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Many of the scientific results presented this week are
a product of the Planck Collaboration, including
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The Once and Future CMB
□ The Physics of the CMB
■ Last scattering and beyond

□ The state of the art (WMAP and suborbital)
■ A Standard Cosmological Model?

□ Planck
■ An all-sky telescope with 9 frequency bands:

30GHz to 857 GHz, sensitive to
□ dust in the solar system, our galaxy and other galaxies
□ synchrotron radiation
□ cold, molecular gas
□ and the cosmic microwave background!

□ Beyond Planck
■ Suborbital 2011-2015
■ A future Satellite?

The CMB at #STFC2011
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A standard cosmological model?

□ Friedmann-Robertson-Walker 
metric with:
■ radiation (p/ρ≡w=⅓)

baryons (w≃0)
dark matter (w=0)
dark energy (w<−⅓ [w=−1?])
□ Age t0, expansion rate H0

□ Curvature: Ωk (=0?)
□ Densities: 
Ωr~10-5, Ωb≈0.04, 
Ωc≈0.23, ΩDE≈0.73 (wDE)

■ small perturbations
□ seemingly Gaussian, 

acausal, adiabatic
■ Initial power spectrum 

of scalar density 
perturbations

■ (and similar for tensor 
gravitational waves)

□ small non-Gaussianity fNL

P (k) ' Akns

ds2 = c2dt2 � a2(t)
�

dr2

1� kr2
+ r2d�2 + r2 sin2 � d⇥2

⇥

□ Predictions:
(“pillars of the Big Bang”) 
□ Expansion (Hubble)

□ Hot big bang
□ Light element abundances (BBN)
□ Recombination (CMB)

In
fla

tio
n?
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Evidence & Observations:
Cosmic Microwave Background

□ 400,000 years after the Big Bang, the temperature 
of the Universe was T~3,000 K

□ Hot enough to keep hydrogen atoms ionized until 
this time
□ proton + electron → Hydrogen + photon [p+ + e- → H+γ]
□ charged plasma → neutral gas

■ depends on entropy of the Universe
□ Photons (light) can't travel far in 

the presence of charged particles
□ Opaque → transparent

Opaque

Transparent

Thursday, 1 September 11



Ionization fraction: Equilibrium
□ tiny baryon-to-photon ratio η=nb/nγ≅10-9 key to 

“delay” to kT~1eV≪13.6 eV

□ Solve Saha Equation
equilibrium ioniz’n 
balance

□ really should follow
many levels, species

1200 1400 1600 1800 2000
z

0.2

0.4

0.6

0.8

1.0
X

Wb h
2 á 0.1

Wb h
2 á 0.02

Wb h
2 á 0.005

IonizedNeutral
p+e →H+γ

Not shown: interaction falls out of equilibrium and freezes out: X~10-4

Io
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tio

n 
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tio

n
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1100 1200 1300 1400 1500 1600 1700
z

1011

1012

1013

1014

1015

t

sec

H
-1, Wm=1

H
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l, Wbh
2
ã0.1

l, Wbh
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ã0.02

λ~1/Γ

t~1/H

OpaqueTransparent

Photon Decoupling
□ Freeze-out when 

interaction rate = Γ<H = expansion rate

□ Evolution of 
photon-baryon 
plasma depends on
expansion rate & 
densities

□ Apparent horizon at
recombination: 
approximate 
standard ruler

e+γ →e+γ

Thursday, 1 September 11



History

■ 1948: Alpher, Gamow, Herman predict the existence of 
the CMB

■ 1964: Dicke, Peebles, Roll & Wilkinson (Princeton) start 
looking for it...

■ 1964: Penzias & Wilson (AT&T Bell Labs) accidentally 
find it
□ T = 3K, constant over sky

■ 1969-70s: 0.1% variations
□ Doppler Shift from our motion through the CMB

■ 1990s: 10-5 variations
□ Sign of the large-scale structure of the universe at early times

Thursday, 1 September 11



Black Body radiation from the
Early Universe

Mather et al, 1994

Penzias & Wilson
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Black Body radiation from the
Early Universe

Al Kogut, ARCADE, http://arcade.gsfc.nasa.gov/cmb_spectrum.html

Thursday, 1 September 11



Fluctuations in 
the CMB
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Temperature and polarization 
from WMAP
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□ Initial temperature (density) of the photons

□ Doppler shift due to movement of baryon-photon plasma
□ Gravitational red/blue-shift as photons climb out of potential wells or fall off of 

underdensities

□ Photon path from LSS to today
□ All linked by initial conditions ⇒ 10-5 fluctuations

What affects the CMB 
temperature?

Cooler Hotter
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Baryon Acoustic Oscillations
□ Before recombination, baryons supported by radiation 

pressure: sounds waves in the plasma (Jeans analysis)
□ See characteristic scale of sound horizon at 

recombination ~cstdec~100Mpc
■ Hence useful as distance

indicator (measure w)
□ After recombination:

fluctuations frozen in, 
evolve via ~ linear evolution

□ Same thing we see in
the CMB

COSMO 06 Nikhil Padmanabhan

z>1000 Universe is a 
tightly coupled photon 
baryon plasma

Density perturbations 
drive out a sound wave

At z=1000, Universe 
turns neutral, and the 
wave stalls, after 
travelling 150 Mpc

Results in an excess in 
the 2-pt galaxy 
correlation function at 
150 Mpc

Angular clustering 
measures dA(z), radial 
clustering measures H(z)

Standard Rulers

Eisenstein et al, 2005
Thursday, 1 September 11



The horizon at last scattering
□ The particle (light) horizon at last scattering, 

corresponds to about 1 degree on the sky
□ dA = D/θ = aere= aore(ae/ao)= aore/(1+z) for D = dH

□ so θ = D/dA

□ But fluctuations in the CMB are sound waves, so

for cs ≃ c/√3 (mostly radiation):
■ dsound ≃ dH/√3
□ numerical calculations take full evolution of dark matter, 

baryons, radiation into account

dsound =
1

H0(1 + z)

� ⇥

z

dz� cs

E(z�)
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Large scales: 
the Sachs-Wolfe effect 

□ Outside the horizon (greater than a degree)
■ velocity term is negligible
■ metric (potential) term looks like 

■ ϕ≃const for linear evolution in a flat MD universe
■ Further, the potential is related to the density term, so 

□ “Integrated Sachs-Wolfe effect” occurs when ϕ 
varies (e.g., nonlinear evolution, Λ)

� t0

rec
dt �̇ ⇥ �rec � �0

�T

T
= �rec �

2
3
�rec =

1
3
�rec
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Oscillations in primordial plasma:
Acoustic Peaks

■ Before recombination, a tightly-coupled plasma of 
matter (p, e) and photons

■ Primordial/inflationary perturbations on all scales–
can only collapse when in causal contact

■ Pressure determined by mix of baryons and 
radiation (~109 photons/baryon): baryon “doping” 
lowers cs from 1/√3.

■ Higher Ωb decreases rebound force; decreases 
relative amplitude on smaller scales (2nd Cℓ peak 
relative to first)

Thursday, 1 September 11



Power Spectrum:

Multipole ℓ ~ angular scale 180°/ℓ

For a Gaussian theory, Cℓ completely 
determines the statistics of the temperature. 

Determined by temperature, velocity and metric 
on the last scattering surface. 

z~1300: p+e→H & Universe becomes transparent.

CMB Statistics

T (x̂)� T̄

T̄
⇥ �T

T
(x̂) =

�

�m

a�mY�m(x̂)

�a��ma��m�⇥ = �����mm� C�
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The CMB transfer function
□ Linear evolution from approximately Gaussian ICs 
⇒ ~ all information in the power spectrum:

□ compare density spectrum: P(k) = Pi(k)T2(k)
□ The transfer function depends on the “cosmological 

parameters”. For example:
■ matter density—determines sound speed in baryon/

photon fluid
■ curvature—determines angular-diameter distance to 

horizon

□ Actually solve Boltzmann Equation over thickness of Last-Scattering surface – e.g., 
CMBFAST, CAMB

C� =
�

Pi(k)T 2
� (k) dk
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Theoretical Predictions

~180°/Angular scale

M
ea

n 
sq

ua
re

 fl
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n 
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de
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Measuring Curvature with the CMB

Flat

Us!

Last Scattering Surface

Ω=1
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Closed Ω>1

Us!

Last Scattering Surface

Measuring Curvature with the CMB
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Open

Us!

