- .

The Effective Theory of Inflation
and the Early Fast-Roll Stage, Dark
Matter and Dark Energy in the
Standard Model of the Universe

H. J. de Vega

LPTHE, CNRS/Universit é Paris VI

13th Paris Chalonge Cosmology Colloquium 2009, THE STANDAR D MODEL OF THE
UNIVERSE: FROM INFLATION TO TODAY DARK ENERGY, Paris, 23-25 July 2009

o -



The History of the Universe
rIt IS a history of EXPANSION and cooling down.
EXPANSION: the space expands with the time. T
ds® = dt* —a?(t) d¥? , a(t) = scale factor.
FRW: Homogeneous, isotropic and spatially flat geometry.
Cooling: temperature decreases as 1/a(t): T'(t) ~ 1/a(t).

The Universe underwent a succesion of phase transitions
towards the less symmetric phases.

Wavelenghts redshift as a(t) :  A(t) = a(t) Wog

Redshift z: z+4+1= a(?((zﬁy) , a(today) =1

The deeper you go in the past, the larger is the redshift and

the smaller is a(t).
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Standard Cosmological Model:ACDM

CDM = Cold Dark Matter + Cosmological Constant
begins by the Inflationary Era. Explains the Observations:

5 years WMAP data and previous CMB data
Light Elements Abundances
Large Scale Structures (LSS) Observations. BAO.

Acceleration of the Universe expansion:
Supernova Luminosity/Distance and Radio Galaxies.
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Gravitational Lensing Observations
Lyman « Forest Observations
Hubble Constant (Hy) Measurements
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Properties of Clusters of Galaxies
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Standard Cosmological Model: Concordance Model
fdsQ = dt* — a®(t) dz?: spatially flat geometry. T

The Universe starts by an INFLATIONARY ERA.

Inflation = Accelerated Expansion: % > 0.

During inflation the universe expands by at least sixty
efolds: €92 ~ 10%7. Inflation lasts ~ 10736 sec and ends by
z ~ 10%” followed by a radiation dominated era.

Energy scale when inflation starts ~ 106 GeV ( <= CMB
anisotropies) which coincides with the GUT scale.

Matter can be effectively described during inflation by a
Scalar Field ¢(t, x): the Inflaton.

Lagrangean: £ = a’(t) {ﬁ (Vo) V(gb)} .

2 2a2(t)

Friedmann eq.: H*(t) = 3]\1412” [(b; + V(¢)} , H(t) = a(t)/a(t)
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Physics during Inflation

# Out of equilibrium evolution in a fastly expanding
f geometry. Vacuum energy DOMINATED (De Sitter) T

universe a(t) ~ et
#® Explosive particle production due to spinodal or

parametric instabilities. Quantum non-linear
phenomena eventually shut-off the instabilities and stop

inflation. Radiation dominated era follows: a(t) = v/t .

#® Huge redshift classicalizes the dynamics: an assembly
of (superhorizon) quantum modes behave as a classical
and homogeneous inflaton field. Inflaton slow-roll.

D. Boyanovsky, C. Destri, H. J. de Vega, N. G. Sanchez,
The Effective Theory of Inflation in the Standard Model of
the Universe and the CMB+LSS data analysis

(review article), J
LarXiv:0901.0549, 135 pages, to appear in Int.J.Mod.Phys.A



The Theory of Inflation

fThe Inflaton is an effective field in the Ginsburg-Landau
sense.

Relevant effective theories in physics:

# Ginsburg-Landau theory of superconductivity. It is an
effective theory for Cooper pairs in the microscopic
BCS theory of superconductivity.

# The O(4) sigma model for pions, the sigma and photons
at energies < 1 GeV. The microscopic theory is QCD:
quarks and gluons. = ~ gq , 0 ~ qq .

o The theory of second order phase transitions a la
Landau-Kadanoff-Wilson... (ferromagnetic,
antiferromagnetic, liquid-gas, Helium 3 and 4, ...)

L’ Fermi Theory of Weak Interactions (current-current).
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Slow Roll Inflation
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The field evolves towards the minimum of the potential.
V(Min) = V/(Min) = 0 : inflation ends after a finite number

of efolds.

Slow-roll is needed to produce enough efolds of inflation
(> 62) to explain the entropy of the universe today
L: the slope of the potential V' (¢) must be small.
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Slow-roll evolution of the Inflaton

uring slow-roll the inflaton derivatives are small and the
evolution equations (1) and (2) can be approximated by: T

BH() 6+ V'(0) =0 , H(t) = 5372

These first order equations can be solved in closed from as:
en d
My Nlg] = =[5 V(e) 36 dp -

N|¢] = the number of e-folds since the field ¢ exits the
horizon till the end of inflation. N ~ 60.
Geng = absolute minimum of V (¢).

