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Planck’s View of the 
Origin of Cosmic Structure







What is the physical origin of all the 
structure in the Universe?

Short answer: We don’t know!

Cosmic Microwave Background 
image:  Planck

Large Scale Structure 
image: SDSS
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inflation...?

380,000 
years

13.8 
billion 
years

Inflation: accelerated super-expansion; 

generates cosmic structure via quantum 
fluctuations











T=2.725 Kelvin

COBE (1992)



Primordial ripples

COBE (1992)



Variations of 1 part in 100,000 (of 2.725 Kelvin)

WMAP (2003)





Planck (2013)

Raw data: ~500 trillion samples over 15 months
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



Baby Universe in focus

Planck (2013)





Compress the CMB map to study cosmology
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Sound waves on the sky
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Credit: NASA/WMAP Science Team



Physics of the CMB power spectrum

Credit: NASA/WMAP Science Team
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Pre-Planck power spectrum at large scales

Credit: NASA/WMAP Science Team



Pre-Planck power spectrum at small scales

Credit: South Pole Telescope Team

South Pole Telescope



Planck power spectrum

Credit: Planck Collaboration



Planck power spectrum

Credit: Planck Collaboration



Radical data compression!

50 million pixels...

2500 multipoles...

six cosmological parameters!



Planck + WP cosmological parameters

~directly measured

   Ωbh2 = 0.02205 ± 0.00028

   Ωch2= 0.1199 ± 0.0027

   ns = 0.960 ± 0.007

   τ = 0.089 ± 0.014

   109As = 2.20 ± 0.06

derived

   H0 = 67.3 ± 1.2 km/s/Mpc 

   ΩΛ = 0.685 ± 0.017

   σ8 = 0.829 ± 0.012

Cosmological parameters not “directly measured”; details depend on models [“priors”]



Makeup of universe today

5%

27%

68%

Dark Matter
(suspected since 1930s

known since 1970s)

Dark Energy
(suspected since 1980s

known since 1998)

Also: 
radiation (0.01%)

Visible Matter
(stars 1%,  gas 4%)



The new/old universe

Big picture: no qualitative changes

Quantitatively:
-Planck’s higher resolution: better 
measurement of CMB damping physics

- slightly slower expansion rate, slightly older 
universe

- slightly less dark energy, more dark matter

-Some tensions with local H0 measurements

maser

lensing time delay







CMB lensing potential reconstruction



CMB lensing potential power spectrum

Detected at ~25σ: breaks parameter degeneracies from 
primary CMB alone; new window on growth of cosmic structure
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Ωtot = 1(k=0)

Cosmic History / Cosmic Mystery

~1015 GeV ~1 MeV ~0.2 eV

Figure: J. McMahon, adapted by HVP

Cosmic Microwave 
Background Emitted

carries signature of 
acoustic oscillations and 
potentially primordial 
gravitational waves

non-linear growth of 
perturbations: 

signature on CMB 
through weak 

gravitational lensing

GUT 
symmetry

Generation 
of primordial
perturbations

Planck 
Energy

T=100 TeV
(ILC X 100)

nucleosynthesis



Inflation

A period of accelerated expansion

ds2 = !dt2 + e2Htdx2 H " const

•Solves:

‣horizon problem

‣flatness problem

‣monopole problem

i.e. explains why the Universe is so large, so flat, and so empty

•Predicts:

‣scalar fluctuations in the CMB temperature

-nearly scale-invariant

-approximately Gaussian 

‣ primordial tensor fluctuations (gravitational waves)



Inflation

Implemented as a slowly-rolling scalar field evolving in a potential:
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Inflation
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• Solves the flatness/horizon problems if the early universe inflates by factor 
~1030.

• Cosmological perturbations arise from quantum fluctuations, evolve 
classically.

