-space metric tensor, (¢,2%,i =
1,2,3) and y are the usual time- and space-like coordinates along the brane and
the extra dimension, respectively. Note here that n,a (the scale factor) and b all
depend in time ¢ and the extra dimension y. Therefore, at each slice, ie constant
y, of the bulk we can have differently evolving universes.

Thereafter, we consider a generalized theory of (1.1.3) with the scalar to depend
not only on the extra dimension but as well as in time. However, as we will see
here, it will be convenient for the solution of the equations of motion as well as
radius stabilization for the scalar to be non—dynamical. Thus, we introduce the
generalized clockwork theory, written in a canonically normalized form

M3 1 .
S = —/d4xdy\/—g{ — 75}% + igMNaMgb Ong — 2k M3e™?

o0
+

N [5(y) Ao + 0y — TR)A,] } (3.1.2)

where Mj5 is the fundamental, five-dimensional Planck mass, R the five-dimensional

scalar curvature, Ag and A, are the vacuum energies of the branes which are located

2
3M3

the bulk we introduce the potential of the canonically normalized dilaton field,
¢ = \/M3/3S, that is Vp(¢) = —2k*M3e ¢ k = constant. In the following, we
may express Vi(¢) = e ?? the interaction term between the bulk field and the
brane.

at y = 0and y = 7R, a = a normalization constant and 8 = a/2. In

The matter content of the five-dimensional space—time is described by the
energy-momentum tensor of the bulk scalar and the bulk cosmological constant.
Varying the non-gravitational part of the action (3.1.2), we take

TM Tbulk + Tbrane’ (313)

N T T MN MN
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with

TJlC;LJ\lrk = 8M¢8N¢ — 9un §as¢as¢ + VB(Qb) X (3.1.4)

2
Tane 5<y B yz)
T]I\;N = _gMN‘/I(qS) ZAZ b ) (315)
i=1
which are the energy-momentum tensors in the bulk and on the brane located at
Y1 = Yo and ys = ¥y, respectively.
Following, given the background (3.1.1) the scalar equation of motion, obtained
by varying the action (3.1.2) with respect to ¢, reads

1 (n a b\. 1(n a vy,
7¢_7 _rﬂ(n_ga_b) _bQ(n+3a—b)¢
8VB(¢) oVi(¢ Sy —wvi)
5 el E{O;}A =0, (3.1.6)

where dots and primes denote derivatives wrt ¢ and y, respectively.
Similarly, we consider the five-dimensional set of Einstein equations by varying
the action (3.1.2). We get

n
a2 i a a n b b a n
+777,7, _2*_’_* _*+2* — T+ _27_'_* _kr)/zz_/{E)TYu;
n? a a a n b b a n

(3.1.8)
na db
G =3 -2+ 22 2 = &27 3.1.9
05 (na+ab a) K5 los, ( )
/ / / b2 ‘ . . b2
G55:3 g Ci_‘_n *—ﬁ + ¢ —k— :H§T55, (3110)
ala "nl] n2la\la n a a?

where % = G5 = 1/M32 is the five-dimensional Newton’s constant and k = 0, +1
denotes the constant curvature of the four-dimensional spacetime along the brane.
Of course, these equations seems difficult to be solved, thus we will search for a
simplification which also happens to lead to a desired physical outcome. Before we
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proceed to this simplification, let us illustrate the mathematical-physical outcome
from the appearance of the 3—branes at y = 0 and y = 7. Since, the equations of
motion have delta functions at the rhs, these must be matched by delta functions
which must appear at the lhs. These delta functions will appear from the maximum
derivatives of the metric functions, a”, n”, and of the scalar field, ¢”. Therefore,
integrating around y = y;, i = 0,7 (3.1.6) we get the jump condition for the scalar
on the brane

1 dVi(¢)
—[¢i =N )
b; d
¢ ¢=9;
where [¢'] = ¢'(y; — €/2) — ¢'(y; + €/2) is the difference of the values of the first

derivative of the scalar.

(3.1.11)

Similarly, from (3.1.7) and (3.1.10) we obtain the following junction conditions
for the spatial- and temporal- scale factors a,n which read

n. 2
1 [’I’LI]Z . /{g
bon, — 3 Vi) (3.1.13)

We note from (3.1.11) that the jump in the scalar derivative depends only on
the interaction of the bulk scalar with the brane. If the scalar is at its extremum
on the brane then the jump is zero.

Now, as we said, in order to solve the equations of motion we need a simplifi-
cation. To do so, we may proceed to a simplification of the metric by demanding
the scale factor factorization a(t,y) = a(t)n(y). As we will know see our demand
for scale factorization comes along with the stabilization of the extra dimension, ie.
b = 0. Indeed, taking the time derivative of (3.1.12) we get

Al R, V(o)
dt a; N 3 ‘ (9gb
But if a(t,y) = a(t)n(y) then this equals zero. This implies that if the scalar is

. K2.
¢; — §5biAi‘/I(i)' (3.1.14)

sitting on its extremum on the boundary or it is non dynamical then the extra
dimension on the boundary is stable, ie b = 0.

For the clockwork, the vanishing of the rhs of the condition (3.1.14) leads to
the more specific condition

Béi = b;. (3.1.15)
In this case, it is clear that if we take the bulk scalar to be non—dynamical the
stability of the extra dimension on the brane b = 0 naturally follows. However,
(3.1.14) and (3.1.15) are conditions applied on the boundary. What about the
bulk? There the (05) Einstein equation of motion gives the answer. We may write
this equation in the following form
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n d\a db dfd K2 .,

—_— |- —] == 3.1.16

(n a)a+ab dt(a) 3¢¢’ ( )
which for scale factorization becomes

nb K:.,

P §¢q§. (3.1.17)

Again, this equation implies that if ¢ is non-dynamical then b is zero. We do

not want n’ = 0 neither ¢’ = 0 because with n # const. we want at least solve the

hierarchy while ¢ # const. is what we need to have in the clockwork. However,

one can imagine a theory with ¢’ = 0 and ¢ # 0 or whatever selections wishes and

see whether they lead to something interesting. Hence, for the following we choose

¢ =0, b= 0 and without loss of generality we can also set n(t,y) = n(y). For these

selections, and after a y—redefinition which sets b(y) = 1, the background metric
takes the more approachable form

ds® = n*(y)| — dt* + a®(t)yda'da’ | + dy?. (3.1.18)

3.1.1. Cosmology with vanishing bulk potential, V3(¢) =0

In this thesis we are interested for the non-trivial clockwork potential. However,
we will illustrate the case with Vg(¢) = 0 for completeness. In this case, it is
convenient to write the metric (3.1.18) in a conformal form redefining y as

ds* = n*(y) [ — dt? + a*(t)yi da’da? + dy?|. (3.1.19)

In this simplified background the equations of motion become

_ 3? +3 (a T a?> = 55§¢’7 (3.1.20a)
1 . .2 k‘ 1
3”7 _ (2a + @ + ) = —Ki=¢", (3.1.20b)
n a a a 2
n/2 a d2 k 2]- 2
6n2_3<a+a2+a2) :/@5§¢/ . (3.1.2()(3)