Last Scattering Surface

Ω<1

Measuring Curvature with the CMB
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January, 2003
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Komatsu et al 2011
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CMB Polarization:
Generation

□ Ionized plasma + quadrupole radiation field: 

□ Unlike intensity, only generated when ionization 
fraction, 0<x<1 (i.e., during transition) 

□ Scalar perturbations: traces ~gradient of velocity
■ same initial conditions as temperature and density fluctuations

□ Tensor perturbations: independent of density fluctuations 
■ +,× patterns of quadrupoles (impossible to form via linear scalar 

perturbations)
■ at last-scattering, from primordial background of gravitational 

radiation, predicted by inflation

e

HOT

COLD
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□ 2-d (headless) vector field on a sphere
□ Spin-2/tensor spherical harmonics
□ grad/scalar/E + curl/pseudoscalar/B patterns

□ NB.  From polarization pattern⇒ E/B 

decomposition requires integration (non-local) or 
differentiation (noisy)
■ (data analysis problems)

CMB Polarization:
 E/B Decomposition

E E B B

Kamionkowski, Kosowsky, Stebbins
Seljak & Zaldarriaga
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Polarization of  the CMB

□ Causal physics — 
scattering in baryon-
photon plasma — 
same as intensity, E-
mode polarization
■ Specific predictions 

given primordial P(k) 
& parameters

E E B B

(no lensing)

Temperature
(determined by params)

B-Mode Pol
(depends on inflation)

E-Mode Pol
(determined by params)
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Temperature × Temperature

Temperature × Polarization

Larson et al 2011

Polarization × Polarization

WMAP

Thursday, 1 September 11



Polarization Measurements: 
State of  the Art

Chiang et al 2009

BB alone:
r < 0.73 95%

WMAP “All CMB”
Tensor/Scalar power
r < 0.36 95%
model-dependentCMB POLARIZATION SPECTRA FROM BICEP TWO-YEAR DATA 17
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FIG. 14.— The r likelihood function calculated from the BICEP BB spectrum is shown in the left panel and peaks at a value of r = 0.03. For comparison, a
histogram of maximum likelihood r values derived from 500 signal-plus-noise simulations (with r = 0 input) is shown in the central panel. In the right panel,
we derive 95% confidence upper limits on r from the both the simulated and real likelihoods. The data yield an upper limit of r < 0.73, which lies within the
simulated distribution.

eracies at the angular scales that BICEP probes, and the BB
amplitude depends primarily on r.

To determine a constraint on r from BICEP’s BB spectrum,
we compare the measured band powers, Ĉ BB

b , to a template
BB curve and vary the amplitude of the template, assuming
that it simply scales with r. The template BB curves are cal-
culated using fixed �CDM parameters derived from WMAP
five-year data and a wide range of trial r values, and from
these curves, we compute the expected band powers, C BB

b (r).
We apply offset lognormal transformations to the data, ex-
pected band powers, and covariance matrix (Equations 24–
26), and we calculate

�2(r) = [ẐBB ⇥ ZBB(r)]�[DBB(r)]⇥1[ẐBB ⇥ ZBB(r)] (27)
at each trial r value. The likelihood is then

L� 1�
det[DBB(r)]

e⇥�2(r)/2. (28)

Figure 14 (left panel) shows that the maximum likelihood
value obtained from BICEP data is r = 0.03+0.31

⇥0.27. For com-
parison, the central panel shows the maximum likelihood r
values from 500 signal-plus-noise simulations with r = 0 input
spectra. We calculate the upper limit on r by integrating the
positive portion of the likelihood up to the 95% point, and we
find that the BICEP BB spectrum constrains r < 0.73 at 95%
confidence. This constraint is consistent with those obtained
from simulations (Figure 14, right panel).

We have cross-checked the BICEP r constraint with two
methods. First, the alternate analysis pipeline yields very sim-
ilar estimates of r, adding confidence to our result. Second,
we have generated 100 signal-plus-noise simulations using in-
put spectra corresponding to r = 0.73, and we have calculated
r likelihood curves for each of these realizations. Figure 15
shows the histogram of maximum likelihood r values, which
peaks as expected around the input value of 0.73, confirm-
ing our pipeline recovers an unbiased estimate of r. Only two
of 100 simulations have maximum likelihood r values that fall
below the data; this simple alternative statistic to the Bayesian
95% upper limit suggests at a similar level of confidence that
the BICEP data excludes the r = 0.73 hypothesis.

While limits on r derived from CMB data are still driven
by the WMAP measurement of the T T power spectrum, BI-
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FIG. 15.— Maximum likelihood r values are shown for 100 signal-plus-
noise simulations with input spectra for r = 0.73, a value chosen to match
BICEP’s 95% upper limit. As expected, the distribution peaks around 0.73,
showing the BICEP pipeline recovers an unbiased estimate of r. Only two
of the 100 simulations fall below r = 0.03, the maximum likelihood value
derived from BICEP data, offering an alternative demonstration that r = 0.73
is strongly disfavored by the BICEP data.

CEP’s limits on the amplitude of the BB spectrum are an order
of magnitude more powerful than any previous measurement.
The improvement in the power of BB to constrain r is illus-
trated by repeating the above analysis using WMAP BB data,
where we obtain a limit of r < 6, versus the BICEP constraint
of r < 0.73.

14. CONCLUSIONS

Motivated by the exciting possibility of detecting, albeit in-
directly, the gravitational wave background due to inflation,
many efforts are underway to develop the instrumentation and
methods necessary to search for the B-mode component of
CMB polarization at degree angular scales. In this paper, we
have presented initial results from BICEP, the first experiment
optimized specifically to search for the inflationary B-mode
signal. Analysis of a subset of the first two years of obser-
vations provides the most sensitive measurement to date of
CMB polarization at degree angular scales. The T T , T E, and
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The “unified” spectrum 
Contaldi & Jaffe
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Cosmology C. 2011
□ WMAP Corroborates (and improves upon) existing data 

(MAXIMA, BOOMERaNG, &c.)
□ ΛCDM: (Komatsu et al 2010)

■ Ω=1: Flat Universe
■ ns≈0.97±0.01: not-exactly scale-invariant initial perturbations

■ Ωm=0.27±0.01, ΩΛ/DE=0.73: Dark matter, dark energy

■ Ωb=0.045±0.001 (baryon density; BBN)
H0=72±2 km/s/Mpc (Hubble constant) 

■ Better limits on non-Gaussianity
■ Dark energy eq. of state w=−1.10±0.14

■ Bayesian: known correlation structure
■ Details (errors!) depend on priors

precision cosmology, 
but not in the same 
ballpark as what 
people here are doing!

Thursday, 1 September 11



Cosmological Parameters
□ Detailed parameter estimates depend upon
■ Data considered
■ Theoretical context (i.e., prior information)

□ General picture ~robust (at least w/in nearly-scale-
invariant, moderately expanding FRW models)
■ still scope for admixtures of strings, isocurvature, etc.

WMAP Science team

Flat ΛCDM Curved ΛCDM
Ωtot

Ωm

ΩΛ
H0

1 1.005±0.006
0.278±0.015 0.282±0.016
0.72±0.015 0.72±0.016

69.9±1.3 km/s/Mpc 68.5±2.0 km/s/Mpc

WMAP+BAO+SNe
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Neutrinos (and other light 
particles)

□ Depending on mass, contribute to relativistic degrees 
of freedom (Neff) and matter density

□ Sensitive to absolute mass, not differences
■ If m≳0.5eV, non-relativistic at decoupling

■ If relativistic at early times:
□ changes matter-radiation equality
□ free-streaming ⇒ anisotropic stress
□ (CMB alone is degenerate with matter 

density, so need to combine with other 
measurements of Ωmh2)
■ Neff = 4.34±0.88 

■ In future, neutrino effect on CMB 
lensing may be strongest  test

Figure 7: Gravitational lensing deflection power spectrum. The simulated deflection power spectrum
from COrE is shown assuming an inverted hierarchy of neutrino masses with the minimum total mass allowed
by oscillation data (m1 � m2 = 0.05 eV and m3 = 0 eV). In the upper panel, the solid lines are the theory
power spectrum for this scenario (lower) and for three massless neutrinos (upper). The di�erence between
these spectra is plotted in the lower panel illustrating how COrE can distinguish these scenarios from Cdd

l
in the range l > 200. We have assumed 70% sky coverage after Galactic masking.

17

CoRE
proposal
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Fundamental Physics with the 
CMB: Parity violation

□ Parity conservation of EM interactions:
■ 〈EB〉=〈TB〉= 0

□ “Cosmic birefrigence” (M. Kamionkowsi et al)
□                     in Lagrangian (nb. these are EM fields…) 

■ different velocities for left and right circular polzn
■ rotates E⇒B by angle α~ϕ/M
■ non-detection of 〈TB〉: α ≲ 1°
□ ( WMAP 7-year + small-scale expts)

■ Long distance to last scattering: 
□ cL=cR(1±10-30)

�

M
E ·B � FF̃

6

Figure 4. The TE and TB high-l spectra measured by WMAP, showing the improvement with 7 years of data. The points with errors
use the full data set while the boxes show the 5-year results with the same binning. The spectra are greatly improved by the addition of
W-band data. The non-detection of TB signal is expected; it provides a good check of systematic errors and foreground residuals, and can
be also used to set limits on polarization rotation due to parity-violating effects (§2.4 and Komatsu et al. (2010)).

