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What seeds such fluctuations?
Inflation

Inflation
• Period of exponential expansion of 

the universe;

• As it stretches the universe all the 
universe is causally connected in 
the past light cone.

• During Inflation the seeds of 
density fluctuations are created - 
quantum fluctuations are stretched 
until they become (classic) density 
fluctuations; State of the art: Planck 2018 

results X 

Credit: Wikipedia

Credit: Millenium Simulation

Variance of the fluctuations
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Inflation
• Any non-linearities will make the 

gravitational potential that seeds 
galaxies to be different from the 
one induced by energy 
fluctuations;

• Primordial non-Gaussianities 
(PNG) are a further test to the 
physics of Inflation! E.g., a fNL<1 
constraint reduces substantially 
the Inflationary model range. Planck 2018 results IX 

Credit: Wikipedia

Credit: Millenium Simulation

What seeds such fluctuations?
Inflation
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LSS and PNG
• PNG seed a scale dependent 

bias

• Forecasts:

• Fundamentally they are 
Cosmic Variance limited!

Matarese & Verde 2008

Dalal et al. 2008

Credit: Camera et al. 2013

Camera et al 2013, Alonso et al 2015 (See 
also Giannantonio et al 2012)
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The observed density fluctuations?

Credit: SDSS
BOSS: Anderson et al. 2012
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Which density contrast do we 
observe?

Density contrast
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Credit: Stefano Zazzera
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Credit: Camille Bonvin

See Challinor & Lewis 2011, Bonvin & Durrer 2011 for full derivation
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• Mimic local PNG (Bruni et al 2012, 
Jeong et al 2012, Camera et al 
2013)

• “Detectability”

GR effects

The observed density fluctuations?
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• fNL opens a new window to probe the primordial universe. Error below 1 starts probing the 
different types of inflationary models (de Putter el al 2017).

• “GR effects” are further probes of general relativity, namely the potential and the metric theory;

• Probes of effects on large scales beyond standard physics;

• Can we do better?

Why bother?

Yes with Multiple Tracers
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The Multi-tracer technique
Seljak PRL 2009

To properly use the MT 
technique one needs to 

compare the same 
tomographic map
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The Multi-tracer technique
The estimator does not have Cosmic Variance 

JF, Stefano Camera, Mário G. Santos & Roy Maartens ApJL 2015
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Photometric Galaxies x HI IM 

JF, Stefano Camera, Mário 
G. Santos & Roy Maartens 

ApJL 2015

Euclid-like
LSST-like

Constraints on Ultra Large Scale Effects
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Photometric Galaxies x HI IM 
Updates for the SKA red book

Bacon et al 2020

Constraints on Ultra Large Scale Effects
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JF, Mário G. Santos & Roy Maartens, MNRAS 2017

But those will only happen in a decade, what about 
the data we will have soon?

Constraints on Ultra Large Scale Effects
JOSÉ FONSECA - IA U. PORTO

combining MeerKLASS with the overlapping publicly available 
DES data (5,000 deg2), Euclid Photoz (1+5K deg2) or the 
up-coming LSST/VRO (10,000 deg2) will achieve σ(fNL) ≈ 5.9, 5.4 
and 2.8, for l>20 only.
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Spectroscopic (Euclid or DESI) x HI IM (SKAO)

Jan-Albert Viljoen, JF, Roy Maartens, JCAP 2021

Constraints on Ultra Large Scale Effects
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Doing HI IM in practice
• Mask, remove RFI,…

• Unpolarised Point Source to calibrate the 
noise diodes;

• Use the model to calibrate the HH and VV at 
each time stamp and frequency;

• Use a model for the galaxy and any other 
component;

• Me: 
- forecasts;
- Brandon Engelbert looking at ways to model 
GNSS satellites;

Wang et al, Hi intensity mapping with MeerKAT: Calibration pipeline for 
multi-dish autocorrelation observations, MNRAS 2021
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We have foregrounds!

• Several orders of magnitude higher than the HI signal;

• … they are smooth in frequency;

• How to deal with them:

- Foreground Avoidance: find some k range where 
foregrounds do not affect the power spectrum (see e.g. 
Shaw et al 2015). For k||<0.01/Mpc we can’t use this 
approach.

- Foreground Cleaning: ICA, PCA, GMCA, … Blind 
method that works well but dumps power on large 
scales - a simulations calibrated transfer function is 
required to reconstruct the large scales (see e.g. 
Witzemann et al 2019, Cunnington et al. 
arxiv:2007.12126) clean all bias the estimate of fNL;
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Doing HI IM in practice

Mask

•Define estimators

•Include beam

•do foreground removal using PCA (7 components)

•Correct for transfer function of the fg_rm

no foreground

no foreground
no beam

Amadeus Witzemann, David Alonso, JF, Mário G. Santos, MNRAS 2019 (HI IM with Photometric Survey)
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Simulate maps with CoLoRe (logNormal realizations)
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Full analyses

Thinner bins (a la spectroscopic survey)

Amadeus Witzemann, David Alonso, JF, Mário G. Santos
MNRAS 2019 (HI IM with Photometric Survey)
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A way to solve the loss of large scales in HI IM

Cunnington et al.  2020

• Foreground clean all bias the 
estimate of fNL;

• A model of the transfer function is 
needed to unbiased the result;
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Marginalise over the foregrounds?

Santos et al. 2005 Foregrounds model

Model of observed power spectra

Include the beam

JF & Michele Liguori MNRAS 2021
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JF & Michele Liguori MNRAS 2021

Fisher Forecast

Marginalise over the foregrounds?
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What else is there to be done?
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•Can the MT help in adding information on the foregrounds?

•Will the MT approach help in controlling Photo-z systematics?

•Can HI be used to characterise the compamination fraction of Halpha by OIII?
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For cross-correlations only, 
we can achieve a BAO 
detectability of SNR= [4.8, 
7.2] for z = [0.43, 0.61] with 
4MOST and SNR=[3.7, 4.1] 
for z = [0.65, 0.8] with DESI. 
Combining DESI with Euclid, 
it will be even possible to 
make a detection at z = 1.0 
and 1.2. 

Standard Optical-Radio synergies
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What else is there to be done?
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•Can the MT help in adding information on the foregrounds?

•Will the MT approach help in controlling Photo-z systematics?

•Can HI be used to characterise the compamination fraction of Halpha by OIII?


