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The CMB at #STFC2011

o The Physics of the CMB &
= Last scattering and bey

o The state of the art (V
= A Standard Cosmologic

o Planck .

y
| —7 1O & GHZ, sens €O

o dust in the solar system, our galaxy and other galaxies

1
-
B

o synchrotron radiation

5 cold, molecular gas .i'. i

- and the cosmic microwave background! ' |

o Beyond Planck o |
% = Suborbital 2041-2015 F

‘m. A future Satellite?

-
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A standard cosmological model?

dr?
oGt - r2df? + r? sin® 0 do?
So=¢ (1) —— - ¢
o Predictions: o Hot big bang
(“pillars of the Big Bang”) o Light element abundances (BBN)
o Expansion (Hubble) o Recombination (CMB)
© Friedmann-Robertson-Walker = = small perturbations
metric with: - seemingly Gaussian,
= radiation (p/p=w=1%) acausal, adiabatic
baryons (w=0) / = Initial power spectrum
dark matter (w=0) ~

o of scalar density
dark energy (w<—7 [w=—17]) N perturbations

O
-+ Age to, expansion rate Ho \& Pt
~ Curvature: () (=07) <«

= (and similar for tensor

- Densities: gravitational waves)
Q~10-, Q,=~0.04,

o small non-Gaussianit
Qc~0.23, Qpe=0.73 (wor) y fNL
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Evidence & Observations:
Cosmic Microwave Background

-~ 400,000 years after the Big Bang, the temperature
of the Universe was 7~3,000 K

© Hot enough to keep hydrogen atoms ionized until

this time
o proton + electron — Hydrogen + photon |p™ + e — HHY]
o charged plasma — neutral gas

= depends on entropy of the Universe

-~ Photons (light) can't travel far in

the presence of charged particles
- Opaque — transparent




lonization fraction: Equilibrium

- tiny baryon-to-photon ratio @znb/nyslo-%key to

(X4 ’
delay” to k7~1eV<«13.6 eV p+e —H+y
Neutral lonized
X
-~ Solve Saha Equation 19|
equilibrium ionizn ¢
balance = — 0, I7 =005
£
§06% Q) h* =0.02
- really should follow % - o
many levels, species &
= | Q, h* =0.1
0.2j
J 7;——i————Ah i | I | I | | I | | I | | -
1200 1400 1600 1800 2000

Not shown: interaction falls out of equilibrium and freezes out: X~10-*
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Photon Decoupling

o Freeze-out when

Interaction rate =[F<H]= expansion rate

= Evolution of
photon-baryon =
plasma depends on 1"
expansion rate & ‘

densities

L 3
1014 L *

Transparent
t

Opaque

—

ety ety

———

-~ Apparent horizon at ..
recombination: |
approximate 02|
standard ruler |

1011 :

A, Q,h*==0.02

A, Q,h?==0.1

H' Q,=03

H' Q,=1

1100

1200

1300

1400

1500
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History

| 948: Alpher, Gamow, Herman predict the existence of
the CMB

| 964: Dicke, Peebles, Roll & Wilkinson (Princeton) start
looking for it...

| 964: Penzias & Wilson (AT&T Bell Labs) accidentally
find it

T = 3K, constant over sky

| 969-70s:0.1% variations
Doppler Shift from our motion through the CMB

| 990s: 10~ variations

Sign of the large-scale structure of the universe at early times
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Black Body radiation from the
Early Universe

. . 2hv? 1
(v, T)dv = 2;/ dv

_Cosmic MICROWAVE BACKGROUND SPECTRUM FROM COBE

' 1 ) L | ' ) | | L] L L ] i ) | ]

THEORY AND OBSERVATION AGREE

5
:
;
§
E

Penzias & Wilson

5 I 10 |
Mather et al, 1994  Waves/centimeter
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Black Body radiation from the

Early Universe

Wavelength (cm)
3

o~ ?PO 30 0.3 0.03
N 10~ R I : R e
am

E 107

N\
E 10—16 -
o

o 10717 A
7 e Ground—Based

\;\ﬂ 10718 o« Balloon
¥ « Cyanogen

~ 1071 « COBE/DMR _
s — COBE /FIRAS

.g 10—20 —
= —21
o 10 N ] Y Y

0.1 1 10 100 1000

Frequency (GHz)

Al Kogut, ARCADE, http://arcade.gsfc.nasa.gov/cmb_spectrum.html
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Fluctuations in
the CMB

CMB "Dipole”

Cosmological &
galactic fluctuations
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from WMAP

Temperature and polarization
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What affects the CMB
temperature?