Figure 5. The 7-year temperature-polarization (TB) cross-power
spectrum measured by WMAP. This spectrum is predicted to be
zero in the basic ΛCDM model and the measured spectrum is con-
sistent with zero. TB provides a useful null test for systematic
errors and foreground residuals. Komatsu et al. (2010) use the TB
and TE spectra to place an upper limit on polarization rotation
due to parity-violating effects. The TB χ2 for the null hypothe-
sis (TB=0) is 793.5 for 777 degrees of freedom. The probability
to exceed that amount is 33%. Note that the plotted spectrum is
(l + 1)CTB

l
/(2π), and not l(l + 1)CTB

l
/(2π).

multipoles from l = 2–7 for two different reference spec-
tra. The black curves show the likelihood of CEE

l when

the CEE
l′ are fixed to the best-fit ΛCDM model for l′ != l.

The red curves are the analogous distributions when the
reference spectrum is taken to be the maximum likeli-
hood spectrum. This maximum likelihood spectrum was
obtained by numerical maximization of the likelihood
code for the TT, TE, EE, and BB spectra for 2 ≤ l ≤ 10,
a maximization in 36 dimensions, while the spectra at
l > 10 were fixed at the best-fit ΛCDM model. Save
for l = 3 and 6, the likelihood curves are relatively in-
sensitive to the difference between these two reference
spectra. From these curves it is clear that the majority
of the statistical weight in the low-l EE detection is at
l = 4, with l = 2 also contributing significant power.
A standard reionization scenario would give rise to a

relatively flat spectrum in CEE
l = l(l + 1)CEE

l /(2π) over
the range l = 2 − 7, so it is of interest to evaluate the
posterior distribution of a band power with constant C
over this range. As shown in Figure 7, we find

CEE
2−7 = 0.074+0.034

−0.025 µK
2 (68% CL). (7)

This result was obtained with the pixel likelihood code,
and so the error bars include cosmic variance. Addition-
ally, a model with zero TE and EE power for l = 2–7
is disfavored at 5.5σ relative to the most-likely constant
band-power in this l range.
Figure 8 shows the conditional likelihood for the BB

multipoles from l = 2–7 for two different reference spec-

Larson et al 2010
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“Anomalies”
□ However….
□ Low quadrupole (cf DMR)
■ +Niarchou et al

□ Aligned multipoles
■ (+Tegmark et al, Land & Magueijo, 

Copi et al…)
■ “Unlikely” distribution of low-ℓ aℓm…

□ Aligned w/ astrophysics…
■ Ecliptic, dipole

■ Bianchi models?

□ Anisotropic Distribution of
power

□ Cold spot
□ Topology? (Simple cases ruled out)
□ (see also Pontzen & Peiris 2010)
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Planck: Launched 2009
□ Nominal mission: 14 Months 

(already extended ~2x, will also incorporate “warm 
extension” for LFI)

Planck launch, 14 May 2009 Planck in orbit (animation)
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Future (soon) spectra
□ Planck gets ~all of T, most of E
□ Wide frequency coverage for 

“foreground” removal

□ Breaks “conceptual” degeneracies (do 
we have the overall model correct?); 
most parameters better determined by 
factor of ~few.

□ Planck cosmology: Jan 2013

94 CHAPTER 4 EXTRAGALACTIC SOURCES
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FIG 4.1.— Spectra of sources in “brightness temperature” (in which a Rayleigh-Jeans ν2 spectrum is flat),
superimposed on the Planck frequency bands. Spectra of the Galaxy (as measured by WMAP, see Fig. 1.3) and
M82, a star-forming galaxy, are shown. For the Galaxy, the components contributing to the over-all spectrum are
identified. Also shown are the expected level of CMB fluctuations on a 1◦ scale, and, as a light dashed line (EG),
the expected level of fluctuations introduced by all foreground radio sources on a 10′ scale.

total output power is emitted in the mid and far infrared. For starburst galaxies the fraction
can be as large as 99%. Star forming galaxies thus present a double peaked spectral energy
distribution (SED) with a highly variable ratio between the two components. At the source, the
infrared part of the SED peaks around 100µm. For starburst galaxies at redshifts 2 or larger,
this peak of the SED is shifted beyond 300µm, into the Planck range.

Infrared starburst galaxies are often associated with mergers and interacting galaxies.
Planck will be able to detect the rare high redshift, ultra-luminous, infrared galaxies in the
tail of the luminosity function. Furthermore, the cosmic far infrared background (CFIRB)
in the submillimetre/millimetre range, made up of the unresolved weaker sources, potentially
contains original information on the spatial distribution of mergers, and thus on the galaxy
formation process. Only recently have the galactic and the extragalactic components of the far-
infrared background been separated in the data of the COBE FIRAS and DIRBE instruments.
This background contains power comparable to its optical/UV counterpart. This surprising
result (locally, as mentioned above, the integrated infrared emission of galaxies is only one third
of the optical) has resulted in a strong interest in the population of sources responsible for this
background, but progress has been slow due to the difficulty of observations in this wavelength
range. Planck will be an important tool for studying the CFIRB.

In §§ 4.3–4.4, we describe some of the science goals to be met using Planck observations of
extragalactic sources, as well as complementary ground-based observations that will be made.
We expect substantial gains in our understanding of extreme radio sources and of star formation
processes that drive the thermal re-emission by dusty galaxies.

Planck will provide important and novel data on extragalactic sources; however, from the
standpoint of the CMB, discrete sources (and the CFIRB) are a foreground contaminant. Hence
in § 4.5 we briefly describe how extragalactic sources can be removed from Planck images to
limit the foreground noise they contribute to CMB images. Proper control of this potential
source of error in Planck’s cosmological results will require careful pre-launch modeling and
observations as well as component separation from the CMB images Planck produces.

WMAP
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total output power is emitted in the mid and far infrared. For starburst galaxies the fraction
can be as large as 99%. Star forming galaxies thus present a double peaked spectral energy
distribution (SED) with a highly variable ratio between the two components. At the source, the
infrared part of the SED peaks around 100µm. For starburst galaxies at redshifts 2 or larger,
this peak of the SED is shifted beyond 300µm, into the Planck range.

Infrared starburst galaxies are often associated with mergers and interacting galaxies.
Planck will be able to detect the rare high redshift, ultra-luminous, infrared galaxies in the
tail of the luminosity function. Furthermore, the cosmic far infrared background (CFIRB)
in the submillimetre/millimetre range, made up of the unresolved weaker sources, potentially
contains original information on the spatial distribution of mergers, and thus on the galaxy
formation process. Only recently have the galactic and the extragalactic components of the far-
infrared background been separated in the data of the COBE FIRAS and DIRBE instruments.
This background contains power comparable to its optical/UV counterpart. This surprising
result (locally, as mentioned above, the integrated infrared emission of galaxies is only one third
of the optical) has resulted in a strong interest in the population of sources responsible for this
background, but progress has been slow due to the difficulty of observations in this wavelength
range. Planck will be an important tool for studying the CFIRB.

In §§ 4.3–4.4, we describe some of the science goals to be met using Planck observations of
extragalactic sources, as well as complementary ground-based observations that will be made.
We expect substantial gains in our understanding of extreme radio sources and of star formation
processes that drive the thermal re-emission by dusty galaxies.

Planck will provide important and novel data on extragalactic sources; however, from the
standpoint of the CMB, discrete sources (and the CFIRB) are a foreground contaminant. Hence
in § 4.5 we briefly describe how extragalactic sources can be removed from Planck images to
limit the foreground noise they contribute to CMB images. Proper control of this potential
source of error in Planck’s cosmological results will require careful pre-launch modeling and
observations as well as component separation from the CMB images Planck produces.
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Planck Data
□ The Early Release Compact Source Catalog

□ Two Subcatalogs
■ The Early Sunyaev-Zeldovich Catalog
■ The Early Cold Cores Catalog

■ http://www.sciops.esa.int/index.php?
project=planck&page=Planck_Legacy_Archive

Thursday, 1 September 11
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Planck Early Papers
□ 25 Papers, submitted to A&A
□ “The Planck Collaboration 2011a-y”
■ Overview, hardware performance, data analysis
■ Data product descriptions
■ First scientific results
□ The Milky Way
□ Galaxies
□ Clusters

□ http://www.sciops.esa.int/index.php?
project=PLANCK&page=Planck_Published_Papers
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The coldest (known) object in 
space
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The Planck Sky — Previewed
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Planck Early Papers
□The hardware and software
■The Planck mission 
■The thermal performance of Planck 
■First assessment of the Low Frequency Instrument 

in-flight performance
■First assessment of the High Frequency Instrument 

in-flight performance
■The Low Frequency Instrument data processing
■The High Frequency Instrument data processing 
□The data
■The Early Release Compact Source Catalogue 
■The all-sky early Sunyaev-Zeldovich cluster sample 
■The Galactic cold core population revealed by the 

first all-sky survey 
□Clusters
■XMM-Newton follow-up for validation of Planck 

cluster candidates 
■Statistical analysis of Sunyaev-Zeldovich scaling 

relations for X-ray galaxy clusters 
■Calibration of the local galaxy cluster Sunyaev-