——— - =0, (3.1.21)

which is the evolution equation for the scale factor which is common for each four—
dimensional slice of the five-dimensional space. The solution for this equation is
easily solved and found to be
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eflt=to) =
1
a(t) = { 7 sinh[H(t —to)], k= -1 (3.1.22)
T cosh[H(t —ty)], k=1
which all satisfy

a a*  k

H?>=-=—+4+— 3.1.23
il e (3.1.23)
where H is the Hubble constant.
The scalar equation of motion reads
n/
¢" +3—¢' =0, (3.1.24)
n
where is easily seen that an integration gives
, 1
¢ = 5 (3.1.25)

where ¢ is the constant of integration. Given (3.1.25) the Einstein equation of
motion (3.1.20) read

n' /<02 02
—=H- 22— 3.1.26
n 3 2nS ( %)
02 32
2— =2H> + 2> — 1.2
2 + 3 276 (3.1.26b)
which we can add leading to
" 2
Tl —3m2, (3.1.27)
n n
The solution to (3.1.27) is found to be
s o sinh(3H]y|)
= 3.1.28
W) = (3 H])) (3.1.28)
with
2
H? = ECQ sinh?(3H |yo|). (3.1.29)
Computing the Ricci scalar on—shell we find
R = igqs’? (3.1.30)
= 50" 1.

However, from (3.1.28) we see that for y = 0 the warp factor vanishes. Thus,
at that point the Ricci scalar diverges indicating a physical singularity. This is a
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problem since we located the first brane at y = 0. We simply avoid this problem by
putting the first (hidden) brane at some location y = y; > 0. The solution found
(3.1.28) determines up to the constant ¢ the relation between the warp factors on
the two branes
3 inh(3H|mR
R i Uk Y BH|rE]) (3.1.31)
n;  sinh(3H|y|)
o for the scalar (3.1.25):

We can find a relation between the constant of integration ¢ and the brane tensions
implying the jump conditions (3.1.11)-(3.1.13). These read

2¢ = My Vi(9) =g, n(1r) = 1, (3.1.32a)
2c
W) N Br 0y Vi()]6=s- (3.1.32b)

for the two branes, now at their new locations y = y; and y = 7 R.
o for the warp factor n(y):

6H

MVi) = —5 coth(3H |y), (3.1.33a)
5
6H

AWV[(W) = _7I{§ COth(SH?TR). (31331))

We can also determine the effective Plack mass on the brane and see the solution
of the hierarchy. Doing so, we follow the same procedure as in Chapter 1

1 V=GR = —g(n®( =
202 /d xdyy/—gR 5, /d ZUdym” (an(4) + )
1
=5 [ a'sy=gw(Ra + ), (3.1.34)

where R is the 4D scalar curvature on the brane, g is the determinant of

the four-dimensional metric on the brane equal to a® and &% = ﬁ is the four—
P
dimensional Planck mass. Therefore, we have
11 2 n? - A;
— == ¢dyn® = —S L coth(3H|yl)| = Vi) s, 3.1.35
K2 /ig yn /‘i% 3H co ( |y‘) " ;nz I()9H2 ( )

which offers a solution to the hierarchy.

We can also calculate the effective cosmological constant, A.f¢, and derive the
proper Friedman equation. The contribution to the effective cosmological constant
comes from all the terms in the bulk besides the Ricci term which consist the
ordinary E-H action. Therefore, reading (3.1.2), we take

23



1 1 2 A,
A, :jé 5[ Ry — =62 | =S 0tV ok 3.1.36
It dyn (2/_,% ()~ 59 ;n 1) ( )
Using the result of (3.1.35) we get

3H2 2
Aeff = ? = H? = %Aeff, (3137)

which is exactly the ordinary Friedman equation.

3.1.2. Including the clockwork potential, V3(¢) = —2k?M3e~ ¢

In this section we include the clockwork potential. For this purpose, we fix the
extra dimension such that b = 1 and the Einstein equation of motion read

_&fC”+”j+a(j+;):@M(;wu@wﬂ, (3.1.38)

" 12 . 2 k‘ 1
m{”%fg)_@a+a+)_—@M(¢Q+wwﬂ, (3.1.38b)
n n a a a 2

2 - 22 k 1
6n2 — 3 (a + 5+ a2> = —rgn’ ( -5+ VB(¢))- (3.1.38¢)

] (3.1.39)

which is the same evolution equation for the scale factor as for the vanishing po-
tential. The solution of this is given in (3.1.6). Therefore, (3.1.38) become

- 2k2M3e—a¢>, (3.1.40a)

on/? B 2H? /i% @
n2  n? 3

— 2k2M3ea¢>. (3.1.40b)

For H = 0 these leads back to the linear dilaton solution. Eliminating the H?
term we get

2 12 2
_ ks <¢ _ ]{;2M3e—a¢>, (3.1.41)

n//
n
or for a general potential Vg
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n l‘€2 ¢/2 1
L--2 (2 + 3VB(¢)>. (3.1.42)

We can find a subclass of solution setting

¢/2 1
3 + ng(@ = F, (3.1.43)
where E is a constant. This equation is like a constant energy condition except the

factor of 1/3. In addition, the scalar field equation of motion becomes

n’ dVB(qb)
"+4—¢' = 3.1.44
which combined with (3.1.43) leads to
nl
"+ —¢ =0, (3.1.45)
n
with a solution
¥(y) = — (3.1.46)
n(y)’ a
with ¢ a constant of integration.
For E = 0, this equation has the solution
2 2

which is the linear dilaton solution. Indeed, plugging this back into (3.1.40) we find
that H = 0 which is the condition for the clockwork scalar as mentioned above.
Following, we can search for a solution with £ # 0. For convenience one can

set £ = —2M3w? < 0, w = real const. We can find an explicit expression that
satisfies (3.1.43) which is

—w
V3
However, this does not satisfy (3.1.40). An analytic solution that satisfies the
equation of motion for the metric components and the field has not been found

¢r(y) = V3M3In L/Igw cos< 2 )] (3.1.48)

yet. However, solutions using perturbation theory have been deployed in the liter-
ature. Another way to address the problem is to make the (3.1.43) more general
by considering a bigger solution space

¢/2 1

C+2V(6) = £(9), (3.1.49)

where f(¢) is some sufficiently smooth function of ¢.
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Chapter 4

A Clockwork Black Hole Solution

In this chapter there is a presentation of a black hole solution to the continuum
clockwork theory. This black hole has no spherical symmetry but instead it admits
a planar horizon. To begin with, consider the generalization of the clockwork theory
up to D dimensions whose action is given by the action

Sp = 2;23/de\/—_9<3 _ ;(05)2 n k2e\/zs>, (4.0.1)

where we have the dilaton S with its Liouville type potential in D-dimensions

2
V(S) = k2eV 72"
This action admits the D-dimensional black hole solution

2 D-—2
ds? — E“’)DQ g {_ (1 - (T) ) de? + d:z%} L (4.02)
1 _ T

S=—/2(D—-2)In (Dk_ 27’) . (4.0.3)

1=

With the purpose to study the solution in a more intuitive manner, we write down
the 4D analogue of the above theory. For this, we start from the 4D action and
present the procedure of producing the solution.

