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Temperature quadrupole at surface of last scattering creates polarisation…
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Radial (tangential) pattern around hot (cold) spots.

Measurement

Theory prediction
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Planck Collaboration (2013)
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Compress the CMB map to study cosmology
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Planck 2015 Temperature 

Credit: Planck Collaboration



Planck 2015 TE Polarization

Credit: Planck Collaboration



Planck 2015 EE Polarization

Credit: Planck Collaboration



Radical data compression!

50 million pixels...

2500 multipoles...

six cosmological parameters!



Planck TT + lowP cosmological parameters

~directly measured 

   Ωbh2 = 0.02222 ± 0.00023

   Ωch2= 0.1197 ± 0.0022

   ns = 0.9655 ± 0.0062

   τ = 0.078 ± 0.019

   ln(1010As) = 3.089 ± 0.036

derived 

   H0 = 67.31 ± 0.96 km/s/Mpc 

   ΩΛ = 0.685 ± 0.013

   σ8 = 0.829 ± 0.014
Cosmological parameters not “directly measured”; details depend on models [“priors”]
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Deflections are ~ 2 arcmin 

CREDIT: ESA / PLANCK



CMB lensing potential reconstruction

Credit: Planck Collaboration



CMB lensing potential power spectrum

Detected at ~40σ (nearly doubled 2013 sensitivity):  
breaks parameter degeneracies from primary CMB alone; new 
window on growth of cosmic structure

Credit: Planck Collaboration



CMB lensing potential reconstruction

Omori et al (SPT Collaboration, 2017)

2500 sq. deg. map of gravitational lensing 
potential projected along the line of sight  

 
(South Pole Telescope 150 GHz + Planck 143 GHz)



• Secondary CMB contributions  
Integrated Sachs-Wolfe effect, thermal / kinetic Sunyaev-Zel’dovich effect, lensing, 
cosmic infrared background….  

• Cross-correlations with non-CMB “tracers”   
Galaxy surveys, clusters, weak lensing mass maps, velocity reconstructions…  

• Reveals interplay of dark and light matter in evolved universe   
Intracluster gas, “missing” baryons, star formation history, halo masses…

Cross-correlations with large-scale structure probes



Hill, Spergel (2014), Van Waerbeke et al (2014), Ferraro et al (2016), Soergel et al (2016),  Hill et 
al (2016), Schaan et al (2015), Planck Collaboration (XIX 2013, XXXVII 2015), Hand et al (2012), 
Harnois-Deraps et al (2016), Kirk et al. (2015), Liu, Hill (2015), Omori, Holder (2015), Ma et al 
(2015), Hand et al (2014), Serra et al (2014), Giannantonio et al (2015), Hurier et al (2017) 

Cross-correlations with large-scale structure probes

Original detection of kSZ 
ACT x BOSS cluster positions

(Hand et al 2012)

WL x CMB lensing 
DESxSPT, DESxPlanck

(Kirk et al 2015)

kSZ (4.2σ)
DES clusters x SPT-SZ
(Soergel et al 2016)



Geometry & Topology of the Universe

�50 50µK

Planck Collaboration: Planck 2013 results. XXVI. Background geometry and topology of the Universe

Fig. 3: Simulated deterministic CMB temperature contribu-
tions in Bianchi VIIh cosmologies for varying x and ⌦tot
(left-to-right ⌦tot 2 {0.10, 0.30, 0.95}; top-to-bottom x 2
{0.1, 0.3, 0.7, 1.5, 6.0}). In these maps the swirl pattern typical
of Bianchi-induced temperature fluctuations is rotated from the
South pole to the Galactic centre for illustrational purposes.

ther (�/H)0 or (!/H)0 since these parameters influence the am-
plitude of the induced temperature contribution only and not its
morphology. The handedness of the coordinate system is also
free in Bianchi VIIh models, hence both left- and right-handed
models arise. Since the Bianchi-induced temperature fluctua-
tions are anisotropic on the sky the orientation of the result-
ing map may vary also, introducing three additional degrees-of-
freedom. The orientation of the map is described by the Euler
angles4 (↵, �, �), where for (↵, �, �) = (0�, 0�, 0�) the swirl pat-
tern typical of Bianchi templates is centred on the South pole.