Initial temperature (density) of the photons

'\N/\JS\JS/
F' NNV NI\
IF' NN
FAVAVAV,

A\I\\ S/
NN

Doppler shiit due to movement of baryon-photon plasma
Gravitational red/blue-shift as photons climb out of potential weIIs or faII off of

underdensities AVAN
Photon path from LSS to today

All linked by initial conditions = 10~ fluctuations
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What affects the CMB
temperature?

N\

A / AVAYAY
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 VAVAVAN |

Photon path from LSS to today

All linked by initial conditions = 10~ fluctuations
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What affects the CMB
temperature?

Cooler P AN Hotter

A / AVAYAY
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 VAVAVAN |

Photon path from LSS to today

All linked by initial conditions = 10~ fluctuations
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What affects the CMB
temperature?

Doppler shizedue to movement baryon-photon plasma
Gravitational red/blue-shift ag’photons climb out of potential wells or fall off of

underdensities VAVAVAN |

Photon patiyfrom LSS to today

All linked by initial conditions = 10~ fluctuations
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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 ~cstdgec~100Mpc

Hence useful as distance
indicator (measure w)

After recombination:
fluctuations frozen in,
evolve via ~ linear evolution

Same thing we see in
the CMB

o0 100 150

Comoving Separation (h-! Mpc)
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The horizon at last scattering

The particle (light) horizon at last scattering,
corresponds to about | degree on the sky

0 dg = DI0 = acre= aore(ac/ao)= aore/(1+z) for D = du

0 so 0= D/dy

But fluctuations in the CMB are sound waves, so

] = 1 /C>O dz—c=
sound — H()(l—I—Z) = E(Z/)

for ¢s = ¢/N3 (mostly radiation):
dsound = dH/ \/3

numerical calculations take full evolution of dark matter,
baryons, radiation into account
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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

[%ﬁ¢:¢m—¢o

€C

¢=const for linear evolution in a flat MD universe

Further, the potential is related to the density term, so

AT 1

2
T == ¢rec — §¢rec — §¢rec

“Integrated Sachs-Wolfe effect” occurs when ¢
varies (e.g., nonlinear evolution, A\)
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Oscillations in primordial plasma:
Acoustic Peaks

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

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

Pressure determined by mix of baryons and
radiation (~ 10’ photons/baryon): baryon “doping”
lowers c_ from 1/73.

Higher €2, decreases rebound force; decreases

relative amplitude on smaller scales (2" C; peak
relative to first)
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CMB Statistics

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

Fee T A7

T T (z) = ;aﬁmyﬁm(j)

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

Power Spectrum:

el T2 e
Multipole ¢ ~ angular scale 180°/¢

For a Gaussian theory, C, completely
determines the statistics of the temperature.
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The CMB transfer function

Linear evolution from approximately Gaussian ICs
=> ~ all information in the power spectrum:

C= /Pi(k)Tf(k:) dk
compare density spectrum: P(k) = Pi(k)T?(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

o Actually solve Boltzmann Equation over thickness of Last-Scattering surface — e.g,,
CMBFAST, CAMB
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Theoretical Predictions

L 1 T I L] L Ll ] Ll Ll L l L] T Ll I Ll 1 L ] L] L Al

sCDM (H,=65, n,=1, 0,=0.05, 0__=0.95, 0,=0) —

Baryons: (), =0.1 —

6000 - -
! o\ Lambda: 0,=0.7, 0,=0.3 —
Open: ,=0, 2 _=0.3
v | | | Closed: Q,=0, Q_=1.3 — -
3
—
= 4000
o
S
~
=4
i
+
~
=

2000

Mean square fluctuation amplitude

0 200 400 600 800 1000 1200

multipole /

~180°/Angular scale
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Measuring Curvature with the CMB

- Flat 0O=1

Last Scattering Surface
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Measuring Curvature with the CMB

Closed

Q>1

Last Scattering Surface
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Measuring Curvature with the CMB

Open Q<1

Last Scattering Surface
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losec Flat Open
o [T [Orer

5000

] 1

]

