New Fate of the FRW Spacetime in a 5D Brane World

Dark energy from Brane-world gravity [without effective cosmological constant]
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Summary of talk

* Consider warped 5D FRW model:
empty bulk + effective A=0 + U(1) scalar gauge field in the brane

* "Branons" can be formed: they interact with SM matterfields

* The late-time behavior could be significant deviate from the standard evolution
of the FRW.

* Description is covariant, so no ad-hoc modifications in Friedmann eq.

* The effect is triggered by the time-dependent warp factor
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* In 4D FRW: large disturbances are rapidly damped as the expansion proceed
In warped 5D FRW:
* Because gravity can propagate in the bulk, the cosmic string can build up a huge
(or mass per unit length) by the warp factor
* Disturbances in the spatial components of the stress-energy tensor cause
cylindrical symmetric waves, amplified due to the presence of the bulk space and
warp factor
*No conflict with observ.: effect 4D ST is non-conical. In 4D counterpart models,
i.e., Einstein-Rosen type ST’s, C-energy related to angle deficit asymptotically
ds? = -+ (1 — 4mGCs)?*r?de? | ]
* This long range effect could also explain the recently found spooky alignment of
quasars in vast structures in the cosmic web
* Explanation of the wave-like ripples in galaxies?



Explainable?



Present State of our Universe
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No Big Bang Spergel et al. (2003)

Supernovae

Clusters




The 4D Dynamics of Cosmological Expansion

e We have the FLRW metric

2
r
ds? = —dt? + a(t)? ozt r?(d6? + sin*0dp?)
: a? .o 8nG K 1
Friedmann eq: i H"= > P2t 3 A
e Conservation eq: p+3 g (p+P)=0
* FoS: P(p) =w.p
: 5 _ 8mG : __ 3H}
We can write H% = — (pM + ps+ Pr+ Poury)  [crit dens: p.(ty) = ﬁ]

pc(t)

4 3 3(1-wge)
Or, [dimensionless =290 ] H?>?=H, (9,.“—5; + 0., @ + .QK + D4 ( ) : )

2 4 3(1-wge)
Deceleration parameter: q = % (.Q,. % + %.Q + (1 + 3wge)24e (ao) ‘ )

At current epoch t=t; : 2, +2,, + 2 + 24, =1




The 4D Dynamics of Cosmological Expansion
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Why Cosmological Cosmic Strings?

cylindrical
expanding
extreme small
fade away
lived up to his
reputation! :
However:

large scale alignment quasars
traveling waves in galaxies




Why Warped 5D Space times?

*The explanation of acceleration phenomenon with a cosmological constant is rather
problematic:

> Q A ~() M
> pA,obs"'lO_FﬂGeV4 PAtheor™~1 Tev*
> of the Friedmann equation risky, specially when

considering density perturbations: do it covariantly

> : at least some of them are needed
for the observed large-scale structures; in warped 5D model: they

So modify GR : D-branes. 1. Dvali-Gabadadze- Porrati (DGP)
2. Randall-Sundrum (RS)
hierarchy problem solved [ for example in RS-1 model]



Modity Matter or Modity Gravity?

» Many phenomenological models for dark energy. For example:

int ; Scalar field + potential wg, = £
Quintessence: Scalar fie potential wg, = )
» Find the V(¢) for which we have acceleration:
Phantom, .....
So:
Alternatives:
I.» “Infrared”- modification of GR: [DGP[covariantly]

in stead of ad hoc:

gravity “leaks” of the brane in the bulk at large scales
at small scales gravity bound to brane
but: cross-over scale needed for transition from 4-5D behavior
II. » Modify GR at high energies [RS}: curved bulk
Low energy: zero mode of graviton dominate on brane : GR recovered
High energy: massive modes of graviton dominate; gravity on the brane behaves increasingly
in a 5D way

“Ultraviolet” modifications:

At low energy: we recover Friedmann
At high energy: gravity “leaks” off the brane; different types of expansion possible;
modification of inflation?




