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SINGLE FIELD SLOW-ROLL INFLATION

We obtain inflation from a single scalar field minimally coupled to gravity
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PRIMORDIAL PERTURBATIONS

Planck 2018
1807.06209

Primordial Scalar Modes

Quantum fluctuations of the Inflaton field can source irregularities in the CMB
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Quantum fluctuations in the metric could source a stochastic background of
Primordial Gravitational Waves, imprinting the CMB
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The low-TE data show excess of variance compared to simulations
at low multipoles, for reasons that are not understood

High-multipole TE data
30 < Z <2000 in the TE Spectrum




BICEP/KEK 2018

2110.00483

Scalar and Tensor modes contribution to CMB spectra:

TT spectrum: Scalar > at any
TE spectrum: Scalar > atany
EE spectrum: Scalar > atany ¢
BB spectrum: > Scalar at £ < 100 (i.e., at large scales)

B-Modes Polarization

To constrain primordial tensor modes we need large-scale B-mode polarization
Many experiments have been (and will be) collecting data

BICEP/KEK-2018 most precise data so far

Note: £ « 1/60 «x 1/R

SCALAR MODES
104— Illllll] | IIIIIII] I LI IIIIIIII | llllllll | lllllll]

TT

1000

I IIIIIII 1 Illllll

T IIIIIIII I Illlllll

TT

100

10
TE

TE

I llllllll T llll] T llllllll

)
e t—
p b
1] IIIIHIII LA

| llllllll | llllllll 4 LY L 11

L lllllll

llllllll | llllllll | llllllll 1 llllllll | llllllll | llllllll

EE

[L(1+1)C,/2m] / uK®

I llllllll |
| .| lllllll

BB
BB

(LENSING)
10_4 llllllll llllllll | llllllll llllllll | llllllll | llllllll

10 100 1000 10 100 1000
£ £

|

[ llllllll T llllllll I TTTIT
|

|

Figure inspired by Gorbunov & Rubakov
“Cosmological Perturbations and Inflationary Theory”, Chapter 10
See also A. Challinor arXiv:astro-ph/0606548



BICEP/KEK 2018
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Scalar and Tensor modes contribution to CMB spectra: R | |B',C"E"D( KEK ~ 2'110"0'04"8'3, I
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To constrain primordial tensor modes we need large-scale B-mode polarization y

Many experiments have been (and will be) collecting data

BICEP/KEK-2018 most precise data so far
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JOINT PLANCK-BICEP/KEK ANALYSIS

Inflationary spectrum parameters:

1)n, # 1 at8.50: n, = 0.9678 + 0.0036 (at 68% CL)

2) No detection of tensor modes: r < 0.035 (at 95%CL)

Slow-roll parameters:

_ 0.0024
1) 7 measured to 7 = — 0.01307 ;1775

2) upper limit ¢ < 0.0022 (at 95%CL)

3) Slow-roll hierarchy 1 > || > ¢

(at 68% CL)
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“All models are equal, but some models are more equal than others”
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THE HUBBLE TENSION

50 tension in the value of the Hubble parameter H|,

Direct Measurement

SHOES: H, =73 = 1 km/s/Mpc

Model-independent, based on Type-la Supernovae

Indirect Measurement

Planck: H, = 67.4 = 0.5 km/s/Mpc

Model-dependent, inferred from CMB measurement (in ACDM)

Tension confirmed by many other independent probes

Snowmass 2021 - 2203.06142

CMB with Planck
Balkenhol et al. (2021), Planck 20184+ SPT+ACT : 6749 £ 0.5 -
Pogosian et al. (2020), eBOSS+Planck mH2: 69.6 + 1.8 -
Aghanim et al. (2020), Planck 2018: 67.27 = 0.60 -
Aghanim et al. (2020), Planck 2018+CMB lensing: 67.36 = 0.54 -
Ade et al. (2016), Planck 2015, HO = 67.27 = 0.66 -

