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A sensitive indicator of cosmology

Clusters of galaxies

Probes of background
& perturbed sector⇒ growth rate of structures
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A sensitive indicator of cosmology

Many questions about clusters :
Definition ?
Detection ?
Measure characteristics ?
Predictions ?
Extract information ?
...
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Clusters as cosmological probes

Main method :
use 1-pt statistics i.e.

compare observed and predicted nclusters

For a given cosmology,
how do we predict the number of clusters ?
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Press-Schechter (1974) formalism

Main ingredient : linear P(k)

In the linear density field, all peaks above a threshold δc
are collapsed objects in the real density field

⇒ f ∝
∫ ∞
δc

exp (−δ2/2σ2) with σ(M, z)2 =

∫
P (k, z)W 2(M)dk

In CDM and ΛCDM, δc ∼ 1.686
but : link with clusters ? i.e. collapsed objects with δ ∼ 100s? ?
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Spherical collapse : classical picture

In the CDM paradigm :
Start with a small overdensity δinitial << 1 at early times
Consider it as separate, closed universe
Evolution given by Friedman equations

1

a

da

dt
= H0(Ωma

−3 + (1− Ωm)a−2)1/2

Get r(t) and δ(t)
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Spherical collapse : classical picture
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Spherical collapse : classical picture

We can compute tcollapse (when R = 0 and δ =∞)
... and then ?

Link back to what we know well : linear sector
Initally at t = tini : δ = δini

At collapse at t = tcoll : δ =∞
But in linear theory : δ(tcoll) = δiniD(tcoll) ∼ 1.686

⇒ At any t, δ ≥ 1.686 in the linear field correspond to collapsed
objects in the real field

We can use a theoretical prediction from linear theory (i.e. Plin(k))
to make prediction on non-linear objects
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Spherical collapse : classical picture
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Spherical collapse : classical picture
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Spherical collapse : classical picture

N.B.
In reality, δ does not reach∞
Virialization occurs : δ → δvir ≡ ∆v

Using virial theorem, we can compute ∆v (∼ 178 for CDM)
Used when defining what is a cluster in data
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Spherical collapse : not-so-classical picture

What happens when cosmology6=CDM ?
In a universe with smooth components like dark energy driving

the expansion but not participating in collapse we cannot
consider spherical collapse to be a separate universe

In ΛCDM
Already different : δc depends on redshift & cosmological parameters
Fitting formula :

δc(z,Ω) = 3
(12π)2/3

20
(1 + 0.0123 log(Ωm(z)))

Stéphane ILIĆ (IRAP/CPT) 10 février 2016 14 / 23



Spherical collapse : not-so-classical picture

In more general cosmologies, what do we do ?

Go back to the continuity and Euler equation to derive the general
equation

∂δ

∂t
+

1

a
∇ · (1 + δ)v = 0 ,

∂v

∂t
+

1

a
(v · ∇)v +Hv = −1

a
∇Ψ , (1)

which is true for any type of dark energy or even metric modified gravity
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Spherical collapse : not-so-classical picture

Then :
Consider again a top-hat perturbation
Equation on δ :

d2δ

dt2
− 4

3

1

1 + δ

dδ

dt

2

+ 2H
dδ

dt
=

1 + δ

a2
∇2Ψ

Poisson : ∇2Ψ = 4πGa2ρ̄mδ (top-hat remain a top-hat)
G can be changed to Geff = GNewton + ∆G

Use conservation of mass to convert δ to r
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Spherical collapse : not-so-classical picture

Equation on radius

1

r

d2r

dt2
= −4πGNewton

3
(ρ̄m + (1 + 3weff )ρeff )−

4πGeff
3

ρ̄mδ

Computing the collapse
Geff can be computed from any (∼) given DE/MG theory
As before, we compute tcollapse
D(t) can be computed from a given DE/MG theory
We can get δc ⇒ code developed
We can also get ∆vir (with a modified virial theorem)

What do we do with this δc ? Inject back into P-S
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Other ingredients : fitting function

Press-Schechter formalism works surprising well...
for 1980’s standards !

Since then :
Many new refinements
% level precision

but Added parameters
and Fitted on numerical simulations (cosmology-dependent)
⇒ Universality ? Open question...
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Other ingredients : fitting function
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Other ingredients : fitting function

More work needed to go beyond ΛCDM
....or not ?

To answer, we need numerical simulations
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Other ingredients : matter power spectrum

Computing the linear P (k) for DE/MG models
EFTCAMB (or MGCAMB)
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Extract/predict cosmological constraints

Likelihood code
Fitting function TBD (for now, Despali et al. 2015)
Scaling laws (M -observable relation) : a whole other
topic/problem ! (approach of Sartoris et al. 2015)
Need some mocks to test the pipeline

Fisher matrix forecast code
Choice (and testing) of code TBD : EFTCAMB, MGCAMB (for
now, EFTCAMB)
Retrieve outputs and feed to likelihood code

Bonus !
Outputs from EFTCAMB allow iSW calculations

⇒ likelihood & Fisher forecasts
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Thank you for your attention !
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