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Gravitational Wave Definition

1 (04
(RD) == (040903 0,09°") ==l < hap )

It can be shown that only TT dof contributeto <...>

m2 TT TT
t,ul/: Tp <8,u59fij al/égz'j >

-

(09i; = hij)
GW energy-momentum tensor GW energy density
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Gravitational Wave Propagation

What about the o) _ [R (2)] ] 1
High Freq. / Short Scale? He

(2) |High .
B | ~ O (2‘*) — |R&2)\ngh negligible
B

R

-

Creation of GWs
INn curved space-time

TT dof = truly radiative !
[no gauge choice]




Definition of GWs

* 1st approach: Lin Grav in MinkowsKi v
* 2nd approach: SVT decomp. v

* 3rd approach: FLRW background v
* 4rd approach: General backgrounds v



Before we move into
the 2nd Bloc...
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GW Propagation/Creation
in Cosmology

FLRW: ds? = a?(— dt?+ (05 + hij)dztdx?), TT: { b =0
(N

(conformal time)

Creation/Propagation GWs in FLRW Source: Anisotropic Stress

Eom: h,/L/] + QHh, thw — 167TGHTT HZ] — TZ] o <Tij>|:|_|:gw

GW Source(s): ( SCALARS , VECTOR . FERMIONS )
H;‘;Z;-T o< {9;x0;x Y, {E;E; + B;B;}'", {YvyDjy}tt




Cosmic History

BiGGER size,
SMALLER Temp TODAY [Galaxies, Clusters, ...]

(13.700 Million years)

FIRST GALAXIES
(500 Millions years)

~ ATOMS CREATION
(300.000-400.000 years)

ATOMIC NUCLEI CREATION
(3 minutes !)

/" FIRST SECOND

SMALLER SIZE, A
\, of the UNIVERSE!

LARGER Temperature



OUTLINE

t 2) GWs from Inflation

f' 3) GWs from Preheatlng .
4) GWs from Phase Transmons

5) GWs from Cosmic Defects



A primer
on Inflation
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Inflation (basics)

Needed for Consistency of
the Big Bang theory

Cosmic background

A0

radiation _
o H.t ~ 60
< >
| an~ e e

=,
&
Quantum gravityera : g
' 5

Big bang ? I Cm
2
'S
o

/\

102ecm



Inflation: Definition + Implementation

+Pefinition: | L2>0o 211 <o

/!

INF



Inflation: Definition + Implementation

/* Pefinition: | 22 >0s 411 <0
INF
W Zf = eV (# e-folds)
@ log(Hf/Ho) — log(Ef/Eo)

VIV

@+ log(E+[GeV]/10°)
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Inflation: Definition + Implementation

+mplementation: | 2= 1042+ V(¢) | (4 Inflaton)

Slow Roll (SR) Regime: ‘ . ; |

SR => quasi dS for AN = 60
]

a(t) ~ a;ele H(P)dt
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Inflation: Definition + Implementation

+lmplementation: | 2= 1042+ V(¢) | (4 Inflaton)

Case of Study: | v |
eI () = (9/2m,)2 — 1/2

V(o)

'Inflating “is easy
with any potfential
of the type V(¢) x ¢?




Inflation & Primordial Perturbations
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Flat Universe !
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Inflation & Primordial Perturbations

INF — SR:

* Is that ALL? NO!

o(t)

G (1)

+——

+——

(Background)

enN<Kl —=>en~l1
—(Start) 7 (End)—

7

Hdt' 60
a~ el > €

/

A

Flat Unive

No Hor. Problem !

o(t) + 0p(Z, 1)

9uv (t) + 5g,u1/ (fa t)

(Fluctuations)

INF

v

(qdS)

rse !

Primordial
fluctuations !



Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

() | (1) +3¢(7,1) | put WHY fluctuations ?

G () | 910 (t) + 09, (Z,8) | Quantum Mechanies !
(Background) (Fluctuations)
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Inflation: A generator of Primordial Fluctuations

o(t)

 ——

Gy (1) e

(Background)

(T, 1) — (P(F,1)) = o(t)
QM:{

o(t) +09(T

t) | but WHY fluetvations ?

guv(t) + 69 (Z,t) | Quantum Mechanics !

