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Four CMB orbital missions 
RELIKT-1 (РЕЛИКТ-1), COBE, WMAP and Planck
Progress has been in angular resolution and sensitivity

Planck is effectively CMB photon noise limited
Mapping speed: Planck:WMAP:COBE:Relikt ~ 1:10-3 :10-6 : >10-6

1 year of Planck = 1000 years of WMAP = 1,000,000 years of COBE

RELIKT - 1

1983 1989 2001 2009



Highlights
• Planck firmly establishes a deviation from scale invariance 

for primordial matter perturbations, consisten with Inflation

• Planck detects lensing of the CMB by intervening matter 

with high significance, providing evidence for dark energy 

from the CMB alone

• Planck finds no evidence for significant deviations from 

Gaussianity in the statistics of CMB anisotropies

• Planck finds a low value of the Hubble constant, in tension 

with the value derived from the standard distance ladder

• Planck finds a deficit of power at low-ell with respect to our 

best-fit model

• Planck establishes anomalies at large angular scales

• Planck establishes the number of neutrino species at three



LFI Circa 1999

LFI UCSB 44GHz Test Radiometer



A few days before mating to Ariane 5 Rocket



Planck was launched May 14, 2009 
from the ESA launch site in French Guiana



Planck is in a Lissajous orbit at L2



PLANCK Data released today
15.5 months of data 

The full power of Planck has yet to be applied to cosmology

• Full sky maps for 9 frequencies, surveys 1-2, ‘halfrings’

• Component separation maps:

o CMB-only, full sky

o thermal dust + residual CIB

o CO

o synchrotron + free-free + spinning dust

o dust temperature / opacity

• low-resolution CMB map used in low ell likelihood (+ 
likelihood code, with lensing)

• Catalog of Compact Sources (PCCS)

• Catalog of Sunyaev-Zeldovich Sources (PSZ)



Planck Cosmology 

and Product Papers 

2013

will be on Astro-ph

tomorrow!

On ESA site right now:

http://sci.esa.int/planck



Organization of the Planck Cosmology 

and Product Papers, 2013



Planck Sensitivity
All are linear polarization sensitive except 545 and 857 GHz Coverage is 25-1000 GHz

545 and 857 “CMB” is actually MJy/st-s1/2

Lowest noise channel is ~ 100/1000 times lower than WMAP/COBE



30 GHz

Galactic coordinates



44 GHz



70 GHz



100 GHz



143 GHz



217 GHz



353 GHz



545 GHz



857 GHz



70 GHz 'Half Ring difference'
(1 degree smoothing)



Channel to Channel reproducibility
100 – 70 GHz maps
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Component Separation CMB extraction  comparison



Component Separation: Simulation comparison 



TT Power Spectra vs Extraction Method
“All PS assume random phase by design”



Foreground removed CMB



Sample Power Spectrum
Foreground removed CMB ("SMICA" code):

Dark Blue from map, Cyan from “half rings”, Grey – difference, Red is binned



TT Power Spectra – 7 peaks resolved
Error bars include SV and CV

Note low quadrupole



TT Power Spectra 
Error bars without SV and CV







CMB only estimates

Planck >> DM +18%, Baryons +9%, DE -6%



Philip Lubin



Marginalized ns and r (1,2σ)
ns does not equal 1

r<0.11 (2 σ) from T alone 
Energy scale for “standard inflation” <1.9x1016 Gev (2 σ) 

Wait for Planck polarization next year 



Selected parameters



Measures of H0



WMAP Inconsistency with Baryon Acoustic 
Oscillations (BAO) 

Seljak last week colloq - new Physics?



Planck Consistency with Baryon Acoustic 
Oscillations (BAO) IF H is lower



Consistency with Baryon Acoustic 
Oscillations (BAO) 3



Lensing Potential Measured
High Significance (25 sigma)

Mode by mode SNR ~ 0.7 at L=30 

Galactic North Galactic South



Lensing Power Spectra
Angular Scale [deg.]

Lensing Multiple L



Point Sources



1227 SZ Sources



Planck SZ Sources compared to 
external data sets



Non Gaussianity
(K. Smith 2011)



fNL (Limits so far)



Planck polarization at Extrema T and Q
Left – cold spots , Right – hot spots

Top -data, bottom - Best fit model prediction



Lensing deflection and CIB





Aberration of the CMB
Our motion shifts amplitude and angles
Expected effect is 10-3 of 10-5 = 10ppb!

•Left show exaggerated effect - 700x increase in our 
speed to 85% c. 

