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400,000 km

Corrections to stay in Lissajous L2 orbit every 30 days



Sun
Earth

Full sky every 6-7 months: this year 2 sky surveys, then next year 4 full scans

14°

5-10 arcmin beam

(HFI)

Spin axis

±10° of sun

85°

- Spacecraft rotates at 1 rpm

- Optic axis at 85° traces large 

circles on the CMB
(small precession to cover whole sky)

- Re-points every hour



Make full-sky maps at many frequencies



CMB Blackbody – can separate or model foregrounds

For parameter analysis actually cut and model rather than clean



Hu & White, Sci. Am., 290 44 (2004)

Evolution of the universe

Opaque

Transparent



Where do the perturbations come from?

Quantum Mechanics

“waves in a box”

Inflation

make >1030 times bigger

After inflation

Huge size, amplitude ~ 10-5



CMB temperature

End of inflation Last scattering surface

gravity+

pressure+

diffusion 

10−5 perturbations ⇒ Linear theory predictions very accurate

⇒ Gaussian fluctuations from inflation remain Gaussian



14 000 Mpc

z~1000

z=0
θ



Observed CMB temperature power spectrum

Primordial perturbations + known physics with unknown parameters

Observations
Constrain theory of early universe

+ evolution parameters and geometry



0.1% accurate measurement of the acoustic scale:

Detailed measurement of 6 power spectrum acoustic peaks 

Accurate measurement of cosmological parameters?

YES: some particular parameters measured very accurately

But need full cosmological model to relate to underlying physical parameters..



e.g. Geometry: curvature

flat closed

θ

θ

We see:



or is it just closer??

flat

We see:

θ

Degeneracies between parameters

flat

θ



Credit: Anthony Challinor



LCDM baseline model:
Flat, dark matter, cosmological constant, neutrinos, photons: six free parameters. 

Assume 3 neutrinos, minimal-mass hierarchy with ∑𝑚𝜈 = 0.06eV.

2. Use additional data or non-Gaussianities to break degeneracies

1. Assume a model



Beyond Gaussianity – general possibilities

Θ 𝑙1 Θ 𝑙2 = 𝛿 𝑙1 + 𝑙2 𝐶𝑙

- power spectrum encodes all the information

- modes with different wavenumber are independent

Gaussian + statistical isotropy 

Flat sky approximation:  Θ 𝑥 =
1

2𝜋
∫ 𝑑2𝑙 Θ(𝑙)𝑒𝑖𝑥⋅ 𝑙

Higher-point correlations

Gaussian: can be written in terms of 𝐶𝑙

Non-Gaussian: non-zero connected 𝑛-point functions

(Θ = 𝑇)



Flat sky approximation:

If you know Θ 𝑙1 , Θ 𝑙2 , sign of 𝑏𝑙1𝑙2𝑙3tells you which sign of Θ 𝑙3 is more likely

Bispectrum

Trispectrum

〈Θ 𝑙1 Θ 𝑙2 Θ(𝑙3)〉 =
1

2𝜋
𝛿 𝑙1 + 𝑙2 + 𝑙3 𝑏𝑙1𝑙2𝑙3

𝑙1

𝑙2

𝑙4

𝑙3
𝐿

𝑙2

𝑙3

𝑙1

N-spectra…

𝒍𝟏 + 𝒍𝟐 + 𝒍𝟑 = 𝟎



+

+

+

𝑘1 + 𝑘2 + 𝑘3 = 0, 𝑘1 = 𝑘2 = |𝑘3|Equilateral

=

b>0

b<0

𝑘1

𝑘2

𝑘3

𝑇(𝑘1) 𝑇(𝑘2)

−𝑇(𝑘3)

𝑇(𝑘3)



Millennium simulation



Near-equilateral to flattened:

b<0b>0

𝑘2

𝑘3
𝑘1



𝑘1 + 𝑘2 + 𝑘3 = 0, 𝑘1 ≪ 𝑘2, 𝑘3Local (squeezed) 𝑘2 ∼ −𝑘3

𝑘1 𝑘2

𝑘3

T(𝑘2)𝑇(𝑘1)

−𝑇(𝑘3)

=+

+

+

b>0

b<0

𝑇(𝑘3)

