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3D Map of the Universe

2dF Galaxy Redshift Survey (2dFGRS)
Goal: 250,000 galaxies mapped  

Sloan Digital Sky Survey (SDSS)
Goal: 1 million galaxies
100,000 QSO

Goal: 250,000 galaxies mapped  



“Cosmological principle”
Observational evidence of isotropy (& homogeneity?) 

Large scale distribution of galaxies
Extragalactic 

Radio Sources

COBE-DMR – Smoot et al (1992)

Cosmic microwave background
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Peacock & Dodds (1994)

CMB provides very stringent confirmation, at level ~10-5 at z~103

At scales  >100 Mpc the universe appears isotropic within few percent



Cosmic expansion
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The early universe was chatacterised by high temperature 
and high density
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Cosmic expansion

Distance: Brightest galaxy in cluster



The Cosmic Distance Ladder
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• Variable (pulsating) stars with well defined relation between period and 
luminosity

Cepheids in Large Magellanic Cloud 
(Lidalski et al 1999)

Cepheids as distance indicators

I



Representative light curves of distant Cepheids 
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• HST WFPC2 can determine Cepheid distances out to 20 Mpc

Cepheids as distance indicators

Period-luminosity relation must be calibrated by observing 
Cepheids in some object with a distance known by other techniques 
� Potential sources of systematic uncertainty
� Hipparcos measurements



=∆ 20v Velocity width λ = 21 cm (neutral H) at 20% of the peak power.

Galaxies as distance indicators

Velocity is an indicator of its mass, thus of its luminosity

• 1977: Tully & Fisher find (empirically) correlation between lumonisity and 
rotational velocity of spiral galaxies 

“Luminosity – Linewidth relation”

4     )( 20 ≈∆∝ ββvL
The relationship is found approximately:

Similarly for elliptical galaxies: luminosity vs velocity dispersion (Faber-Jackson ) 
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Which galaxy is more distant?



“Surface Brightness Fluctuations”

These fluctuations reflect the statistics in the count of number of stars in each 
resolution element of detector (e.g. CCD) 

Tonry and Schneider (1988)

Measure of fluctuations of the surface brightnessin the image of elliptical galaxies

If there are on average N 
stars per pixel, then we 
expect fluctuations 

SBF effect– Images taken by CCD of two galaxies with same apparent 
luminosity, one twice further away as the other 
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Reference image SN event Subtraction image

Chandrasekhar limit (M = 1.44 Msun) 
reached by white dwarf in binary 
systems

Type Ia supernovae 

Measuring expansion



Hubble diagram– HST key programme

Calibration: 

Measuring expansion

Calibration: 
Cepheid variables 



Systematic error

Combination of 
aussian errors

Statistical uncertainty:
Gaussian with normalized area

Measuring expansion
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km/s/Mpc 1000 hH ≡

 (0.07) (0.03)72.0 sysstat ±±=h

HST key programme:



11
0 Mpcs km 464 −−≈H

yrt 9
0 102×≈

Hubble (1929)

Measuring expansion

11
0 Mpcs km 72 −−≈H

yrt 9
0 1013×≈

HST (2001)
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Freedmann Equation
GeometryEvolution

Evolution and Geometry
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Alexander Friedmann
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Albert Einstein

RM Ω+Ω+Ω=Ω Λ0

Total density – Determins global geometry
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The first light in the universe
The cosmic microwave background

The first light in the universe
The cosmic microwave background

1964-65, Bell Telephon Labs, New Jersey1964-65, Bell Telephon Labs, New Jersey

A.Penzias & R.Wilson
Nobel Prize in Physics 1978
A.Penzias & R.Wilson

Nobel Prize in Physics 1978



BIG BANG
t � 0

HERE AND NOW
t ~ 13.7 x 109 yr

T = 2.725 K

Cosmic Microwave Background: 
A direct view on the early universe

Opaque primordial 
plasma

t < 3.8 x 105 yr

1=z
3

20

1000

∞→z

First galaxies
t ~ 1 x 109 yr

Last scattering surface
t ~ 3.8 x 105 yr

T ~ 3000 K

Universe is transparent
photons can propagate

t > 3.8 x 105 yr

Cosmic Microwave 
Background (CMB)

mm 1µm 11000 ≈×≈→≈ CMBCMBCMB zz λ
K 3K 3000)/1( ≈×≈→ CMBCMB zT
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“To argue is easier than to observe”
(A. Carrell)

