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Theoretical Motivations

e BW models during the last ten years offered new insights for building effective
frameworks that extend Einstein GR in a (possibly) consistent way.

e They suggested new ways to test string motivated models
A DD models proposed to consider frameworks with low foundamental scale.
— Black Holes at colliders
— Deviations from Newtonian inverse square law
RS models found important connections with stringy ideas.
— AdS/CFT

— Warped Throats in CY compactifications with fluxes

e Cosmology model building has been also deeply influenced:

— Higher codimension BWs considered to address the cc problem:
= Selftuning

— BWs with induced gravity terms to explain present day acceleration:
= Selfacceleration

- cbbiough these cannot be considered, today, completely successful attempis. ...



An Example: codimension two brane-world on a cone

3+ 1 brane”

Consider a BW sitting on the

: deficit angle
tip of a cone

. &
6 dims space =~

3 = /{{H.I'\/—gﬁ Jirf_il R{-j o /£f4.1’ \/—{j_l A
Why it is interesting in order to address the cc problem?

e The tension of the brane does not curve our space: only modifies the extra
dimensions

Selftuning : A\ = 27 M, (1 — a)

However, to get a finite 4d Planck mass, we must compactify the extra space.
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An Example: codimension two brane-world on a cone

S = /d['i.r\/—gﬁ Mg Rg — /534.1* VvV —g1 A
Why it is interesting in order to address the cc problem?

e The tension of the brane does not curve our space: only modifies the extra
dimensions

Selftuning : A = 27 M, (1 — a)

However, to get a finite 4d Planck mass, we must compactify the extra space.
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An Example: codimension two brane-world on a cone

However, to get a finite 4d Planck mass, we must compactify the extra space.
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An Example: codimension two brane-world on a cone

However, to get a finite 4d Planck mass, we must compactify the extra space.
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An Example: codimension two brane-world on a cone

‘ PR 1 —
S = /ff]-f\/—gﬁ |}1I"grti.l Rh’v i IFHJHFW” T 41{1} . V/\EEL-EV{—glA

Gauge field
and bulk cosmological constant
spontaneously compactify the space

Salam-Sezgin|

However, to get a finite 4d Planck mass, we must compactify the extra space.
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An Example: codimension two brane-world on a cone

_ o 1 —
5 = ‘/{f]-r\/'—gli |}‘l“{t; Rh . Ian-Fm” Li ;1{‘% S V/[fl-lrvrr.._.gl‘\

—
.

i ..
Gauge field
and bulk cosmological constant
spontaneously compactify the space

Salam-Sezgin|

Unfortunately, the deficit angle « results quantized: o ~x n”.

However, to get a finite 4d Planck mass, we must compactify the extra space.
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An Example: codimension two brane-world on a cone

3+ 1 brane™

Consider a BW sitting on the
tip of a cone

deficit angle

. o
6 dims space =5

g = /dﬁ._r\/qué‘ R¢ — /d*.ﬁ/j@)&

Why it is interesting in order to address the cc problem?

e The tension of the brane does not curve our space: only modifies the extra
dimensions

Selftuning : A = 27 M, (1 — a)

However, to get a finite 4d Planck mass, we must compactify the extra space.
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An Example: codimension two brane-world on a cone

However, to get a finite 4d Planck mass, we must compactify the extra space.
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An Example: codimension two brane-world on a cone

) M T 1 ' —
3 = ‘/ff]-r\/—g'i |}‘I“'!rtj.l Rh - IEHHFMH LA éxkhl = / {f.i-r"uf'f—.gl‘”\

—
.

e

Gauge field
and bulk cosmological constant
spontaneously compactify the space

Salam-Sezgin|

Unfortunately, the deficit angle o results quantized: o ~x n”.

What about if we avoid to compactify by adding induced gravity terms on the brane?

e Does selftuning work in this case?

e Are there selfaccelerating configurations in higher codimension brane-worlds?

Pirsa: 08040003 Page 13/55



Selfacceleration

e Consider a tensionless 3 + 1 dimensional brane on an empty bulk.
Add localised gravity terms on the brane.

Assume a FRW Ansaiz for the induced brane metric.

The equation that controls brane dynamics is

M. [ p M
H — £ "-_'} + F° 5% 1 -
MIT\3MIT M

when ¢ = +1 one has selfacceleration.
= Evenifp — 0O one has H > (.

e But this branch of solutions is plagued by ghosts.