(Fluctuations)

>
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Inflation: A generator of Primordial Fluctuations
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Inflation: A generator of Primordial Fluctuations

() | (1) +3¢(7,1) | put WHY fluctuations ?

G () | 910 (t) + 09, (Z,8) | Quantum Mechanies !
(Background) (Fluctuations)
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Inflation: A generator of Primordial Fluctuations

BT, 1) = B(t) + 0p(T,t) — (3¢ (&) # 0

but ... Minkewski —+ Curved Space: (quasi)dS

t) + 06(
m 4
/da;\ﬁ{R (96)% — 2V (¢ }< ‘>
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,uy




Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

57, 1) (06 (&

%

1)) 70

but ... Minkewski —+ Curved Space: (quasi)dS
) + 0¢(Z
m
d*z/—g{R — (0¢)* — 2V (¢)} ‘>
/ <vg,w t) + 09, (T

h ds?

L

e

e ———

= g*tdatda” = (g, (t) + 00y (7, 1)) dat da

e

t 4 p 74

—(1 -+ 2(I))dt2 -+ QBdezdt -+ a2[(1 — 2\11)523 -+ Ew]dazzd:c]

J
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Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

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

O(Z,t) = (1) + 5<b(fa t)




Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

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

AR = o) + 50(1)

B; = 0,B




Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

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

AR = o) + 50(1)

B; = 0,B

781-/ Fij = 20 F + 2061 + hij

Expanding U. — Vector Perturbations s, Fi oc




Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

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

AR = o) + 50(1)

/ d

(tensors = GWs)
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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)




Inflation & Primordial Perturbations

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)

gc,a\'“s 5¢ + {®, B, U, E} bitt. J 60 + {9, B,V E" M

dof Dift. - 1 |Gavge lnv. !

Ditt: [ oo




Inflation & Primordial Perturbations

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)

Ditf.
= — )0
&W’véngr{cb,B,\If,E}—» (=—[¥+ (H/p)dpy] — ¢ All
dof it
W » R=[V+ (H/$)5¢] — R Gauqe
. i |
Q=o+my Mo | V3




Inflation & Primordial Perturbations

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.
\ '

Fixing Gavge: e.g. 2,66 =0= g, = a1 — 2R)6,; + hyy]



Inflation & Primordial Perturbations

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)

gij = az[(l — 2R )05 + hij]




Inflation & Primordial Perturbations

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)

m? T
gij = a’[(1 = 2R)d;; + hz’jTr = 719 /d433\/—79{R — (0¢)° —2V(9)}
~— /




Inflation & Primordial Perturbations

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 dynawics

(UV limit: deep inside Hubble radius)



Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

Scalar Fluetuations:

S((S)) — %fd‘*:v a3% {RQ — a_Z(&;R)Z}




Inflation & Primordial Perturbations

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)



Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

Scalar Fluetuations:

S((S)) — %fd“:c a3% {Rz — a_Z(&;R)Z}

Il
N | —
\

o

ﬂ

o

&

o
—
S
o
|
—
<
S
o
el
S

(FT.: oxit) = [ dke ™ u(t))

y /1
/_{ 2 !/ ~ . < 1 2 1 3
|:{> vp + (k7 2 /z>vk =0 with || — =1 (u — Z) , V=gt 2¢ — 1




Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

Scalar Fluetvations:
S((S)) =2 [d* a3% {RQ — a_Q(&;R)ﬂ
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—> [ W o =0|  with [Z=3(-0), v=2eay

Quantization: | v(t) = w()ag +vi(t)a' .




Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

Scalar Fluetvations:
S((S)) =2 [d* a3% {RQ — a_Q(&;R)Z}

Il
DO | —
QL
ﬂ
QL
=
o
VN
d\
o
|
N
<
=
)
+
-
)

. 1 1 3
—> [ W o =0|  with [Z=3(-0), v=2eay

Quantization: | v(®) — v (®)ag + vi(t)a’

g0 lapap] =0k -F) | ey

—} 2 linearly independent solutions (Hankel functions)
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Inflation: A generator of Primordial Fluctuations

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

Inflation: A generator of Primordial Fluctuations

Scalar Fluetvations:
S((S)) =2 [d* a3% {RQ — a_Z(&;R)Z}

Il
DO | —
QL
ﬂ
QL
=
o
VN
d\
o
|
N
<
=
)
+
-
)

. 1 1 3
—> [ W o =0|  with [Z=3(-0), v=2eay

Quantization: | v(t) = w()ag +vi(t)a' .