4.1. The 4D clockwork black hole solution

The 4D analogue to the clockwork action (4.0.1) is given by

N T _1 2 29
S = 252/d T/ g(R 2(88) + 4k%e ) (4.1.1)
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Varying (4.1.1) with respect to g and S we take the Einsteil-dilaton equations
of motion

1 1 1 1
R#u - §guuR = §ausavs - QQW{Q(aS)z - 4k2€5}’ <4'1'23)

0S = —4k%e®. (4.1.2b)
Consider the 4D analogue of the clockwork metric

ds® = BQU(Z)( —dt* 4+ d2® + dy* + dzz), (4.1.3)

where now the z is the coordinate in which runs the scalar and the wrap factor.
Under this background the equation of motion (4.1.2) become

S" 420" = —4k2e5H20, (4.1.4a)
i S 4 926520 — 3572 (4.1.4b)
;S'Q = 2(6”? — o). (4.1.4c¢)
A solution to this system is
S(z) = —2kz (4.1.5)
o(z) =kz.

Making the change of coordinates kz = In(kr) = kdz = %dr the solution reads

S(r) = —21In(kr), (4.1.7a)
ds* = dr® + *r?( = df* + da® + dy?). (4.1.7b)

This metric seems to has Poincaré invariance in the R'*2 space. To search for the
exact symmetries we have to find the Killing vectors. For this, we write down the
Christofell symbols of the space

M, =T, =0, =T%_=1,

z zZT zY zZz

re, =T =-1 (4.1.8)

The Killing equation reads

V(Mgu) = 07 (419)



from which we find the following system of differential equations

&+ &y =0, (4.1.10D)
fz + fa:,m = 07 (4110C)
& +&: =0, (4.1.10d)
§ye T &y =0, (4.1.10e)
oy +&ye =0, (4.1.10f)
o2+ &0 =0, (4.1.10g)
o — Eap = 0, (4.1.10h)
§ty — &yt =0, (4.1.10i)
e — &0 = 0. (4.1.10j)
The solution to these equations read as
i—el volyl 12
~ Doy T2\ Ty
v (0D
“or TNy Your
0 0 0
and therefore the Killing vectors are
0
1_ -
: ot
2_ 9
ox
0
3 EE—
£ = a9
0 0
4 pr— —_— RE—
$ =y Yo
0
5 _ PR -
&= “ot * t(?x
0 0
¢’ =vg; tip, (4.1.12)

Of course these vectors are the generators of the group 150(1,2), the Poincare
group of R'™2; the first three vectors represent the space-time translations in the
t,x,y planes and the last three are the rotations in the three-dimensional Lorentz
space composed by the axes {t,x,y}.
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Also, let us note that the metric (4.1.7b) is the induced metric on the 5D
Lorentian cone

— X2+ XP 4+ X2 —-2X2 +2X3X, =0, (4.1.13)
embedded in M3? with metric
dst = —dX§ + dX7 + dX; — dX3 + dX]. (4.1.14)
Then, the parametrization
Xg = 1rt, Xo=rz, Xo=ry,
5= v

X, = ;(—t2+$2+y2)—r, (4.1.15)

leads to the induced metric (4.1.7b) on the cone (4.1.13). The metric (4.1.7b) is
singular at » = 0 since curvature invariants diverge there since for example

12
7.

R, R"™ = (4.1.16)

r

This singularity at » = 0 is a naked singularity and we should get rid of it. In the
clockwork case, the singularity was cut out of the spacetime by the introduction of
branes at r = 1, (z = 0) and r = e¢*. However, there is another possibility, namely
to hide the singularity behind a horizon. Indeed, it is straightforward to verify that
the Einstein equations with the linear-dilaton profile (4.1.7a) admits also solution

S = =2 In(kr), (4.1.17)
2 dr? 2 s 2
ds® = =+ 1——2 dt? + dz? + dy? (4.1.18)
— % T

Again, the metric (4.1.18) is singular at » = 0 but now the singularity is behind the
horizon r = r,. As we see this solution is the D = 4 case of the general solutions
0 (4.0.1).

Let us define tortoise coordinates r* = r*(r) such that the metric (4.1.18) can
be put in the form

2
ds® = —r? (1 - :2) (dt2 - dr*2) +7? <d:v2 + dy2>, (4.1.19)

where
1 2 2
r* _/ 1_ﬁ —iln(r ~72). (4.1.20)

As usual, the tortoise coordinate r* ~ Inr for r > r, and r* — —oo for r = r,
where is the even horizon. To go to Kruskal coordinates, we define

uwr=t—r", v =t+1r", (4.1.21)
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so that

r*=—=1In (7’2 - ri) =5 t= 5 (4.1.22)
and therefore
r? 2=V v (4.1.23)
We define now the null coordinates
u=—e", v=ec", (4.1.24)
so that the metric is written as
ds? = —dudv + r? <dx2 + dyQ), (4.1.25)
where r is defined by
ww =12 — 77, (4.1.26)
Therefore, the singularity » = 0 is at
v =712, (4.1.27)
and the event horizon at
uv = 0. (4.1.28)

The global structure is shown in Figure 4.1.

Figure 4.1: Global structure of the solution

One can also find the Penrose diagram given in Figure 4.2. This can be written
in the coordinates

p=tan"'(v/r,), q=tan"*(u/r,), (4.1.29)
which lead to
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t =const

" r =const

r=0

i i

Figure 4.2: The Penrose diagram of the solution

e r=0=uw=r2=tanptang=1=cos(p+¢q) =0=p+q=+£5

e r=rs=>uw=0=p=0o0orqg=0

The casual structure of this black hole seems to be the same as for the Schwarchild
solution with the difference that here we have different conformal factor. Moreover,
at each point of the diagram corresponds a two—dimensional euclidean space with
metric do? + dy?.

4.2. Geodesics

We take the geodesic equations which are written as

A2zt dx? dz°
" — —— =(. 4.2.1
dt2? T e dt dt ( )

The geodesic equation for motion at fixed z,vy is

r? dr\? 1
702 I (dt) R 2 =-F, (4.2.2)
dt 1 1

i T B

(4.2.3)

where E > 0 for timelike geodesics and 7 is the proper time. The solution of
Eq.(4.2.2) for incoming geodesics turns out to be

1 1/2
") = (1 + Er? — tanh(f — t0)2) , (4.2.4)

which, when used in (4.2.3) we find
tanh(t — to) = VE(T — 7). (4.2.5)

Therefore, in terms of the proper time, the geodesic equation is written as

1

(1 ER2 - E(r— 70)2>1/2. (4.2.6)
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Clearly, from Eq.(4.2.4) we see that the horizon at r = r, is appropaced as t — oo

and therefore for an asymptotic observer at r > r,, it takes infinite time to reach

the horizon. However, r, can be reached in finite proper time as Eq.(4.2.6) shows.
Similarly, for null geodesics we have

dr\? N r? 2

1 22
t+ 5 log(r —r ) = const.. (4.2.8)

from where we find

s

Threfore, we have

r(t) = rs\/ 1+ eF2A=10) (4.2.9)

where the minus (plus) sign is for the incoming (outgoing) light rays.
For varying x,y the geodesic equations are given by:

d*t  B'(r)dtdr
— —— = 4.2.1
dp®>  B(r) dpdp (4.2.10)

d*>r  B'(r) [ dt ’ A'(r) (dr ’ r dx ’ dy ’ B
a2+ 2a0) (dp)  9Am) <dp) ~ A (dp) +<dp) ] =0 (4211
d*{z,y} | 2drd{z,y}

where:

