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aTg = —2.41 +0.13
Qpg = —2.28 4+ 0.08
agg = —2.16 +0.11

aTp = —2.40 £ 0.04
agg = —2.35+0.03
agg = —2.50 +0.04

aTg = —2.52 4+ 0.09
agg = —2.29 £0.06
apg = —2.29 £ 0.09

aTg = —2.52 +£0.03
OEE — —2.41 £0.02
apg = —2.52+£0.03

aTg = —2.50+0.05
apg = —2.28 £ 0.04
apg = —2.48 £ 0.06

aTg = —2.50 £ 0.02
OEE — —2.42 £0.02
opg = —2.54 +0.02

Mean value = 0.52

100 300
Multipole, ¢

Planck 2018 results XlI, Planck Infermediate results XXX 2015
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Table 7. Recommended Model Suite

Complexity Model set

Low d9, s4, f1, al, col

Short description

Small-scale emission fluctuations in amplitude only;
no frequency decorrelation in dust or synchrotron.

Unpolarized CO emission.

Extrapolation to small scales for both amplitude and
Medium d10, s5, f1, al, co3

High d12, s7, f1, a2, co3

Pan-Ex Collaboration, 2025

spectral parameters in dust and synchrotron.
CO polarization at the 1% level.

Dust layer model, spatially varying synchrotron
curvature, polarized AME and CO.
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Complexity Model set

Low d9, s4, f1, al, col

Medium d10, sb5, f1, al, co3

High d12, s7, f1, a2, co3

Pan-Ex Collaboration, 2025

Short description

Small-scale emission fluctuations in amplitude only;

no frequency decorrelation in dust or synchrotron.

Unpolarized CO emission.

Extrapolation to small scales for both amplitude and
spectral parameters in dust and synchrotron.

CO polarization at the 1% level.

Dust layer model, spatially varying synchrotron
curvature, polarized AME and CO.

Simplified model,
already ruled out by
data, useful to

validate pipelines (simiar
to d0s0)



Table 7. Recommended Model Suite

Complexity Model set

Low d9, s4, f1, al, col

Medium d10, sb5, f1, al, co3

High d12, s7, f1, a2, co3

Pan-Ex Collaboration, 2025

Short description

Small-scale emission fluctuations in amplitude only;

no frequency decorrelation in dust or synchrotron.
Unpolarized CO emission.

Extrapolation to small scales for both amplitude and
spectral parameters in dust and synchrotron.

CO polarization at the 1% level.

Dust layer model, spatially varying synchrotron
curvature, polarized AME and CO.

Model based on our
current knowledge
and constraints from

observations (simiar to
dlsT)
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Dust layer model, spatially varying synchrotron
curvature, polarized AME and CO.
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Are these models sufficient?

Some of these physically motivated, but not yet observed, foreground features are already included
IN current simulation templates.

Line-of-sight dust complexity ==l 08

d 12 PySM model implements a six-
layer dust model, with Gaussiar
realization of g, and T, for each layer




multipole /£

Hervias-Caimapo et al. 2022



Jian et al. 2025




Are these models sufficient?

Some of these physically motivated, but not yet observed, foreground features are already included
IN current simulation templates.

Synchrofron curvature el

PYSM s/ model implements
synchrotron curvature by

modulating it with large scale w E —
total intensity features | |
/ -0.07 C, -0.04

Pan-Ex Collaboration, 2025



Are these models sufficient?

Some of these physically motivated, but not yet observed, foreground features are already included
IN current simulation templates.

Line-of-sigh’r dust COITIplEX"'Y . d12 PySM model implements a é -ayers dust

model

. Current PySM models do not include o
Dust EB correlation q coherent EB correlation. A flament-based
model has been proposed at 353 GHz.

Small scale non-Gaussicmify q NN based model with non-Gaussian small

features up to 3 arcmins

Synchrotron curvature — s7 PySM model implements a full sky variable

synchrotron curvature

These models are useful for stress testing pipelines, but they should
not be mistaken for realistic representations of the microwave sky.



What to do next

* We must accept that our knowledge of foregrounds is
fundamentally incomplete.

e Partial improvements will come in the near to mid term from low-
frequency observations (e.g. QUIJOTE, CBASS) and ongoing CMB
experiments (Simons Observatory, BICEP, SPT), but on partial sky.

e New complete full-sky foreground models, including large angular

scales, will most likely only become available with LiteBIRD's multi-
frequency space observations.

The way forward is to tackle the problem from multiple directions!



There will be no single sky model that can
serve as the baseline for pipeline
development and validation.

A possible approach is to bulld a set of
tunable models, parameterizing the

ohysical features we expect but whose
amplifudes remain uncertain.
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Varying these parameters would enable 110
systematic testing and optimization of | - d12
component separation methods
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The moment expansion framework
orovides one way to achieve this flexibility vacheretal. 2025



o Component separation algorithms have advanced significantly since the Planck era.

e There is still substantial room for improvement, but developing and validating new
methods takes fime.

previous ILCs
(2008,...,2018)

Credits: Alessandro Carones

Foreground complexity

e — e At the same time, we should avoid
unnecessarily overcomplicated

component-separation models if the
data do not justity them

e Blind analyses can provide a rigorous
way to validate our methods:

6r target recover the CMB without knowing

the complexity of the simulated

foregrounds or the input

MC-ILC MC-ILC + marg. Ideal MC-ILC
Carones et al. Carones

2000) oo, (future) cosmological parameters.



 |[n parallel we should develop robustness tests able to confirm/reject the

cosmological origin of any possible r detection S ations with
noise + CMB with r

Inferred from data

CMB solution

(CMB+noise+FG residuals) Statistical comparison

CMBtens

CMB solution (FGres)

Biased r

MCNILC - d10s5

dJEEN

-0.15 0.15
rfgs - 3-6e'03

0.000 0.005

multipole [

Ranucci et al. 2026a, 2026b (in prep)



 |[n parallel we should develop robustness tests able to confirm/reject the

cosmological origin of any possible r detection S ations with
noise + CMB with r

Inferred from data

CMB solution

(CMB+noise+FG residuals) Statistical comparison

CMBtens

CMB solution (FGres)

dJEEN

-0.15 0.15

Statistics based on wavelet fransform,
i e convolving maps with oriented filters

non-Gaussian FG residuals

For a LB-like experiment we can identity
false r detections at the level of rre ~ 0.001

Ranucci et al. 2026a, 2026b (in prep)



e |kellhood models can also be extended 1o

(MC-)NILC

account for uncertainfies in foreground - rE[4- 102,107 — fodsres

— input CMB noise res

. GALG60 -=-= template
properties. _ p

e This requires an appropriate parameterization/
data driven templates

e The data — not our assumptions — should

determine how much model complexity Is
needed

Carones 2026



Personal conclusions

We must accept that our knowledge of Galactic foregrounds is fundamentally
iIncomplete and will likely remain so in the near to medium term.

Foreground models will continue 1o improve, but we should not expect a complete,
reliable full-sky baseline model before the next generation of CMB observations.

Our knowledge of foregrounds will evolve at the same fime as the arrival of hew high-
sensitivity CMB data.

This inevitably is challenging and introduces risk for CMB experiments, and that risk must
be explicitly acknowledged.

We can mitigate this risk by tackling the problem from multiple directions: developing
funable foreground models, Improving component-separation methods, performing
robust validation tests, and extending the likelihood framework.

We should also trust our ability to adapt: unforeseen challenges will arise with the next
generation of high-sensitivity data, but they can be addressed as they emerge.




