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Motivation: measuring kSZ is challenging. 
Can we improve it by removing tSZ and CIB?

Idea: Use the external LSS data that is correlated with both CIB and tSZ to remove 
those contaminants to enhance CMB+kSZ measurements using ILC methods

Key: Two-point correlation function of LSS with CMB + kSZ vanishes

● electron velocity as likely to be positive as to be negative, thus kSZ-LSS vanishes     



Modeling choices 



Modeling: Overview of Sky Models

Analytically model microwave sky as primary lensed CMB, kSZ, tSZ, CIB, and radio source 
signals, as well as detector and atmospheric noise for Simons Observatory (SO) and 
Planck-like experiment at 8 frequencies from 93 to 353 GHz. 

Computed in the halo model with class_sz (Boris Bolliet)



Modeling: unWISE Galaxies
● unWISE galaxy catalog (Krolewski+ 2020):

○ Based on WISE and NEOWISE
○ Over 500 million galaxies on the full sky
○ 3 subsamples: blue (z=0.6), green (z=1.1), and red (z=1.5)
○ Coarse dn/dz via cross-correlation with spectroscopic 

surveys
Galaxy overdensity map (unWISE blue)Redshift Distribution 

Number density of galaxies 

We model unWISE halo occupation distribution 
(HOD) = galaxy clustering model based on 
Kusiak+ 2022



unWISE correlates with CIB and tSZ fields

CIB x unWISE: Compton-y x unWISE: 

unWISE
● great tracer of the CIB
● also partially traces tSZ



Internal Linear Combination 
(ILC): Theory 



Standard ILC

Minimization subject to one constraint:

● Minimize variance

● Unit response to signal of interest

Solution for the weights:Frequency-frequency 
covariance matrix from 
data 

Internal Linear Combination (ILC)–standard method to construct a map of the signal of interest 
and optionally deproject (=remove) some other contaminant components

temperature map at ith frequency

SED of signal of interest



Constrained ILC

Minimization subject to two constraints:

● Minimize variance

● Unit response to signal of interest

● Deproject one contaminant

Solution for the weights:

● Solution can be generalized to N 
deprojected components 

● Generally, (except tSZ) we don’t 
know the exact SED of the 
contaminant 

● No free lunch! 
○ deprojecting/adding a 

constraint increases the noise 
of the final map SED of component to deproject



Standard and Constrained ILC Results
Deprojection 
increases noise



New Methods



Overview of New Methods

1. ILC with tracers as additional input “frequency” maps
2. de-CIB
3. ILC requiring tracers to have zero correlation with the cleaned map



Overview of New Methods

1. ILC with tracers as additional input “frequency” maps
2. de-CIB
3. ILC requiring tracers to have zero correlation with the cleaned map



ILC with Tracers as Additional Input “Frequency” Maps

● Use the fact that the CMB and kSZ fields have zero “response” in the tracer maps 

Spectral response 
vector for signal of 

interest
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ILC with Tracers as Additional Input “Frequency” Maps

Standard ILC solution with modified covariance

● Use the fact that the CMB and kSZ fields have zero “response” in the tracer maps 

Spectral response 
vector for signal of 

interest



ILC with Tracers as Additional Input “Frequency” Maps: Results

idealized not optimized New method!
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de-CIB

1. Find the linear combination of LSS tracer samples most highly correlated with CIB at ith 
frequency:  

Idea taken from delensing, following 
Yu, Hill, Sherwin 2017

Optimal combination of 
tracers at ith frequency

Different tracers, e.g. 
unWISE blue, green, red
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de-CIB

1. Find the linear combination of LSS tracer samples most highly correlated with CIB at ith 
frequency:  

Idea taken from delensing, following 
Yu, Hill, Sherwin 2017

2. Starting from an ILC map, subtract the fraction of tracers that’s contained in the CIB at each 
frequency:

The fraction of tracers contained in the CIB at each frequency (from delensing: minimize the 
variance of the final map) is

ILC

Optimal combination of 
tracers at ith frequency

Different tracers, e.g. 
unWISE blue, green, red



de-CIB: Results

de-CIB is applied to 
tSZ-deprojected ILC map

idealized not optimized New method!
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ILC with Zero-Tracer-Correlation Constraint
Start from an ILC, and explicitly require the output map to have zero cross-correlation with the tracer map:
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ILC with Zero-Tracer-Correlation Constraint
Start from an ILC, and explicitly require the output map to have zero cross-correlation with the tracer map:

Def.

similar to usual constrained ILC! 

● This is a spatial deprojection instead of the usual spectral deprojection

● Can be applied to a (spectral) tSZ-deprojected ILC or can spatially deproject both tSZ and 
CIB, i.e., using

  



ILC with Zero-Tracer-Correlation Constraint: Results
(no tSZ-deprojection)

Compare with 2 constraints: 
ILC (deproj tSZ) and ILC 
(deproj tSZ, no CIB) 

Spatial deprojection – 
noise behaves 
differently! 



Summary 

● Three new methods to remove CIB and tSZ contamination using LSS tracers 
to enhance kSZ+CMB 

● Methods have various trade-offs depending on metrics one cares about
● Theoretical models provided for forecasting purposes but methods can be 

applied to data
● Results here are just for unWISE—can actually combine several tracers 

(DES, BOSS/eBOSS, 2MASS, or CMB/galaxy lensing)!
● Future surveys (LSST, DESI, Euclid) will have more galaxies and give even 

better results
● Future directions: test on sims and apply to data (ACT + unWISE)

 arXiv:2303.08121



Backup Slides



Modeling: CIB
Two models based on the standard Shang et al. 
CIB model: 

● Planck 2014 paper (P14)
● Herschel 2013 paper (H13); also in WebSky 

simulations H13 P14

Different values of 
the Shang et al. 
CIB parameters



ILC w/ 2 Zero-Tracer-Corr Constraints (3 constraints): Results

The shape of the new ILC 
(purple)

→CIB and tSZ highly 
correlated at small scales

→ spatially deprojecting two 
highly correlated tracers 
allows both to be 
deprojected for the price of 
one





SNR 



unWISE vs. Future LSS Surveys



Ratios