Examples of simulated Bianchi VIIh CMB temperature maps
are illustrated in Fig. 3 for a range of parameters. In the anal-
ysis performed herein the BIANCHI25 (McEwen et al. 2013)
code is used to simulate the temperature fluctuations induced
in Bianchi VIIh models. Bianchi VIIh models induce only large
scale temperature fluctuations in the CMB and consequently
Bianchi maps have a particularly low band-limit, both globally
and azimuthally (i.e., in both ` and m in spherical harmonic
space; indeed, only those harmonic coe�cients with m = ±1
are non-zero).

4. Data description

We use Planck maps that have been processed by the
various component-separation pipelines described in Planck
Collaboration XII (2013). The methods produce largely consis-
tent maps of the sky, with detailed di↵erences in pixel intensity,
noise properties, and masks. Here, we consider maps produced
by the Commander-Ruler, NILC, SMICA and SEVEM methods.
Each provides its own mask and we also consider the conserva-
tive common mask.

We note that because our methods rely on rather intensive
pixel- or harmonic-space calculations, in particular considering

4 The active zyz Euler convention is adopted, corresponding to the
rotation of a physical body in a fixed coordinate system about the z, y
and z axes by �, � and ↵ respectively.

5 http://www.jasonmcewen.org/

Fig. 4: The mask ( fsky = 0.76) used in the matched circles anal-
ysis.

a full set of three-dimensional orientations and, for the likeli-
hood methods, manipulation of an anisotropic correlation ma-
trix, computational e�ciency requires the use of data degraded
from the native HEALPix (Górski et al. 2005) Nside = 2048
resolution of the Planck maps. Because the signatures of ei-
ther a multiply-connected topology or a Bianchi model are most
prominent on large angular scales, this does not result in a sig-
nificant loss of ability to detect and discriminate amongst the
models (see Sect. 5.3).

The topology analyses both rely on degraded maps and
masks. The matched-circles method smooths with a 300
Gaussian filter and degrades the maps to Nside = 512, and uses
a mask derived from the SEVEM component separation method
(Fig. 4). Because the performance of the matched-circles statistic
can be significantly degraded by the point source cut, we mask
only those point sources from the full-resolution fsky = 0.73
SEVEM mask with amplitude, after smoothing and extrapolation
to the 143 or 217 GHz channels, greater than the faintest source
originally detected at those frequencies. The mask derived in this
way retains fsky = 0.76 of the sky.

The likelihood method smooths the maps and masks with an
11� Gaussian filter and then degrades them to Nside = 16 and
conservatively masks out any pixel with more than 10 % of its
original subpixels masked. At full resolution, the common mask
retains a fraction fsky = 0.73 of the sky, and fsky = 0.78 when
degraded to Nside = 16 (the high-resolution point-source masks
are largely filled in the degraded masks). The Bianchi analysis
is performed in harmonic space, and so does not require explicit
degradation in pixel space. Rather, the data are transformed at
full resolution into harmonic space and considered only up to a
specified maximum harmonic `, where correlations due to the
mask are taken into account.

Di↵erent combinations of these maps and masks are used
to discriminate between the topological and anisotropic models
described in Sect. 3.

5. Methods

5.1. Topology: circles in the sky

The first set of methods, exemplified by the circles-in-the-sky
of Cornish et al. (1998), involves a frequentist analysis using a
statistic which is expected to di↵er between the models exam-
ined. For the circles, this uses the fact that the intersection of the
topological fundamental domain with the surface of last scat-
tering is a circle, which one potentially views from two di↵er-
ent directions in a multiply-connected universe. Of course, the
matches are not exact due to noise, foregrounds, the integrated

6

Simulated Bianchi CMB contributions Best fit Bianchi component to Planck

- Einstein’s General Relativity explains local curvature of spacetime 
but doesn’t tell us global geometry and topology of Universe. 

- No evidence for non-trivial geometry or topology, tight 
constraints on models. 

Planck Collaboration (2015)



Saadeh, Feeney, Pontzen, Peiris, McEwen (PRL, 2016)

How isotropic is the Universe?
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Temp × 2 E-pol × 60 • Tested full Bianchi freedom to 
conduct general test of isotropy.  
 

• Highly constraining polarisation 
data used for the first time.  

• Vectors:  
 
 
Tensors:   
 

• Anisotropic expansion of the 
Universe disfavoured by 120,000:1.