L ] 1 ‘[ 1 ] l 1 ] 1 I I 1 ] ] L] ] 1

sCDM (H,=65, fh,=1, 0,=0.05, 0__=0.95, 0,=0) —

Larwbda:(h—%)?,(LL—OIE———-

g I Closed: Q,=0, Q_=1.3 — - |
3
T -
N \
2000 A N
- ',"‘,' |", f /’ ~ —
/ / \ \\ / \
- I“,"v / \ L ,.-'/ - / \ \\. -
/ - s
%/ \ / \ 2 ANSE
N ~ =F TN =
I N
~
O 1 1 1 l 1 1 1 l 1 1 L l 1 L 1 l 1 1 L J 1 1 1
0 200 400 600 800 1000 1200

multipole {
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January, 2003

A. H. Jaffe (2003)

8000 L] L Ll l I 1] 1 1 Ll I 1]
@ MAXIMA-I (Lee et al 2001)
- N X B98 (Ruhl el al 2003) .
[ A DASI (Halverson et al 2001)
- ‘ A CBl (Pearson el al 2002) -
‘ B VSA (CGrainge el al 2003)
I [ # ACBAR (Kuo et al 2003) N
DM
6000 ¢ DMR _
Jaffe el al 2001 Best fitL _
—
o
£l :
[
~~ '
%
<2 4000 -
\ Il
@) -
o~
i
% : | T '
-~
~— "
S I _
s LR
2000 o I e} ak ‘l ] —
i 5

0 500 1000 1500

multipole ¢ (~180°/angle)
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6000 . . . | —
- 2 WMAP 7yr § 1
— 5000 ACBAR; -
¢ : QuUaD :
—* - 1
— 4000 | -
= o i
Qo X )
=—a000 - -
- : -
O - .
P OO0 —
== N I
1000 |- 2 N -
: ]

O i 3 1 1 1 1 1
10 100 500 1000 1500 2000
Multipole Moment (7)

Komatsu et al 2011
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CMB Polarization:
Generation

- lonized plasma + quadrupole radiation field:

= Unlike intensity, only generated when ionization Q

fraction, 0<x<I (i.e., during transition)

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

-~ Tensor perturbations: independent of density fluctuations

= +,X patterns of quadrupoles (impossible to form via linear scalar
perturbations)

= at last-scattering, from primordial background of gravitational
radiation, predicted by inflation
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CMB Polarization:
E/B Decomposition

7 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)

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

1000 (72 NS———— A\ N—
Temperature N -
100 (determined by params)
&~ 10 FE ZZ 7 NNSSES ™ e
% 3 /2f§§§y/% N\ N <:;;3§* ]
E /) N
;{:; 1 ? /\\é/}, tilt+GW: n,=0.9
N - E-Mode Pol e B
o O1F (determined by params) ow Hy: Hy=50
- 7 Lambda: ,=0.7, 0_=0.3 —
+ AN
< 001 / \
N
fl \‘-_“_\'\ .
0.001 |- 7 (no lensing)
f
| B-Mode Pol
0.0001 |-

(depends on inflation)

l ! L ! 1 l
500 1000

1500

multipole ¢ (~180°/angle)
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WMAP

6000 : DL ARALI] ) LU B B B B B A ) ) ) | ) 1 ) ) | 1 )

— Larson et al 2011
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Polarization Measurements:

WMAP “All CMB”

Tensor/Scalar power
r <0.36 95%
model-dependent

+0.31
-0.27

Data: r = 0.03

Likelihood

BB alone:
r<0.73 95%

State of the Art

W TE j;
2100 +
SEET
o - ° P4 + + | + s
;; 0 — \ o.!‘ L —oti- +++++
3 =W S Tl
100 I ﬁ il
- l 1 | | ‘l | l
10%¢
- EE: >2:c detecti
- >2¢ detections e $+?,¢;+ ?ﬁ 1
10 & o anis Sl
1 3 _,_—*—+—1>—i BICEP  CBI
4F QuUaD
10 ¢ Boomerang
, CAPMAP DASI
10 3 | | o ] ] | Lo
102 —
- BB: 95% confidence upper limits e - A
10 =E - _';'-!é';"_v*#v —:: . v-"y v Y
' T
10 F I
2F
10 E
3F
10 E— 1 1 1 1 1 I 11 I 1 I
° 2 3
Chiang et al 2009 10 "Muttipote 7
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unified” spectrum
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Cosmology C. 2011

