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Recap ot Lecture 1

R(t) = a(t) Ry

L Scale factor

e The Universe is expanding:

e The rate of expansion is determined by the Friedmann equation:

e The energy density of matter, radiation and dark energy dilutes as

Pm x a” " Pr x a ? PA x a’
() .O o
¢ o o:o
e ®© o o
o"..o.
®e¢ o0 ©
o o 1
E = const e E xa ExV
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Recap ot Lecture 1

e The Universe started hot and dense, but then cooled and diluted:

radiation era matter era  dark energy era
> >
1030 N | | | | ' | |
1025_\
— 10"
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L 10"k
10° -
1
>
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U | | | © |
107" 1w0°® 10° 10"

1072 1 102 104

Hot Big Bang —j a(t) &— today
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Recap of Lecture 1

This history of the Universe is an observational fact:

10 us 1s 3 min 370 000 yrs 1 billion yrs

QCD phase Neutrino BBN Photon Structure

transition decoupling decoupling formation

e The basic picture has been confirmed by many independent observations.

e Many precise details are probed by measurements of the CMB.

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



370 000 yrs

1 billion yrs

Recap ot Lecture 1

Gravitational force

0+ 2HO = (4nGp)s

Power Spectrum

The observed matter power spectrum is
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Horizon scale at
matter-radiation equality
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Gravitational force

0+ 2HO = (4nGp)s

Power Spectrum
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Questions?
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Cosmic Sound Waves

Consider the evolution of a single localized density fluctuation:

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Cosmic Sound Waves

Consider the evolution of a single localized density fluctuation:
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Cosmic Sound Waves

This creates a radial sound wave in the photon-baryon fluid:

/ Dark matter

Ts
T Sound

horizon

Photons + baryons

The wave travels a distance of 50 000 light-years (called the sound horizon)
before the Universe becomes transparent to light.

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Cosmic Sound Waves

In reality, there 1s an infinite
number of perturbations ...

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Cosmic Sound Waves

In reality, there 1s an infinite
number of perturbations ...
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CMB Anisotropies

This sound horizon is imprinted in the pattern of CMB fluctuations:
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CMB Anisotropies

Photon-Baryon Fluid and Decoupling

. tight-coupling N free streaming
10 E T T L R L | T T T T rrIr T T T T T T ™11
- — dark matter o
baryons ol
10 F — photons 3 .
: 3
ge)
= i
~— i
S
1 3
0.1 —
1 10 100 10° 10

1 [Mpc]

Evolution of the density contrasts of dark matter (gray), baryons (blue) and pho-
tons (red) for k = 0.25h Mpc~'. Note that around the time of decoupling the fluid
approximation breaks down and the evolution is not captured by the equations de-
scribed in this chapter. Instead, this figure was produced by solving the Boltzmann
equations for the distribution functions of each species numerically.
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Transfer Function of The Photon Density

100 7

initial conditions

Hubble scale

= sound horizon 2.5 o
? 10 p S&\
(@} - -
z 2.0 =
~ )

- - 1.5

- 1.0

1 : damping scale - 0.5

damping
T T TTTS S I
, _— . 0.0
10 100 1000
n [Mpc]

m Transfer function of the photon density contrast as a function of k£ and 7, computed
with CLASS [12]. Illustrated are also the evolution of the Hubble scale, the sound
horizon and the damping scale, and the moment of recombination (dashed line).
We see that sound waves propagate below the sound horizon and are suppressed
below the damping scale.

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



CMB Anisotropies

Acoustic Peaks

1r } A
C
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0 0.2 04 0.6 0.8 90° 18° 1° 0.2° 0.1°
/M- 0

("1 500 Cartoon illustrating the origin of the peaks in the CMB power spectrum. Left:
Fluctuations of different wavelengths are captured at different moments in their
evolution and therefore have different amplitudes at decoupling. Right: Since the
square of the amplitude determines the power on a given length scale, waves that
are captured at an extremum (A or C) produce the peaks in the CMB spectrum,

while waves that are captured with zero amplitude (B) produce the troughs.
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CMB Anisotropies

This sound horizon is imprinted in the pattern of CMB fluctuations:

Temperature Polarization

intensity of 11396 cold spots

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann

Planck (2015)



CMB Anisotropies

The precise pattern of the CMB fluctuations depends on the composition of the
Universe (and its initial conditions):

Atoms

Observations of the CMB have therefore allowed us to determine the parameters
of the cosmological standard model.