Zeldovich scaling relations 
■Cluster Sunyaev-Zeldovich optical scaling relations 

□Galaxies
■Statistical properties of extragalactic radio sources in 

the Planck Early Release Compact Source Catalogue 
■Early Release Compact Source Catalogue validation 

and extreme radio sources 
■Spectral energy distributions and radio continuum 

spectra of northern extragalactic radio sources 
■The Planck view of nearby galaxies 
■Origin of the submillimetre excess dust emission in 

the Magellanic Clouds 
■The power spectrum of cosmic infrared background 

anisotropies 
□The Milky Way
■All-sky temperature and dust optical depth from 

Planck and IRAS – constraints on the "dark gas" in 
our Galaxy 

■New light on anomalous microwave emission from 
spinning dust grains 

■Properties of the interstellar medium in the Galactic 
plane 

■The submillimetre properties of a sample of Galactic 
cold clumps 

■Dust in the diffuse interstellar medium and the 
Galactic halo 

■Thermal dust in nearby molecular clouds 
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Planck: the stats

□ Working at or beyond requirements for sensitivity and resolution.
□ Unexpected: very high cosmic ray glitch rate (solar min):
■ 15% of HFI data contaminated by direct hits; 
■ also, energy deposited directly into 100mK stage

Planck Performance
Planck Collaboration: The Planck mission 9
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Fig. 5. Histograms of integration time (in s deg�2) cumulated for
all detectors at 30 GHz (top panel), 100 GHz (middle panel), and
545 GHz (bottom panel). Characteristic coverage quantities are
listed in Table 1.

diative power absorbed by the solar panels, which varies de-
pending on distance from the Sun and the solar aspect angle
(SAA). On shorter timescales, temperature variations are driven
by active thermal regulation cycles. Both seasonal and shorter-
timescale variations are observed across the satellite’s service
module (SVM), but are heavily damped and almost unobserv-
able within the payload module (PLM).

Specific operations and deviations from the scanning strat-
egy have a thermal influence on the satellite and payload. Some
significant e�ects are clearly visible in Fig. 6:

Fig. 7. A zoom of a seven day period on the temperature of
a Helium tank is shown before (top panel) and after (middle
panel) the RF transponder was left permanently on (see also
Fig. 7), and illustrates the reduction in the daily temperature vari-
ations achieved by this operation. Smaller variations remain, due
to thermal cycling of other elements (in this case the LFI Data
Processing Unit), and are clearly visible in the middle panel. The
bottom panel shows the typical e�ect of weekly updates of the
operational parameters of the Sorption Cooler (marked as verti-
cal lines) on the temperature of the third V-groove.

– The thruster heaters were unintentionally turned o� between
31 August and 16 September 2009 (the so-called “catbed”
event)

– As planned, the RF transmitter was initially turned on and o�
every day in synchrony with the daily visibility window, in
order to reduce potential interference by the transmitter on
the scientific data. The induced daily temperature variation
had a measurable e�ect throughout the satellite. An impor-
tant e�ect was on the temperature of the 4He-JT cooler com-
pressors, which caused variations of the levels of the inter-
ference lines that they induce on the bolometer data (Planck
HFI Core Team (2011a)). Therefore the RF transmitter was
left permanently on starting from 25 January 2010, which
made a noticeable improvement on the daily temperature
variations (Fig. 7).

– A significant thermal e�ect arises from the (approximately)
weekly adjustments to the operation of the Sorption Cooler
(Fig. 7).

The thermal environment of the payload module is – by de-
sign – extremely well decoupled from that of the service module
(Fig. 6). As a consequence, in spite of the significant thermal
perturbations originating in the SVM, the thermal variability af-
fecting the detectors is essentially completely due to the opera-
tion of the cryogenic cooling chain (described in detail in Planck
Collaboration (2011b)), which ensures their cold environment.

4.4. Radiation Environment

The Standard Radiation Environment Monitor on board Planck
(SREM, Buehler et al. (1996)) is a particle detector which is

14 Planck Collaboration: The Planck mission

Table 3. Planck performance parameters determined from flight data.

White-noised
Mean Beamc Sensitivity Calibratione Faintest Sourcef

�center
b Uncertainty in ERCSC |b| > 30�

Channel Ndetectors
a [GHz] FWHM Ellipticity [ µKRJ s1/2] [ µKCMB s1/2] [%] [mJy]

30 GHz . . . . . . . . 4 28.5 32.65 1.38 143.4 146.8 1 480
44 GHz . . . . . . . . 6 44.1 27.92 1.26 164.7 173.1 1 585
70 GHz . . . . . . . . 12 70.3 13.01 1.27 134.7 152.6 1 481

100 GHz . . . . . . . . 8 100 9.37 1.18 17.3 22.6 2 344
143 GHz . . . . . . . . 11 143 7.04 1.03 8.6 14.5 2 206
217 GHz . . . . . . . . 12 217 4.68 1.14 6.8 20.6 2 183
353 GHz . . . . . . . . 12 353 4.43 1.09 5.5 77.3 2 198
545 GHz . . . . . . . . 3 545 3.80 1.25 4.9 . . . 7 381
857 GHz . . . . . . . . 3 857 3.67 1.03 2.1 . . . 7 655

a For 30, 44, and 70 GHz, each “detector” is a linearly polarised radiometer. There are two (orthogonally polarized) radiometers behind each horn.
Each radiometer has two diodes, both switched at high frequency between the sky and a blackbody load at ⇤ 4 K (Mennella et al. 2011). For
100 GHz and above, each “detector” is a bolometer (Planck HFI Core Team 2011a). Most of the bolometers are sensitive to polarisation, in
which case there are two orthogonally polarised detectors behind each horn; some of the detectors are spider-web bolometers (one per horn)
sensitive to the total incident power.

b Mean center frequency of the N detectors at each frequency.
c Mean optical properties of the N beams at each frequency. FWHM ⇥ FWHM of circular Gaussian with the same volume. Ellipticity gives the

ratio of major axis to minor axis for a best-fit elliptical Gaussian. The actual point spread function of an unresolved object on the sky depends not
only on the optical properties of the beam, but also on sampling and time domain filtering in signal processing, and the way the sky is scanned.
For details on these aspects see § 4 of Mennella et al. (2011), § 4 of Zacchei et al. (2011), § 4.2 of Planck HFI Core Team (2011a), and § 6.2 of
Planck HFI Core Team (2011b)

d Uncorrelated noise in 1 s for the array of N detectors, in Rayleigh-Jeans units and in thermodynamic CMB units. For a preliminary discussion
of correlated noise and systematic e�ects, see Mennella et al. (2011), Planck HFI Core Team (2011a) , Zacchei et al. (2011) , and Planck HFI
Core Team (2011b) .

e Absolute uncertainty, based on the known amplitude of the CMB dipole up to 353 GHz, and on FIRAS at 545 and 857 GHz (Zacchei et al. 2011;
Planck HFI Core Team 2011b).

f Flux density of the faintest source included in the ERCSC (Planck Collaboration 2011c).

The ultimate performance of Planck also depends on its
operational lifetime. Planck is a cryogenic mission (Planck
Collaboration 2011b), whose nominal lifetime in routine oper-
ations (i.e., excluding transfer to orbit, commissioning and per-
formance verification phases) was initially set to 15 months, al-
lowing it to complete two full surveys of the sky within that pe-
riod. Its actual lifetime is limited by the active coolers required
to operate the Planck detectors. In particular:

– A 3He-4He dilution refrigerator, which cools the HFI
bolometers to 0.1 K. The 3He and 4He gas are stored in tanks
and vented to space after the dilution process. In-flight mea-
surements of tank depletion predict that the 3He gas will run
out at the end of January 2012 (Planck Collaboration 2011b).

– A hydrogen sorption refrigerator, which cools the LFI ra-
diometers to 20 K and provides a first pre-cooling stage for
the HFI bolometer system. Its lifetime is limited by gradual
degradation of the sorbent material. Two units fly on Planck:
the first has provided cooling until August 2010; the second
came into operation thereafter and is currently predicted to
allow operation until December 2011 (Planck Collaboration
2011b). A further increase of lifetime may be obtained by
applying on board the process of “regeneration” to the mate-
rial.

Overall, the cooling system lifetime is at least one year above
the nominal mission span, and no other spacecraft or payload
factors impose additional limitations. Therefore, barring unex-
pected failures, Planck will continue surveying the sky until at
least the end of 2011.

6. Conclusions

This paper summarises the performance of the Planck satellite
during its first year of survey operations, in the areas most rele-
vant for scientific analysis of the Planck data. Detailed descrip-
tions of all aspects of the payload are provided in accompanying
papers in this issue. It can be concluded that the major elements
of the satellite’s performance exceed their original technical re-
quirements, and the scientific performance approaches the mis-
sion goals.