- WMAP Corroborates (and improves upon) existing data

(MAXIMA, BOOMERaNG, &c.) ecision cosmoloay
- ANCDM: (Komatsu et al 2010) palpark igstai:tam_e
> Q= | : FIat Universe people here are doing! )

= n,~0.9720.01: not-exactly scale-invariant initial perturbations
- Q =0.27%20.01, €2, ,5=0.73: Dark matter, dark energy

- €2,=0.045+£0.00| (baryon density; BBN) Atogns
»=72+2 km/s/Mpc (Hubble constant) *“**

Better limits on non-Gaussianity

Dark
Energ
72%

Dark
Matter

Dark energy eq. of state w=—1.10+0.1423%

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

T T S

H, = 90
5el ¥ Hy=80
! ) “ WMAP+BAO+SNe
== Flat ACDM Curved ACDM
— 1 1.005+0.006
[ 0.278+0.015 0.282+0.016
— 0.7240.015 0.72+0.016
' 69.9+1.3 km/s/Mpc 68.5+2.0 km/s/Mpc

0.0l
0.0

WMAP Science team
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Neutrinos (and other light
particles)

- Depending on mass, contribute to relativistic degrees
of freedom (Nef) and matter density

7 Sensitive to absolute mass, not differences
= If m=0.5eV, non-relativistic at decoupling

= If relativistic at early times:
1 changes matter-radiation equality

1 free-streaming = anisotropic stress

5 (CMB alone is degenerate with matter
density, so need to combine with other

i  CoRE
l proposal
measurements of (Qmh?) | T

L Neff — 4.3410.88 £ o \\

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

W(L+1)C,*/2m
0 5x10°% 1077 1.5x107"

WL+1)C,* /2

—3x10 22x107°~10"
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Fundamental Physics with the
CMB: Parity violation

- Parity conservation of EM interactions:
==EE—T 8> = §

1 “Cosmic birefrigence” (M. Kamionkowsi et al)

= %E B o FF in Lagrangian (nb. these are EM fields...)

= different velocities for left and right circular polzn

= rotates E=B by angle a~¢/M e

= non-detection of (TB): a = 1° |
1 (WMAP 7-year + small-scale expts)

/27 [UK?]

{ _
g tmsst -

1(1+1)C,T8

Larson et al 201 0

Multipole moment [

= Long distance to last scattering:
- CL:CR(1::10'3O)
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“Anomalies”

o However....

1 Low quadrupole (cf DMR) " m —— WNAP mép (Benfet of a1 2003)
: \ —— ACDM
= +Niarchou et al 000 |
o Aligned multipoles H
= (+Tegmark et al, Land & Magueijo, - | \ .
Copi etal...) S \g e
O————N— T___ i o e — 1
= “Unlikely” distribution of low-{ asm... ~ R\w
5 Aligned w/ astrophysics... 500
= 3 0 20 40 60 80 100 120 140 160 180
= Ecliptic, dipole 6 (deg)

u B|anCh| mOdeIS? 8 C.J. Copy, D. Huterer, D.J. Schwarz and G.D. Starkman

= Anisotropic Distribution of
power

7 Cold spot
7 Topology!? (Simple cases ruled out)
7 (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 LFl)

Planck launch, 14 May 2009 Planck in orbit (animation)
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Planck: Launched 2009

Nominal mission: |4 Months
(already extended ~2x, will also incorporate “warm
extension” for LFl)

Planck launch, 14 May 2009 Planck in orbit (animation)

+
4
|+

| ——
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Planck: Launched 2009

Nominal mission: |4 Months
(already extended ~2x, will also incorporate “warm
extension” for LFl)

Planck launch, 14 May 2009 Planck in orbit (animation)

+
4
|+

| ——
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Future (soon) spectra

= Planck gets ~all of T, most of E

©  Wide frequency coverage for

“foreground” removal

1000

\‘*\toto\ Galaxy fluctuations

100

Brightness Temperature (uk)

dust - synchrotron
|

10 100

Frequency (GHz)

1000

I”

©  Breaks “conceptua

degeneracies (do

we have the overall model correct?);
most parameters better determined by

factor of ~few.