Dutcher et al. (2021), SPT: 68.8 + 1.5
Aiola et al. (2020), ACT: 67.9 + 1.5

Aiola et al. (2020), WMAP9+ACT: 67.6 + 1.1
Zhang, Huang (2019), WMAP9+BAO: 68.36*023
Henning et al. (2018), SPT: 71.3 + 2.1

Hinshaw et al. (2013), WMAP9: 70.0 + 2.2

No CMB, with BBN -
Zhang ct al. (2021), BOSS correlation function+BAO+BBN: 68.19+0.99 -
Chen et al. (2021), P4+BAO+BBN: 69.23+£0.77 -

Philcox et al. (2021), P+Bispectrum+BAO+BBN: 68.31+(-§2 -

D' Amico et al. (2020), BOSS DR12+BBN: 68.5 +2.2 -

Colas et al. (2020), BOSS DR12+BBN: 68.7+ 1.5 -

Ivanov et al. (2020), BOSS+BBN: 679+ 1.1 -

Alam et al. (2020), BOSS+c¢BOSS+BBN: 67.35 £ 0.97 -

CMB lensing -
Baxter et al. (2020): 73.5+5.3 -
Philcox et al. (2020), Py(k)+CMB lensing: 70.6f§j$

LSS f.q standard ruler -
Farren et al. (2021): 69.5f§:g .

SNla-Cepheid -
Riess et al. (2022), R22: 73.04 = 1.04
Camarena, Marra (2021): 7430 = 1.45
Riess ctal. (2020), R20: 732+ 1.3
Breuval et al. (2020): 72.8 +2.7
Riess ctal. (2019), R19: 74.03 = 1.42
Camarena, Marra (2019): 75.4 £ 1.7

SNIa-TRGB

Dhawan et al. (2022): 76.94 + 6.4 -

Jones etal. (2022): 724+ 33 -

Anand, Tully, Rizzi, Riess, Yuan (2021): 71.5+ 1.8 -
Freedman (2021): 698 + 1.7 -

Kim, Kang, Lee, Jang (2021): 69.5 +4.2 -

Soltis, Casertano, Riess (2020): 72.1 £2.0 -
Freedman et al. (2020): 69.6 + 1.9 -

Reid, Pesce, Riess (2019), SHOES: 71.1 = 1.99 -
Yuan ctal. (2019): 724 +2.0 -

SNIa—Miras -
Huang et al. (2019): 73.3 +4.0 -

SBI
Blakeslee ct al. (2021) IR-SBF w/ HST: 73.3 + 2.5
Khetan et al. (2020) w/ LMC DEB: 71.1 £ 4.1
Cantiello et al. (2018): 71.9 + 7.1

SNII
de Jacger et al. (2022): 75.4f3:§ .
de Jaeger ct al. (2020): 75.8t4:9 .

Masers -
Pesce etal. (2020): 73.9 +3.0 -

Tully Fisher -
Kourkchi et al. (2020): 76.0 £2.6 -
Schombert, McGaugh, Lelli (2020): 75.1 £2.8 -+

HII galaxy -
Fernandez Arenas et al. (2018): 71.0 +3.5 -
Wang, Meng (2017): 76.12*3:4] -

Lensing related,mass model dependent -

Denzel et al. (2021): 71.8%3

Birrer et al. (2020), TDCOSMO: 74,5tg:

Birrer ct al. (2020), TDCOSMO+SLACS: 67.4*%
Yang, Birrer, Hu (2020): 73.ost££6

Millon et al. (2020), TDCOSMO: 74.2 + 1.6 -

Qi ctal. (2020): 73.6t|'3 .
1

AL
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Liao et al. (2020): 72.8* ]

Liao et al. (2019): 72.2 + 2.
Shajib ct al. (2019), STRIDES: 74.21’6 .
Wong et al. (2019), HOLICOW 2019: 73»31?53 .