• Don’t know the dynamics of inflation: parameterize weakly scale-dependent 
functions with a few numbers to pin down observationally. 
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Reminder: the primordial power spectrum & the CMB

CMB physics

CMB physics

large 
scales

small
scales

p
ow

e
r

k

P (k)

nS < 1

k

P (k)

nS > 1



Constraints on slow roll models: 
ns-r parameterization

Planck+WP: r0.002 < 0.12ns = 0.9603± 0.0073 (95% CL)
Energy scale of inflation: V⇤ < (1.94⇥ 1016GeV)4

V 00 < 0



Ruling out exact scale invariance

•HZ model disfavored by  -2 ∆ ln L ~ 28

•Main degeneracies: Yp and Neff (effect on damping tail mimics tilt)

•Requires helium fraction incompatible with direct astrophysical 
measurements + standard BBN / or needs extra relativistic d.o.f.

•With BAO, -2 ∆ ln L ~ 39 (HZ), 4.6 (HZ+Yp), 8.0 (HZ + Neff)



Extending the primordial parameter set: 
running
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Planck+WP+BAO: ⇤CDM + dns/d ln k

Planck+WP+BAO: ⇤CDM + dns/d ln k + r

•Constraints pivot-dependent; shown at decorrelation scale k=0.04 Mpc-1.

dns/d ln k = �0.013± 0.009Planck+WP:

predictions of monomial chaotic models with N* ~ [50,60]



Extending the primordial parameter set: 
curvature
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Running spectral index (dns/d ln k)

0.
0

0.
3

0.
6

0.
9

1.
2

T
en

so
r-

to
-S

ca
la

r
R
at

io
(r

)

�
0.24

�
0.16

�
0.08

0.00

⌦
K

• Simplest inflationary models predict 

•Open inflation (e.g. bubble nucleation, landscape) can predict 
larger negative spatial curvature, O(10-4); 

•positive curvature (closed universe) much harder to get in 
inflationary paradigm. 

|⌦K | < 10�5

(Planck+WP+BAO)

⌦K = �0.0004± 0.0036



Robustness to cosmological model
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Potential reconstruction in 
observable window
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•Preference for concave potentials

•n=4 case exhibits running of running (acts to resolve low ell tension)

• sparsity of potentials with low V0 reflects flat prior on V0 rather than ln(V0)



Non-Gaussianity: maximising physical information

Pre-
Planck:

constraints on inflation come mainly from 2-pt correlations. 
Only captures all information if data are completely Gaussian.

signals giving physical understanding are non-Gaussian.
Higher-order correlations can encode much information.

Post-
Planck: 

angular power spectrum
2500 multipoles

map
50 million pixels

θ

radical data 
compression



Beyond the Gaussian

pre-inflation

signatures of collisions 
between “bubble universes”

post-inflation

topological defects 
(cosmic strings, textures)

during inflation

primordial non-Gaussianity: only probe 
of interactions during inflation



Primordial non-Gaussianity (PNG)

•Gaussian fluctuations: described by a simple sum of Fourier 
modes with random phases.  

•Gaussian fluctuations fully described 2-pt correlation. 

•NG is measured using higher order correlations (e.g. 3-pt 
function).

•A detection of fNL >> 1 will immediately rule out the 
“textbook” picture of inflation.

Phenomenological parametrization: 

primordial potential

� = �+ fNL(�
2 � h�2i)

Gaussian field



Rich phenomenology

primordial
non-

Gaussianity

Different mechanisms lead to different 3-pt function “shapes”, giving a fingerprint to 
track down the correct physics. 

feature models

cosmic strings

multifield inflation
(LOCAL)

brane (DBI) inflation
(EQUILATERAL)

warm inflation

trans-Planckian vacua

Figure: P. Shellard & J. Fergusson



Planck’s PNG measurements 

•Measured to 1 part in 10,000 (most precise cosmological measurement!) 

•Bispectrum now a routine observable, like the spectral index

• Standard bispectrum configurations not detected by Planck; stringent 
constraints on local/equilateral/orthogonal etc shapes

Shape ISW-lensing subtracted KSW

Local 2.7 ± 5.8

Equilateral -42 ± 75

Orthogonal -25 ± 39

DBI 11 ± 69

EFT1 8 ± 73

EFT2 19 ± 57

Ghost -23 ± 88



Inflationary models in a post-Planck world

•Non-generic correlations between 2pt+3pt+... observables provide 
powerful constraints on inflationary physics

+



Aside: Planck’s (non-)PNG measurements 

• non-linear effects cause coupling between weak gravitational lensing & 
ISW from evolving gravitational potential (bispectrum)

• Effect seen in Planck for the first time (significance ~2.5σ).