•Our real speed relative to CMB is ~ 0.12% c

•We use this to look for the effect

•We know the direction and speed from CMB dipole

•Effects both amplitude and angles (~ 4’)

•Angular effect is not trivial compared to lensing 

•δT (nˆ ) = T0 nˆ · β + δT 1(nˆ − ∇(nˆ · β))(1 + nˆ · β)



We observe this at >4σ
This also implies we are stable to <10 ppb



Summary (1)
• No significant improvements beyond 6 parameters no new physics 

• Lower H0

• Excellent agreement with current BAO data with lower H0 = 67.4+-1.4 km/s-Mpc

• No neutrino's beyond 3 implied Neff = 3.36+-0.34

• CMB alone :  DE (- 6% ), Baryons (+ 9%), Dark Matter (+18%)

• CMB + external data priors :  DE (- 2% ), Baryons (+ 3%), Dark Matter (+5%)

• Spacetime flat to 0.1%

• Improved constraints on total mass of neutrinos, primordial He and running of 

spectral index dns/dln(k) = -0.015+-0.09 

• Spectral index not unity - ~5.5 sigma (0.960 +-0.0072) from Planck alone - density 

PS -> P(k) ~ k (ns
- 1)  

• No evidence for tensor modes yet r< 0.11 (2σ)

• Sum neutrino masses <0.66 eV (2σ)

• No evidence for dynamical DE, or time variation of fundamental constants



Summary (2)
• Some "tension" between matter fluctuations from CMB and from SZ -> SZ 

modeling issue?

• Evidence for low "l" (l~ 20-30) intrinsic deviations from "isotropy" 

(anomolies)

• No evidence of higher "l" intrinsic deviations from isotropy

• Consistent with slow roll inflation

• 25 σ detection of CMB lensing - > help break degeneracies,  τ without 

polarization (though still preferred)

• 42 σ detection of cross correlation of CMB lensing and CIB

• Measurement of CIB power spectra as low as 217 GHz - > constrain DM halos 

at high z

• First all sky SZ map and power spectrum - σ8   =0.828+_0.012

• First robust detection of ISW effect (2.5σ) via cross correlation with Planck 

lensing -> ΩΛ ∼0.7 from CMB alone



Jatila van der Veen, Ph.D.
Project Manager, Planck Education and Outreach 
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http://planck.caltech.edu/epo



Planck Mission in Virtual Reality 
Navigate around the Solar System while Planck maps the sky

collaborators: Jatila van der Veen, UCSB Physics Department; Gerald Dekker & John 
Moreland, Purdue University Calumet Center for Visualization and Simulation



Visualization and Sonification of the CMB 
Model the CMB power spectrum, see the map, and hear the sounds 

collaborators: Jatila van der Veen, Philip Lubin, UCSB Phyiscs Department; 
Ryan McGee, R.J. Duran, JoAnn Kuchera-Morin, Matthew Wright, UCSB AlloSphere Group



Planck Presents!  
Interactive Display for Museums and Science Centers 
Currently installed in the Santa Barbara Planetarium

collaborators:  Jatila van der Veen, UCSB Physics Department & Blake 
Regalia, UCSB Geography Department



Wrap up



Even more to come
Planck is releasing much less than half the data 

already in hand:

Data for 2014 and 2015 releases

• Polarization!

• 2x as much data for HFI (5 surveys,  2.5 years 
of data)

• More than 3x data for LFI (8+ surveys, more 
than 4 years of data)



Planck 2014 and 2015

• Polarization

• Additional 15 months LFI + HFI

• Yet more LFI (still operational)

• Better estimators using polarization

• Better measure or limits on r (to 0.05 2σ)

• Better measure or limits on inflation models

• More SZ and lensing

• …



PLANCK Data released today
15.5 months of data :

• Full sky maps for 9 freq,surveys 1-2,halfrings

• Component separation maps:

o CMB-only, full sky

o thermal dust + residual CIB

o CO

o synchrotron + free-free + spinning dust

o dust temperature / opacity

• low-resolution CMB map used in low ell likelihood (+ 
likelihood code, with lensing)

• Catalog of Compact Sources (PCCS)

• Catalog of Sunyaev-Zeldovich Sources (PSZ)
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Upcoming KITP Cosmology Programs: 
Primordial Cosmology

April 1-28, 2013

Observational and Theoretical Challenges in 
Primordial Cosmology

April 22-26



Thank you



Backup slides



TT Power SpectraModel fits includes Planck, WMAP pol, 

ACT, SPT (errors include CV, SV)



Map Properties
*** pixel size list



PLANCK: 
Details of the Microwave Sky

in Nine Frequencies 





Matter and Energy Distribution Changes with Time
(source: http://wmap.gsfc.nasa.gov/media/080998/index.html)



RELIKT Mission – launched July 1, 1983



Power Spectra differences



Low “l” Power SpectraError bars dominated by sample 

and cosmic  variance and 





Focal Plane – 100 mK bolometers + 20 K HEMTS





What comes after Planck?

• We are now at the photon noise limit

• Only way to improve sensitivity is more detectors

• 10-100K feasible

• Larger optics -> better resolution

• Limits from foregrounds – they are already a 
serious issue

• CMB Weak Lensing machines…

• Space vs Balloon vs Ground


