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Component separation is an inverse problem 

The goal is to determine the sky components (all of them or only the CMB) given the 
multifrequency data

Component Separation 



Component Separation 
The difficulty of component separation depends on several key factors: 

• Foreground-to-signal ratio: The relative strength of foreground emissions compared to the 
cosmological signal 

• Foreground complexity: Spatial variability in spectral energy distributions (SEDs), line-of-sight mixing 

• Instrumental systematics: interaction between foregrounds and instrument-related effects

➡ Total intensity is easier to separate than E-mode polarization, and much easier than B-modes, due to 
the lower foreground contamination 

➡ Smaller angular scales are less affected by foregrounds and systematics, making separation easier 
than at large scales. 

➡ Smaller sky patches are easier to clean than full-sky observations, due to reduced complexity of 
foreground variation and systematic interactions

Planck Collaboration 
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Component separation
▪ Many strategies to lift the degeneracy, leading to various component separation methods:

▪ Parametric: fit physical models of the spectral evolution of
foregrounds(typically via Maximum Likelihood estimation)
✓ Physically motivated
✓ Results easy to understand
˟ Fail if the model is incorrect

▪ Blind: additional assumption on the spatial distribution
of foregrounds or different optimization principle
(e.g. minimum variance for ILC)
✓ Robust to foreground complexity
˟ Hard to assess the validity of their assumptions

Parametric:
•Assumes a physical model for foreground frequency 

dependence and fit for the parameters (typically with 
maximum likelihood estimation) to recover the mixing matrix 

•Results are easy to interpret  
•Relatively easy to marginalize over additional parameters 

(e.g. systematic effects) 
•Fails if foreground model is incorrect 

Blind:
•No (or minimal) assumption on foreground SEDs, 

only on CMB signal 
•Different optimization principles to recover CMB, 

e.g minimum variance for ILC 
•Robust against foreground complexity (and some 

systematics) 
•Harder to interpret 

Algorithms

Credits: Clement Leloup
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Planck Collaboration: Planck 2018 results. IV.

Commander I Commander Q Commander U

NILC I NILC Q NILC U

SEVEM I SEVEM Q SEVEM U

SMICA I SMICA Q SMICA U

�200 200µK �2.5 2.5µK

Fig. 5. Component-separated CMB maps at 800 resolution. Columns show Stokes I, Q, and U, respectively, while rows show results derived with
di↵erent component-separation methods. The Galactic plane region in the SMICA maps results from a pre-processing step (masking and di↵usive
inpainting of a narrow Galactic region in all frequency channels), while no masks are applied to the other maps. In this plot, monopoles and dipoles
have been subtracted with parameters fitted outside a |b| < 30� mask.

columns). Only SMICA has been inpainted within a Galactic mask
(see Appendix D). All maps are smoothed to a common resolution
of 800 FWHM for visualization purposes.

At first sight, the consistency among the various pipeline
maps appears to be reasonable outside the central Galactic plane,
and, as expected, more so in temperature than in polarization.

In the polarization maps, however, we can identify several
notable artefacts already at this stage, which prospective future
users of these maps need to be aware of. The visually most
striking features are of course residual foreground contamination
in the Galactic plane. In particular, the alternating sign along the
plane is a classic signature of temperature-to-polarization leak-
age, and the Planck data set is particularly sensitive to residual
CO emission in this respect. These features are extremely di�-
cult to suppress to the level of the CMB fluctuations during pro-
cessing, and must in practice be removed by standard Galactic
masking.

The second most striking feature in the polarization maps is
a blue stripe in the upper right quadrant of the Stokes U map.
This stripe corresponds to a few bad scanning rings that ide-

ally should have been removed by flagging during mapmaking.
Unfortunately, this issue was not caught at a su�ciently early
stage of the processing, and remains in the final maps. We there-
fore mask this stripe in the same way that we mask Galactic
residuals.

Third, and somewhat less obvious, we observe broad large-
scale structures in both Stokes Q and U that are aligned with
the Planck scanning strategy. These structures are e↵ectively
due to gain-modelling uncertainties coupled to monopole and
dipole leakage, and corresponding features are present in the
associated simulations. In principle, therefore, these need not be
removed prior to subsequent analyses, as long as the appropri-
ate simulations are used to quantify all relevant uncertainties. In
practice, however, we note that these modes are associated with
significant additional systematic uncertainties, and we therefore
caution against over-interpretation of the very largest scales in
these maps. In particular, we warn against employing these maps
for auto-correlation type analysis, unless the statistic of choice
is explicitly shown to be robust against this type of systematic
e↵ect, based on end-to-end simulations.
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The Planck 
experience

•The four methods show good 
consistency in the CMB 
solution for total intensity 

•On Q an U maps large scale 
structures visibile, due to the 
interplay between 
instrumental systematic effects 
and the different component 
separation methods

Planck 2018 results IV



Cosmology from Planck multi-frequency maps
Cross-  likelihood in two different regimes: low and high-  with different treatment of 
foreground contamination

Cℓ ℓ

• : since foregrounds are less dominant, the inclusion of a dust template at 
the power spectrum level is enough to prevent biases on cosmological 
parameters. 