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Dark Matter

Without dark matter, the data would look very different:

Data No Dark Matter

0.025

0

—0.025 0 0.025
™ COS ¢

—2° ’ —92 20

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann
Figures courtesy of Zhiqi Huang and Dick Bond [ACT collaboration]



This can also be seen in the power spectrum: Qm = (.32

/ without dark matter
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Planck (2018)

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Dark Emnergy

Without dark energy, the data would look very different:

Data, No Dark Emnergy

0 0.025

w sin ¢

—0.025

—0.025 0 0.025 20—0.025 0 0.025

—2° 2° _
W COS ¢

T COS ¢ 2°

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann
Figures courtesy of Zhiqi Huang and Dick Bond [ACT collaboration]



This can also be seen in the power spectrum:  §) A — 0.08

with dark energy
|

_I 1 lllllll 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I_

— _— without dark energy

1000 F y .
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+ v /1 "y 1 ‘
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Multipole

Planck (2018)
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This is consistent with the direct observation of dark energy from supernova

with

observations:
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Baryons

The peak heights depend on the baryon density: Qb = (0.04

__I 1 lllllll 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I_

more baryons

10 30 500 1000 1500 2000
Multipole

The measured baryon density is consistent with BBN. Planck (2018)

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Initial Conditions

The CMB power spectrum also probes the initial conditions:

A B C D evolution
- — >

]C nSl‘W
A | —
ko

I scale-dependence

Amplitude

A, =220 x 1077

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



The primordial power spectrum is close to scale invariant:  7lg = 0.96
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WMAP (2009)
The observed deviation from scale invariance is significant. Planck (2018)
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signatures in the formation of large scale
structures

Josquin Errard (APCG/CNRS) — IDPASC 2025 — credits: D. Baumann



from primordial perturbations to the statistical study of galaxies’ positions
[ct. CG. Yeche's lecture]
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from primordial perturbations to the statistical study of galaxies’ positions
[ct. CG. Yeche's lecture]
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from primordial perturbations to the statistical study of galaxies’ positions
[ct. CG. Yeche's lecture]
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The Standard Model ACDM

A simple 5-parameter model fits all observations:

(), =0.04 Amount of ordinary matter
(), = 0.32 Amount of dark matter
A = 0.68 Amount of dark energy
109 AS — 2.920 Amplitude of density fluctuations

ne = 0.90 Scale dependence of the fluctuations

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



The Standard Model ACDM

A key challenge of modern cosmology is to explain these numbers:

Why is there more matter

Qb = 0.04 <+«—

than antimatter?

(), =0.32 <«——  What is the dark matter?

() A — 0.08 — What is the dark energy?

10” Ag = 2.20
What was the origin of

\
/ the fluctuations?

ne = 0.96

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann
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So far, we have described the evolution of fluctuations in the hot Big Bang
and the formation of the large-scale structure of the Universe:

Primordial CMB
. —’ . —> Galaxi
fluctuations fluctuations AAXIES
Cosmic Gravitational
sound waves clustering

We now want to ask:

What created the primordial fluctuations?

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



An important clue is the fact that the CMB fluctuations are correlated over
the whole sky:
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In the standard hot Big Bang theory, this is impossible:

Observable

Unive rseﬁf
'7‘.

‘5}'3

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



The correlations must have been created before the hot Big Bang:

CMB
distance light travelled
R . since the Big Bang
Photon  pmmessmmmesasei ww'imf;&w: %@»@L@W o ugmzsvrmmmm. RN

decoupling . ﬁﬁz % A7 é}% .
TN ifgﬂf‘-IHf rﬂffgm J;}‘ X

Big Bang

?
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Inflation

Inflation solves the problem by invoking a period of superluminal expansion:

Photon

: Vi & AT ot h—
decoupling \ 4 . ,. ATTAN .
. // SR8 SR LR W /

Big Bang

Guth (1980)
Linde (1982)
Albrecht and Steinhardt (1982)

Inflation

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Inflation

In less than 107°?seconds, the Universe doubled in size at least 80 times:

The entire observable Universe then originated from a microscopic, causally

connected region of space.
Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Inflation

To achieve inflation requires a substance with a nearly constant energy density

(like dark energy): | .
P>——p P<——p
3 3
7\
S‘ Expansion slows down Expansion speeds up
S/ i <0 >0

conversion of the field
® energy into particles?

start of
inflation

end of
inflation

inflation

< e reheating

Ag
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Inflation

To achieve inflation requires a substance with a nearly constant energy density

(like dark energy): | .
P>——p P<——p
3 3
7\
S‘ Expansion slows down Expansion speeds up
S/ i <0 >0

quantum uncertainty

? => metric perturbations

conversion of the field
energy into particles?