2

Ar) = —— (4.2.13)

2 _ .27
r (=

B(r) = 1% — 2. (4.2.14)

s

From (4.2.10), (4.2.12) we have the following constants of motion:

dx
7"2% =, (4.2.15)
dx
rQ% =, (4.2.16)
dt 1
— == 4.2.1
dp  B(r)’ ( 7)

where we have absorbed one constant of motion into the definition of p.
Then the equation of motion for r, eq. (4.2.11), becomes:
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A(r) (EZ;) + ;{2 - Bzr) =B, (4.2.18)

where E > 0 for massive particles and E = 0 for photons and J? = ¢ + ¢2 =
const..
Then, the proper time 7 is given by:
dr? = —Edp*. (4.2.19)

Therefore, we can eliminate p and get the r,t equations of motion:

2
A(r) [dr J? 1
— — — =-F 4.2.20
B2%(r) (dt) * 2 B(r) ’ ( )
dt 1 1
— = . 4.2.21
dr  EY2 B(r) ( )
Using (4.2.13), (4.2.14), equation for r become:
272 J2 1
st — 55— = —FL. 4.2.22
(r2 —r2)3 - r2  r2—r? ( )
Setting 2 — r? = wu(t), this equation becomes:
J2
u? + 4| E+ u? — 4u® = 0. (4.2.23)
U+ 7,

For J = 0, ie the case where z,y =fixed, eq. (4.2.23) reduces to (4.2.2).

4.3. Surface Gravity
The 4-acceleration of a particle, given the metric (4.1.18), is:

at = I + I ufu?, (4.3.1)

where, for a free falling observer, the 4-velocity is:
ut = ( —900,0,0,0). (4.3.2)
Since u' = 0, (4.3.1) becomes:

at = —+ 00 (u®)?, (4.3.3)

and the only surviving component is:
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T (02 — 00
a Oo(u ) 2A<r> dT ( g )
-1
r? —r? ) r? 1
=52 (2r)|r <1 — 7"2>] = (4.3.4)
oul(r)  oul(r)
0 __ _ 1 _

@ = or  Or w =0

Therefore, the proper acceleration is given by:

2 711
r _
a2:au%:a1a1:gn(a1)2:( _r;) 772:(2_7“3) ' =

a=(r*—r3H12 (4.3.5)

When r — r,, the proper acceleration tends to infinity, a — oo, that is the
falling observer experience infinite acceleration.

The surface gravity is the gravitational acceleration at the event horizon as seen
from infinity. In other words, it is the acceleration needed, as exerted at infinity,
to keep the observer on the horizon.

In order to move the observer being on the horizon by dl, the observer at infinity
must expend energy equal with dE,, = gsodl. On the other hand, the local energy
of the observer on the horizon increases by dE, = g,dl,with g, given by (4.3.5).} By
the conservation of energy, the two energies are related by a redshift factor, thus
we have:

o\ 172
E. g 900(00):(1_7’5) N

Eoo B Goo B gOO(r) T2
7«2 B 702 1/2
Joo = Gr B = =
r
1
== 1.3.6
Joo = - (4.3.6)

-1

Therefore, the surface gravity is |k = goo(1s5) = 7

4.4. Action Integral

The solution of (4.1.18) has a non-compact horizon and also it asymptotically
approach (4.1.7b) which is not a the flat space-time. Therefore, the action which
one usually takes

!Suppose that the observers at r, and r = oo are connected with an inextensible string.
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(g, 6) 1/M [R+£m(g,¢)]+1 K, (4.4.1)

T 2k? 8 Jom
where K = g" K, is the trace of the extrinsic curvature of the boundary, must
be modified to the so called physical action which is

Ip(g,9) = 1(g,9) — 1(go, do), (4.4.2)

where gg, ¢ define the reference background which must be a solution to the
field equations as well. If g, ¢ asymptotically approach gg, @9 then the physical
action I, is finite.

From (4.4.2), one sees that the physical action of the reference background is
defined to be zero.

In other words, for static spacetimes, we set the energy of the reference back-
ground to be equal to zero.

For asymptotically flat spacetimes, (4.4.2) reduces to the well-known form of
the gravitational action:

19.0)= 50 [ [ Lulo0) + - f (K-Ko, (a3

2k2 T

where K is the trace of the extrinsic curvature of the boundary embedded in
flat spacetime.

For any asymptotically flat spacetime g, ¢ the above action is positive, and
given that the Minkowski spacetime has zero energy, the stability of Minkowski
spacetime is guaranteed since we cannot have a decay from a solution of zero energy
to a positive energy solution.

For non-asymptotically flat spacetimes the physical action (4.4.2) reads:

10.0)= 55 [ [R+ 0000 = 55 [ [Ro+ Lulonon)] + o= f (K~ Ko),

(4.4.4)

where Ry, K| is the Ricci scalar and the trace of the extrinsic curvature for the

reference background gg, ¢g. In the case of the asymptotically flat spacetimes we

take a Minkowski background and the second integral is simply zero recovering eq.
(4.4.3).

Therefore, for the clockwork we have

I T 1 2 2.8
S—Qﬁz/daﬁ/—g<R 5 (08)" + ake ) (4.4.5)

which admits the classical solution

S = —2In(kr), (4.4.6)
dr? r
ds? = — +r2{— (1—5) dt2+d:c2+dy2}, (4.4.7)
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This solution asymptotically approach:

S = —2In(kr), (4.4.8)
ds® = dr? + r*(—dt* + dz* + dy?),

which also is a solution of the field equations and therefore the definition of
(4.4.2) can be applied.
Therefore, we can define the physical action (4.4.4), which we write as:

10(0,0) = 57 [ [(B=Ro)+(£n9,0) Lmloo, 00)] + 5= (K=Fo). (4.4.10)

T

We compute the Ricci scalars for the two spacetimes and find:

2(3r? +r?)

R=-="g

, (4.4.11)
6

Rmz—ﬁ- (4.4.12)

Similarly, substituting for the two solutions in L, we get of course

]V_Z;A?(”>_O, (4.4.13)

and we are left only with the surface integral

[o— 2 %;I(K-—Kb). (4.4.14)

B

4.4.1. The surface integral, Ig

When one has to evaluate the action for a black—hole metric must be careful due
to the singularities. However, as illustrated in [] one can avoid this by working in
the complexified metric, the Euclidean metric. We wish to perform the integration
in a region safe of the physical singularity at » = 0 and thus we have to search for
a non-singular section.

