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The expanding Universe

First stars

Galaxies, planets
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Cosmological Principle:
The Universe is homogeneous and isotropic at large scales

|l >100h"h Mpc Sarkar et al. 0906.3431 [SDSS DR6]; WiggleZ 1205.6812

hom
FLRW metric:  ds®=dt’—a(t)?5,dx'dx

Horizon problem

1~10-18 The observable Universe was larger
Q=1 mmp Qr(tq)=1~10 than the particle horizon at LSS

Flatness problem

Inflation

Early period of accelerated expansion
a>0: P<—p/3

Superhorizon perturbations?

Too small sub-horizon
(causal) perturbations

Unwanted relics...

monopoles, moduli, gravitinos,...

Starobinsky ‘80; Guth ‘81; Albrecht, Steinhardt ‘82; Linde 1982



Slow Roll Inflation

Scalar field rolling down its (flat) potential

negative tV(p)

P:CPZ/Z_V(@N_V(CP) pressure

“Flat” The curvature and the slope smaller
potential than the (Hubble) expansion rate H

P

Kinetic energy << potential energy H?~VI3m,?> Hubble parameter (H=4a/a)
(a=scale factor)

" m
Slow-roll mCPlzmé V— <1 E@:—P(i) <1 <:
parameters v 2V
curvature slope
Slow-roll épﬁ—V'/3H

equation



CMB: T anisotropy spectrum

( background + linear fluctuations)

comoving scales ds?— gt?— a(t)2 ( 5, (1+2R)+ hj) ax' ax’

' (aH)™
H horizon re-entry
curvature R:66¢ .
R ~0
sub-horizon (RkRu) super- horzion projection Cy
» Nl
Lransier
k : function
zero-point
fluctuations AT| (k)
_ _ CMB
horizon exit recombination  today
» time
ATIT  wmp CM=2[K2GKP,| K)Ag(K) 4y k)
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Primordial spectrum
( background + linear fluctuations)

ds’=dt*—a(t)*(8;(1+2R)+h;)dx'dx’

Inflation CMB |
Spectral index
He’ He,” Hy )’ O
P (K)=(=5) 8¢ f=(=) (= P (k)=A(k,) (=
(k)=(Z5) [oaP=(5) () (k1=
——Vacuum fluctuations
dinP, dinP, o Aslko)=2.2x10°7
n,—1= = =2n—6¢ (~ scale invariant)

* 7 dink dInN,

Tensors: (h ~ massless scalar field)
H 2
P,(k)=8(=—
(k=851
n _dinP, _ 2¢, r=16
TTdinN, . T

1/4

1/4 16 I
V+*~10 (0.1) Gev

n,=0.965+0.004
[Planck 2018]
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Horizon exit
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k=comoving wavenumber
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Cosmic microwave background radiation (CMB)

Spectrum of T fluctuations

Primordial spectrum: 6H:§ P.?=1.7x107"

COBE 1994 (NASA)



Cosmic microwave background radiation (CMB)

Spectrum of T fluctuations

Angular scale (deg)
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[WMAP1 (2003)]

https://map.gsfc.nasa.gov/



Cosmic microwave background radiation (CMB)

Spectrum of T fluctuations

Standard Ruler: Angular Scale
1° arc measurement of 90° 2° 0.5° 0.2
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L1+1)C, /2m (uK?)

Cosmic microwave background radiation (CMB)

Spectrum of T fluctuations

Angular scale (deg)
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[WMAP1 (2003)]

https://map.gsfc.nasa.gov/



Cosmic microwave background radiation (CMB)

Spectrum of T fluctuations

Angular scale
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[WMAP9 (2012)]

https://map.gsfc.nasa.gov/



Cosmoloqical parameters (ACDM)

TABLE &
PRIMORDIAL SPECTRUM: TENSOHS & RUNNING S3CALAR INDEX®

Parameter WMAF +eCMEB +eCMB4+BAOQ +eCMB+BAQ+ Hy
Tensar mode amplitude®
r < 0.38 (95% CL) < 0.17 (95% CL) < 0.12 (95% CL}) < 0.13 (95% CL)
ns 0.992 + 0.019 0.970 + 0.011 0.9606 + 0.0084 0. 9636 + 0.0084
Running scalar indes?
dns/dlnk  —0.019 £ 0.025 —0.022 0 —0.024 £ 0.011 —0.023 + 0.011
ns 1.0049 + (1.049 1.018 -+ (.020 1020 + (1.029 1.020 + 0.029
Tensars and running, jointly®
r < (.50 (95% CL) < .53 (95% CL) < 0.43(95% CL) < 0.47 (95% CL)
dnsfdlnk  —0.032+ 0.028 0039+ 0016  —0.039+ 0015 —0.040 £ 0,016 qum
g 1058 + (0.063 1076 + 0.048 Lo6s 1.075 + 0.046