= Planck cosmology: Jan 2013

] L T T T | T T T T T
I - Planck (simulation)
6000 — s -
B I
L T XL
B T
4000 ~ T . -
==
~ S -
2 -
2000 o = = _
3: - =*,-———- T -
o n T e~ :
N o | I [ [ 1 Il
S | | T
/Lz WMAP (simulatior?) "
— 6000 ~ ﬂn . L
+ X 1
\:’ )i 4 = g
4000 - * 57 i
x - i
- at ) X |
2000 |- = o Mﬂ x [ Trx 1l
| x X ﬂ;_ i
x Iié% [ -1
O 1 1 [ 1 1 1 1 j' IN LB l‘( :[T 1 I 1 L ]
0 500 1000 1500

multipole ¢ (~180°/angle)
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Future (soon) spectra

= Planck gets ~all of T, most of E

©  Wide frequency coverage for
“foreground” removal

1000

. > total Galaxy fluetuations

100

Brightness Temperature (uk)

free—free

synchrotron
|

10 100

Frequency (GHz)

1000

I”

©  Breaks “conceptua

degeneracies (do

we have the overall model correct?);
most parameters better determined by

factor of ~few.

= Planck cosmology: Jan 2013

5401

=
“— 25
<v

w

< 10}
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N

l
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Planck
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xle4d t
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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=plancké&page=Planck Legacy Archive
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http://www.sciops.esa.int/index.php?project=planck&page=Planck_Legacy_Archive
http://www.sciops.esa.int/index.php?project=planck&page=Planck_Legacy_Archive
http://www.sciops.esa.int/index.php?project=planck&page=Planck_Legacy_Archive
http://www.sciops.esa.int/index.php?project=planck&page=Planck_Legacy_Archive

Planck Early Papers

25 Papers, submitted to A&A
“The Planck Collaboration 201 la-y”

Overview, hardware performance, data analysis
Data product descriptions

First scientific results
The Milky VWay
Galaxies
Clusters

http://www.sciops.esa.int/index.php?
project=PLANCK&page=Planck Published Papers
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http://www.sciops.esa.int/index.php?project=PLANCK&page=Planck_Published_Papers
http://www.sciops.esa.int/index.php?project=PLANCK&page=Planck_Published_Papers
http://www.sciops.esa.int/index.php?project=PLANCK&page=Planck_Published_Papers
http://www.sciops.esa.int/index.php?project=PLANCK&page=Planck_Published_Papers

The coldest (known) object in
space

36 K Primary mirror

42 K Telescope baffle

FPU

Secondary mirror

» V-groove 3
V-groove 2
V-groove 1

270K [N g SVM

Solar panel
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Centaurus A

ﬁ«i ;a.»&’ﬁ e 5
/ey —ﬂ(m .
e ! W™ ? G\alact;tCentre )_ ‘ft J%

“

r .' -

. M3l
Andromeda

® e SR - N @ Large Magellanic Cloud
i 2 ' _ "
; ~ Small Magellanic Cloud

- .“ -
Perseus
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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

i , *
Tauber et al, A&A 520, A1 (2010) 1

Table 3. Planck performance parameters determined from flight data.

WHITE-NOISEY

MEeAN BEAM® SENSITIVITY CALIBRATION®  FAINTEST SOURCE'
e UncertainTY IN ERCSC |b| > 30°
CHANNEL O ———| ] o] FWHM Ellipticity [ uKgy s'/?1[ uKewms 17?1 [%] [mJy]
NS S R 4 28.5 32.65 1.38 143.4 146.8 1 480
44GHz ........ 6 44.1 27.92 1.26 164.7 1733 1 585
VLI PR 12 70.3 13.01 | O 134.7 152.6 ] 481
EQ AT b A——— 8 100 9.37 1.18 17.3 22.6 2 344
s 143GHz ... ... .. 11 143 7.04 1.03 8.6 14.5 2 206
oo O KR 1 b P R i 12 2l 4.68 1.14 6.8 20.6 %X 183
SR e e e 12 353 4.43 1.09 = S - 198
S GHz e 3 545 3.80 1.25 4.9 e gl 381
R A e — 3 857 3.67 1.03 et 7 655

| —
© Working at or beyond requirements for sensitivity and resolution.

