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FRW metric:

dr?

2 2 2

+ r2d6? + r2sin20dcp2> m

@ Inflation is a theory of exponential expansion of space in the early universe,

ie.a~ th.

o ~ 10733 — 10732 seconds after the Big Bang.
@ Solves the horizon and flatness problems.

@ It can also provide a mechanism for the generation of the perturbations
that have resulted in the anisotropies observed in the CMB.
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Minimal Inflation

Action: EH + a scalar field

5= [dava |5 - 30000 - V)| (B=) ©

Friedmann equations:

. 2 .
. 1
H2—<a> =L HMHH == —C(p+3p) ©)

Density & Pressure:

1

p= 5P HVB),  p=38 V() @

Klein-Gordon equation:

b+3HG+V'(¢) =0 5)
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Inflationary Observables

The scalar (P;) and tensor (Pr) power spectrum is

ng—1 2
Pe(k) = A, (k> , Ay = L_V(¢.) PT:8(H) ~ 2V ©

Spectral tilt (ns) and tensor-to-scalar ratio (1)

_ dInPe(k)

P
ng—1= 2—66v+2nv,rE—T:166V

dlnk Pe @

We have used the potential slow-roll parameters:

() -

ey = ®

Number of e-folds

tend ‘b ¢
N(¢) = Hdt = / d¢ / 49 s50_60 )
t é ¢

end

Q
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Inflationary Observables (Planck 2018 1
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Starobinsky Inflation

The action is

AR R? _
d*zy/—=g [ =2 M~ 1075, 10
S = / ( + oz ) 0 10
After a Weyl rescaling of the metric g,,,, and a field redefinition
MAR 1
5= [aev=g [ Pl 0606 V(¢)} , an

where

2
V(g) = %M31M2 [1 — exp <_\/§¢/MPI>:| , a2

We find for NV, = 60
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Metric vs. Palatini

@ In metric formulation, the metric is the only dynamical degree of freedom and the
connection is the Levi-Civita: R, = Ry. (g, dg, 829).

@ In Palatini formulation, both the metric and the connection are independent dynamical
degrees of freedom R, = R, (', 0T").

Sy = / Az g (%Aw)g““RW(F) — 59" 0udd V(<z>)) a3)

Variation with respect to I gives
Das = {af )+ =) [0295(0) + 80uo(9) ~ gosdw(9)] . w(6) = In V/A(G)

where kK =1 inmetricand « = 0 in Palatini. Performing a Weyl rescaling

Guw = AB)guw — —g=A2/—§, R=A (1 — kX 6A1/2€“@HA*1/2) R,

the action becomes

al or metric 1 3A —lv
e e/ (- (o) asna- )

a4
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Higgs Inflation:

We consider the Higgs-like inflationary potential
A
V(9) = (6" =0, A(¢)=1+¢6". as)
Canonical field redefinition gives
1 1 1
o(x) ~ —=exp \/jx (Metric),  ¢(x) = —=sinh(y/€x) (Palatini)  (16)
VE 6 JESmh(vE

The Einstein-frame potential in terms of x can be expressed as

2
U(x) ~ 422 (1 + exp < \/gx)> ,  (Metric) a7n

Ulx) = @ tanh® (fx) (Palatini) a8

12

T o (Metric) ,

(Palatini) .

%
TZW’
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Palatini inflation with an 2?2 term

1810.10418 Antoniadis et al, 1901.01794 Tenkanen, 1911.11513 I.D.G & A.B. Lahanas
2012.06831 Dimopoulos et al
Action

S, /d‘lxr [ A9) + R g“”amayqa - V((;S)} . a9
Introducing an auxiliary field we eliminate the R term and after a Weyl rescaling we obtain
Sp = /d%ﬁ (% +K(§) X + L(¢) X? — U(¢)> , 0
A(op) _ 20

with X = —1/20,¢0"¢ and K (¢) =

v
V@) = 26) 1 8av(9)

@ Equation of motion

() 1 8av (@) "= TGyt savie)”

