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Challenges on its way…

❖ Accurate description of clustering of matter: Non-linear scales.

❖ Precise description of clustering of matter: baryonic effects at 
small scales.

❖ Full covariance matrix of matter power spectrum P(k,z).

❖ Many more…
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Outline
❖ Introduction - matter power spectrum and evolution

❖ The halo model and necessary modifications

• Non-linear clustering of dark-matter

• Covariance matrix

• Baryonic effects - I (marginalising)

• Baryonic effects - II (distributing baryons)

❖ Cosmological implications with baryons
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Introduction: 2-point statistics
❖ Cosmology is a statistical science as most of its observables are 

statistical in nature.

❖ The simplest statistic is the 2-point correlation function or the power 
spectrum of the matter density field.

❖ It underlies observables like galaxy clustering, weak lensing, Baryon 
Acoustic Oscillations (BAO), Lyman-alpha forest etc.

❖ Various estimators: perturbation theories, fitting formulae from 
simulations, the halo model etc.
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The Halo Model
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Ref: McClelland & Silk 1977; Seljak 2000; Ma & Fry 2000; 
Peacock & Smith 2000; Cooray & Sheth 2002

❖ Ingredients:

• Mass function: f,

• Halo bias: b,

• Average density 
profile of halos:

• Linear Power 
Spectrum: PL(k)



The modified Halo model - I
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❖ Ingredient:

• Linear Power 
Spectrum: PL(k)

is the slope of PL(k) at BAO scale (~0.2 h/Mpc)

❖ Estimating coefficients:

• Fit to simulations 
(Emulator),

• the halo model.
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Covariance Matrix - a limit to the measurement

~0.012

(Fitting with Li et al. 2014)

8



V ~ 1.6 (Gpc/h)^3

V ~ 3350 (Gpc/h)^3
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Variance of Covariance Matrix

Need a volume of ~ 
500-5000 (Gpc/h)3 to 

converge to 1%
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Baryonic effects

❖ Approach 1: Observe the baryonic effects in A2n 
coefficients.

❖ Approach 2: Quantify the baryonic effects by 
distributing baryonic components.
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Approach 1: Observe the baryonic effects on A2n coefficients.

❖ Because baryons redistributing matter 
inside haloes all the coefficients A2n  for 
n >  0 are strongly affected by baryonic 
effects, while A0  remains almost 
unchanged, a consequence of halo mass 
conservation. 

❖  Observations such as weak lensing 
power spectrum can be effectively 
marginalised over the baryonic effects, 
while still preserving the bulk of the 
cosmological information contained in 
A0  and Zeldovich terms.
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Approach 2: Quantifying by distributing baryonic components 
(The modified Halo model - II)

❖ Stellar component dominated by central galaxy.

❖ Hot intra cluster plasma in hydrostatic equilibrium.

❖ Adiabatically contracted dark-matter.

❖ AGN feedback that regulates the amount of gas inside 
the halo as a function of halo mass.

❖ Only one free parameter Mcrit.
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The Halo Model
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Ref: McClelland & Silk 1977; Seljak 2000; Ma & Fry 2000; 
Peacock & Smith 2000; Cooray & Sheth 2002

❖ Ingredients:

• Mass function: f,

• Halo bias: b,

• Average density 
profile of halos:

• Linear Power 
Spectrum: PL(k)



Approach 2: Quantifying by distributing baryonic components 
(The modified Halo model - II)
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Model and Comparison
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Cosmological Implications
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Goodness-of-fit insufficiency
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Conclusions
❖ The halo model can be modified in different ways to achieve accuracy and 

precision in cosmological models for clustering of matter, both dark-matter and 
baryons.

❖ In the first modification, we account for dark-matter clustering,

❖ percent level accuracy is achieved up to k~0.7 h/Mpc,

❖ simple form of Covariance matrix, remarkable agreement with simulations,

❖ baryonic effects can be marginalised.

❖ In second modification, we propose model for distribution of baryons,

❖ baryons modify the clustering significantly at small scales, should be taken into 
account, avoiding baryons can mislead the cosmological interpretations.

❖ If precision cosmology is the goal, all these effects must be taken into account.
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Thank you for your attention…
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