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Last scattering surface according to COBE-DMR 
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CMB Anisotropy Spectrum from COBE-DMR 
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… comparison to pre-COBE predictions  
of the biased-CDM theory that ruled cosmology in the 1980s 

We might as well remember this while pondering the high-amplitude of r  from BICEP2 
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… and to Lambda-CDM (which was, and still is,  
a poorer fit to the data at the low-l range that was accesible to 

COBE) 
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WMAP <TT>, <TE>, & <EE> Spectra (schematically) 

BICEP2 BB 
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Almost 50 years since the discovery of the CMB,  
after scores of suborbital CMB experiments,  

and two decades of 3 dedicated satellite missions – 
 we reached a REMARKABLE moment, but why were we doing this?  
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Why is the CMB important? 
Simplicity and accessibility 

v We see directly what the Universe was like 370,000 years after the Big Bang 
v  The Universe then was very simple 

§   Basic constituents — no chemistry 
§ Remember: p+, n, e−, D+, T+, 3He++, 4He++, Li+++, plus “dark” matter. That’s it! 

§ Well-understood physical conditions 
§  3000 K 
§ High vacuum (2.4 x 106 nuclei per m3) 
§ Extremely uniform (~ 1 part in 105) 

 
=>  Linear regime. “Straightforward” to calculate how matter and radiation behave 
as a function of many parameters that we would like to know. 

v  We can calculate what the CMB would look like as a function of how much mass and what 
type of mass there is, what the overall geometry of the Universe is, how old and how big the 
Universe is, and so on; fundamental, basic things.  

                We compare with what we observe, and work out all those basic things. 
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What does Planck see? 
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Why is the CMB important? 
Extras – Information on what the CMB 
photons encountered on the way to us  

§  It shows us directly the simple early Universe: 
•   Determined by fundamental physical processes that happened 10−35 s after the 

Big Bang 
•  Starting point for the further evolution of everything 

§ As this light travels to us on its 13.8 billion year journey it also brings us information 
about the intervening parts of the Universe 
As this light travels to us on its 13.8 billion year journey it also brings us information 
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Planck – some mission design specifications  

11 11 11 K. M. Gorski

Planck is the third generation CMB space mission 
-  Formal description: “ESA mission with significant participation of NASA” 
-  Translation: thermal design, sorption coolers, all bolometers, delivery of ERCSC, 

supercomputing support, expertise and participation in data analysis, and science   

 
²  Primary scientific goal:  
To measure the temperature anisotropies 
of the CMB to fundamental limits  
down to angular resolution of 5arcmin 
 
²  Fly at Sun-Earth L2 point 
²  Use 4-stage cooling system 
²  Carry two instruments: 
•  Low Frequency Instrument 
 (LFI), 20-K cryogenic amplifiers 
•  High Frequency Instrument 
 (HFI), 0.1-K bolometers 
²   Observe a 9 frequency channels:  
LFI -   30, 44, 70 GHz, and 
HFI - 100, 143, 217, 353, 545, 857 GHz  
to deal with foregrounds 
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And off it went - Launch on May 14, 2009 
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The real deal is the people – 
here at the joint meeting of the Core Teams of Planck 
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Planck Mission: observing the sky from L2 orbit 
 
•  Full sky observed every ~6 months 
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Two instruments onboard Planck –  
the focal plane reflection in the primary mirror   

HFI: 0.1K bolometers 
100 GHz-857 GHz 

LFI: pseudo-correlation  
radiometers 
30 GHz – 70 GHz 

HFI: 0.1K bolometers 
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Talking about the microwave sky before Planck … 
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COBE-DMR Legacy Data 



20 20 K. M. Gorski 

Post-20003 
Pre-Planck 

microwave sky 
 

the great 
WMAP mission 

and its 
sky maps 

at 
22-94 GHz 

20 20 20 
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Unbinned WMAP Spectrum from Spergel et al. 2003 
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What (we expectED) Planck would add: Primary CMB 

In addition to wider frequency coverage and better sensitivity than WMAP, 
Planck has the resolution needed to see into the damping tail.  It will be the 

first experiment to make a cosmic variance limited measurement of the scales 
around the 3rd and 4th peaks.	