In addition to transformations giving (4.1.25), we define:

z= ;(v +u) = (r* = )2 sinh(t), (4.4.15)

w = ;(v —u) = (r* = r2)/? cosh(t). (4.4.16)
Therefore, the metric becomes:

ds* = —d2* + dw* + r*(dz® + dy?). (4.4.17)
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In these coordinates, r > 7 since in different situation z, w become imaginary
for r < ry. However, this is because in this region {¢,r} are not good coordi-
nates and an appropriate signs must be introduced to prevent the coordinates from
becoming imaginary.

The event horizon, r = ry, is given by y = 42z while the singularity, » = 0, is

2 = r2. However, there is a set of {z,w} s.t. we hit the singularity.

given by 22 — w
We can avoid this by defining a new coordinate z — —i(. Now, the singularity is
given by: (? +w?* = —r2. Therefore, if we choose to work on the Euclidean section,
(¢, w) € R, we have:

Cruw=r*—r2>0. (4.4.18)
Hence, in this section the singularity is excluded and we can perform the integrals

safely.
The metric (4.4.17) becomes:

ds® = d¢* + dw® + r*(da® + dy?). (4.4.19)

The r coordinate is defined through (4.4.18) while the t coordinate is defined
by:

2w~ = tanh(t), (4.4.20)

or, in (¢, w) coordinates:

Cw™! =itanh(t) = tan(it) = tan(7), (4.4.21)

where we have defined the imaginary time 7 = it which happens to be periodic.

A way to investigate the periodicity of 7 is to express the metric near the
horizon, r,. To do this, we set r = r; +¢€, € > 0 in (4.1.18) and expand up to first
order of e. Doing so, we take (x,y fixed):

ds® = 22 de® + 2 edr?
2e
= dp* + p*dr?, (4.4.22)

where p? = 2r.e. Eq. (4.4.22) is a Euclidean 2D section where 7 is an angular
coordinate with periodicity 2.

Therefore, the action integral (4.4.5) can be evaluated on a region Y bounded
by the surface r = ry which has the topology: S x E2. So the region of integration
is temporally compact and spatially is the Euclidean 2-D space.

Since the region is not compact on its spatial section, we will evaluate the action
per unit area, Zg, defined as:

. 1
Is = nggo ﬁlg(rs, L), (4.4.23)

where the surface integral will be evaluated over a finite 2D region (—L/2, L /2) x
(—L/2,L/2).
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The metric of the Euclidean section, Y, is given by:

2
dsj, = 1* [(1 - T) dr? + da® + dy? | (4.4.24)

r2

This is the surface r = ry = const., therefore the normal vector is given by:

N o
na = =
|guua‘urayr|l/2 |gr7"’1/2

5\ /2
.
- (1 - ) . (4.4.25)

72

Thus, the trace of the extrinsic curvature is:

), - ),

K=n% =
& a r

Al

1 3 rr 1 3 T? 1/2
= (0 ”):[ (-5) | =

T

~1/2
2 2 _ 9,2
K= (1 - T) ?””igr (4.4.26)
T

r2
The surface integral for the black hole metric ¢ is given by:

(87) - Is, = / Kdy. = /0 T / arr / = ha k()

—L/2 —L/2
= 2miL*(3r? — 2r2), (4.4.27)

where /—h, = ir®(1—7r2/r?)Y/2. The imaginary —i arises from the v/—h of the
surface element dX.
Otherwise:

(87) - Is, = / Kds = ai / % = n°, / dS = 2mil?(3r% — 2r%).  (4.4.28)
Therefore, we have:

(87) - Lg, = 2mi(3r® — 2r2). (4.4.29)

In the same footing, we can evaluate the surface integral with background the
metric at r — 00, Zg ..

In this case, the normal vector is n!, = d7,. Therefore, the trace of the extrinsic
curvature is:
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1 1
Ko=(n*).a = 3<r3g”nr) = 3r?=3r"" (4.4.30)
r r

r3

The surface integral reads:

1/2
(87) - Is g, = 2mL%\/=hy3r~! = 67TL27‘_12'7’3< — TS>

712
o\ 1/2
= 6miL* (1 - rz) . (4.4.31)
T
Hence, per unit area we have:
5\ 1/2
(87) - Ts,y. = 6rir? (1 - TQ) . (4.4.32)
T

Overall, the surface integral become:

Ts = Tsy — Ty
1 1 172 18
= 2mi(3r” = 22) — —6mir? (1 - f:—s bl )

1
= —S—Wm'rg +O(rir?)

1
= —gz’rs/fl + O(riry?), (4.4.33)

where x = r; ! is the surface gravity of the dilaton black hole.
In a different way, we can compute the surface integral by taking the difference
K — Ky first as (4.4.14) indicates.

4.5. Vacuum Instability

It is well known from Callan and Coleman [ that a false vacuum can semi-
classically decay to a more stable state with a lower energy density through a
quantum mechanical barrier penetration. In this section we will apply this idea to
see that the clockwork vacuum decays to a black hole that has a planar horizon. We
begin with an introduction to the instability of Kaluza—Klein vacuum according to
the paper of E. Witten [14]. The same procedure for KK vacuum instability applies
exactly to the clockwork case.
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4.5.1. Instability of Kaluza—Klein Vacuum

While the KK vacuum theory is classically stable, it is shown that there is more
stable state separated by a finite barrier from the vacuum. Thus, the false vacuum
state decays through a barrier penetration to a more stable true vacuum at a given
rate. The main idea behind the semi-classical instability of KK vacuum is that if
there is a bounce solution to the Einstein’s equation whose determinant of small
oscillations has a negative mode, then the vacuum has an instability.

Firstly, the Kaluza—Klein vacuum is analytically continued to euclidean space
as

ds? = da? +dy? + dz? + dt? + d¢?, (4.5.1)

where t,x,y, z € (—o0, +00) and ¢ a 2w R-periodic variable. We can rewrite (4.5.1)
in polar coordinates as

ds* = dr? + r?dO? + d¢?, (4.5.2)

where dO is the line element on the surface of a 3—sphere which can be written as

de? = d6? + sin? dSQ, (4.5.3)

where df2 is the line element on the 2—sphere.
In addition, the classical Einstein equations admit a second solution which has
the same asymptotic behaviour as (4.5.1), which reads

d 2 2
ds? =~ 4+ 1%d0° + <1 — R2> dg?. (4.5.4)
— = r

If ¢ being again 27 R-periodic then there is no physical singularity at » = R.
Also, these coordinates cover the space-time with » > R. If (4.5.4) has negative
action modes for small fluctuations then it represents an instability of the KK
vacuum (4.5.1).

To find if negative action modes exist one has to solve the eigen—value equation
for small fluctuations around (4.5.4)

Aphy, = Ah (4.5.5)

ws

where Ay is the Lichnerowicz laplacian operator. In the case at hand, indeed, one
finds a negative eigenvalue.

However, there is a more easier way to search whether an instability really exists
or not. If the bounce solution (4.5.4) can be analytically continued to real valued
Minkowski space-time which agrees with the euclidean bounce to a 3—dimensional
surface which can play the role of ¢t = 0, it will describe an instability.

