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The signal has a black-body spectrum
2. The signal peaks in the microwave range A ~3 mm; v ~ 100 GHz
3. The signal has three main spatial components
A monopole at ~2.7 K
+ A “cosmological” dipole at 3 mK
*  Anisotropies at ~ 50 uK
4. The cosmological signal is very faint and is superimposed on a strong
background, implying the need for
+  Broadband measurements with many receivers (sensitivity)
+  Extreme stability
+  Immunity from systematic effects
+ Large spatial coverage
%\&\g‘ esa COSPAR course, Quito, March 2018 European Space Agency
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Dipole, AT ~3 mK

Milky Way, AT ~1 mK
CMB anisotropies, AT ~50 pK
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/ % The Nobel Prize in Physics 1978

s
F-%72" "for his basic “for their discovery of cosmic microwave
“"" inventions and background radiation”

discoveries in the A.A PenZiaS RW
A ; ROV,

area of

low-temperature Wilson
physics" '

“A Measurement of
Excess

Antenna Temperature
at 4080 Mc/s”

Ap. J. 142, 419

“...Measurements of the ... noise
Pyotr Leonidovich Arno Allan Penzias Robert Woodrow temperature have yielded a
Kapitsa Wilson value about 3.5 K higher than

expected. ... isotropic,
unpolarized, and free from
USSR usa usa seasonal observations...

A possible explanation is the

@ 1/2 of the prize ® 1/4 of the prize ® 1/4 of the prize
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These two researchers made no suggestlons about the or|g|n
of this mysterious radiation. When their discovery became
known, however, it was found that speculations had already
been made about the existence of a weak, microwave
background radiation.

, it was reasonable to suspect that it was fossil radiation
from the 'big bang'. Support for this interpretation came from
a number of investigations of the shape of the spectrum,
which soon showed that it was indeed that which would be
expected for a body with a temperature of 3 degrees. This
provided solid support for the view that background radiation
is the fossil remains of the 'big bang'; other interpretations
are possible, however, even if they lack detailed theoretical
backgrounds
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<GQBE- Cosmic . - ° .
- Backdround Explorer’

+ The COBE satellite was developed by NASA's
Goddard Space Flight Center to measure the
diffuse infrared and microwave radiation from the
early universe to the limits set by our astrophysical
environment.

¢ launched November 18, 1989

* 3 instruments:

« Far Infrared Absolute Spectrophotometer (FIRAS)
to compare the spectrum of the cosmic microwave
background radiation with a precise blackbody,

- Differential Microwave Radiometer (DMR) to map
the cosmic radiation sensitively, and

+ Diffuse Infrared Background Experiment (DIRBE) to
segrcth for the cosmic infrared background
radiation.

e S a COSPAR course, Quito, March 2018

Source: The COBE Home Page, http:/space.gsfc.nasa.gov/astro/cobe

Fi
5

o
3

Zr

" Back

Deployable Sun, Earth,
/ i .
RF) Themu:il Shield R

Helium:-Dewar

Deployable Solar Panels

Earth Sensors

WFF Omni Antenna

COBE's Orbit

e S a COSPAR course, Quito, March 2018



http://space.gsfc.nasa.gov/astro/cobe/
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Black
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Movable
Mirror

= Movable

Mirror

Horn antenna with movable calibrator. Protective
plastic covers will be removed.

To
Detectors

»  Should measure precisely the spectrum of the cosmic microwave background
radiation over the wavelength range from 0.1 to 10 mm

» 7 degree field of view
+ polarizing Michelson interferometer with bolometer detectors to determine the

intensity of the incoming light at a large number of wavelengths (i.e., a spectrum)
simultaneously.

. esa COSPAR course, Quito, March 2018 European Space Agency

ared Absolute Spectrophotometer (FIRAS)

R i

aps cover the whole sky and provide spectrophotometric data at frequencies
ranging from 1 to 97 cm (30 to 2910 GHz). The main celestial emission components in
this interval are the cosmic microwave background, the spectrum of which FIRAS was
designed to measure precisely, thermal emission from interstellar dust, and line emission
from various molecules, atoms, and ions, including the CO rotational ladder (from J=1-0
to J=6-5), the C* 158 micron line, and other important interstellar cooling lines.