After an astoundingly smooth first year of survey operations,
Planck continues to observe the sky and gather high quality sci-
entific data, and is expected to do so as long as the cryogenic
chain can keep the 100 mK stage near its nominal temperature,
i.e., to the end of 2011 or possibly early 2012. Following the end
of mission operations, the next major milestone in the project
will be the release of the first set of timeline and map data prod-
ucts, currently foreseen in January 2013.
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(funded principally via ASI). NASA’s US Planck Project, based at JPL and in-
volving scientists at many US institutions, contributes significantly to the e�orts
of these two Consortia. A third Consortium, led by H. U. Norgaard-Nielsen and
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Table 1. Planck coverage statistics.

30 GHz 100 GHz 545 GHz

Meana 2293 4575 2278 sec deg2

Minimum 440 801 375 sec deg2

< half Meanb 14.4 14.6 15.2 %
> 4⇥Meanc 1.6 1.5 1.2 %
> 9⇥Meand 0.41 0.42 0.41 %

a Mean over the whole sky of the integration time cumulated for all
detectors (definition as in Table 3) in a given frequency channel.

b Fraction of the sky whose coverage is less than half the Mean.
c Fraction of the sky whose coverage is larger than four times the Mean.
d Fraction of the sky whose coverage is larger than nine times the Mean.

able each day for retrieval from the MOC by the LFI and HFI
Data Processing Centres (DPCs). Typically, the data arrive at
the LFI (resp. HFI) DPC 2 (resp. 4) hours after the start of
the daily acquisition window. Automated processing of the in-
coming telemetry is carried out each day by the LFI (resp. HFI)
DPCs and yields a daily data quality report which is made avail-
able to the rest of the ground segment typically 22 (resp. 14)
hours later. More sophisticated processing of the data in each of
the two DPCs is described in Zacchei et al. (2011) and Planck
HFI Core Team (2011b).

4.2. Scanning strategy

The strategy used to scan the sky is described in Tauber et al.
(2010a). The spin axis follows a cycloidal path on the sky as
shown in Fig. 3, by step-wise displacements of 2 arcminutes ap-
proximately every 50 minutes. The dwell time (i.e., the dura-
tion of stable data acquisition at each pointing) has varied sinu-
soidally by a factor of ⇤2 (see Fig. 3). Planck’s scanning strat-
egy results in significantly inhomogeneous depth of integration
time across the sky; the areas near the ecliptic poles are observed
with greater depth than all others. This is illustrated in Fig. 4 and
Fig. 5. Table 1 shows more quantitatively the coverage of the sky
at three representative frequencies.

The major pre-planned deviation from the nominal spin axis
path took place in the period 1 to 19 March 2010. During this
time, the average daily progression speed of the spin axis (nor-
mally 1 deg day�1) was temporarily increased, to gain a margin
with respect to the attitude constraints imposed by the Sun and
the Earth at the time that the Crab Nebula, Planck’s main po-
larisation calibrator, was being observed. This increased margin
would have allowed Planck to re-observe the Crab if a signifi-
cant problem had been encountered, but none occurred. A cor-
responding deceleration was included to rejoin the normal scan-
ning path after the Crab had been observed by all detectors. The
whole operation (clearly visible in Fig. 3) also resulted in a de-
viation of the solar aspect angle.

Orbit maintenance manoeuvres were carried out at ap-
proximately monthly intervals6. Although the manoeuvres only
required a few minutes, preparations, post-manoeuvre mass-
property calibration, and re-entry into scientific slewing mode
increased the overhead to several hours. The manoeuvres were
carried out without disturbing the path of the spin axis from its
nominal scanning law. The dwell times of pointings before and

6 on 14 August 2009, 11 September 2009, 04 December 2009, 15
January 2010, 26 February 2010, and 26 March2010.

Fig. 4. Survey coverage (the colour scale represents integration
time varying between 50 and 5000 sec deg2) for three individual
detectors located near the edges (LFI-24 and LFI-25 at 44 GHz,
top panels) and centre of the focal plane (HFI 353-1 at 353 GHz,
third panel). The maps are Mollweide projections of the whole
sky in Galactic coordinates, pixelised according to the Healpix
(Górski et al. (2005)) scheme at Nside = 1024. The bottom panel
is a zoom on the area around the North Ecliptic Pole, showing
(in logarithmic scale) the distribution of high sensitivity obser-
vations integrated for all 100 GHz detectors.

after the execution of the manoeuvre were reduced to allow all
pre-planned pointings to be carried out.

The main unplanned deviations from the basic scanning
strategy included:

– an operator error in the upload of the on-board command
timeline led to an interruption of the normal sequence of ma-
noeuvres and therefore to Planck pointing to the same loca-
tion on the sky for a period of 29 hours between 20 and 21
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Fig. 5. Histograms of integration time (in s deg�2) cumulated for
all detectors at 30 GHz (top panel), 100 GHz (middle panel), and
545 GHz (bottom panel). Characteristic coverage quantities are
listed in Table 1.

diative power absorbed by the solar panels, which varies de-
pending on distance from the Sun and the solar aspect angle
(SAA). On shorter timescales, temperature variations are driven
by active thermal regulation cycles. Both seasonal and shorter-
timescale variations are observed across the satellite’s service
module (SVM), but are heavily damped and almost unobserv-
able within the payload module (PLM).

Specific operations and deviations from the scanning strat-
egy have a thermal influence on the satellite and payload. Some
significant e�ects are clearly visible in Fig. 6:

Fig. 7. A zoom of a seven day period on the temperature of
a Helium tank is shown before (top panel) and after (middle
panel) the RF transponder was left permanently on (see also
Fig. 7), and illustrates the reduction in the daily temperature vari-
ations achieved by this operation. Smaller variations remain, due
to thermal cycling of other elements (in this case the LFI Data
Processing Unit), and are clearly visible in the middle panel. The
bottom panel shows the typical e�ect of weekly updates of the
operational parameters of the Sorption Cooler (marked as verti-
cal lines) on the temperature of the third V-groove.

– The thruster heaters were unintentionally turned o� between
31 August and 16 September 2009 (the so-called “catbed”
event)

– As planned, the RF transmitter was initially turned on and o�
every day in synchrony with the daily visibility window, in
order to reduce potential interference by the transmitter on
the scientific data. The induced daily temperature variation
had a measurable e�ect throughout the satellite. An impor-
tant e�ect was on the temperature of the 4He-JT cooler com-
pressors, which caused variations of the levels of the inter-
ference lines that they induce on the bolometer data (Planck
HFI Core Team (2011a)). Therefore the RF transmitter was
left permanently on starting from 25 January 2010, which
made a noticeable improvement on the daily temperature
variations (Fig. 7).

– A significant thermal e�ect arises from the (approximately)
weekly adjustments to the operation of the Sorption Cooler
(Fig. 7).

The thermal environment of the payload module is – by de-
sign – extremely well decoupled from that of the service module
(Fig. 6). As a consequence, in spite of the significant thermal
perturbations originating in the SVM, the thermal variability af-
fecting the detectors is essentially completely due to the opera-
tion of the cryogenic cooling chain (described in detail in Planck
Collaboration (2011b)), which ensures their cold environment.

4.4. Radiation Environment

The Standard Radiation Environment Monitor on board Planck
(SREM, Buehler et al. (1996)) is a particle detector which is
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Table 3. Planck performance parameters determined from flight data.

White-noised
Mean Beamc Sensitivity Calibratione Faintest Sourcef

�center
b Uncertainty in ERCSC |b| > 30�

Channel Ndetectors
a [GHz] FWHM Ellipticity [ µKRJ s1/2] [ µKCMB s1/2] [%] [mJy]

30 GHz . . . . . . . . 4 28.5 32.65 1.38 143.4 146.8 1 480
44 GHz . . . . . . . . 6 44.1 27.92 1.26 164.7 173.1 1 585
70 GHz . . . . . . . . 12 70.3 13.01 1.27 134.7 152.6 1 481

100 GHz . . . . . . . . 8 100 9.37 1.18 17.3 22.6 2 344
143 GHz . . . . . . . . 11 143 7.04 1.03 8.6 14.5 2 206
217 GHz . . . . . . . . 12 217 4.68 1.14 6.8 20.6 2 183
353 GHz . . . . . . . . 12 353 4.43 1.09 5.5 77.3 2 198
545 GHz . . . . . . . . 3 545 3.80 1.25 4.9 . . . 7 381
857 GHz . . . . . . . . 3 857 3.67 1.03 2.1 . . . 7 655

a For 30, 44, and 70 GHz, each “detector” is a linearly polarised radiometer. There are two (orthogonally polarized) radiometers behind each horn.
Each radiometer has two diodes, both switched at high frequency between the sky and a blackbody load at ⇤ 4 K (Mennella et al. 2011). For
100 GHz and above, each “detector” is a bolometer (Planck HFI Core Team 2011a). Most of the bolometers are sensitive to polarisation, in
which case there are two orthogonally polarised detectors behind each horn; some of the detectors are spider-web bolometers (one per horn)
sensitive to the total incident power.

b Mean center frequency of the N detectors at each frequency.
c Mean optical properties of the N beams at each frequency. FWHM ⇥ FWHM of circular Gaussian with the same volume. Ellipticity gives the

ratio of major axis to minor axis for a best-fit elliptical Gaussian. The actual point spread function of an unresolved object on the sky depends not
only on the optical properties of the beam, but also on sampling and time domain filtering in signal processing, and the way the sky is scanned.
For details on these aspects see § 4 of Mennella et al. (2011), § 4 of Zacchei et al. (2011), § 4.2 of Planck HFI Core Team (2011a), and § 6.2 of
Planck HFI Core Team (2011b)

d Uncorrelated noise in 1 s for the array of N detectors, in Rayleigh-Jeans units and in thermodynamic CMB units. For a preliminary discussion
of correlated noise and systematic e�ects, see Mennella et al. (2011), Planck HFI Core Team (2011a) , Zacchei et al. (2011) , and Planck HFI
Core Team (2011b) .

e Absolute uncertainty, based on the known amplitude of the CMB dipole up to 353 GHz, and on FIRAS at 545 and 857 GHz (Zacchei et al. 2011;
Planck HFI Core Team 2011b).

f Flux density of the faintest source included in the ERCSC (Planck Collaboration 2011c).

