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Abstract: <span>The large-scale structure of the universe suggests that the physics underlying its early evolution is scale-free. In thistalk, using a

hydrodynamic approach, | will discuss how the scale-free principle restores predictive power and makes it possible to evaluate inflationary models
and to compare them with alternative cosmol ogies.</span>
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er unpredictability

—— ————

V() = m2d2/2 Tl - V2 A /mIsin(@¢ + 1/2( X /m)*¢?*]
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"arameter unpredictability

———

V(D) = m2d2/2 Tl - V2 A /mIsin(@¢ + 1/2( X /m)*¢*]

Planck20 13 fit:
m= (1-2)x10'2 GeV
A= (3-T)x10O77

9 =23n/60

Destri. De Vega, Sanchez 2006
Nakayama, Takahashi, Yanagida 201 2

1 b ey |
Ferrara Kallosh, Linde, Porrali £Ci2
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smoothing fluid component g

where € = 3/2(wtl), w = p/p
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smoothing fluid component g

3HL = g _Ja>+ g fa* + o¥/al + ... - Kot +

where € = 3/2(wtl), w = p/p

> conditions for a successful inflationary model:

(e

N e-folds of inflation occur: €(N) < | for | < N € N, and
“tot
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Basics

= LA
smoothing fluid component o

3H? = o _/Ja®+ g /ot + g%/a® + ... - kia? +

where € = 3/2(wHl), w = p/p

> conditions for a successful inflationary model.
i g(N) < | for | € N < N, and

aceful exit): €(©) = |, g(N>0) < |

'« the # of e-folds of inflation remaining

, NS e-folds of inflation occu

- flation ends in the last e~-fold (gr

'

and SNZO) SR where N

until 1ts end.
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€= E(N=cor Mine= ALNE/MAN yco

iNT

Pirsa: 13120063 Page 8/53




t“nﬂ‘: E‘N—GO 4 ]]mf: d l'h E/d h’ |NZGO

' t
s so the “predictions” can vary arbitrarily!

.(N) can take many Torm

‘
L8
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Restoring predictability

additional assumption: SCALE-FREE PHYSICS

2 function f2 R =~ R is scale~free iff it has power-law form up to a coordinate shift)

Pirsa: 13120063 Page 10/53




™
<

estoring predictability

additional assumption: SCALE-FREE PHYSICS

(a function f! R ~> R is scale~free iff it has power-law form up to a coordinate shift)

> ceale-free inflotiontt E(h)E= VA A&, @7 &
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E-ac!<qu'o

 —— T — —_

£ = - (dH/dt)/H:, - dlna) =dN -> & =d({nH)/N
o aier SN = WO, @ (e

(N+1)*, a=l,

7] 2 — 1
HE/H e exp[2(1-(N+D)=9)/(a=1],
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Background

o ——— e —

= - (dH/dt)/H?:, - d(lnha) =dN -> & = d(nH)/dN

S oy e (N =R (NP (V2RO

intermediate
l<a<l.5

(NH)=,  a=l,

2./H2 =
H /H end ePﬁP[i(l-(NJ-I)l-ﬂ)/(&,_[)]’ a |
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Background

o ——

£ = - (dH/dt)/H2, -d(ha) =dN -> & =d(lnH)/N

= ) = G, @2 ek

intermediate

l<a<l.3
(N+1)*, a=l,
/42 -
H /H end {GAP['Z(I"'(N+I)l-a)/(a{_i)] a *=|

THREE DISTINCT CLASSES OF
INFLATIONARY MODELS!
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R :
Perturbations

he-1 = -~ 2& + d lne/dN

Wang, Mukhanov, Steinhardt 997
> he-l = = 2/(N+I)E =~ ¢/(N+D)
o = | “strictly scale-free”

o= |: “background only scale-free”

t & minimum deviation
|

n always implies a red til
dovich-Peebles spectrum:

NOTE: scale-free inflatio
from Harrison-2el’
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Perturbations

he—1 =~ 2& + d lne/dN

Wang, Mukhanov, Steinhardt 997

> -l = = 2UNFDE ~ @/(N+1)
a = |: “strictly scale-free”

o= |: “background only scale-free”

t & minimum deviation

from Harmson—Ze['dovicl—,—Peebtes spectrum‘.

alue of .97 for &= [,5

TE' scale-free inflation always implies a red til

?“ o ‘I‘N
EXS/ )

N = 6O he has maximum v

- = lGe = l6/@*1De
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|, Extra parameters

curves of Plateau—(ike class have a

intermediate feature at small N:

l<a<l.5
rapid cutoff of inflation after a long

period of nearly constant HZ -2
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2. Hydrodynamic initial conditions problem

— e — S —

for inflation to start, the kinetic energy and gradients must be
negligibly small within a Hubble-sized patch at the onset of inflation

size of initial patch at tp

intermediate
lea<l

R3(t,) 2 (Mp/Mpeg)? x H2(t5)

Al Steinhardt, Loeb 2013
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2. Hydrodynamic initial conditions problem