1. CMB Temperature Map

2. Galactic Dust Continuum Spectra and Interstellar Dust Parameters: maps of
the residual sky spectrum after modelled emission from the CMBR, interplanetary
dust (zodiacal emission), and interstellar lines have been subtracted.

3. Spectral Sky Maps: two low-spectral resolution products which cover the full FIRAS
frequency range at ~25 GHz resolution; and a high-spectral resolution product which
covers the frequency range 30 - 660 GHz at 6.9 GHz resolution. These files contain a
spectrum at each pixel.

4. Line Emission Maps give the intensity and the associated uncertainty in each of 18
emission lines, of which the following 9 were detected: the 158 micron ground state
transition of C*, an important neutral interstellar gas coolant; the N* 122 micron and
205 micron transitions, which trace extended low-density ionized gas; the 370
micron and 609 micron lines of neutral carbon, which arise in photodissociation

egions; and the CO J=2-1, 3-2, 4-3, and 5-4 lines, which trace the molecular gas.

esa COSPAR course, Quito, March 2018 European Space Agency
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 The cosmic microwave background (CM
spectrum is that of a nearly perfect blackbody
with a temperature of 2.726 +/- 0.0013 K
(Fixsen et al 20097)m1c2 Back‘gr‘o.und Spectrum at the North Galactic Pole
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Far Infrared Absolute Spectrophotometer (FIRAS) Frequency (cyclee/centimeter)

~-Horn Antennassss. » protective *
LA )Enclosure

The 9.6 mm DMR receiver partially assembled.
Corrugated cones are antennas.

» Should detect anisotropy
« 2 antennas for each wavelength: 3.3, 5.7 and

Syreh
e 9.6mm

Swich + Antennas are 60 degrees apart
e + Antennas are switched to ensure difference
bl comes from the sky and not from differences in

the antennas
« 7 degree field of view
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Differéntial Microwave Radiometer (DMR)




The CMB was found to have intrinsic
"anisotropy" for the first time, at a level of a
part in 100,000.

These tiny variations in the intensity of the
CMB over the sky show how matter and energy
was distributed when the Universe was still
very young.

Later, the early structures seen by DMR
developed into galaxies, galaxy clusters, and
the large scale structure that we see in the
Universe today.

e S a COSPAR course, Quito, March 2018

Differéntial Microwave Radiometer (DMR)

Diffuse Infrared Background Experiment (DIRBE)
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A model of zodiacal emission

Zodi-Subtracted Mission Average (ZSMA) Maps at 1.25, 2.2,
3.5, 4.9, 12, 25, 60, 100, 140 and 240 microns.

Galactic Plane Maps cover Galactic latitudes |b| < 10 deg at
longitudes 30 deg < | < 330 deg and cover |b| < 15 deg elsewhere.
Solar System Objects Data: flux densities and other data
pertaining to individual passages of solar system objects through the
DIRBE field of view during the period of cryogenic operation, from 11
December 1989 to 21 September 1990. The data include the
following objects: Mars, Jupiter, Saturn, Uranus, Ceres, Pallas, and
Vesta.

e S a COSPAR course, Quito, March 2018

DIRBE 1.25, 2.2, 3.5 um Composite

Infrared absolute sky brightness maps in the
wavelength range 1.25 to 240 microns were obtained to
carry out a search for the cosmic |nfrared background
(CIB).

The_CIB represents ‘a "core sam'ple"'of the Universe it
contains thé cumulat|ve emlssmns of stars ahd galaxies °

dating back:to cts flrst began
to fornm.: o ’ .