(K +3L¢°)¢ + 3H(K + L$*)d + U'(¢) + i(ﬂ(’ +3L¢%)$* =0, @n

@ Speed of sound )
2_ W/0X 1+ L¢*/K
° T 9p/0X  1+43LP2/K’

22)
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Dynamical generation of Planck scale and inflation

1502.01334, 1509.05423, 1710.04853, 2006.09124 |.D.G., A. Karam & A. Racioppi

2
S = / d*zy—g [M;R 200006 -V(6)| . V(6) = IA@) + AT @

At the minimum

1 4 4 Mp
V)= =-Av)v"+A =0, v=—+~ @4
(v) = A) 7
Minimization: 5(v) + 4A(v) = 0. This implies
a) B(v) >0, AM(v) <0
by B(v) = Av) =0
Taylor expansion around the VEV
A@) = A(v) + 8(v) In 4 + l,@’(v) In? 4 + l,@”(v) In® 4 4. 25)
v 2 v 3 v ’

For the two cases we get

X (p) =~ A(v) + B(v) 1n%, V(p) = A* {1 + {4111 (%) - 1] Zé} (26)
\'(¢) ~ /3'5)) an%, V(p) = %ﬂ'qﬁ‘* In® (%) @n
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1st and 2nd order Coleman-Weinberg potentials

1st order:
4 = _
v =at{i+ [ (2) -1 £ @ oo -at (154t -0)
v v v
_ (28)
Forv < 1 (.e. £ > 1) and ¢ > 0, the potential becomes
_ _ A4
U)=~ac¢, with ac= 47 . 29
Forv > 1 (i.e. £ < 1), the potential reduces to
2 2
U0~ T-C*, with m =my = e @0
v

2nd order:

2 /.2
JF V(¢):%B'¢4ln2 <%) EF U(g):%?, with m? =m?2 = I . @D
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Inflationary predictions
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Scale invariant quadratic gravity

1403.4226 A. Salvio & A. Strumia, 1512.05890 A. Farzinnia & S. Kouwn,
2104.04550 1.D.G., A. Karam, T.D. Pappas & V.C. Spanos

The model: SU(3). x SU((2)r, x U(1l)y x U(1)x
Extra particles: 3 RH neutrinos, 1 gauge boson, 1 scalar field

o A
° ‘C?{'lslkl\gwa = 7yg€2HN}% B Eyﬁ\/[(I)N’;%CN;? + h.c

scalar

1 1 1
o L£BSM — — 59" 0406 — Z)\¢¢4 + ZAM,thﬁ
o LM with no Higgs mass term

1 «
@ £gravity = 5 (§¢>¢2 + éth) guyRuu(F) + §R2 + ng,uR“V

— Dynamical generation MI% = §¢U(2¢, + th;QZ

loannina, Greece 29 June 2022
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Inflationary action

/ d%r{ [(€00” + €nh?) 9" Ry + QR + Ry R

1 1
—fgﬂ”amayqs 1{]“”8 hd,h — VO (g, h)} , (32
\_ J

1
with VO (¢, h) = 1 ()\¢¢4 — Angh?®® + )\hh4) . After a Weyl rescaling
g — Q%" 0 = £40% + &%, R — Q%R we obtain
4 N\

1
Sip = / d*zy/—g {2 [9"" R, + aR® + BR,,, R* ]

1 v 1 v V(O) ah

16/28
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Gildener-Weinberg approach

The intermediate frame potential is

VO (e h Ao d* — Mngh?0? + Aph?

Flat direction (FD): A3U'?) (¢, h) = 0,U?) (¢, h) = 0 gives the extremization

Ang s+ 2X3&n

condition, v, = /\h¢ €0t 2\ §¢ Vg

(4xn2s = 22,) M

0) _ r7(0) _
Along the FD U,in = UV (vg,vp) = . 35
(e on) = 15 No&ii + &6 (Angn + Anéo)]
Orthogonal rotation: < ¢ ) = <c9sw —smw> < 5 >
h sinw cosw o
Mixing angle:  w = arctan (vp/vg) .
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One-loop effective potential

The one-loop corrections along the flat direction for the canonical field s. at the scale