Abbott et al. (2021), GWTC-3: 68*}
Palmese et al. (2021), GW170817: 72.77+4]

Gayathri ct al. (2020), GW1905214+GW170817: 73.4+
Mukherjee ct al. (2020), GW170817+ZTF: 67.6*3-
Mukherjee ct al. (2019), GW 170817+ VLBI: 68.3% -
Hotokezaka et al. (2019): 70.3*2;

Mukherjee et al. (2022), GW1708174GWTC-3: 67fg:8
5

Cosmic chronometers -
Moresco et al. (2022), flat ACDM with systematics: 66.5 + 5.4
Moresco et al. (2022), open wCDM with systematics: 67.8+§-
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THE HUBBLE TENSION

How do we measure H, from the CMB?

» Angular size of the sound horizon (0,)

Model of
Early Universe

* c
FS(Z*) — J dZ

« Sound horizon r(z:)

« Angular diameter distance from the CMB, D,(z:) = r(z:)/0,

Model of
Late Universe

« Hubble Parameter (H,)
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S. Galli
“The Ho debate from a CMB prospective”
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EARLY TIME SOLUTIONS

If some New Physics reduces r(z:) , H, should increase to keep 0, fixed
Knox and Millea - 1908.03663

. . - . 0.160
*° c(2) N
7 (Z+) — . H@) 75"\\C::::;::Q::::>\\ /3 1 [0.155
HS — > Il A
Da(z) ~— L[ dz 70} 10.150
Dy (@) = — 1/2
Hy Jg [Qm(l +z)3 + QA]
T 65 | 10.145
How can we decrease r(z:) ? 10.140
60 SHOES 7
, . _ _ ' BAO+SNe
1) Working on the Baryon-Photon fluid sound speed c¢,(z) before recombination == Planck TT,TE,EE-+lowE (ACDM) 0135
55 =—— Planck TT(£>800)+lowE (ACDM) -
2) Increasing the expansion rate of the Universe H(z7) before recombination: —-= Planck TT(£<800)+lowE (ACDM)
: 0.130

130 135 140 145 150 _ 155
Hz) = Hy [Q,(1 + 2+ Q.1+ 2%~ rd8 [Mpc]

Increasing radiation: €2, = (2, (1 + 0.23 Neff) N g = 3.044+AN4



13,

Planck 2018 BICEP/KEK 2018
INFLATION AND DARK RADIATION 07 06205 11000483
What happens increasing radiation in the early Universe?
WG — PRD 109 (2024) 12, 12354 - arXiv: 2404.12779
148 | | ' ' | ' ' '
| Bl ANes=0
ACDM | B AN =0.1
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S 144 i : Bl ANer=0.6
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3 142 | | - | B ANer=09 |
é i i .> Bl ANgs=1
140 E ‘ E ,
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Reducing r, we shift to larger H, Larger H, implies n, — 1 Constraints on r do not change
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INFLATION AND DARK RADIATION

What happens increasing radiation in the early Universe?

WG — PRD 109 (2024) 12, 12354 - arXiv: 2404.12779
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Upper bounds ¢ do not change Constraints on 7 shift significantly
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INFLATION AND DARK RADIATION

How Much Dark Radiation is allowed?

- To reduece the HO-tension to ~20 we need AN, 2 0.4, Srongly Disfavoured
compared to ACDM [1]

- Models with 0.2 $ AN_¢ < 0.3 can reduce the HO-tension to ~3.50 while being
“only” weakly disfavoured compared to ACDM [1]

To what extent are constraints on inflation sensitive?

- Models with 0.2 S AN+ < 0.3 already require a change in perspective for
Inflation: Starobinsky-like models are no longer supported

[1] We refer to the following scale for the strength of evidence:

|In Bp|| Odds |Probability |Strength of evidence
<0.1] <3:1 < 0.750 Inconclusive
1 ~3:1 0.750 Weak
205 | ~12:1 0.923 Moderate
5 |~150:1 0.993 Strong

Planck 2018
1807.06209

BICEP/KEK 2018

2110.00483

WG — PRD 109 (2024) 12, 12354 - arXiv: 2404.12779
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BICEP/KEK 2018

