


14 May 2009

Planck Overview Lawrence—2 BeyondPlanck-Release Conference, 18 Nov 2020



Sun-Earth L2

Planck Overview Lawrence—3 BeyondPlanck-Release Conference, 18 Nov 2020



The 3rd-Generation Space CMB Mission

• Goal: measure the temperature anisotropies of the cosmic microwave background (CMB)
to fundamental limits down to 5′, also measure polarization better than ever before

– Two state-of-the-art cryogenic instruments

– Nine bands, 30 GHz to 857 GHz. 30–353 GHz polarized.
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Paper and Data Releases

Data

[Months] Stokes Calibration

Papers Release LFI HFI TOD Maps LFI HFI Solar Orbital Science

Early .......... . . . 10 10 no yes I I yes . . . astrophysics

2013 ........... PR1 15.5 15.5 yes yes I I yes . . . astro+cosmo

2015 ........... PR2 50.5 29 yes yes IQU I(QU)a . . . yes cosmology

2018 ........... PR3 50.5 29 yes yes IQU (I)bQU . . . yes cosmology

NPIPE........ PR4 50.5 29 yes yes IQU IQU . . . yes limited

a Not usable at low `.
b Not changed from 2015.
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Planck Collaboration Papers

# of Pages
# of

Set Papers Total per Paper Mean

Early results .............. 26 584 7–56 22.5

2013 results ............... 32 992 20–66 31.0

2015 results ............... 28 1067 17–99 38.1

2018 results ............... 12 661 31–95 57.3

Intermediate .............. 57 1311 12–88 23.0

Planck/Bicep............. 1 17

Total ...................... 156 4632 29.7

• 48,779 citations as of 17 November 2020

• 8,962 citations for Parameters 2015

• Another >226 papers by Planck team members that are not Planck
Collaboration papers
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Calibration Example

• For the 2013 results papers, the CMB power spectra produced by LFI and HFI agreed over
the first peak extremely well

– But disagreed with WMAP by about 2%, with concerning significance

– This was a puzzle for a while

• Planck 2013 results. XXXI. Consistency of the Planck data started to sort it out

– For LFI, the full 4π beam response used in the diipole calibration needed improvement (∼ 0.2% in
power spectra)

– For HFI, near sidelobe estimates(from “main” beam out to 5◦) needed improvement (beam window
function corrections of 0.5–1.2%). Time constants were a factor.

– Planck in 2013 was calibrated on the WMAP solar dipole, not the orbital dipole. WMAP, on the other
hand, was calibrated on the orbital dipole WMAP solar dipole errors fed directly into Planck errors.
Foreground errors in the WMAP solar dipole fed directly into Planck errors, but didn’t affect WMAP.

– Corrections for foregrounds, including unresolved sources, were necessary

– LFI and HFI agreed well within uncertainties. Planck −WMAP was a 1.5–2σ difference

• Overall 2013 Planck calibration errors were estimated at 0.62% for 70 GHz maps and 0.54%
for 100 and 143 GHz maps

• Planck 2018 and NPIPE are better than 0.1%. Stay tuned for later talks.

– The improvement was a result of many, many factors.
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Systematic Errors

• This is the hard part, of course!

• Planck ultimately was not limited by systematics except at the lowest few multipoles

• The hardest to deal with was an HFI combination of

– ADC non-linearities (not anticipated)

– Way out-of-spec EMC from the 4-K-cooler drive electronics (known before launch)

– Limited downlink bandwidth

40 successive readout samples were summed on board, so sample-by-sample correction was impossible

• Second-hardest was another HFI combination, of

– Beams

– Time constants

– ’Long’ cosmic rays

• There are no shortcuts in finding and mitigating systematic problems

– Must connect any effect to its hardware cause

– Must be able to reproduce it with simulations built on the real behavior of hardware

– Sometimes valuable techniques such as blind analysis and machine learning don’t help

Planck Overview Lawrence—8 BeyondPlanck-Release Conference, 18 Nov 2020



The Universe: Temperature, Nine Frequencies

Planck 2018 results. I.
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Planck Polarization, Seven Frequencies

Planck 2018 results. I.
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Separation of ‘Foregrounds’ from the CMB
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Planck 2018 results. I.