Basics of Cosmic Strings

Meissner
Cooper-pairs
order

P(r,t)=p(r,t).eob

®=[A.dr=27n/q

0] jump of 2zn!

coherence length penetration length



Followup: GL equations

The GL equations:

Potential:
Vacuum ¥Y=0 no Cooperpairs

Degenerate vacuum:  superconducting state of

GL equations:

In the superconducting vacuum,B has to vanish and is expelled from any region
where the order parameter is in the SC vacuum ( effect)

Ansatz:
So either vanishes or .Inde normal state the magnetic field can propagate
freely.




Nielsen-Olesen vortex

The first example of string-like solution in classical field theory: NO-string;:

Mexican-hat potential

The gauge covariant field eq:

1 le ___ _
— — nwoy — __ o — o
\/__gaﬂ(\/ gFH*?) > (®PD°D — D D)

\/%_guvw——gz)%) = A(@% - 12)d

without electric field, we obtain for and exactly the



Spontaneous symmetry breaking (SSB

> 0—>0+a |0> SSB.

> unstable




Cosmological 1-st and 2-nd order
Phase Transitions

> D U(®)

> phase ¢

Inflation
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The cosmic string has fec

Collection of point where the field is the the false vacuum



General Relativistic Cosmic

>

>

>

ds? = —eldt* + eBdz? + dr? + e‘dgp?

> A=B

>

> 0= 4,="=v,p  o=Xeo

>

Where did we see this picture before?




The general solution

> Xand P as GL solution!! angle deficit

alpha=02 eta=0.07; kappad=sqri(3 pi) alpha=02 eta=0.07; kappad=sqrt(3 pi) alpha=02 eta=007; kappad=sqrt(3 pi)

2




Surprise: Conical spacetime: Angle

> Garfinkle (1987)

3
0 [@1 (02 — 91)]=ar[’€42 K?p,]




Conical spacetime+Angle deficit

> ) asymptotic

ds? = —e%(dt? — dz?) + dr? + e 2% (k,r + a,)? dp?

> Minkowski

ds? = —(dt? — dz?) + dr? + do'?



> angle deficit
AO = 2m(1 — e~ %k, )
>

= T ,—Ag 44
AB—K42u+2f0 e~ 4K (70)* dr

U= ZnJ e 1Kodr
0

>
GUT scale n~10'° GeV Gu~10°
super massive cosmic



Time-machines?

* Some physicists believe in timemachines around CS:

gott ctc 2wmv The Time Ma Factory
[unspeakable,s _  Travel in Turin

‘t Hooft [1990-1994]: NO 25 - 28 October g’s

However: In 2+1 dimensions: “cosmons “
example of self-gravitating particles
quantizable? | 1

Zz

Palazzp del Rettorato
— — @>‘4}v Universita di Torino

™20 5@t memach nefactory.eu

NOTE: o ma
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(interesting) ... »

es and non-abelian CS: [slagter,
I‘.I. instein-Rosen background [slagter,




Problems for Cosmic Strings from

Observations

> %p ~Gp=n? /M, 2~10° for GUT scale

>

> COBE, WMAP
>

> super-massive CS

>

> conical residu

Gregory, 1989




Rescue of CS

rebornCS —
**%in the brane:

**% asymptotically: | ,  IJMPD]

%% S0 no conflict with:
1.
2.

— CS can be produced in superstring theory
— Super massive CS with Gp >>1 will be warped down to GUT scale( 10~7)

»» Mass: p=2uF(y) fooo e AKodr

so: building up a huge mass in the bulk : KK-modes on brane
» » Test of RS type models against possible !

Cern: KK-particles detectable?