• Absolute signal ~ 3 K

• Temperature differences ~ 100 µK

• Polarisation ~ 3 µK 

Precise measurements of the CMB  are a great experimental challenge

Università di MIlano

• Atmospheric effects (remote sites, balloon, space)

• Our own Galaxy, and extragalactic sources, emit radiation in the microwaves

� Multi-frequency measurements to disentangle cosmic radiation from 
“foreground” sources

• Dramatic progress in mm-wave 
detector technology and cryogenics 

• Instrumental systematic effects 
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FIRAS

The CMB spectrum

Planck law
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COBE
FIRAS

The CMB spectrum

Planck law
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in the early universe

Constraints on distortions �



CMB Anisotropy

∆∆∆∆T

Differential measurements:
We want the difference∆T
between sky regions 

pixel

T

Variations of T along a given 
direction in the sky
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T1

T2

Two-dimensional maps of 
temperature fluctuations

Tmin Tmax

pixel



John C. Mather George F. Smoot 

“For their discovery of the blackbody form and anisotropy of 
the cosmic microwave background radiation”

Cosmic Background Explorer

COBE-FIRAS COBE-DMR
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Cosmic Background Explorer

High precision New discovery



COBE – DMR full-sky map

0 3.64 K



Dipole-dominated map
∆T ~ 3.5 mK

Fluctuations from Galaxy,
background and instrument noise

COBE – DMR full-sky map

Fluctuations from CMB
(with instrument noise)

∆TCMB ~ 35 µK

background and instrument noise
∆T ~ 0.1 mK
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COBE – DMR full-sky map
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CMB Angular Power Spectrum
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Qualitative shape of expected CMB power spectrum
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Acoustic oscillations and the CMB power spectrum

Dark matter potential wells initiate in-fall and 
oscillation of the photon-baryon fluid

Phase of oscillations at zdec ≈ 1000

Velocity

Density

Horizon at 
last 
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“Smearing” at small scales: 
finite last scattering durface

last 
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The details of the angular power spectrum depend on the value 
of the main cosmological parameters

RM Ω+Ω+Ω=Ω Λ0
ΛΩ

ΩΩ

Accurate high resolution measurements of CMB anisotropies lead to 
high precision determination of parameters

MΩ
BΩ

Varenna, 18 June 2009 – IDAPP 2009 
Marco Bersanelli – CMB  status & perspectives
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The details of the angular power spectrum depend on the value 
of the main cosmological parameters

Accurate high resolution measurements of CMB anisotropies lead to 
high precision determination of parameters

Varenna, 18 June 2009 – IDAPP 2009 
Marco Bersanelli – CMB  status & perspectives
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This is still an ideal case! 
� “Ideal instrument” (systematic effects are neglected)
� “Ideal sky” (astrophysical foregrounds not considered)
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30 GHz 12K
44GHz 18K
70GHz 30K

 ∆ν/ν∼20%

Planck (20K)
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Telescope and beam pattern

Primary
(Paraboloid)

Corrugated 
P

TA,S

1

HPBW=10’

Pn(θ,φ)θ,φ)θ,φ)θ,φ)

CMB instruments: Double reflector off-axis

� No diffraction from secondary mirror
� Can be optimised for aberration effects 

Secondary
(Ellipsiod)

Feed horn
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Anisotropy experiments – Nov 2002

Maxima

Boomerang

Maxima
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WMAP (launched 2001) 
1.4 × 1.6 m primary reflectors