T A complete list of parameter values for these models, with additional data combinations, may
be found at http: //lambda.gefc.nasa. gov/.

b The tensor mode amplitude and scalar running index parameter are each fit singly, and then
jointly. In models with running, the nominal scalar index is quoted at ko = 0.002 Mpe™?t,

[WMAP9 (2012)]

https://map.gsfc.nasa.gov/
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Cosmic microwave background radiation (CMB)
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Cosmic microwave background radiation (CMB)
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ACDM Model: 6 parameters that fit the CMB

[ PR(kO)’ ns1 QBi QM! QA’ Treio ]
1 | | | ! . . . .
v ' Optical depth to LSS due to reionization
Baryons+CDM+DE (w,=—1)

Parameter Plik best fit Plik|[1] CamSpec | 2] (2] = 1] Wery Combined
O 0022383 002237 £ 000015 002229 = 000015 -.5 002233 = 000015
O 012011 01200 £ 00012 01197 £ 0.0012 -0.3 01198 = 00012
0 ... .. ... ... 1.0 S 104092 = 000031 1.0A08T = 000031 -0.2 100D = 000031
S 00543 0.0544 = 0073 005 ?{:'t:::t,”" -1 0.0540 + 00074
I 1Oy oL 3.0448 3O 0014 J41L £ 0015 -0.3 M3+ 0014
S 0.26605 09649 £ 0.0D42 0.9656 + 0.0042 +0.2 09652 + 00042
QK . 0.14314 01430 = 000011 01426 £ 0.0011 -0.3 01428 £ 0.0011
Hy | km s ' Mpe ... 67.32 6736 £ 0.54 67.30 £ .54 +0.1 67372054
£ 0.3158 03153 £ 0073 0.3142 = 0.0074 -0.2 03147 £ 0.00D74
Age |Gyr| ... ... .. 13.7971 13.797 £ 0023 13.805 £ 0.023 +0.4 13,801 = 0024
i ey 08120 OB111 £ 00060 08091 = 00060 -0.3 0.8 101 = 00061
Ss = o2, 00,3 L. 0.8331 0832 0013 0828 = 0013 -0.3 0830 0013
Fem v v s ne e T.68 1767 +£0.73 T.61 £0.75 -{.1 T4 £ 074
e, . ........... 1041085 1OST 10 = D003 104106 = 0000031 -0.1 1.0 108 = 00031
Faag [Mpe] ... ... ... 147,049 147.09 £ 0.26 14726 £ 028 +0.6 14718 £ 0.29

[PLANCK (2018)]

https://www.cosmos.esa.int/web/planck



Primordial spectrum: ~adiabatic, ~scale-invariant, gaussian?, tensors?
P.=Pg(k,)(k/k,)™ " k,=0.05Mpc™"

Tensor-to-scalar Ratio: r=P./P, P,=2.2x107"

T T T
= \
G

S r<0.09 = H_<7x10°GeV

TT,TE EE+lowE Hensing

TT,TE EE+lowEHensing
+BK14

TT,TE EE+lowE +lensing
+BK14+BAD

Natural inflation

.15
T
o
&
,3"."'
_
-

Hilltop quartic model
\ or attractors
Power-law inflation
R* inflation

V x g’

V o o

Voo

V x é?,-":i

Low scale 5B SUSY
e N.=50

@ N.=60

.10
|1

Tensor-to-scalar ratio (ro.ooz)

005
T
1111

e N [ Planck 2018.: 1807.06211]

(194 (196 (.98 LI
Primordial tilt (n,)

BICEPS & KECK & PLANCK (2018): r,,.<0.06 [ arXiv:1810.05216]

000



ns—1+laslnk/k0+-~-

Primordial spectrum: P,=P.(k,)(k/k,) 2 k,=0.05Mpc™*
adiabatic, gaussian, ~scale-invariant spectrum

No evidence for:
isocurvature modes, non-gaussianity, or running of the spectral index

[f=2.5+5.7] 4, =—0.007+0.013, r,,,<0.072

[n,=—r/8<0]
0.980
5 0.015 4
e 0.975
ﬂ-:-
0000 0970
o
£
= - 0.965 &
S —0.015 - .
. 0.960
%,
—0.030 . B85

0.950

0.92 0.96 1.00 1.04 1.08

s 0.002

[ Planck 2018.: 1807.06211]



Which inflationary potential? :  Particle Physics model?