2110.00483

Planck 2018
1807.06209

INFLATION AND EARLY DARK ENERGY

WG — PRD 109 (2024) 12, 12354 - arXiv: 2404.12779

Early Dark Energy
A light scalar field behaves similarly to a cosmological constant, increasing the feoe
expansion rate in the early Universe. Then it must decay faster than matter. 00.02 0.04 0.06 0.08 0.1 0.120.14
Effects quantified by the maximal fractional contribution to the total energy density 147.26 1 —# ! -4.800
: : <
| | OI
146.18 1 | — : | -4.29 0
) PEDEQ) t- ; 2
JepE = Max : : I
Z P(2) 145.00 - - I B 2; -3.66 0
— : : : C
S | : | O
O 143.87 - o — i -3.07 0
= SEra e 2
- Rl I 1 | CU
What if frpp # 0 ? = 142.84 1 i e I et 255 0 1
S i i i £
141.81 - - - —— 11.98 0
1) H(z) increases before recombination, reducing Farag @Nd INCreasing H, ~ § |
140.65 - I n ——— L1350
= e i
2) We move towards n, — 1 | | ;
139.39 - : : ——%: |-} 0.650

3) 0.04 < fepe S 0.06 already not compatible with Staribinsky-like models
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INFLATION AND EARLY DARK ENERGY

Early Dark Energy

A light scalar field behaves similarly to a cosmological constant, increasing the
expansion rate in the early Universe. Then it must decay faster than matter.

Effects quantified by the maximal fractional contribution to the total energy density

fo = max PEDE(Z)
EDE —
< pc(Z)

Implications for Starobinsky inflation

1) Perfect agreement with Planck+BICEP/KEK assuming ACDM

2) Can be in agreement with Planck+BICEP/KEK for negligible frpg

3) NOT in agreement with Planck+BICEP/KEK if EDE solves the H, tension

Idrag
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2110.00483

WG — PRD 109 (2024) 12, 12354 - arXiv: 2404.12779
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CONCLUSIONS

Widespread consensus in the cosmology community

1) Robust constraints on Inflation from Planck and BICEP/KEK data: n, = 0.9678 = 0.0036 and r < 0.035

2) Starobinsky Inflation leading model

Important caveats surrounding these results

1) Any constraint on the inflationary parameters is intrinsically model-dependent (can we rely on ACDM?)

2) Early time solutions of the Hubble Tension can shift Planck and BICEP/KEK-2018 results towards n, — 1

3) ACT small-scale CMB data point towards 7, ~ 1 (in disagreement with Planck and Starobinsky Inflation)

Possible implications

1) We might need to rethink inflation. Too early to say!

2) Doing model selection is premature and not completely safe without understanding the nature of the H, tension

Thank You!
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PRIMORDIAL PERTURBATIONS

We can extract 4 independent observables

(note: assuming that parity is conserved)
TEMPERATURE ANISOTROPIES

1) Angular power spectrum of temperature anisotropies C;T

RELIC PHOTONS . (TT spectrum)
FROM THE BIG BANG
2) Temperature and E-mode cross-spectrum C;E
(TE spectrum)
3) Angular power spectrum of E-mode polarisation CEE
ode® 5~
PoL 2 / > (EE spectrum)
: ~ =~
~ /\
s E =8 < >  4) Angular power spectrum of B-mode polarisation C?B
B-modes
. N (BB spectrum)
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LINKING INFLATION AND THE CMB

(cXY] 7 ro dInk TX(k) TX(k) P (k)

scalar — £+ 1) ), I

Scalar Transfer functions
Scalar spectrum

e
| (cXY] 2 " X1\ 7Y |
'[C — [ dInk TX(k) TX(k) P (k)
£ 7 4 t

| tensor  Z£ + 1) ) |
| ! |
h Tensor Transfer functions |
h Tensor spectrum
——

Transfer Functions:

 Scalar and Tensor transfer functions are different

. C:”Ot = [Cf] scalar+ [Cf] tensor

. In |C}] we have: X,Y = {T,E}

scalar

. In|C] we have: X, Y = {T,E, B}

tensor

 Transfer functions are different for 7, £, B



BICEP/KEK 2018

2110.00483

Scalar and Tensor modes contribution to CMB spectra:

