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Cosmic Microwave Background Radiation OVerview

1965 Penziasand | he oldest |Ight or the
e et ilson first light of the

Universe

Discovered the remnant
afterglow from the Big Bang.
- 2.7TK

Blackbody radiation,
Discovered the patterns
(anisotropy) in the afterglow.
— angular scale ~ 7° at a
level AT/T of 10-°

(Wilkinson Microwave
Anisotropy Probe):

- angular scale ~ 15’

2009 | Planck | > angular scale ~ 57,
AT/T ~ 2x10°, 30~867 Hz
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Science with Planck
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Planck: the 3rd generation space
CMB experiment

Planck gains a factor 3 in angular resolution and up to10
In instantaneous sensitivity with respect to WMAP

LF| uses coherent detection and HEMTS based amplifiers
in 3 bands 30 to 70 GHz, photometric reference loads on
the 4K box of the HFI FPU. LFl is cooled at 18 K, reads in
total power (22 polarized channels, 44 total power
signals). Small 1/f noise.

HFI| bolometers are cooled to 100 mK, 6 bands 100 to 857
GHz, read in total power mode with a white noise from 10

mHz to 100 Hz (no 1/f noise in the signal range), nearly
photon noise limited in the CMB channels (100-200 GHz)

Intensity power spectrum sensitivity is limited by the ability
to remove foregrounds (supported by the broad frequency
coverage: 30 GHz-1 THz)
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Observing strategy

Boresight
(85° from spin axis)

Ecliptic pole

“tilted"spin axis Field of view
{max tilt = 107) rotates at 1 rpm
P f"‘ﬂ- ~
Iucllphc plane (‘
~ 1 *%day
- - B o
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Planck is a
survey mission

day

About 6 months are
needed to cover

~95% of the sky.
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Planck seen with the 2.2 m ESO telescope
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Current Status

« 687 days since launch.

« Satellite and instruments working nominally and
continuously since start of sky surveys (mid
August 2009)

« Sky coverage is 100%
— All the sky has been surveyed about three times.

— The currently approved mission operation (to end Nov
2011) will do over > four sky surveys, until the end of the
cold phase (end January 2012) with two instruments:
HFI + LFI

— A further 12 months extension has been approved with
LFI only
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Planck data products

The unrivalled accuracy of Planck will allow us to:

— Pin down the basic characteristics of the Universe: age, contents,
dynamics, geometry, ...

— Examine the origins of the Universe and test inflation
— Probe physics at extremely high energies, e.g. superstrings, neutrinos

— Probe the birth of the first stars and galaxies

But also

— Understand the evolution of structures, galaxies and clusters of galaxies
— Observe our own Galaxy as never seen before...

The release of the Planck “Early Release Compact
Source Catalogue” is a first step in this direction
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cmb_143GHz_ 2048 fits: UNKNOWN1

Cosmic Microwave Background
30, 44, 70, 100, 143, 217, 353, 545, 857 GHz -1, Q, U at all channels 2 S e T T N
Except 545 & 857 GHz " :

Expected results from simulations

A TR g Sunyaev-Zeldewighps s wmon:

galaxy\l43GHz_2048.fits: UNKNOWN1

—0. 10 e——

Point-& <ompaet-sources

— (.0

The Milky Way
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Temperature Polarisation
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Fraejuarney (Griz)
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70 GHz

—0.40 o 0.40 mKeyy

217 GHz

-0.35 0.35 mKug

143 GHz

—0.70 e 070 11K

100 GHz_

—0.00022 0.12 ther X

~0.00018 007 3

~0.00002 0.08% X

353 GHz 545 GHz
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The Early Release Compact Source Catalogue

« First release to the public of a Planck data product

« A catalogue of compact sources extracted from the first
all-sky survey with high reliability (>90%) - designed
for follow-up