V(q)i’"'):VANe:lO(q)i) + VenalOpynn) + Yreh(q)i’---})

\ J \ J

Y Y Y
Primordial End of Inflation =) Radiation
spectrum inflation
V()

! ]

- {"J'
AT Prend reheating
-

AN

J. Martin, C. Ringeval, & Vennin, arXiv: 1303.3787: “Encyclopedia Inflationaris”
( ~ 100 models)



Which inflationary potential? :  Particle Physics model?

V(i) =Vanz10ldi) + Vea(dis) + V(0 .)
—— ——

Primordial End of Inflation =) Radiation
spectrum inflation

Vig)

So far, no signs of new
physics at the LHC!

- ('J'
ela e NE e reheating
-

A

J. Martin, C. Ringeval, & Vennin, arXiv: 1303.3787: “Encyclopedia Inflationaris”
( ~ 100 models)



« Simple monomials models Vv(¢)=V,(¢/m,)° rule out for p>2
2(p+2) . 16p

n"\’ —_——

7 4N+p’'  4N+p
(minimal kinetic + minimal coupling to gravity)

« Adding more terms to the potential can save the model: “Polichaotic models

V(p)
1

1.2, 1 -
V(p)==m’p°+=A*¢*——=mhsin®
(O)=gm e+ 2 ¢~ 0
' (Sugra + shift sym. + W= X(m &+ ) ®%+...)

B
o
B
B
K
Q"
0..
.‘-
0‘..
.
K
> ; . | 1 1
Sy /
~ Q
1 . / —
| ~. - N,=60
~ L cp e

PR eenrens
§=237/60 —
0=/ —- = -

/ &
o
m m N .=50 =eereeereens
0 22 % § - @) ¢
0=arg|Am]=23x/60
“Plateau” : lower H, =l
(>
H%/m? )
[~ P<0.1 =l
o
R
m~10" GeV o
22~107% ©
S
o 1.00

[Nakayama et al. 1303.7315]



“Starobinsky model”

[Kallosh, Linde, Roest, 1310.3950]

0.1 0.13 0.20 (NI A

Tensor-ta-Scalar Ratio [ ag-)

C.C5

Q.00

.96 1.04
Pemardial Till [#,]
2 12
n=l-— r==—
N, N

Universal attractor point for models

4mm) Non-minimal coupling to gravity

Non-minimal coupling: Jordan frame
Q 1
L=l R -
Metric conformal transformation
Q(g)=1+E&f(¢)
1.3
Z(2lo)+3(00(0)) (0,0 -

Non-minimal kinetic: Einstein frame

(09)~V,(g))

2

R -

V,(9)
Q(g)’

1

)

Large £ limit + canonical kinetic term:
2
m

L=+ _g<7PR .

—(5u@)2—Vo(1—e_¢m)2>
[p=4 large E limit:£>0.1 ]

2

with spontaneously broken (super)conformal invariance

Sugra embedding:

[ Non-minimal kinetic term: K

K=-3log(F[Q(q),9,S]).

W=ASf(D)

-0

AN

90" ¢ ]



Inflaton = Higgs

[Bezrukov & Shaposhnikov '08]

V(q)):%(q)z_vz)z Conformal transformation _ V(X)Z%mé(l—e_%xlmp)
b=~y <m,[E [ n,~0.97, r=0.003 ] %> M,/ &
P

A~0(0.1) Doy 1075 [COBE]
Reheating: decay into SM degrees of freedom !!

[Casadio, laFelice, Vacca '07; Enqgvist, Meriniemi, Nurmi, '13; Figueroa, Garcia-Bellido, Torrenti, '15]



Which inflationary potential? Particle Physics model?

V(@) =Vanz10(03) + Ver(9ir) + Vien(dy,-)

\ v J \ Y J Y J
Primordial End of Inflation =) Radiation
spectrum inflation

" How the universe thermalize?
The inflaton must couple to other species: : 0
gravitational reheating inconsistent { Reheating T*

with BBN constraints Baryogenesis? “Relics” ?
\

“stiff” (w > 1/3) reheating amplifies the
spectrum of primordial gravity waves (radiation)
violating the bound on extra relativistic dof during BBN

[ D. Figueroa & E. H Tanin 1811.04093]



e Gravitational reheating: some light dof are excited during inflation and gives
rise to radiation, subdominant at the end of inflation