—kT>1 1 —ikT
> €

I (sub-HubbIo) Jor \

Positive define freq




Inflation & Primordial Perturbations

Inflation: A generator of Primordial Fluctuations

Scalar Fluetvations:
S((g)) =2 [d* a3% {RQ — a_Q(&;R)Z}

Il
DO | —
QL
ﬂ
QL
=
o
VN
d\
o
|
N
<
=
)
+
-
)

. 1 1 3
—> [ W o =0|  with [Z=3(-0), v=2eay

Quantization: | v(t) = w()ag +vi(t)a' .

(Bunch-Davies)
Vacuum Fluet.




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.
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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.




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.

=:R, z=af|| = (RiR ) = = (ogip) = (2m) oy o ()| 6(k + k')

=PrEn) | Sealar
Power Spectrum




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-Davies ~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
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Inflation & Primordial Perturbations

H&I RR* 2w3%A2(k)

(RR7) = (2)
(.L / L3 R
INFLATION == | 5. (s 9@

(hijhi;) = (2m)° = A} (k)

Quantum
fluctuations !
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Inflation & Primordial Perturbations

INFLATION ==

Comov.
Scale
! in—l R(k), hi;j(k) ~ Const., kT < 1
/ \ !
Exit Re-entry
or | subHubble\/ Supertubble  \ _—SubHubble

__, Time

nf. FRW (hBE)
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Irreducible GW background from Inflation

Tensors = GWs

dSk kx ~ * X r
Z / 277 3/2 (her hk(t) - a;: ) eij
Ny / /
Conformal '
quantum fields Polarizations: +, x

time



Irreducible GW background from Inflation

Tensors = GWs
dSk kx ~ * —1kx T
Z / o) 3/2 p(t) € iy + hi(t)e " ay,) ek

SR -

quantum fields Polarizations: +, X

on®) = gz (s e Oy .1))

1 1 : .
— d hz X, t hz X t
32mGa?(t) V /V X hij (%, 1) hij (%, 1)

v




Irreducible GW background from Inflation

Tensors = GWs
dgk X" k — X T
= 3 [ o (00 e+ hig) a5 0

SR ‘r

quantum fields Polarizations: +, X

on®) = gz (s e Oy .1))

1 1 : .
— d hz X, L hz X t
32mGa?(t) V /V X hij (%, 1) hij (%, 1)

_ ] / dk dk'g hay (e, )R (K )

32mGa?(t)
X —/dx e~ ix(k— k)

v




Irreducible GW background from Inflation

Tensors = GWs
dsk X N k — X T
Z / 27‘(‘ 3/2 t Axr + hk<t) . alt) ez'j

SR -

quantum fields Polarizations: +, x

Pcw (t) 327’(’5&2 (t) <h’LJ (X7 t)h’ij (X7 t)>

1 1 . .
= d hz X L hz 10: S t
32mGa?(t) V /V X hij (%, 1) hij (%, 1)

! ik ¥ o
32Ga2 () / (%)3}%3 g (e, O (', 1)

1+ Kk
< N ana® e %)

v




Irreducible GW background from Inflation

Tensors = GWs
dSk kx ~ * —1kx T
Z / o) 3/2 p(t) € die + hi(t)e " ay) ek

SR -

quantum fields Polarizations: +, X

o (0] = g3y (s e Oy .1))

1 1 : .
— d hz X, t hz X t
32mGa?(t) V /V X hij (%, 1) hij (%, 1)

