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Prawo Hubbla

Przesuni �e
ie ku 
zerwieni

Je

´

sli ´zród�o

´

swiat�a oddala si �e od

obserwatora nast �epuje wyd�u

�

zenie

fali:

�

0

= �

s

1+ �

1� �

� � (1 + z)

z =

��

�

: przesuni �e
ie ku 
zerwieni

(ang. �redshift�)

W widma
h odleg�y
h gwiazd

zaobserwowano linie znany
h nam

pierwiastków wyra´znie przesuni �ete

ku 
zerwieni.

Linie w�egla w widmie kwazara PKS 1232+0815:

Wido
zne przesuni �e
ie odpowiada z=2.34

(�

0

= 3:34 �) !

A.F.

�
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Prawo Hubbla

A.F.

�
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Prawo Hubbla

Przesuni �e
ie ku 
zerwieni

Przesuni �e
ie ku 
zerwieni w widma
h

odleg�y
h galaktyk zaobserwowa� po raz

pierwszy Hubble w 1929 r.

Zauwa

�

zy� on te

�

z,

�

ze pr �edko

´

s

´


 'u
ie
zki'

ro

´

snie z odleg�o

´

s
i �a: (prawo Hubbla)

v = H r

r - odleg�o

´

s

´


 od Ziemi, H - sta�a Hubbla

Warto

´

s

´


 podana przez Hubbla:

H � 500 km=s=Mp


prawie rz �ad wielko

´

s
i za du

�

zo :-)

Oryginalne wyniki Hubbla:

A.F.
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Prawo Hubbla

Przesuni �e
ie ku 
zerwieni

Przesuni �e
ie ku 
zerwieni w widma
h

odleg�y
h galaktyk zaobserwowa� po raz

pierwszy Hubble w 1929 r.

Zauwa

�

zy� on te

�

z,

�

ze pr �edko

´

s

´


 'u
ie
zki'

ro

´

snie z odleg�o

´

s
i �a: (prawo Hubbla)

v = H r

r - odleg�o

´

s

´


 od Ziemi, H - sta�a Hubbla

Warto

´

s

´


 podana przez Hubbla:

H � 500 km=s=Mp


prawie rz �ad wielko

´

s
i za du

�

zo :-)

Obe
ne pomiary: H � 70 km=s=Mp


A.F.

�
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Prawo Hubbla

Przesuni �e
ie ku 
zerwieni

Obserwowane przesuni �e
ie jest takie samo

w 
a�ym zakresie widma promieniowania

elektromagnety
znego.

Porównanie przesuni �e
ia w zakresie

opty
znym i radiowym:

Obserwa
ja Hubbla,

�

ze wszystkie obiekty

oddalaj �a si �e, nie wyró

�

znia w

�

zaden sposób

naszego uk�adu odniesienia.

Dowolne dwa obiekty oddala

´


 si �e b�ed �a w

ten sam sposób.

A.F.

�
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Ewolu
ja Wsze
h

´

swiata

Zasada kosmologi
zna

Kosmologia zajmuje si �e opisem Wsze
h

´

swiata na odleg�o

´

s
ia
h wi �ekszy
h

od rozmiarów wszystki
h znany
h nam struktur) �skala kosmologi
zna�

Zasada kosmologi
zna: w skala
h kosmologi
zny
h Wsze
h

´

swiat

jest jednorodny i izotropowy) materia jest roz�o

�

zona równomiernie

Przyjmuje si �e,

�

ze w trak
ie ewolu
ji Wsze
h

´

swiat 
a�y 
zas

znajdowa� si �e (w dobrym przybli

�

zeniu) w stanie równowagi termodynami
znej.

Posz
zególne rodzaje 
z �astek anihiluj �a w tym samym tempie 
o s �a produkowane.

Skala 
zasowa ty
h pro
esów� tempo rozszerzania

W miar �e rozszerzania Wsze
h

´

swiata maleje

´

srednia energia 
z �astek (temperatura).

Cz �astki zbyt masywne przestaj �a by

´


 �reprodukowane� i zanikaj �a...

Albo te

�

z �odprz�egaj �a si �e�, je

´

sli zanika i
h oddzia�ywanie z innymi 
z �astkami...

A.F.

�
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Wielki Wybu
h

Po
z �atki Wsze
h

´

swiata

Przyjmujemy,

�

ze Wsze
h

´

swiat rozpo
z �a�

swoj �a ewolu
j �e od pojedyn
zego punktu,

osobliwo

´

s
i, o niesko

´

n
zonej g�esto

´

s
i en-

ergii...