Therefore, ¢* = scales as N M3%,. We define:

— __9¢ i
X= o5 and slow field.

Universal form of the slow-roll inflaton potential:
LV(@ = N M* w(y), M = energy scale of inflation. -



Exact Inflaton Dynamics: w(y) =

70_log'a(7') VS. T




Exact Inflaton Dynamics: w(y)

f | X(T)IVS.ITI

X(7) VS. T

In these plots y = 1.26 and  y.in = \/% = 2.52.

¥(0)* = w(x(0)),

We choose x(0) = 0.73587,

—> x(0) = 12.624 which ensure N;,; ~ 66.
We have here neglected spatial gradient terms:

2
Vo) since a(t) grows exponentially during inflation.

LZ a®(t)



Primordial Power Spectrum

fAdiabatic Scalar Perturbations: P(k) = ]A,(fg J2 kL

To dominant order in slow-roll:

S 2 4 w>
AP P =3 (HL) w

Hence, for all slow-roll inflation models:

(5) N (M
Al ~ 72 ()
The WMAPS result:  [AY®) | = (0.494 +0.1) x 10~
determines the scale of inflation M (using N ~ 60)

2
(Mﬂpl) —0.85%x 107> — M = 0.70 x 1016 GeV

The inflation energy scale turns to be the grand unification

energy scale !! We find the scale of inflation
knowing the tensor/scalar ratio r !!
LThe scale M is independent of the shape of w(y).
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spectral indexn, and the ratio r

D = ratio of tensor to scalar fluctuations. T
tensor fluctuations = primordial gravitons.

o 3 W] 2w 8 (U]
15 [ ¥ L)
dns _ 2 w'(Qw"() 6 WP 8 WP w"()
dink — N2 w?(y) N2 wi(x)  N* wi(y)

Y IS the inflaton field at horizon exit.
ns— 1 and r are always of order 1/N ~ 0.02 (model indep.)

Running of n, of order 1/N? ~ 0.0003 (model independent).

D. Boyanovsky, H. J. de Vega, N. G. Sanchez,
Phys. Rev. D 73, 023008 (2006), astro-ph/0507595.
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Ginsburg-Landau Approach

rGinsburg-Landau potentials:
polynomials in the field starting by a constant term. T
Linear terms can always be eliminated by a shift of

the inflaton field.

The quadratic term can have a positive or a negative sign:
{ w”(0) > 0 — single well potential — large field (chaotic) inflatio:

w”(0) < 0 — double well potential — small field (new) inflation

The inflaton potential must be bounded from below —-
order term must be even with a coefficient.

Renormalizability — degree of the inflaton potential < 4.

The theory of inflation Is an theory —
higher degree potentials are J

.



Fourth order Ginsburg-Landau inflationary models

fw(X):woiX?Q‘FGBXB""GZLXLL , G3=0(1) =Gy

V(9) = N Mtw () = Vot % 62+ g 67 + A !
M? m M \? G Mo \*
M= 1Mp g:\/N(MPz) Gs )\:]\? (MPZ)
Notice that
2 4
M ~U - M ~Y - ~Y
(M—m)_105 | (M—Pl)_m 10 N ~60.

o Small couplings arise naturally as ratio of two energy

scales: inflation and Planck.
# The inflaton is a light particle:
m=2~0003M, m=25x 10" GeV

L H~+vVNm~2x 10" GeV.



WMAP 5 years data set plus other CMB data
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Theory and observations nicely agree except for the lowest
Lmultipoles: the quadrupole suppression. J



Monte Carlo Markov Chains Analysis of Data: MCMC.

- .

MCMC is an efficient stochastic numerical method to find
the probability distribution of the theoretical parameters that
describe a set of empirical data.

We found n,; and r and the couplings y and » by MCMC.
NEW: We imposed as a hard constraint that » and n, are
given by the inflaton potential.

Our analysis differs in this crucial aspect from previous
MCMC studies of the WMAP data.

The color—filled areas correspond to 12%, 27%, 45%, 68%
and 95% confidence levels according to the WMAP3 and
Sloan data.

The color of the areas goes from the darker to the lighter for

Increasing CL.
| .