Brane world models of

Randall-Sundrum

> [ no curled-up tiny-dim. |
ds*> = e 2Ky, dx*dx’ + dy?
> at the brane

squeezes gravity closer to the weak brane
“leaks”into

hierarchy problem

( KK modes)

vy Vv V

y=L:
Mp2=M53 (1-e2<L)/k




Randall-Sundrum | model

> : M;*=M 71

> warpfactor
> felt on the brane

>

> S=[ dyd*x\/=g (3 MER — A) + 33 d*xV=hi (A; = Ling,)

> massive KK-modes

ATTGM 21>
1+53)

r 3r2

V(r) =



The warped U(1) gauge CS in

>
S = fdsx g[ 2k 2 (SR AS) + Sbulk] + f d4x /14 + Sbrane]

>

>

>

extrinsic

curvature

> bulk scalar field

>

ds? = F(y)[eA®Y(—dt? + dz?) + dr? + K(r, t)2e 2AtD d 2| + dy?

> (9, A)2= $2KOA_ 200K _



The Brane Induced Field Equations

p
4 = 4 2 4 4 4
Guv - -Aeff guv Ky Tuv * K; Spv _Euv +2/3K5 Fuv ]

is the quadratic term in the energy-momentum tensor arising from the
extrinsic curvature terms in the projected Einstein tensor.

represents the 5D ,i.e., in the
linearized theory and is a part of the 5D . Carries information of
the gravitational field outside de brane and is constrained by the motion of
the matter on the brane, i.e., the Codazzi equation.

We take ( no bulk matter)

We again try to find solutions for:



5D-corrected equations

>
>

>

. S, 4D &
> — (k2 K2p, ) and
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Asymptotic behaviour and angle

> no option! —> NO conical space time
>
—  In(kar+as)
= + =
>

1 1
ds* =F(y) le“o (ko1 + ay)-++v22|—dt? + dz?| + dr? + e 2% (k,r + a2)2+—4¢mdtp2]

» Kasner-like

_ oe”4 2 _lg ol g2y, lde40,)  2d(e4ey)
> AO = K, l”l_27tf0[1<{(:a®1®2 6®1 +12®2 )+6 dr 3 dr

]dr

» correction terms now not of order n* as in the 4D case!



Some numerical sol of g,

efa=befa=e=kappas=I, kappad=1.7 lambdas=-1lambda5=0

efa=befa=e=kappad=I; kappas=1.7lambdas=0lambdas5=0
3 -

Kexp(-A) 27 K*exp(-A)

¥
¥

efa=1I; befa=e=happas=1I1; kappas5=17; efa=001lambdad=1;
lambda5=-1.5
3 —_

efa=befa=e=hkappad=I; kappas5=1.7,lambda4=0lambda5=0.75
2,5 7

K*exp(-A) i K*exp(-A)




Large-Scale modification of GR on FRW

self-acceleration without an inflaton field.




The Warped 5D FRW model: Relation with 4D

boost
radiating cyl symm

cyl symm grav waves Einstein-Rosen|

conical

ds? = a(t)?[—dt? + dr? + K(r)?dz? + (1 — 4nGu)?S(r)*de?]

dR
—dt? + T rre T R?d6? + (1 — 4nGu)?*R?sin’0d¢?




The Warped 5D FRW model

On 5D warped spacetime: we found that the eff. 4D spacetime is non-conical

we WILL find: surviving disturbances + modified expansion

In fact two factors:
1. Source from the bulk Weyl tensor: effective stress-tensor of some radiation “fluid”( dark-
radiation)

2. Disturbances from the U(1) scalar gauge field by the warped amplification.



The Warped 5D FRW model: The bulk ec

SGuv — _AS Sguv + K£2;6(y)(_/144guv + 4Tuv)

W(tr,y)=W;(t, 7)W,(y)




6,5

»

55

wargfactor W, warpfactor Wl
16

14 -
12 -

10 4

=

-log(— /N7

RootsOf[ d3(X — 1)e*  +d,(X + 1) |Vt




4 — 4 2 4 iaQ _
Guv Aeff guv +K4 Tuv + K5 Suv E

[Actt =Y2(A5 +ic,2 A, =0 for RS fine-tuning]

Codazzi eq.