start of
inflation

inflation

inflation

< e reheating

Ag

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Inflation

To end inflation, this substance must decay (like a radioactive material):

S\
fzxc@’“we: ;ﬂa{‘oﬂf?
. Y
;3&6000%
e¥ ¢ o o
The product of this decay is the hot Big Bang. One of these bubbles

Is our Universe.
Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Inflation

In quantum mechanics, the end of inflation is probabilistic and varies
throughout space:

This creates the primordial density fluctuations.
Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Quantum Fluctuations

In quantum mechanics, empty space is full of violent fluctuations:

AxAp > h

credits: Wikipedia. The animation illustrates the typical four-dimensional structure of gluon-field configurations averaged over in describing the vacuum properties of
QCD. The volume of the box is 2.4 by 2.4 by 3.6 fin, big enough to hold a couple of protons. Contrary to the concept of an empty vacuum, QCD induces chromo-
electric and chromo-magnetic fields throughout space-time in its lowest energy state. After a few sweeps of smoothing the gluon field (50 sweeps of APE smearing), a
lumpy structure reminiscent of a lava lamp is revealed.

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Quantum Fluctuations

In quantum mechanics, empty space is full of violent fluctuations:

AxAp > h

credits: Wikipedia. The animation illustrates the typical four-dimensional structure of gluon-field configurations averaged over in describing the vacuum properties of
QCD. The volume of the box is 2.4 by 2.4 by 3.6 fin, big enough to hold a couple of protons. Contrary to the concept of an empty vacuum, QCD induces chromo-
electric and chromo-magnetic fields throughout space-time in its lowest energy state. After a few sweeps of smoothing the gluon field (50 sweeps of APE smearing), a
lumpy structure reminiscent of a lava lamp is revealed.
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Quantum Fluctuations

These quantum fluctuations are real, but usually have small effects:

1s (n =1, | =0)

Bohr Dirac

Lamb shift

The electron interacts with the fluctuating quantum vacuum — 1its effective

position “jitters” (Lamb called this the electron’s “self-field”).

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Fluctuations during Inflation

Each Fourier mode of the inflaton fluctuations satisfies:

0¢ + 3HEp 4 wi(t)op =0

Z

Hubble friction j k*/a®(t)

This is the equation of a time-dependent harmonic oscillator.

®
W

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Quantum Harmonic Oscillators

lv\/vv*Q Z+wir =0 0+ 3HOP + w? (1) = 0

l 5. = a2

§pe + W2 (£)5¢pe = 0

Zero-point fluctuations l

. . Hollands and Wald (2002)
Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Quantum Fluctuations during Inflation

This holds as long as the mode evolves adiabatically (inside the horizon):

(00)%) = 5 (%)

At horizon crossing, k/a(t.) = H(t.), the fluctuations freeze and we get

Pog(k) = 2 ((60)2). = (H) ~ const

272 ot

After inflation, these become nearly scale-invariant density fluctuations.

0 op

- 8 K
Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann \/
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Quantum Fluctuations

During inflation, these quantum fluctuations get amplified and stretched:

ST IR z* A

e i e ~‘$jr ‘r ‘ 4”7;
; PRSI RY:

I m"

After inflation, these fluctuations become the large-scale density fluctuations.

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Primordial Correlations

The nearly constant inflationary vacuum energy leads to an approximately
scale-invariant power spectrum:

The slow decay of the inflationary energy predicts slightly more power on
large scales: ng <1

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



CMB Anisotropies

The well-understood physics of the photon-baryon fluid turns these primordial
correlations into correlations of the CMB anisotropies:

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



CMB Anisotropies

The predicted correlations are in remarkable agreement with the data:

6000 - -> observations are already in remarkable _
agreement with single-field slow-roll inflation:
* super-horizon fluctuation

5000 [ * adiabaticity -

* gaussianity

— * density perturbations tilt ns < 1
4000 .
€ |
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5 3000 .
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O ] ]
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“Extraordinary claims require extraordinary evidence”

Carl Sagan

How can inflation become part ot the standard history of
the Universe with the same level of confidence as BBN?

10-32s 10 ps ls 3 min

o2 o & o
o o
;l;.r"O e o _7 - @ .. o
3\"’ o [ X ®
) [ ~— O
f.o“”’; & \ ee @ .‘
\
Inflation? QLD Phase Neutrlr)o BBN
transition decoupling
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Primordial Gravitational Waves

Besides density fluctuations, inflation predicts gravitational waves:

The strength of the signal depends on the energy scale of inflation, which
may be as high as 1016 GeV.