Temperature

• All components smoothed to 1◦

• Sky fractions 81–93% of sky

Polarization

• All components smoothed to 40′

• Sky fractions 27–93% of sky
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CMB and Foreground Stokes I Maps
Planck Collaboration: Di↵use foregrounds component separation
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Fig. 5. Maximum posterior amplitude intensity maps derived from the joint baseline analysis of Planck, WMAP and 408 MHz
observations. From left to right and top to bottom, the components are 1) CMB temperature; 2) synchrotron brightness temperature at
408 MHz; 3) free-free emission measure; 4) spinning dust brightness temperature at 30 GHz; 5) thermal dust brightness temperature
at 545 GHz; 6) 94/100 GHz line emission, evaluated for the 100-ds1 detector map; and 7–9) CO line emission for J=1!0, J=2!1,
J=3!2. Panels 2–5 employ the non-linear HDR color scale, while all other employ linear color scales.

the exact mathematical definition. However, we note that the as-
sumption of constant line ratios is not strictly valid because of
the non-zero velocity of molecular clouds, and this either red- or
blueshifts intrinsic line frequency. Furthermore, because also the
derivative of the bandpass profile evaluated at the line frequency
varies between detectors, the e↵ective observed line ratio also
vary on the sky. As we shall see in Sect. 5, this e↵ect repre-
sents in fact the dominant residual systematic in some of our
frequency channels after component separation. In future analy-
ses, this e↵ect may be exploited to construct an e↵ective velocity
map of the Galaxy, possibly allowing us to mitigate this particu-
lar systematic e↵ect.

Thermal Sunyaev-Zeldovich The last of the main astrophysi-
cal components included in this analysis is the thermal Sunyaev-
Zeldovich (SZ) e↵ect, which is caused by CMB photons scatter-
ing on hot electrons in clusters. After such scattering, the e↵ec-
tive spectrum no longer follows a perfect blackbody, but is rather
given by the expression5 listed in Table 2. The only free param-
eter for this e↵ect is the Compton parameter, ysz, which for our
purposes acts a simple amplitude parameter. Note that the e↵ec-
tive SZ spectrum is negative below and positive above 217 GHz,

5 For simplicity, we adopt the non-relativistic expression for the ther-
mal SZ e↵ect in this paper.

and this distinct feature provides a unique observational signa-
ture. Still, the e↵ect is small for all but the very brightest clus-
ters on the sky, and the ysz map is therefore particularly sensitive
to both modelling and systematic errors. In this paper, we only
fit for the thermal SZ e↵ect in two separate regions around the
Coma and Virgo clusters, which are by far the two strongest SZ
objects on the sky, in order to prevent these from contaminat-
ing the other components. Full-sky SZ reconstruction within the
present global analysis framework requires significantly better
control of systematic e↵ects than what is achieved in the current
analysis, in particular at high frequencies.

Monopoles and dipoles In addition to the above astrophysi-
cal components, the microwave sky exhibits important signal
contributions in the form of monopoles and dipoles. The prime
example of the former is the CMB monopole of 2.7255 K it-
self, and a second important contributor is the cosmic infrared
background (CIB; see Planck Collaboration XXX 2014 and ref-
erences therein). The main dipole contribution comes from the
CMB dipole, which has an amplitude of 3,365.5 (3,364.0) µK as
measured by LFI (HFI); the di↵erence between the LFI and HFI
measurements of 1.5 µK is within quoted uncertainties (Planck
Collaboration A01 2014).

Ideally, the CMB dipole contribution should be removed
during the map making step (Planck Collaboration A07 2014;

10

Planck 2015 results. X.
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CMB and Foreground Stokes Q,U Maps
Planck Collaboration: Di↵use foregrounds component separation
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Fig. 16. Maximum posterior amplitude polarization maps derived from the Planck observations between 30 and 353 GHz. Left and
right columns show the Stokes Q and U parameters, and 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 has been replaced with a constrained Gaussian realization (Planck Collaboration A11 2014). The two
top rows employ linear color scales, and the bottom row employs the non-linear HDR color scale.

