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INFLATIONARY COSMOLOGY

Inflation: Generator of Primordial Fluctuations
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Irreducible GW background from Inflation
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Irreducible GW background from Inflation
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Axion-Inflation

Freese, Frieman, Olinto '90; ...

Shift symmetry ¢ — ¢ + C on couplings to other fields

87
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fermions gauge fields
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With shift symmetry, AV oc Vepfrt l:{> Protected against radiative corrections !
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AXiOH“I"ﬂaﬁOH Shift symmetry ¢ — ¢ + const.

Freese, Frieman, Olinto '90; ...

V(SO) inflaton @ = pseudo-scalar axion

Gauge field excitation creates chiral GWs !

hl. 4+ 2Hh, — V2hy; = 167GIILY o {EZE; + BB}

GW mostly* one-chirality G V

~J A, Chiral

(*why not exactly just one?)
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fields coupled to the inflaton 7 = I1arge excitation v/
(i.e. no need of extra symwmetry) GW generation 12

‘ ne = Exp{—7w(k/u)?*} ‘ Non-adiabatic field excitation (particle creation !)
(spin-independent)

In all three cases (scalars, fermions, and vectors)

s 70 - 0 oG ez

AP, P _plec)  plep) L, H? B3
= = ~ few X O(107°)—Wi(kmy) | =) In H
P P Py / ( )mfﬂ (k7o) (H) (n/H)
(W < 0.5)

N. Barnaby et al., Phys. Rev. D86, 103508 (2012), [1206.6117]
J. L. Cook and L. Sorbo, Phys. Rev. D85, 023534 (2012), [1109.0022].
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D }(Lvac) D }(Lvac)

~ few x O(107%)

2

H

mpl

( Sorbo et al 2011, Peloso et al 2012-2013, Caprini & DGF 2018)

W (o) (ﬂ)glrﬂ(u/ﬂ)

M2 = géo

Log[h, Q]

i Qew o« 1/k? *

-10.0 |
./ (MD modes)

-12.0 |\ /!
140 |\ : AP, l

~\; scale-invariant (RD modes) I P
-16.0 —=rTressc e e

i red tilted (RD modes) Ak f o mmmm = |
-18.0 |

180  -140  -100  -6.0 -2.0 2.0 6.0

Logf]
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A‘l )h T )}(LtOt) _ 1T ,f(LvaC) ” )}(Lpp) 4 H 2 ILL 3 9
= = ~ few x O(107%)—W (k1) (—) In“(u/H)
Ph plvec) pivec) m2, H

( Sorbo et al 2011, Peloso et al 2012-2013, Caprini & DGF 2018) | _— 990

Unfortunately ...

- AP
5 ; b«
= 10.0 Qaw o« 1/k P
g 7/ (MD modes) for every model !
120 1\ /:
140\ APy, )
~\; scale-invariant (RD modes) I P |
I red tilted (RD modes) Ak~ 07777 *
-18.0 |
180 140 100 60 20 20 60 100
Logf]
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INFLATIONARY MODELS

Ultra Slow-Roll Regime
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» | AR ~ 310

‘CMB
>

' What if the potential
| is not monotonic ?

A7, greatly enhanced!
(at small scales)
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non-monotonic possible to
INFLATION == 'F{mul’ri—ﬁeld } —> enhance A%

(at small scales)
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non-monotonic possible to
INFLATION == 'F{mul’ri—ﬁeld } —> enhance A%

(at small scales)

Let us suppose A% > A%|CMB ~ 31077, @ small scales

ds* = a*(n)[~(1 +2®)dn* + [(1 — 2W)dy; + 2F; j) + hij]da’da’]

~ ®x P (2nd Order Pert.)