 — e —

for inflation to start, the kinetic energy and gradients must be
negligibly small within a Hubble-sized patch at the onset of inflation

size of initial patch at tp
intermediate

lea<ls

Rg(tp{) X (MPL/Mbeq)B A Hqg(tpl)

C power-law.‘ Me/Mpeq ™ |

= plateau, I

Al Steinhardt, Loeb 20173
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2. Hydrodynamic initial conditions problem

I ——e —

for inflation to start, the kinetic energy and gradients must be
negligibly small within a Hubble-sized patch at the onset of inflation

size of initial patch at tp

intermediate
lea<ly

R3(t,) 2 (Mp/Mpeg)? x H2(tp)

= power-law: Mp/Mpeq ™ |

= plateau, intermediate; Mp/Meq 2 197

Al SLcll'\}wcﬂrdt Loeb 20173
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3. unlikeliness problem

— - IS

-> sensitivity to variations in the initial energy density:

x in the initial potential energy density

x! flex of order
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3. unlikeliness problem

— e — e —

sensitivity to variations in the initial energy density:

der x in the initial potential energy density

x! flex of or
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3. unlikeliness problem

P —— -

sensitivity to variations in the initial energy density:

o3
=
>
]
£
z
=
o)
=

flex of order x in the initial potential energy density
X. TieX
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3. unlikeliness probler;n

-> sensitivity to variations in the initial energy density:

x! flex of order x in the initial potential energy density
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3. unlikeliness probler;n

—_— —

-> sensitivity to variations in the initial energy density:

x! flex of order x in the initial potential energy density
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powerlaw-like

intermediate

plateau-like

extra
parameters

initial conditions

problem

unlikeliness

problem
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powerlaw-like

intermediate

plateau-like

extra
parameters

yes

initial conditions

problem

yes

unlikeliness

problem
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powerlaw-like | intermediate plateau-like

extra

es
parameters 9

initial conditions

problem

yes

unlikeliness

problem s

A
(

observationally favored class!
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Scale-free cyclic/ekpyrotic theory

Conditions for a successful eyclic/ekpyrotic model:

. NV, e-folds of ekpyrosis ocecur: (N) > 3 for | < N < NV, , and

", ekpgrosus ends in the last e—fold £(0) = 3 & e(N>0) > 3, where
= In(a_ H,, /0H)
is the # of e-folds of modes that exit the horizon before the end of
ekpyrosis,
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Scale-free cyclic/ekpyrotic theory

Conditions for a successful eyclic/ekpyrotic model:

. NV, e-folds of ekpyrosis ocecur: (N) > 3 for | < ¥ < NV, , and
", ekpgrosus ends in the last e—fold £(0) = 3 & e(N>0) > 3, where
= ln(a_ 4H, /0H)
is the # of e-folds of modes that exit the horizon before the end of
ekpyrosis,

€ can take many forms and the predictions can vary arbitrarily!

-> scale-free ekpyrosis!

g(N) = 3N+, a, >0
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Background

—_——

€ = d(nH)/AN, dNV = (e-DdN  -> dUnH)/AN = | + 1/(e-1)
> g(NV) = BN+ HME = exp[-2V + 2]; V(3NV+D Y - 1) dNV]

ONE SINGLE CLASS OF CYCLIC/
EKPYROTIC MODELS!

Pirsa: 13120063 Page 31/53




Background

—_— —

€ = d(nH)/AN, dN = (e-DdN  -> dUnH)/AN = | + 1/(e-1)
> g(V) = BN+ HME = exp[-2V + 2]; 3N+ Y — 1) dNV]

ONE SINGLE CLASS OF CYCLIC/
EKPYROTIC MODELS!

no unlikeliness problem
no extra parameters
no initial conditions problem
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Perturbations

two-component fluid:
1) background
2) perturbations

entropy/isocurvature perturbations before the bounce (-> n¢-1, r)

conversion into density perturbations during the transition from
big crunch to big bang (-> contributions to f, gy.)
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Perturbations

-> two-component fluid:
1) background g (N) = 3(N+D 2, > 0
2) perturbations

-> entropy/isocurvature perturbations before the bounce (-> n¢-1, r)
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Perturbations

-> two-component fluid:
1) background g(N) = 3(N+D %, > 0
2) perturbations  £,(N) = 3B, (N+1)%, B,2 0

-> entropy/isocurvature perturbations before the bounce (-> n¢-1, r)
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Perturbations

-> two-component fluid:
1) background g(N) = 3(N+D %, > 0
2) perturbations  £,(N) = 3B, (N+1)%, B,2 0

-> entropy/isocurvature perturbations before the bounce (-> ng-1, r)

-> additional condition from scale-freeness on K(N) = g,/g,!
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Perturbations

-> two-component fluid:
1) background g (N) = 3(N+D %, >0
2) perturbations  £,(N) = 3B, (N+1)%, B,2 0

-> entropy/isocurvature perturbations before the bounce (-> ng-1, r)

-> additional condition from scale-freeness on K(N) = g,/g,!

