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The “CMB sky”
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The “CMB sky” in the 90s
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COBE DMR channel maps
(Smoot et al. 1992)
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The “CMB sky” in 2020
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Planck collaboration (2015)
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CMB foregrounds in temperature
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Upper and lower edges of each line define 
81% and 93% of the sky, respectively.

Plotted on the Y-axis it is the brightness temperature (Tb) rms fluctuation, 
not the specific intensity (I𝝂). That’s why the R-J part of the CMB spectrum 
is flat, and power-law slopes are much steeper, since Tb ∝ I𝝂 / 𝝂2 
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CMB foregrounds in polarization
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Upper and lower edges of each line define 
73% and 93% of the sky, respectively.
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Components of the microwave sky
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Galactic 

foregroundsSynchrotron emission

Thermal dust emission

Free-free emission

CO 1-0 line emission

Spinning dust emission

Credit: Planck 
collaboration 2018
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Components of the microwave sky
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Extragalactic 

foregrounds

Credit: WebSky simulations (Stein et al. 2020)

Thermal SZ effect (Compton-y) Kinematic SZ effect

Lensing convergence map Cosmic infrared background (CIB)
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SED of a typical galaxy
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Bremmstrahlung (free-free) emission
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Bremsstrahlung,, or ‘braking-radiation’, also known as free-free emission, is produced by 
collisions between particles in hot ionized plasmas. We generally study this in optically thin 

cases (e.g. in the X-rays), but in the radio regime the emission can be optically thick.

Free-free emission from our Galaxy
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Bremsstrahlung emission spectrum
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For thermal plasma, the velocity distribution 
is Maxwell-Boltzmann:

Leading to the well-known expression for free-free emission

Free-free emission 
from the M82 galaxy
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Thermal emission from interstellar dust
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β ~ 1.5 for interstellar dust at Td ~ 20 K.

Dust grains follow Kirchoff’s law for opaque bodies; their emission and absorption 
coefficients are equal when the grains are in LTE. We define a “grey body” as an 

emitter whose efficiency is less than 100% from that of a blackbody at any frequency. 

In the Rayleigh-Jeans part of the spectrum, emission coefficient 𝝐(𝜈) ∝ 𝜈2 would mean 
a blackbody radiation, so an inefficient emitter has 𝝐(𝜈) ∝ 𝜈2+β, where 1<β<2.

Thus the RJ part is “bluer” than a blackbody and signifies optically thin emission.
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Dust emission examples
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Planck satellite imaging of 
the Galactic dust and its 

polarization pattern
(Planck collaboration 2015)

Dust emission from the 
protoplanetary disk of 
HL Tau (ALMA data, 

Brogan et al.)

Thermal dust 
emission 

coming from 
intergalactic 
dust within 

galaxy clusters 
(Erler+ 2018)
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Polarized dust emission in our Galaxy
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Images on left: Polarized dust emission 
in our Galaxy, as measured by the 
Planck satellite. Above: the BICEP-2 
field in the south, below: the full sky.

Polarized dust emission originates due to (partial) 
alignment of the vibrating dust grains in an 
ambient magnetic field. This creates a preferred 
orientation of the radiation electric field vector.

Multiple field alignment will also cause depolarization.

This is similar to the polarization of starlight 
extinction, observed in the optical. It picks up the 
magnetic field component in the plane of the sky, 
where the direction of polarization is orthogonal 
to the magnetic field direction.
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Current knowledge on dust polarization
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Plarized dust intensity map from Planck 2015 
data (10′ resolution), the detector assembly in 

the Planck focal plane, and the spectral 
uncertainty in the polarized dust emission.

Focal plane array of Planck detectors
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The Cosmic Infrared Background
The Cosmic Infrared Background (CIB) is the thermal dust emission from all the 

extragalactic objects. Mainly, it is dominated by star-forming galaxies at 
redshifts z ~ 1–2. There are still significant uncertainties on the spectrum and its 

spatial variations (since we are approximating a very complex process with a 
simple modified blackbody spectrum of the form I𝜈(dust) ~ 𝜈3+β/(exp(h𝜈/kTdust) - 1).

The separation of the CIB and Galactic dust is done by careful spatial templates.