200;0;® — 2V0;0;® + 4V0;0;¥ + 0;09,® — 9"PI,; ¥ — 9" WY, P + 30" VO,; U

4 / /
" 3(1+ w)H? (V" +HE)0;(V" + HO) D. Wands et al, 2006-2010
0,2 Baumann et al, 2007
Cs [BH(H(I) o \If/) £+ VZ\IJ] azaj ((I) . \Ij) Peloso et al, 2018

- 3wH
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non-monotonic possible to
INFLATION * 'F{mul’n—ﬁeld } = enhance A%

(at small scales)

Let us suppose A% > A%|CMB ~ 31077, @ small scales

ds? = a®(n)[—(1 + 2®)dn? + [(1 — 20)8i; + 2F; 5y + hij)da’da’]

hi: 4+ 2Hh; + k*h; N ~ @ %D (2nd Order Pert.)

(0) 2
(0) Qra, Q('nc) 2’/Tf in
Tow(F) = =25 (a(ﬂc)H(nc)) Pi (e, 2mf)

2+1)(s2-1) 1°
ind
P (nk_zf dt/ d8!1—3+t(1+8+t)]
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non-monotonic possible to

INFLATION ==

Let us suppose

IF { multi-field

} —> enhance A%

(at small scales)

2 2
A% > AR|CMB

~ 3-1077[ @ small scales

ds? = a®(n)[—(1 + 2®)dn? + [(1 — 20)8i; + 2F; 5y + hij)da’da’]

P+ 2HN, + K2hi; =(STT

0©)
Ao (f) = 24

27 f

G ('nc) (

a(ne)H(ne)

2
) PG 2n)

Pmd(nk_2/ dt/ ds! H2+ ("~ 1)

1—s+t) (1—|—8—|—t

I

)

~ ®x P (2nd Order Pert.)

(0) 2 \2
Qs x (AR)

—
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(Numbers not updated !)
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(Numbers not updated !)
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non-monotonic possible to
INFLATION == IF { multi-field } —=> enhance A%

(at small scales)

IF A% very
enhanced

* Primordial Black Holes (PBH) may be produced!

PBH candidate for DM ? Yes !, for ~ 10~ 1°-10~1 M

* If PBH are the DM, what is the GWB from 2nd O(®)? Bartolo et al, '18

Right in the middle of LISA!
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non-monotonic possible to
INFLATION == IF { multi-field } = enhance A%

(at small scales)

IF A% very
enhanced

* Primordial Black Holes (PBH) may be produced!

Has LIGO detected PBH’s ? It does not look like...

| the mass/spin distribution’ |
(M. Fishbach (LIGO), Moriond'19) |

e.g. 2102.03809, 2105.03349, De Luca et al
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Tensor = (CMB B-mode)

Y

Extra species/symmetries I:{> Enhanced GWs

Scenarios — Enhanced Scalar Pert. I:{> Enhanced GWs J

\ Modified Gravit

spectator fieldfgee e.d. 1801 .042@%_

graviton mass,
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations

ds® = —(1 4+ 2®)dt* + @lwidt +a?[(1 — 2W)6;; +(Eyj)dx'da?

AR = o) + 50(1)

/ d
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations

ds® = —(1 + 2®)dt* + 2B;dx"dt + a*[(1 — 2¥)6;; + E;;]dx"da’
O(Z,t) = o(t) + 09(Z, 1)
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Inflation: A generator of Primordial Fluctuations
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O(Z,t) = o(t) + 09(Z, 1)
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Inflation: A generator of Primordial Fluctuations

ds® = —(1 + 2®)dt* + 2B;dx"dt + a*[(1 — 2¥)6;; + E;;]dx"da’
O(Z,t) = o(t) + 09(Z, 1)

Diff.
= — )0
wdqur{cb,B,\If,E}—» ¢ =—[¥+(H/p)opg] — ¢ All
dof Dt
W » R=[V+ (H/$)5¢] — R Gauge
. i [
0=+ @mu Mg | V.
CUI;va’fure ) Ten?g‘l;v )
ert. ert.
\ '
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations

ds® = —(1 + 2®)dt* + 2B;dx"dt + a*[(1 — 2¥)6;; + E;;]dx"da’