Dual back-to-back
Greforian optics

Secondary reflector

Thermally isolating 

Passive thermal 
radiator

Warm S/C and 

Focal plane assembly (95K)

Feed horns

Upper omni antenna

Deployed solar array 
& schield

Thermally isolating 
cylinder

Warm S/C and 
instrument electronics 
(300K)

Star tracker

Reaction 
wheels



WMAP Instrument Assembly
Pseudo-correlation HEMT coherent radiometers

Università di MIlano

WMAP W-band feed horn

Instrument Front-end Assembly



The universe 13.7 billion years ago

WMAP, 2000



Foreground contributions to microwave sky fluctuations

WMAP: 23 GHz, 31 GHz, 41 GHz, 60GHz, 90 GHz

COBE–DMR: 31.5 GHz, 53 GHz, 90 GHz
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Minimum of foregrounds near 70GHz

De Zotti et al 2005



From COBE…



… to WMAP

22 GHz



… to WMAP

30 GHz



… to WMAP

40 GHz



… to WMAP

60 GHz



… to WMAP

90 GHz



Measuring cosmological parameters
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Consistent with inflation

We do not understand 
96% of our universe!For details see: 

Komatsu et al. 2008
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Cfr HST key project!!

Derived by difference



Albert Einstein

Evolution and Geometry

Freedmann Equation
GeometryEvolution

Measurements of distant SN Ia

Alexander Friedmann

Georges Lemaitre



Parameter space

0.5

1

ΩΛ

10 >Ω

1. General relativity    2. Cosmological principle, RW metrics

10 =Ω
110 4 <<≈Ω −

R

Expands 
forever

A closed Universe 

Non-zero ΩΛ

infiniteinfinite finitefinite

3. Simply connected topology

You are here!

0.5 1 1.5 20

ΩM

-1

-0.5

0
ΩΛ

10 <Ω

Recollapses

A closed Universe 
can expand forever

An open Universe 
can recollapse

infiniteinfinite

Varenna, 18 June 2009 – IDAPP 2009 
Marco Bersanelli – CMB  status & perspectives

Università di MIlano
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Unknown universe

• What happened in the very first moments (inflation)? 

• What are the constituents of the universe? 

• What is the destiny of cosmic expansion? 
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PLANCK
Looking back to the dawn of time

Planck Telescope
1.5x1.9m off-axis

Gregorian
T = 50 K

Barcelona, 1-10 / 09 / 2010  -- Taller de Altas Energias
Marco Bersanelli – Observational Cosmology

LFI Radiometers 
27-77 GHz, T = 20 K

HFI Bolometers
100-850 GHz, T = 0.1 K



• Angular resolution: ~10’
• Sensitivity per pixel: < 10 µK
• Full frequency range: 30-900 GHz
• Polarisation sensitive in CMB channels
• Sky coverage: 100%
• High control of systematics

Design goals

Two complementary cryogenic  
instruments in focal plane:

LFI: Radiometer array (20K)

HFI: Bolometer array (0.1K)
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Planck CQM

V-groovesV-grooves
50K50K
100K100K
150K150K

PPLM 45KPPLM 45K

45K
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SVM 
300K

SVM 
300K

Focal
plane
unit

Focal
plane
unit20K

4K
0.1K

20K
4K
0.1K

Measured thermal performance meets or surpasses design requirements





Foregrounds
Multifrequency observations are needed to disentangle 

non-cosmological contributions
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LFI HFI

• Galactic diffuse emission (synchrotron, free-free, dust) 
• Extragalactic point sources

Università di MIlano
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WMAP          PLANCK

Angular resolution                             14'-56' 5'-33'

Average ∆T/T per pixel/yr                 40 ×10-6 2 ×10-6

Average ∆P/Pper pixel/yr                56 ×10-6  4 ×10-6

Mission lifetime                                 4+ yr              >14 months

Spectral coverage                            23-95 GHz         27-900 GHzSpectral coverage                            23-95 GHz         27-900 GHz