The ultimate performance of Planck also depends on its
operational lifetime. Planck is a cryogenic mission (Planck
Collaboration 2011b), whose nominal lifetime in routine oper-
ations (i.e., excluding transfer to orbit, commissioning and per-
formance verification phases) was initially set to 15 months, al-
lowing it to complete two full surveys of the sky within that pe-
riod. Its actual lifetime is limited by the active coolers required
to operate the Planck detectors. In particular:

– A 3He-4He dilution refrigerator, which cools the HFI
bolometers to 0.1 K. The 3He and 4He gas are stored in tanks
and vented to space after the dilution process. In-flight mea-
surements of tank depletion predict that the 3He gas will run
out at the end of January 2012 (Planck Collaboration 2011b).

– A hydrogen sorption refrigerator, which cools the LFI ra-
diometers to 20 K and provides a first pre-cooling stage for
the HFI bolometer system. Its lifetime is limited by gradual
degradation of the sorbent material. Two units fly on Planck:
the first has provided cooling until August 2010; the second
came into operation thereafter and is currently predicted to
allow operation until December 2011 (Planck Collaboration
2011b). A further increase of lifetime may be obtained by
applying on board the process of “regeneration” to the mate-
rial.

Overall, the cooling system lifetime is at least one year above
the nominal mission span, and no other spacecraft or payload
factors impose additional limitations. Therefore, barring unex-
pected failures, Planck will continue surveying the sky until at
least the end of 2011.

6. Conclusions

This paper summarises the performance of the Planck satellite
during its first year of survey operations, in the areas most rele-
vant for scientific analysis of the Planck data. Detailed descrip-
tions of all aspects of the payload are provided in accompanying
papers in this issue. It can be concluded that the major elements
of the satellite’s performance exceed their original technical re-
quirements, and the scientific performance approaches the mis-
sion goals.

After an astoundingly smooth first year of survey operations,
Planck continues to observe the sky and gather high quality sci-
entific data, and is expected to do so as long as the cryogenic
chain can keep the 100 mK stage near its nominal temperature,
i.e., to the end of 2011 or possibly early 2012. Following the end
of mission operations, the next major milestone in the project
will be the release of the first set of timeline and map data prod-
ucts, currently foreseen in January 2013.
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Minimum 440 801 375 sec deg2

< half Meanb 14.4 14.6 15.2 %
> 4⇥Meanc 1.6 1.5 1.2 %
> 9⇥Meand 0.41 0.42 0.41 %

a Mean over the whole sky of the integration time cumulated for all
detectors (definition as in Table 3) in a given frequency channel.

b Fraction of the sky whose coverage is less than half the Mean.
c Fraction of the sky whose coverage is larger than four times the Mean.
d Fraction of the sky whose coverage is larger than nine times the Mean.

able each day for retrieval from the MOC by the LFI and HFI
Data Processing Centres (DPCs). Typically, the data arrive at
the LFI (resp. HFI) DPC 2 (resp. 4) hours after the start of
the daily acquisition window. Automated processing of the in-
coming telemetry is carried out each day by the LFI (resp. HFI)
DPCs and yields a daily data quality report which is made avail-
able to the rest of the ground segment typically 22 (resp. 14)
hours later. More sophisticated processing of the data in each of
the two DPCs is described in Zacchei et al. (2011) and Planck
HFI Core Team (2011b).

4.2. Scanning strategy

The strategy used to scan the sky is described in Tauber et al.
(2010a). The spin axis follows a cycloidal path on the sky as
shown in Fig. 3, by step-wise displacements of 2 arcminutes ap-
proximately every 50 minutes. The dwell time (i.e., the dura-
tion of stable data acquisition at each pointing) has varied sinu-
soidally by a factor of ⇤2 (see Fig. 3). Planck’s scanning strat-
egy results in significantly inhomogeneous depth of integration
time across the sky; the areas near the ecliptic poles are observed
with greater depth than all others. This is illustrated in Fig. 4 and
Fig. 5. Table 1 shows more quantitatively the coverage of the sky
at three representative frequencies.

The major pre-planned deviation from the nominal spin axis
path took place in the period 1 to 19 March 2010. During this
time, the average daily progression speed of the spin axis (nor-
mally 1 deg day�1) was temporarily increased, to gain a margin
with respect to the attitude constraints imposed by the Sun and
the Earth at the time that the Crab Nebula, Planck’s main po-
larisation calibrator, was being observed. This increased margin
would have allowed Planck to re-observe the Crab if a signifi-
cant problem had been encountered, but none occurred. A cor-
responding deceleration was included to rejoin the normal scan-
ning path after the Crab had been observed by all detectors. The
whole operation (clearly visible in Fig. 3) also resulted in a de-
viation of the solar aspect angle.

Orbit maintenance manoeuvres were carried out at ap-
proximately monthly intervals6. Although the manoeuvres only
required a few minutes, preparations, post-manoeuvre mass-
property calibration, and re-entry into scientific slewing mode
increased the overhead to several hours. The manoeuvres were
carried out without disturbing the path of the spin axis from its
nominal scanning law. The dwell times of pointings before and

6 on 14 August 2009, 11 September 2009, 04 December 2009, 15
January 2010, 26 February 2010, and 26 March2010.

Fig. 4. Survey coverage (the colour scale represents integration
time varying between 50 and 5000 sec deg2) for three individual
detectors located near the edges (LFI-24 and LFI-25 at 44 GHz,
top panels) and centre of the focal plane (HFI 353-1 at 353 GHz,
third panel). The maps are Mollweide projections of the whole
sky in Galactic coordinates, pixelised according to the Healpix
(Górski et al. (2005)) scheme at Nside = 1024. The bottom panel
is a zoom on the area around the North Ecliptic Pole, showing
(in logarithmic scale) the distribution of high sensitivity obser-
vations integrated for all 100 GHz detectors.

after the execution of the manoeuvre were reduced to allow all
pre-planned pointings to be carried out.

The main unplanned deviations from the basic scanning
strategy included:

– an operator error in the upload of the on-board command
timeline led to an interruption of the normal sequence of ma-
noeuvres and therefore to Planck pointing to the same loca-
tion on the sky for a period of 29 hours between 20 and 21
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Maps from HFI (CMB-removed!)
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The Early-Release Compact 
Source Catalog

□ ERCSC Sensitivity
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The Early SZ Catalog
□ Sunyaev-Zeldovich effect:
■ inverse-Compton upscattering of 

CMB photons by hot cluster gas
□ 189 high-reliability SZ candidates 

(S/N from 6 to 29)
■ 20 new clusters
■ new SZ detections for 80% of 

known clusters
■ 86% z<0.3
■ up to 

M~1015 M☉

Planck reconstructed y-map of 
Coma on a ~3°x3° patch 
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The Cosmic Infrared Background
□ Unresolved galaxies (“confusion”)

Model: 
1-halo + 2-halo + shot noise

217GHz 857GHz545GHz353 GHz

HFI Raw maps

CIB maps = Raw maps – CMB – Point sources - Cirrus

CIB maps smoothed at 10’

Raw maps – CMB – Point sources
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The Milky Way: Anomalous 
Emission and Spinning Dust

Maps and spectra: Perseus Molecular Cloud
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Lots More!
□ Galactic and extragalactic science:
■ Nearby Galaxies: Dave Clements’ talk
■ Dark Gas & star formation: Jennifer Hatchell’s talk

□ Papers on astro-ph and submitted to A&A
□ Planck catalogs and papers available online:
□ www.sciops.esa.int/index.php?project=PLANCK

□ Catalog can be searched online
□ Some extant followup data on AGN also available 

at this site

Thursday, 1 September 11

http://www.sciops.esa.int
http://www.sciops.esa.int


The CMB after Planck:
Gravitational Radiation 

□ Last scattering: “direct” 
effect of tensor modes 
(primordial GWs) on the 
primordial plasma
■ inflationary potential

□ dominated by lensing of E 
⇒ B for ℓ≳200

□ Reionization peak ℓ≲20

■ need ~full-sky. Difficult for 
single suborbital experiments

□ Fundamental physics:
■ sensitive to mν≲0.06eV

□ (i.e., hot dark matter)

□ Limits depend on full set of 
parameters

GRAVITATIONAL WAVES IN THE CMB

• Cosmic variance of dominant scalar fluctuations limits �r = 0.07 from T and
�r = 0.02 if include E

– Degeneracies make actual limits worse; WMAP5 alone r < 0.43 (95% CL)

3

Courtesy A. Challinor

Reionization
peak

Lensing 
peak

Suborbital experiments target ℓ~100 peak:
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New Technologies
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Figure 1. At left: Cross-section of the Spider instrument insert Solidworks model with key components labeled. At right:
Photo of the Spider instrument insert without the outermost copper-clad G-10 wrap. Visible in the photo are the carbon
fiber trusses, the high-µ magnetic shield called the spittoon, the cooled optics sleeve between the lenses, thermal straps,
cables, and the cold plate.