TT spectrum: Scalar > at any
TE spectrum: Scalar > atany
EE spectrum: Scalar > atany ¢
BB spectrum: > Scalar at £ < 100 (i.e., at large scales)

B-Modes Polarization

To constraint primordial tensor modes we need large-scale B-mode polarization
Many experiments have been (and will be) collecting data

BICEP/KEK-2018 most precise data so far

Note: £ « 1/60 «x 1/R
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Figure inspired by Gorbunov & Rubakov
“Cosmological Perturbations and Inflationary Theory”, Chapter 10
See also A. Challinor arXiv:astro-ph/0606548



PLANCK 2018
1807.06209

Joint analysis of Planck and BICPE/KEK:

1)n, # 1 at8.50: n, = 0.9678 + 0.0036 (at 68% CL)

2) No detection of tensor modes: r < 0.035 (at 95%CL)

Slow-roll parameters:

_ 0.0024
1) 7 measured to 7 = — 0.01307 %5

2) upper limit ¢ < 0.0022 (at 95%CL)

3) Slow-roll hierarchy 1 > |n| > €

(at 68% CL)

2110.00483

0.20

0.15

0.10
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ACT shows a preference for n, ~ 1 (in 30 disagreement with Planck)
WG, et al. — MNRAS 521 (2023) -+ arXiv: 2210.09018

Dataset Scalar Spectral Index (ny) '_’Icé :
ACDM °\~E
&. "
ACT 1.009 + 0.015 :
ACT (7 = 0.0544 + 0.0070) 1.007 + 0.015 0.95 ) 'O 0 105
ACT + Planck low E 1.001 £0.011 0.0235 . 0.0235
ACT+BAO (DR12) 1.006 + 0.013 : Planck
ACT+BAO (DR16) 1.006 + 0.014 0.0230 ACT 1 0.0230
ACT+DES 1.007 £0.013 0.0225 - E 0.0225
ACT+SPT+BAO (DR16) 0.997 + 0.013 :
ACT+SPT+BAO (DR12) 0.996 + 0.012 = 0.02207 0.0220
QO
Planck 0.9649 + 0.0044 C 0.0215- 0.0215
Planck+BAO (DR12) 0.9668 + 0.0038 ;
0.0210- : 0.0210
Planck+BAO (DR16) 0.9677 + 0.0037 :
Planck+DES 0.9696 + 0.0040 0.0205 - 0.0205
Planck (2 < £ < 650) 0.9655 + 0.0043 0.0200 | ! | 0.0200
Planck (£ > 650) 0.9634 + 0.0085 0.95 1.00 1.05 [P/Pmax]

WG et al. —2210.09018
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ACT shows a preference for n, ~ 1 (in 30 disagreement with Planck)
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Dataset Scalar Spectral Index (ng) '—;g
ACDM N
Q
ACT 1.009 + 0.015
ACT (1 = 0.0544 + 0.0070) 1.007 + 0.015 005 ’ 00 T o5
ACT + Planck low E 1.001 =£0.011 0.0235 . 0.0235
ACT+BAO (DR12) 1.006 + 0.013 ' Planck (/2650)
ACT+BAO (DR16) 1.006 + 0.014 0.02301 oo i';‘?Ck 0.0230
ACT+SPT+BAO (DR16) 0.997 + 0.013
ACT+SPT+BAO (DR12) 0.996 + 0.012 & 0.0220- 0.0220
QO
Planck 0.9649 + 0.0044 C 0.0215- 0.0215
Planck+BAO (DR12) 0.9668 + 0.0038 ;
0.0210 - N 0.0210
Planck+BAO (DR16) 0.9677 + 0.0037 : :
Planck+DES 0.9696 + 0.0040 0.0205 0.0205
Planck (2 < £ < 650) 0.9655 + 0.0043 0.0200 | ; | 0.0200
Planck (£ > 650) 0.9634 + 0.0085 0.95 1.00 1.05 [P/Pmax]

WG et al. —2210.09018


https://arxiv.org/abs/2210.09018

ATACAMA COSMOLOGY TELESCOPE

2007.07288

WG, etal. — JCAP 09 (2023) 019 - arXiv: 2305.15378

[P/Prmax]