(�V /H)0 < 4.7⇥ 10�11 (95% CL)

(95% CL)(�T /H)0 < 1.0⇥ 10�6
Collins and Hawking (1973)



︎ Bentivegna, Bruni (2016), Mertens, Giblin, Starkman (2016), East, Kleban, Linde, Senatore (2015)
︎ Wainwright, Johnson, Peiris, Aguirre, Lehner, Leibling (2014), Johnson, Peiris, Lehner (2012)
︎ Adamek, Daverio, Durrer, Kunz (2016), Braden, Johnson, Peiris, Aguirre (2016), GRChombo (2015)

Inhomogeneous nonlinear (ultra)-large scale cosmology 

• Dawn of numerical relativity in cosmology. CMB-related examples:  
Constraining ultra-large scale inhomogeneities with CMB quadrupole  
Testing eternal inflation with cosmic bubble collisions imprint on the CMB

Inflation 

ends early
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H0: Cosmological vs distance ladder measurements

Figure: Science Magazine



Cosmic (in)consistency: real or “tension in a teapot”?

Freedman (2017) adapted from Beaton et al (2016)

Systematics? astrophysics? (new) physics? 



“No one trusts a model except the person who wrote it; 
everyone trusts an observation, except the person who made it”. 

paraphrasing H. Shapley



Planck (2015)

Raw data: ~quadrillion samples over 
29 months (HFI), 50 months (LFI)

Maps: ~50 million pixels over 9 frequencies



Emission at frequency = CMB + astrophysical sources along line of sight.

Planck observes in 9 bands over 30–850 GHz to disentangle cosmology 
from astrophysics

CREDIT: ESA / PLANCK



Just beginning to characterise polarised foregrounds

polarised 
synchrotron

polarised 
dust

Planck Collaboration: The Planck mission

Fig. 21. Synchrotron polarization amplitude map, P =
p

Q2 + U2, at 30 GHz, smoothed to an angular resolution of 600, produced
by a weighted sum of Planck and WMAP data as described in (Planck Collaboration XXV 2015). The traditional locii of radio
loops I–IV are marked in black, a selection of the spurs identified by Vidal et al. (2014) in blue, the outline of the Fermi bubbles
in magenta, and features discussed for the first time in (Planck Collaboration XXV 2015) in red. Our measured outline for Loop I
departs substantially from the traditional small circle.

Fig. 22. All-sky view of the angle of polarization at 30 GHz, rotated by 90� to indicate the direction of the Galactic magnetic field
projected on the plane of the sky. The colours represent intensity, dominated at this frequency by synchrotron emission. The “drap-
ery” pattern was obtained by applying the line integral convolution (LIC; Cabral & Leedom 1993) using an IDL implementation
provided by Diego Falceta-Goncalves (http://each.uspnet.usp.br/fgoncalves/pros/lic.pro). Where the field varies sig-
nificantly along the line of sight, the orientation pattern is irregular and di�cult to interpret.

32

Planck Collaboration: The Planck mission

Fig. 23. Dust polarization amplitude map, P =
p

Q2 + U2, at 353 GHz, smoothed to an angular resolution of 100, produced by the
di↵use component separation process described in (Planck Collaboration X 2015) using Planck and WMAP data.

Fig. 24. All-sky view of the angle of polarization at 353 GHz, rotated by 90� to indicate the direction of the Galactic magnetic
field projected on the plane of the sky. The colours represent intensity, dominated at this frequency by thermal dust emission.
The “drapery” pattern was obtained by applying the line integral convolution (LIC; Cabral & Leedom 1993) using an IDL imple-
mentation provided by Diego Falceta-Goncalves (http://each.uspnet.usp.br/fgoncalves/pros/lic.pro). Where the field
varies significantly along the line of sight, the orientation pattern is irregular and di�cult to interpret.

33

Polarised FG complex & filamentary

Planck Collaboration (2015), Planck intermediate results. XLIV. (2016)  



Frequency dependence of Galactic foregrounds

CMB obscured by astrophysical foregrounds at all frequencies 

Orders of magnitude worse for polarisation

Temperature Polarisation

Planck Collaboration: The Planck mission

Fig. 15. Maximum posterior amplitude polarization maps derived from the Planck observations between 30 and 353 GHz
(Planck Collaboration X 2015). The left and right columns show the Stokes Q and U parameters, respectively. Rows show, from top
to bottom: CMB; synchrotron polarization at 30 GHz; and thermal dust polarization at 353 GHz. The CMB map has been highpass-
filtered with a cosine-apodized filter between ` = 20 and 40, and the Galactic plane (defined by the 17 % CPM83 mask) has been
replaced with a constrained Gaussian realization (Planck Collaboration IX 2015).
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Fig. 16. Brightness temperature rms as a function of frequency and astrophysical component for temperature (left) and polarization
(right). For temperature, each component is smoothed to an angular resolution of 1� FWHM, and the lower and upper edges of each
line are defined by masks covering 81 and 93 % of the sky, respectively. For polarization, the corresponding smoothing scale is 400,
and the sky fractions are 73 and 93 %.