Squeezed bispectrum is a correlation of small-scale power with large-scale modes



Liguori et al 2007

e.g. 𝜒 = 𝜒0 1 + 𝑓𝑁𝐿𝜒0



𝑘1 𝑘2

𝑘3

𝑘4

𝑘1 𝑘2

𝑘3𝑘4

𝑘1 𝑘2

𝑘3𝑘4

𝑘1 ~ 𝑘2 , 𝑘3 ~ 𝑘4 , 𝑘1 + 𝑘2 = 𝑘3 + 𝑘4 ≪ 𝑘2 , |𝑘3|Diagonal squeezed trispectra

Trispectrum = power 

spectrum of modulation

e.g. 𝜒 = 𝜒0 1 + 𝑓𝑁𝐿𝜒0

or 𝜒 = 𝜒0 1 + 𝜙
(any correlation, 𝜏𝑁𝐿 > 𝑓𝑁𝐿

2 )

𝜏𝑁𝐿 ∼ 𝑓𝑁𝐿
2



Trispectrum>0 Trispectrum<0

𝑘1 ≪ 𝑘2 ~ 𝑘3 ~|𝑘4|

𝑘4

𝑘2𝑘3

𝑘1

Correlated modulation of equilateral bispectrum

e.g. from  𝜒 = 𝜒0 1 + 𝑔𝑁𝐿𝜒0
2 [no diagonal squeezed]

One-leg squeezed trispectra

also from 𝜒 = 𝜒0 1 + 𝑓𝑁𝐿𝜒0 [plus diagonal squeezed]

For more pretty pictures and other shapes see:  The Real Shape of Non-Gaussianities, arXiv:1107.5431



Two Equivalent Perspectives

For a given modulation field :
𝑇 ∼ 𝑃(𝑇|𝑋)

- Anisotropic Gaussian temperature distribution

Marginalized over (unobservable) modulation field:

𝑇 ∼ ∫ 𝑃(𝑇, 𝑋)𝑑𝑋

- Non-Gaussian statistically isotropic temperature distribution

Say modulation caused by some field  𝑋



For a given (fixed) modulation field:

𝑇 ∼ 𝑃(𝑇|𝑋)

- Anisotropic Gaussian temperature distribution

Model-dependent function you 

can calculate for 𝑋(𝐊) = 0
Can reconstruct the 

modulation field 𝑋!

- For small modulations can construct “optimal” QML estimator  𝑋 𝐾
by summing filtered fields appropriately over 𝑘2, 𝑘3

Squeezed shapes: measuring the modulation

 𝑋 𝐾 ∼ 𝑁(∑𝐤2,𝐤3
𝐴 𝐾, 𝑘2, 𝑘3

 𝑇 𝐤2
 𝑇 𝐤3 − mean field)

- Modes correlated for 𝐤2 ≠ 𝐤3

Zaldarriaga, Hu, Hanson, etc.. 



Expected signals



14 000 Mpc

z~1000

z=0
θ

We observe CMB at last scattering modulated by other perturbations

𝒗



CMB Lensing

Last scattering surface

Inhomogeneous universe

- photons deflected

Observer

Review: Lewis & Challinor Phys. Rept . 429, 1-65 (2006): astro-ph/0601594

Weak lensing to break CMB degeneracies

- smooths the power spectra

- Introduces non-Gaussianity: use trispectrum to reconstruct lensing potential 𝜙

http://images.google.com/imgres?imgurl=http://www.olegvolk.net/olegv/newsite/samos/eye.jpg&imgrefurl=http://www.olegvolk.net/olegv/newsite/samos/samos.html&h=542&w=800&sz=67&tbnid=-Fj6h3BoFeoJ:&tbnh=96&tbnw=142&start=40&prev=/images?q=eye&start=20&svnum=100&hl=en&lr=&rls=GGLD,GGLD:2004-31,GGLD:en&sa=N


UnlensedMagnified Demagnified

Lensing reconstruction

+ shear (different ellipticity in different directions)



Planck lensing potential reconstruction (north and south galactic)

25𝜎 detection!

Note – about half signal, half noise, not all structures are real

map is effectively Wiener filtered

Correlation with T ⇒ Bispectrum;   Power spectrum ⇒ Trispectrum



Trispectrum: Planck lensing power spectrum



Future date should do much better on neutrino mass..