CIB maps made after carefully masking the Galactic 
emission (Lenz et al. 2019, see also Planck+2016)

Planck 353 GHz dust 
intensity map (top) and a 
21% sky mask removing 

the Galaxy (right).
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The Cosmic Infrared Background
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(Left) Location of the 
six fields used to 
study the Cosmic 

Infrared Background 
using Planck data

Simulations for the 
CIB at four of the 

Planck frequencies

Credit: ESA / Planck Consortium

Unlike the Galactic 
dust, the CIB is 

practically unpolarized 
(polarization angles 
gets averaged out).
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Anomalous dust emission (spinning dust)
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There  is  yet  another  type  of  dust  emission, 
discovered relatively recently (from WMAP data, 
in the 1990s), that shows up as a continuum 
emission  in  the  30-90 GHz frequency  range. 
The most common conjecture is that this is due 
to spinning dust particles! The signal is a weak 
“bump” of emission around 20-30 GHz.

Electric dipole 
radiation from 

very rapidly 
spinning (30-60 
GHz), extremely 

small dust grains.

Anomalous dust emission 
often goes hand-in-hand with 

the regular dust emission
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Anomalous dust emission (spinning dust)

Regions of very significant anomalous dust emission in the Galactic plane (marked by squared on 
the above figure) and some representative spectra (below). Credit: Planck collaboration (2014).

The exact nature of the AME sources and their abundance in the high Galactic latitudes 
are not well understood.
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Thermal dust emission summary
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The thermal emission from interstellar dust grains is a “grey body” or “modified 
blackbody” spectrum. The same spectrum is used to describe the cosmic infrared 

background (CIB), where it follows almost the same mean values as the Galactic dust.

Thermal dust emission from the Galaxy is the main foreground at frequencies 
>100 GHz. This emission is partially polarized, due to the alignment of the 

dust grains in Galactic magnetic fields. At low frequencies (~30 GHz) there is 
an additional (and polarized) component of spinning dust emission, roughly 

confined to star-forming regions in the Galactic plane.

The alignment of dust grains in an ambient magnetic field is a new tool to 
probe the Galactic field structures, especially in regions far from the Galactic 

plane. But it is a major headache for cosmologists looking for the gravitational 
wave signature from inflation, expected to be imprinted on CMB B-modes. 
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Cyclotron and synchrotron radiation
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In the non-relativistic limit (β≈0) we get 
cyclotron radiation, with symmetric angular 
dependence of radiation:

In the relativistic limit (β≈1) there is strong 
beaming effect in the forward direction! The 
emitted power now becomes a strong function of 
electron energy. This is the synchrotron radiation.

Charged particles moving in a magnetic field 
experience an acceleration perpendicular to the 
direction of their motion.
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Synchrotron spectrum of a single electron
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The spectrum of a single electron is 
essentially a series of pulses. Each 
pulse has a finite time width, which 
is the “sweeping time” of the beam.

Therefore, the frequency spectrum (=Fourier transform of the time pulse) for 
single electron’s emission is a continuum, with a maximum around the frequency

The power is relatively flat below this 
frequency, with a logarithmic slope of 

1/3, and drops off rapidly above.

We can assume most of the radiation 
coming at this peak frequency 𝜈max. 

Note the 𝛄2B⊥ dependence.
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Spectrum from power-law electrons
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The most interesting (and astrophysically relevant) application, of course, 
comes from the radiation when the electrons have a power-law distribution.

The spectrum can be calculated to good accuracy by assuming that each 
electron radiates all of its available energy,                               ,

at the single frequency              (which is close to the critical frequency).

This leads to a power-law spectrum if the electron energies themselves follow 
a power-law distribution.
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Synchrotron radiation is polarized
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Synchrotron emission is always polarized, because the emitting electrons have a 
strong directionality forced upon them by the magnetic field.

Radiation from single electrons are elliptically polarized, but in an ensemble of 
particles, the transverse components cancel out and we get a linear 
polarization, roughly in a plane perpendicular to the magnetic field.

This fact is utilized also in measuring Faraday rotation, to determine the line-
of-sight component of interstellar magnetic fields using a background source.

(a) Electrons emitting polarized synchrotron emission by spiralling along magnetic 
field lines. (b) Line of sight through a nebula with partially ordered magnetic field lines.
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Synchrotron emission from the Galaxy
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Intensity Polarization

Curvature of the synchrotron spectrum is caused 
by the mixing of many different power-laws.
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Synchrotron pathfinders for the B-mode
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CBASS-North experiment in California

Small Aperture Telescopes for 
the Simons Observatory

27, 39, 93, 145, 225, 280 GHz

Preliminary map of all-sky 
polarization amplitude from 
the CBASS-North.
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CCAT-prime for dust polarization
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CMB foregrounds summary
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Galactic foregrounds are more relevant at large 
angular scales, whereas extragalactic ones (e.g. CIB) 

roughly follows the same shape as noise power 
spectrum. The Galactic foreground power spectrum 
amplitudes are higher if more sky area is included 

(more contamination by the Galaxy).
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CMB foregrounds summary

The figure above (from Planck collaboration 2013) summarizes our knowledge of the 
CMB temperature foregrounds. Left: The frequency spectra of various foregrounds at 
fixed 𝓁 = 200 (position of the first acoustic peak). Right: The angular power spectra of 

these foregrounds, at fixed 𝝂 = 100 GHz. 


