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INTRODUCTION AND MOTIVATION

Background of personal motivation
Conjectures and papers of Ashoka Sen and others
a) tachyon matter

b) nonarchimedean/p-adic mathematical background of
strings, branes and tachyons

e p-Adic numbers and nonarchimedean geometry in
physics (Volovich, Dragovic ...)

* p-Adic and adelic strings (Volovich, Freund, Witten,
Shatashvili, Zwiebach ...)

e p-Adic inflation (Barnaby, Cline, Koshelev ...)



INTRODUCTION AND MOTIVATION

* The inflationary universe scenario in which the
early universe undergoes a rapid expansion has
been generally accepted as a solution to the
horizon problem and some other related problems
of the standard big-bang cosmology

* Quantum cosmology: probably the best way to
describe the evolution of the early universe,
however ...

e Recent years - a lot of evidence from WMAP and
Planck observations of the CMB



OBSERVATIONAL PARAMETERS

* Hubble hierarchy (slow-roll) parameters

/ Hubble rate at an arbitrarily chosen time
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* Length of inflation ¢ = 1

to, ¢
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* The end of inflation a(4,,4) =1

* Three independent observational parameters: amplitude
of scalar perturbation A, tensor-to-scalar ratio r and
scalar spectral index ng r =16s,

At the lowest order in parameters &; and &,



OBSERVATIONAL PARAMETERS

* Satelite Planck
(May 2009 — October 2013)

e Latest results are published
in year 2016.

Planck 2015 results: XlIl. Cosmological parameters, Astronomy & Astrophysics. 594 (2016) A13
Planck 2015 results. XX. Constraints on inflation, Astronomy & Astrophysics. 594 (2016) A20

Model Parameter Planck TT+HlowP  Planck TT+lowP+lensing  Planck TT+lowP+BAO  Planck TT,TE,EE+lowP
Hq 0.9666 + 0.0062 0.9688 + 0.0061 0.9680 + 0.0045 0.9652 + 0.0047
ACDM+r Fo.0m < 0.103 <0.114 <0.113 < (0.099

0.9667 + 0.0066 0.9690 + 0.0063 0.9673 + 0.0043 0.9644 + 0.0049
< 0.186 < 0.176 < 0.152
< (.166 < (0.149
dn./dInk 0.012 0.00767 4 —0.0125 + 0.0091 —0.0085 + 0.0076

ACDM+r
+dn,/dInk




LAGRANGIAN OF A SCALAR FIELD - L(X,¢)

* In general case —any function of a scalar field ¢ and
kinetic energy X = % 190, .
* Canonical field, potential V(¢)
L(X,¢) =BX —V(¢),
* Non-canonical models
L(X,$) =BX" -V (¢),

* Dirac-Born-Infeld (DBI) Lagrangian

|

L(X,p) =— @\/ 1-2f(¢)X —V(¢),

» Special case — tachyonic L(X, ¢) = =V (¢p)V1 — 21X,




TACHYONS

* Traditionally, the word tachyon was used to describe a

hypothetical particle which propagates faster than
light (Sommerfeld 1904 ?).

* In modern physics this meaning has been changed
* The effective tachyonic field theory was proposed by A. Sen

e String theory: states of quantum fields with imaginary mass
(i.e. negative mass squared)

* |t was believed: such fields permitted propagation faster
than light

 However it was realized that the imaginary mass creates an
instability and tachyons spontaneously decay through the
process known as tachyon condensation



TACHYION FIELDS

* No classical interpretation of the
”imaginary mass”

* The instability: The potential of the
tachyonic field is initially at a local
maximum rather than a local

minimum (like a ball at the top of
a hill)

* A small perturbation - forces the
field to roll down towards the
local minimum.