« It contains

— ~15000 individual sources with detectable fluxes in
individual Planck channels (range 30-857 GHz)

e Sources in the Milky Way
 Near and distant galaxies

— A catalogue of cold cores, selected by their
temperature

— A catalogue of galaxy clusters selected via the
Sunyaev-Zeldovich effect

« It offers a treasure trove of scientific and observing
possibilities to the community

« It is a foretaste of the legacy catalogues to be published
~ in eatl 2013 ! . OW
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The Early Release Compact Source Catalogue

« The ERCSC has been released to the public Tuesday 11
January at 11:00 CET

It is accessible via the Planck web site

« Together with the catalogue, 25 scientific papers are being
submitted to Astronomy & Astrophysics, covering

The performance of Planck and its payload in the first year
of operations, and the initial data processing steps

The production of the ERCSC and the characteristics of the
main source populations that it contains, including
validation of the catalogues by correlation with other
catalogues and follow-up

Selected astrophysical topics related to diffuse emission

They are accessible through the same site above or at
astro-ph
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Sunyaev-Zeldovich effect: basics

It is a secondary anisotropy predicted in 1972 due to
inverse Compton Scattering between CMB photons
(~0.3 meV) and free electrons (~ few KeV) of the

hot Intra-Cluster Medium. CMB photons acquire energy!

e‘ *blue shifted CMB ph%ns

*hot ICM

*Thermal SZ : CMB photons are scattered by random motion
of thermal electrons

Kinetic SZ : CMB photons are scattered by bulk motion of
electrons

. ’ . OPLANCK ® = \1‘
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Sunyaev-Zeldovich effect: properties

L | T T T T T Ty

ATl
CMB

= / NeOT kTesz *y-Compton parameter

los mecC

-provides the frequency dependence ,_ _ ¥ _

f(x) P - 4 1 ¥= kTcumB Thermal SZE
0- -Os-nnnlnnnlnnnln‘nlnnn-

Y = de Y Di — ‘s PdV 0 100 200 300 400 500

cluster mec2 Frequency (GHz)

«Carlstrom, Holder and
« SZ effect does not depend on z; Reese 2002
 y-Compton gives the amplitude of the effect (~ 1 mK);

» SZ vanishes for ~217 GHz (signature of the effect; one of the Planck channels is
centered @ 217 GHz specifically to identify the zero transition of TSZ);

* Y is the integrated Compton that is proportional to the temperature-weighted mass of

the cluster divided by the angular diameter distance p) , which is the only term depending
on z (weakly). This is an useful relation for extractin. * == mological information (that are

in when combined with other observations (X-ray typically).
D) y typically
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The Early SZ(ESZ) cluster

urces); rejection of solar system objects and artifacts; rejection of sources with a

*189 clusters detected (ESZ sample)
«169 are known
20 are new Planck clusters
« ~ have been confirmed (11 by XMM and 1 by AMI)
8 are candidate new clusters

,“ 3 Paolo Natoli -- La ThuileMarch 1, 2011 ,},.ASF L@ ;@
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The Early SZ (ESZ)
cluster sample
from Planck

*newly discovered supercluster, PLCK G214.6+37,
*Planck (left) and XMM-Newton (right panel)

At the end of the mission it will be delivered
the Planck SZ cluster catalogue containing
many hundreds of clusters at z~1.

The previous all-sky catalogue is RASS
(Rosat All Sky Survey)
but at much lower depth (i.e. z~0.1)
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*Planck Early Results: Power spectrum of CIB anisotropies with
Planck/HFI

*Cosmic Infrared Background records much of the radiant energy released by processes of structure formation that have
occurred since the decoupling of matter and radiation following the Big Bang.