A may be written as
2

UMD (s.) =Ast+Bs? lnﬁ7 (36)
where in our model
1 M2 3 M?2 5 M2 5
A = In—& — =)+ 6Mpy (In—F — =) +3M; (In—Z — =
647721);‘;{ ( 2 2)+ W(n 2 6>+ z\"2 T,
M% 5 M3 M?
4 4 N 4 t
+3MX <l Z* 6) 76MNR (n UER )12Mt (lnvgl)} y
M 4 _ a4 4 4 4 4 4
]B = m, M :Mh +3MX+6MW+3MZ76MNR712M157

A 1
Minimizing (36). we can determine the scale A as A = v, exp {QIB% + 4] . Then, we

can express the one-loop correction as

M 2 1
UMW (s,) = st {ln Se _ } . @7
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One-loop effective potential

We now require that the full one-loop effective potential is zero at v,. Then

Uet(vs) = U2 + UW (0,) =0, 38)

4 4 2
which finally yields  Ueg(Sc) = % [S—Z <2 In 8—; — 1) + 1} .
a US S

2 _ M2
*&

Finally, the effective action along the FD written explicitly in terms of the inflaton field
reads

Don‘t forget that v with £ = &y cos? w + &, sin? w.

1 1
Srp = /d4x\/—g {2 [g‘uVRuy +aR? + BRHDR”U] ——g" 8 5:0,8. — eﬂ(sc)}
@9
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Einstein frame representation

The IF action can be cast in the form

1
Srr = /d4m\/ —g |:20(gHU7RILV) + »Cm(g#uv Se, 8u3c) ) (40)

where we have defined

o C(guw, Ruv) = 9" Ry + aR* + R, R™

1
® L (guv, Ses Opse) = fég’“’aﬂscaysc — Uest (8¢)
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Einstein frame representation

See Jaakko Annala’s 2020 Master thesis for more details on this calculation.
Now, upon infroducing the auxiliary field EW the action becomes

1 oC
§6TW (Ruw — Zpw) + Lon(Guws Sc)

4n

1
S = /d4x\/ —g |:2C(gy,y72p,1/756) +

We infroduce the new v thus the action can be written

oC
VoI = Vg
0%,

as

fouf 2
J=3 [ aC

T Ezuu(qugum Sc) - C(Quu’guw Sc) -
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Einstein frame representation

Varying the previous action with respect to g,,,, will give us g,,,, as a function of q,,,,. S¢
and d,,s... This way we obtain that

1 48 1 V=4

V=909~ 4B +4a)y—g? I
1 q o\, pd «
+ 469 (q 9" grsYpvY9op — ,8—|—40éq gépq gcmg)\y
1 1 1 aq s\ gl . 5p
+ L [ﬁ+4a( 839 =47 groq" gp§> g%q 4 "I 6Yop
1 1 5, 1
+ 29 | 59 Ox8c058c + Uett (8¢) —§8M808V3620.

which will help us to solve the metric g,,,, in terms of the metric q,,,, and the inflaton field
by applying a disformal transformation gr-qc/9211017 J.D. Bekenstein

( uv = Aq;w + B auscausc (43) j
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Final Einstein frame action

1 _
Sp = / d*zv/ g {;;WRW + K(s0)Xg — Ulse) + O(X2)] e

& =28+ 8a.

2 {70
O

min
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Inflationary potential

Q1

|
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Inflationary observables

e For £s < 1 and a = 0 for both smalll field inflation (SFI) and large field inflation (LFI)

ns >~ 1 2 ro 8 uadratic (45)
5 = N* ) 0 —= N* 3 q
where o denotes the tensor-to-scalar ratio for & = 0.
e For&s > 1 and & = 0 we find for both SFl and LFI,
3 )
ne~1— N, quartic (46)
while 16

ro ~ —  (for LFl), quartic ro ~ 0 (for SFD), A7)