Intuitive understanding: choosing this sign of € corresponds to choose the
side of the brane where the induced gravity term mimies EMT that violates
energy conditions.
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The system under consideration: Intersecting brane-world model

The action we are interested in is

: 6. — [ Mg = [ o E— M;,
$ = b uf‘f Y=\ %5 _Z/r ST | e T

=1

; / Bad ('1§IR,--+L-).

codl brane

-

codl brane
-

cod2 brane

Zo

codl brane

L

cod2 brane

cod2 brane

Then the questions | want to consider are:

e How does matter on the brane backreact on the geometrv?

e is there a regime in which acceptable 4d gravity is obtained?
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The svstem under consideration: Ill‘[ﬂl“SGCtiIlg brane-world model

The action we are interested in is

: — :“rl Urji
§ = / d®x\/—g ( 5 & 15) Z/ &’z \/—g0;) ( R +L”>
J bulk = i=1
+ / ff’l.i'./—_qf-- (J:{I R- + L)

st Viicioha codl brane

-

cod2 brane codl brane

=
Z

cod?2 brane cod2 brane

How do we tackle these questions?

e We determine the equations that control cosmological expansion on the brane

= A FRW Ansatz is imposed on the brane geometry
Pirsa: 08040003
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The system under consideration: Ill‘[CI‘SCC‘[iDg brane-world model

The action we are interested in is

., (M2 ”‘,i
§ = f d°x\/—q ( _.}_h R — _15) Z/ &’z v —g0) ( Ry + L )
bulk =

=1

codl brane

"

codl brane
-

cod?2 brane codl brane

e

l;'rll:_.__._,} ]s['u]_]_t‘ o .'Ilj }"1'15_11‘

Why this system and not others with similar features?

e Because cosmological equations can be easily extracted from the

[srael junction conditions on the codimension one branes.
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First part: Maximally symmetric configurations

Focus on the case in which brane and bulk geometries are maximally symmetric.

Which is the relation between expansion rates and brane tensions ?

e The bulk geometry is given by

. : _ : | 1
g 2 42 o S 0 o W - k5 | Al -1 -2y _
ds" =A(t,z ,z") (;,r#yd.;.‘“{i‘rl + Oppdz"dz t) . dMkzE Z)= Hi + ko
where the parameters satisfy oW, . - =i
10 i

e The branes form generic angles, characterized by normal vectors

n' = (sinaj;.—cosa;)

(2 P )
n'?) = (sinas.cosas)

L. 0}

angle between the brane o = a1 + ao

|
[
[
!
|
I
I
|
I
|
|
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First part: Maximally symmetric configurations
e |t is convenient to define new coordinates parallel to the brane

B % with =2 .z

Israel junction equations allow to determine brane energy momentum tensor
that supports this configuration.

e Codimension one brane ¥

Characterized by velocity vectors V' P o = ‘*;"‘ and normal ng.
The extrinsic curvature KA, is given by

- P yQ

I\,”” V l.”“-[ VP”Q

Israel conditions require that the brane energy momentum tensor 5,,, satisfy

}_ = Ao b]‘”l’l

[ "mrera- —— V2

EF

If the bulk is maximally svmmetric, C'odazzi equations ensure

Tmfr{rmt = 0 = NS ﬂmn = §
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First part: Maximally symmetric configurations

e |t is convenient to define new coordinates parallel to the brane

I

_‘:.L . ﬂ[k:'

I
—
v
i
v
o

-z with =z

Israel junction equations allow to determine brane energy momentum tensor
that supports this configuration.

e Codimension one brane ¥
Characterized bv velocityv vectors I',f = ¢3- and normal ng.

