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Planck unveils the Cosmic Microwave Background
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Planck History in Brief

First conceived in 1992, proposed to ESA in 1993
Payload approved in 1996

Launched in May 2009, started to survey the sky in August of
the same year

Nominal mission completed at the end of 2010

— but continued to gather data with the full payload until
January 2012

- ... and it continues to gather data with LFI only until the fall
(August end of 8 full sky survey)

Planck is an ESA mission: ESA, European industries, and the
international technological and scientific community have
contributed to its realisation and success

Planck has been founded by the European members state Space
Agencies and by NASA: ASI and CNES are the leading Agencies.

— Thousands of engineers and scientists were involved from
~100 scientific institutes in Europe, the USA, and Canada

— Two scientific Consorzia (LFI led by N. Mandolesi and HFI by
Jean Loup Puget) were responsible for the delivery of the
Instruments to ESA, the mission data analysis and the
delivery of the data and results to the open scientific
community



First cosmology release: 29 papers...about 1000 pages !!!!

Ovirview or
PRODUCTS & RESULTS

THE INTEGRATED
SACHs-WOLFE




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.




Planck being assembled




Planck in February 2009




Planck
Satellite launch
14/5/2009
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Planck in L2 Orbit since 7/2009
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DISTANT OUTPOST: HERSCHEL AND PLANCK IN

Herschel G. .3
'

Herschel orbit
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The Cosmic Microwave Background

Discovered By Penzias and Wilson in
1965.

It 1s an 1mage of the universe at the
time of recombination (near
baryon-photons decoupling), when the
universe was just a few thousand years

old (z~1000).

The CMB frequency spectrum

1s a perfect blackbody at T=2.73 K:
this 1s an outstanding confirmation
of the hot big bang model.
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The Microwave Sky

COBE (circa 1995) @90GHz

Uniform...
/

First Anisotropy we see is a Dipole
anisotropy:

Implies solar-system barycenter
has velocity v/c~0.00123 relative
to 'rest-frame’ of CMB.

If we remove the Dipole anisotropy
and the Galactic emission, we see

< -, anisotropies at the level

=~ / of (AT/T) rms~ 20 uK (smoothed on
N ~7° scale).

These anisotropies are the
imprint left by primordial tiny
density inhomogeneities
(z~1000)..

"~ AT = 18 uK 15
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Planck 2013 CMB Map
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Comparison with COBE and WMAP

Planck




planck The sky as seen by Planck ess
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The CMB Angular Power Spectrum
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A Brief History of the CMB Anisotropies Angular Spectrum
(Theoretical predictions)
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Soviet Astronomy, Vol. 22, p.523, 1978




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

Collection of CMB anisotropy data from C. Lineweaver et al., 1996
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Planck 2013 TT angular spectrum

Angular scale
90°  18° 1° 0.2° 0.1°

2 10 50 500 1000 1500 2000
Multipole moment, 7
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The CMB Angular Power Spectrum

Rm.s. of AT /T has l(l+1xl/2:n:

power per decade in I:

<(AT/T)Z> _ (2l+1)

rms 43'5

We can extract 4 independent angular
spectra from the CMB:

- Temperature

- Cross Temperature Polarization
- Polarization type E (density fluctuations)
- Polarization type B (gravity waves)

”)c, dlnl
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Planck 2013 release is only temperature ps.
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Cross Temperature-Polarization spectrum
(not present in this release)
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Polarization spectrum
(not present in this release)
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How many parameters are needed to
describe the CMB anisotropies ?



Enrico Fermi:"| 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.”
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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).
Flat Universe (-1).