The CIB'was or|g|naIIy detected in the two IongeSt
DIRBE wavelength bands, 140 and 240.microns, and in
the short-wavelength end of the FIRAS spectrum:.
Subsequent analyses have yielded detections of the CIB
in the near-infrared DIRBE sky maps.
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he Nobel Prize in Physics 2006

N "for their discovery of the blackbody form and anisotropy of the
cosmic microwave background radiation"

J. Mather, et al.,,

“A preliminary measurement of
the cosmic

microwave background spectrum
by the

Cosmic Background Explorer
(COBE) satellite,”

Ap. J. Lett. 354, L37 (1990)

Photo: P. Izzo Photo: J. Bauer

John C. Mather George F. Smoot

@ 1/2 of the prize @ 1/2 of the prize

o o G. F. Smoot, C. L Bennett, A.
Kogut, et al.,

NASA Goddard Space University of California

gt Conter Berkeley, CA, USA “Structure in the COBE DMR first
o year maps,”
Ap. J. Lett. 396, L1 (1992)
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Pictures of a newborn Universe

This year the Physics Prize is awarded for work that looks back into the infancy of the Universe
and attempts to gain some understanding of the origin of galaxies and stars. It is based on
measurements made with the help of the COBE satellite launched by NASA in 1989.

The COBE results provided increased support for the Big‘Bang scenario for the origin of the
Universe. as this is the onlv scenario that predicts the kind of cosmic microwave

The COBE results provided increased support for the
Big Bang scenario for the origin of the Universe, as
this is the only scenario that predicts the kind of
cosmic microwave background radiation measured
by COBE. These measurements also marked the
inception of cosmology as a precise science.

temperature Snow Us NOW the matter In the universe began to "a%gregate". 1nhis was

necessary if the %alaxles, stars and ultimately life like us were to be able to develop.
W|th‘>ut is n|11ec anism matter would have taken a completely different form, spread
evenly throughout the Universe.

COBE was launched using its own rocket on 18 November 1989. The first results were received
after nine minutes of observations: COBE had registered a perfect blackbody spectrum.
When_ the curve was later shown at an astronomy conference the results received a
standing ovation.

The success of COBE was the outcome oflgrodi%ious team w?]rk involvin mé)rﬁ than 1,000
researchers, engineers and other participants. John Mather coordinated the entire process
and also had primary responsibility for the experiment that revealed the blackbody form of

he microwave background radiation measured by COBE. George Smoot had main
responsibility for measuring the small variations in the temperature of the radiation.
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A partnership between
NASA/GSFC and Princeton

Launched 2001

Operated ~10
years

<h; S a COSPAR course, Quito, March 2018

by
y

line of sight

60K el

back to back
Gregorian optics,
1.4 x 1.6 m primaries
e L4
focal plane assembl
feed horns

secondary
reflectors

thermally isolated
instrument cylinder

90K
300K
warm spacecraft with:
- instrument electronics
- attitude control/propulsion
- command/data handling
- battery and power control
MAP990422

COSPAR course, Quito, March 2018

medium gain antennae

deployed solar array w/ web shielding
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K-band: 23 Ghz
Ka-band: 33 GHz
Q-band: 41 GHz
V-band: 61 GHz
W-band: 94 GHz

COSPAR course, Quil
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Spectral density {mK*sec~.5)

Spin rate

0.1 0.2

. [ ] 0.4 0.
Frequency{Hz.)

Noise in maps Gaussian
over five decades.  jarosik ot al.

European Space Agency
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g 0.000 Co-rotating
> potential.
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Four fold minimize pixel-pixel correlations.
(Wright and Tegmark)
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switching:

Precession Rate: 1rph
22.5° half-angle

1) Phase switch 2.5
KHz A-side

North Ecliptic Pole

Spin rate 0.464 rpm

Line of\sight
2) Spin at 2.2 min/rev \

3)Precess through ~gr— .
. MAP at L2 Beside +00°
30% of the sky in 1 Line of sight
hour.
Earth @
4) Full sky every 6
months. 1.5 x 108 km

South Ecliptic Pole

COSPAR course, Quito, March 2018
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Launch in May 2009 somots - oomaonr
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1. Freq.: 30 -70 GHz