10

�43

sekundy

Wsze
h

´

swiat rozszerza si �e bardzo szybko

(tzw. in�a
ja), nierozró

�

znialne oddzia�ywa-

nia (no

´

sniki) s �a w równowadze z materi �a i

antymateri �a, np: W

+

W

�

$ q�q

http://outrea
h.web.
ern.
h/outrea
h/publi
/CERN/Pi
turePa
ks/BigBang.html

A.F.

�
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Wielki Wybu
h

10

�34

sekundy

Rozszerzanie ) spadek energii 
z �astek.

Materia znajduje si �e w stanie Plazmy

Kwarkowo-Gluonowej (QGP). Oddzia�ywa-

nia silne oddzielaj �a si �e od elektros�aby
h.

10

�10

sekundy

Oddzielenie oddzia�ywa

´

n elektromagnety-


zny
h i s�aby
h. Zanikaj �a swobodne bo-

zony W

�

i Z

Æ

(do tej pory w równowadze

z fotonami).

A.F.

�
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Wielki Wybu
h

10

�5

sekundy

Kwarki formuj �a neutrony i protony. Antyma-

teria za
zyna zanika

´


 bo promieniowanie

jest ju

�

z zbyt s�abe aby j �a w
i �a

�

z wytwarza

´


.

W mi�edzy
zasie naruszenie B�

�

B...

3 minuty

Protony i neutrony tworz �a j �adra lekki
h

pierwiastków. Wraz z zanikiem reak
ji ter-

moj �adrowy
h ustala si �e zawarto

´

s
i ró

�

zny
h

izotopów we Wsze
h

´

swie
ie.

A.F.

�
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Wielki Wybu
h

300 000 lat

Elektrony wy
hwytywane przez j �adra

tworz �a atomy. Wsze
h

´

swiat staje si �e

prze´zro
zysty dla fotonów.

1 000 000 000 lat

Forma
ja galaktyk, synteza 
i �e

�

zki
h pier-

wiastków w gwiazda
h.

A.F.

�
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A.F.
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Wielki Wybu
h

Suk
esy modelu Wielkiego Wybu
hu

� T�uma
zy rozszerzanie si �e Wsze
h

´

swiata

� T�uma
zy obe
no

´

s

´


 mikrofalowego promieniowania t�a

� T�uma
zy �uktua
je mikrofalowego promieniowania t�a

� T�uma
zy sk�ad Wsze
h

´

swiata (pierwotna nukleosynteza)

Pytania na które w
i �a

�

z nie mamy pe�nej odpowiedzi

� Dla
zego zanik�a antymateria?

� Jak formowa�y si �e struktury we Wsze
h

´

swie
ie?

� Czym jest 
iemna materia?

� Czy istnieje 
iemna energia?

A.F.

�
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Ewolu
ja Wsze
h

´

swiata

Zasada kosmologi
zna

Zasada kosmologi
zna: w skala
h kosmologi
zny
h Wsze
h

´

swiat

jest jednorodny i izotropowy) materia jest roz�o

�

zona równomiernie

Zamiast 'przep�ywu' materii we Wsze
h

´

swie
ie (pozy
ja zale

�

zna od 
zasu: r = r(t)),

mo

�

zemy opisa

´


 ewolu
j �e Wsze
h

´

swiata wprowadzaj �a
 uk�ad wspó�poruszaj �a
y si �e.

W uk�adzie tym materia (u

´

sredniona na skala
h kosmologi
zny
h) spo
zywa (r = r

0

).

Zmian�e odleg�o

´

s
i mi �edzy obiektami opisujemy poprzez wprowadzenie

zale

�

znej od 
zasy metryki:

ds

2

= dt

2

�R

2

(t)

"

dr

2

1� k r

2

+ r

2

�

d�

2

+ d�

2

sin

2

�

�

#

metryka Friedmanna-Robertsona-Walkera, k = �1;0;1: krzywizna przestrzeni

A.F.

�
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Ewolu
ja Wsze
h

´

swiata

Krzywizna przestrzeni

k = 0

k = �1

k = +1

Równania Friedmann'a

W metry
e FRW Równanie Einsteina

sprowadza si �e do równa

´

n na skal �e R(t):

H

2

=

 

_

R
R

!

2

=

8�G

3

��

k

R

2

+

1
3

�

�

R
R

=

�

3

�

4�G

3

(�+3p)

gdzie: � - g�esto

´

s

´


 materii, p - 
i

´

snienie

Sta� �a kosmologi
zn �a� wprowadzi� do swojego

równania Einstein, aby 'uratowa

´


' staty
zny i

p�aski Wsze
h

´

swiat.

A.F.

�
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Ewolu
ja Wsze
h

´

swiata

G�esto

´

s

´


 kryty
zna

Z równa

´

n Friedmanna wynika równie

�

z

zale

�

zno

´

s

´


 mi �edzy g�esto

´

s
i �a materii we

Wsze
h

´

swie
ie a krzywizn �a przestrzeni.

