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Planck in cartoons

Telescope

Instruments

_ Service Module
Solar array

I'F to Ariane

Planck has two instruments, the
Low Frequency Instrument (LFI)
and the High Frequency
Instrument (HFI) in a shared focal
plane containing 74 channels and
covering 8 degrees on the sky.
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Planck in February 2009




Planck
Satellite launch
14/5/2009
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Comparison with COBE and WMAP
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The CMB Angular Power Spectrum
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A Brief History of the CMB Anisotropies Angular Spectrum
(Theoretical predictions)

(57/r)k2

Doroshkevich, A. G.; Zel'Dovich, Ya. B.: Syunyaev, R. A.
Soviet Astronomy, Vol. 22, p.523, 1978




A Brief History of the CMB Anisotropies Angular Spectrum
(Theoretical predictions)
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Wilson, M. L.; Silk, J., Astrophysical Journal, Part 1, vol. 243, Jan. 1, 1981, p. 14-25.
1981




A Brief History of the CMB Anisotropies Angular Spectrum
(Theoretical predictions)
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Bond, J. R.; Efstathiou, &.; Royal Astronomical Society, Monthly Notices
(ISSN 0035-8711), vol. 226, June 1, 1987, p. 655-687, 1987




A Brief History of the CMB Anisotropies Angular Spectrum
(Theoretical predictions)
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Hu, Wayne; Scott, Douglas: Sugiyama, Naoshi; White, Martin.
Physical Review D, Volume 52, Issue 10, 15 November 1995, pp.5498-5515




A Brief History of the CMB Anisotropies Angular Spectrum
(Experimental Data)

Scott & White (1994)
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In 1995 Big Bang Model was nearly dead...

natur e International weekly journal of science

Access
To read this story in full you will need to login or make a payment (see right).

nature.com > Journzl home > Table of Contents

News and Views

Nature 377, 99 (14 September 1995) |

Big Bang not yet dead but in decline
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John Maddox %] Export citation

= R h i
The latest measurements of the Hubble constant make the « Top B Rights and permissions

Big Bang account of the origin of the Universe more @ oOrder commercial reprints
dependent on the coincidence of numbers than it has so far been. > Bookmark in Connotea
But it remains the only theory in the field.

Is there a crisis in cosmology, or is it that the latest measurement of SEARCH PUBMED FOR

the Hubble constant is yet another of those numeri-cal » John Maddox
disagreements that plague the field from time to time? That is the
question inevitably prompted by last week's article by N.
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A Brief History of the CMB Anisotropies Angular Spectrum
(Experimental Data)
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Collection of CMB anisotropy data from C. Lineweaver et al., 1996




CMB anisotropies pre-WMAP (January 2003)
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1004+1)Cr/2m (uK?)

cosmic variance

T

TT Cross Power
Spectrum

— A - CDM All Data
3  WMAP
¢ CBI

ACBAR

Reionization

TE Cross Power
Spectrum

| Temperature
85% of sky

/ Best fit model

Spergel et al, 2003

Temperature-
| polarization

100 200
Multipole moment (1)




Planck 2013 TT angular spectrum

Angular scale
0.2°
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The CMB Angular Power Spectrum

Rm.s.of AT /Thas I(+1)C,/2n

power per decade in I:
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We can extract 4 independent angular
spectra from the CMB:
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Temperature

Cross Temperature Polarization

Polarization type E (density fluctuations)
Polarization type B (gravity waves) 0.01

10 100
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Planck 2013 release is only temperature ps.




Cross Temperature-Polarization spectrum
(not present in this release)
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Red line: best fit model from the temperature angular spectrum !!!
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Polarization spectrum
(not present in this release)
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Planck 143+217

Red line: best fit model from the temperature angular spectrum !!!



Gravitational Lensing

The gravitational effects of intervening matter bend the path of CMB light
on its way from the early universe to the Planck telescope. This
“gravitational lensing” distorts our image of the CMB




Gravitational Lensing

A simulated patch of CMB sky — before lensing

s r,
’ 0




Gravitational Lensing

A simulated patch of CMB sky — after Iensmg

«'r—'g"- ~Tf*' ?