Detector technology                           HEMT            HEMT+BOL

Detector temperature                           90 K                20K/4K/0.1K

Cooling                                               Passive               Active

Università di MIlano



Precision cosmology with Planck
ESA-SCI(2005)1 (“Blue book”)

WMAP PLANCK
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Precision cosmology with Planck: 
Temparature anisotropy

ESA-SCI(2005)1 (“Blue book”)
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Cosmological parameters

WMAP, 4yr observation
PLANCK, 1yr observation

Marginalized posterior distributions 
for each parameter

1σ and 2σ contours, spectral index allowed to run

Imaging

Temperature and Polarisation power spectra

Precision cosmology with Planck

Cosmology (non-Gaussianity)

Astrophysical studies

Imaging
Beyond the power spectrum
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CMB Polarisation

• Polarisation is generated in • Polarisation is generated in 
the last scattering layer

• Primordial gravitational 
waves can only produce B-
modes

• Reionisation also adds a 
polarised B-mode signal –
at large angular scales

• Weak lensing produces an 
additional perturbation



WMAP polarisaiton maps
6101.0 −≈∆≈∆

T

T

P

P
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Probing inflation with CMB polarisation

WMAP data

“B-mode” 
polarisation 
from 

TT

TE

“E-mode” 
from last 
scattering 
surface

PLANCK simulations

Extremely difficult experimentally
Theoretically poorly bound (several orders of magnitude range!)

� Post-Planck mission?

from 
primordial 
gravitational 
waves

If detected:
- strong confirmation of inflation scenario
- estimate energy scale of inflation

EE

BB
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t = 10-9 st = 10-35 s t = 1016 s

t = 0,000000000000000000000000000000000001 s

HSTLHCPlanck

The very early universe: Inflation?
“Looking back to the dawn of time”

Higgs detection simulation

Inflation: Exponential expansion of space

• B-mode polarization

• Non-gaussianity
E ~ 1015 GeV
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Planck Instrument Calibration Plan

Unit Assembly Instrument Satellite In-flight
LF

I
H

F
I

CSL Campaign

CPV & FLSCPV & FLS

Qualification Model (QM)Qualification Model (QM)

Flight Model (FM)Flight Model (FM)

CompletedCompleted CompletedCompleted CompletedCompleted

CompletedCompleted CompletedCompleted

Supported by Data Processing Centers

CompletedCompleted CompletedCompleted

CompletedCompleted

CompletedCompleted
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Back-end unit Back-end unit 

WaveguidesWaveguides

Front-end unit Front-end unit 

LFI FM cryo testing   LFI FM cryo testing   

Blackbody calibrator Blackbody calibrator 



R0D0

R0D1

R1D0

R1D1

70 GHz MMIC HEMT

Planck-LFI design
Bersanelli et al 2010
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Sky signal

Reference signal

Difference

Feed hornOMT

FEM

Waveguides

BEM
Reference horns

30 GHz FM RCA



Long-duration LFI-RAA data set
45 hours of undisturbed acquisition (MODE 5)
70 GHz LFI#19 02 

Planck-LFI

10 mHz

Knee frequency 
~10mHz



Amplitude spectral density comparison (internal consistency)

Single diode 

Combined diode

Unchopped data

Basic model:  Radiometer Equation

Planck-LFI

Meinhold et al 2009

Solid line = WN best fit

Dashed line = Sqrt(2)*WN

- Excellent consistency of measured noise ASD with expected behaviour

- LFI differential receiver design provides ~103 rejection of radiometer instability



integrating sphere 
blackbody sources
integrating sphere 
blackbody sources

Planck/HFI PFMPlanck/HFI PFM

polarizer optical systempolarizer optical system

HFI FM cryo testing  HFI FM cryo testing  

2K Saturne plate2K Saturne plate



Planck-HFI Lamarre et al 2010
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Spider-Web 
Bolometer (SWB)

Spider-web and 
Polarisation Sensitive 

Bolometers

Band-defining filter 
(143GHz)