Such a situation is clear here. Indeed, from (4.5.3) one can see that the role

of t = 0 can be played by ¢ = 7 and the 3-dimensional space that remains will
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be common for the euclidean and minkowskian space—time. The analytical con-
tinuation ¢ — 4t in this case is represented by 6 — 7 + 4% and the metric (4.5.4)
becomes

2 dr? 212 2 2 R? 2
ds® = g — r°dy” +cosh” ¢ dQ° + (1 — — |dg”. (4.5.6)
B r
r2

This is the metric at which the vacuum decays. The physical interpretation
of this metric is very amazing. Firstly, drop the factors 1 — R?/r? to have a first
illustration of this space. Disregarding also the angular coordinates of the 2D sphere
we have

ds? = dr? — ridy?. (4.5.7)

Setting x = r cosh ¢, y = sinh ¢ the metric becomes

ds? = dz? — dt?, (4.5.8)

which is just Minkowski space-time but since 2?2 — t? = r? > 0 it describes the
exterior of the light cone as illustrated in Figure 4.1. This is, of course, a non-
gedesically complete space—time since geodesics can be light-like and space-like
with z? — t* < 0. However, note that for large 7 the KK vacuum (4.5.1) coincides
with (4.5.6) since at these distances the factors of 1 — R?/r? go to zero.

|t

Figure 4.1: Exterior of the light cone in Minkowski space excluding the factors 1 — R?/r?

On the other hand, for small distances with respect to R one must include
these factors. In this case, the coordinate r must be greater not only from zero but
r > R. Therefore, in this case the space-time that this metric describes is all the
points with 22 — t2 > R? which is the exterior of the hyperboloid shown in Figure
4.2. Thus we have a distorted Minkowski space with the interior 2> —t?> < R? been
deleted.

As said, in this theory there are four non-compact and one compact dimension
represented by ¢ which is to small to be observed. Therefore, an observer who
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Figure 4.2: Exterior of hyperboloid in Minkowski space including the factors 1 — R?/r?

cannot see this extra dimension and is not to close the the horizon r = R describes
a Minkowski space with the points 22 — 2 < R? omitted. It is also important to
note that the radius of the extra dimension is 27 Ry/1 — R?/r? and smoothly goes
to zero when r approaches R sealing the boundary. In this way, this space—time is
geodesically complete.

In addition, the constraint 2 — t?> > R? shows that an observer who does not
see the extra compact dimension sees a black hole spontaneously formed from the
vacuum initially having radius R. After some time ¢ the horizon of the black hole is
located at z(t) = v/R% + t2. This means that the black hole expands in a uniform
acceleration reaching fast the speed of light since R is small. Thus the black hole
expands rapidly pushing to infinity anything it meets.

Moreover, since the departure of (4.5.6) from the KK vacuum (4.5.1) is of order
O(1/r?) the total energy of the spontaneously formed black hole is zero. But such
is the energy of the vacuum (4.5.1). Thus, the two solutions are degenerate. In
the contrary, Minkowski space has zero energy and, from the positive energy the-
ory, any other asymptotically flat solution has positive energy. Hence, Minkowski
space is semi—classically stable. Given that, the positive energy condition for the
Kaluza—Klein space is violated since there is a solution other than the vacuum that
asymptotically approach vacuum and has the same energy.

Another important element to be calculated is the decay rate. We saw that the
vacuum solution decays into a black hole that expands to infinity. However, this
happens at every point of the space. One can find the rate of this phenomenon
by the well-known formula of Coleman. We can compute the action of the bounce
solution (87G = 1)

- _1(; [ day=gr + 817T /¢ VR KL (4.5.9)

where hgy, is the induced metric on the (spatial) boundary and [K] = K — Ky is the
difference in the extrinsic curvature of the boundary in the bounce solution and
vacuum space. The Ricci scalar vanishes while the surface Gibbons-Hawking term
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gives mR? /4 leading to a decay rate of exp(—mR?/4).

4.5.2. Clockwork instability

Following E. Witten on the instability of Kaluza-Klein vacuum we see that in
the clockwork framework the black—hole is the solution at which the vacuum of the

theory decays.
The "vacuum" solution of the theory when analytically continued reads
(4.5.10)

ds® = dr® + 72(d¢” + da® + dy?),

where ¢ is periodic with period 2.

However, the equation of motion also admit the euclidean bounce solution
dr?

ds® = ; (4.5.11)
-7

2
+ 7’2{(1 - 5)ae 4+ e + dy2}.
r
Since (4.5.11) can trivially be analytically continued around a different from ¢

(4.5.12)

axis into
d 2 2
T r2{<1 — ) + do? - d¢2},

T

ds* = 5
1- %
T2

where ¢ is the new 27m-periodic variable. As happens in the KK vacuum de-
cay, the clockwork decays into (4.5.12) and subsequently this solution expands to

infinity. To be more specific, excluding the factors in (4.5.12), we have
(4.5.13)

ds* = dr? — r’dg”.

Now setting = = r cosh ¢ and y = rsinh ¢ we get
(4.5.14)

ds? = dz? — dt?,

which is exactly the Minkowski space-time with 2% — t? = r? excluding the interior

of the lightcone.
Including the factors one takes
(4.5.15)

and thus the metric is the whole Minkowski space-time excluding the interior of
the hyperboloid 22 —t* < r2. In other words the space—time points that this metric

describes are given by the relation
z? —t* >l (4.5.16)
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Thus, the boundary of the black hole which is located at » = r, will expand
since after time t its position will be x = x(t) = (/72 +t2. We have exactly the
same situation as the KK vacuum instability.

Note that in (4.5.12) the dimension £ is compactified and thus no observable by
an observer who lives on the 3-dimensional space-time with y being the other one
spatial coordinate. Here, the compactified extra dimension £ has a radius whose size
depend from the distance from the horizon rg: R(r) = /1 — r2/r? with R(rs) = 0.
As one can see, the Kaluza—Klein case apply perfectly in the clockwork.

The decay rate is simply given by e’s, where Ig is the surface integral found
above with the imaginary —¢ multiplied by an extra —i from the second analytical
continuation.

4.6. Charged Black Hole Solution

In order to find the Reissner-Nordstrom like solution, we consider an action
with an interaction term between the dilaton and electromagnetism which is

S = 1(; /d4x\/—_g(R - ;(65)2 —V(S) - ie"‘s(FWF“”)) : (4.6.1)

where V(S) = —4k?¢” is the clockwork potential and F), = 9,A, is the
electromagnetic strength.
The field equations are

0S =V(S) + iaeo‘ng, (4.6.2a)
0=V, <eaSF’W>, (4.6.2b)
1 1 1 (1 1 1
Ry = 9B = 5(0,5)(0,5) = S (2(05)2 + V(S)) + ieaS (FWFV" - 4g,wF2),

where the last equation can be written as:

1 1 1. o 1
R, = 5(@5)(8,,5) + 59,“,‘/ + 56 S (FuaFu — 4gu,,F2). (4.6.2¢)
We may consider the following metric ansatz
gt = TQN( ~ AR + da® + dy2) (4.6.3)
A , 6.

which respects the 1.SO(1,2) symmetry. In addition, the form of (4.6.3) will
allow for a smooth transition to the uncharged solution (4.1.18) when the additional
charge () — 0.
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Solving the corresponding Maxwell equation (4.6.2b) we take

CefaS
~ p3N

FrP =" C = const., (4.6.4)

where only the F"* survives since A* = 0 for a static, isolated charge. Further-
more, the symmetry of our solution demands for the fields to be functions only of
r.

