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– from observations at Jodrell Bank, Bonn and
Parkes.

408 MHZ map of the Galaxy plotted in Galactic
coordinates
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Synchrotron emission is polarized at right
angles to the magnetic field direction and
consequently directly gives the field orientation
at the place of emission. Measurements of
synchrotron polarization are a major input to
mapping the Galactic magnetic field.

The synchrotron spectrum is steep with a
brightness temperature spectral index of -2.6 to 3.2, reflecting the energy spectrum of the
contributing relativistic cosmic ray electrons.

Synchrotron emission is widespread in the
Galaxy – it comes from supernova remnants
and from the diffuse Galactic disk. This
emission is from relativistic electrons spiralling
in magnetic fields.

TOPIC 1 : SYNCHROTRON AND FREEFREE EMISSION
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Secondly , the free-free continuum although mixed with synchrotron
emission can be separated by virtue of its flatter spectrum.

The ionized gas on the Galactic plane can be investigated in the radio
in two ways. Firstly, radio recombination arising from transitions
between adjacent high order energy states of hydrogen give a direct
measure, although weak ( see over a map at l=40 degrees longitude of
the H166-alpha line).

This hot ionized gas can be traced in the optical regime through the
recombination lines of hydrogen , principally the H-alpha line.
Surveys of the H-alpha emission give the distribution of ionized
electrons at intermediate and high Galactic latitudes but not on the
Galactic plane where dust absorption occurs ( see the map above)
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Free-free emission results from collisions
between thermal electrons and protons and other
ions. It is a tracer of star formation which
ionizes the abundant interstellar hydrogen. This
ionized component , although comprising only a
few percent of the mass of the interstellar
medium, locks all the gas to the magnetic field
through collisions.
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Left:- The latitude distribution of synchrotron and
free-free emission at a Galactic latitude of ~35 degrees
at a frequency of 1 GHz. Note the much narrower
width of the free-free; this is the region of most intense
star- formation.
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•Bottom:- the free-free emission has a temperature spectra index of -2.18.
the expected value for a gas at 8,000K is -2.15 at this range of frquencies.

•Top:- the “synchrotron” spectral index between different WMAP
frequency bands. A steepening from -2.7 to -3.25 towards the higher
frequencies is seen. Actually we are looking at “anomalous emission” –
see below. The true synchrotron emission at these frequencies is
relatively weak.

The radio spectrum of Galactic emission at
intermediate and high latitudes as assessed by the
WMAP team.
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•On the Galactic plane the temperature can be up to 30 K
within HII regions.

•The dust temperature is 15 – 18 K at intermediate and high
Galactic latitudes where it is at a distance from the heating
interstellar radiation field (ISRF).

Dust is clearly seen at 100 microns
near the peak of its blackbody
spectrum.

Dust is widely distributed in the
Galaxy – it closely follows the
distribution of the (neutral and
molecular) hydrogen gas.

THERMAL AND SPINNING DUST

TOPIC 2 : DUST EMISSION
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At visible and near- infrared
wavelengths dust is seen in absorption
against the background of stars and
diffuse emission. A range of colours is
seen resulting from the different dust
sizes and compositions.
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•Large grains up to 1 micron in size radiating at 100
– 300 microns wavelength.

•Very small grains radiating at 30 – 100 microns.

•Grains composed of poly-cyclic aromatic
hydrocarbons (PAHs) containing only 20 to 100
atoms; they have a rich spectrum in the 10 micron
range. Their diameters are ~10 Angstroms.

Dust in galaxies is the end product of stellar evolution
– the ejected material from nuclear burning in all
stars up to the present. Three components are
identified:-
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The object at the upper right is a background
extragalactic radio source.

The radio emission follows the far- infrared. The
radio knots have different emissivity from knotto-knot.
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The left-hand hot region is an HII region imbedded
in dust.

The Perseus Molecular Cloud (PMC) as seen by
the IRAS far infrared satellite. The intensity of the
emission is shown by the brightness of the plot.
The temperature of the dust is indicated by the
colour – deep red is 15 K; yellow is ~30 K.

The PMC as mapped by the Very Small Array at
Teide Observatory, Tenerife, operating at a
frequency of 33 GHz.

The Perseus Molecular Cloud at radio and far infrared
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Perseus
Molecular
Cloud
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Anomalous radio emission from dust

LDN 1622
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The M81 group of galaxies seen in the 21cm line
of neutral hydrogen.
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The cluster will also produce a decrement in the CMB.

Galaxy cluster; note the gravitational lensing of
background (bluer) galaxies.

TOPIC 3 : RADIO SOURCES
AND INFRARED GALAXIES
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At radio wavelengths extra-galactic radio sources constitute a foreground to the CMB. At higher angular resolution
(larger multipoles) they contribute a significant signal to the power spectrum. Their contribution can be assessed
through a knowledge of the number counts, logN/logS, for each type of radio source.
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This is the nearest example of a
dusty galaxy. In this galaxy the
radio emission is synchrotron
while the FIR (millimetre)
emission is thermal dust.
Anomalous dust and free-free
emission have only a small
contribution here.

The radio and infrared spectrum
of M81.
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“Dusty” galaxies produce the CMB foreground at millimetre wavelengths, as measured with the
High Frequency Instrument on the Planck satellite for example. HFI operates between 100 and
857 GHz and is therefore on the rising slope of the thermal spectrum. At 857 GHz the thermal
dust component completely overwhelms the CMB.

Point sources at millimetre wavelengths
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•Red – thermal dust

•Magenta – anomalous dust

•Blue – synchrotron

•Green – free-free

•Horizontal line – CMB rms.

Right:- foregrounds detected
in the WMAP survey at a
resolution of 1 degree.
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Foregrounds are a challenge in all CMB experiments. The atmosphere, zodiacal dust, Galactic synchrotron,
free-free, and dust emissions, extragalactic point sources and the SZ effect all contribute.

TOPIC 4 : FOREGROUNDS AND FUTURE
CMB SPACE AND GROUND EXPERIMENTS
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Water vapour is the constituent of the atmosphere which most affects CMB observations. It emits on all
angular scales. The Teide Observatory lies above the atmospheric inversion layer and proves to be a good site
for ground-based observations. The Atacama Desert in Chile and the South Pole are also found to be suitable.
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A measurement of polarization in the CMB is a next major goal particularly the B-component which is a
probe of inflation . This component is extremely weak and is a challenge to current technology. It also
requires a precise assessment and removal of the Galactic foregrounds – both synchrotron and dust.

The international project QUAD at the South Pole
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857 GHz

Noise / Flux(Galaxy)

circles [deg]
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- rms[ Flux(ZLE) / Flux(Galaxy) ]

mean[ Flux(ZLE) / Flux(Galaxy) ]

+ rms[ Flux(ZLE) / Flux(Galaxy) ]

max[ Flux(ZLE) / Flux(Galaxy) ]

The Zodiacal Light Emission is a major contributor to the foregrounds at the highest
frequency (857 GHz) in Planck for example.

Ecliptical
Longitude of daily
averaged scan
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Foregrounds
- Winter (Maris,
School Burigana, Fogliani 2006)

Ratios of fluxes in daily averaged scan
circles
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Cross-correlation between each of
these templates and the
observations are possible either
singly (eg. T-T plots) or
simultaneously as in the two cases
below.

Various templates are available for
each of the foreground components.
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Analysis methods for deriving the foreground
components from observations
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