1 dk . :
— 19 k7 iy k7
327G (t)V / 2y [ Dl (.1

v




Irreducible GW background from Inflation

Tensors = GWs
dSk kx ~ * —1kx T
Z / o) 3/2 p(t) € die + hi(t)e " ay) ek

SR -

quantum fields Polarizations: +, x

on®) = gz (s e Oy .1))

v — Volume/Time Average



Irreducible GW background from Inflation

Tensors = GWs
dSk kx ~ * —1kx T
Z / o) 3/2 p(t) € die + hi(t)e " ay) ek

SR -

quantum fields Polarizations: +, x

pon(®) = gz (s e Oy .1))

oM — ensemble average



Irreducible GW background from Inflation

Tensors = GWs

dSk kx - * —1kx T
Z / 27‘(‘ 3/2 t Axr =+ hk<t) a’ilc_ ) 673]'
r=-+,X

quantum fields Po|ark:ons: +, X

pon(®) = gz (s e Oy .1))

oM — ensemble average

1 dk dk’ . N/ :
_ ix(k—k") N * /
5376070 | om0 .0




Irreducible GW background from Inflation

Tensors = GWs

dSk kx ~ * —1kx r
= [ w0 e+ ni)e )
r=-+,X

quantum fields Po|ark:ons: +, X

pon(®) = gz (s e Oy .1))

oM — ensemble average

1 dk dk' . N/ :
_ ix(k—k") N * /
53760 | G (o < ()1, (0,0)

:”/
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Irreducible GW background from Inflation

Tensors = GWs

dgk kx ~ % —1kx ~+ r
(x,t) = Z / o) 3/2 Qi + hi(t)e ™ 4y, ) ek
/ _
quantum fields Po|ark:ons: +, X
dp
) T3 = dlog k
IOGW( 47.‘. SGa2 / / leg k o5

(i (,8) By (K, 8)) = (27)° P, (k, )6 (k — )




Irreducible GW background from Inflation

Tensors = GWs

3 % r
(x.t)= ) / 265712/2 1+ B (t)e " af,) ek
Ry / //
quantum fields Po|ark:ons: +, X
ak k:s WPaw dlog k
Paw (t 47.‘. SGa2 legl‘C
AP k2P (k. t
k,t) = ( ; )
dlogk( ?) (47)°G a(t) "

(i (,8) By (K, 8)) = (27)° P, (k, )6 (k — )




Irreducible GW background from Inflation
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Irreducible GW background from Inflation

dIOGW _ 1 3.
dlogk " = mpca " Y

<hij (k, t) i (K, t)> = (2m)3P; (k, )03 (k — K

tensors frozen QQQQ"&’(Q'
4 —1 Q(S Q(
H. R(k), hi;(k) =~ Const., kt < 1 xQ0S
i I
Exit Re-entry
or | subHubble\/ Supertubble  \ _—SubHubble
Matter/Rad. Perturbations Oscillate
—1
Hy

__, Time
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Irreducible GW background from Inflation

leGW _ 1 3.
dlogk " = mpca " Y

<hij (k, t) i (K, t)> = (2m)3P; (k, )03 (k — K

Horizon Re-entry |::> tensors propagate

Ar(k) ¢ Br(k) _ig

o) & aln) €

Rad Dowm: h.(k,t) =



Irreducible GW background from Inflation

dIOGW _ 1 3.
dlogk " = mpca " Y

<hij (k, t) i (K, t)> = (2m)3P; (k, )03 (k — K

Horizon Re-entry |::> tensors propagate @ Horizon {’ h = h,
hy =
Ak) gy Bik) |
Rad Dom: h.(k,t) = et 4 e
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Irreducible GW background from Inflation

AP _ 1 31
dlog k™1 = Gmpaaa ¥ Pk

<hij (k, t) i (K, t)> = (2m)3P; (k, )03 (k — K

Horizon Re-entry |::> tensors propagate @ Horizon {’ h = h,
hy =
AK) ay  Brlk) ‘
Rad Dom: h.(k,t) = et 4 e
Pow: - Aellest) =200y € "t PR
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Irreducible GW background from Inflation

AP _ 1 31
dlog k™1 = Gmpaaa ¥ Pk

<hij (k, t) i (K, t)> = (2m)3P; (k, )03 (k — K

Horizon Re-entry |::> tensors propagate @ Horizon {’ h = h,
hy =
AK) ay  Brlk) ‘
Rad Dom: h.(k,t) = et 4 e
Pow: - Aellest) =200y € "t PR

(hh) = K (hh) = (%)2 %2<‘h*’2> - <%)2 2(1 fz*)Z 2/:32 Aj.