short frequency lever arm, and it is from algebraic considera-
tions expected to be the cleanest solution in terms of systematics.
However, it also su↵ers from significantly higher statistical noise
compared to the other types. Type-2 attempts to improve on this
situation by fitting for all CO line maps simultaneously, using
the same algebra and implementation as Type-1, but addition-
ally using multi-frequency observations and imposing a simple
(spatially constant) frequency model for thermal dust. Finally,
in the 2013 release a Type-3 map also provided, which was a
Commander solution, as described above, but assuming a rigid
CO scaling between any two frequency maps, leaving only one

free CO amplitude parameter per pixel, and one free overall line
ratio per frequency map. This approach results in the highest
signal-to-noise ratio, e↵ectively by compressing all information
into one map, but it is also relies directly on the accuracy of the
overall model to avoid foreground leakage into the CO map.

As described above, the Commander CO model has been
generalized in the current release, and is now in principle very
similar to Type-2, with the main di↵erence being a di↵erent ef-
fective signal model to account for other components. No new
Type-3 map is delivered in the 2014 data release, but this has
been superceded by the new Commander J=2!1 map, which

23

Planck 2015 results. X.

Planck Overview Lawrence—13 BeyondPlanck-Release Conference, 18 Nov 2020



Polarized Dust Emission (353GHz)
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Planck 2015 results. X.
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CMB I

Planck 2018 results. I.

[A few % of the sky in the plane of the Milky Way is filled in with a “constrained realization”.]
[Regions inside the grey lines aren’t used for cosmology, as residual foreground emission is too high.]
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A “simple” 6-parameter ΛCDM model
fits the Planck data extremely well!

The TT , TE, EE, and CMB lensing spectra
are consistent with each other under the
assumption of the base ΛCDM cosmology.
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Assumptions Underlying ΛCDM

1 Physics is the same throughout the Universe

2 General Relativity is an adequate description of gravity

3 On large scales, the Universe is statistically the same everywhere

4 The Universe was once hot and dense, and has been expanding

5 Five basic cosmological constituents

– Dark energy that behaves like the energy density of the vacuum

– Dark matter that is pressureless, stable, and non-electromagnetically-interacting

– Regular “atomic” (baryonic) matter that behaves just like it does on Earth

– The photons we observe as the CMB

– Neutrinos that are almost massless, and stream like non-interacting, relativistic particles

6 The curvature of space is very small

7 Variations in density were created early, and are Gaussian, adiabatic, and nearly scale
invariant, as predicted by inflation

– I.e., Proportional in all constituents, and with similar amplitudes as a function of scale

8 The Universe has “trivial” topology (in particular, it is not periodic or multiply connected)
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The Six

1 Density of baryonic matter in the Universe Ωbh
2

2 Density of cold dark matter in the Universe Ωch
2

3 Angle subtended by the distance sound travelled in the first

370,000 years after the Big Bang θMC

4 Fraction of CMB photons scattered on their 13.8 billion year journey

by electrons and protons (hydrogen) reionized by stars, quasars, etc. τ

5 Amplitude of the initial fluctuation spectrum As

6 Slope of the initial fluctuation spectrum ns
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The Six Again

• As, ns — inflation fluctuations; 10−35 s;

• Ωbh
2, Ωch

2 — baryons and cold dark matter; first few minutes

– 0.6% and 0.8% precision

• θMC — sound horizon; 370,000 years

– 0.03% precision

• τ — reionization optical depth; 13.8 billion years
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Angular Power Spectrum + Best-Fit Model

Planck 2015 results. XIII.

Red line is the “best-fit” model to the temperature data.
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Polarization Spectra, Same Model

Planck 2015 results. XIII.

TE EE

Temperature-polarization cross-spectrum Polarization auto-spectrum

Red line is again the “best-fit” model to the temperature data.

• Spectacular agreement between inferences from temperature and polarization
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Lensing Potential — All the Mass in the Universe

Planck 2018 results. I.