(4yr)	
 (1yr)	
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30 GHz 44GHz 70GHz 

100 GHz 143GHz 217GHz 

353 GHz 545GHz 857GHz 

Planck 2013 Maps of the microwave and sub-mm Sky 
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From the 2013 Calendar 

• 21 March 2013 
 – First release of cosmology data and results 
  Based on the first 15.5 months of data, temperature only 

• 23 October 2013 
 – Planck turned off 
  50 months of science observations with no failures 
  20-K cooler coming to the end of its operational lifetime 
  Mission had been extended three times 
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All these maps merged into a PR image of  
“Planck’s Universe” – one of ESA’s most beloved pictures  

This is when we come in – to pull the CMB anisotropy out of this … piece of cake J   
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Objects in the Microwave Sky 

Courtesy of the WMAP Science Team 

KQ85 (red) 
KQ75 (yellow) 
KQ75 ext (light blue) 
|b|<30 degrees (dark blue) 
 
Point sources (red) 

Representative masks 
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And this is how you do it –  
according to the new demonstration of the PR tour de force  
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Component Separation 

• More important than ever before because of Planck’s low noise levels 
• Diffuse components (synchrotron, free-free, spinning dust, thermal dust “smooth” 
CIB) 

 – Map-based, for higher-order statistics and foreground studies, and for low-` 
 likelihood 
 – Power-spectrum-based, for high-` likelihood 

• Discrete sources (extragalactic radio and infrared, SZ, CIB fluctuations, etc.) 
 – Mask the bright ones 
 – Residuals must be dealt with statistically in the power spectra or other 
 analysis steps after maps 

• Multiple methods of both types, all tested extensively on simulations 
 – All give consistent results 
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The actual “unveiling” of the CMB – 
 involves 4 different component-separation methods of 
deriving the CMB sky solution – and there are great 

collateral benefits … 
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“Left-overs” 
from the 
process of 

production 
of the “pure” 
CMB maps: 

 
 Physical 

Component 
Maps 

derived from 
Planck data 

32 32 32 

30 GHz 

Synchrotron, 
AME, and 
free-free 

12CO 
“Aggregate of  
1-0 and 2-1  
transition maps” 

Dust emission 
at 353 GHz 

353 GHz 
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Understanding the 
Galaxy at low 

frequencies  

Haslam
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Synchrotron 

f-f 

Dust 

Analysis of the actual Planck component 
 separation low-frequency solution 

via regression against the 3 classic foreground  
emission templates results in revealing  
the galactic haze emission …  



34 34 K. M. Gorski 

Haze rederived from component separation solutions involving the 
publicly released Planck data 

(update on the content of the forthcoming A&A paper on the haze) 

The Galactic haze/bubbles is shown 
here in PLANCK data from 30-44 GHz

PLANCK images a giant eruption from the heart of the Milky Way

A multi-wavelength 
composite image showing 
both microwaves and 
gamma-rays: PLANCK 30 
GHz (red), 44 GHz (green), 
and Fermi 2-5 GeV (blue).

The same structure at 2-5 GeV as seen 
by the Fermi Gamma-Ray Space Telescope

K. M. Gorski

Caretti’s  
SPASS work 
         2.3 GHz 
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CO line response in HFI spectral bands –  
averaged over individual detectors 

35 35 35 K. M. 
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Planck delivers unprecedented full sky CO 
emission maps 
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“Full” Sky Thermal SZ Maps 
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and its spectrum 

38 38 38 K. M. 
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Lensing by large scale structure 
Wiener-filtered lensing potential 
estimate reconstruction, in Galactic 
coordinates using orthographic 
projection 

Lensing potential power spectrum  
Best fit model ΛCDM model from 
CMB Temperature  power spectrum 
(black line) 

C!
!!! Derived from the measured 

trispectrum (4-point function) 

~25σ-detection:  
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Lensing deflection correlates with CIB 

Hot spot stack Cold spot stack Random stack 
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Microwave 
Sky 

between  
V band 

and  
143 G Hz  

 

Impressive  
Inter-
instrument 
CMB nulling! 
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Quick look at large and intermediate  
angular scales: 70 vs. 100 GHz  

43 43 43 
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Comparison of 70, 100 and 143 GHz maps – 1-D statistics 
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Spectra at 70, 100, and 143 GHz 

45 45 45 K. M. Gorski
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Comparison 
of the raw 
spectra of 
Planck 70, 

100, and 143 
GHz maps 

using ~60% 
of the sky 
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Comparison 
of the 

deviation 
from Planck 
best fit model 

of the raw 
spectra of 
Planck 70, 

100, and 143 
GHz maps 

using ~60% 
of the sky 
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Comparison 
of the raw 
spectra of 
Planck 70 

GHz 
vs. WMAP V  

band, 
using the 

concatenated 
WMAP/

Planck sky 
mask 
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Comparison 
of the raw 
spectra of 

Planck 100 
GHz 

vs. WMAP W  
band, 

using the 
concatenated 

WMAP/
Planck sky 

mask 
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Comparison 
of the raw 
spectra of 
WMAP V 

vs. WMAP W  
bands, 

using the 
concatenated 

WMAP/
Planck sky 

mask 
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The current status (on “our side”; paper submitted) 

Further analysis is ongoing, as the 
effect simply must be 
understood and corrected, 
wherever it comes from 