The extrinsic curvature KA ,,, is given by

(1)

K e =V B -[2 vP”Q

Israel conditions require that the brane energy momentum tensor S,,, satisty

(K - Smn
L 1mreJhr it I.Il!“'_-_g
=i

If the bulk is maximally svmmetric, ('odazzi equations ensure

ViEKg =0 = ¥V"S5u=1
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First part:

Maximally symmetric configurations

Concentrate on the brane ., located at z; = () to impose the junction conditions.

e Reconsider the system in the new coordinates parallel to the branes:

— Impose Z5 svmmetrv at the position of the second brane z, = 0

— The bulk metric rewrites

A(t, 2L, |22

with

-
{ FTETL

Pirsa: 08040003

= *'12”' EL' 52 I(”,uudwrﬁd-ru + Vmn Effr“ﬁrf”) ’

1
H."--{:Lfl ‘!"Cj;fg !
ki cosas — ko sinas

ST

ki cos ey + ko sin oy

SII1 ¥

1 1 cos cx sgni %)

. 2
S1 - Ok

i =7
cos o sgni z=) 1
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First part: Maximally symmetric configurations

Concentrate on the brane ., located at z; = () to impose the junction conditions.

e Reconsider the system in the new coordinates parallel to the branes:
— Impose Z5 svmmetrv at the position of the second brane z, = 0

— The induced metric on ¥; reads

: & , idZodZo
dss:, = A“(t.0, 74| (;hmu’.ﬂ’*rf.{”——r E J)

sin” e |
o ] . ] 2
Hf = H"—sin"a ﬂ] g

e The extrinsic curvature is calculated straightforwardly, and

) = . . COSOy
K::- =V:ns:, = —g:.:,{Ci —cosax Ca | +248(33)
el o i Rkt S  § 2 21 . 9
=5 . N e J SN

It contains a singular piece that is compensated by matter at the intersection.

Pirsa: 08040003 Page 24/55



First part: Maximally symmetric configurations

Calling H,, H,, H the Hubble parameters on branes >, >,

Ay, A, A the tensions on branes BT 70 38

Israel conditions provide the following system of equations

g ooa SN2 e _ - .
Ay = 6MZ H? - .~,:iu:1 (fg JHE — H3 — ¢ cosa \,sz = Hf).
ais e SMEY ) 2 / 2
A = BM:,H5 —— (el V H? —H{ — e cos oy H? — Hs ),
sin o -
] ] E 2 ‘ oy : / oy “3 : “0S
A = 3M2HZ—6 (el M\ H? — HE + ey M2\ H? — H_;) Y7 ) S
: ‘ “ 7 sina
and
f 9 o 9 5 y A 2
€1€2 \/ (H?2 — Hf) (H?> — H%) — V (Hf -~ —Iﬁ) (HI - —l;’-})
COsk —
H? - 4&

The solution depends on parameters ¢, = =1.
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Seltaccelerating solutions

Are there solutions with positive Hubble parameters when the tensions vanish?

1. Symmetric solutions: H; = Hyand €; = e

By e
H:

4+ 3ecosa —

2. Asymmetric solutions

L

1 —cosa

VHT +HF =
F* =

simna (24 cosa) =

Pirsa: 08040003

H'.?

— (1 — cos a)

2
Seq ;";I"il /1+cosa

3sina M3\ 2
8 M} M? (1 + cos «)

3 i"'r_l'.(_i_f sin o

- Hy # H)

63
M sina
4M}

BT E

AM 2 + cosa

Sﬂff

—lﬁfﬁi JI%
311-!?

(El V"IIHE — le + €9 \‘/Hz — H;E)

SIN ¥
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First part: Maximally symmetric configurations

Calling H,, H,, H the Hubble parameters on branes >, >, >
Ay, A, A the tensions on branes DTS 20T 1

Israel conditions provide the following system of equations

M f—— ra——
Ay = 6M: H? - (Eg ‘VEHE — H2 ¢ cosa 1.\}..-“fJHF32 - Hf).
sin o .
._"J / _ " .
A2 = 6M: ;H‘z (fl \’._.-EHE - Hf — &g cusa\v..fHE - Ha).
sin o -
A = 3M2ZH2 6 (El M3 ,\/H? — H? + €3 M2, \/ H? — H_':}) +4ME =2
= ‘ = ° sina

and

cvex \/ (H2 — HY) (H? — H3) — | (H A2) (H3 - 42)
COsx — . }_B,
H= - 10
The solution depends on parameters ¢, = =1.
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Selfaccelerating solutions

Are there solutions with positive Hubble parameters when the tensions vanish?