2
2 hed
w,=QF Ocpy =2cpyh

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 ng '
A k)~ .4\[1" ] k,=0.002 hMpc"’
0 .,

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

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



We can measure cosmological parameters with CMB |

Temperature Angular spectrum varies with ot , Lo, L2, A, T, b, 1,
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How to get a bound on a cosmological

parameter
Fiducial cosmological model: ﬁrm
(Qh?,Q.h? h,n,7,2m,) ‘ ‘ ——/\,k

\ A :
oy s
'R

T==" TDATA

‘}I - PARAMETER
ESTIMATES

BEAEEE
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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

41



Gravitational Lensing

A simulated patch of CMB sky - before lensing

k &ﬁ, 'f"té o F’
oY g
m

42



Gravitational Lensing

A simulated patch of CMB sky - after Iensmg
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Planck dark matter distribution throught CMB lensing

Galactic North Galactic South
44



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

20387 : 9 L . 0.2°

100GHz

o , 143GH:
prediction based on the primary 217GH: :

CMB fluctuations and the vara BRI
standard model

(L(L+1))2 E5 J2n

92 10 100 500 1000 1500 2000

It is a 25 sigma effect!!
This spectrum helps in constraining parameters



Planck 2013 TT angular spectrum

Angular scale
90°  18° 1° 0.2° 0.1°

2 10 50 500 1000 1500 2000
Multipole moment, /
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Spectral
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Constraints on LCDM

Planck improves the
constraints by a factor
2-3 respect to WMAP9
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Constraints

Planck Planck+lensing Planck+WP
Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits

4 0022068  0.02207 +0.00033  0.022242  0.02217 £0.00033 0022032  0.02205 = 0.00028
o W 012029 01196+ 00031  0.11805  0.1186+0.0031  0.12038  0.1199 £0.0027
MORGE om 1.04122 104132000068 104150 104141 £0.00067 104119 104131 £ 0.00063
TRV e 0.0925 0.097 + 0.038 0.0949 0.089 + 0.032 0.0925 0.089:9012
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IfB0™AY i iivv i 3.098 3.103 £ 0.072 3.098 3.085 + 0.057 3.0980 3.089:002
B oaaei s 0.6825 0.686 + 0.020 0.6964 0.693 £ 0.019 0.6817 0.6857001%
- RS 0.3175 AERSEARE e ~oem - 9019 0.3183 0315130
B RN SO 0.8344 i PR ).018 0.8347 0.829 £0.012
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Q5 0.721 £ 0.025

10°A% 2.41£0.10

n, 0.972 £0.013

T 0.089 = 0.014

WMAPQ Derived parameters

to (Gyr) 13.74 £ 0.11

Hy (km/s/Mpc) 70.0 £ 2.2

as 0.821 = 0.023

147 0.0463 = 0.0024

0, 0.233 + 0.023 48
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The basic content of the Universe

Dark Energy AR RIS 68.3%

Before Planck After Planck

...has changed!



You are currently viewing the U.S. Edition of NYTimes.com. To switch to the Global Edition, sedect from the menu below.

Try a Digital Subacription Log In  Regstar Now

HOME PAGE  TODAY'S PAPER | VIDEO MOST POPURAR = U.S. Edtion +
SALOBAL IDITION
Ehe Xew JJork Evmes

Ehl;n'.\t;u;;];;rauu ?l p\. ‘l, k ?'

AND } WOl - (/ ]c -~ l‘ or L““cs UNDER €1 FOR YOUR
SUBSCRIBE 7O FIRST FOUR WEEKS,

THE NEW YORK TIMES. GET UNLIWITID ACCESS »

Monday, July 29, 2013 429 MM ET

1 FOR YOUR GLOBAL EDITION

:‘.‘L EKS Ehe New {Jork Times

SUBSCRIBE TO THE NEW YORK TIMES.

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?

“Just like it says in Leviticus.”

“Typical. You give birth to a few

trillion galaxies and then people BRI AL 2

stame Anahsat
2NTIS AN SH

just talk about how old and fat ~ Syste

you've gotten.™

50



Comparison with other datasets: Hubble Constant

The value of the Planck

Hubble constant WMAPS

from Planck is in e

tension with the Cepheids+SNela
Riess et al. 2011 —.

result.
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Comparison with SN-la data

e T e T T R TS
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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 BAO surveys
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ratio from BAO and Planck. x
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Very good agreement N 100
with BAO surveys & i
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Comparison with BBN and primordial He and D

I
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Very good agreement. Lower baryon density. Recent Pettini and Cooke D
measurement maybe a bit too low for Planck (1 sigma tension).