G�esto

´

s

´


 kryty
zna:

�




=

3H

2

8�G

� 10

�26

kg

m

3

� 10

GeV




2

=m

3

Parametry g�esto

´

s
i

(g�esto

´

s

´


 w jednostka
h �




):




m

=

�

�







�

=

�

3H

2

Je

´

sli 


tot

= 


m

+


�

= 1

) Wsze
h

´

swiat jest 'p�aski' (euklidesowy)

krzywizna k = 0

Je

´

sli 


tot

< 1

) Wsze
h

´

swiat 'otwarty'

krzywizna k = �1

Je

´

sli 


tot

> 1

) Wsze
h

´

swiat 'zamkni �ety'

krzywizna k =+1

A.F.

�
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Ewolu
ja Wsze
h

´

swiata

Model klasy
zny

D

O

ρ
m

Przyspieszenie masy m znajduj �a
ej si �e w odleg�o

´

s
i

D = r �R(t) od po
z �atku uk�adu:

m

�

D = �

GmM

D

2

= �

Gm

D

2

�

4�

3

D

3

�

Sprowadza si �e do równania na R(t) (r = 
onst):

�

R = �

4�G

3

� R

Natomiast zasada za
howania energii:

m

_

D

2

2

�

GmM

D

= 
onst

Prowadzi do:

_

R

2

=

8�G

3

� R

2

� k

Znak k jest prze
iwny znakowi 
a�kowitej energii...

A.F.

�
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Ewolu
ja Wsze
h

´

swiata

Ca�kowita g�esto

´

s

´


 materii/energii

we Wsze
h

´

swie
ie de
yduje te

�

z o

geometrii przestrzeni na skala
h

kosmologi
zny
h!

Lokalnie wiemy,

�

ze przestrze

´

n jest

p�aska (suma k �atów trójk �ata wynosi

180

Æ

).

Ale na du

�

zy
h odleg�o

´

s
ia
h trudno

to sprawdzi

´


...

A.F.

�
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Ewolu
ja Wsze
h

´

swiata

Sz
zególny przypadek: � = 0

) g�esto

´

s

´


 materii (krzywizna przestrzeni)

okre

´

sla jednozna
znie 
harakter ewolu
ji:




m

< 1 (k = �1)

) Wsze
h

´

swiat b�edzie zawsze rozszerza� si �e




m

= 1 (k = 0)

) asymptoty
znie Wsze
h

´

swiat �zatrzyma� si �e




m

> 1 (k = +1)

) Wsze
h

´

swiat kiedy

´

s za
znie si �e zapada

´




Do opisu ewolu
ji Wsze
h

´

swiata wystar
z �a (w

najprostszym modelu) trzy parametry:

H, 


m

, 


�

S
enariusze ewolu
ji Wsze
h

´

swiata

A.F.

�
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Promieniowanie t�a

Odkry
ie

Mikrofalowe promieniowanie t�a (CMB)

zosta�o odkryte w 1965 roku przez

A.A.Penazisa i R.W.Wilsona.

Rozk�ad widmowy promieniowania zgadza

si �e z widmem promieniowania 
ia�a

doskonale 
zarnego.

T = 2:725� 0:002 K

Wyniki z satelity COBE: (1999)

A.F.

�
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A.A.Penazis, R.W.Wilson, 1965

A.F.

�
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Promieniowanie t�a

Rozk�ad k �atowy

W pierwszym przybli

�

zeniu (�T � 1K)

promieniowanie t�a jest izotropowe:

Jednak gdy przyjrzymy si �e bli

�

zej

(�T � 1mK):

widzimy wp�yw ru
hu Ziemi wzgl �edem

'globalnego' uk�adu.

A.F.

�
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Promieniowanie t�a

Rozk�ad k �atowy

Odejmuj �a
 wp�yw efektu Dopplera

(�T � 200�K):

) widzimy promieniowanie naszej

galaktyki (Drogi Mle
znej)...

Odejmuj �a
 promieniowanie Galaktyki i

inny
h znany
h ´zróde� (�T � 100�K):

) za
zyna by

´


 
iekawie !!!

A.F.

�
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Promieniowanie t�a

Fluktua
je

Fluktua
je promieniowania wynikaj �a z faktu,

�

ze Wsze
h

´

swiat w momen
ie 'oddzielenia'

promieniowania nie by� 'staty
zny'.

Ca�y 
zas 'os
ylowa�' wokó� stanu równowagi,

w którym 
i

´

snienie promieniowania

równowa

�

zy przy
i �aganie grawita
yjne )

Charakter �uktua
ji w promieniowaniu t�a za-

le

�

zy od rozmiarów Wsze
h

´

swiata w 
hwili

oddzielenia promieniowania...