[ Ford PRD35 ‘87; Spokoiny PLB215 ‘93]

pq)(tend) > prad(tend)

o “stiff” reheating: after inflation, inflaton energy density must decrease faster

than radiation

end

p¢oc(a la

(t)>3(1+w) |

w>1/3

® Radiation must dominate before BBN w>0.57

® Primordial GW are amplified during a “stiff” period

Iogm{fIHz]
-15 —-100 -G o o

)

-15

10

Qaw (K)=4.2x1072P 4 (ko )P (1) 'ro(Z22)(

Blue tensors

a<0,

w>1/3

B0 ] BBN contraints: (ptggsh‘ﬂ”s)BBN<O(O.1)
G i
2 i 1 Cstiff” eof But:
E ) w>1/3 w>0.57 ‘(ptensors >O(01>
i Psm /BBN

nT>O

[Boyle & Buonnano: arXiv 0708.2279]




Inflation Radiation Matter
J q 0 i q i q

Inflaton interacts with other particles

Reheating

Interactions with the cosmic plasma induce dissipation

¢+(3H+Y@-‘V¢:O

_ _ “Decay” into light dof= extra friction
"Warm” inflation

10° ‘ r r r ‘ ‘

A (small) fraction of the vacuum energy
IS converted into radiation during inflation

Inflaton

] -

Prt4Hp=Y@" “Source term”

log(p)

Radiation

r

‘ (BH+Y)o=—V,
L T I R R R SlOW-rO” ) 4HpR:ch2

i T~ Constant




Extra friction term: Q=Y/(3H) (Particle production versus Hubble friction)
@ Q<<l1, T<<H =mmp Standard Cold Inflation
® Q< 1, T>H =mmp \Weak Dissipative Regime

Standard slow-roll

* Q>1, T>H == Strong Dissipative Regime

Slow-roll : 3H(1+Q)c'p:—ch(cp,T), prZ%QC(;Z

ITI@|<(1+Q)’ E@<(1+Q), By<(1+Q), §5,<1 (Thermal czrrections)
By=mp(Y VJI(YV)  8:=TV,,/V,

/

¢ Q varies during inflation

< ¢ Extra friction prolongs inflation mmp Smaller ¢ values

¢ Dissipation induces thermal inflaton fluctuations
\.



Interactions & Dissipative coefficient

High T regime: 1 light scalar
2 2 — —
I—:'°°_§mcpcp _g(PwaX_thxwx-l-
*@W light mp=9g¢ <H, T, 0g<<1
: ‘l X
0 ; :
------- ' o Y ~ 3 9 T Linear T coefficient
Y N 1—0.34logh h?
Adiabatic approximation: - Small g coupling to keep fermions light
—> T>H - Not too small h because of adiabatic
7.} condition
‘ ~_TU _Rh4L . . :
/@, H<I, = 512 h*( H ) ~ How to avoid thermal corrections to inflaton
\ _ Microscopic / otential due to light fields?
acroscopic

Thermal potential:

2 2
g ¥ T2+...

AVr=—35 Zg.T 12

Berera, Gleiser &Ramos PRD'98; Yokoyama & Linde PRD '98




Little Higgs <ssm Little inflaton

Naturalness problem in the SM (and inflation):

- Scalar field masses are not protected against quadratic radiative corrections by
any sym.: why mp =125 GeV ?  (why the inflaton is light my, <H ?)

(A) Susy : no. fermions = no. bosons

AV o~ A2STEME Y (c1)(2s+1) M in M, .
mB 64 Q
2

2
) AV.= 90gRT ZFB 12 T°+-- mmmp Thermal Higgs mass

(B) Little Higgs: Pseudo-Nambu Goldstone boson of a global symmetry
(mp, ~ soft breaking)

Cancellation of quadratic divergences occurs from particles of the same spin

> AVTz—g—SgRT4+CT2+--- mm) No thermal Higgs mass
(high T)

[D. Kaplan & M. Schmaltz JHEP 0310; M. Schmaltz JHEP 0408]



Little warm inflation

High T regime:

Inflaton a PNGB of a broken U(1) symmetry + pair of fermions + exchange sym.

