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Dark Energy

[ The standard model of cosmology — ACDM model ]

2
FLRW metric ~ ds® = —c*dt* + a*(t) (L + r2d£22)

equation

N\ 2
: 8rG
Friedmann Hz(z) _ (9) _ o= [(pg + P(c)><1 n 2)3 + Y

Ordinary Matter radiation
5.0% CDM

Dark Matter

68,0%

dark energy
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How to do cosmology from the CMB ?

Measuring the statistical properties of the CMB

Tempe

rature
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How to do cosmology from the CMB ?

Measuring the statistical properties of the CMB

Temperature

Spherical harmonics

o0 V4
OT(R) =) Y ag,,Y/"(6.9)
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How to do cosmology from the CMB ?

Measuring the statistical properties of the CMB

Temperature
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How to measure H0 from the CMB ?

CMB standard ruler : size of the sound horizon at decoupling imprinted in the CMB radiation




How to measure Ho from the CMB ?
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How to measure H0 from the CMB ?
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How to measure H0 from the CMB ?

Now 'DZ is known




How to measure H0 from the CMB ?

Now 'DZ is known
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How to measure Ho from the CMB ?

Now 'DZ is known
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Measurement from Planck data ...

67.40 %= 0.50

Planck 2018
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Hy [km/s/Mpc]



... and here comes the tension
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the local measurement of H
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... and here comes the tension
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Systematics affecting the CMB
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Systematics affecting the CMB

ST (R) = Iy * 6T (R)
E°™(R) = Ip * E™Y(R)

e Finite angular resolution (beams)

Beams

IT:]:T*C*BT
IE:fE*C*CE*BE




Systematics affecting the CMB

obs/ A\ __ sky /
5Tb (ATL) =1y * 5{ A(n) e Finite angular resolution (beams)
E°™(n) = I x E*Y(n) e Calibration

IT:]:T* C=|<BT
IE:fE*C=kCE*BE

Calibration




Systematics affecting the CMB

obs / sky /
Tb (ATL) Ir * 5{ A(n) e Finite angular resolution (beams)
E°™(n) = I x E*Y(n) e Calibration
e Polarization efficiency

IT:]:T*C*BT
Trp = Fg *cx|cg|* Bg

Polarization efficiency



Systematics affecting the CMB

ST (R) = Iy * 6T (R)
E™ (1) = Tg « B (7)

Finite angular resolution (beams)
Calibration

Polarization efficiency

Transfer functions (map-making)

ZT:]:T*C*BT
IE:FE*C*CE*BE

Transfer
functions



Systematics affecting the CMB

ST (R) = Iy * 6T (R)
E°™(R) = Ip * E™Y(R)

Finite angular resolution (beams)
Calibration

Polarization efficiency

Transfer functions (map-making)

These instrumental effects are
multiplicative in harmonic space

C, 0 = (BBl ert
CFE = (FE PR (BEPCE"

TE,ob T nE~EE
C, " = Fl Ffctep Bl BF O



Correlation coefficient between T and E
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Correlation coefficient between T and E
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Planck correlation coefficient

Bestfit from Planck TT,TE,EE

Planck correlation coefficient

x*/d.o.f =52.16/52 (PTE = 0.47)
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Planck correlation coefficient

Planck standard analysis (C))
Planck correlation coefficient (R,')
3.30 away from the latest
0.023 SHOES measurement
go.ozz ﬂ
H, = 67.5 +/- 1.3 [km/s/Mpc]
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La Posta+ 2021 [Phys. Rev. D 104, 023527]



Back to the Hubble tension ...

67.40 =£0.50
Planck 2018
73.04+1.04
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SHOES (Riess et al. 2021)
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... with additional constraints from the CMB

67.40 = 0.50
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Physics beyond ACDM



Beyond ACDM ...

Motivation : higher H, value = lower D,

0 Ty . [T dz
* — Decrease "', = —CS(Z)

~ DY, . H)
!

= pr(2) + p(2)

3]—]eQarly (Z)
8t




Proposed solution : Early Dark Energy

Motivation : higher H, value = lower D,

*

0, = T —— Decrease ", = OOKC (Z)
" Dy ). H(z) "
3HeQarly(Z>
L = pu(2) + pun(2) om0 (2)

Poulin+ 19



Proposed solution : Early Dark Energy
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Proposed solution : Early Dark Energy
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Lots of data are now available from the
Atacama Cosmology Telscope