1.2 The Spider Instrument Payload and Cryostat

At the heart of the Spider balloon payload is a large liquid helium cryostat. The cryostat houses up to six
instrument inserts (described below) bolted to a � 1000⇤ helium tank with all of the inserts pointed in the same
direction. The cryostat cryogenics are briefly described in section 2.5 below and a more thorough discussion
can be found in Gudmundsson et al.3 in this volume. The cryostat measures 2.2 m in length and 2.0 m in
diameter. The cryostat is mounted to a carbon fiber gondola via two pillow blocks that allow the cryostat to
tilt in elevation. The gondola will be suspended from a 8 million cubic foot helium stratospheric balloon and is
steerable in both elevation and azimuth. Power to the instrument is provided by solar arrays mounted to the
back side of the payload and the instrument always points no closer than 45 deg to the sun.

2. INSTRUMENT INSERTS

2.1 Introduction and Design Considerations

One of the biggest concerns for Spider is instrument payload mass. The science payload lifting capacity of the
balloon is limited to � 5000 pounds and the duration of our flight will depend, in part, upon payload mass.
To that end we have tried to balance the constraint on mass with the desire to build a sti� structure that will
not deflect under the periodic acceleration of the gondola scan pattern, nor break during launch (and hopefully
landing). Materials with high thermal conductivity (such as copper) and good magnetic shielding properties
(niobium, lead, and high-permeability materials) tend to be dense. So we have tried to minimize their use where
ever possible. We had the benefit of starting the Spider insert design after much of the design of our sister
experiment BICEP2 was completed. BICEP2 was designed for operation from the ground where weight is not
as serious of a concern. We identified many areas where we could reduce the weight of the insert design with
either a change in materials, strategic light weighting, or completely modifying a component (such as changing
large metal tubes for carbon fiber trusses sheathed in light-weight copper-clad fiberglass).

2.2 Optics Truss Structure and Cold Plate

A gold-plated 1/200 thick ?17.3500 1100-H14 aluminum cold plate forms the base of each Spider insert and is the
interface to which the inserts mount to the cryostat helium tank. This aluminum plate has been light-weighted
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Figure 2: CMB scalar and tensor anisotropies relative to PLANCK and COrE sensitivities We
show again the scalar (blue and red) and tensor (black) anisotropies but now together with the PLANCK and
CORE instrument noise in brown and magenta, respectively. The scalar anisotropies are the TT (top) and
EE (bottom) spectra in blue and a BB lensing contribution (in red). These are relatively certain. The BB is
shown for r of 0.1, 0.01 and 0.001 in black (top to bottom). The solid brown and magenta curves show the
instrument noise power spectra for PLANCK and COrE, and the dashed counterparts below indicate what
sensitivity can be obtained by wide binning (��)/� ⇥ 1. Modes of the CMB spectra lying above the solid
noise curves are detected with (S/N) >� 1, implying that measurements at higher instrumental sensitivity
would result in marginal additional science input. On the other hand, CMB spectra lying between the solid
and dashed sensitivity give a signal detectable when many modes are combined in the analysis. We see that
for � <� 800 PLANCK the CEE measurements oscillate in and out of the (S/N) = 1 threshold while for COrE
modes up to � ⇥ 2000 are resolved with (S/N)⇤ 1. This means that for studies of non-Gaussianity one has
about ten times as many resolution elements.
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Figure 22: Left: Focal Plane Unit. The highest frequency band (795 GHz) is at the center and the 45 GHz horns are
at the periphery. Right: Ray tracing of the optical system showing the o�-axis telescope and the RHWP.5

The instrument (Fig. 21) uses an o�-axis reflective telescope capable of providing a large focal plane area
(Fig. 22 left) with limited aberration and cross-polarization. For reasons explained in Sect. 5.3.2, polarization
modulation is achieved using of a reflective half-wave plate (RHWP) located at the aperture of the telescope.
The RWHP modulates away or minimizes many of the systematic errors that must be overcome for high
precision polarization measurements. After reflecting o� the RHWP, the incoming radiation passes through
the telescope and is focused onto the detector arrays. While technology based on planar detector arrays
has made tremendous progress [257] (used in BICEP2 for example), in order to reduce the risks associated
to the lack of maturity, COrE uses feedhorn-coupled detectors. Horns have the advantage of defining a
well-formed beam with rapidly decaying far sidelobes. These horns are coupled to ortho-mode transducers
(OMTs) through a circular waveguide while each branch of the OMTs separating the two linear polarizations
is coupled to a bolometric detector. The cold optics (feedhorns+OMT+detector pair) are cooled to 100 mK
and surrounded by several successive temperature stages. The whole instrument is enclosed by a passively
cooled 35 K shield. The telescope mirrors and the RHWP could reach a temperature as low as 30 K. Table 5
gives the overall characteristics of the payload as a comparison to the Planck mission.

Table 5: COrE payload summary table compared to PLANCK. The full payload includes the service module and
hydrazine. The data transfer rate of COrE assumes a compression factor of 4 and a 2 hours per day downlink.

COrE PLANCK
Overall mass 1832 kg 1974 kg
Power budget 1279 W 1342 W

On-board data storage 780 Gbit 32 Gbit
Data transfer rate 54 Mbit/s 1.5 Mbit/s

5.2 Description of the measurement technique

COrE will carry out a full-sky measurement of temperature anisotropies and polarization of the CMB. The
choice of a far-Earth orbit, such as a halo or a quasi-periodic Lissajous orbit around the Sun-Earth Lagrangian

56

6400 Detectors, 45-800 GHz

⇥ �fwhm ndet Temp (I) Pol (Q,U)
µK·arcmin µK·arcmin

GHz arcmin RJ CMB RJ CMB
23 52.8 2 413 418 584 592
33 39.6 2 413 424 584 600
41 30.6 4 365 381 516 539
61 21.0 4 438 481 619 681
94 13.2 8 413 516 584 729

WMAP (9 year mission)

⇥ nunpol npol �fwhm Temp (I) Pol (Q,U)
µK·arcmin µK·arcmin

GHz arcmin RJ CMB RJ CMB
30 4 4 32.7 198.5 203.2 280.7 287.4
44 6 6 27.9 228.0 239.6 322.4 338.9
70 12 12 13.0 186.5 211.2 263.7 298.7
100 8 8 9.9 23.9 31.3 33.9 44.2
143 11 8 7.2 11.9 20.1 19.7 33.3
217 12 8 4.9 9.4 28.5 16.3 49.4
353 12 8 4.7 7.6 107.0 13.2 185.3
545 3 0 4.7 6.8 1.1� 103 — —
857 3 0 4.4 2.9 8.3� 104 — —

PLANCK (30 month mission)

⇥ (�⇥) ndet �fwhm Temp (I) Pol (Q,U)
µK·arcmin µK·arcmin

GHz GHz arcmin RJ CMB RJ CMB
45 15 64 23.3 4.98 5.25 8.61 9.07
75 15 300 14.0 2.36 2.73 4.09 4.72
105 15 400 10.0 2.03 2.68 3.50 4.63
135 15 550 7.8 1.68 2.63 2.90 4.55
165 15 750 6.4 1.38 2.67 2.38 4.61
195 15 1150 5.4 1.07 2.63 1.84 4.54
225 15 1800 4.7 0.82 2.64 1.42 4.57
255 15 575 4.1 1.40 6.08 2.43 10.5
285 15 375 3.7 1.70 10.1 2.94 17.4
315 15 100 3.3 3.25 26.9 5.62 46.6
375 15 64 2.8 4.05 68.6 7.01 119
435 15 64 2.4 4.12 149 7.12 258
555 195 64 1.9 1.23 227 3.39 626
675 195 64 1.6 1.28 1320 3.52 3640
795 195 64 1.3 1.31 8070 3.60 22200

COrE summary (4 year mission)