10. Planck 2015 cosmology results

Since their discovery, anisotropies in the CMB have contributed
significantly to defining our cosmological model and measuring
its key parameters. The standard model of cosmology is based
upon a spatially flat, expanding Universe whose dynamics are
governed by General Relativity and dominated by cold dark mat-
ter and a cosmological constant (⇤). The seeds of structure have
Gaussian statistics and form an almost scale-invariant spectrum
of adiabatic fluctuations. The 2015 Planck data remain in excel-

lent agreement with this paradigm, and continue to tighten the
constraints on deviations and reduce the uncertainty on the key
cosmological parameters.

The major methodological changes in the steps going
from sky maps to cosmological parameters are discussed
in Planck Collaboration XII (2015); Planck Collaboration XIII
(2015). These include the use of Planck polarization data in-
stead of WMAP, changes to the foreground masks to include
more sky and dramatically reduce the number of point source
“holes,” minor changes to the foreground models, improve-
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What do we know about cosmic initial conditions?

•Background: 

‣Spatial flatness (tested at <1% level!) 

•Perturbations: 
‣scalar fluctuations in the CMB temperature 
✓nearly but not exactly scale-invariant (>5σ!) 

✓approximately Gaussian (at the 10-4 level!) 
✓Adiabatic fluctuations 

✓Superhorizon perturbations 
? primordial tensor fluctuations (stochastic gravitational waves)



Gravitational waves also create polarisation…. lensing creates B-mode 
polarisation from E-mode polarisation even if no tensors.

CREDIT: BICEP / KECK COLLABORATIONS



Measurements of Sub-degree B-mode 
Polarization in the Cosmic Microwave 
Background from 100 Square Degrees of 
SPTpol Data  
R. Keisler et al.  
The Astrophysical Journal, (2015)

Joint Analysis of BICEP 2 /  
Keck Array and Planck Data  
P. Ade et al.  
Physical Review Letters (2015)

A Measurement of the Cosmic 
Microwave Background B-Mode 
Polarization Power Spectrum at Sub-
degree Scales with POLARBEAR  
The POLARBEAR Collaboration 
The Astrophysical Journal (2014)

polarized dust + synchrotron @ 100GHz

fsky=1%

fsky=90%

lensing  
B-modes

Yuji Chinone / Josquin Errard

BICEP/Keck Array 95 GHz (2015)   
r<0.09 (95%)

CMB polarisation status



CMB polarisation status

PolarBear Collaboration (2017)



The challenge

Adapted	  	  from	  C.	  Pryke

Typical degree-scale brightness fluctuations (150GHz)

Ground, Telescope mount etc       3-300 K

Atmosphere                         30 mK - 3 K

Galaxy                                     0.3-30mK

CMB T anisotropies                        30μK

Lensing B modes (at arcmin)         300 nK

r=0.01 B-modes                            30 nK

noise you want to reach              <10 nK 

T        P

106- 108

104- 106

103

10

108- 1010



Polarisation is not going to be easy.

Errard, Feeney (joint first authors), Peiris, Jaffe (JCAP, 2016)

• Planck/BICEP2/Keck: polarised dust and/or synchrotron 
important at all Galactic latitudes (1502.00612, 1502.01588)

• Lensing additional “foreground” for tensors



•Degree-scale B-modes: inflation 

•Arc-minute scale B-modes: gravitational lensing 

– late-time physics: sum of neutrino masses
– geometry: break geometric degeneracy, measure curvature

•EE and TE more constraining than TT (Galli+ 1403.5271) 

•Huge investment! 
AdvACTPol, BICEP3, CLASS, Simons Array, SPT-3G, EBEX10K, PIPER, 
SPIDER, Simons Observatory, COrE+, LiteBIRD, PIXIE, Stage IV, … 