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Inflation

® According to single field, slow-roll inflationary scenario, quantum vacuum
fluctuations excite cosmological scalar and tensor perturbations

L ne—1
Pr(k) = A, <—> scalar
Ko

7)7'(16) — At <£> tensor
ko

e With the definition of the tensor-to-scalar ratio “r” [£1—= A, / A,

which characterizes the amplitude of GW and gives direct constraints on

| - \1/4
e the shape of the potential ~ V!'/4(¢) ~ 10'° GeV (m)

1/2 1/2
e energy scale of inflation a9 ~ N, (T_*) / ~ ( r ) /
Mp 8 0.001
, : 2 V¢ ?
e inflaton field excursion r = 8Mp, v
L . dIn®P ?
e derivative of the potential ng—1= - kg ~ MI2’1 ( ‘/’) 4 le%1 ¢

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



CMB polarization and its
description
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Figure 1.5: Thomson scattering, adapted from [186], and definition of the ob-
served Stokes parameters. I corresponds to the total intensity of a given light
beam, () and U are the two Stokes parameters describing the linear polarization
angle and amplitude, and V is for the circular polarization. In practice in this
manuscript, the last dimension will be dropped as CMB light is, as far as it has
been characterized, not circularly polarized (although atmospheric emission may
be through the Zeeman splitting of Oz molecules, e.g. [234]).

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



polarization needs anisotropic light + reflection

_—
NO POLARIZER WITH POLARIZER



polarization needs anisotropic light + reflection
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From CMB anisotropies to polarization

Angular dependence leads to linear polarization.

‘Thomson scattering kR .
radial™ component of

¢lectron motion
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® !
v Observer
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Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



From CMB anisotropies to polarization

Angular dependence leads to linear polarization.

‘Thomson scattering o eadial® 4 -
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‘Thomson scattering + quadrupolar anisotropies = linear polarization

‘Thomson scattering
in stretched space cold &
»



Quantifying polarization

One could describe the polarization by means of standard Stokes Q and U parameters, but
that will make their value dependent of the choice of x- and y-axes.

2 2
100% Q | 100% 100% V I =|E.|" + |Ey|",
’ +U |’ +v | . 2 2
+Q / /\\ Q — Ea: T Ey y
N U = 2Re(E, E}),
Q>0;U(;)0;V=0 Q=0;U(c>)0;v=0 Q= 0; u(;o;vw V = _zlm(ExE?j),
Q y -U y V y
x > 1 ! 1
\«/ (1) Linearly polarized (horizontal) g Right-hand circularly polarized
Q<0;U=0;V=0 Q=0,U<0,V=0 Q=0;U=0;V=<0 0 1
(b) (d) (f)

—_—
o | m
—

Linearly polarized (+45°)

1

Linearly polarized (vertical) 0 Left-hand circularly polarized
0

( Unpolarized

o O O =

Linearly polarized (—45°)
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Coordinate dependence of Q and U / \

/ : " —"‘l: """ I i"
<Q> B (cos2a sin 204) <Q> _____ )

U’ —sin2a  cos 2o U

| )

- Motivates decomposition into coordinate-independent quantities.
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Coordinate dependence of Q and U

CcoS 2«

Q" sin 2o Q _‘ '''''''' ‘
V'] \—sin2a cos2a U \

- Motivates decomposition into coordinate-independent quantities.

| )

To do that, we write the polarization as a complex vector, which behaves as a spin-2
field. (We will then choose special spin-2 spherical harmonic coefficients which has

the rotation term in-built, which cancels out the rotation of Q + iU vector.)

PE\/Q2+U2 N

. 2l
U QO+ iU = Pe
— =tana /
9
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Coordinate dependence of Q and U / \

/ - " —"‘l: """ o ‘_’
(Q) B (cos2a sin 204) (Q) _____ ‘

U’ —sin2a  cos 2o U

| )

- Motivates decomposition into coordinate-independent quantities.

To do that, we write the polarization as a complex vector, which behaves as a spin-2
field. (We will then choose special spin-2 spherical harmonic coefficients which has
the rotation term in-built, which cancels out the rotation of Q + iU vector.)

PE\/Q2+U2 N

. 2l
U QO+ iU = Pe
— =tana /
9

under rotation: @ > a+y —— Q +1U — e$2iw(Q - ’iU)

P remains invariant ...