* Quanta are not tachyon any more, but rather an
“ordinary” particle with a positive mass.
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TACHYON INFLATION

Consider the tachyonic field T minimally coupled to Einstein's
gravity with action

S = lﬁnchRd“x+er(T 9,T)d*x

Where R is Ricci scalar, and Lagrangian and Hamiltionian for
tachyon potential V(T) are

L —V(T)Jl - g*vo,To,T,
eV (T)
- JT—-g¢™3,To, T
* Homogenous and isotropic space, FRW metrics
ds? = g, dxtdx¥ = dt? — a?(t)d%*,
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TACHYON INFLATION

* As well as for a standard scalarfield P =L ip =H ,
however:

£=—W(Tv1 -T2

V(T)
gr = YO
V1-T2
Reduced Planck mass

1

M, £ (=

2= (@ e 1 v "8G
—\a/ T 3MZ(-T9)V/Z

* Energy momentum conservation equation, p = —=3H(P + p),
takes a form

e Friedmann equation:

.
1-T2

+3HT+V7=0.



TACHYON INFLATION RSPy

R

* Non-dimensional equations

Energy-momentum conservation eq.
(1 —%2)dU(x) e
IEa) 5 T

¥+ KJ3U(x)(1 — x2)3/2% +

e~ Uigx)
= 3 m Friedmann eq.

2
s R
H=— ? (P 55 p) Friedmann acceleration eq.

2

)

: 2 P .
* Dimensionless constant k% = 'L.f, a choice of a constant o

Pl
(brane tension) was motivated by string theory

__ M
95(2“')3.
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CONDITION FOR TACHYON INFLATION

 General condition for inflation

@ .. v iae sl 3
—=H?+ H = () (1——1’2)>U.

a 3 V1 —x2
* Slow-roll conditions
X <8STlnbr’ < 1.
. Equations for slow-roll inflation




INITIAL CONDITION FOR TACHYON INFLATION

* Basic ideas, problems .... (Steer, Vernizzi 2004)

Slow-roll parameters

1o llS | o
61"‘—"2}{2 TER B L+ 3 — ).

K2 U2 IE

Number of e-folds

Xe
N (x) )"
X) =K X
U (x)] L
X

L Xe = x(Te)




BRANEWORLD UNIVERSE

* Braneworld universe is based on the scenario in which
matter is confined on a brane moving in the higher
dimensional bulk with only gravity allowed to
propagate in the bulk.

* N. Arkani-Hamed, S. Dimopoulos, and G. Dvali, Phys.
Lett. B 429 (1998)

e L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999)
3370 (RS 1)

e L. Randall and R. Sundrum, Phys. Rev. Lett. 83 (1999)
4690 (RS I1)

* 1998 ADD / 2000 DGP



D-BRANES, COSMOLOGY WITH
EXTRA DIMENISONS

e 1999 — RSl and RSI|

* We will consider the Randall-Sundrum scenario with a
braneworld embedded in a 5-dim asymptotically Anti de
Sitter space (AdS5)

* One of the simplest models

* Two branes with opposite tensions are placed at some
distance in 5 dimensional space

* RSI model — observer reside on the brane with negative
tension, distance to the 2" brane corresponds to the
Newtonian gravitational constant

* RSl — observer is placed on the positive tension brane, 2"
brane is pushed to infinity



RSI

Observers reside on the negativé@"

tensionbraneaty =
The coordinate position
negative tension brane
serves as a compactification radi
that the effective

compactificationscaleis u. = 1/1.

[ of the

y — o0



* Observersreside on the positive tension brane at
RSI I M O D E L vy = 0 and the negative tension brane is/pushed

off to infinity in the fifth dimension.

o<0




RSII MODEL

* The space is described by Anti de Siter metric
ds(gy = e" 2V gdxtdx¥ — dy?.

 Extended RSIl model includes radion backreaction

1
(1+ k?22h(x))
N

1
| «— AdS curvature radius Radion field

ds2 =G dXCHXEE dz?

(5) kzzz X
o
ik

* Total action

1+ k’z*h(x))g™dx "dx" -

| -
a :@m >CD~

e ey

S = Sbulk + Sbr Fi: Smat-
* After integrating out 5" dimension...