) zale

�

zy od parametrów kosmologi
zny
h

A.F.

�
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Promieniowanie t�a

Fluktua
je

Rozmiary �uktua
ji jakie obe
nie

obserwujemy zale

�

zy te

�

z silnie od

krzywizny Wsze
h

´

swiata !

Wyniki symula
ji:

A.F.

�
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Promieniowanie t�a

Fluktua
je

Aby opisa

´


 rozk�ad �uktua
ji dzieli

si �e obraz na ma�e kawa�ki (pixle),

a nast �epnie rozk�ada uzyskan �a

ma
ierz korela
ji na wielomiany

Legendre'a w 
os �

ij

(odleg�o

´

s
i

k �atowej).

O
zekiwany rozk�ad nat �e

�

zenia dla

posz
zególny
h 'multipoli' (wielo-

mianów danego rz�edu) zale

�

zy od

parametrów modelu

np. dla p�askiego Wsze
h

´

swiata

(
 = 1) o
zekujemy dominuj �a
ego

wk�adu od l � 200

Wyniki symula
ji dla ró

�

zny
h warto

´

s
i parametrów:

A.F.

�
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Promieniowanie t�a

Misje satelitarne najlepszy sposób na pre
yzyjne pomiary

1989 2001 2009

A.F.

�
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The Planck satellite 
•  Launched by ESA and placed in L2 orbit in 2009. Full scan every 6 month. 

13.11.2013 The Planck satellite results – J. Lesgourgues 8 

1 rotation per minute 

10% of time for tiny manoeuvres  
(data not used) •  Cost:  5 cents/european/yr   (700ME ), 400-650 scientists 

•  2 tons,   4.2m diameter,   36’000 l of 4He,   12’000 l of 3He 
 
  



The Planck satellite 
•  Launched by ESA and placed in L2 orbit in 2009. Full scan every 6 month. 
•  75 detectors cover 9 frequency channels, grouped as “LFI” (HEM transistors) and 

“HFI” (bolometers). 
•  Planck strengths: large and redundant sky coverage, number of channels & 

detectors, low detector noise (25 x better than WMAP). Resolution intermediate 
between WMAP (3 x better) and ACT, SPT. 

•  HFI requires complex cryogenic cooling at 0.1K (dilution of 3He in 4He). Designed 
for > 2 scans, achieved 5. Turned off in Jan 2012 (due to 3He level). 

•  LFI requires cooling at 20K with 4He only and proceeded until few weeks ago (8 
scans). 

•  2013 release restricted to “nominal mission”, 15 months, > 2 scans. Further 
temperature data + polarization maps differed to 2014 - 2015. 

13.11.2013 The Planck satellite results – J. Lesgourgues 11 



The Planck satellite 

7 

1.5 m telescope 

shield facing sun 

2 instruments: 
 
-  LFI (led by Italy) 
   - HEMTs (transitors) 
   - cooled at 20K 
   - sensitive to 30-100 GHz 
 
-  HFI (led by France/UK)  
   - bolometer array 
   - cooled at 0.1K 
   - sensitive to 100-857 GHz 

13.11.2013 The Planck satellite results – J. Lesgourgues 



Cosmology with the
Planck satellite

Andrea Zonca, Peter
Meinhold, Philip Lubin

Planck

Satellite

Cryogenics

Instruments

Performance

Orbit and scanning
strategy

Published results

Timeline

(Other results)

HFI Bolometers array



Cosmology with the
Planck satellite

Andrea Zonca, Peter
Meinhold, Philip Lubin

Planck

Satellite

Cryogenics

Instruments

Performance

Orbit and scanning
strategy

Published results

Timeline

(Other results)

Sensitivity

Blue book: http://www.rssd.esa.int/SA/PLANCK/docs/Bluebook-ESA-SCI(2005)1_V2.pdf

http://www.rssd.esa.int/SA/PLANCK/docs/Bluebook-ESA-SCI(2005)1_V2.pdf


The Planck satellite 

13.11.2013 The Planck satellite results – J. Lesgourgues 9 

LFI    |   HFI 

Frequency (GHz) 

CMB blackbody 

•  Launched by ESA and placed in L2 orbit in 2009. Full scan every 6 month. 
•  75 detectors cover 9 frequency channels 

          detectors: 



The Planck sky
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From time-ordered data to maps 
Planck Collaboration: The Planck mission

Fig. 11. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization).

lensing potential φ(n̂), as well as estimates of its power spectrum
CφφL . Although noisy, the Planck lensing potential map represents
a projected measurement of all dark matter back to the last scat-
tering surface, with considerable statistical power. In Fig. 7.2 we
plot the Planck lensing map, and in Fig. 7.2 we show an esti-
mate of its signal power spectrum. I have no idea why the fig-
ure numbers come out to be 5.3 no matter what I do... - latex
expert needed

