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Standard cosmological model: ΛCDM
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Cosmological tensions
Hubble constant H0 σ8, S8
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σ8 – power spectrum normalisation
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Secondary gravitational effects in CMB
Cosmic Microwave Background interacts 
with foreground large-scale structure



CMB lensing
Large-scale structure weakly lenses CMB passing through
Effect quantified by lensing convergence κ

 
  

Blake Sherwin, https://kicp-workshops.uchicago.edu/FutureSurveys/depot/materials/sherwin.pdf



CMB lensing
Sky map

Planck 2018, VIII

Kernel
Compared to LSST galaxies

Integrated effect of the large-scale structure from z~1000 till today



• Angular power spectrum

PUV – matter power spectrum,
dependent on cosmology (e.g. σ8)

• Kernels

Angular cross-correlation
A method to extract LSS information from CMB

• Galaxy overdensity

   Δg = b Δm

    b – (linear) galaxy bias parameter

• CMB lensing convergence



Breaking degeneracies
thanks to CMB lensing
LoTSS DR1 (Alonso et al. 2021) 
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LoTSS DR2
• LOFAR Two-metre Sky Survey

(LoTSS) Data Release 2
• 27% of the northern sky
• 4.4 million radio sources

before cuts
• Our selections

(motivated by Hale et al. in prep.):
→ peak flux over 1.5 mJy
→ signal to noise over 7.5
→ fiducial sample of 1.1 million objects

Shimwell et al. 2022



Sky maps

Weights from Hale et al. in prep.
Used to rescale number counts and to generate the mask

Nakoneczny et al. in prep.



Methodology
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redshift distribution model 
+

nuisance parameters
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Tools
• NaMaster (Alonso) – power spectra from observational data

(so-called pseudo C_ell, based on Master by Hivon et al. 2002)
• Core Cosmological Library (CCL, Chisari, Alonso, Krause et al. 2019) - theoretical 

modelling of correlations, including Halofit and linear matter power spectrum
• emcee, Cobaya (Torrado, Lewis 2020) - Monte Carlo Markov Chains and likelihood 

inference
• Likelihood

• Significance

sigma = sqrt(TS)

d – data vector including power spectra and 
redshift distribution
t – theoretical prediction
q – model parameters

https://namaster.readthedocs.io/en/latest/
https://github.com/LSSTDESC/CCL
https://arxiv.org/abs/1812.05995
https://emcee.readthedocs.io/en/stable/
https://cobaya.readthedocs.io/en/latest/
https://arxiv.org/abs/2005.05290


LoTSS DR2 redshift distribution

• Shaded: variation from LoTSS Deep 
Fields (e.g. Duncan et al. 2021)

• Parametrisation:

models SFGs at low-z and AGNs at high-z

Δg = b Δm

Based on Bhardwaj et al.
in prep.

See also Hale et al.
in prep.



Bias modelling of LoTSS galaxies

• Three LoTSS DR2 galaxy bias models:

- Constant (redshift-independent)

- “Constant-amplitude”
where D(z) is the LSS linear growth factor

- Quadratic model (empirical)

• Parameters fitted within MCMC 

Δg = b Δm



Correlations
Linear vs. Halofit modelling of matter power spectrum

Various multipole ranges tested
Detection at ~23σ for ell<500
Factor of ~3.6x higher than in LoTSS DR1
(Alonso et al. 2021)Nakoneczny et al. in prep.



Constraining
LoTSS galaxy bias

Nakoneczny et al. in prep.

Constant-amplitude and quadratic models
fit the combined Cgg & Cgκ

better than constant bias



Cosmology constrains 
Currently varying only σ8, other parameters fixed to Planck

Best fit for
flux>1.5 mJy & SNR>7.5:

Nakoneczny et al. in prep.



Conclusions
• High-significance detection of LoTSS DR2 x CMB lensing cross-correlation

• Bias model constraints, constant model not a good fit

• Underlying redshift distribution is an important ingredient 

• Derived σ8 currently agrees with both Planck and cosmic shear surveys

• Final results with full-sky LoTSS should provide an important test of state-of-the-
art cosmological constraints
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