/ Inﬂa’ri({ary

Redshitt ,y50r Spectrum !



Irreducible GW background from Inflation

leGW _ 1 3.
dlogk " = mpca " Y

<hij (k, t) i (K, t)> = (2m)3P; (k, )03 (k — K

2 k2 272 dpcw 1a2 m2k?
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Irreducible GW background from Inflation

dIOGW _ 1 3.
dlogk " = mpca " Y

<hij (k, t) i (K, t)> = (2m)3P; (k, )03 (k — K

k2 V72 dpcaw 1a2 m2k?
A? _ ~Z0o TP A2
P =:> dlog k 8 a* (1+ z,)? o

(0) 4
2 _ (o) dpgw _ Qpaq (o 2 172 A2
(]. -+ Z*)RD — QRad 1.2 => dlogk — 24 ( a0 ) SmPHOAh*




Irreducible GW background from Inflation

dIOGW _ 1 3.
dlogk " = mpca " Y

<hij (k, t) i (K, t)> = (2m)3P; (k, )03 (k — K

_(@)2 K2 As —=> dpow —_ Llay myh” A7
B 2(1 + 2z4)? k3 o dlogk ~— 8a*(1+ 2,)2 R

d,OGW Q%{O)d %) 4
1+ 2052 = 0 => — ~Thad (2
(14 2)r0 = Mo =" dlogk 24

5, 4\ o0
Q(O) _ dPgw _ Q%ia)d A2
o (0) dlogk 24
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Irreducible GW background from Inflation

dIOGW _ 1 3.
dlogk " = mpca " Y

<hij (k, t) i (K, t)> = (2m)3P; (k, )03 (k — K

2 k2 272 dpcw 1a2 m2k?
P. — (@) 2 |:||> __ ~ 2o p 2
4 2( Bi. dlog k 8 a* (1 + z4)? Bi.

1 PGW 0L
(0) - Rad 2 —
QGW (f) — (o) ( dlogk ) 24 Ah (k) H (k 27Tf)
_ Pe N T A
GW norwmalized Inflationary
enerqgy density tensor spectrum

spectrum (today)
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Irreducible GW background from Inflation

1 dpagw L)
(o) — _ Rad A 2 _
W = 15 (Gres ) = Tmany @\J (b = 2nf)
CW norgaalig:d Transfer Eunct f Inﬂafionafry
energy density 0 ensor spectrum
spectrum (today) ( ){OC k_(QRD)
x k~“(MD)
Inflationary Hubble Rate

Swmall red-tilt, i.e. (almost-) scale-invariant




Irreducible GW background from Inflation

Juv = ngBy) + 5glu,j ; 59/“/ LR A hij | i = 0
Dihi; =
r Quantum
hij(k,t) ) =0 Fluctuations
% / L 327T2 2 — _,/
hig(k, )by (K 1)) = (2m)3 =A% (K)o (k — k




Irreducible GW background from Inflation

L, = (B) 4§ y - 5 T —pn.. hii =0
Gu pv Y , Iu T\ 9k =0
— Quantum
hij(kvt) =0 Fluctuations
he (R (0. 0)) = (2003 2 A2 (k)8 (F — K
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Irreducible GW background from Inflation

i} 1 dpaw Q(O; | 1
W) =5 < dlog k ) = 1 S0 1)
h Pe o O N e 1 S VN

energy scale

Transfer Funct.: T'(k) oc k°(RD)
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Irreducible GW background from Inflation

dpaw ) Q " ‘|

Q(o) — Rad A 2 i
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Irreducible GW background from Inflation
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STIFF EQ of STATE (1/3 <w, <1)

LISA LIGO

DGF, Tanin 19, 1905.11960
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INFLATIONARY MODELS

Axion-Inflation

Freese, Frieman, Olinto '90; ...