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann




We thus write:

d*€ | .
(27[)2 12af eXp(iZZ¢f + i1t - n)

Om) £ :U(n) = J

and defining:

1y = — (Ef + iBf)

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



We thus write:

. d°¢ . .
Om) £iU(n) = —olp €XP(X2ih, + i€ - M)
(27)?
and defining:
1y = — (Ef + iBf)
d*¢

O(n) £ iU(n) = J P (Ep *+ iByp) exp(£2i¢h, + i€ - m)

by construction E; and B, do not pick up a factor of exp(2i¢p) under
coordinate rotation. &3
E: and B¢ are invariant under rotation.

What kind of polarization patterns do these quantities represent?

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Q and U produced by E and B modes are given by:

Cd*t | |
O(n) = | ar (Epcos(2¢p,) — By sin(2¢,)) exp(i€ - n)
U()—ndz"o (Epcos(2¢,) + Bpsin(2¢,) ) exp(i€ -
m= 2 e oS ¢¢) + Bpsin(2¢,) ) exp(i€’ - n)

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Q and U produced by E and B modes are given by:

 dH | |
O(n) = | ar (Epcos(2¢p,) — By sin(2¢,)) exp(i€ - n)
U(n) = Jik (Epcos(2¢,) + Bpsin(2¢,)) exp(i€ - n)
n) = | or »COS(2¢, »SIN(2¢,) ) exp(if- n

Let’s consider Q and U that are produced by a single Fourier mode
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Q and U produced by E and B modes are given by:
d*?

O(n) = | ar (Epcos(2¢p,) — By sin(2¢,)) exp(i€ - n)
U(n) = 4 (Epcos(2¢,) + Bpsin(2¢,)) exp(i€ - n)
n) = | or »COS(2¢, »SIN(2¢,) ) exp(if- n

Let’s consider Q and U that are produced by a single Fourier mode

y

Taking the x-axis to be the direction of 4

a wave vector, we obtain — —> X

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Q and U produced by E and B modes are given by:

" d* , ,
O(n) = 2 (Epcos(2¢p,) — By sin(2¢,)) exp(i€ - n)
" d* , ,
Un) = P (Epcos(2¢,) + Bpsin(2¢,)) exp(i€ - n)
J Ln
Let’s consider Q and U that are produced by a single Fourier mode
Taking the x-axis to be the direction of Yy
a wave vector, we obtain — — X

O(n) = Re (Efexp(ifn)) - | - —

Um) = Re (Bf exp(ifn)) >
SN NN S

B mode

14
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. coordinate-
* E-modes are Stokes Q) defined wrt to £ axis independent

* B-modes are Stokes U defined wrt to £ axis statement!

. \/ parity even
Emode - | . o | ~ obom3
|

///\\\\\// \\t///\\\
B mode sbom 8

parity odd
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* E-modes are Stokes Q) defined wrt to £ axis
 B-modes are Stokes U defined wrt to £ axis

mirror

S NN NN S

B mode

Global Parity

Principal Polarization

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann

coordinate-
independent
statement!

/ parity even

\w////\\\

sbom 8
\_

\!

parity odd

The E- and B-modes are distinguished by
their behavior under a parity transformation
n->-n.

Images credit: Wayne Hu



E and B modes credits:

Wayne Hu
Superimposing wavevectors

B-modes have handedness or odd parity

E-modes B-modes



E-modes = Q 1n k coordinates
B-modes = U 1n k coordinates

\ B <0

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



density perturbations
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B-modes

These gravitational waves would produce a characteristic swirl pattern

(called B-modes) in the polarization of the CMB:
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Detecting these B-modes is a central goal of observational cosmology.
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B-modes

1s space flat how much of the Universe i1s
or curved? ordinary matter?

10° 0 ~—
how many light relic
particles are there?
r / | r
101 -
e TT
— when did the first —_— TE
~N o 107 )
\/ stars form: =101 R0 — EE
3 what 1s the mass of _
-:: AR - |ensing B-modes
Q === Drim B-modes, r=0.003
10-3 - —— prim B-modes, r=0.01

ﬁl

107> - when and how did
inflation happen?