*

When & # 0, the predictions for ns remain the same but 7 gets modified as (1810.05536 Enckell ot al)

o o

= I - ) 48
1+aUks 1+ 3n2aAsro “®

r
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Inflationary observables

1
@"—model [
0.25 0.100 =0
2 —a=10
0.20F ¢? model 0.010¢ =108
F3 8.267
r 015 — a=10
—model T 0.001¢ G =10"
0.10 — a=10"
10-4L — a=10"
0.05 R
— 10-5¢
0.00 . - . -
0.94 0.95 0.96 0.97 0.98 0.94 0.95 0.96 0.97 0.98
Ng s
In the Table s — 0
a 0 107 10° [ 1.85x10° [ 10° 10" 10" 107

T 0.13090 | 0.12526 | 0.09022 0.07134 0.02368 | 0.00282 | 0.00029 | 0.00003
ns | 096727 | 0.96726 | 0.96717 0.96711 0.96681 | 0.96621 | 0.96563 | 0.96517
N, 60.6 60.6 604 60.3 59.8 58.8 58.0 57.3

For viable inflation &5 < 4 x 1073 = vs > 15 Mp = vs ~ Vg QS Vp ~ 0(10716) Mp.

~ ~
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1 scalar field +R2 in metric leads to two-field inflation

1 scalar field +R? (or/and R,,, R"") in Palatini leads to one-field inflation
The effective potential is asymptotically flat

The value of  becomes smaller

The values of A, and 1, are "unaffected"

The Planck scale can be dynamically generated through the VEVs of the
scalar fields
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BACKUP SLIDES

BICEP / Keck XllI: Improved Constraints on Primordial Gravitational Waves using
Planck, WMAP, and BICEP/Keck Observations through the 2018 Observing
Season, (arXiv:2110.00483)

0.25 1 Planck TT,TE,EE+lowE+lensing
+BK18+BAO
%
N % e
0204 ~ % ©
5
N ¢2
0.15 \
o~
s 00/71/ N
o Comr b
S \\ \
0.10 1 \ W
\
S
\
0.05
¢2[3
0.00

0.95 0.96 0.97 0.98 0.99 1.00

Ns
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BACKUP SLIDES

- qb
. -
reheating
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BACKUP SLIDES

Slow-roll approximation:
V(g)>¢*, |9 < BHJ, [V']. @9

The potential slow-roll parameters:

V_1<Vw02’ V(@)

= Ny = 0
2\ V(o) V(o)
— During inflation ey < 1 and |ny| < 1.
Hubble slow-roll parameter (HSRP):
H 3¢? a H*(1—¢€) (G}
(=——s5=— — = — €
1 2 32V v 1

—Inflation ends when €1 = 1.
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BACKUP SLIDES

a
We know that N, = In ﬂd. This can be written as

a(t)

k* 1 9H4 1
N, = 66.89 — Inck —1 (1 * -1 x(reh)
* neg n<a0H0>+4<n,0@nd) 5 ng,

1— 3w <1 Treh 1. pena 1. 30 lng*(mh)>

_l’_

| I
30tw) \ "My 40 a1 a2t

T\ reheating temperature

Hg Hubble constant today

agq scale factor constant today

g, gs energy and entropy dofs

w equation of state parameter
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BACKUP SLIDES

The potential is given by

V(g) = Ang™. (53)
The first two PSRPs are easily computed to be
2
n 1 1
EV:?E: UV:n(”_l)ﬁ- 4
In the slow-roll approximation, inflation ends when €1 ~ ¢y = 1, so ¢end = n/x/i Then
n-+2 4n
s=1— s = 55
n N, r N (55
Let us now consider N, = 60 lo
_ 1 9.9
o V= 3™ ¢ = ns ~ 0.966 and r~0.13
1, 4
o V= Z)\qﬁ = ns ~ 0.950 and r =~ 0.26
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BACKUP SLIDES

The action is

S = /d /=g PlR - %g““auhauh - %(hQ S G

After a Weyl rescaling ., = QQgW with Q% =1 + th/Mgl and a field redefinition we obtain

_[M3R 1._,
S = /d4w\/—g [% - 59“ Oux0ux —U(X)| » €
Ux)
aMYe2ia - (" )
ne~1— 2 0.966
s — N* = WUk