3H? = g, /a®+ pJa*+ g¥/a® + ... - kla* + o (1/a%® + |/a?%)
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Perturbations

-> two-component fluid:
1) background g (N) = 3(N+D %, > 0
2) perturbations  £,(N) = 3B, (N+1)%, B,2 0

-> entropy/isocurvature perturbations before the bounce (-> n¢-1, r)

-> additional condition from scale-freeness on K(N) = &,/¢,!

3HZ = g, /Ja®+ pJa*+ g¥/a® + ... - kla® + o |(1/a%® + |/a?%)
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Perturbations

-> two-component fluid:
1) background g (N) = 3(N+)2,, a,> 0
2) perturbations  £,(N) = 3B, (N+1)%, B,2 0

-> entropy/isocurvature perturbations before the bounce (-> ng-1, r)

-> additional condition from scale-freeness on K(N) = g,/g,!

3H? = g, /a®+ pJa*+ g¥/a® + ... - kla® + o |(1/a%® + |/a?%)

-2 8{(N) -~ SQ(N): O!| = Uq, ﬂvz -

Pirsa: 13120063 Page 39/53




Perturbations

hs‘l - 2/82 = (dez/dN)ls'z

Lehners, McFadden, Turok, Steinhardt 2007
Buchbinder, Khoury, Ovrut 2007

> gl = 2UBNH) ) — @ H(NH)
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Perturbations

hs‘l - 2/82 = (dezldN)ls'z

Lehners, McFadden, Turok, Steinhardt 2007
Buchbinder, Khoury, Ovrut 2007

> gl = 2UBNH) ) — @ (NH)

“strictly scale-free”

“background only scale-free”
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Perturbations

h5-| - 2/82 - (dSQ/dN)ls'z

Lehners, McFadden, Turok, Steinhardt 2007
Buchbinder, Khoury, Ovrut 2007

> gl = 2UBNH) ) — @ (NH)

“strictly scale-free”

“background only scale-free”

r ~ 0O
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Scale-free scalar fields and potentials

{) Transform N to ¢
£ = -~ (dH/At)/H?, dH/dt = -1/2 (g5 + ps) = ~1/2(dp/dt)?
~> d¢p/dN = * V(2g)

2) Find V as a function of N(¢).

3H2 = 1/2(dp/dt)? + V
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Scale-free scalar fields and potentials: Inflation

—_— —

A%, a=1,
V(¢) = vend exp [‘Z 3 zeNP(‘(ff"(f’end/\/zMﬂ))], a=2,
Vg exp L2/01-a) (( | 2(2- @) (p~Per i/ VEMpR 22722 <1} ] otherwise
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Scale-free scalar fields and potentials: Inflation

—_——

Ap*, a=l,
V(¢) = vend exp [‘Z = ze"P(-((i)‘d)end/\/szl))]» a=2,
V’ehc'l exp [2/( I~-a) (( “H32=0 )(CP“(fJ,hd/\/'Z MPl)2-2 afi=-u "')] , otherwise

Vi) Vig)
»

I

< €2

exponential large-field plateau
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Scale-free scalar fields and potentials: Cyclic theory

—_— —

* background -> fieldo
« perturbations -> field s
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Scale-free scalar fields and potentials: Cyclic theory

—_— —

* background -> fieldo
« perturbations -> field s

V(o,s) = V(0,0) x LI + 1/2(V,,,M(0,0) )s* + o(s*)]

Buchbinder, Khoury, Ovrut 2007
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Scale-free scalar fields and potentials: Cyclic theory

—_— —

* background -> field o
« perturbations -> field s

V(o,s) = V(0,0) x LI + 1/2(V,,,M(0,0) )s* + o(s*)]

Buchbinder, Khoury, Ovrut 2007
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Scale-free scalar fields and potentials: Cyclic theory

—_—

* background -> fieldo
« perturbations -> field s

V(o,s) = V(0,0) x LI + 1/2(V,,,M(0,0) )s* + o(s*)]

Buchbinder, Khoury, Ovrut 2007
For example, for o = |:

V(0,0) = - 3HZ (c*-Dexp(-20?)
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Testing for scale-freeness

Advantages of scale-freeness:

= predictive
= consistent with current observational data

-> TEST:

) measure r

2) determine o,

3) check if n~-1(a,) fits data
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Testing for scale-freeness

scale-free ny — r combinations

loge r
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Testing for scale-freeness

Possible future scenarios:

1) r Z 1O% scale-free inflation if ne~-1(a,) fits data
NOTE: r < .| fits only scale-free models that suffer from

the unlikeliness, extra parameters, and initial conditions

problems

Page 52/53
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Testing for scale-freeness

Possible future scenarios:

1) r 2 1O% scale-free inflation if ni-1(a,) fits data
NOTE: r < .| fits only scale-free models that suffer from

the unlikeliness, extra parameters, and initial conditions

problems

2) r € |O% scale-free cyclic
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