Neutrino mass



Bispectrum: correlation of lensing with temperature

Depends on lensing-temperature cross-correlation, 𝐶𝑙
𝑇𝜓

(note Rees-Sciama contribution is small, numerical problem with much larger result of Verde et al, Mangilli et al.; 

see also Junk et al. 2012 who agree with me)



Planck lensing bispectrum result

Large cosmic variance and 

reconstruction noise, but ‘detected’

at ∼ 2.5𝜎



Other effects of large-scale modes

- Redshifting as photons travel through perturbed universe and then Doppler

shifted by earth’s motion

- Transverse directions also affected:

perturbations at last scattering are distorted

Shear + Convergence + Ricci focussing + Aberration

Δ𝑇small → 1 + Δ𝑇large Δ𝑇small𝑇 → 1 +
Δ𝑇

𝑇
𝑇

Only Doppler term non-negligible

Ricci focussing Convergence

Local aberrationRadial displacement

(small, 𝛿𝜒 ≪ 𝜒∗)



𝐷

2
≈ 𝜒∗𝑎∗(1 + 𝜁𝛾 − 𝜅)

Overdensity (𝜁 larger)
underdensity

Ricci focussing:

beam contracts more leaving LSS

⇒ same physical size looks smaller

Significantly smaller than lensing – can also be neglected for Planck



Kinematic dipole bispectrum 𝒃𝟏𝒍𝟐𝒍𝟑 and squeezed trispectrum

Aberration

 𝒏 →  𝒏 + 𝛻( 𝒏 ⋅ 𝒗)

- just like a dipole lensing

convergence

Power modulation

Illustrated for 
𝑣

𝑐
= 0.85

Challinor & van Leeuwen 2002



Dipole kinematic effect using appropriate quadratic estimators

Note: not included in parameter analysis 

- bias due to aberration average over mask  ∼ 0.25𝜎



z~1000

14 000 Mpc

z=0
θ

Squeezed shape ⇒ large-scale modulation
⇒

Primordial curvature modulation:Primordial non-Gaussianity?



Planck result

No evidence for primordial non-

Gaussianities

NOTE: must carefully 

distinguish from lensing!

Bispectrum

𝑙1 ≪ 100: modulation super-horizon and constant through last-scattering, 𝜁𝑔 = 𝜁0
∗

Local 𝑓𝑁𝐿: Primordial curvature perturbation is modulated as 

In general account for finite recombination thickness.



Trispectrum

Now accurate approximation:

Trispectrum = Power spectrum of 𝑓

𝑓 =
6𝑓𝑁𝐿

5
𝜁𝑙 + 𝜒

(optimal to percent level)

Combined estimator for nearly scale-invariant modulation

𝑓 =
6𝑓𝑁𝐿

5
𝜁𝑙

CMB trispectrum ∼
6

5
𝑓𝑁𝐿

2
𝐶𝐿

𝜁∗𝜁∗(𝐶𝑙1 + 𝐶𝑙2) (𝐶𝑙3 + 𝐶𝑙4) – expected to be small



143x217 modulation reconstruction (𝐿 ≤ 5)

- map of estimated modulation field 𝑓

Kinematics  not subtracted

Kinematics subtracted

in mean field from sims

Dipole effects must be subtracted!



Conservative upper limit, allowing octopole to be physical using Bayesian 

posterior

Planck 𝝉𝑵𝑳 trispectrum (power spectrum of power modulation)



Conclusions
• Planck power spectrum measures some combinations of parameters to high 

precision. 
For individual parameters mostly need assumptions or extra information.

• Planck detects non-Gaussianities at high significance

- Lensing trispectrum ∼ 25𝜎 [breaks parameter degeneracies]
- Lensing bispectrum ∼ 2.5𝜎 [some information on dark energy]
- Doppler dipole and trispectrum 5𝜎

+ CIB, point source, foregrounds… 

• Signals must be modelled and subtracted when looking for primordial signals 
(even small significance detection ⇒ potentially large bias)

• No evidence for primordial non-Gaussianity yet

• Marginally anomalous but a posteriori power asymmetry at 𝑙 ≤ 500 (consistent 
with WMAP and previous analyses)