*Due to its frequency coverage from 100 to 857 GHz, the HFI instrument
' ] onboard Planck is sensitive to the complete history of star-formation and

is thus ideally suited to probe the dark matter/star-formation connection.
10.0: ':‘ T
; X X
-'._; = = *Power spectra are
~ - 107} . measured
2 0k N N independently  for
& ) s the 6 fields and
z 2 = are then
< 10 < combined.
= 200 500 1000 2000 ~
01/ ]
f = =
X <
1000 = 3
v [GHz] = &
«Contribution to the CIB per redshift slice, : :
extracted from Bethermin et al. c8_2010b). Black G S
solid line: CIB spectrum predicted by the = > &
model. e : X 10° Lnnsd
= =
200 500 1000 2000 200 500 1000 2000
1 1
/- First measurements at those wavelengths and spatial scales; )

- We measure strong frequency-correlated structures consistent with the expected CIB signal. The correlation decreases
with increasing frequency;

«- No significant difference between the frequency spectrum of the CIB anisotropies and the CIB mean is observed;
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. Typical Galaxy Spectrum at z = 0.60
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Galactic studies with Planck

« The Planck multifrequency view of our Galaxy
allows for the first time a detailed investigation of
many interesting topics

» Early studies/papers achieved crucial results on
the following aspects:

— Dark gas in the Galaxy

— Microwave anomalous emission

— Interstellar medium

— Cold cores

— Thermal dust on nearby molecular clouds

“ OPLANCK ® s =
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New Light on Anomalous Microwave
Emission from Spinning Dust Grains — |

Planck, combined with ancillary radio and FIR data, has provided a unique opportunity to
establish a comprehensive spectrum of AME

—> important basis for understanding the emission mechanism and the environment in which it
OCCUrs

The evidence from the present observations strongly favours the spinning dust (electro-dipole
radiation) mechanism

The two best-studied AME sources that have extensive ancillary data are in:
Perseus and p Ophiuchus molecular clouds

Their spectrum is well-fitted by free-free, thermal dust and spinning dust, with a small
contribution from the CMB

Spinning dust provides a good fit to the microwave (10 — 100 GHz) part of their spectra
which peaks at = 30 GHz, we present the most precise spectra for spinning dust to date
Planck has revealed the high frequency side of the peak for the first time

Theoretical spinning dust curves are presented, based on a physical model consisting of
molecular, atomic and ionized states

We show that it is possible to derive physical parameters that are consistent with the
environment, including previous measurements, and still provide a good fit to the data

.@. Paolo Natoli -- La ThuileMarch 1, 2011 /TASF L@ c
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New Light on Anomalous Microwave
Emission from Spinning Dust Grains - Il

Using parameters constrained at smaller angular scales, the 20 — 40 GHz AME peak in Perseus is well
explained with spinning dust emission arising from dense, molecular gas (nH > 200 cm-3) subjected
to a few times the interstellar radiation field. The contribution from low density gas appear to only
play a minor role.

In the case of p Ophiuchus, irradiated, high density molecular gas from the PDR appears to contribute in
the range 50 — 100 GHz. The picture seems to be that smaller PAHs are found in PDRs (GO > 100)
as suggested by recent Spitzer observations

« Determination of the PAH size degenerate with that of nH and GO and quantitative conclusions will
only be obtained from consistent modeling of the gas state, radiative transfer and spinning dust.

« At this level of modelling it is not possible to constrain the electric dipole moment of PAHs
« The 2 first precise spinning dust spectra presented in this paper
« A search of new AME regions in the Planck data has been Planck successful

« They were uncovered by subtracting synchrotron, free-free and thermal dust emission based on the
usual spatial 101 templates.

« Two new candidate regions that show AME have been presented:
they are located in different areas of the Galaxy compared with Perseus and p Ophiuchus

« Additional high resolution observations are needed to understand the detailed structure of the AME
in these regions

« Planck data provide a rich source of observations that can be used as a basis for developing a
realistic understanding of the AME mechanism in a range of Galactic environments
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G173.6+2.8 Ophiuchus

=
Radio 0.4 GHz
--"*:M
-

Planck 857 GHz

Fig. 10. Residuals in the full sky Planck LFI 28.5 GHz 1" smoothed map after subtraction of synchrotron, free-free and thermal dust emission (see
text). 1275 x 1275 cut out maps are shown for the Perseus and p Ophiuchus molecular clouds, and the two new regions of AME, G107.1+5.2 and
G173.642.8.