1. Symmetric solutions: H; = Hrand €; = e

2
H: = %(l—cosm-)

8¢; M7 |1+ cosa
3sina M3\ 2
8 M} M? (1 + cos &)

3 ﬂf_if sin o

H:

4+ 3cosa —

2. Asymmetric solutions: H;, #+# H>

1 6013 | P
e R [~} + &2/H? — H]
1 —cosa M sina (El V L Tey 2
AM?
B+ = 6
R 3ME

4M; 2 + cosa

B* =

3;‘:1? Sin o

AMIM?
sina (24 cosa) = 6_4
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Selfacceleratine solutions

Are there solutions with positive Hubble parameters when the tensions vanish?

1. Symmetric solutions: H; = Hyand €; = e

2. Asvmmetric solutions: H; #+ H»
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Selfaccelerating solutions
Are there solutions with positive Hubble parameters when the tensions vanish?

1. Symmetric solutions: H; = Hs and €; = e

2. Asyvmmetric solutions: H; #+ H»

Observations
e Scales of gravity
In both cases, one gets H~ % like in DGP.
For present day acceleration, 15 = 107> GeV with M/, = 10"° GeV.
When o =~ 7/2, then M ~ %"f ~ Mg = 10%eV
The cross-over scalesare 1.5 ~r. g~ H ' r.5= % reg = %L
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First part: Maximally symmetric configurations

Calling H,, H,, H the Hubble parameters on branes >.,, >, >
Ay, A, X the tensions on branes » DT 279 3O

Israel conditions provide the following system of equations

. _ @A 2 i] o II.-" 2 g2 . . fr2 9
Ay = 6M: H; e (f—.“ Y, H* — H5 —¢; cosa V H H; ) ;
a3 g2 OMg - 2 o aab
Ao = 6M:,H5 — — €1/ H? — H{ —e2 cosa \ H? — H3 |,
sin o -
A = }h‘lf H _h(fl““{"g\‘, I_j’) H;‘f—'_f‘ljf"ll\., ff-’ ff%) -+ 1*1‘{1(-(}‘3(1
i °® sina

and

(H“‘ B _‘Itﬁl) (Hf = _}u )

crez \/(H? — H) (H? — H3) -

/
COsSk — \
H? - A=

10

The solution depends on parameters ¢, +1
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Selfaccelerating solutions

Are there solutions with positive Hubble parameters when the tensions vanish?

1. Symmetric solutions: H; = Hoand €; = e
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Selfaccelerating solutions

Are there solutions with positive Hubble parameters when the tensions vanish?

1. Symmetric solutions: H; = Hoand €; = e

2. Asvmmetric solutions: H; #+ H»
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Selfaccelerating solutions
Are there solutions with positive Hubble parameters when the tensions vanish?

1. Symmetric solutions: H; = Hyand €; = e

2. Asyvmmetric solutions: H; #+ H»

Observations
e Scales of gravity
In both cases, one gets H~ % like in DGP.
For present day acceleration, 1/ = 107> GeV with 1/, = 10"° GeV.
When o =~ 7/2, then M ~ %T ~ Mg = 10%eV
The cross-over scalesare  r.5;~r.s~ H ' r.5= %& Feg = %L
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Selfaccelerating solutions
Are there solutions with positive Hubble parameters when the tensions vanish?

1. Symmetric solutions: H; = Hs and €; = e

2. Asyvmmetric solutions: H; #+ H»

Observations
e Scales of gravity
In both cases, one gets H=~3 like in DGP.
For present day acceleration, 1/ = 1{}‘2 GeV with M/, = 10*° GeV.
When o ~ 7/2, then Mg ~ U ~ Mg =10"%eV
The cross-over scalesare  r.5~r. s~ H ' r.5= % Feg = %L

e Are there ghosts?
Both these solutions require to take at least one of the ¢ to be positive.
This strongly suggests that ghosts are present in the codimension one branes.

— One should understand if and how they couple to the intersection.
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— With no matter on the codimension one branes, they may be harmless.



Selftuning configurations

Are there solutions in which the tension A\ controls only the angle a?

Here it is
Ay = GMZ I
Ay = 6M:,H3
‘ 9 : Ap
rF = n-m-=
: * 10

(A — 3M2H?)®
(A — 3M2H?)* + 16 M3

2
CoOs @ =

e Changing )\, no other parameter besides o is modified.

= The value of the Hubble parameter H is independent on the value of the cc.

No need to touch the parameters in the initial action. then no fine-tuning.