MCMC Results for the double—well inflaton potential
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MCMC Results for double—well inflaton potential

ounds: r» > 0.023 (95% CL) , r > 0.046 (68% CL) T
Most probable values: n, ~ 0.964, r ~ 0.051 <=measurable!!
The most probable double—well inflaton potential has a
moderate nonlinearity with the quartic coupling y ~ 1.26. . ..
The y — —x symmetry is here spontaneously broken
since the absolute minimum of the potential is at y # 0

2
w(x) = 45 (x2 — %)
MCMC analysis calls for w”(y) < 0 at horizon exit
— double well potential favoured.
C. Destri, H. J. de Vega, N. Sanchez, MCMC analysis of
WMAP3 data points to broken symmetry inflaton potentials
and provides a lower bound on the tensor to scalar ratio,
Phys. Rev. D77, 043509 (2008), astro-ph/0703417.
Similar results from WMAPS data.
LAcbarOS data slightly increases ny < 1 and r. J



Dark Matter

M must be non-relativistic by structure formation (z < 30)
In order to reproduce the observed small structures at T
~ 2 — 3 kpc.

DM particles can decouple being ultrarelativistic (UR) at

T,; > m or non-relativistic Ty < m.

Consider particles that decouple at or out of LTE
(LTE = local thermal equilibrium).

Distribution function:

Fala(t) Pr(t)] = Fylpc| freezes out at decoupling.
P¢(t) = pe/a(t) = Physical momentum.

pe. = coOmoving momentum.

Velocity fluctuations: Y = Pf(t)/Td(t) = /Ty
. B2 I d;PJ; :L—z Fala(t) Py]
(V2(1)) = (Fy = =1 ra — = {mjc;d(t)} o v Fi)e

L Joo 2Fd (y dy J



Dark Matter density and DM velocity dispersion
rEnergy Density: ppa(t _gf dpf \/m +P]% Fyla(t) Py T

g . # of internal degrees of freedom of the DM particle,
1 < g <4. Forz< 30 = DM particles are non-relativistic:

ppum(t) = 542 Tf) o v° Faly) dy,

Using entropy conservation: 7T, = ( Qd) ToMB,

gq = effective # of UR degrees of freedom at decoupling,
Teymp = 0.2348 1072 eV, and

ppum(today) = mg TCMB oy Fy(y) dy = 1.107 Ef;l\g (1)

We obtain for the primordial velocity dispersion:

- L T2y Faly) 4y % eV ko
oon(2) = /% (V2)(2) = 005124 L2 [ L O W17 e ig

93

L . determine m and g,;. We need TWO constraints. J




The Phase-space density/o° and its decrease factorZ

The % IS iInvariant under the T

cosmological expansion and can under
self-gravity interactions (gravitational clustering).

The phase-space density follows observing dwarf
spheroidal satellite galaxies of the Milky Way (dSphs)

Ly ~ 5 x 107 ii\r;//csrg = (0.18 keV)* Gilmore et al. 07 and 08.

During structure formation (z < 30), p/o? decreases by a
factor that we call Z.

Ps 1 ppm
5 (

S

N-body simulations results: 1000 > Z > 1.
Constraints: First pps(today), Second p/o?(today) = ps /o3 J
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Mass Estimates for DM particles

ombining the previous expressions lead to general
formulas for m and g : T

3
18

/O y' Fy(y) dy

S L

m = 0.2504 keV (

@ N
ool

b D
/de(y)dy
LJO i

ga=35.9627 g1 [[;7y" Faly) dy [;° 2 Faly) dy]®
These formulas yield for relics decoupling UR at LTE:

i 0.568 155 Fermi
— (2)4 keV | gd:g% Z% ermions
g 0.484 180 DBosons

Since g =1 — 4, we see that g; > 100 = T > 100 GeV.

1 < Z7 < 5.6 for 1 < Z < 1000. Example: for DM Majorana
uermions (g =2) m ~0.85 keV.



Out of thermal equilibrium decoupling

- Results for m and g, on the same scales for DM particles
decoupling UR

Particle physics candidates for UR decoupling in the keV
scale: sterile neutrinos, gravitinos, ...

D. Boyanovsky, H. J. de Vega, N. Sanchez,
Phys. Rev. D 77, 043518 (2008), arXiv:0710.5180.

H. J. de Vega, N. G. Sanchez,
arXiv:0901.0922 and arXiv:0907.0006



Relics decoupling non-relativistic
3 pc 7 2

NR(pc):ZQWQ ng ( )_ e 2mTy _224g2 gdig/ 6_2y_x T

T2

Y(t) =n(t)/s(t), n(t) number of DM particles per unit
volume, s(t) entropy per unit volume, x = m/Ty, Ty < m.

_ 1 /45 1 - .
Yoo = 20/ o7 T o0 Mr late time limit of Boltzmann.

oo. thermally averaged total annihilation cross-section times
the velocity.