Designing next generation polarisation experiments



Measurements of Sub-degree B-mode 
Polarization in the Cosmic Microwave 
Background from 100 Square Degrees of 
SPTpol Data  
R. Keisler et al.  
The Astrophysical Journal, (2015)

Joint Analysis of BICEP 2 /  
Keck Array and Planck Data  
P. Ade et al.  
Physical Review Letters (2015)

A Measurement of the Cosmic 
Microwave Background B-Mode 
Polarization Power Spectrum at Sub-
degree Scales with POLARBEAR  
The POLARBEAR Collaboration 
The Astrophysical Journal (2014)

polarized dust + synchrotron @ 100GHz

fsky=1%

fsky=90%

lensing  
B-modes

foregrounds 
cleaning
[Stompor et al (2009),  
Stivoli et al (2010) 
Errard et al (2011+2012)]

delensing
[Seljak & Hirata (2004),  
Smith et al (2012),  
Sherwin & Schmittfull (2015)]

BICEP/Keck Array 95 GHz (2015)   
r<0.09 (95%)

Yuji Chinone / Josquin Errard



Polarisation is not going to be easy.

Errard, Feeney (joint first authors), Peiris, Jaffe (JCAP, 2016)

• Half-sky minimum for tensors: ℓ ~ 80, 75 GHz

50% sky
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Experiments

Errard, Feeney (joint first authors), Peiris, Jaffe (JCAP, 2016)

• Frequency bands, polarisation noise, beams and fsky

• Pre-2020 all crossed with Planck



Experiments (post-2020 examples)

Errard, Feeney (joint first authors), Peiris, Jaffe (JCAP, 2016)

• Frequency bands, polarisation noise, beams and fsky

• Pre-2020 all crossed with Planck



Foregrounds: selected real experiments

Errard, Feeney (joint first authors), Peiris, Jaffe (JCAP, 2016)

Pre-2020: ground x balloon Post-2020: ground x satellite

cleaned B-modes 
noise-dominated

cleaned B-modes 
lensing-dominated

residuals
important!

r=0.001 r=0.001



Delensing: toy experiment

Errard, Feeney (joint first authors), Peiris, Jaffe (JCAP 2016)

• 3’ beam, 0.01 < fsky < 1.0 (fsky floor without delensing)
• CIB/LSS better for noisy expts; CMB delenses to zero if noiseless.

CMBxLSS  
(zmax=3.5)

CMBxCIB

CM
BxC
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Delensing: selected real experiments

Errard, Feeney (joint first authors), Peiris, Jaffe (JCAP, 2016)

Pre-2020: ground x balloon
CIB delensing

Post-2020: ground x satellite
CMB delensing

r=0.001 r=0.001



B-mode delensing demonstration

Manzotti et al (2017) 

SPT-pol and Herschel 500 micron CIB map 
(28% reduction; efficiency limited by noise in lensing potential map)



CMB at commercial aircraft altitudes? 

ground

Airlander (Hybrid Air Vehicles)  
(300 ft megablimp)  ??  
 
10 km flight altitude 

3 week flights 

2.5T payload

balloon satellite



Feeney, Gudmundsson, Peiris, Errard, Verde (2017, MNRAS Letters)

Up, up and away!

• half-sky, 10,000 detectors distributed equally @ [40, 94, 150, 
220, 270, 350] GHz, synch+dust cleaning, no delensing



Cosmological Highlights

Errard, Feeney (joint first authors), Peiris, Jaffe (JCAP, 2016)

Pre-2020: 

• inflation:  
– σ(r=0.001) ~ 0.003
– σ(nt) ~ 0.2 (r = 0.1)

Post-2020: 

• inflation:  
– σ(r=0.001) ~ 2 x 10-4  

5-σ measurement (<80% delensing)

– σ(nt) ~0.03 (r = 0.1)

• neutrinos: 
– σ(Mν) ~ 60 meV  

CMBxCIB deflection estimate

• neutrinos: 
– σ(Mν) ~ 30 meV  

(normal vs inverted hierarchies…)

– σ(Neff) ~ 0.024  
(thermal history 1 sec after Big Bang!)



Summary

•Next generation CMB surveys: discovery potential for new 
physics if systematics under control 
Transition between precision and accuracy 

precision
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EarlyUniverse@UCL 
www.earlyuniverse.org

http://www.earlyuniverse.org