AMYE26 -

0 Xend XcoBE X

loannina, Greece 29 June 2022 28/28
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Negligible kinetic terms

Field value (h)

70 60 50 40
Number of e — folds

Quadratic model

30

20 10 0 70 60 50

Number of e — folds
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Tensor-to-scalar ratio (79002 )

0.2

o
[
a

o
-

o
o
a

loannis D. Gialamas (NKUA)

BACKUP SLIDES

L 30 pen
Tis = (224

w=0.0 o T, =1MeV
o T, =10°GeV
® Ty, =10"GeV

(reh)

45,

\ 4347 41.31 |

v

0.94 0.96 098
Primordial tilt (n;)

Parameters: £ = 0.06, a = 10° and @ = 10*2.

Inflation in the Palatini formalism
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BACKUP SLIDES

107° 1079¢
1071 10719t
1072° 10-29%
107% 107%%¢ : : : : :
10t 10° 10t 102 10° 10% 102 107t 10° 10* 102 10® 10*
v v

The 1st order CW potential in is linear in the logarithmic term, therefore it corresponds to a 1-loop
effective potential. As such the validity of the approximation is ensured by the requirement

2
INOIE 2]

On the other hand, the 2nd order CW potential in is quadratic in the logarithmic term, therefore it
corresponds to a 2-loop effective potential. As such the validity of the approximation is ensured
by the requirement

4
Bi(e) ~ A(Tﬁ) <p.
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7'0.002

BACKUP SLIDES

107t
a
§ 1072
1078
094 095 096 097 098 0.99 54 55 56 57 58 59
ng N,
1071 1071 .°
[ ]
_2 E
1072¢ 2 107?
= L]
1073 10-3
094 095 096 097 098 0.99 54 55 56 57 58 59
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m
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BACKUP SLIDES

52U
@ Mass matrix: M 2 =

= 55 097 where (<I>1 ) (¢, h)

¥

2
@ Mixing angle: w = arctan (Uh) = arctan M
—_— Vg )\¢h En + 2\ §¢

cos —si
@ Orthogonal rotation: ( ¢ ) = ( . w lnw) < 5 )
h sinw cosw o

@ Mass eigenvalues: mg =0,

Di=u gy, Bi

2 ME gl + 20€0) (2As€n + Mng€o)” [(Mng + 206) En + (22 + Ang) &)

807 No€F + € (Mngn + Mn&s)]’
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BACKUP SLIDES

Along the FD o = 0, so

22+ n?,  s= - (58)

and

02
where, the nonminimal coupling functional expressed in terms of s has the following
form:

N ””8M¢3u¢+ g””@ ho h] 912 [1 " 0,50, s} ;

i = ! = ! ()
Q2 §pP? +Eph? £
In the last equation, we have defined an effective nonminimal coupling constant for
the scalon as

& =&y cos?w + & sinw. 60)

Finally, we perform the following field redefinition in order to render the kinetic term of s
canonical:
1 ds 1 s

— = —In—.

©n
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BACKUP SLIDES

Minimizing (36). we can determine the scale A as

A 1
A =vsexp @—i—z . 62

Then, we can express the one-loop correction as

4 2
U(l)(sc) — L 4 |:]nsc _ 1:| ) (63)

S

64r20t | w2 2

From the one-loop corrections we can obtain the radiatively-generated mass

for the s scalar A
9 M

mg = 555 - 64
5 8r2v2 oD
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BACKUP SLIDES

In confrast to the metric case there is now a plethora of invariants that can be
constructed out of the Ricci and Riemann tensors:

_ DA > o pl I pA
R =R, R, =g R"_,, and R,, =R, -

The most general Lagrangian second order in the Riemann tensor contains 16 possible

contractions and can be written as

5 = / adte/—g [aR2 + B1Ru R™ + By Ry RV + B3Ry R + By R, RV +

Bs R B + BeRuw R + Br Ry R™ + B3R, R™ + By R, R +
"YlRyua)\Rﬂya/\ + ’YQRHUU)\RHUVA + ’)/SR;LUUARVMUA + 74R;LUJARVUM)\+
V5 Ruvorx BT + 56 Ruvorx R7M]
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BACKUP SLIDES