4D Bianchi



The Warped 5D FRW model: The effective :

LnKyy = Kua'K15r —E,y — gA54guv

LnEuy=*V By + = As (K-8 K) + K Ryap + 3KEEyyq —
KE,, + (KuaKvp — KapKu)K*F

LoBuva = =2V, Eyje + KEBuys — 2Bap KD

V]

same solutions
easily done in MAPLE

4D scalar-gauge field

P .
P—P'=——+ 2(Py' — Pyp) — e?Wie?Y—2¥px?

s X2 s €TXPE T e .
X=X =Tty WX = WX) ——5— - Wre BX(X* —1n%)




The Warped 5D FRW model: The effective 4D eq

Einstein
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The Warped 5D FRW model:Einstein-Rosen waves

Compare with

INEVET)
nagnetic part of Weyl static Herrera

pulse-type GW emission.
Non-conicality Gowdy
Weber-Wheeler f~a
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The Warped 5D FRW model: Numerical results

1. Initial values: 0 initial disturbances

y(r,t) =r
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The Warped 5D FRW model: The *T,, components

2p2,2y
2 _EXP
+ P*) =

1 - 1
"oy = - g BWL P T2V (X2 — )24 2 (X7 + XP) + 3 (P¢ +

2 2W2

2p2p4tp
2 _lXP
P?) "

1 1 —
4TZZ = - gﬁW12821/)(X2 _ 772)2_5341'[) ZY(XZ th) + (Pt

2 ZZWZ

1 —_ 1 _ le 1/} 1
4T<p<p = -gﬁW12e 29 (X2 —772)2+§e 2v (X% — X2) __2_W1( P? — p2) —EXZPZ

1. Two new terms: w? —  will alternate with the behavior of w4
1

2. z-comp : neglectable
In static case: (X f . XTZ) (P,:2 + Prz) : produces tention or pressure
[ in electrmagn: work is required to squeeze the lines of magn field towards axis]

3. Here they alternate



The Warped 5D FRW model: Numerical results

2. Initial values:



metric component
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The Warped 5D FRW model: Numerical results

3. Initial values: imple pulse in ¢
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CS starts to oscillate

M
Frequency ~ — 4=

M scalar

Returns to their original state
closer to r=0?

Negative advanced flux [losing energy]



The Warped 5D FRW model: Numerical results

4, Initial values:



metric cormponent
T —component

k=]
z
2
E
2
2
:
3

LANYNY

raetric coraponent




Induced retarded and advanced waves



The Warped 5D FRW model: Numerical results

5. Initial values: Webe

P(r,t) = 0.15



metric component
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Note the more profound behavior of the T,,. and T ,, components: as expected



The Warped 5D FRW model: Numerical results

5. Initial values: Webe

P(r,t) = 0.15
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Conclusions

* If welivein a RS brane world model: consider cosmological CS
Aesr =0 Standard model fields to brane: U(1) scalar — gauge field

SM fields interact via bulk Weyl tensor: brane-fluctuations(
Covariant treatment ( no ad-hoc mod of Friedmann]

. Induces pulse-like behavior in scalar-gauge fields
Survive expansion [ in contrast with 4D results]
. “ self-acceleration” due to warpfactor-component

Solves fine-tuning and smallness of A ( and hierarchy)

Wi(tr) = \/%r\/(cle\/ﬂt + cpe V2Tt (c3eV2TT  cue V2T W, (y)~eV As0Y0)

Higher-dimensional graviton has massive KK-modes felt on the brane
Huge warp-factor amplifies the angle-deficit (or mass/unit length) of CCS
No conflict with observations: a. in 4D: conical residu at late-time in ST
in 5D warped: NO
b. No axially lens-effect
Num solutions premature: what is the relation between c; , T and the phys param.

ToDo: 1. scale-invariance of perturbations
via high-freq 2-timing method [see , Astrphys. Journ., 1983,'84]
2. How enter the parameters of the model in W(t,r,y) Contracted Bianchi
3. explanation of traveling wave-ripples in galaxies?
— N