As a tracer of the large scale gravitational potential, the
Planck lensing map is significantly correlated with other tracers
of large scale structure. We show several representative exam-
ples of such correlations in Planck Collaboration XVII (2013),
including the NVSS quasar catalog (Condon et al. 1998), the
MaxBCG cluster catalog (Koester et al. 2007), luminous red
galaxies from SDSS Ross et al. (2011), and a survey of in-
frared sources from the WISE satellite (Wright et al. 2010). The
strength of the correlation between the Planck lensing map and
such tracers provides a fairly direct measure of how they trace
dark matter; from our measurement of the lensing potential, the
Planck maps provide a mass survey of the intermediate redshift
Universe, in addition to a survey of the primary CMB tempera-
ture and polarization anisotropies.

7.3. Likelihood code

7.3.1. CMB likelihood

We follow a hybrid approach to construct the likelihood for the
Planck temperature data, using an exact likelihood approach at
large scales, " < 50, and a pseudo-C" power spectrum at smaller
scales, 50 < " < 2500. This follows similar analyses in, e.g.,
Spergel et al. (2007). The likelihood is described more fully in

Galactic North

φWF(n̂)

Galactic South

Fig. 14. Wiener-filtered lensing potential estimate reconstruction, in
Galactic coordinates using orthographic projection. The reconstruction
was bandpass filtered to L ∈ [10, 2048]. Note that the lensing recon-
struction, while highly statistically significant, is still noise dominated
for every individual mode, and is at best S/N ! 0.7 around L = 30.

(Planck Collaboration XV 2013); here we summarize its main
features.

On large scales, the distribution for the angular power spec-
trum cannot be assumed to be a multivariate Gaussian, and the
Galactic contamination is most significant. We use the multi-
frequency temperature maps from LFI and HFI, in the range
30 < ν < 353 GHz, to separate Galactic foregrounds. This pro-
cedure uses a Gibbs sampling method to estimate the CMB map
and the probability distribution of its power spectrum, p(C" |d),
for bandpowers at " < 50, using the cleanest 87 % of the sky. We
supplement this ‘low-"’ temperature likelihood with the pixel-
based polarization likelihood at large-scales (" < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching
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Combined CMB map 



Planck 2013 TT angular spectrum
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Fitting the minimal model 
•  Minimal ΛCDM model relies on assumption of flat, homogeneous universe with            

5 components (photons, baryons, CDM, neutrinos, Λ) and 4 stages : 

 
             --- commercial spot ---- 
      “Neutrino cosmology”, CUP, 50 £ 
         --- end of commercial spot --- 

 
•  Minimal ΛCDM: 8 effects controlled by 6 parameters 
•  6 free parameters (abundance of baryons, CDM, Λ ; amplitude and spectral index of 

primordial fluctuations ; epoch of reionisation due to star formation) easy to detect, 
some are more difficult (cosmic variance): degeneracie extensions bring more indepen 
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Planck Collaboration: The Planck mission

Table 9. Cosmological parameter values for the Planck-only best-fit 6-parameter ΛCDM model (Planck temperature data plus lensing) and for
the Planck best-fit cosmology including external data sets (Planck temperature data, lensing, WMAP polarization [WP] at low multipoles, high-`
experiments, and BAO, labelled [Planck+WP+highL+BAO] in Planck Collaboration XVI (2013)). Definitions and units for all parameters can be
found in Planck Collaboration XVI (2013).