• :  cleaning of foreground emission at map level is needed 
➡commander maps in TT 
➡ template fitting from 30 GHz (synchrotron) and 353 GHz (dust) for EE in PR3 
➡commander polarization maps for EE in PR4 (NPIPE)

ℓ ≥ 30

ℓ < 30
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Planck component separated maps have been used in many other studies: lensing 
reconstructions, isotropy and statistics, compton-y…and to build foreground models 
used by the entire CMB community
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FIG. 1. E-mode (left column) and B-mode (right column) maps at 95, 150 and 220GHz in CMB units, and filtered to degree
angular scales (50 < ` < 120). Note the di↵ering color ranges left and right. The E maps are dominated by ⇤CDM signal, and
hence are highly correlated across all three bands. The 95GHz B map is approximately equal parts lensed-⇤CDM signal and
noise. At 150 and 220GHz the B maps are dominated by polarized dust emission.

of sky �d = 1.53 [24].
The maximum likelihood model has parameters r0.05 =

0.011, Ad,353 = 4.4µK2, Async,23 = 0.6µK2, �d = 1.5,
�s = �3.0, ↵d = �0.66, ↵s = 0.00, and ✏ = �0.11. This
model is an acceptable fit to the data with the proba-
bility to exceed (PTE) the observed value of �2 being
0.94. Thus, while the dust spectrum might in general be
expected to exhibit fluctuations about power law spatial
spectral behavior greater than that expected for a Gaus-
sian random field, for the present the model continues to
be an adequate description of the data—see Appendix D
for further details.

In Appendix E we explore variation and validation of
the likelihood. In Appendix E 2 we vary the baseline
analysis choices and data selection, finding that these do

not significantly alter the results, and that the data do
not prefer allowing decorrelation of the dust pattern in
the model. We also find that the value of Ad is very
similar when evaluated over the larger BICEP3 sky cov-
erage region and the smaller BICEP2/Keck sky region.
Freeing the amplitude of the lensing power we obtain
ABB

L
= 1.03+0.08

�0.09, and the r constraint hardly changes.
In Appendix E 3 we verify that the likelihood analysis is
unbiased, and in Appendix E 4 we explore a suite of al-
ternate foreground models. As part of our standard data
reduction we “deproject” leading order temperature to
polarization leakage [9, 34]—in Appendix F we quantify
possible residual leakage and some other possible system-
atics.
Fig. 5 shows the constraints in the r vs. ns plane for
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We present constraints on the tensor-to-scalar ratio r using a combination of BICEP/Keck 2018
(BK18) and Planck PR4 data allowing us to fit for r consistently with the six parameters of the
⇤CDM model. We discuss the sensitivity of constraints on r to uncertainties in the ⇤CDM pa-
rameters as defined by the Planck data. In particular, we are able to derive a constraint on the
reionization optical depth ⌧ and thus propagate its uncertainty into the posterior distribution for
r. While Planck sensitivity to r is slightly lower than the current ground-based measurements, the
combination of Planck with BK18 and baryon-acoustic-oscillation data yields results consistent with
r = 0 and tightens the constraint to r < 0.032 at 95% confidence.

I. INTRODUCTION

Introduced in order to resolve problems within the Big-
Bang cosmological model (such as the horizon, flatness,
and magnetic-monopole problems), inflation also natu-
rally provides the seeds for generating primordial matter
fluctuations from quantum fluctuations (see for instance
Ref. [1] and references herein).

Measurements of the cosmic microwave background
(CMB) allow constraints to be placed on the amplitude
of the tensor perturbations that are predicted to be gen-
erated by primordial gravitational waves during the in-
flationary epoch, leaving some imprints on the CMB
anisotropies [2–5]. Over the last decade, while no pri-
mordial signals have been discovered, significant improve-
ments on the upper limit for the tensor-to-scalar ratio r
have progressively led to the constraint becoming lower
than a few percent in amplitude: r < 0.11 in 2013 using
only temperature data from Planck [6]; r < 0.12 in 2015
using polarization from BICEP/Keck and Planck [7] to
debias the initially claimed detection from BICEP/Keck
in 2014, r = 0.2+0.07

�0.05 [8]; r < 0.09 in 2016 using BI-
CEP/Keck and Planck [9]; r < 0.07 in 2018 using BI-
CEP/Keck 2015 data (BK15, [10]); r < 0.065 in 2019
using Planck in combination with BK15 [11]; r < 0.044
in 2021 using Planck in combination with BK15 [12];

and r < 0.036 in 2021 using the latest BICEP/Keck data
(BK18, [13]).