From our previous for m and g, :
_ 45 Qpm pe _ 0.748 5 45 1 Ps
m = 77 gT3 Y = gYoo eV and m2 Td 27?2 gngOOZU;;3

Finally:  m Ty Td_147( ) keV

We used pp,s today and the decrease of the phase space
Ldensity by a factor Z. J



Relics decoupling non-relativistic 2

llowed ranges for m and Tj. T

m > Ty > beV whereb>1o0rb> 1for DM decoupling in
the RD era

(l)§ 147 keV < m < 216 Mev (£)§
gd gd

gg~3 for 1eV<Ty<100keVandl < Z < 10°
1.02keV <m < 9 MeV |, T, < 10.2 keV.
Only using ppjs today (ignoring the phase space density

Information) gives equation with unknowns:
m, Ty and oy,

g m
= 0.16 pb http://pdg.lbl.gov
o0 pbarn o T p://pag.lol.g

LWII\/IPS with m = 100 GeV and T; = 5 GeV require Z ~ 1023.J



The constant surface density in dark matter galaxies
Surface density of dark matter (DM) halos pgp = 9 po.
- 1o = halo core radius, py = central density -

pop ~ 140 T3 = 6400 MeV?® = (18.6 Mev)?® Donato et al.09

Universal value for ugp: of galaxy luminosity
for a large number of galactic systems (spirals, dwarf
irreqgular and spheroidals, elliptics) spanning over 14
magnitudes in luminosity and of different Hubble types.

values iop ~ 80 <3 in interstellar molecular clouds

of size r( of different type and composition over scales
0.001 pc < rg < 100 pc (Larson laws, 1981).

Density profile in Galaxies: p(r) = po F (%) , F(0)=1.

1
n

Profiles: FBurkeTt(x) — (1—|—x)%1—|—w2) 3 FSersic(LU) =e v y & %
LSame 1/r3 tail as cuspy NFW profile Fy gy (z) = (ﬁx)Q J

o




virial theorem plus extensivity of energy— uop = constar

irial theorem for self-gravitating systems: T
E=3(U)=—(K), E =total energy,
U = potential energy, K = kinetic energy. Therefore,
—§ [ L (p(r) p(r) = =S8 1§ [ TELE(F(2) F(a))
Energy d|V|ded by the characteristic volume rg goes as
7"0 ~ G pgro =G 1ip
Energy extensivity requires E/r3 fixed for large values of rq

— uop Must take the value for all r
Estimating (K) ylelds 2 [d3r{ v?) =
:%POTS@ [ &’z (F NP07“0<2>:><U>NGM0DT0

LThis IS true both for molecular clouds and for galaxies.
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DM surface density from linear Boltzmann-Vlasov eq
The distribution function of the decoupled DM particles:
@R =g folp) + F(@ 5 -

fo(p) = thermal equilibrium function at temperature 7
3
mgf(;%g fo(p) = ppar = Qur pe = 30 Mp, Hy

The linearized Boltzmann-Vlasov equation in the MD era
can be recasted as the Gilbert integral equation (Volterra
equation of 2nd kind) for

Ak, t) = mfdp fd%emkF(ajp,)

We evolve the fluctuations during the MD era using as initial
conditions the density fluctuations by the ,

A(k teq) = a1 pe V (K, teq) , teq = €quilibration time,
~1/K3, =~ }1;3, keq ~ 42.04 Hy = 9.88 Gpc ™!, f~1.35107°
LFIuctuatlons k > ke, Inside the horizon by ¢., are J



Density Profiles from the Gilbert equation

~ Atthe end of the RD era t = t,;

5(k, teq) = 24 |6y,| log (0.116 ki)
'W. Hu and N. Sugiyama (1996).]
or.| = primordial inflationary fluctuations:

Ns/2—2
oK = V2 |Ao (kﬁo) 7

where |Ag| ~ 4.94 1075, ny ~ 0.964, ky = 2 Gpc™ L.

Density profile today in the approximation:
Prin(T) = 273—27« f()OO k dk sin(kr) A('Zgattodauy)
H. J. de Vega, N. G. Sanchez,

On the constant surface density in dark matter galaxies and

unterstellar molecular clouds, arXiv:0907.0006
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The Gilbert equation
rDeﬁne: Ak, 1) = Ak, )/ Ak, teg).

The Gilbert equation takes the form:

— 8 ("o (u— ) ﬁ{’”]) du' = Il

where,

) = £ o~ dy y folw) sin(y2), 1e] = £ [5% dy y foly) =

ET%, =au, o= Tt

= fooo dy v* foly), 1+ zeq= aiq ~ 3200,
u = dimensionless time variable,
u—l—\/i 0 < u < Ugoday = 1 — \/Geg = 0.982
a(u) = (1_ nE a(today) =1 .