For later calculations, some useful relations are

C’e—aS
F = grguF™ = —r*NF™ = . (4.6.5a)
F? = FogF* = 2F, " = 2N (F™)" = (4.6.5b)
F Pt = 2N (Fr)°) (4.6.5¢)

The equations of motion (4.6.2) lead to the following independent equations!

1 d{ 35 d dV(s) 1 s,
AN 2
= (5’(1»)) , (4.6.6b)
N N(3N —1) 1. 1Q% s
From eq. (4.6.6b) accepts the linear dilaton solution:
S(r) = soln(kr), sy =+2VN. (4.6.7)
For the rest we choose sy = —2v/N.
Thus, we may rewrite the F; as
C(kr)—aso Q
Fro= =3 — = St (4.6.8)
Integration of (4.6.6a) & (4.6.6¢) leads to the following solutions
4so+2 aQ? ks 1
N1 A(p) = Oy — 3N+so+1 4.6.9
sor AW =G g T T 2V + asg = 1) rren1e (46:98)
2k.80+2 Q2k5a50 1
NPAN-1A() = O 3N+so+1 4.6.9b
" (r) 2 3N +s9+1 4(N + asg — 1) pNHaso—1” ( )

!These are the independent equations coming from Einstein’s equations (4.6.2c) (the dilaton
eom is included in them).
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where C;, Cy = const.
The consistency of these, (4.6.9), leads to

ien 1 Ja 4] a1 ]
2(N + asg — 1) rNtaso—1l | g 2N 3N +so+1 2N s
Therefore, we have the following acceptable solutions
e Solution I: (N =1, a=-1).
From (4.6.10) we read
so=—2N=+VN=N=|N=1| (4.6.11)
and
2aN = sy = 2aN = —2V/N =
VN(@VN +1)=0=[a=-1] (4.6.12)
For these parameter values both of (4.6.9) lead to
7n2 Q2k2
Ary=1--2 4.6.13
r)=1-124 27, (4613
which for Q? = 0 recovers the uncharged solution.
 Solution IT: (a > —1).
N+4asg—1=-3N—-50—1=
AN + (a+1)sp =0 =
1 2
WN=a+1>0= N:(a—z), a > —1.
@ fa 1] a1 1]
2(N +asop—1) sy 2N| 3N+so+1[2N s
2 11—«
2 2—«
=8k*Y ———|. 4.6.14
@ a?+a+1 ( )

From (4.6.14) we see that « < 1. Thus, this solution holds for .

Plugging these into (4.6.9) we have

1-— 2
A(’f’) — D 16 kl—a Oé( CY) k,2—a :|7,,1—oz7

i(3a®+6a-1) * (+1)(3a2 + 2+ 3) 4> +a+1)
(4.6.15)
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where D is a constant.
For a = 1, ie Q* = 0, from (4.6.9) or (4.6.15) we can recover the uncharged
solution

Alr)=1-"75. (4.6.16)
The solution of the charged black hole with interaction v = —1 reads:
dr? r2 kZQZ
2 = —— - _ 0 2 2 2
it = - TSJFWM{ (1 o )dt+daz +dy§4,6.17)
72 8r4
S = —2In(kr) (4.6.18)
Q
i = o5 (4.6.19)

The charged black hole admits two horizons which are the solutions of the
factors in (4.6.17). These are

,
Y

Following the same procedure as for the uncharged black hole, we find the

1+(1— 4.6.20
( 2r4, ( )

k2Q2)1/2] 1/2

surface gravity

1/2
K= goolry) = L (1 — kQQQ) , (4.6.21)

Ty 8ri

where 7 is the outer event horizon given in (4.6.20).
Following the same procedure as above we find the surface integral to be

(87) - Is = / (K] dS = (87) - (Isy — [s,.) =

)4
I 1 k*Q? _
I = —gzrg —3ige t O(rgr™2). (4.6.22)
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Appendix A

Conformal Transformations

Conformal transformations is a local change of scale, it is not a change of coordinates
but an actual change of geometry and it is given by

G = Gu = L (2) Gy (A.0.1)

Under such transformations null curves remain null since for a null curve

dz* dz¥

—_— = A.0.2
I gy ay = O (A.0.2)
we have
~ ) dzt dx”
guud.fudl' = Qz(x)gl“’ﬁﬁ = (AO3)

In addition, any quantity depending on the metric will transform under confor-
mal transformation. The Christoffel symbols transform as

fgy =17, +C",, (A.0.4)

where

CP, = Q60,0 + 000, — 97 9,, 0,2, (A.0.5)

which is a tensor since it is the difference of two Christoffel symbols. The confor-

mally transformed Ricci tensor reads as

R, =Ry, +V,C0, —V,C (A.0.6)

oy opuy

which, given (A.0.6) reads as

Ry = R, — 2(00,6500 — 901,059 )07 (VaS) (V592)
+2(260 6507 = 200,059 + 9109”7 ) Q2 (Va Q) (V59). (A.0.7)

(7]

Contracting p and pu, leads to the conformal Ricci scalar
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R:Q—Q[RZQ(TL—U TV, In Q- (n—2)(n—1)g W<vH1n9>(vV1nQ)} (A.0.8)

The CCW action is originally expressed by the gravity dual of Little String Theory
which reads in Jordan frame as

2
S — / d4xdy\/_—g%es (R + MY (038) (O S) + 4k2)

+ /d%dy\/_\/_{ d(y)Ao —0(y — TR)A; |, (A.0.9)

where S is the dimensionless dilaton field and k? the negative vacuum energy in the
bulk, Ag, A, are the vacuum energies of the two branes. However, it is convenient
to work in the Einstein frame where the gravity kinetic term is canonical. This can
be done performing the conformal transformation

25

gMN — € 3 gMN- (A.0.10)
Using (A.0.8) we get

\/— S MN N \/—es MN
VIR = e (R = 5" (0uS)(0x8) ) - 5 VTV (0V'S)

_Ss
\/—_g\/e;55 — \/_\/‘; (A.0.11)
Therefore the action (1.1.1) after conformal transformation reads as
S = / d4xdy\/—_g%g (R — ;gMNaMSGNS + 4k2e—§s>
o158
-/ d%dy@ {5(y)AO + oy — WR)AW], (A.0.12)

which is exactly the one we have use in (1.1.3).
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Appendix B

Kaluza—Klein Theories

A way to modify classical General Relativity is by the introduction of extra dimen-
sions. These theories are called Kaluza—Klein theories after Theodor Kaluza and
Oskar Klein who tried to unify electromagnetism and gravity as components of a
single higher-dimensional field.

As an example consider a 5D space—time with the extra dimension y to be of
periodicity 2w R. This can be imagined as the product of a Minkowski space-time
with a circle at each of each points, M @ S*.