Solid lines mark where the spectra are estimated from data, and dashed lines where 
they are extrapolated. For Galactic foregrounds, a 2-point Gaussian statistic (power 

spectrum) would be very far from the actual situation, anyway!
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Separating the 
Components

31
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How to remove CMB foregrounds?
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CMB

Foregrounds

Observation

+            =

K band
23 GHz

Ka band
33 GHz

Q band
41 GHz

V band
61 GHz

W band
94 GHz

Credit: L. Colombo
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Component Separation: In general 
it’s an inversion problem
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S1

S2

Two observing frequencies: ν1, ν2

x1 = a11 s1 + a12 s2 + n1
x2 = a21 s1 + a22 s2 + n2

x = As + n

Invert for s

However, in real life, it is extremely difficult to determine this matrix A. But we 
can make progress even without having as many channels as components or 
without having detailed information on all the foregrounds.
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Component separation: The ILC method

34

The Internal Linear Combination (ILC) method aims to combine 
different frequency maps with specific weights, such that contributions 

from all the contaminating signals (plus instrument noise) are minimized 
in the sought-after signal (map). This is the principle of a minimum 

variance unbiased estimator. 

This works especially well when we have poor knowledge of the 
foregrounds. But we must have a precise knowledge of the spectrum of 

the signal that we’re interested in. Also, ILC should be used separately on 
different spatial scales for better results (using masks or wavelet filters).

The term “internal” refers to the fact that no prior information or 
auxiliary data from other observations are needed. The ILC method is one 
of the most assumption-free map making tools available! It only requires 

the following two assumptions:
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ILC method formalism (I)
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From  the  assumption  that  observed  maps  are  a  linear  mixture  of  astrophysical 
components and noise, we can write

where ai are the components of a “mixing vector” which contains the spectrum of interest 
and has as many components as frequencies. si(p) and ni(p) are the signal and noise 
components in each channel maps. In vector form:

By forming a linear combination                   , the ILC method provides an estimation 
sILC(p) of the desired signal s(p). Here 𝜔i are the “weights”, or the desired ILC coefficients.

The goal is to find these weights 𝜔i  which will minimize the variance in the reconstructed 
map, sILC(p). Following Eriksen (2004) et al., the map variance is calculated from

where  C is the frequency-to-frequency covariance matrix  of  the  maps  (computed 
empirically from the actual multi-frequency data).
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ILC method formalism (II)
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The condition of minimization of the variance means that

In addition, we have a normalization condition to preserve the sum total of the signal of 
interest:

It is straight-forward to solve equations 1 and 2 for the weights, in terms of the mixing 
vector (usually done by employing Langrange-multiplier technique). The solution is

Therefore, the estimated map sILC(p) of our component of interest is given by

1

2
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How ILC method works
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Map 1 Map 2 Map 3 Map n…

Desired
component

map

ω1
ω2 ω3

ωn
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ILC method formalism (the maths..)
Here are the maths of the intermediate steps. We start by writing each (observed) frequency maps as a linear 
combination of the signal and noise, written in vector form:

The ILC method gives an estimate of the component of interest, s(p), as an weighted sum of the observed 
frequency maps. The variance of this ILC-estimated map is computed as the following:

The weights are computed by solving these two equations:

Solution is obtained by using the Lagrange multiplier technique:

⇒
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Dumb ILC example: signal + noise
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Real ILC example: WMAP CMB all-sky
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Your
 next

 exe
rcis

e!
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Planck CMB maps from the ILC method
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Planck all-sky CMB maps from variants of the ILC method 
(Planck 2015 results, Diffuse component separation, A&A 594, A9)

These are 
not ILC
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Planck component separation techniques
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(Example for Coma cluster’s SZ signal)

(Master’s thesis work by Jens Erler) 
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Slide credit: M. Remazeilles
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Slide credit: M. Remazeilles
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Questions?
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Feel free to email me or ask questions  
in our eCampus Forum