Planck dark matter distribution throught CMB lensing

Galactic North Galactic South




PLANCK LENSING POTENTIAL POWER SPECTRUM
Measured from the Trispectrum (4-point correlation)

143GH
prediction based on the primary 17GH2 |

CMB fluctuations and the 2 MV
standard model
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It is a 25 sigma effect!!
This spectrum helps in constraining parameters




How many parameters are needed to

describe the CMB anisotropies ?




Enrico Fermi:"l| remember my friend Johnny von
Neumann used to say, 'with four parameters | can fit
an elephant and with five | can make him wiggle his

trunk.”




The standard cosmological model

Assumes General Relativity, Inflation, Adiabatic and Scalar Perturbations, flat
universe.

Friedmann-Robertson-Walker (or Friedmann-Lemaitre) metric. Hubble

Constant (+1)
H,=100h km/ s/ Mpc

3 Energy components: Baryons, Cold Dark Matter, Cosmological Constant (+3).

2
2 —
w,=Q,F  Ocpy =Qcpyh

Flat Universe (-1).

Initial conditions for perturbations given by Inflation: Adiabatic, nearly scale
invariant initial power spectrum, only scalar perturbations. Two free
parameters (+2): Amplitude and Spectral index.
Pivot scale is usually fixed to:

k "S
Ak)=~ As[k—J k, =0.002 hMpc™
0

Late universe reionization characterized with a single parameter(+1) : optical
depth 1 or reionization redshift z.

Total: 1+3-1+2+1= 6 parameters.




Planck 2013 TT angular spectrum

Angular scale
0.2°

500 1000 1500 2000
Multipole moment, /¢




Constraints

Planck Planck+lensing Planck+WP

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits

0.022068  0.02207 £ 0.00033  0.022242  0.02217 £ 0.00033  0.022032  0.02205 = 0.00028

0.12029 0.1196 + 0.0031 0.11805 0.1186 = 0.0031 0.12038 0.1199 = 0.0027
1.04122 1.04132 + 0.00068 1.04150 1.04141 = 0.00067 1.04119 1.04131 = 0.00063

0.0925 0.097 + 0.038 0.0949 0.089 = 0.032 0.0925 0.089$:3:3

0.9624 0.9616 + 0.0094 0.9675 0.9635 = 0.0094 0.9619 0.9603 = 0.0073

3.098 3.103 £ 0.072 3.098 3.085 + 0.057 3.0980 3.089%3%;

0.6825 0.686 + 0.020 0.6964 0.693 = 0.019 0.6817 0.685£:3:2

0.3175 Aata a0 nanae a7 019 03183 0.315:0016

0.8344 J.018 0.8347 0.829 +0.012

Parameter Nine-year

11.35 Fit parameters - 11.37 11.1 £ 1.1

67.11 s:z,,h’-’ 0.02264 £ 0.00050 | 5 67.04 673+ 1.2
0. h2 0.1138 + 0.0045
0y 0.721 £+ 0.025
10°A% 2.41+0.10
ne 0.972 +0.013

WMAP9 T 0.089 + 0.014

Derived parameters
to (Gyr) 13.74 £ 0.11
Hy (km/s/Mpc) 70.0 + 2.2
os 0.821 £ 0.023
Qp 0.0463 £ 0.0024
Qe 0.233 £ 0.023
Zreion 10.6 £ 1.1




The basic content of the Universe

Dark Matter 22.7% Dark Matter 26.8%

E ey /2.8% Dark Energy

Before Planck After Planck

...has changed!
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Astronomers determined that the universe is actually 13.8 billion years old, about 80 to 100
million years older than previously believed, and that it is also a bit wider than once thought.
What do you think?

“How embarrassing.” “Typical. You give birth to a few “Just like it says in Leviticus.”
_ trillion galaxies and then people _

Victoria Rosegard — Chris Vanderhorst —

Street Cleaner just talk about how old and fa[ Systems Analyst

you've gotten.”