( Guv = Aq,ul/ + B 6u508u50 (65) j

@ Inverse: g"¥ = A ¢" + Bg" ¢V Ox5.0, 5. with
B

A==, B=——p— .
A A2 Z24BX,

@ Determinant: g = gA® (A — 2BX,)
1
@ Kinetic a: X4 = —iq‘“jauscaysc

@ Kinetic g: X, = AX, — 2BX,12
1 65
V=g g

Quv. and  0,5.0,8.  must vanish identically we obtain

Substituting all of these in

= 0 and requiring that the coefficients of
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BACKUP SLIDES

1 2
[ 4(4a + B)A? — 4BAV/R5 — 4aARs — (4o + B)R
168(40 1 B) B ( (4 + B) B 5 aARg — (4o + B)R3
Uett(se) X
+ 4BR5+aR§)+ﬂ—fg:0, )
2 2
1
- 4(4 R4 — 48R1/R5 — 4aRaR; — (4 BR
165(da + B) s ( (4 + B)Ry BR1 5 aRaRy — (4a + B)BR3
BU,t BX, 1
+ 4BBR5+QBR§)+¥77975:0, N

with Ry = B (2A —2BXg) ,---.

In slow-roll A = ap + a1 X, + (’)(qu) , B=by+ b X4+ (’)(Xq2).

. - (B-a)
14 aUes ' (1 + aUust)(1 + BUes)
5 L (5= a) (35— 26+ (28— &)@+ BV +35UE)
R TTRN: 7S (1+ 6Uet) (1 + fUen)? ’

where we have defined @ = 26 + 8a, = 45 + 8a.
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BACKUP SLIDES

The functions R; which has been displayed in Egs. (66)-(67) are listed below

Ry = B(2A-2BX,),

Ry = 4A-2BX,,

Ry = 4A® —4ABX,+4B*X?,
Ry = A(Ry+ AB)—2BR1X,,
Rs = A3(A-2BX,).
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1.x107°¢

A 5.x107}

2.x1070"

1.x1076¢

5.x107* 0001  0.002
€s
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BACKUP SLIDES

Smalll field inflation
a fs(mi“) M r g N,

0 | 0.0006267 | 0.0502432 | 0.0729636 | 0.968159 | 60.3
107 | 0.0005830 | 0.0510926 | 0.0730490 | 0.968233 | 60.3
10% | 0.0002017 | 0.0651665 | 0.0732724 | 0.968439 | 60.3

a g§max) M r g N,
0 0.0041417 | 0.0297085 | 0.0161109 | 0.957741 | 59.6

107 | 0.0041389 | 0.0297168 | 0.0160355 | 0.957747 | 59.6
10% | 0.0041367 | 0.0297308 | 0.0152745 | 0.957739 | 59.6

Table: For & < 108267 ~ 1.85 x 10%, only small field inflation yields viable values for -
and n,. Here, we give the minimum and maximum values of &, for which we obtain
viable predictions for various &. We also give the values of M, r, n, and N, for these
marginal values of &.
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Smalll field inflation

o)

gs(max)

M

r

ns

10°

0.0040967

0.0299033

0.0103843

0.957734

59.4

1010

0.0039033

0.0306853

0.0024263

0.957835

58.8

1011

0.0036767

0.0316817

0.0002763

0.957919

58.0

1012

0.0035200

0.0324432

0.0000280

0.957921

97.3

Large field inflation

(07

é—s(max)

M

r

ns

N,

10°

0.0028733

0.0245332

0.0248280

0.958142

60.0

10

0.0025667

0.0259176

0.0027631

0.957819

59.0

10T

0.0020250

0.0286194

0.0002796

0.957922

58.1

10

0.0017108

0.0306805

0.0000280

0.957918

o7.4

Table: For various & > 108257 ~ 1.85 x 108, and for both small and large field
inflation, we give the corresponding maximum values of & that yield predictions that
comply with the observational bounds.
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