RSII MODEL

* Action for a 3-brane moving in bulk

S = bd“xﬁg

5
I 1g”‘”F 5 RS

—

16pG 2 gl

] Action for the bra ne | \ Canonicali normalized radioT field
/ Brane ten5|oT1 h= sinhzae ﬁF%
S, = - s(‘)d“x\/- detg™ E\/? ¢
. 5 9"Q,.Q
=28 1 + 2 h 2 M *,n
Od X k4 4(1 k Q ) \/ (1+ szzh)3
. WithOUt radIOn (]) "l U Tachyon field Q = el [ k
= 2D
(0) SR SN d X«/ \/1 g Q Qn’ = k_4

* Total Lagrangian

2 il
L= %g”“F F_- Ly \/1- = Q’mQ’”, y = 1+ k2Q?h.

m-,n 4 y3

N. Bilic, G.B. Tupper, CEJP 12 (2014) 147-159.



RSII MODEL

* In flat space, FRW metrics
ds* = g, ,dxtdx’ = dt* — a®(t)(dr?* + r*d0*).

Hamiltonian equations

dL dL
ISy e
i R T
o
* The Hamiltonian
:H“_—n Al 1+ 12 08/(A2y)
7 e+ g7



RSII MODEL

= I
e . 1P
* The Hamiltonian equations e qH
1P,
B+ 3HP, = - 10
qF
th? + 3HPQ — w
1Q ¥
* The modified Friedman equation
: 3 Ho 2 \/SPGHéu 26,0
a 3k? B

« Combining with a continuity equation H + 3H(H + £) = 0it
leads to the second Friedman equation

4pG

M= - 4pG(H + L)§1+

@H



NONDIMENSIONAL EQUATIONS

h=HI/K,

 Substitutions: f =F/&J1).p, = P/ (k1))
q=kQ, p,= P,/ (k)

¢:ﬂ¢

Nondimensional constant

0 — 0*yr,
\/1+987T‘92 /W Hubble
g8 2
#, = 3hr, - Wz 4+36?87zZ ly k/
20 \/1+¢9 wyly

v 4-30"nx ly
o \/1+ O ly

: K'Z K'2
h= K> (o+Dp) (1+ ij Additional equations,
solved in parallel

N =h

1, = —olibig, o

RN = 87AGk?

a K* e
parameter hE—: i 1+__
a \/3 p[ 12”]

w =1+6n,

n =sinh2[\/f¢j,

2
izl Ksinh{ 2"¢J,

“dg V6 3
Preassure . 1, s
_ p=2¢2—lg4 1—02/W3,

Energy w? 1

_ 1s,
density p—§¢ +94 ,1—‘9.2/‘//3




INITIAL CONDITIONS FOR RSII MODEL

Initial conditions — from a model without radion
HE

A

“Pure” tachyon potential V(@) = —

Hamiltonian H = i\/l + 115 08 /2.

Nondimensional equation

4

R 9P,
J1+ op?

e = - 3hp, +

QP\1+ o°p?



ESTIMATION OF INITIAL CONDITIONS

* The end of inflation ¢, = 1, tj. k*/6% « 1 = RSII modification
can be neglected

; : 807 8
: ; 1 h ; —=
q(g) ;5 o(g) (a) T
k? & k2 O

k_2 )
* Number of e-folds

A\ —§1+ =
807 360, &
* Number of e-folds (standard tachyon inflation)

k2
i
* Huge difference in number of e-folds = RSIl extends the

period of inflation!!!

i

st.tach ?

N\ R

st.tach ?