L=---—gMcos(¢/M )\, p,—gMsin(¢/M)p,p,~h o 2 (P, +9,p)+ -

light W: gM < T <M, g<1

Thermal potential:

2p 2 4 2

_ i M 4( )'Vl
AV.=—T o 7449 M 12,9 @ logt —c
Light dof ' '

_ No thermal mass for the inflaton
Total energy density:

1 .
Pr=>7 @ +V (@) +px [pr=AV,—T =T g (@, T)T]




Background dynamics

. . N4 _ 3 g°
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Quartic potential: V(o) 4 ) 1-0.34logh 1’
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Fluctuations & primordial spectrum: coupled system

Weak dissipative regime (Q=Y/H<<1) : field decoupled from radiation
2
D+ (BHFY)OGE +(5+V, o'~ (2 Y )75,

Pacp:HT Q 10— ]
27 V1+47Q/3 " 0001
: PRq]wz -
Primordial (H)Z L P
rimordial spectrum: p_~(%) p, _
R @ ¢ . \

R Is constant after horizon crossing (freeze-out)

T  427Q 5 10
P.~(P.)o_o(1+2N+ N

Dissipative processes may maintain a non-trivial distribution of inflaton particles:

Ramos, da Silva, 1302.3544: BG, Berera, Moss & Ramos, 1401.1149



Fluctuations & primordial spectrum: coupled system
Strong dissipative regime (Q=Y/H>1) : coupled system

2

. . . k A
S, +(3 H+Y)écpf'+cp6YG'+<;+vw>6cpS':<2YT)“Z%k

Q=10
10—
Primordial spectrum:
h hr I \/ \
PR:h_cpPR(p-Fh_PRr:PR,:PRw’ (hy=p;+p;)
T T g c10°- Growing mode!
o B N
107 10
R Is constant after horizon crossing
H* H° T 4nQ
Pr=(=—) (5—) (1+2N+- X G : =Y/(3H
=0 (50 T 3/<GIQl Q=Y/(3H)

Blue tilted spectrum



Quartic:

Primordial spectrum: quartic chaotic model

V (o ):%(pd" N_=50—60

‘|U§|||||||||||||||||||||

e Q.=0.001,0.01,0.1,1,2,5

10 F E
Q=5
10563 oo+ 095 096 n 097 098 0%
dinP )
n—1= R=(n,—1)+(n,—1), +(n.—1),,
dN,
16€¢
~ <16¢
(1+2N +A,)G[ Q] P

(n,—1).,>0

N+#0, Q<l: n,=1-2/N_,

r:16ecp(¥)<< 0.1




Quartic:

Primordial spectrum: quartic chaotic model

V (o ):%(pd" N_=50—60

‘|U§|||||||||||||||||||||

Excluded !!

e Q.=0.001,0.01,0.1,1,2,5

1Q<0.1, r>0.001

Parameter space
constraint:
gM/T<1, M/T>1

10°F =
Q=5
10563094 095 0.9 n 097 008 " oee
dinP )
n—1= R=(n,—1),+(n,—1),. +(n,—1),, (n,—1),>0
dN,
16€¢
~ <16¢
(1+2N +A,)G[ Q] P

N+#0, Q<l: n,=1-2/N_,

r:16ecp(¥)<< 0.1




Summary
® Planck 2015: the most precise cosmological data up today
6 parameters to fit the Universe: ACDM
(Pelko) N @5 Qu Q1 T
[Some tension with SNla (H;) & CFHTLenS (og).....]

* Primordial spectrum: gaussian? Adiabatic? Tensors?

Inflation provides a solution to the standard cosmological problems, and a causal
mechanism for the primordial spectrum

Many models still consistent with observations (plateau-like potentials?)
Detection of primordial tensors may help with model selection
Alternatives: loop quantum cosmology? String gas cosmology (n>0)?...

Reheating? Thermalization of the Universe after inflation?



Summary

®Dissipative effects due to decaying fields can be relevant during inflation, and
modify the inflationary predictions

e High T" regime for dissipation (light fermion 1 decaying into light dof): Y=C, T

Inflaton a PNGB of a broken U(1) symmetry + pair of fermions + exchange sym.

Light fermions: gM < T + thermal corrections under control + minimal matter content

[ Ap* compatible with data, Q*~ 0.01-0.1, r ~O.1-1O'3]

®Non-gaussianity compatible with observations for both weak and strong dissipative
regime, with a characteristic shape
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Little warm inflation & CMB data:
non thermal inflaton

In10*°C, Mean values
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Little warm inflation & CMB data:

thermal inflaton
In10*°C, Mean values
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Warm inflation &Non-gaussiantiy : T dependent diss. coefficient

® Bispectrum: By (k, k, k)= (R, (l,)R, (ky)Ry(ky))= Ag(k)B (K, K, ky)

T
18 Ag(K) shape

Non-linear parameter

"B pg(k)?

(Prvae> (P L (Pwe<(Polue

(Planck: f <~0O(10))

T £ 00l =274-58 (kg <<k, ~ k)
| f oM =42 +-75  (k
1 f V@M= 4 + 33

3~ Ky ~ky)

[BG, Berera, Moss, Ramos '14]
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