2. Techn.: HEMT correlation
receivers (22)

3. Temp.: 20 K (Front-
end), 300 K (Back-end)

4. Ang. res.: 12' (70 GHz)
to 33' (30 GHz)

5. Temp. sens. @30 GHz:
~5.4 uK; @70 GHz: 12.7

ukK
6. PI: N. Mandolesi (CNR -
Bologna)
esa COSPAR course, Quito, March 2018 European Space Agency
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HEMT LNAs

Phase switches

2nd Hybrid

~~1.5 m Waveguides

LNAs

Detectors & electronics

European Space Agency

. Freq.: 100 -850 GHz

2. Techn.: spider-web
bolometers (50)

3. Temp.: 0.1 K

4. Ang. res.: 9.2' (100
GHz) to 5' (850 GHz)

5. Temp. sens. (@100
GHz): ~5 puK

6. PI: J.L. Puget (IAS -
Orsay)

. e sa COSPAR course, Quito, March 2018
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Filters at 1.6 K

Bolometers, horns
and filters at 0.1 K

‘ 4K Back-to-Back horn l

Filters (QMW)

i \
| v

Y

L T
AN LTI L
éw
SPAR course, Qqito, March 2018

B U

100mK horn

I 1.6K filter and lens holder |

Spider-web or polarisation-sensiti\
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V-groove radiators

20 K H, sorption coole
(serves both LFI and |

4 K Stirling cooler (R/

0.1 K 3He/4He dilutior
H esa COSPAR course, Quito,
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I]I:”:> 217 GHz+ * ~

Scan direction

e
e S a COSPAR course, Quito, March 2018
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1. In general, light is partly polarised

a.
b.

Part of it is unpolarised
Part of it is polarised

2. Polarised light requires four quantities to fully represent it

An ellipse can be represented
by 4 quantities:
size of minor axis

eSa

size of major axis
orientation (angle)
sense (CW, CCW)

el

COSPAR course, Quito, March 2018

1. Mathematically, it can be represented in different ways

a. Field components

b. Geometric ellipse components

c. (Jones) vectors S,=1= ng + Egy

d. Stokes parameters 5 5

e S, =Q=Eq, EOy

2. Four maps to represent emission S, =U=2E,E,cose

a. We can mostly ignore V S, =V =2E,Esing
e Linear polarization Q=#0,U=#0,V=0
e Circular polarization Q=0,U=0,V=0
e Fully polarized light P=Q*+U*+V?
e Partially polarized light 1> qQ?+u?+V?
e Unpolarized light Q=U=V=0

COSPAR course, Quito, March 2018
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certain types of polarisation

‘polarised”: they are sensitive only to

a. In LFI and HFI, most detectors are linearly polarised
b. To measure I, Q, and U, data from several detectors

=
has to be combined
\
m— INTENSITY
\\;@7 POLARISATION
A V)
Scan QY )
1=E2+E? Q=EZ2-E2
s, . . K )
&& U &S?AE%EF, Quito, March 2018

Both bolometers in a PSB pair
share the same optics but
have different readouts

+  Each PSB pair measures (I &

Uor(T&Q)
+ Two pairs, rotated by 45°,
together measure (I, U, Q)

Note: Planck does not measure V !

European Space Agency

“The Magnetized Interstellar Medium”  Antalya, 8-12 September 2003

=

=

16K filtr and lens holder

a.

b.

1.Principle is the same for
both LFI and HFI

2.Polarisation separation
mechanism is different

LFI: Ortho-mode
Transducer separates
two orthogonal
polarisations

HFI: OrthogonaIIY
oriented grids select

polarisation and deliver
to separate thermistors

European Space Agency
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Sun-Earth L1 Earth-Moon L5

(SOHO)

Moon

Earth-Moon L4

Sun-Earth L2

Earth-Moon L3
- cosa

) T Science data
\ k antenna (+/-15°)

Scan angle = 85°

Boresight
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° from spin axis)

Field of view
rotates at 1 rpm

e S a COSPAR course, Quito, March 2018
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Tftegration time @ 353

£ fex B

69.0]

T 3500.0
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. Calibeatiop .