= The viabilitv of this scenario is associated to the behavior of gravity on .

e A way to get some intuition is to study cosmological aspects of this model.

ora Gaiook 1€SE can be analyzed by a suitable generalization of these techniques. . .



Second part: FRW configurations

In order to study cosmology, we adopt a mirage approach.
e The branes can move through a static bulk and can deform their shape.

e This motion is interpreted as cosmological expansion from brane observers.

brane ¥,

brane Y-

e [f the bulk remains static, it is expected that fine-tuning relations are imposed
on energyv densities on X» and Y.
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Second part: FRW configurations

In order to study cosmology, we adopt a mirage approach.

We proceed again by focussing on the junction conditions.
e The moving brane 3.5 is characterised by an embedding

X = (&, T3, Z1(t,w1), Za(t,un))

Pirsa: 08040003
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Second part: FRW configurations

In order to study cosmology, we adopt a mirage approach.
We proceed again by focussing on the junction conditions.

e The moving brane 3.5 is characterised by an embedding
Xy = (t, T3, Zi(t,w1), Za(t,wr))

e We pass to coordinates parallel to the brane. The normal reads

with
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Second part: FRW configurations

In order to study cosmology, we adopt a mirage approach.
We proceed again by focussing on the junction conditions.

e The moving brane 5 is characterised by an embedding

XY = (¢ £, Zi(t.wn), Za(t,wn))

e We pass to coordinates parallel to the brane. The normal reads

- Ay . 5
R — A e TET il
M N 3

N = V 224+ 22— (52— 27}) .

with

e Also here one component of the extrinsic curvature contains singular piece

-

- S Fa 2 i AT <
I‘-u'u:'; sing — _—}a’fl--\l =1 (EE s = 5-_1 ) f){fl lj.l

=
» The Codazzi equation holds also in this case:
b2y e =
V™"S,» =0 no energy exchange with the bulk.

s olds this doesn't forbid energy exchange between - and Y. Page 40155



An application
e We consider a natural embedding

™ = .2, ol o), Fult)
with
Zy = wycosal(t,w;)

Z

zo(t, wy) + wy sin a(t, wy)
Brane ¥, can move, and the angle a between the branes is time dependent.

= Consistency conditions impose that a(t.0) =0

e The energy momentum tensor on the moving 2. is

—pa O 0 0 0O
( p2 O 0 0O
Y= 0 0 po 0 () . atwy =0
0 0 0 p2 0O
s 0 0 0 po

in order to satisty the Israel conditions relative to this embedding.
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An application
The cosmological equations that govern expansion at the intersection are, in

the case M.~ = 0:

] P “ | f.{ 2 i / fj :3 I!l‘:l
SM;yH" + ﬁ;".f;f ko V" 14 e + 4M¢ ko tana [H;%inz :___‘1‘2]
2 . L 2

P =

Page 42/55
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An application
The cosmological equations that govern expansion at the intersection are, in

the case M.” = 0:

SM2H? + 6M3ky |1 + H.;
' \( k3

i §
+ AM ko tau&[ v 2+ 2 ]

2l H?sin" a + k3

g 0 /H? | k2
3 +3H (p+p) = 4M2 ks tan o ,\’ = -
'I \p+ P, i dt [Hlﬁin“a—l—fﬁ]

Page 43/55
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An application
The cosmological equations that govern expansion at the intersection are, in

the case 1M.” = 0:
e : VI i3
— 3M2H?2 4+ 6M3kyy/1l +—+4AM k- t: . 2
4 y T 8 \/ J::._‘% e [Hz sin? a-—’—ﬁ:;;?]

£ ! v 2
’ 3, fH= + k5
»+3H (p+p) = 4M: ko tan a - - -
P \p+p) 5 at [Hlaiu“ﬂ—l—kﬁ]

— The induced gravity term at the intersection M/, is necessarv.

— When «a # 0, the intersection feels six d bulk effects.
— They vanish at large H: relativistic effect”
>~ and X5:

i

— There is exchange of energyv between
= An interplay between energy densities on different branes,
no good for the ce problem, because the branes get too coupled

Page 44/55
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Can six dimensional effects alone drive acceleration?

Ad additional simplification of the previous system of equations for >.- is obtained
e Setting k; = 0, and k3 = 3% sin” a M2 for 3 small.
e Take H* much bigger than 3°M; .