. . . . . 1.00 ;
Implications for Starobinsky inflation: . Starobinsky
0.99 - |
1) Perfect agreement with Planck+BICEP/KEK: /' = 64 = 9 at 68% CL
0.98 - |
2) Strong disagreement with ACT+BICEP/KEK: ./" > 100 at 95% CL & l
Large and small scale CMB data DO NOT agree on the inflationary potential 0.977
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4) It can be no longer supported when considering new physics i
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INFLATION AND DARK RADIATION

Domino effect in the CMB fit at different scales
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INFLATION AND EARLY DARK ENERGY

Early Dark Energy

A light scalar field behaves similarly to a cosmological constant, increasing the BN ACDM

expansion rate in the early Universe. Then it must decay faster than matter. ’ ---- EDE
EDE+H,

Effects quantified by the maximal fractional contribution to the total energy density

fo = max PEDE(Z)
EDE —
< pc(Z)

Implications for slow-roll parameters 0.003
' w 0.002

1) |n| > € assuming ACDM
0.001

2) |n| Z € for negligible fepg

0.001 0,002 0.003
3) |n| ~ € if EDE solves the H,, tension d 3
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INFLATION AND EARLY DARK ENERGY

Early Dark Energy

A light scalar field behaves similarly to a cosmological constant, increasing the
expansion rate in the early Universe. Then it must decay faster than matter.

Effects quantified by the maximal fractional contribution to the total energy density

fo = max PEDE(Z)
EDE —
< pc(Z)

Implications for Starobinsky inflation

1) Perfect agreement with Planck+BICEP/KEK assuming ACDM

2) Can be in agreement with Planck+BICEP/KEK for negligible frpg

3) NOT in agreement with Planck+BICEP/KEK if EDE solves the H, tension
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INFLATION AND EARLY DARK ENERGY

Domino effect in the CMB fit at different scales
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INFLATION AND EARLY DARK ENERGY

Early Dark Energy

A light scalar field behaves similarly to a cosmological constant, increasing the
expansion rate in the early Universe. Then it must decay faster than matter.

Effects quantified by the maximal fractional contribution to the total energy density

£ = max PEDE(Z)
EDE —
< pc(Z)

Hints of New Physics in small-scale CMB data?

1) ACT small-scale CMB data give n, ~ 1

2) ACT small-scale CMB data give frpg # 0

3) Assuming new physics, both large and small CMB data prefer larger n,

2007.07288

Atacama Cosmology Telescope

Parameter EDE (n = 3) Best-Fit EDE (n = 3) Marg.
log(10'° Ay) 3.083 3.067 4 0.034
s 1.064 0.98710 047
1000, 1.04279 1.04247 + 0.00079
Qnh? 0.02214 0.02141719 0002
Qch? 0.1425 0.130710 0156
Treio 0.061 0.065 + 0.015
Yp 0.9951 1.0037 + 0.0070
fEDE 0.241 0.14210 059
log,,(2c) 3.72 < 3.70
0; 2.97 > 0.24
H, [km/s/Mpc] 77.6 74.573
Qum 0.274 0.27610 053
o8 0.883 0.83110-027
Ss 0.844 0.796 + 0.049
log,o(f/eV) 26.65 27.17+5-32
log,,(m/eV) —26.90 —27.5219-26

Colin Hill et. al. (ACT) - 2109.04451




INFLATION AND LATE TIME SOLUTIONS

Late Time Solutions in a Nutshell

If some New Physics decreases the late-time expansion rate while leaving
r(z«) fixed, H, should increase to keep 0, fixed

o (g
Vs (Z*) — dZ HE ;
9 = S(ZCMB)/ e ‘
" Dy(zcums) ~ D.(2) 1 r* dz
) = —
! 0Jo |Q,,(142)% + Qpg (1 + )30+ .
How?

A naive way to decrease the late-time expansion rate would be to consider a
phantom Dark Energy equation of state w < — |

H(z) ~ H, [Qm(l +2)° + Qu.(1 + Z)3(1+w)] 172
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