Lﬁ(k,t) " té)day 2 T(k) (1+ zeq), T(k)= transfer function.

-



The solution of the Gilbert equation today

fTransfer function: T(0) =1and T'(k — oc0) =0 . T
The solution of the Gilbert equation A(k, t) for k < ks grows
proportional to the scale factor.
kps = (Jeans) comoving wavenumber.

k¢s = characteristic scale for the of T'(k) with &
— the natural variable here is v = k ry;,

V2 2 1+ 2eq
Tlin = kr. — Ho ODM Qs and

3
ODM = (3 Mj%l Hg Qpas % %)3 — T = 120.1 (120) kpC

Collecting all formulas we obtain for the fluctuations today

€q

o -

2 ’I’Ls/2—2
A(k, troday) = 1.926 MEL | Ag| T (k) (kﬁo) log (o 116 - )



Density profiles in the linear approximation
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Density profiles in the linear approximation
The Fourier transform of the fluctuations today yield

prin(r) = (5.826 Mev)? %Smx T
X [57 ns/2-1 log(ch 7) sm(wr ) T(v) dv

HOD = Tiin Plin(0) =
— (5.826 Mev)3 Z7/6 [ 4ms/2 Jog (E 73 ’y) T(v) dv |

lin

where:
ng/2 —1 = —0.518, ny/2 =0.482, ny/6 = 0.160 and ¢ = 43.6
Particle Statistics LoD = Tiin Plin(0)
Bose-Einstein (16.71 Mev)? (Z/10)-16
Fermi-Dirac (15.65 Mev)3 (Z/10)0-16
)

)?
Maxwell-Boltzmann | (14.73 Mev)? (Z/10)°-16
)

- Observed value: jp = (18.6 Mev)? = Z ~ 10 — 100 -



Linear results for 1op and the profile vs. observations

Ince the surface density rg p(0) should be universal, we
ﬁan r1in P1in(0) from a spherically symmetric solutionT
of the Boltzmann-Vlasov equation.
The linear profiles obtained are cored since T'(k) decays for

k> kpg ~ 1/ ~ 0.008 (Z/10)7 (kpe)~! .
pin (1) Scales with the N
prin(r) T2 pmlna/2 — =148

In agreement with the universal empirical behaviour

r— 16804 "M, G. Walker et al., . M. Vass et al. (2009).
For larger scales nonlinear effects from small £ should give

the customary =3 tail.

The agreement between the linear theory and the

observations is remarkable.

The comparison of our theoretical values for 1op and the
observational value indicates that Z ~ 10 — 100.

LTﬂiS Implies that the DM particle mass is in the keV range. J




Dark Energy

f?(i + 5% of the present energy of the Universe is Dark ! T
Current observed value:
oA = QA pe = (239 meV)* | 1meV =10"3eV.
Equation of state py = —pa Within observational errors.
Quantum zero point energy. Renormalized value is finite.
Bosons (fermions) give positive (negative) contributions.
Mass of the lightest particles ~ 1 meV is in the right scale.
Spontaneous symmetry breaking of continuous symmetries
produces massless scalars as Goldstone bosons. A small
symmetry breaking provide light scalars: axions,majorons...
Observational Axion window 1073 meV < Mion < 10 meV.
Dark energy can be a cosmological zero point effect. (As
the Casimir effect in Minkowski with non-trivial boundaries).
We need to learn the physics of light particles (< 1 MeV),
Lalso to understand dark matter !! J



Summary and Conclusions
We formulate inflation as an effective field theory In the
Ginsburg-Landau spirit with energy scale T
M ~ Moyt ~ 10'° GeV <« Mp;. Inflaton mass small:
m ~ H/vVN ~ M?/Mp; < M. Infrared regime !!

For all slow-roll models n;, — 1 and r are 1/N, N ~ 60.

MCMC analysis of WMAP+LSS data plus this theory
Input indicates a spontaneously broken inflaton

2
potential: w(x) = 5 (XQ — S) ,y ~ 1.26.

Lower Bounds: r > 0.023 (95% CL) , r > 0.046 (68% CL).
The most probable values are r ~ 0.051(<«<= measurable
1) ng ~ 0.964 .

CMB quadrupole suppression may be explained by the
effect of provided the today’s horizon
size modes exited by the end of fast-roll inflation.



Summary and Conclusions 2

# Model independent analysis of dark matter points to a
f particle mass at the keV scale. T; may be > 100 GeV.
DM is cold.

