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Cosmic Intlation
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\\o The history of the Universe require% special initia
Which are arranged by cosmic in; Ia?tlon
e Cosmic Inflation: Period of act ted expansi

e Inflation also produces the primerdial densj
perturbations (PDP) necessary for galéz;ies tﬁrm
e The PDP reflect themselves onto the CMB through the Sachs-Wolfe effect

e Impressive agreement” — ' Multipole moment, £

with observations / 2 10 50 500 1000 1500 2000 2500
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e Inflation also generates.~ /

Primordial Gravitationa e7/
e This prediction of inflation

will soon be tested

Indirectly (CMB)

Directly (interferometers)

in the EarIQ\ rse /
e Inflation produces a Unlverse\l\arge, flat r)dw
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Particle Production of Gravitational Waves
during Cosmic Inflation

ds? = a?(7)[-dT? + (635 + hij)dmidwj]

e The metric perturbation is: Symmetric  h;; = hj; efj = eﬂ
DoF: 6-1-3=2 Traceless h:: =5 e, =0
+, X polarisations Transverse V;h' =0 kiegj =0

e The polarization tensor is:

— 3 =~ '-'.
Fourier Xform:  h;;(7,X) = V16w« f {2‘1 )'.‘.‘fﬂ h;;(k, 7)e’ %

hij(k, T) = E b el (k)

Action: 5., = m f d*z\/—g g 3ph,-j3.,.hij
’
EoM:  hl. + 28 ! — V2h;j =0 = h{" +2%hs' + K’k =0

a i3
Mukhanov-Sasaki Eqn hi(T) = V167G ¢2(7)
" 2 _a” } =:""’J"?é=“5h$'"”"P/‘/§
+(R-F)R =0 wm=amee)

mP = 87 G
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Quantize: | v*(T, i') — f[::,—:;iii[”ﬁ &% E&Ei’ + (vi)m a%f e_;ki’]
a2, a%l] = 88(3)(q — ) & [a,af) = [ash,aff] =0
| 7
i . -4 -1 — — —kT
Solution: v (7) = ( k'r) e
Subhorizon: —k7 — +oco = v}

Superhorizon: —kr =% 0 = ¢

\/E‘Us T 2 H2
hz = a.m;: — mzk3/2 — |hz| — Wg = (
Pr(k) = £y(hij(k)h¥ (k) = k3 3 |h2|?
N : L _
'Pc(k) u 871'2€m% - ?hh%flpf 1
s = 0<r<0.036

i 77 = H <1083 8647) =



Quantum decoherence

e The quantum states become

squeezed and approximate
classicality

(¢, ¢ = iR

by > [, d] =0

e The commutator becomes
negligible




Density of Gravitational Waves

Action: S5, = ﬁf d*x\/—g g"’ o i O, R

. GW _ 2 S (V”h Vyhz'7>
Energy-momentum: Ty, = — /=g 0g = 397G
2 P
_ 1 Ih |+|Vh%3| -2
Pow =—Tp =a 2T00=3—(;' = & Pow = T7

(Pew) = f B 3 PR §(1n k)

(Paw) = f B3 PRI g1 k)

2w p=rhX

¢ x e /a = hY' =ikh{ = |hY/|? = k2|

- _ pr 2k2|h |2
GW — pow 2k2|h,3|2

e Density per GW redshift as radiation
momentum interval:

1dpgw k3 8xG |f'-$'|2-|"’i‘f2|hf-,|2
QGW(k) Pe d]nk = ch(k) 22 32 _z_,;x a2

-4 3H2
= | Pgw X a Pc = g3

] =t




Density of Gravitational Waves

k2AZ (k
Time evolution: 2w (k, 7) = =515 ( T) with A%(k,T) = Ty (k, 7)Pp(k)

o Transfer function T}, —| N U U U NS U S SR »
CMB & Matter . BAN . | _* L‘GO 54 @

Spectra ~ .
TOday: T0= r p.-‘-------‘-----.--- ----‘L----:---;--

e The transfer function depe

a(tT) = a; [1_|_L|'23_w {

BT T T S, e ) .__._._.___n_ - -

Qaw(k) = Qgw(S)

|
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ﬂ(;w(.f) X f—z(
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e The spectrumiis flat at an

1
w = g = Qgyw(f) = constant unobservable level

e Radiation domination



Kination

Inflationary Paradigm: The Universe inflates when dominated by the potential
energy density of a scalar field (inflaton field)

EoM: ¢ +3Ho + V/(¢) =0 LV (p)

Non-oscillatory inflation
has a runaway inflaton
scalar potential

=0

After inflation, the inflaton becomes dominated by the kinetic energy density

1 ;2
. : 192-v
¢+3Hp~0 = w=§m~1 = Qowl(f) o< f

(;w(.f) X f_2(1—3‘ttf)

The GW spectrum features a peak but at unobservable frequencies

e This period is called kination

The GW peak cannot be extended to lower frequencies because of BBN



Kination
. . GW -2
The GW density cannot be too large during BBN: Qg < 10

The density of radiation ¢

00 pr _ Pew|
GW pg Pr |o

= ng < 106

Kination per se cannot
boost observable GWs

Qaw(f) < f
ﬂ(;w(.f) X f—z(

|
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A stiff period after inflation with
One needs: 0.46 S w < ¢ i
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Attractorroll: ¢ > M MD| radiation stiff phase




Hyperkination

e In Palatini gravity: £ = Zm23R + jaR? + 2£¢*R — 30,00t ¢ — V

1 1
L = smiR — 58,00

e Kinetic energy density d

(1o ok

St |\ )/

Quadratic term: Py = 10740[ 10 "10™07"™0 10107 107°[10" 10° 10" 10° 10° 10

Frequency (Hz)
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Quartic term: Dy =



Conclusions

Cosmic Inflation resolves the fine-tunings of Big Bang and provides seeds for
structure formation. Inflation is spectacularly verified by CMB observations

Another generic prediction of inflation is a superhorizon spectrum of
Primordial Gravitational Waves generated through Particle Production.

The form of the resulting GW spectrum depends on the post-Inflation history

When GW modes re-enter the horizon during radiation domination they
form a flat spectrum, too faint to be observable at present

A stiff period enhances primordial GWs creating a peak in their spectrum

N-O Inflation is followed by a period, dominated by the inflaton’s kinetic
energy density, called kination, but the frequencies of the peak are too high

The GW peak can be extended to observable frequencies if the stiff period is
milder than that of kination, with w = 1/2

A model realisation considers two flat directions which intersect at an ESP
and give rise to the hybrid mechanism with Planckian waterfall VEV, which is
also a kinetic pole of the waterfall field (a-attractors)



Conclusions

e Another possiBiIity to obtain a boost in primordial GWs down.t ﬁcghservable
frequencies’is by considering higher order k|net|c terms'as with k-essence

e This is possible to realise in Palatini modlfled gravity

e Considering R+R? gravity an a non-minimally coupled scalar field, results in -
additional quartic kinetic terms

e When the quartic kinétic terms dominate, this results to hyperkination - -

e Hyperkmatlon is followed by regular kination, when the kinetic terms
become canonical

p@The resulting truncated GW peak can be extended to observable frequencies
without dlsturbmg BBN
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