Constraints on LCDM

— Pk iy Planck improves the

—  Planck+WP

Lower — vy constraints by a factor
Baryon 2-3 respect to WMAP9

Density
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Angular scale
0.2°

500 1000 1500 2000
Multipole moment, /

Why we see this shift ?

- Planck at WMAP resolution gives similar answer to WMAP.

- Shift is compatible in between two standard deviation.

- Not clear if connected with systematic at high-l or to anomalies at
low-l. Planck high-I data makes these anomalies more significant.
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Comparison with other datasets: Hubble Constant

The value of the
Hubble constant
from Planck is in
tension with the

Riess et al. 2011
result.

~ Planck

——

WMAP9

——

Cepheids+SNela

——

Carnegie HP

——

HST Key Project

UGC 5789

- RXJT131-1231

| S/ clusters
T B

Planck + WP

70 75 80

Hy [km s~ '"Mpc™]

H, =67.37 [km/s/Mpc]

HST (Riessetal) H, =73.8*>; [km/s/Mpc]



Comparison with SN-la data

The value for the matter density

inferred from SNLS survey is smaller

than what observed with Planck assuming
a flat universe.

Better agreement with the Union2 catalog.




Comparison with BBN and primordial He and D

' T T L ' L2 T L '

—

Aver et al. (2012) Standard BBN

—

1

0.018 0.020 0.022 0.024 0.026

Wh

Very good agreement. Lower baryon density. But the recent Pettini and Cooke D
measurement is a bit too low for Planck (1 sigma tension).




Should we care about a 2-3 ¢ signal ?

A MEASUREMENT OF EXCESS ANTENNA TEMPERATURE
AT 4080 Mc/s :
' Discovery of the CMB was

From a combination of the above, we compute the remaining unaccounted-for antenna made at 3.5 o !
temperature to be 3.5° + 1.0° K at 4080 Mc/s. In connection with this result it should
be noted that DeGrasse ef al. (1959) and Ohm (1961) give total system temperatures at
5650 Mc/s and 2390 Mc/s, respectively. From these it is possible to infer upper limits to
the background temperatures at these frequencies. These limits are, in both cases, of the
same general magnitude as our value.

Observational Evidence from Supernovae for an Accelerating Universe and a [)j scovery of the acce|erating
Cosmological Constant .
universe was made at 2.8 o !

of the expansion (i.e., gg < 0). With no prior constraint on mass density other than Qs > 0,
the spectroscopically confirmed SNe Ia are statistically consistent with gy < 0 at the 2.8¢




Comparison with BAO surveys

Acoustic scale — Distance
ratio from BAO and Planck.
Planck uncertainties are

in grey.

—
.
—

Very good agreement
with BAO surveys
and Planck data

in the LCDM
framework.
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Green: 6df

Purple: SDSS DR7 (Percival)
Black: DR7 (Padmanabhan)
Dark Blue: BOSS

Light Blue: Wiggle-z




Cosmological (Massless) Neutrinos

Neutrinos are in equilibrium with the primeval plasma through weak
interaction reactions. They decouple from the plasma at a temperature

T, =IlMeV

e
We then have today a Cosmological Neutrino Background at a temperature:

1/3

T=G% T, ~1.945K — kT, ~1.68-10™" eV

Vv

11
With a density of:
3 S (3) 3 3 -3
n,= i — &Iy = mn, ; =0.1827- 17 =112cm
for a relativistic neutrino translates in a extra radiation component of:

4/3

Q h2=z(i) N Q

v eff ==y
4111 Nzﬁ,

h2 Standard Model predicts:
= 3.046




Probing the Neutrino Number with CMB data

Changing the Neutrino effective number
essentially changes the expansion rate
H at recombination.

So it changes the sound horizon at
recombination:
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and the damping scale at recombination:
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Once the sound horizon scale is fixed, increasing Multipoles (1)

Neff decreases the damping scale and

the result is an increase in the small angular scale anisotropy.