- ZIn

1.No on-board standards

2. External photometric calibrators:
L EIAS Lo A0 e CMEterr e tre)
b. CMB dipole (~3 mK amplitude, known to ~10 pK)

c. CMB dipole modulation with orbital motion (~0.3 mK
amplitude, known with very high accuracy)

d. Planets (Mars, Saturn)

3. Precise determination of beam patterns:
a. main beam and mid-sidelobes using outer planets
b. far-side lobes using scanning strategy and models

4.No polarised calibrators on the sky

e S a COSPAR course, Quito, March 2018
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+ The Planck temperature frequency maps are exquisitely calibrated !
«  Absolute calibration accuracy is as low as ~0.1% (100-143 GHz) at
the largest angular scales
*  The Solar dipole amplitude is determined by Planck to 0.06% (0.02°
in direction); worst residual 0.2% at 217 GHz
+  Relative calibration between 70 and 217 GHz <0.3% (0.5% when
including 353 GHz) at intermediate angular scales
*  The 545 and 857 GHz maps are calibrated on planets
«  The relative calibration is ~1%, but the absolute calibration is
driven by the model uncertainty of 5%

1.03 1.03

+  Planck has the potential to raf O/ w00/ U gomsern 100/ aons
become a calibration standard .«
for many ground- and space- g . Heo . #’d\: I )}i\L
based observatories i os W : ] {
+ See E.g. cross-calibration & os
with SPIRE, VLA (PIPXLV, o
Bertincourt et al 2016)

a
- 095 I I I . 0.9 . . . .
\y COSPAR course, Quito, March 2018 o 100 200 a00 100 o 100 200 - U700 g0 PoCE pal Y

Y Planck Collaboration 12016 *

Power ratio
8
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Converting time-ordered data
to maps of the sky emission
at many frequencies

Converting frequency
' maps to component maps,
e.g. the Cosmic Microwave Background

Detector noise

Thermal Doppler]
Clusters

Estimating the CMB
angular power spectrum
l - and cosmological parameters

e sa COSPAR course, Quito, March 2018 European Space Agency

e sa COSPAR course, Quito, March 2018 European Space Agency
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+  We want to measure very faint (polarized) signals
+  The enemies are

+  Systematic effects
+ Instrumental
* Scanning
+  Astrophysical sources of “noise”
«  Data processing pipelines, e.g. map-making, component
separation
+ So far it has been possible to deal with all of this on a one-by-one
basis - beyond Planck this is no longer viable
* There is increasing reliance on Monte-Carlo simulations - high-
performance computing

\\\\k\&\\(\\&\\: .

e Sa COSPAR course, Quito, March 2018 European Space Agency

Three generations of CMB observations from space
- COBE

+ DMR: the first detection of CMB anisotropies

»  FIRAS: still the best measurement of the temperature of the
CMB; absolutely calibrated all-sky spectro-photometric
maps 30-3000 GHz

+ DIRBE: all-sky maps 1.2 -240 um
«  WMAP: all-sky maps 23 - 94 GHz
» Planck: all-sky maps 30 - 857 GHz
*  Currently the flagship CMB data source
«  Maps of diffuse galactic foregrounds
«  Catalogues of galactic and extragalactic compact sources

\\\\k\&\\(\\&\\: .

e Sa COSPAR course, Quito, March 2018 European Space Agency
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Evolution of CMB Focal Planes
2001: ACBAR
16 detector

CMB Stage-4 Experiment

Described in Snowmass CF5:

2007: SPT Neutrinos: arxiv:1309.5383
o 90 detectors Stage-2 Inflation: arxiv:1309.5381

2012: SPTpol
~1 600 detectors

Stage-4
2020?: CMB-S4
100,000+ detectorg

Detector sensitivity has been limited by
photon “shot” noise for last ~15 years;
further improvements are made only by
making more detectors!

CORE

‘Space based experiments

107 —— Stage-I - = 100 detoctors

< —— Stago-Il - = 1,000 detectors

= Stage-Ill - = 10,000 detectors
P = = +Stago-IV - - 100,000 detectors