10~

10! 102
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Past and On-going experiments

athiaM CMB Stage |l

SPTPol

Josquin Errard (APC/ CNRS) — IDPASC 2025 — credits: D. Baumann



exemple d’observatoire de
la polarisation du CMB :
POLARBEAR

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



exemple d’observatoire de
la polarisation du CMB :
POLARBEAR

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann
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Design: Eve Barlier & Josquin Errard,
funded by ERC Scipol N0.~101044073,
CNRS, 2025. All rights reserved.
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Errard et al. (IN2P3 Prospectives 2020)

o space-based experiments
= 1071 stage-1 - ©(100) detectors
cé) = stage-2 - O(1, 000) detectors
'GC) v = stage-3 - (10, 000) detectors
%3 5 == = stage-4 - O(500,000) detectors
3> 10
5>
g2
© o 1073
E n
2001: ACBAR S CMB-S4
16 detectors 1
T Q 10-4- il ,
T (‘U ]
" RRP 2007: SPT i , | , | , | , |
S AnRa 960 detectors 2000 2005 2010 2015 2020 2025 2030 2035 2040
AN Stage-2 years
- —— 2012: SPTpol
P | {5| ~1600 detectors
o .“ ...... » - .A . Stage_s
N 2016: SPT-3G
, ~16,000 detectors Stage-4
—— | J _ 202: CMB-S4
' ‘ 500,000 detectors
.
Detector sensitivity has been limited ’
by photon “shot” noise for last ~15
years; further improvements are made
only by making more detectors! o

credits: Nils Halverson
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Z.0oom on an
On-going experiment:
the Stmons Observatory
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IR, 1wo surveys are needed to measure large- and
N OBSERVATORY >
B small-angular scales
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Measuring large-scale correlations

SAT focal plane with 7 detector arrays From: Gabricle Coppi, Rolando Dunner,

Federico Nati, Matias Rojas
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First Light Maps from SATs

First Light of Jupiter, Oct 2023

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann
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Galaxy center maps in comparison with Planck demonstrate
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LiteBIRD is the next-generation CMB satellite selected by JAXA as é Strategic Large
Mission to be launched in. 2029 | '
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- 50x-Planck sensitivity on large angular scales’

15 frequency -bands
40 < v <402 GHz T

. telescopes + 3 instruments
rotating half-wave plates
year observation at L2 - -

AAAAA
N

S

1
»4‘_—!,-_»4 =1

AN
vvvvvv

g




A B-mode detection would be a milestone towards a complete
understanding of the origin of all structure in the Universe:

10?5 370000 yrs 1 billion yrs

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Cosmic Birefringence

In classical electromagnetism birefringence reters
to the optical property where polarization
states experience a different refractive index
and propagate in different paths.

In a cosmological context — The interaction with new particles or fields beyond the standard
model, potentially linked to dark matter or dark energy, would rotate the polarization plane of
CMB photons as they travel through space.

This effect 1s called cosmic birefringence. It creates specific correlations in GCMB polarization that
would be zero otherwise and a B-mode signal not due to primordial gravitational waves. A detection
would provide evidence for new physics and valuable insights into the dark components of the
Universe.

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Imagine that space is filled with a pseudoscalar field coupled to photons via the CS term.

Scalar field DM/DE coupled to the CS term

DM = Dark Matter; DE = Dark Energy; CS = Chern Simons

I=/d4x\/jg

1

2

(0x)° — V(x)

e ¥ is a neutral pseudoscalar field (spin 0).

 Why consider x as a good DM/DE candidate?

1 o =

_ _F? FF

4 A
We wrote

p ==

f

 Why not? We have an example in the Standard Model: a neutral pion.

. We expect a =~ app =~ 1072and f < Mp| ~ 2.4 x 10! GeV.

e ¥ can be composed of fermions like a pion, or a fundamental pseudoscalar

like an “axion” field.

4 Jim Simons in 2023

https://einstein-chair.github.io/simons2023/




Alternative solution: artificial calibrator
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We have a remarkably consistent picture of the history of the Universe from

fractions of a second after the Big Bang until today:

10 us 1s 3 min 370 000 yrs 1 billion yrs

We also have tantalizing evidence that the primordial seed fluctuations for the

formation of structure were created during a period of inflation:

Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Observations of the CMB have revolutionized cosmology:

(2

As o Tlg

Yet, many tfundamental questions remain:

e What is dark matter and dark energy?
e Did inflation really occur? And what was driving it?

e What is the origin of the matter-antimatter asymmetry?

We hope that future observations will shed light on these questions.
Josquin Errard (APC/CNRS) — IDPASC 2025 — credits: D. Baumann



Cosmic First Stars, Expansion
Background Stars  Galaxies Accelerates
Afterglow

113.7 113.3 |5

Billions of Years Before Today
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Gravitational lensing

-0.0016 0.0016
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