Planck (CMB+lensing) Planck+WP+highL+BAO

Parameter Best fit 68 % limits Best fit 68 % limits

Ωbh2 . . . . . . . . . . 0.022242 0.02217 ± 0.00033 0.022161 0.02214 ± 0.00024

Ωch2 . . . . . . . . . . 0.11805 0.1186 ± 0.0031 0.11889 0.1187 ± 0.0017

100θMC . . . . . . . . 1.04150 1.04141 ± 0.00067 1.04148 1.04147 ± 0.00056

τ . . . . . . . . . . . . 0.0949 0.089 ± 0.032 0.0952 0.092 ± 0.013

ns . . . . . . . . . . . 0.9675 0.9635 ± 0.0094 0.9611 0.9608 ± 0.0054

ln(1010As) . . . . . . . 3.098 3.085 ± 0.057 3.0973 3.091 ± 0.025

ΩΛ . . . . . . . . . . . 0.6964 0.693 ± 0.019 0.6914 0.692 ± 0.010

σ8 . . . . . . . . . . . 0.8285 0.823 ± 0.018 0.8288 0.826 ± 0.012

zre . . . . . . . . . . . 11.45 10.8+3.1
−2.5 11.52 11.3 ± 1.1

H0 . . . . . . . . . . . 68.14 67.9 ± 1.5 67.77 67.80 ± 0.77

Age/Gyr . . . . . . . 13.784 13.796 ± 0.058 13.7965 13.798 ± 0.037

100θ∗ . . . . . . . . . 1.04164 1.04156 ± 0.00066 1.04163 1.04162 ± 0.00056

rdrag . . . . . . . . . . 147.74 147.70 ± 0.63 147.611 147.68 ± 0.45

rdrag/DV(0.57) . . . . 0.07207 0.0719 ± 0.0011

for “running” of the spectral index. The spectrum does, however,
deviate significantly (6σ) from scale invariance, as predicted by
most models of inflation (see below). The unique contribution
of Planck, compared to previous experiments, is that the depar-
ture from scale invariance is robust to changes in the underlying
theoretical model.

We find no evidence for extra relativistic species, beyond the
three species of (almost) massless neutrinos and photons. The
main effect of massive neutrinos is a suppression of clustering on
scales larger than the horizon size at the non-relativisitic transi-
tion. This affects both Cφφ

L with a damping for L > 10, and CTT
`

reducing the lensing induced smoothing of the acoustic peaks.
Using Planck data in combination with polarization measured
by WMAP and high-` anisotropies from ACT and SPT allows
for a constraint of

∑
mν < 0.66 eV (95 % CL) based on the

[Planck+WP+highL] model. Curiously, this constraint is weak-
ened by the addition of the lensing likelihood

∑
mν < 0.85 eV

(95 % CL), reflecting mild tensions between the measured lens-
ing and temperature power spectra, with the former preferring
larger neutrino masses than the latter. Possible origins of this
tension are explored further in Planck Collaboration XVI (2013)
and are thought to involve both the Cφφ

L measurements and fea-
tures in the measured CTT

` on large scales (` < 40) and small
scales ` > 2000 that are not fit well by the ΛCDM+foreground
model. The signal-to-noise on the lensing measurement will im-
prove with the full mission data, including polarization, and it
will be interesting to see how this story develops.

The combination of large lever arm, sensitivity to isocurva-
ture fluctuations and non-Gaussianity makes Planck particularly
powerful at probing inflation. Constraints on inflationary mod-
els are presented in Planck Collaboration XXII (2013) and over-
whelmingly favor a single, weakly coupled, neutral scalar field
driving the accelerated expansion and generating curvature per-
turbations. The models that fit best have a canonical kinetic term
and a field slowly rolling down a featureless potential.
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Fig. 26. Marginalized 68 % and 95 % confidence levels for ns and r from
Planck+WP and BAO data, compared to the theoretical predictions of
selected inflationary models.

Of the models considered, those with locally concave poten-
tials are favored and occupy most of the region in the ns,r plane
allowed at 95 % confidence level (see Fig. 23). Power law in-
flation, hybrid models driven by a quadratic term and monomial
large field potentials with a power larger than two lie outside the
95 % confidence contours. The quadratic large field model, in
the past often cited as the simplest inflationary model, is now at
the boundary of the 95 % confidence contours of Planck + WP
+ CMB high ` data.

The axion and curvaton scenarios, in which the CDM isocur-
vature mode is uncorrelated or fully correlated with the adiabatic
mode, respectively, are not favored by Planck, which constrains
the contribution of the isocurvature mode to the primordial spec-
tra at k = 0.05Mpc−1 to be less than 3.9 % and 0.25 % (at 95 %
CL), respectively.

The Planck results come close to the tightest upper limit on
the tensor-to-scalar amplitude possible from temperature data
alone. The precise determination of the higher acoustic peaks
breaks degeneracies that have weakened earlier measurements.
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The basic content of the Universe

...has changed!



ΛCDM is a very good fit 
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Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ΛCDM model). The power spectrum at low multipoles (! = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50 ≤ ! ≤ 2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
∆! ≈ 31 together with 1σ errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ΛCDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1σ errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ! = 50.
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The value of the
Hubble constant
from Planck is in
tension with the
Riess et al. 2011
result.
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Planck best-fit vs. other observations 
Using Planck + WP, at 1-sigma: 
                                                                             consistency with theory of Nucleosynthesis 
•  Peak scale                         0.060%                    and measurement of primordial D, He       
•  Baryon density                   1.3% 
•  CDM density                       2.3% 
•  Primordial amplitude           2.5% 
•  Primordial spectral index    0.76%  
•  Reionization optical depth  0.13% 

Derived (model-dependent) parameters: 
•  Hubble parameter 
•  Λ fractional density 
•  Reionization redshift 
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Using Planck + WP, at 1-sigma: 
                                                                                                   consistency with 
•  Peak scale                         0.060%                                 galaxy 2-pt correlation                  
•  Baryon density                   1.3% 
•  CDM density                       2.3% 
•  Primordial amplitude           2.5% 
•  Primordial spectral index    0.76%  
•  Reionization optical depth  0.13% 