# Universal Surface density in DM galaxies
[1op ~ (19MeV)?] explained by keV mass scale DM.
Density profile scales and decreases for intermediate

scales with the ng . p(r) ~r—17ns/2

# Quantum (loop) corrections in the effective theory of
inflation are of the order (H/Mp;)? ~ 107°. Same order
of magnitude as loop graviton corrections.
D. Boyanovsky, H. J. de Vega, N. G. Sanchez, Quantum
corrections to the inflaton potential and the power spectra
from superhorizon modes and trace anomalies, PRD72,
103006 (2005), Quantum corrections to slow roll inflation
Land new scaling of superhorizon fluctuations. Nucl. Phys. BJ
747, 25 (2006), astro-ph/0503669.



Future Perspectives
The Golden Age of Cosmology and Astrophysics continues.

fA wealth of data from WMAP (7 yr), Planck, Atacama T
Cosmology Tel and further experiments are coming.

Galaxy and Star formation. DM properties from
astronomical observations. Better bounds on DM
Cross-sections.

DM in planets and the earth. Flyby and Pioneer anomalies?
The Dark Ages...Reionisation...the 21cm line...
Nature of Dark Energy? 76% of the energy of the universe.
Nature of Dark Matter? 83% of the matter in the universe.
Light DM particles are strongly favoured mp,; ~ keV.
Sterile neutrinos? Some unknown light particle ??

LNeed to learn about the (<1 MeV).J



Temperature Fluctuations [uk?]

COSMIC HISTORY AND CMB QUADRUPOLE SUPPRESSION

Multipole moment !

100
T

Angular Size

380,000
years

Fast roll inflation produces
the CMB quadrupole
suppression

Fast roll inflation
1039sec <t <1038 sec
Slow roll in flation

103%sec <t <1030sec
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Higher Order Inflaton Potentials

Till here we considered Inflaton potentials.
Can higher order terms modify the physical results and the T
observable predictions?

We systematically study the effects produced by higher
order terms (n > 4) in the inflationary potential on the
observables n, and r.

All coefficients in the potential w become order one using
the field y within the Ginsburg-Landau approach:

w(x) = co — % X° + D ne r X", e =0(1).

All r = r(ns) curves for double—well potentials of arbitrary
high order fall inside a universal banana-shaped region B.
Moreover, the » = r(ns) curves for double—well potentials

even for arbitrary positive higher order terms lie inside the
banana region B.

LC. Destri, H. J. de Vega, N. G. Sanchez, arXiv.0906.4102. J



The 100th degree polynomial inflaton potential

0.14
2n = 100

- e == = == c4=1,c2k=0for3<=k<=50
0.1~ ZKEK uniformely random in [0,1] Y
\
&, uniformely random in [O,1] s
0.08 - k A\
i N\
— | i mimimi=mi= C, = O for 2<=k<50, Cioo=1 '\’

The coefficients ¢y, Were extracted at random.
The lower border of the banana-shaped region is given by
the potential:

wix) =4 —5xX° + 5

(4 X = 1) with n = 50.

- -



The inflaton potential from a fermion condensate
Inflaton coupled to Dirac fermions ¥ during inflation:

LT [iv" Dy —my— gy 6] ¥ o

gy = Yukawa coupling, v#* = curved space-time ~y-matrices.

Hubble parameter H = constant. Effective potential =
fermions energy for a constant inflaton ¢ during inflation.

Dynamically generated inflaton potential:

Vi(¢) =Vo+ 579" + 7 A" + H'Q (gy %) , where
1?2 = —m? < 0 mass squared, A = quartic coupling
Q(x) = 8W2{(1+x)h+Re¢(1+zaz 2}—
e : —C(3)]a ngY%

e D

Qz) “=° Z; Nlogz + v — C(3) + O (3)]
LMinkowskl limit (Coleman-Weinberg potential) J



L

Effective fermionic inflaton potential and r vs. n;

8N M4] VS. ¢/¢mm for 0 < gy < 500 H/bmin

r vs ns for 0 < gy <800 H/pmin

=

-



The universal banana region

1 1 1 1 1
0.92 0.93 0.94 0.95 0.96 0.97 0.98

We find that all » = r(ns) curves for double—well inflaton
potentials in the Ginsburg-Landau spirit fall inside the
universal banana region B.

The lower border of B corresponds to the limiting potential:

w(x) =5 —gx> forx < \/§ , w(x) =+o0 forx > \/§
This gives a lower bound for r for all potentials in the

Ginsburg-Landau class: » > 0.021 for the current best value
of the spectral index n, = 0.964. J



The Energy Scale of Inflation

fGrand Unification Idea (GUT) T

# Renormalization group running of electromagnetic,
weak and strong couplings shows that they all meet at

Eopr ~ 2 x 1016 GeV

# Neutrino masses are explained by the see-saw
. 2 . .
mechanism: m,, ~ 4=t with My ~ 1016 GeV.

»# Inflation energy scale: M ~ 106 GeV.