N ; 330

k*=54q,= 025 b

P o e ef 4



OBSERVATIONAL PARAMETERS

* Scalar spectral index n; and tensor-to-scalar ratio r
(the first order of parameters ¢;)

r = 1651(1','5),
ns =1—2g(t;) — &(t;)
* The second order of parameters &; = different

- r = 16e,(1+ Ce, - 2ae)),
n, = 1= 2e e N SENIPERE 8= Ja Jeie '+ Ce el

* Always constant C = —0,72, however constant a = %
for tachyon inflation in standard cosmology, and a =
|
= for Randall-Sundrum cosmology



NUMERICAL RESULTS



OBSERVATIONAL PARAMETERS (ng,1r), U(x) = =

yv4

* Diagram with observational L —————
constraints from Planck 2015. Ui +lensingred

* The dots represent the
calculationin the tachyon model
for various N, Kk

* 35% of calculated results for pairs
* of free parameters is represented
in the plot.

* Red solid line represents the
slow-roll approximation of the
standard tachyon model with
inverse quartic potential. r =

%(1 —n,). 45< N <120
1<xk<25




OBSERVATIONAL PARAMETERS (ng,7),
RSII MODEL

* Free parameters from

i /\(L) M -Fﬁl"?/k_.r““.' 11 1 lowP the intervalo
‘ G s b e lensing+ext

60 £ N £ 120
1£ k £ 12
0£f,£05

e Approximate relation:
* RS model
32
= 2 n,) (/==
* Tachyon model (FRW)
r= 200 X




(ns,7) AS A FUNCTION OF N, K, ¢g

60£ N £ 120, DN = 0,5
1£ k £ 12 Dk = 0,5
0¢£ f, £ 05 Df,= 005

65% is plotted,
12% in 20 range




THE BEST FITTING RESULTS (ng,7)

I |

ACDM Planck TT+lowP 7
+lensing+ext

85£ N £ 110
1£k £ 8
0£f, £05

115 £ N £ 120
k = 1,25
f, £ 0.05

60 £ N £ 120
k=2
0£ f, £ 025




TACHYON WITH AN INVERSE POWER-LAW
POTENTIAL IN A BRANEWORLD COSMOLOGY

Here, we study a quite similar tachyon cosmological
model based on the dynamics of a 3-brane in the
bulk of the second Randall-Sundrum model
extended to more general warp functions, i.e. with a
selfinteracting scalar

* As a consequence, on the observer brane G is
modified to be the scale dependent four-
dimensional gravitational constant. A power law
warp factor generates an inverse power-law
potential V~ ¢



TACHYON WITH AN INVERSE POWER-LAW
POTENTIAL IN A BRANEWORLD COSMOLOGY

Introducing a combined dimensionless coupling
feofi 877G, o 87Gy -
k k?
and dimensionless functions, in the same way as it was done for the
previous models, we obtain the following set of equations

1/1+ ;(87r¢2, P

4;(’(/)

;(54 /1+ )(Sﬂ;

i K oy
h= |— +—p |, and ==
\/3 P(Z,(p 12 Pj Xy T

T, = —3h7z¢ +

Where

We analyze in detail the tachyon with potential

2(@) =™



TACHYON WITH AN INVERSE POWER-LAW
POTENTIAL IN A BRANEWORLD COSMOLOGY

* Following the similar procedure as in the previous RSI|
model, for a given N and k inital condition for the tachyon
field can be obtained from the slow-roll condition

N (] 2N B 3n+1
(4n-1)a(p) 2(3n-1)

¢ Where

(o) 11024 O 26(6)

* Here, we find the critical value

“dust vs quasi de Sitter ™. =



NEW RESULTS

=
o

9
8
7
6
5
4
3
2
1
0

45< N <120
® 1000 randomly chosen values of free parameters (N, k, n) 05<x<10

0.5<n<10



ONGOING RESEARCH - RSII AND
HOLOGRAPHIC COSMOLOGY

* Here we present unpolished results and ongoing
work



Connection with AdS/CFT

AdS/CFT correspondence is a holographic duality between
gravity in d+1-dim space-time and quantum CFT on the d-dim
boundary. Original formulation stems from string theory:

Equivalence of 3+1-dim

=4 Supersymmetric YM Theory
and string theory in AdS¢xS.