Derived (model-dependent) parameters: 
•  Hubble parameter 
•  Λ fractional density 
•  Reionization redshift 
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Planck Collaboration: Cosmological parameters

0.1 0.2 0.3 0.4
Ωm

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

P
/P

m
ax

Planck+WP+highL

SNLS combined

SNLS SiFTO

SNLS SALT2

Union 2.1

Fig. 19. Posterior distributions for Ωm (assuming a flat cosmol-
ogy) for the SNe compilations described in the text. The poste-
rior distribution for Ωm from the Planck+WP+highL fits to the
base ΛCDM model is shown by the solid green line.

combining CMB and SNe data should therefore be treated with
caution.

5.5. Additional data

In this subsection we review a number of other astrophysical data
sets that have sometimes been combined with CMB data. These
data sets are not used with Planck in this paper, either because
they are statistically less powerful than the data reviewed in pre-
vious subsections and/or they involve complex physics (such as
the intra-cluster gas in rich clusters of galaxies) which is not yet
well understood.

5.5.1. Shape information on the galaxy/matter power
spectrum

Reid et al. (2010) present an estimate of the dark matter
halo power spectrum, Phalo(k), derived from 110,756 lumi-
nous red galaxies (LRGs) from the SDSS 7th data release
(Abazajian et al. 2009). The sample extends to redshifts z ≈ 0.5,
and is processed to identify LRGs occupying the same dark
matter halo, reducing the impact of redshift-space distortions
and recovering an approximation to the halo density field. The
power spectrum Phalo(k) is reported in 45 bands, covering the
wavenumber range 0.02 h Mpc−1 < k < 0.2 h Mpc−1. The win-
dow functions, covariance matrix and CosmoMC likelihood mod-
ule are available on the NASA LAMBDA web site25.

The halo power spectrum is plotted in Fig. 20. The blue line
shows the predicted halo power spectrum from our best-fit base
ΛCDM parameters convolved with the Reid et al. (2010) win-
dow functions. Here we show the predicted halo power spec-
trum for the best-fit values of the “nuisance” parameters b0
(halo bias), a1, and a2 (defined in equation 15 of Reid et al.
2010) which relate the halo power spectrum to the dark mat-
ter power spectrum (computed using camb). The Planck model
gives χ2

LRG = 46.9 for 42 degrees of freedom and is an ac-
ceptable, though marginally worse, fit than the best-fit model

25http://lambda.gsfc.nasa.gov/toolbox/lrgdr.

Fig. 20. Band-power estimates of the halo power spectrum,
Phalo(k), from Reid et al. (2010) together with 1σ errors. (Note
that these data points are strongly correlated.) The line shows
the predicted spectrum for the best-fit Planck+WP+highL base
ΛCDM parameters.

of Reid et al. (2010), which has χ2
LRG = 40.0. Interestingly, the

main differences between the two models are at wavenumbers
k >∼ 0.1 h Mpc−1, where the nonlinear corrections to the matter
power spectrum become important.

Figure 20 shows that the Planck parameters provide a good
match to the shape of the halo power spectrum. However, we do
not use these data (in this form) in conjunction with Planck. The
BAO scale derived from these and other data is used with Planck,
as summarized in Sect. 5.2. As discussed by Reid et al. (2010,
see their figure 5) there is very little additional information on
cosmology once the BAO features are filtered from the spec-
trum, and hence little to be gained by adding this information to
Planck. The corrections for nonlinear evolution, though small in
the wavenumber range 0.1–0.2 h Mpc−1, add to the complexity
of using shape information from the halo power spectrum.

5.5.2. Cosmic shear

Another key cosmological observable is the distortion of distant
galaxy images by the gravitational lensing of large-scale struc-
ture, often called cosmic shear. The shear probes the (nonlinear)
matter density projected along the line of sight with a broad ker-
nel. It is thus sensitive to the geometry of the Universe and the
growth of large-scale structure, with a strong sensitivity to the
amplitude of the matter power spectrum.

The most recent, and largest, cosmic shear data sets are
provided by the CFHTLenS survey (Heymans et al. 2012;
Erben et al. 2012), which covers26 154 deg2 in five optical
bands with accurate shear measurements and photometric
redshifts. The CFHTLenS team has released several cosmic
shear results which are relevant to this paper. Benjamin et al.
(2012) present results from a two-bin tomographic analysis,
Heymans et al. (2013) from a finely binned tomographic anal-
ysis, and Kitching et al. (2013) from a 3D analysis.