-  intra-experiment comparisons OK(ish) 
-  Inter-experiment comparisons fail viz. internal 
systematics budgets (calibration, beams, FSLs …) 
To us the power of 70 vs. 100 GHz comparison is very 
compelling - it affords us the unprecedented 
redundancy w.r.t. detector technology    

This is achieved with small beam corrections in HFI and the tSZ and point source foreground correction     
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Still, eventually, the joint Planck and WMAP data set will prove 
indispensable, especially for improved foreground studies 

52 52 52 

Now – on to the high-l …  



53 53 K. M. Gorski 

SPT-SZ: CMB Power Spectrum

53 53 53 K. M. Gorski

SPT SZ: CMB Power Spectrum

Precision Measurement 
of CMB Damping Tail

Detection of Diffuse
SZ in Multi-band Data

And what about the high-l regime? 
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The SPT-SZ Survey (2007-2011): !
Covering 2500 deg2 ~ 6% of sky"Covering 2500 deg  ~ 6% of sky

Final survey depths of:"
-  100 GHz:  40 uKCMB-arcmin "
-  150 GHz:  18 uKCMB-arcmin"
-  220 GHz:  80 uKCMB-arcmin" K. M. GorskiWMAP lower resolution full sky 

map with SPT area marked 
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RA 0-3 hr slice after high-pass filtering of the Planck CMB map 
(very crude attempt at direct comparison) 
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SPT 150 GHz vs. Planck 143 GHz (6% of the sky) 
(courtesy J. Carlstrom, R. Keisler and the SPT team) 
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Comments from Ryan: 
 
“we compared Planck 143 GHz and SPT 150 GHz data over the SPT footprint, and we found 
excellent agreement over the multipole range 650 < L < 2500.   
 
In the attached figure, the left panel uses the default SPT calibration, while the right panel has the 
SPT data recalibrated by an amount small compared to our nominal calibration uncertainty.   
The other envelope shows the 1-sigma Planck beam error, and the comparison 
mostly stays within this beam error.” 
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SPT 150 GHz vs. Planck 143 GHz (6% of the sky) 
(courtesy J. Carlstrom, R. Keisler and the SPT team) 

� � �

� � � � � � � � � � � � � � � �
�

� � � � �

� � � � �

� � � �

� � � �

� � � �
��

��
�

��
�	

��
�

�
��

��
�

�
�	

��
�

�
��

��
� � ���

� � �����
�������
� � ����� ������

�  ��� �  �

� � � � � � � � � � � � � � � �
�

� � � � �

� � � � �

� � � �

� � � �

� � � �

��
��

�
��

�	
��

�
�

��
��

�
�

�	
��

�
�

��
��

� � ���
� � �����
�������

“This comparison has its limitations: 
 
- It covers only a limited angular range, whereas there could be something wrong with higher L SPT data or lower L Planck data. 
 
- It covers only 6% of the sky (~10% of Planck's footprint), whereas there could be something wrong with Planck data in the 
remaining 90% of Planck's footprint. 
 
- It uses only the Planck 143 GHz band, while something could be wrong with other Planck bands. 
 
- It compares Planck vs SPT, while the tension is in Planck vs SPT+WMAP.  Perhaps something is wrong with WMAP. 
 
-  It is only a power spectrum comparison, while the disagreement is in best-fit cosmologies.  Perhaps SPT, WMAP,  
or Planck has a problem calculating its likelihood, either from bad modeling of foregrounds or a straight-up bug.” 
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ACT 
(with first receiver, MBAC) 

58 58 58 

• 6m off-axis Gregorian telescope  
• Located at 5200 m (0.5 mm PWV) 
• 3 arrays of 1024 TES bolometers each 
• 148 GHz, 218 GHz, 277 GHz 

42
  

148 GHz: 
1.4  
resolution 
30 uK-rt(s) 
f3db ~ 84 Hz 
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ACT Sky Coverage 

ACT has taken 17 months of data at 3 frequencies already, over ~1300 deg2. 	
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Courtesy L. Page, Th. Louis, & the ACT team 

60 60 60 K. M. Gorski
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Cross-correlation of ACT 148 with Planck 143 GHz 
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Cross-correlation of ACT 220 with Planck 217 GHz 

Quoting 
Lyman 
Page: 
“Specta- 
cular” 
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Science Extraction from the Multi-frequency 
CMB Sky Maps (in a Nutshell) 

Cleaned CMB map 

Angular Power spectrum 
Cosmological  
parameters 

 

Frequency maps 

Component Separation 

MCMC 

Likelihood 

directly from sky maps 
to the likelihood  

ns Ωb 
Ω0 
τ 
σ8 

H0

Note the compression of information on the way from the maps to the parameters  
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6 parameters + inflation + general relativity + E&M :  
all you need to describe the Universe (ΛCDM) 