Planck has measured non-primordial NG as predicted by LCDM

X



Figures: BICEP2

Milestone: measurement of B-modes

BICEP2 + PolarBear BB auto spectra and 95% 
upper limits from several previous experiments.
 
B2 errorbars include sample-variance from r=0.2



BICEP2 thoughts

Is the signal cosmological? My desiderata: want to see confirmation at 
different frequencies, different experiments, different parts of the sky.

“Extraordinary claims require extraordinary evidence.” 

(Known) FG modelling can 
bring down the signal to r~0.1 Figures: BICEP2

instrumental effects 
modelling must be 
accurate to <1% 



What if: tension with low l TT? 

•If r~0.2, “anomalies” at large scales may 
acquire new significance.

-Broken scale-invariance / “features”? 
(Abazajian et al 2014, Miranda et al 2014)
-Anticorrelated isocurvature? 
(Kawasaki et al 2014)
-Inflation after false vacuum decay 
(Bousso et al 2014)
-Link to hemispherical asymmetry? 
(Chluba et al 2014)
.....

•Polarization critical to testing these ideas 
(see e.g. Mortonson, Dvorkin, HVP, Hu 2009, 
Dvorkin, HVP, Hu 2008)

Figures: ESA/Planck
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Inflation: score-card from Planck

A period of accelerated expansion

ds2 = !dt2 + e2Htdx2 H " const

•Solves:

‣horizon problem

‣flatness problem

‣monopole problem

i.e. explains why the Universe is so large, so flat, and so empty

•Predicts:

‣scalar fluctuations in the CMB temperature

✓nearly but not exactly scale-invariant (>5σ!)

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

? primordial tensor fluctuations (gravitational waves)



What is the physical origin of all the 
structure in the Universe?

1

Cosmic Microwave Background 
image:  Planck

Large Scale Structure 
image: SDSS

The simplest inflationary models have 
passed their most stringent test yet!



What is the physics of inflation?

“Inflation consists of taking 

a few numbers that we don’t 

understand and replacing it 

with a function that we 

don’t understand”

David Schramm  1945 -1997

Why is the 
potential so 
flat?

Why did the field start here?

Where did 
this function 
come from?

How do we convert the 
field energy completely 
into particles?

V (!)

!



We see a model working in practice. 
How does it work in principle?

What is the physical origin of all the 
structure in the Universe?

Cosmic Microwave Background 
image:  Planck

Large Scale Structure 
image: SDSS



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 2014

Planck Collaboration: Cosmological parameters

Fig. 10. Planck TT power spectrum. The points in the upper panel show the maximum-likelihood estimates of the primary CMB
spectrum computed as described in the text for the best-fit foreground and nuisance parameters of the Planck+WP+highL fit listed
in Table 5. The red line shows the best-fit base ⇤CDM spectrum. The lower panel shows the residuals with respect to the theoretical
model. The error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
36b), and include beam uncertainties and uncertainties in the foreground model parameters.

Fig. 11. Planck T E (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from
the base ⇤CDM Planck+WP+highL model, which is fitted to the TT data only.

24

Next: twice as much intensity 
data (30 vs 15 months) and 
polarization. 

Preview: at small/intermediate 
scales, polarization and intensity
correlation exactly as predicted 
by theory.



Conclusions

Planck has precisely measured the cosmological 
parameters to better than 1%

-Strong and continued support for hot Big Bang model

-Consistent with simplest predictions of cosmic inflation

There are some intriguing things in our data 

-e.g. lower Hubble constant than local measurements

Stay tuned for more data (+ more theoretical ideas!)

-Polarization and more temperature data in 2014

See for yourself! 30 papers on arXiv.org and data at 
ESA’s repository (google “Planck Archive”)



EarlyUniverse@UCL
www.earlyuniverse.org

http://www.earlyuniverse.org
http://www.earlyuniverse.org
http://www.earlyuniverse.org
http://www.earlyuniverse.org