Spinning dust model

Residual flux density (Jy)
=

—— Model )
5 | —=— Ancillary data
107 | —e— WMAP
—+— Planck 10° r
10
10" 4
o 1 10 100

Frequency (GHz)

Flux density (Jy)
&

Fig. 9. Spectrum of G353.05+16.90 in the p Ophiuchus molecular cloud
after subtracting the best fit frec-free, CMB and thermal dust compo-
nents, A theoretical spinning dust model consisting of two components

10 (dark cloud and PDR; see text), is shown.
I 1. Mg of the Persous muolscular choud Fegion af esr orighsal asguler rewketion. From lef & fght, 0p mw: Planet 205, 34,1, 705 and Y A e Y
1000 CIbe, Sottore rows Pleeck (43 and 857 G, 146 Cbe and M. The mues cover §° %0 5° centeed on (4, &) = (18226, - |57 A7) end buve Bnesr 1] r J T i
oot soules. The praticule has 17 specing. The FWHM of the elliptival Gessdan model used to fit the Dy density o the fhered maps Ooe wext) 10
s cherarm, The stromg AME 1 evident w30 - 70 GHa. 1 10 100 1000

Frequency (GHz)

Fig. 4. Spectrum of G160.26-18.62 in the Perseus molecular cloud. The
best-fitting model consisting of free-free, spinning dust (2 components),
and thermal dust is shown. e
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WMAP 7 CMB map
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Typical model prediction for CMB anisotropy APS

Angular scale

18° 1.8° 0.18°

6000 ' ' |
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= 4000+ A
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Q |
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Why is CMB radiation polarized? <= Anisotropic Scattering
The CMB radiation is polarized because it was scattered off of free electrons during decoupling.

When an electromagentic wave is incident on a free electron, the scattered wave is polarized
perpendicular to the incidence direction. If the incident radiation were isotropic or had only a
dipole variation, the scattered radiation would have no net polarization. However, if the incident
radiation from perpendicular directions (separated by 90°) had different intensities, a net linear
polarization would result. Such anisotropy is called "quadrupole" because the poles of anisotropy
are 360°/4 = 90° apart.

hotter radiation l

Quadrupole
Anisotropy

Thomson

colder ~ 5 ! Scattering
radiation —

[Linear
Polarization

2 '»,,_‘_ ° OPLANCK ® - : 3
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CMB Polarization

e Linear Polarization is described by Stokes-Q and -U
* These are coordinate dependent
* The two dimensional field is described by a gradient of a scalar (E)

or curl of a pseudo-scalar (B). Temperature map: T )

Polarization map: P(n)=¥E+7 x B

_— Scalar perturbations: energy density perturbations in the plasma
,.-"'J "'-.,._" -.__‘_‘ _.-"; Tensor perturbatons: Gravity waves stretch and squeeze space
in orthogonal directions and stretch wavelength
Gravity waves coming from inflation would produce tensor perturbations

Grad (or E) modes
— due to scalar and tensor perturbations

Curl (or B) modes
due to tensor perturbations

(density fluctuations have no handedness,

so no contribution to B-modes).
B-Modes=Gravity Waves !!
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Planck Predicted Power Spectrum

*Note: polarization peaks

out of phase w.r.t.
intensity peaks due to |IRg
flow velocities at z=1100 @

(;)
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CMB Angular Power Spectrum
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Current Status - 6/2009
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B-modes: present limits

*Present best direct upper limit is 0.3 one sigma (Bicep: Chiang et al 2009)
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*B-mode detectability

- | *2 surveys I i} i |
L - / > | *4 surveys !
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