Cosmological (Massless) Neutrinos

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

T, =lMeV

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

1/3

I = (14—1) T, =1.945K — kT, ~1.68:10%eV

With a density of:

n, = jg(f) g, T} —n, . ~0.1827 T} ~112cm™
T k

for a relativistic neutrino translates in a extra radiation component of:

) 7( 4 43 2 Standard Model predicts:
Qh==|—=| N,QHh
4\11 NY, =3.046



Probing the Neutrino Number with CMB data

18

Changing the Neutrino effective number
essentially changes the expansion rate

-

H at recombination. a) s
So it changes the sound horizon at £
recombination: = 6
®
e e o, da <
P, = /'| csdt/a = /.. (':211 : ’E: 18
%
i 14
and the damping scale at recombination:
BiLb.. 5 10
o 0. \2 /"Q' da R* + %(1 + R)
'y = LT . - ;
Lt o @a*crn.H | 6(1+ R?) 6

Once the sound horizon scale is fixed, increasing
Neff decreases the damping scale and

; [ N = 2.0

- | $ WMAP7

3 | IR\ § ACT

1 3 i \  HEN I ACBAR

k ¥ B 2 i

[ ; 3 L \37 ) N

L '.'. \ f‘ ".. L ] .\-.

s ‘ ’\\ = "

E ® N.m = 5 0 i .‘t‘; 1§
8 $ wMAP?

a { SPTsim

3 .
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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).

Multipoles (1)



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

We combine the constraints from the Planck temperature power spectrum with
the following datasets:

- WP is WMAP Polarization. We include the large angular scale E polarization data
from WMAP9.

- highL includes the ACT dataset in the region 540 < | < 9440 (Das et al., 2013) and the

SPT dataset in the Region 2000 < | < 10000 (Reichardt et al., 2012). The ACT and SPT datasets
are used mainly for foregrounds subtraction. ACT dataset has also mild effects on cosmological
parameters.

- Lensing includes information on the CMB lensing amplitude from Planck trispectrum
data (see Planck cosmology paper XVII).

Caveat: all the results that we are going to show have been obtained assuming a value for the
primordial Helium computed assuming Big Bang Nucleosynthesis. Removing this assumption
would slightly affect the values for Neft.



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

Planck alone (no pol.) Ny, =4.53"

Planck + WP N, =3.5177%
Planck + WP + Lensing Ny = 3.39%7
Planck + WP + highL N, =3.36"0¢,

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"0%
Planck + WP + Union?2 N}, =3.56);
Planck + WP + HST N!, =3.73"3,

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.



Constraints on Neutrino Mass (standard 3
neutrino framework)

l O ey § X Planck +WP+highl
. \ N ‘\-/ ri"\ "\ = = = Planck +lensing+ +hi . .
\\;_, % T R Z my, < 0.66eV (95%:; Planck+WP+highL).
08 | ‘\\ ._\\.“ \\ Planck +WP+highl (Ay) J
\ \‘ \‘ Planck —lowl+highL+rprior
\\. % S im Z m, < 1.08eV [95%:; Planck+WP+highL (A; )],
06 L '|| \\ ‘\ = = = Planck—lowl.+lensing+highl +pricr |
\\ ‘\ i \' cmee Planck <kl +Tprior
04} \\ A : “\ 4 Z m, < 0.85eV (95%; Planck+lensing+WP+highL),
0.2+ \\ T 1D m <023eV  (95%; Planck+WP-+highL+BAO).
0% : i e, e, e g )V ORR
0 04 0.8 1.2 1.6 2.0
X my [eV]

- Planck strongly improves previous constraints on neutrino masses.

- Planck TT spectrum prefers a lensing amplitude higher than expected (Acens=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

® 1227 clusters & candidates e zin[0-1]
® 683 previously known e Min[1~20] 10"M.

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



Evidence for a Neutrino mass from SZ Clusters counts ?

v v v v 1 o T {  Dashed:
0.88 AR ' 1\ /\ ' Planck CMB
™ ( \/’// 1 ' / | Red:
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- 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

68% c.l):
(68% c.l) > 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).