J. Maldacena, Adv. Theor. Math. Phys. 2 (1998)

time Examples of CFT:
quantum electrodynamics,
Conformal N=4 Super YM gauge theory,
Boundary

massless scalar field theory,
at z=0 . .
massless spin % field theory



Holographic cosmology

We start from AdS-Schwarzschild static coordinates and make
the coordinate transformation t =t(z,2), r=r(z,2) Theline
element will take a general form

2

dsgs) = (gwdx”dx —dz )——[nz(r, 2)d7? —a%(r, 2)dQ? —

Imposing the boundary conditions at z=0:

n(z,0) =1 a(r,0)=a,(r)
we obtain the induced metric at the boundary in the FRW form

ds?, = g@dx,dx, = dr? —a?(r)d Q!



Solving Einstein’s equations in the bulk one finds

2
5 P Hize ool uze 4
a - ah +_ 4 y n :_,
| 4 4 a.h | ah
where }[ =H; E +_ L= 3 Hubble rate at
a, d, the boundary

P.S. Apostolopoulos, G. Siopsis and N. Tetradis, Phys. Rev. Lett. 102, (2009)

Comparing the exact solution with the expansion

s (1) (2) (4)
d..—0.; +zg +zg +.

(2) (4) ,
we can extract 9. and 9. Then, using the de Haro et al

expression for T¢FT we obtain



1
CFT\ _ CFTa \ ~(0)
() T +Z<T Zhg's
The second term is the conformal anomaly
3¢° &
CFT h 2
I e ,
167G, a,
The first term is a traceless tensor with non-zero components

3 b
i L gy S e 4ff _Sh gy
647G, a, a,

Hence, apart from the conformal anomaly, the CFT dual to the
time dependent asymptotically AdS. bulk metric is a conformal
fluid with the equation of state Pcer = Pcer/3 where ;

Perr =lo  Peer = _tii



from Einstein’s equations on the boundary we obtain the
holographic Friedmann equation

876G 0? 410
ﬂﬁ: 3Nph+Z[ﬂ:+ a:]

guadratic deviation J T

Kiritsis, JCAP 0510 (2005) ; Apostolopoulos et al, Phys. Rev. Lett. 102, (2009)

dark radiation

The second Friedmann equation can be derived from energy-
momentum conservation

o )
ﬂ[l—%ﬂ:}ﬂ#@(ph—sph)

L guadratic deviation

T matt __ T matti
where Pr=Te » Pp="T""



Holographic map

The time dependent bulk spacetime with metric
2

dsty — > [*(r,)d7* ~a*(r, )0} - |

may be regarded as a z-foliation of the bulk with FRW cosmology

on each z-slice. In particular:
at z=z,.: RSII cosmology, at z=0: holographic cosmology.

A map between z-cosmology and z=0-cosmology can be
constructed using

2_2)\? 4
Z 1 uz ot
a’=a’ [1—}['“ j B | 4 a '

4 4 a’

and the inverse relation

252 4 +1 one-sided
a§:§[1+}[22 +E\/1+}[222—ﬂz4 J E:{

9 a —1 two-sided



Holographic map

holographic
cosmology
T—o7T il o
2=0 | ds? =dr®-a’dQ?| > |ds) == d7* —ajdQ;
n
] [
To>7T
=2y |ds® =n’ds? —a2dQ?| > | ds? =d7? —a’dQy

RSII
cosmology



CONCLUSION

 We have investigated a model of inflation based on the dynamics of a
D3-brane in the AdS. bulk of the RSII model. The bulk metric is
extended to include the backreaction of the radion excitations.

 The agreement with observations is not ideal, the present model is
disfavored but not excluded. However, the model is based on the
brane dynamics which results in a definite potential with one free
parameter only.

* The simplest tachyon model that stems from the dynamics of a D3-
brane in an AdS; bulk yielding basically an inverse quartic potential.

 The same mechanism lead to a more general tachyon potential if the
AdS. background metric is deformed by the presence of matter in the
bulk, e.g. in the form of a minimally coupled scalar field with an
arbitrary self-interaction potential. Critical values for the inverse
power potential are found.
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