Conclusion: the GUT energy scale appears in at least three
Independent ways.

] . L] — 4
Moreover, moduli potentials: V,,,quii = Mgy v (ﬂfpl)

ressemble inflation potentials provided Mgygy ~ 10'° GeV.
First observation of SUSY In nature??

. -



The Unlverse IS made of radiation, matter and dark energ
| Pys.log(T+ 2z

B : N

0.7: % VS. log(l + Z) /%
“ pr—pad vs. log(l1+2) LT

,,,,,,,,,,,,,,,,,,,,,,

End of inflation: z ~ 10%°, T,., < 10'° GeV, t ~ 1073% sec.
E-W phase transition: z ~ 10, Tgw ~ 100 GeV, ¢t ~ 107! s.
QCD conf. transition: z ~ 10'% Tyep ~ 170 MeV, t ~ 107° s.

BBN: 2 ~10°, T ~0.1 MeV, ¢t ~ 20 sec.

Rad-Mat equality: z ~ 3050, T' ~ 0.7 eV, t ~ 57000 yr.

CMB last scattering: z ~ 1100, T~ 0.25 eV , t ~ 370000 yr.
LMat DE equality: z ~ 0.47, T~ 0.345 meV , t ~ 8.9 Gyr. J

Today: z =0, T = 2.725K = 0.2348 meV t = 13.72 Gyr.




The number of efolds in Slow-roll

he number of e-folds N|x| since the field y exits the T
horizon till the end of inflation is:

N[x]=N ;fmd ;‘U“,(&)) dx. We choose then N = NJy].

The spontaneously broken symmetric potential:
2
w(x) = 55 (X2 - S)
8

produces inflation with 0 < /¥ Xinitiar < 1 aNd Xepg = ot

This i1s small field inflation.

From the above integral: y=2—-1—1logz
where » =y y?/Sand we have 0 < y < oo for 1 > z > 0.

Spectral index n, and the ratio r as functions of y:
y 3z+1 16y z

ns=1l1-xe-2 » TN oIy
| -




Binomial New Inflation: (y = coupling).

rr decreases monotonically with y :
(

strong coupling) 0 < r < % = 0.16 (zero coupling).

0.05

-0.05 -

-0.1

(ns-1) vs.y

1 1
(6] 0.5 1 1.5 2 2.5 3 3.5

ns first grows with y, reaches a maximum value
Ns.mazimum = 0.96139 ... aty = 0.2387... and then n,

Ldecreases monotonically with y.

=

-



Binomial New Inflation

1 1 1 1 1 1
0.93 0.935 0.94 0.945 0.95 0.955 0.96 0.965

r==%=016andns=1—%=0.96aty=0.

r IS a double valued function of n;.

o -



Quadrupole suppression and Fast-roll Inflation

- The observed CMB-quadrupole (COBE,WMAP5) is six
times smaller than the ACDM model value.
In the best ACDM fit the probability that the quadrupole is
as low or lower than the observed value is 3%.
It is hence relevant to find a explanation of the
guadrupole suppression.

Generically, the classical evolution of the inflaton has a brief
fast-roll stage that precedes the slow-roll regime.

In case the quadrupole CMB mode leaves the horizon
during fast-roll, before slow-roll starts, we find that the
guadrupole mode gets suppressed.

S .
P(k) = [, 2 (k/ko)™ "1 [1 + D(k)]
The transfer function D(k) changes the primordial power.

L1+D(O):O, D(0) = 0 B



The Fast-Roll Transfer Function

1.4

I I I I I I I I I
D(K) vs. k/m

1.2 -

0.8 - .

0.4 —

0.2 .

0]

1 1 1
o 10 20 30 40 50 60 70 80 90 100

kQ = 11.om, kfastrollﬁslowroll = 14 m, kpivot = 96.7 m,

m = 1.2110"%GeV, k5" = 0.238 Gpc™! = redshift at the

Lbeginning of inflation = 0.9 x 1070 ~ !9, J



Comparison, with the experimental WMAPS data
I_of the theoretical C;/'' multipoles

I(I+1)C|/2n
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Comparison, with the experimental WMAPS data
I_of the theoretical C/'* multipoles
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Comparison, with the experimental WMAP-5 data

I_of the theoretical C;** multipoles

I(I+1)C|/2n

0.5

0.4

0.2
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|
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Transfer Function for different initial times of fluctuatio ns

1.2

- .