Heymans et al. (2013) estimate shear correlation func-
tions associated with six redshift bins. Assuming a flat,
ΛCDM model, from the weak lensing data alone they find
σ8 (Ωm/0.27)0.46±0.02 = 0.774 ± 0.04 (68% errors) which is con-

26Approximately 61% of the survey is fit for cosmic shear science.
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Using Planck + WP, at 1-sigma: 
                                                                                                 consistency with 
•  Peak scale                         0.060%                   preliminary (raw) polarization spectrum                  
•  Baryon density                   1.3% 
•  CDM density                       2.3% 
•  Primordial amplitude           2.5% 
•  Primordial spectral index    0.76%  
•  Reionization optical depth  0.13% 

Derived (model-dependent) parameters: 
•  Hubble parameter 
•  Λ fractional density 
•  Reionization redshift 
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Planck collaboration: CMB power spectra & likelihood
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Figure 31. Planck TE and EE polarisation spectra computed as described in the text, together with the polarisation spectra predicted
from the six-parameter ΛCDM model, fit only to the Planck temperature data.

where the signal correlations for the temperature component are
explicitly given by

〈Ti1 Ti2〉 =
!max∑

!=2

2! + 1
4π

Ĉ!P!(θi1i2 ) + Ni1i2 . (23)

Here P! are the Legendre polynomials, and θi1i2 is the
angle between the centres of pixels i1 and i2. Similar ex-
pressions are available for the polarisation correlations (e.g.,
Tegmark & de Oliveira-Costa 2001). The effect of the (azi-
muthally symmetric) instrumental beam, b!, and pixel window
function, w!, are encoded in Ĉ! = Cth

! b2
!w

2
! .

The main problem with the likelihood expression given in
Eq. 21 is its high computational cost. This is determined by
the matrix inversion and determinant evaluations, both of which
scale as O(N3) with N = nT + 2nP. In practice, this approach is
therefore limited to coarse pixelizations, Nside ≤ 16, which reli-
ably only supports multipoles below ! ! 30. On the other hand,
the Gaussian approximation adopted by the high-! likelihood is
not sufficiently accurate for the stringent requirements of Planck
below ! ! 50. In the next section, we therefore describe a faster
low-! likelihood estimator, based on Gibbs/MCMC sampling,
which allows us to exploit the full range up to ! ≤ 50 with
low computational cost, while additionally supporting physic-
ally motivated foreground marginalization.

Page et al. (2007) pointed out that the temperature and po-
larisation parts of the likelihood can be separated and evaluated
independently, under the assumption of negligible noise in tem-
perature and in the temperature-polarisation cross correlations
(i.e., the T Q and TU blocks of the pixel level noise covariance
matrices). Further assuming vanishing primordial B modes and
T B correlations, the T E correlations can be accounted for by
redefining the modified Q and U maps as

Q→ Q − 1
2

!max∑

!=2

CT E
!

CTT
!

!∑

m=−!
aT
!m

(
+2Y!m +−2 Y∗!m

)
(24)

U → U − i
2

!max∑

!=2

CT E
!

CTT
!

!∑

m=−!
aT
!m

(
+2Y!m −−2 Y∗!m

)
, (25)

where ±2Y!m are spin weighted spherical harmonics and aT
!m are

the harmonic coefficients of the signal in the temperature map.
One can show by direct substitution that these modified Q and U
maps are free of temperature correlations. The polarisation like-
lihood can be then computed independently from the temperat-
ure likelihood and, possibly, at lower resolution to save compu-
tational expenses. We test this strategy in Sect. 8.2, and adopt it
for the current release of the Planck likelihood.

8.1. Low-! temperature likelihood

As discussed above, we do not implement the likelihood ex-
pression given in Eq. 21 directly, due to its high computational
cost and limited flexibility with respect to foreground modelling.
Instead, we adopt the Gibbs sampling approach (Eriksen et al.
2004; Jewell et al. 2004; Wandelt et al. 2004), as implemented
by the Commander code (Eriksen et al. 2008), which allows
both for physically motivated component separation and accur-
ate likelihood estimation. A similar Gibbs sampling method was
used to estimate the low-! temperature likelihood for WMAP
(Dunkley et al. 2009; Larson et al. 2011), although not simultan-
eously accounting for component separation.

8.1.1. Methodology

We start by generalizing the above data model to include both
multi-frequency observations and a set of foreground signal
terms,

dν = s +
∑

i

fi
ν + nν. (26)

Here dν denotes the observed sky map at frequency ν, and fi
ν

denotes a specific foreground signal component. As above, the
CMB field is assumed to be a Gaussian random field with power
spectrum C!, and the noise is assumed Gaussian with covari-
ance Nν. The foreground model can be adjusted as needed for
a given data set, and a full description of the model relevant for
Planck is presented in Planck Collaboration XII (2013). In short,
this consists of a single low-frequency foreground component
(i.e., the sum of synchrotron, anomalous microwave emission,
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