+ Unexpected: very high cosmic ray glitch rate (solar min):
= |5% of HFIl data contaminated by direct hits;
= also, energy deposited directly into 100mK stage
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Maps from HFl (CMB-removed!
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The Early-Release Compact
Source Catalog

- ERCSC Sensitivity

&
3
5 &
<
~ 7% / 2
N n £
e Off / .\O)
~0, WMAP 5yr 50 ’ @
~ l é
& ,.
/- = -
g N -
IRAS

: 18K Dust _|

AT20G 3

- GB6 .

lll L P L lllllt. 2 A 2 llllll A 2 l'lll‘ll

10 100 1000 10000
Frequency [GHZz]
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The Early-Release Compact
Source Catalog

The sky as seen by Planck

.
» B -

Thursday, 1 September 11



The Early-Release Compact
Source Catalog
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Sky Coverage (%) 99.96 9998 9999 9997 99.82 99.88 99.88 99.80 99.79
Beam FWHM (")* 3265 27.00 13.01 994 7.04 466 441 447 423
# of Sources 705 452 599 1381 1764 5470 6984 7223 8988
# of |b| > 30° Sources 307 143 157 332 420 691 1125 2535 4513

10" (mJy)median 1173 2286 2250 1061 750 807 1613 2074 2961
10 (mJy) faint 487 1023 673 500 328 280 249 471 813
Flux Density Limit? (mly) 480 585 481 344 206 183 198 381 655
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The Early SZ Catalog

7 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

= upto
M~10" M |

Planck reconstructed y-map of
Coma on a ~3°x3° patch

Galactic latitude

Planck ESZ
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The Cosmic Infrared Background

-~ Unresolved galaxies (“‘confusion’)

217GHz 353 GHz

; l(l-iji)C. / 21: [Jy':/sr]:.

l(l+ I)E. / ;217 [ily‘/s:']

217 GHz
10’:' /*/f/%//"
: _/
: *) e
T B ARG ol X
[ 4= ~ 7 LT
lO° = ™ a?. =
200 500 1000 2000
l
545 GHz //
10°} /*/( e
e o
- e i APty i
200 500 1000 2000

Model: :

i+1)C, / 2n [Iy®/sr]

I(1+1)C, / 2n [Jy%/sr]

z — $
200 500 1000 2000
l
lolo = V/.
857 GHz 4~ |
/ ” - 1
*A T . —v':.g'./ 1
/ oy s
- /‘/ ./.
10°LL e et ar 'y o -
200 500 1000 2000
l

| -halo + 2-halo + shot noise
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The Milky Way: Anomalous
Emission and Spinning Dust

Gas state Molecular Atomic lonized
Maps and spectra: Perseus Molecular Cloud Perscus
Ny [10°" em ) 1.7 1.3 04
‘ I nrm ) ny [em™) 250 30 1
28.5 GHz :7‘?;,\'2,";'%} 90.3 GHZ SRR z 2 [pe) 15.1 147.0
™ 3 .}Q s .’-fM a » (g 1 2
X2 ok S A T S vl Mo T K] 40 100 8 x 10°
RIPORERE 05| 14 W IR R T xy [ppm] 112 410 10°
: : xc [ppm) <l 100
¥ 1 0.1
ay [nm) 0.58 0.53
T OIS R Ohat, B T L S ek : b [ppm) 63 68
cwneinar ol PR R G SEPCRREY v A S : B 1.65
2k ) 3 ACS WL [y - T K] 18.5
T2%0 94x10 4
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Ny (107" em ™) 17.1 0.35 04
LT ]cm"] 2x 10‘ 200 0.5
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(ry 04 400
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¥ 1 0.1
s [nm) 0.58 0.35
be [ppm]) 65 50
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7. (K] . 20.4
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y y y r 10° — y v
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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:

wWWww.Sciops.esa.int/index.php?project=PLANCK

Catalog can be searched online

Some extant followup data on AGN also available
at this site
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http://www.sciops.esa.int
http://www.sciops.esa.int

The CMB after Planck:
Gravitational Radiation

o Last scattering: “direct”

effect of tensor modes “% § Courtesy A. Challinor
(primordial GWs) on the
primordial plasma o=
: : : o
= inflationary potential %> _| .,
S
= dominated by lensing of E % &
= B for £ =200 =
W
= Reionization peak £ =20 %<
S
= need ~full-sky. Difficult for e
single suborbital experiments o
: S
7 Fundamental physics: =08
= sensitive to my<0.06eV = |
o
= (i.e., hot dark matter)
1 Limits depend on full set of : . ‘
barameters Suborbital experiments target {~100 peak:

require order-of-magnitude increase in
sensitivity over Planck
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Beyond Planck:
New Technologies

- PolarBear - AT Lee 1 Antenna-coupled bolometers
(Berke|ey) - ~900 pixels @ 150 GHz, 3000
bolometers

o Full use of useful 150 GHz
Field-of-view

= New challenges: 1000s of
bolometers (central limit
theorem to the rescue????)