< O(T,t) = ¢(t) + 6p(Z, 1)
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Inflation: A generator of Primordial Fluctuations

ds® = —(1 + 2®)dt* + 2B;dx"dt + a*[(1 — 2¥)6;; + E;;]dx"da’

< O(T,t) = ¢(t) + 6p(Z, 1)

2 \
gi5 = a*[(1 — 2R)d;; + hz’jTr = % /d%\/—ig{R — (0¢)° —2V(9)} ':{>
S~ /

c— — ) : . -
—> |5 =50+ 54 +5Y S =4 [ d'w a* i |R? — 0 2(OR)?|
- 20 (2) (2)

/ ~.

Background 58 - mTi J dtdz®a’ [(hz’j)Q - a_Q(alhij)Z}
Inflationary dynawmics

(UV limit: deep inside Hubble radius)
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Inflation: A generator of Primordial Fluctuations

dr = dt/a(t) (Conformal time)

Scalar Fluetuations:

SG) = % [ d'z a* g |R? — a 2(0,R)?

L gran® ()2 — (Vo) 4+ 2 2
2

zZ

v 2R, z=ay }(Mukhanov variable)
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Inflation: A generator of Primordial Fluctuations

Scalar Fluetuations:

S((S)) — %fd“:c a3% {Rz — a_Z(&;R)Z}
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Inflation: A generator of Primordial Fluctuations

Scalar Fluetvations:
S((S)) =2 [d* a3% {RQ — a_Q(&;R)ﬂ
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Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

Scalar Fluetvations:
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Inflation: A generator of Primordial Fluctuations

. ﬁ im(v+1/2)/2 1/2 77(1 .
Scalar Fluet: |vi(n) = 2202 EO40) | (Buneh-Davies)
0g(t) = vi(t)ag + v (1)’ Vacuum Fluet.
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Inflation: A generator of Primordial Fluctuations
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Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

° L ﬁ m(v+1/2)/2 1/2 1 s
Scalar Fluet: |oun = T2 HO k) | (Buneh-Davies)

0 (1) — vk (t)ag + vi(t)a’ Vacuuwm Fluet.
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Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

. ﬁ im(v+1/2)/2 1/2 77(1 .
Scalar Fluet: |vi(n) = 2202 EO40) | (Buneh-Davies)
0g(t) = vi(t)ag + v (1)’ Vacuum Fluet.

{fu =zZR, z= a%} » <7A3,;7A2,g,> = 2 <@;;’?7[5/> = (2ﬂ)3a2$2 |Uk<’r:)|2 5(/24— E’)

=Prk,7) | Qealar
Power Spec’rrum

A% (k,T) = ;—BPR(k T)

7T

Dimensionless Scalar PS



Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

|_S((;)) _ fdtdx3a3 [(h,,;j)Q — a_2(3lhz'j)2}




Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

Tensor Fluetvations: dr = dt/a(t) (Conformal time)

|_sg;ggfdtdx3a3[(hj)2 ~ a 2(Jhiy)?| lJZ 5 [ ard [@;;/)2 - (kQ - —) (viz>2]

2oy ()7 (5) o a )
hij(k,7) = &7 hY 5 0 = §mph]%>



Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

Tensor Fluctvations:

|_S((;§—%§fdtdx3a3{(hzg)2 - a_z(ﬁzhzj)ﬂ > % / drd3k [(fuf’;’)2 — <k2 — %) (viz)?] :{>

of Gravity dof!

: [ Quantize-Bunch-Pavies ~Power Spectrum

Same Procedure as with Scalar Pert. ] Quantization



Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

Tensor Fluctvations:

|_S((;§—%§fdtdx3a3{(hzg)2 - a_z(ﬁzhzj)ﬂ > % / drd3k [(fuf’;’)2 — <k2 — %) (viz)?] :{>

-

Sawe Procedure as with Scalar Pert. Quantization
of Gravity dof!

Quantize->Bunch-Davies~Power Spectrum

Az (k,T) = Q—Ph(k,r)

T2