Table 1: COrE performance sum-
mary compared to WMAP and
PLANCK. The Planck numbers re-
ported here are based on instrument per-
formance as measured in flight and pro-
jected to the best current estimate of the
mission lifetime (i.e., 30 months). In the
low frequency channels the superior per-
formance of COrE derives from a com-
bination of the increased number of de-
tectors and the more sensitive bolometer
technology, which allows measurements
to be made at nearly the quantum shot
noise limit. For example at 45 GHz, the
lowest frequency channel of COrE, the
Planck-LFI integration time would have
to be increased by approximately a factor
of a thousand to match the COrE sensi-
tivity. In the central channels this factor
is reduced to about 100, because Planck-
HFI, like COrE, already uses bolometers
cooled to 0.1K. The COrE bolometers,
however, are much more numerous than
those of Planck and their individual per-
forance is closer to the quantum limit.
For galactic and extragalactic science us-
ing polarization data, Planck is severely
limited by the fact that the Planck-HFI
channels at 545 GHz and 857 GHz lack
polarization sensitive bolometers. More-
over, the angular resolution of COrE in
the highest frequencies is di⇥raction lim-
ited whereas for PLANCK it is not. This
is a major limitation because interstellar
dust and many other sources of interest
are best studied at these high frequen-
cies. COrE will thus open a new window
in mapping far infrared polarized emis-
sion. These high frequency channels re-
quire only a small fraction of the COrE
resources, as they occupy a small portion
of the focal plane area and contribute a
small fraction to the total data rate trans-
mitted to Earth. In Sec. 4.1 we propose
a modification of the baseline, where the
sensitivity at 795 GHz is increased by a
factor of five, at negligible cost to the
primordial science, but greatly enhanc-
ing the COrE capabilities for Galactic
science.
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Figure 2: CMB scalar and tensor anisotropies relative to PLANCK and COrE sensitivities We
show again the scalar (blue and red) and tensor (black) anisotropies but now together with the PLANCK and
CORE instrument noise in brown and magenta, respectively. The scalar anisotropies are the TT (top) and
EE (bottom) spectra in blue and a BB lensing contribution (in red). These are relatively certain. The BB is
shown for r of 0.1, 0.01 and 0.001 in black (top to bottom). The solid brown and magenta curves show the
instrument noise power spectra for PLANCK and COrE, and the dashed counterparts below indicate what
sensitivity can be obtained by wide binning (��)/� ⇥ 1. Modes of the CMB spectra lying above the solid
noise curves are detected with (S/N) >� 1, implying that measurements at higher instrumental sensitivity
would result in marginal additional science input. On the other hand, CMB spectra lying between the solid
and dashed sensitivity give a signal detectable when many modes are combined in the analysis. We see that
for � <� 800 PLANCK the CEE measurements oscillate in and out of the (S/N) = 1 threshold while for COrE
modes up to � ⇥ 2000 are resolved with (S/N)⇤ 1. This means that for studies of non-Gaussianity one has
about ten times as many resolution elements.
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Figure 3: Constraints on inflation from COrE. For a broad range of inflationary models COrE can be
expected to detect primordial gravitational waves from inflation. The large contours on the left panel show
the present constraints from WMAP seven-year data in the r-nS plane. A few parameterized families of
inflationary models give an idea of representative model predictions. The small contours illustrate what a
COrE detection would look like if r > 5 � 10�3. The part of parameter space still allowed at 2⇤ in the
case of a non-detection is shown in grey. The right panel shows the ‘main sequence’ of inflationary models
generated using a model independent approach.

described by the infinite hierarchy

�(⌅) = 2M2
Pl

⇤
H ⇥(⌅)
H(⌅)

⌅2

, �⇥H ⇥
�
2M2

Pl

⇥� (H ⇥)��1

H�

d(�+1)H

d⌅(�+1)
, for ⇧ ⇤ 1. (8)

The flow equations allow us to consider the model space spanned by inflation using Monte Carlo tech-
niques. Since the dynamics is governed by a set of first-order di⇥erential equations, one can specify the
entire cosmological evolution by choosing values for the slow-roll parameters �⇥H , which completely specifies
the inflationary model. However, in practice one has to truncate the infinite hierarchy at some finite order.
We retain terms up to tenth order having checked robustness against the choice of truncation order. We
will discuss the meaning and the implications of this truncation below. Moreover, the choice of slow-roll
parameters for the Monte Carlo process requires assumptions about priors for the ranges of values taken by
the �⇥H . In the absence of a priori theoretical knowledge about these priors, one can assume flat priors with
some ranges dictated by current observational limits, and the requirement that the potential satisfies the
slow-roll conditions. Changing this ‘initial metric’ of slow-roll parameters changes the clustering of phase
points on the resulting observational plane of a given Monte Carlo simulation. Therefore, the results from
these simulations cannot be interpreted in a statistical way. Nevertheless much intuition can be gained
from the results of such simulations (e.g., [19, 26, 27]). The simulations show that models do not cover the
observable parameter space uniformly but instead cluster around certain attractor regions.

Inflation requires a form of stress-energy which sources a nearly constant Hubble parameter. This can
arise via a truly diverse set of mechanisms with disparate phenomenology and varied theoretical motivations.
As mentioned above, in Hubble slow roll approach it is possible to characterize, in a model independent way,
single field models of inflation, including ‘hybrid’ models where, although more than one field is involved,
the generation of primordial perturbations is still governed by a single scalar field. This approach has shown
[28, 17] that there is a model independent relation between the excursion of the field during inflation (�⌅)
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Figure 7: Gravitational lensing deflection power spectrum. The simulated deflection power spectrum
from COrE is shown assuming an inverted hierarchy of neutrino masses with the minimum total mass allowed
by oscillation data (m1 � m2 = 0.05 eV and m3 = 0 eV). In the upper panel, the solid lines are the theory
power spectrum for this scenario (lower) and for three massless neutrinos (upper). The di�erence between
these spectra is plotted in the lower panel illustrating how COrE can distinguish these scenarios from Cdd

l
in the range l > 200. We have assumed 70% sky coverage after Galactic masking.
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Figure 22: Left: Focal Plane Unit. The highest frequency band (795 GHz) is at the center and the 45 GHz horns are
at the periphery. Right: Ray tracing of the optical system showing the o�-axis telescope and the RHWP.5

The instrument (Fig. 21) uses an o�-axis reflective telescope capable of providing a large focal plane area
(Fig. 22 left) with limited aberration and cross-polarization. For reasons explained in Sect. 5.3.2, polarization
modulation is achieved using of a reflective half-wave plate (RHWP) located at the aperture of the telescope.
The RWHP modulates away or minimizes many of the systematic errors that must be overcome for high
precision polarization measurements. After reflecting o� the RHWP, the incoming radiation passes through
the telescope and is focused onto the detector arrays. While technology based on planar detector arrays
has made tremendous progress [257] (used in BICEP2 for example), in order to reduce the risks associated
to the lack of maturity, COrE uses feedhorn-coupled detectors. Horns have the advantage of defining a
well-formed beam with rapidly decaying far sidelobes. These horns are coupled to ortho-mode transducers
(OMTs) through a circular waveguide while each branch of the OMTs separating the two linear polarizations
is coupled to a bolometric detector. The cold optics (feedhorns+OMT+detector pair) are cooled to 100 mK
and surrounded by several successive temperature stages. The whole instrument is enclosed by a passively
cooled 35 K shield. The telescope mirrors and the RHWP could reach a temperature as low as 30 K. Table 5
gives the overall characteristics of the payload as a comparison to the Planck mission.

Table 5: COrE payload summary table compared to PLANCK. The full payload includes the service module and
hydrazine. The data transfer rate of COrE assumes a compression factor of 4 and a 2 hours per day downlink.

COrE PLANCK
Overall mass 1832 kg 1974 kg
Power budget 1279 W 1342 W

On-board data storage 780 Gbit 32 Gbit
Data transfer rate 54 Mbit/s 1.5 Mbit/s

5.2 Description of the measurement technique

COrE will carry out a full-sky measurement of temperature anisotropies and polarization of the CMB. The
choice of a far-Earth orbit, such as a halo or a quasi-periodic Lissajous orbit around the Sun-Earth Lagrangian
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Technological Evolution
□ Current generation 

(EBEX, Spider, BICEP2, 
Polarbear)
■ detectors at quantum 

limit (for bolometers at 
f >90 GHz)

■ From “bespoke” 
detectors to multiple-
detector fabrication

□ from tens to thousands of 
detectors

□ Space-based detectors 
(DMR, WMAP, Planck) 
usually lag behind

□ Signal-to-noise is not 
the problem:
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The CMB in 2011 and beyond
□ The intensity and polarization of the CMB 

encodes a wealth of cosmological information
□ Current data support the inflationary paradigm
□ Full results depend on external data and priors
□ Planck will capture all of the primary intensity 

information on the sky, and much of the scalar 
polarization signal

□ Planck is the most sensitive full-sky astronomical 
observatory over a factor of 30 in frequency

□ Ongoing experiments with 1000s of detectors 
will probe polarization orders of magnitude 
deeper
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