Front-end feed-horn



4K Stirling cooler

Planck-HFI
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Heat exchanger of the 
dilution cooler 
(1.6 – 0.1 K) 

Thermal gradient at 100mK
(simulated with HFI thermal model)



Ground-calibration: Performance
Mennella et al 2010, Lamarre et al 2010
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Effects due to combination of 
(instrument beams) + (sky):
• External straylight
• Main beam reconstruction

PLANCK Systematic Effects WG
First-level breakdown
M.B., Jean-Michel Lamarre

a

• Different 
“tools” 
required

Effects generated within the satellite:
• Instrument-specific non-idealities
• Thermal effects from the satellite
• Internal straylight

Pointing uncertainties

SVM

c

b

Low Frequency InstrumentLow Frequency Instrument IFC-CNR Milan

University of MilanGarmisch, 17-19 October 2001 
LFI Consortium Meeting



Control of Systematic effects

San Servolo, Venezia  – 27-31 August 2007
A Century of Cosmology: Past, Present and Future

• At Planck sensitivity, systematics must be 
controlled at µK level

• LFI/HFI cross-correlation (e.g. 70 vs 100 GHz) 
is a key tool to be exploited against systematics 

• Essential element of data processing strategy

∑
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ESA, Thales, HFI & LFI Instrument Teams

RFQM measurement campaign

Tauber et al 2010
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RFQM campaign:
– QM mirrors and 

representative FPU 
and limited number of 
frequencies

– At room temperature

PLANCK Optical verification

San Servolo, Venezia  – 27-31 August 2007
A Century of Cosmology: Past, Present and Future

GRASP9 simulations:

–Main beams

–Intermediate beams

–Full sky beams

Videogrammetry test on 
cold telescope

Software models



Main beams
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Uncertainty in the main beam 
shape after ground test campaign  

(integrated power, in percent of 
total) as a function of angular 

radius from peak. 
(70 GHz: horn 23); 100 GHz: horn 

1; 353 GHz: horn 6). 



Straylight and far-sidelobes
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30 GHz
MeasuredPredicted

100 GHz
MeasuredPredicted

Straylight and far-sidelobes
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measured

model 1

model 2

Artefacts 
from CATR 
support 
structure



Planck Collaboration: ~400 scientists!

Planck Core Team

SCIENCE TEAM:  J. Tauber (ESA), M. Bersanelli, F. R. Bouchet, G. Efstathiou, J.-M. Lamarre, 
C. R. Lawrence, N. Mandolesi, H. U. Nørgaard-Nielsen, J.-L. Puget, A. Zacchei

Università 
degli Studi di 

Milano

Dipartimento 
di Fisica
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LFI team at CSL, July 2008
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Kourou, March 2009Kourou, March 2009





Ariane 5

Herschel Planck
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Orbit and scanning strategy

• Far earth orbit (� Straylight, thermal stability)
• Sun-earth L2 Lagrangian point (� TM/TC)

d ≅ 1.5 Mkm from Earth
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• Spin period: 1rpm (� 1/f, τbol)
• Reorientation: ∼1°/day (� SAA)
• Step: 2’ (� Sampling at FWHM=5’)

• Precession angle: 7.5° (� Straylight, TM/TC)
• Constant solar aspect angle (� Thermal stability)
• Precession period: 6 months

• Uniform coverage, deep fields at ecliptic poles
• Flexibility (Crab, planets, gap recovery, etc)





17 March 2010

λ = 540 µm  and 350 µm (557 and 857 GHz )
+ 100 µm IRAS (1983) 

Image angular size ∼ 50°
Local dust structures within 500 ly of the Sun
T  ∼ 10 – 50 K

λ = 350 µm (857 GHz)
Image angular size ∼ 55°

Inset: Herschel image of a region in the 
Aquila constellation
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17 March 2010

30GHz 353GHz 857GHz

Orion Nebula 
30+353+857GHz

30GHz 353GHz 857GHz

Perseus
30+353+857GHz
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