FIG. 1. History of constraints on the tensor-to-scalar ratio r
(Planck PR1 [6], Planck PR1+BK [7], Planck PR2+BK [9],
BK15 [10], Planck PR3+BK15 [11], Planck PR4 [12], Planck
PR4+BK15 [12], BK18 [13], Planck PR4+BK18 this work).
Upper limits are given at 95% CL.

ar
X

iv
:2

11
2.

07
96

1v
2 

 [a
str

o-
ph

.C
O

]  
27

 Ju
n 

20
22

•The BICEP/Keck array has currently reached the highest sensitivity 
to primordial B-modes 

•In their field the B-mode signal is strongly dominated by the thermal 
dust emission 

•But by observing ~1% of the sky (and at the current sensitivity) 
foreground treatment is still relatively easy, with marginalization 
over foreground parameters (for both synchrotron and dust) in a 
cross-  likelihoodCℓ

Tristram et al. 2022BICEP/Keck Collaboration 2021
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•The BICEP/Keck array has currently reached the highest sensitivity 
to primordial B-modes 

•In their field the B-mode signal is strongly dominated by the thermal 
dust emission 

•But by observing ~1% of the sky (and at the current sensitivity) 
foreground treatment is still relatively easy, with marginalization 
over foreground parameters (for both synchrotron and dust) in a 
cross-  likelihoodCℓ

•When Planck polarization full sky 
data are added to improve the 
constraints on r, modeling 
foregrounds at the likelihood level 
is not accurate anymore and PR4 
commander maps are used

Tristram et al. 2022BICEP/Keck Collaboration 2021



Component separation strategies for SO-SATs
• Simons Observatory nominal telescopes (3 SATs + 1 LAT) are now all looking at the sky! 
• The two middle frequency SATs (95 & 145 GHz) have ended commissioning and are now in initial science observation phase  
• The target is  with 5 years of observations on ~10% of the sky from recombination bumpσ(r = 0) ≲ 0.003

Credits: Simons Observatory Collaboration
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Fig. 7. CMB-only power spectra resulting from component sep-
aration with pipelines A, B, and C. We show non-Gaussian fore-
grounds scenarios d0s0 (top panel), d1s1 (middle panel), and
dmsm (bottom panel) and consider the goal-optimistic noise sce-
nario. The different colored markers with error bars show the
mean of 500 simulations and the scatter between them (corre-
sponding to the statistical uncertainties of a single realization).
The dotted lines in the corresponding colors indicate the best-fit
power spectrum model. In the dmsm case, we show the extended
pipeline results from A + moments and C + dust marginaliza-
tion with the best-fit models shown as dot-dashed lines. The
black solid line is the input CMB model containing lensing B-
modes only. We stress that pipeline C only considers multipoles
up to ` = 180 in the power spectrum likelihood.

and the best-fit CMB power spectrum from A + moments
(pink dot-dashed line) and C + dust marginalization (dark
red dot-dashed line).

For the nominal pipelines (A, B, and C) without exten-
sions, the measured power spectra display a deviation from
the input CMB at low multipoles, increasing with rising
foreground complexity. For dmsm at multipoles . 50, this
bias amounts to about 1.5� and goes down to less than
0.5� at 80 . ` . 250. The three pipelines agree reasonably
well, while pipeline A appears slightly less biased for the
lowest multipoles. Pipelines B and C show an additional
mild excess of power in their highest multipole bins, with
a < 0.3� increase in pipeline C for 130 . ` . 170 and up
to 1� for the highest multipole (` = 297) in pipeline B.
This might indicate power leakage from the multiple oper-
ations on map resolutions implemented in pipelines B and
C. In pipeline B, these systematics could come from first
deconvolving the multi-frequency maps and then convolv-
ing them with a common beam in order to bring them to
a common resolution, whereas in pipeline C, the leakage is
likely due to the linear combination of the multi-resolution
frequency maps following Eq. (8). Other multipole powers
lie within the 1� standard deviation from simulations for
all three pipelines.

Fig. 8. Mean r with (16, 84)% credible interval from 500 sim-
ulations. We apply the three nominal component separation
pipelines (plus extensions) to simulations with four foreground
scenarios of increasing complexity. We assume a fiducial cos-
mology with r = 0 and Alens = 1, inhomogeneous noise with
goal sensitivity and optimistic 1/f noise component (dot mark-
ers), and inhomogeneous noise with baseline sensitivity and pes-
simistic 1/f noise component (cross markers). We note that the
NILC results for Gaussian foregrounds are based on a smaller
sky mask, see Appendix B.