One may ask what is the effective field theory on the boundary of this 5D
theory, ie our Minkowski space-time. Then, we can think of particle living in this
5D space-time. Its momentum in the fifth dimension will be quantized since its
wavelength must satisfy

n
=

In field theory, particles are described by fields. For example, we can imagine
0

An
on= 2tR=p, =h (B.0.1)

a spin—0 particle, ie a scalar field ¢(x,y) where z = 2% 2!, 2% 3. One can Fourier

transform as (A = 1)

O(z,y) = 3 dulw)e' 7. (B.0.2)
Therefore, for a flat 5D space-time we have the Klein-Gordon eom
M n?
On07 6(2,y) = 0= 9,0"¢n(z) = L3 n(2), (B.0.3)

which indicates that an infinite tower of fields with masses m,, = n*/R?, called KK
states, are generated and living on the boundary. Since these particles have not
been observed in colliders their masses must be larger than the TeV scale. This
implies the constraint

R ~< 10" cem, (B.0.4)

which is extremely small to be detected.
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However, this can be avoided by the Arkani-Hamed, Dimopoulos and Dvali
(ADD) idea that the extra dimension is accessible only to gravity and not to the
Standard Model. Their size is therefore fixed by experimental tests of Newton’s lay
of gravitation, where physicists have reached down to about a millimetre

R ~< 1mm. (B.0.5)

Therefore, such particles may exist but until now not detected.

B.1. The Randall-Sundrum model

In the Randal-Sundrum model there is again a 5D gravity with a compactified
on a circle extra dimension which is symmetric around the 7 R. That is the extra
dimension is an S'/Z, orbitfold. This construction has two endpoints, one at y = 0
and one at y = 7R = L. Two 3-branes are located at each endpoint with one being
hidden and the other visible. Bulk is called the space between the branes.

In this set-up, we have the following action

+L
S = /d4l'/ dy\/ _9<M53R_A+»Cmatter>7 (Bll)
-L
where A is the cosmological constant in the bulk and £ contains the possible bulk
and brane matter fields.
Regarding the background of R—S model, we imply an anzatz which respects
the 4D Poincaré invariance which reads as

ds* = Wy, do"dx” + dy?, (B.1.2)

from which one reads

gun = 2y 0k, 8% 4 65,03 (B.1.3)

The Einstein eom read

1
Gun = Run — §gMNR = HQTMN, (B-1-4)
where GG,y is the Einstein tensor and
2 5Smatte7‘

is the energy-momentum tensor, with the cosmological constant A of the bulk in-
cluded.
Christoffel symbols read as follows
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1 1
F5;uz = 795P(_8Pg/w) = 5955(_859;111)

2
= —AIQQAmW, (B16)
and
v 1 vP 1 vo 1 vo / / v
r us — 59 a59P,u = 59 aSgau = 59 2A (y)gua =A (y)(su (B17)

The 5D Riccei tensor reads

Ry = 0pT ain — O aip + T ol %y = T no T e,

which leads to the following components

R, = —(A" +4A%)g,,
Rss = 4A" +4A"%.

In addition, for the Ricci scalar we have

R= g™ Ryn = ¢" Ry + g% Rss = —4(2A" + 5A"). (B.1.9)

Now, suppose that in the bulk we have only the cosmological constant. There-
fore, for 0 < y < R, the 55-component of the Einstein equations gives

1
Gss = K2 T5s = 4A” —4A? —4A” + 1047 = WE (—A) =
5

_ -A
C12ME

A" (B.1.10)

Here, one can notice that for a real solution we must demand to have a negative
cosmological constant, ie to an anti—de Sitter 5D space-time AdSs. Setting

k> = —A/12M2, (B.1.11)
we get the solution for the wrap factor

Aly) = tky = k|y|. (B.1.12)

The last equality in (B.1.12) is coming from the fact that we want the solution
to be invariant under the Zs symmetry transformation y — —y, y € [-7R, +7R].
Therefore, the R-S background metric reads

ds? = Wy, datda” + dy?. (B.1.13)
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Therefore eom for A(y) is complete determined by the 55-component of the
Einstein equations. However, the remaining equations are not trivially satisfied
but the form of the background demands the existence of tensions on the two
branes of the model. Specifically, we have

Gus = K*Tys = 0, (B.1.14)

and the non-trivial equations

G = /£2TW =
(6A” +3A") g = K (—A)
A? 4 ;A” =k
A" =0. (B.1.15)

However, for the solution we have found the second derivative of A(y) reads as

A'(y) = sgn(y)k = k(6(y) — 0(—y)) =
A"(y) = 2k[3(y) — 6(y — =R)], (B.1.16)
where we have added the second brane as well. Therefore, the energy—momentum

tensor must be extended by terms that can produce these peaks to the wrap factor.
These terms are given by

Sprame = — / drdy/—g {Aoa(y) + ALy — ﬂR)]. (B.1.17)

where Ag and A, are the tensions of the branes which, given (B.1.15), satisfy

2

A= [Aoé(y) ALy — WR)} , (B.1.18)
but from (B.1.16) we get

Ay =—Ag= % = 12kM?. (B.1.19)
K

B.1.1. Goldberger-Wise mechanism

In order to solve the hierarchy problem we fix the value of the radius of the
extra dimension to a specific value. However, we want to make the theory stable
in a more natural way:.

For this purpose, we stabilize the radius through the so called Goldberger-Wise
mechanism. This mechanism introduces a massive particle, the radion, in the bulk
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which interacts through some potentials with the boundaries. This, introduces a
new degree of freedom to the RS model. The action of the mechanism reads

Sradion = _;/d4xdy\/__g|:(aM¢> (8M¢> + m2<;52 , (B120)

where m? is the mass of the radion field, which is assumed to be small such
that the radion does not modify the linear dilaton solution.
The equation of motion for ¢ reads

O¢ = m?e, (B.1.21)
which, considering ¢ to be only y dependent leads to

¢ +4A Y —m?p = 0. (B.1.22)
For the RS model and for the upper half of the orbitfold A(y) = ky and therefore
(B.1.22) reads

" + k¢’ — m?p =0, (B.1.23)

which is a linear differential equation of order two. This is easily solved giving

B(y) = A 2Vl L A o=+ DRIy (B.1.24)

where the solution for the lower orbitfold is included putting |y|, v = /1 + m?/4k?
and A,, A_ are constants of integration to be determined by the Dirichlet condi-
tions applied on the branes.

Applying ¢(0) = ¢g and ¢(7) = ¢, one gets

2(1+v)kn R
A _ (bﬂ'e ( V) T - ¢0
+ = etAvkrR _ |

(B.1.25)

For the RS action (B.1.1), the radion action (B.1.20) plays the role of a poten-
tial. The effective potential on the brane is obtained by the integration of (B.1.20),

1€

TR

VIR) = [ dyet®[(956)? + m?7). (B.1.26)

—T

where after some algebra we end up with

V(R) (qswe—mi’i%“ - ¢0>2. (B.1.27)

Since this is never negative, it is minimized only when

qﬁﬂ. m2knR

— = e 42 =

bo
4k? ¢

kR In —. B.1.28
e o, ( )



Therefore, for a parameter of order O(1) one can conveniently choose k?/m?
and fix the hierarchy.

This method applies also to the clockwork mechanism, however there is no need
to use it since the clockwork scalar plays the role of the stabilization field.
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