• Lensing now measured at 40σ.
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ΛCDM Model Parameters

Parameter Planck +BAO Nσ

Ωbh
2[18.79 yg m−3].......... 0.02242± 0.00014 160

Ωch
2[18.79 yg m−3] .......... 0.11933± 0.00091 131

100θMC........................... 1.04101± 0.00029 3590

τ .................................... 0.0561± 0.0071 7.9

τ (NPIPE) .................. 0.051± 0.006 8.5

ln(1010As) ...................... 3.047± 0.014 218

ns .................................. 0.9665± 0.0038 254

H0[km s−1 Mpc−1] ........... 67.66± 0.42 161

Ωm ................................. 0.3111± 0.0056 55

zreionization ........................ 7.82± 0.71 11

zrecombination ..................... 1059.94± 0.30 3533

Age[Gyr]........................ 13.787± 0.020 689

68% confidence limits
Planck 2018 results. I.
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Consistency with Other Data

• Baryon Acoustic Oscillations (BAO; distance scale)

• Primordial nucleosynthesis

• Type Ia supernovae

• Direct measures of H0

• Redshift-space distortions

• Rich clusters of galaxies
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Baryon Acoustic Oscillations (Distance Scale Comparison)

• Acoustic oscillations

at z ∼ 1100 and

z < 2.5 tell the same

story about the distance

scale: ΛCDM!

Vertical axis is the ratio of the acoustic-scale distance as determined by the experiments plotted to that determined by Planck.
DV (z)/rdrag is the acoustic-scale distance ratio
rdrag = comoving sound horizon at end of baryon drag epoch

DV =
[
(1 + z)2D2

A(z) cz
H(z)

]1/3

DA = angular diameter distance

Planck 2018 results. I.
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Big Bang Nucleosynthesis

Planck 2018 results. I.

The width of the green stripes corresponds to 68% uncertainties in nuclear reaction rates and on the neutron lifetime. The horizontal bands show
observational bounds on primordial element abundances compiled by various authors, and the red vertical band shows the Planck TT+lowP+BAO
bound on Ωbh

2 (all with 68% errors). The BBN predictions and CMB results shown here assume Neff = 3.046 and no significant lepton asymmetry.

Helium

Deuterium

Planck Overview Lawrence—26 BeyondPlanck-Release Conference, 18 Nov 2020



Do More Complicated Models Fit Better?

The standard ΛCDM model fits really well. Do models with more parameters fit

better?

• ΩK (curvature)

• Σmν (neutrino mass) and Neff (effective number of “neutrino” species)

• YP (helium fraction)

• dns/d ln k (curvature in the input fluctuation spectrum)

• r0.002 (tensor-to-scalar ratio at k0 = 0.002 Mpc−1)

• w (dark energy equation of state, constant)

• Huge number of variations posted on the archive.

No compelling evidence for any of these extensions
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Curvature

• CMB + later-time data from lensing and BAO lead to remarkable

constraints on spatial curvature. . .

Ωk = 0.0007± 0.0019(95%)
Planck 2018 results. I.
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Non-Gaussianity

• f local
NL = −0.9± 5.1

• f equil
NL = −26± 47

• fortho
NL = −38± 24

Planck 2018 results. I.
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Inflation Constraints from Planck + BAO
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Planck 2018 results. I.

• V (φ) ∝ m2φ2 and λφ4 excluded. Models with r ∼ (1− ns)
2 (concave potentials) are consistent with data.

• ⇒ Energy scale of inflation V∗ = (1.94× 1016 GeV)4 r0.002/0.12)
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Tensor-to-Scalar Ratio r

• From Planck 2018 VI, combining Planck data with BICEP-Keck 2015 data (BICEP2
Collaboration 2018), we get

r0.002 < 0.06, 95%

• From a new paper under review at A&A, combining NPIPE-processed Planck data with
BICEP-Keck 2015 data, we get

r0.002 < 0.044, 95%

Astronomy & Astrophysics manuscript no. planck_tensor © ESO 2020
November 17, 2020
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Abstract