We expect degeneracies with the Hubble constant and the Helium abundance.
(see e.g. Hou, Keisler, Knox et al. 2013, Lesgourgues and Pastor 2006).




Constraints from Planck and other CMB
datasets (95% c.l.)

Planck alone (no pol.) N}, =4.53"

Planck + WP N, =3.5177%
Planck + WP + Lensing Ny, =3.39707
Planck + WP + highL N!, =3.36"¢,

Planck + WP + highL + Lensing N, =3.28"(¢]

Conclusions:

Neff=0 is excluded at high significance (about 10 standard deviations). We need a
neutrino background to explain Planck observations !

No evidence (i.e. > 3 o) for extra radiation from CMB only measurements.
Neff=4 is also consistent in between 95% c.l.

Neff=2 and Neff=5 excluded at more than 3 o (massless).




Constraints from Planck + astrophysical
datasets (95% c.l.)

Planck + WP + BAO N}, =3.40%7
Planck + WP + SNLS N}, =3.68"7

Planck + WP + Union2 N}, =3.56%);

Planck + WP + HST N = 37302

Conclusions:
-  When the BAO dataset is included there is a better agreement with Neff=3.046.

- When luminosity distance data are included (supernovae, HST) the data prefers
extra «dark radiation». Systematics in luminosity distances or new physics ?

- With HST we have extra dark radiation at about 2.7 o. This is clearly driven by the tension
between Planck and HST on the value of the Hubble constant in the standard LCDM framework.




Can we combine Planck and HST ?

Planck and HST give very different values for the Hubble constant (68% c.l.):

Planck + WP H, =67.3"" [km/s/Mpc]
HST (Riess et al.) H, =73.8"2% [km/s/Mpc]

But the Planck result is obtained under the assumption of Neff=3.046.
If leave Neff as a free parameter we get:

Planck + WP H, =70.7%" [km/s/Mpc]

That is now compatible with HST (but we now need dark radiation).
The CMB determination of the Hubble constant is model dependent.




Anomalous Lensing Amplitude

lensing
no-lensing

16
Amplitude relative to physical

Lensing also modifies the CMB angular spectrum.

It is possible to quantify the amount of lensing in the angular spectrum by introducing

an effective amplitude.

Planck sees a larger value of the lensing in the TT spectrum at 95% c.l. respect to

the expectations of LCDM.

This is in disagreement with the lensing trispectrum (TTTT) measurement that is
consistent with LCDM. The origin of the anomalous TT lensing amplitude is yet unknown.
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Constraints on Neutrino Mass (standard 3
neutrino framework)

Planck+WP+highL

[T Pttt > my <066V (95%; Planck+WP-+highL).

Planck+WP+highL (AL)

Planck —lowlL+highL+rprior o . .

Z m, < 1.08eV  [95%; Planck+WP+highL (A;)],
= = = Planck—lowlL+lensing+ highL+rprice
v ===~ Planck—lowl+rpricr

Z m, < 0.85eV (95%; Planck+lensing+WP+highL),

> my <023V (95%; Planck+WP-+highL+BAO).

-
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X my [eV]

Planck strongly improves previous constraints on neutrino masses.

Planck TT spectrum prefers a lensing amplitude higher than expected (Atens=1.2).
Inclusion of lensing from TTTT weakens the Planck constraint by 20%

Including BAO results in the best current constraint on neutrino masses of 0.23 eV




Clusters of galaxies

Planck SZ catalog

® |227 clusters & candidates e zin[0-1]
® 683 previously known e Min[1~20] 10M

® |78 new clusters
~ 14
® 366 candidates ® Mped ~3.5 10" Mo




Evidence for a Neutrino mass from SZ Clusters counts ?