SSE | Red:

. Planck+WP TT analysis
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Constraints on active neutrinos masses in
presence of a massless sterile neutrino

T T
4.8 |- Planck+WP-+highl

40 E

N et

4

2.4

0.0 0.2 0.4 0.6 0.8 1.0
rm, [eV]

- No correlation between Neff and the mass of the 3 active massive neutrinos.



Constraints on a massive sterile neutrino

This is clearly model dependent.

We assume the extra neutrino to contribute to

Neff when is relativistic and to contribute to
the energy density as

o

mT = (94.1w,, gerite) €V

v, sterile
when is non-relativistic.
If we now assume a model this introduces a
relation between the two parameters.

%0

100

-1 0112 £

If thermally distributed with a temperature Ts: T
«ff
1 . stenle [eV]
ff - \3,..thermal 1/4 lh rmal
’":'. sterile — (T“/T‘) ’"\lknlg (ANU ) \l:nlg

If distributed proportionally to active neutrinos
with an arbitrary scaling factor function of the active—sterile
neutrino mixing angle (Dodelson-Widrow model):

ff DW - e
’"t sterile = X""\( erile \Vllh ANC" = Xs:
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< 0.120

8]

Y

0.096
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Constraints on a massive sterile neutrino

Please note: f o

Neff refers only
to relativistic
neutrinos at
recombination !

If we have a mass
above 10 eV

CMB is not sensitive
to this and is like
adding a cdm
component.

1.2

eff
u sterile

1.8
[eV]

Negr < 3.91

mt < 0.59¢V

v, sterile

1

stenle
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Tensor-to-Scalar Ratio (r)
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0.00
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Primordial Tilt (n.)

Main constraint on Inflation physics

Planck+WP
Planck+WP+highL
Planck+WP+BAO
Natural Inflation ¢
Power law inflation g
SB SUSY

R2

V x ¢?

V x ¢*3

V x o

V x &

Consistent with single
field slow roll, standard
kinetic term & vacuum
(with f,, upper limi5),




Constraints on Dark Energy

- Planck+WP+BAO —  Planck +WP+SNLS
—  Planck+WP+Union2.1 —  Planck+WP
1 1 1 1
10 ¢ ] 16 | .
0.8
08 F -1
9; 0.6 g |
a 0.0 I - = — -
0.4 \ ,
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0.2 -0.8 | \
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Wo

Planck in combination with SN-la datasets provides constraints on the dark energy
equation of state.

Planck+SNLS hints for w<-1 or for evolving w(z) at more than 95% c.l..

Similar conclusions from the Union2 dataset but with less statistical significance
(68% c.l.). However the SNLS will revise their data (Pain talk at ESLAB-47). !



Constraints on Curvature

080 N | | 1 1
N — +lensing 75 :
N\ 4 s . L y - .
g & B +lensing+BAO 10082 = -4.:’_4§ (95%:; Planck+WP+highL),
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0.72 | . ‘ —
i + WP+highL).
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] | 1 1 40
0.24 0.32 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 !



100

Constraints on Variations of Fine Structure Constant

Planck+WP Planck+WP+BAO WMAP-9

log(10"°A)) . ...
TS wx. s v aciars
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How test for Gaussianity? And how?

The power spectrum compares two points separated by one angle:
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To check for non Gaussianity you can compare three points at two angles:
the “power” bispectrum.
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Primordial non Gaussianity

-
Bispectrum measured by Planck B
Can be used to constrain models of non |
Gaussianity
One number for all: of
S|
ts 2F AN
NL -'
f"=27+58 :
O+
ok
wn
The fluctuations are consistent with the |
Gaussian assumption. This is yet ol
another confirmation of the inflation 0

theory.




Should we care about a 3 o 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 Discovery Of the acce|erating
Cosmological Constant universe was made at 2.8 g !

of the expansion (i.c., gy < 0). With no prior constraint on mass density other than €2, > 0,

the spectroscopically confirmed SNe Ia are statistically consistent with g < 0 at the 2.80



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 Yp 0.035 0.010
Dark energy equation of state w 0.32 0.20
Varying fine-structure constant /o, 0.0043 0.0018

- Expected reduction in error bars by factors of 2 or more
75



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.I..

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).