Then the equations reduce to

M2 8 1
SE3H (pip) — e 8~ —
cosax ot H with ¢ = - Sma __ L4
il sin o g
MZ | p ME 43 Mg

B o= g—0 331 5 ¥ + .
M2\ 3MZ T MIT “3cosaMZH

To achieve acceleration

e The choice € = 1 corresponds to the selfaccelerating DGP branch.

It corresponds to the one alreadv discussed.
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(Can six dimensional effects alone drive acceleration?

Ad additional simplification of the previous systiem of equations for >.- is obtained
e Setting k; = 0. and k3 = 3% sin” a M2 for 3 small.
e Take H* much bigger than 3N .

Then the equations reduce to

BMg @ 1
p+3H (p+p) = —4de L (——
cosa 0t H with ¢ = —5ma_ _ 11
2y sSin o ’
M3 | p MS$ 43 M2
B =2 4yf——p—24 2,
M2\ 3MZ T MIT “3cosaMZH

To achieve acceleration

e There are also other possibilities. Choose M; = 0
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Can six dimensional effects alone drive acceleration?

Ad additional simplification of the previous system of equations for >~ is obtained
e Setting k; = 0. and k3 = 3% sin” a M2 for 3 small.
e Take H* much bigger than 3°M; .

Then the equations reduce to

BM @ 1
S (gt ——Re——8 —
cosa Ot H with ¢ = —sme_ _ 11
y ey sin o ;
M3 MS$ 43 M2
H 3 f P .';l - 6

M2\ 3MZT MPT “3cosaMZH

To achieve acceleration

e There are also other possibilities. Choose M; =0

3(1+w) A2 \ 3
(u{r}> (1 45 Mg )
rp=pa | — = 3012
f A0 ao 3 H?3 M7 cos a

we have acceleration when

Y £y '
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Can six dimensional effects alone drive acceleration?

Ad additional simplification of the previous system of equations for >~ is obtained
e Setting k; = 0, and k3 = 3% sin” a M2 for 3 small.
e Take H* much bigger than 3°M; .

Then the equations reduce to

Mg 9 1
p+3H (p+p) = —de _ (__
cosa Ot H willy g = Sme _ L3
oy sin o :
M@ [ p M§ 43 M3

H

= g— -4l =——% + & .
M2 \3M? M} " 3cosaMiH
To achieve acceleration

e There are also other possibilities. Choose M; = 0

; -5{1 i) & 1
aft)y v " 1OM 3
P = pPo - . S , - 2
ap 3 H3 M;cosa
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Outlook

+ I presented new scenarios to address dark energy issues in the framework of
higher codimension BWs with localised gravity terms.

» Study dyvnamics of metric fluctuations:

— The bending mode will play a special role.

— Identify ghosts and understand their coupling with matter at intersection.

 Explore cosmological solutions studying the interplay between branes with
different dimensions.

— Is the energy flow between branes compatible with the requirement of ob-
taining the right amount of acceleration?
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Seltaccelerating solutions

Are there solutions with positive Hubble parameters when the tensions vanish?

1. Symmetric solutions: H; = Hoand €; = e

H'.Z
H: = Y (1 — cos a)
8¢1 Mg |1+ cosa
3sina M3V 2
8 M} M? (1 + cos «)

3 111'}3 ST (¥

H:

4+ 3cosa —

2. Asymmetric solutions: H, #+# H>

1 603 / = / :
e 2 - 2 X 12
1 —cosa Sﬂfﬁi sin o (El \/H o ey v .. HE)
8,7 b
2 B 6
=i = 3M?

AM 2 + cosa

B =

Sﬂﬁ sin o

_ AMAEM?
sina (2+cosa) = —2 124
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Selftuning configurations

Are there solutions in which the tension A controls only the angle a?

Here it is
AP 2
Ay = 6M:,H;3
‘ 9 : Ap
P = mn=-m=
! . 10

(A —3M2H?)®
(A — 3M2H?)® + 16 M3

e Changing )\, no other parameter besides o is modified.

= The value of the Hubble parameter H is independent on the value of the cc.

No need to touch the parameters in the initial action. then no fine-tuning.

= The viabilitv of this scenario is associated to the behavior of gravity on .

e A way to get some intuition is to study cosmological aspects of this model.

.= These can be analyzed by a suitable generalization of these techniques.
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