. 3 4+ Dashed:
0.88 - 1 | Planck CMB

0.84 ' 1 V | ] Red:
T _ Planck CMB+SZ
0.80 \ O S / (1-b)=[0.7,1]
0.76}
Green:
Planck CMB+SZ
(1-b)=0.8

0.72¢

0.68

: l Blue:
0.200 0.225 0.250 0275 0.300 0.325 0350 0375 0.400 : : - 6 _o. - : - Planck CMB+SZ+BAO
2, o (1-b)=[0.7 1]

- Cosmological parameters as os and Qm derived from Planck SZ clusters number counts are in
strong tension with the parameters derived from CMB TT measurements.

- Massive neutrinos could solve the tension.

- Cluster counts results are however affected by a bias b between the X-ray determined mass
and the true mass. Assuming a flat prior of [0.7,1] on (1-b) we have from Planck+BAO+SZ

% c.l):
(68 %o C ) Z m, = (0.22 £ 0.09)eV.

- Agreement could also be obtained by assuming (1-b)=0.55, a bias that is difficult to reconcile
with numerical simulations and X-ray/weak lensing comparisons (see discussion in Paper XX).




Red:
Planck+WP TT analysis
with massless neutrinos.

Purple:
Planck+WP TT analysis
with 3 0.02 eV neutrinos.

Blue:
Planck Clusters
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Constraints on Curvature

| |
—— +lensing

) +4.3 . A e .
B - lensing+BAO 100Qx = —4.2733  (95%; Planck+WP+highL);

100Qx = —1.07;5 (95%; Planck+lensing
+ WP+highL).

oI 100Qx = —0.05'0% (95%: Planck+WP+highL+BAO),
100Qx = =0.1018: (95%: Planck+lensing+WP
+highL+BAO).

0.40 0.48
Qp,

Lensing breaks geometrical degeneracies and allows a precise measurement of

curvature at 1% level.
Universe is flat, no evidence for curvature.
When BAO data is included constraints are at the level of 0.3% on curvature !




Constraints on Variations of Fine Structure Constant
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A different value of the fine structure constant in the past would change the
process of recombination. Higher alpha, quicker is the recombination...




Constraints on Variations of Fine Structure Constant
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.. and if you change the recombination you change the horizon size at recombination
quicker recombination, smaller horizon size, peaks are shifted to smaller scales...




Constraints on Variations of Fine Structure Constant

Planck+WP Planck+WP+BAO WMAP-9
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Constraints on Variations of Fine Structure Constant
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Cosmological parameters

6-parameters model

Baryon density today Q, h? 0.00028 0.00013
Cold dark matter density today Q. h? 0.0027 0.0010
Thomson scattering optical depth T 0.013 0.0042
Hubble constant [km/s/Mpc] H, 1.2 0.53

Scalar spectrum power-law index ng 0.007 0.0031

Constraints on other parameters

Effective number of neutrino species 0.42 0.18
Fraction of baryonic mass in helium 0.035 0.010
Dark energy equation of state 0.32 0.20
Varying fine-structure constant o/a, 0.0043 0.0018

Expected reduction in error bars by factors of 2 or more




Conclusions

Planck data alone provides no evidence for extra relativistic particles at recombination. Neff
is consistent with 3.046, i.e. the expected value in the standard 3 active neutrino framework.
However also a fourth neutrino is not significantly ruled out from Planck data alone.

When highL and BAO data are included we obtain Neff=3.28 + 0.3 at 68% c.l.., excluding a
fourth, massless, neutrino at about 95% c.l..

The Planck-HST tension on the Hubble constant is alleviated when variations in Neff are
considered. An agreement between Planck and HST on the Hubble parameter can be
achieved at the expenses of a dark radiation component with Neff=3.52 + 0.48 at 95% c.l.

Planck significantly improves current bounds on neutrino masses. Tension with SZ clusters
number counts can be removed with a neutrino mass.

Bounds on a fourth, massive, sterile neutrino are only marginally compatible with hints from
oscillation experiments.

All the results presented here are for light neutrinos at recombination. If the sterile neutrino
has a mass larger than 10 eV then Planck can’t exclude it (bounds from BBN).