Atau=0.1
Atau =0.15
Atau =0.2
Atau = 0.2487P6

0.8

1+ D(K)

0.4

0.2

0 | | | |
-5 -4 -3 -2 -1 0 1 2 3 4 5
log(k/m)

Transfer function 1 + D(k) for different initial times of
fluctuations: A7 from the begining of fast-roll. BD initial
Lconditions. AT = 0.25: begining of slow-roll. J




AC/} vs. initial time of fluctuations

- ' ' ' ACTVS AT o
0.2 - ACZ VS. Z_&T
AC3 vs. Ar

-1

I I I I
(0] 0.05 0.1 0.15 0.2 0.25

Changes on the dipole, quadrupole and octupole
amplitudes according to the starting time A7 chosen for the
fluctuations from the begining of fast-roll. BD initial
conditions. A7 = 0.25: begining of slow-roll.

o -



Loop Quantum Corrections to Slow-Roll Inflation

CG(Tt) = Bo(t)+p(Tt), Do) =< B(E L) >, < @(@t)>=0

P(Z,t) = a<1n> [ ks lag ) €7 + b

azTZ’ a; are creation/annihilation operators,

Xx(n) are mode functions. n = conformal time.
To one loop order the equation of motion for the inflaton is

Qo (t) + 3 H Do(t) + V'(Po) + g(Po) ([e(z,1)]) =0

where g(®g) = 2 V"' (dp).
The mode functions obey:

1!

X5.(1) + [kz + M?(®g) a*(n) — aa(%n)) Xk(n) =0

 where M2(Dg) = V"(®g) = 3 HZ i + O(1/N?) o



Quantum Corrections to the Friedmann Equation

fThe mode functions equations for slow-roll become,

/! 2_1

Xy (1) + [kQ - Vnz‘*} xe(n) =0 , v=j5+eyr—nv+O(1/N?).

- . L 1

The scale factor during slow roll is a(n) = — e
Scale invariant case: v = 2. A =3 — v =ny — ey controls
the departure from scale invariance.
Explicit solutions in slow-roll:

xe(n) =% v=m i+ HY (=kn), HL(z) = Hankel function

Quantum fluctuations: ([p(,t)]*) = 45 [ (3;?;3 Xk ()]

2
e, )] = ()" Ay + InAZ+ L + 27— 44+ 0O(A)]
UV cutoff A, = physical cutoff /H, 4 = infrared pole.

<¢2> , <(Vg0)2> are infrared finite

o



Quantum Corrections to the Inflaton Potential

rUpon UV renormalization the Friedmann equation results

H? = 3]\141%1[ By~ + Va(®o) + ()’ VR(‘I’O)+O( )]

2
Quantum corrections are proportional to (Mipl) ~ 1079 1l

The Friedmann equation gives for the effective potential:
0\ 2 Vi (o
Vers(®o) = Vr(®Po) + + (fo)” Yeldo)

2
Vers(Po) = Vr(®Po) 14 (—M}f\(}m) —W"VEV]
in terms of slow-roll parameters

Very DIFFERENT from the one-loop effective potential in
Minkowski space-time:

Vers(®0) = Va(®o) + L2l 1 Vnlgo)

64 M?




Quantum Fluctuations:

calar Curvature, Tensor, Fermion, Light Scalar.
All these quantum fluctuations contribute to the inflaton T
potential and to the primordial power spectra.

In de Sitter space-time: < T}, >= 1 g, <T& >
Hence, V.jp = Vgt < 1Y) >=Vp+ 3 < TS >

Sub-horizon (Ultraviolet) contributions appear through the
trace anomaly and only depend on the spin of the particle.
Superhorizon (Infrared) contributions are of the order NV
and can be expressed in terms of the slow-roll parameters.

H2 v—4 €y 3 Mo
veff(q)o) — V((I)O) 1+ 3 (47r)20M1%l (ZUSGU ™ ngﬁev ™ T)

T=To+ T+ T+ Tp = — 205 is the total trace anomaly.

29 717 _
,Z; 307 7; T 60

L—> the graviton (t) domlnates J



Corrections to the Primordial Scalar and Tensor Power
A2 = 1A (1t o
+3 (#&PZ)Q 14 2R %83”
’A/(j;)ff\Q = AP {1 —3 (47rH]\04pz)2 {—1 +3 25+ %83} }

The anomaly contribution —2332 = —145.15 DOMINATES

as long as the number of fermions less than 783.

The scalar curvature fluctuations ]A,(f)P are ENHANCED

and the tensor fluctuations ]A,(CT)\Q REDUCED.
2
H _

D. Boyanovsky, H. J. de Vega, N. G. Sanchez, Phys. Rev. D
L?Z, 103006 (2005), astro-ph/0507596. J
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