We present constraints on the tensor-to-scalar ratio r using Planck data. We use the latest release of Planck maps (PR4), processed
with the NPIPE code, which produces calibrated frequency maps in temperature and polarization for all Planck channels from 30 GHz
to 857 GHz using the same pipeline. We compute constraints on r using the BB angular power spectrum, and also discuss constraints
coming from the TT spectrum. Given Planck’s noise level, the TT spectrum gives constraints on r that are cosmic-variance limited
(with �r = 0.093), but we show that the marginalized posterior peaks towards negative values of r at about the 1.2� level. We derive
Planck constraints using the BB power spectrum at both large angular scales (the “reionization bump”) and intermediate angular
scales (the “recombination bump”) from ` = 2 to 150, and find a stronger constraint than that from TT , with �r = 0.069. The Planck
BB spectrum shows no systematic bias, and is compatible with zero, given both the statistical noise and the systematic uncertainties.
The likelihood analysis using B modes yields the constraint r < 0.158 at 95 % confidence using more than 50 % of the sky. This upper
limit tightens to r < 0.069 when Planck EE, BB, and EB power spectra are combined consistently, and tightens further to r < 0.056
when the Planck TT power spectrum is included in the combination. Finally, combining Planck with BICEP2/Keck 2015 data yields
an upper limit of r < 0.044.

Key words. cosmology: observations – cosmic background radiation – cosmological parameters – gravitational waves – methods:
data analysis

1. Introduction

While the idea of cosmic inflation was introduced about 40
years ago to solve inherent problems with the canonical hot big-
bang model (Brout et al. 1978; Starobinsky 1980; Kazanas 1980;
Sato 1981; Guth 1981; Linde 1982; Albrecht & Steinhardt 1982;
Linde 1983), attention quickly focused on using it as a means to
generate cosmological perturbations from quantum fluctuations
(Mukhanov & Chibisov 1981, 1982; Hawking 1982; Guth & Pi
1982; Starobinsky 1982; Bardeen et al. 1983; Mukhanov 1985).
These perturbations include a tensor component (i.e., gravita-
tional waves) as well as the scalar component (i.e., density vari-
ations).

Inflationary gravitational waves entering the horizon be-
tween the epoch of recombination and the present day gener-
ate a tensor contribution to the large-scale cosmic microwave
background (CMB) anisotropy. Hence, primordial tensor fluc-
tuations contribute to the CMB anisotropies, both in temper-
ature (T ) and in polarization (E and B modes; Seljak 1997;
Kamionkowski et al. 1997; Seljak & Zaldarriaga 1997).

As described in Planck Collaboration VI (2020) and
Planck Collaboration X (2020), the comoving wavenumbers of
tensor modes probed by the CMB temperature anisotropy power
spectrum have k <⇠ 0.008 Mpc�1, with very little sensitivity to
higher wavenumbers because gravitational waves decay on sub-
horizon scales. The corresponding multipoles in the harmonic
domain are ` <⇠ 100, for which, in temperature, the scalar per-
turbations dominate with respect to tensor modes. The tensor
component can be fitted together with the scalar one, and the
precision of the Planck constraint is limited by the cosmic vari-
ance of the large-scale anisotropies.

In polarization, the EE and T E spectra also contain a tensor
signal coming from the last-scattering and reionization epochs.
However, the addition of Planck polarization constraints at
` >⇠ 30 does not significantly change the results coming from
temperature and low-` polarization dataHowever, BB power
spectra are treated di↵erently in determining the tensor contri-
bution, since the model does not predict any primordial scalar
fluctuations in BB. As a consequence, a primordial B-mode
signal would be a direct signature of tensor modes. However,
depending on the amplitude of the tensor-to-scalar ratio, such

1

arXiv:2010.01139
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Summary of Results

• 6-parameter ΛCDM fits!

• CMB and large-scale structure (BAO) provide a consistent picture

• Extensions of the model have been tested. They are not required, and provide many limits

• Primordial fluctuations are to good approximation

– Isotropic (but not completely)

– Gaussian

– Nearly scale invariant (ns = 1 is excluded at 9σ)

• Space is flat

• Matter is mostly dark and cold

• Baryon density, helium and deuterium abundances, are consistent with BBN

• There are no gravitational waves at the < 10% level
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However. . .

• We don’t know what dark matter is.

• We don’t have any idea at all what dark energy (Λ) is.

• The physics of inflation are largely unknown
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Conclusion

• Planck met its goals

• The Planck data releases and papers are a major and wonderful contribution to

our knowledge of the Universe

• There is much left to do with the Planck data. . .

• . . .and a lot left to squeeze out of the CMB
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