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

87

L= = (0u0)% + Vawre (8) + - 8,6 D7 7500 + = (Fp F* )
/f /f /f \\
fermions gauge fields
breaks o : = 0, K"
shift-symm (derivative couplings) topological
term

00, K = K"0,,¢]

With shift symmetry, AV oc Vepfrt l:{> Protected against radiative corrections !
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Freese, Frieman, Olinto '90; ...

V(SO) inflaton @ = pseudo-scalar axion

&k q X
Photon: 2 helicities  A(7, %) Z / o /2 Ex(k)ax (k) A (r,k)e ™ —I—h.c.}
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Freese, Frieman, Olinto '90; ...

V(SO) inflaton @ = pseudo-scalar axion

d3k _, k.
Photon: 2 helicities  A(T, x) Z / &\ (k)ax(k)Ay (1, k)e™> + h.c.}

277) 3/2

VQA—?gbeA_O —> [— IR

T —

- . Ay(1,k) = oTE—21/26k/ (aH)
instability +HT k) V2k (%aH)

Ay (T, k)

=0,
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¢
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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 !

hls 4+ 2Mh;, — V2h;; = 167nGIET o« {E;E; + BB}

GW one-chirality only G V

~J A, Chiral
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h Qe = A, /
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Bartolo et al ‘16 _ Ck—¢
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/
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Axion-lnflation: snirt symmetry . Natural (chiral)
coupling to A,

huge excitation of
fields ! (photons)

What if there are arbitrary _, large excitation of
fields coupled to the inflaton ? these fields 12
(i.c. no need of extra symwmetry)  will they create GWs?
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fields coupled to the inflaton 7 —» 1arge excitation 2
(i.e. no need of extra symwefry) GW generation !?

~L, = (002 + %6 — 60)x*/2  Scalar Fld
—Ly = Yy*0,0 + glo — ¢o) Fermion Fid

£ = ~}FuF" = (8, = g4,)0)f ~ V(010) Gauge Fid (2 = 6c”)

All 3 cases: non-adiabatic

m = g(o(t) — ¢o) :{> m > m? during At ~1/u, 2 = g¢

‘ ne = Exp{—7w(k/u)*} ‘ Non-adiabatic field excitation (particle creation)
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GWs generated by anisotropic distribution of the created species

(Only k < p long-wave modes excited)
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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 oGz

GW Source(s): ( SCALARS , VECTOR . FERMIONS )
H?}T o< {9;x0;x Y, {E;E; + B;B;}'", {YvyDjy}tt
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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 - 30 oGz

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].



AP;,
P,

INFLATIONARY MODELS
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~ 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 QGW X 1/l€2 i
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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«
N£° 10.0 ngocl/k 7)h
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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'‘cures' hBB | :> Cosmological Pple

Scalar
|nf|ati0n_>(initial) — Primordial {

cond./  perturbations Irreducible GWB
Tensor = (CMB B-mode)

%

Extra species/symmetries |:{> Enhanced GWs
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\ Modified Gravity,
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' What if the potential
| is not monotonic ?
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‘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)

Observational !: ™ M. -
constraints - Primordial Black Hole (PBH)

—_—-_____-_-—-——————

oot- Tt TTTTTomosmsmse——- g

10~ 3

< o6, “om

Pacy ,. .
¢ ’hln,;H
CMB
10-8 E (Planck)
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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’]

~ ®xd (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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INFLATION == IF { multi-field } —=> enhance A%

(at small scales)

BBN Q,,0<15x107° . AL <01

LIGO Qguwo <6.9x107° AL <007

PTA Quo0<4x107° . A% <5x1077
LISA Q,,0<107 % . AR <1x107

BBO Q,.0<10°" AL <sxi0T

Phys.Rev. D81 (2010) 023527
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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 GW from 2nd O(®)? Bartolo et al, '18
*If GW from from 2nd O(®) PBH, then Non-Gaussianity? Bartolo et al, '19

*1If GW from from 2nd O(®) PBH, then Anisotropies? Bartolo et al, '19
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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 ?

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

e.g. 2102.03809, 2105.03349, De Luca et al
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