'w.? . 3'}.:.«“'.:3 o

RO N
in',,,
= s i e

1
- - [
IIIIII
''''''''''
llllllll
w

Do
%ﬁ%ﬂ%ﬁ%ﬁ%ﬁ%

* Bolometer

Si Lenslet Si Wafer
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Inner frame

" v
=)
=

i

4K Filters

, Cooled Black ¢

A4K Spittoon  hties Sleeve ”.’

Focal Plane (16K) (1 6K) ;.'
(300mK) ' j

Copper-clad
G-10 Wrap (4K)

3He Sorption
Outer frame

Fridge

Fly wheel

Objective Lens
(4K)

Optical Stop
(1.6K)

Eyepiece

Lens (4K)

Metal-mesh
Filter (1.6K)

4K Cold Plate Aux Post Lead Shield
(1.6K) (4K)
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g T T peks T
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< !F
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From individual bespoke detectors to g
2 ~ 0.1
1,500 fabricated en masse R ;
Full focal plane will be sensitive to »=0.01 ' '
0.01 -
SA Y ST ..
10 100 1000
1
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COrE

14 efwh,m Ndet Temp (I) Pol (Q,U)

Cosmic Origins Explorer gl

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
10* 94 13.2 8 | 413 | 516 | 584 | 729
. WMAP (9 year mission)
10°
10}
E v Nunpol Npol afwhm Temp (I) Pol (Q7U)
o pK-arcmin pK-arcmin
$ 10t F GHz arcmin | RJ CMB RJ [ CMB
< 30 4 4 327 | 1985 | 2032 | 280.7 | 2874
) o0l 44 6 6 27.9 | 228.0 | 239.6 | 3224 | 3389
£ 70 12 12 | 13.0 | 1865 | 211.2 | 263.7 | 298.7
i 100 8 8 9.9 23.9 31.3 33.9 | 44.2
T 10t} . 143 | 11 8 72 | 119 | 201 | 19.7 | 333
T Lensing 207 | 12 | 8 | 49 | 94 | 285 | 163 | 49.4
3 353 12 8 4.7 7.6 107.0 13.2 | 185.3
107} 545 3 0 4.7 6.8 | 1.1x103 | — —
857 3 0 4.4 2.9 |83x10* | — —
-3
10°F PLANCK (30 month mission)
-4 I
10 10° 101 102 10° 10*
Multipole number (1) ) (AV) | nger | Opwnm Temp (I) Pol (Q,U)
pK-arcmin wK -arcmin
GHz | GHz arcmin | RJ | CMB | RJ | CMB
45 15 64 233 | 4.98 | 525 | 861 | 9.07
O 45 Ghz 75 15 | 300 | 14.0 | 236 | 273 | 4.09 | 4.72
® 0L : s 105 | 15 | 400 | 10.0 |2.03 | 2.68 | 3.50 | 4.63
o 135GHz & a 135 | 15 | 550 7.8 | 1.68 | 263 | 290 | 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 | 243 | 10.5
285 15 375 3.7 1.70 | 10.1 | 294 | 174
315 15 100 3.3 3.25 | 269 | 5.62 | 46.6
375 15 64 2.8 4.05 | 68.6 | 7.01 119
435 15 64 2.4 412 | 149 | 7.12 | 238
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

Main Mirror
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COrE

Cosmic Origins Explorer
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Technological Evolution

-~ Current generation
(EBEX, Spider, BICEP2,
Polarbear)

= detectors at quantum 1000
limit (for bolometers at

£>90 GHz)

= From “bespoke”
detectors to multiple-
detector fabrication

- from tens to thousands of

Number of Detectors

detectors 10 |

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

1,000 |

100 ¢

- Signal-to-noise is not

the problem:

(o)

o

(@)

o6

Planck

1988

1994

2000

Year of Deployment

2006

CoRE

SPIDER
EBEX
Polarbear
BICEP2
BICEP
QUAD
ACBAR
VSA
DASI

CBI
MAXIMA
BOOMERaNG
CAT

SK

MAX

2012
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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

o 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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