ρb 

ρc 

ρΛ As,ns 

areion 

Governs Spectrum of  
primordial fluctuations from 
inflation 

Content of the universe: 

Baryons, dark energy, dark 
matter 

(total density = critical density) 

Scale factor at reionization: 

(when star formation started) 

=Ωbh2 

=ΩΛh2 

=Ωch2  
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What Have We Learned from Planck -  
in a Few Words…  

  

66 66 66 K. M. Gorski

²   Is a little older - 13.8 billion years vs. 13.7 billion years 

²  Is expanding a little more slowly  

²   H0 is about 67±1kms−1 Mpc−1, compared to 69 or 
even 73–74, as found with HST/Spitzer programs 

²  Has more matter and less dark energy 

The Universe 
is somewhat different from what we thought  
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Ell<50 
component 
separated 
87% of sky 
[COMMANDER] 

ell>50: 
Pseudo-Cl method: 
Camspec 
100x100,143x143, 
217x217,143x217 
31% or 49% of sky 
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Spectral consistency frequency to frequency, and definition of 
input to high-l likelihood  

69 69 69 K. M. Gorski
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A glimpse at the high-l range that Planck sees in CMB 
anisotropies via 217 GHz 

(discussion opened by Spergel, Flauger and Hlozek; 
regarding l~1800, and beyond 2000) 
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Another check: Planck dT/T spectrum derived via VERY 
different methods – cross-spectra of raw maps vs. component 

separated CMB map analysis 
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dT/T spectra measured by different experiments 
and fitted via Planck likelihoods etc. 
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Parameter shifts: 
 

two cross-spectral 
methods 

 
vs. 
 

analysis of four 
component 

separated CMB 
maps   

73 73 73 
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Parameter shifts: 
 

two cross-spectral 
methods 

 
vs. 
 

analysis of four 
component 

separated CMB 
maps   

74 74 74 

Over-all –  
Much ado about nothing? 
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      The Universe 
    

²  No evidence so far for a time-varying dark energy  

²  No evidence for new types of ultralight particles such as neutrinos    

²  No evidence for variations of the fundamental constants of nature  

²  No evidence yet for primordial gravitational waves  

²  Fluctuations are random (Gaussian) 
  

w = !1.13± 0.24

Neff = 3.3± 0.5 m!! < 0.23eV

! /!0 = 0.9936± 0.0043

r < 0.11

Potential new physics ? 

95%

68%

Extensions to ΛCDM m odel  
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post component separation CMB map,  
and “the”  Hemispheres …  

Amongst the various strange features of the observed 
CMB sky, one of the more persistent ones (w.r.t. the 
data set and/or the analysis methodology applied) is 

the hemispherical asymmetry of the distribution of CMB 
anisotropies 

Is this a mere fluke, or is it telling us something 
interesting about the universe? 
The fundamental question is whether the universe is 
indeed isotropic … 
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The same Planck-Smica map smoothed to 
FWHM=3 deg  

Do you think these hemispheres look similar? 
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Where are those primordial fluctuations in the 
CMB anisotropy maps that we are looking at … 

For this “Planck-like” 
CMB anisotropy map 
the primordial content 
of only  
the ~scale-invariant, 
Gaussian distributed, 
curvature perturbations  
would lead to a dT/T  
imprint shown below 
(note the same phases 
of the large angle dT/T)  
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Extensions to ΛCDM model 
Early-Universe physics: ns, dns/dk, and r  
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Planck multi-frequency polarization foreground maps will be 
essential for healthy development of the primordial B-mode searches   

81 81 81 K. M. Gorski
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E-mode Polarization – temperature correlation (TE) 
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E-mode polarization (EE) 
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What next? 

•  Planck data set is a treasure-box. 
•  And an accessible one; we welcome all scrutiny coming from outside the Planck 

team  

• We have learnt a great deal about the Universe, even if getting to this point 
was quite exhausting, and some tensions with other results remains, so 

•  KEEP CALM AND CARRY ON 

• There is still a huge amount to learn and do. There is a lot of data to look 
at and analyse, including especially the polarization measurements. 

•  It has taken us 20 years to get to this point – it will be tantalizing to see 
what our knowledge of the Universe is in another 20 years time. So we 
better last, to bear witness! 
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The scientific results presented today are a product of the 
Planck Collaboration, including individuals from more than 
100 scientific institutes in Europe, the USA and Canada   

Planck is a 
project of the 

European Space 
Agency, with 
instruments 

provided by two 
scientific 

Consortia funded 
by ESA member 

states (in 
particular the 

lead countries: 
France and Italy) 

with 
contributions 
from NASA 
(USA), and 
telescope 
reflectors 

provided in a 
collaboration 

between ESA and 
a scientific 

Consortium led 
and funded by 

Denmark. 
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