Both extensions, A + moments and C + dust marginal-
ization, lead to an unbiased CMB power spectrum model,
as shown by the pink and dark red dot-dashed lines and
the square markers in the lower panel of Fig. 7. In the
case of pipelines B and C, comparing the best-fit mod-
els obtained from the measured power spectra to the in-
put CMB model, we find sub-sigma bias for all bins with
` > 100. We show, however, that the ability to marginalize
over additional foreground residuals (e.g. the dust-template
marginalization in pipeline C) is able to reduce this bias on
all scales, at the cost of increased uncertainties. Implement-
ing this capability in the blind NILC pipeline B would likely
allow to reduce the bias that we see.

The SO-SATs are expected to constrain the amplitude
of CMB lensing B-modes to an unprecedented precision.
As can be seen from Fig. 7, individual, cleaned CMB band-
powers without delensing at multipoles ` & 150 achieve a
signal-to-noise ratio of about 10, accounting for a combined
precision on the lensing amplitude of �(Alens) . 0.03 when
considering multipoles up to `max = 300. As we show in
the following section, this is consistent with the inference
results obtained by pipelines A and B.

4.2. Constraints on r

Having presented the results on the CMB power spectra,
let us now examine the final constraints on r obtained
by each pipeline applied to 500 simulations. These results
are summarized in Fig. 8 and Table 4. Figure 8 shows
the mean r and (16, 84)% credible intervals found by
each pipeline as a function of the input foreground model
(labels on the x axis). Results are shown for five pipeline
setups: pipeline A using the C`-fiducial model (red),
pipeline A using the C`-moments model (yellow), pipeline
B (blue), pipeline C (green), and pipeline C including

Article number, page 10 of 20

•Cross-  approach still valid, 
however on 10% of the sky FG 
complexity must be taken into 
account through the inclusion of 
moment expansion 

•Map based approaches (blind 
and parametric) can lead to 
biases in the recovery of r, 
marginalization over FG residuals in 
the likelihood will be needed 

•Work in progress to optimize 
pipelines for real data application: 
cut sky, frequency dependent 
filtering, transfer function..

Cℓ

Wolz et al. 2024



Component separation strategies for LiteBIRD
• LiteBIRD will target both the reionization and recombination bumps of primordial B-modes with full sky observations in 

15 frequency bands, with target sensitivity   
• Extremely challenging for component separation: large angular scales, full sky observations, interplay with systematics 
• The collaboration is working on the optimization of several component separation methods 

δr(r = 0) < 0.001

•The major limitation for both approaches is the spatial variation of foreground properties 
•Weights to combine maps and recover CMB solution are direction dependent

Map based algorithms (both blind and parametric) are currently the most advanced ones

•Weights can be computed independently on 
different super-pixels on maps 

•Trade off to be considered: more patches lead to 
smaller bias (foreground residuals) on CMB map 
but higher statistical noise

•Optimal way is to define domains based on 
physical properties of foregrounds, but: 

•Available data can’t be used as prior 
information (constraints on SED are typically 
model dependent) 

•domains need to be data driven, and tracer 
are different depending on component 
separation algorithm

Planck Collaboration 

Krachmalnicoff et al.
Credits: Josquin Errard

LiteBIRD Collaboration 2023, Carones et al. 2023



Parametric
Blind

Statistical noise after 
component separation 
leading to larger variance 
on  posteriorr

Foreground residuals on 
CMB map can lead to bias 
on  posteriorr

• Component separation algorithms 
are rapidly evolving, aiming to 
minimize foreground residuals in 
cleaned CMB maps. 

• In parallel, model-independent and 
data-driven approaches to 
construct FG residual templates for 
marginalization are also being 
developed. 

Credits: Alessandro Carones, Josquin Errard and LiteBIRD collaboration 

Component separation strategies for LiteBIRD
Work in progress



Conclusions

• Component separation has become a central focus in CMB data analysis over 
the past two decades. 

• Planck demonstrated the value of developing multiple, complementary 
methods, with great success 

• Yet, many key cosmological results still rely on simpler approaches, such as 
cross-spectra and marginalization over foreground parameters or templates. 

• The next major challenge lies in detecting primordial B-modes, especially for 
full-sky, large-scale experiments like LiteBIRD. 

• The field remains highly dynamic and collaborative, with many young 
researchers driving recent impressive progress. 

• Significant room remains for improving how we deal with complex foregrounds 
and interplay with instrumental systematics.


