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HALOS, GRUPOS, AGLOMERADOS



COLAPSO ESFÉRICO

TEORIA NEWTONIANA
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COLAPSO ESFÉRICO

TEORIA RELATIVÍSTICA

▸ Eq. Euler 

▸ Eq. continuidade 

▸ Top-hat:  

▸ Conservação de massa: 

▸ Substituindo δ por r:
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COLAPSO ESFÉRICO

EXPANSÃO, TURNAROUND, CONTRAÇÃO, COLAPSO

▸ A solução para δ é uma cicloide:

r ⇠ 1� cos ✓

t ⇠ ✓ � sen ✓

▸ Máximo (turnaround): 

▸ Colapso:
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COLAPSO ESFÉRICO

EXPANSÃO, TURNAROUND, CONTRAÇÃO, COLAPSO

▸ Usando a teoria linear, no colapso temos: 
ΛCDM: δc
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• Dark energy changes
collapse time and linear
growth.

• Small change in δc
compared to matter-only
Universe.

• Changes also in ∆vir.

Spherical Collapse and Galaxy Clusters – p.15
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▸ Modelos f(R):

COLAPSO ESFÉRICO

TURNAROUND EM TEORIAS DE GRAVIDADE MODIFICADA
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COLAPSO ESFÉRICO

EXPANSÃO, TURNAROUND, CONTRAÇÃO, COLAPSO

▸ Perto do colapso: não-linearidades, “shell-crossing”, 
virialização



COLAPSO ESFÉRICO

EXPANSÃO, TURNAROUND, CONTRAÇÃO, COLAPSO

▸ Virialização: equipartição da energia 

▸ Mas no turnaround: 

▸ Top-hat: 

▸ Raio na virialização: 

▸ “Ângulo" na virialização:
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COLAPSO ESFÉRICO

EXPANSÃO, TURNAROUND, CONTRAÇÃO, COLAPSO

▸ Virialização: 

▸ Sobre-densidade na virialização: 

▸ Barreira (threshold): 
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FUNÇÃO DE MASSA

A FUNÇÃO DE MASSA DOS HALOS: TEORIA DE PRESS-SCHECHTER

▸ Campo de densidade inicial Gaussiano 

▸ Barreira para colapso: δc = 1.686

▸ Quantas regiões no universo têm um contraste de 
densidade acima da barreira? Esses serão os halos de 
matéria. 

▸ Densidade (em número) de halos como função da massa: 
função de massa



FUNÇÃO DE MASSA

A FUNÇÃO DE MASSA DOS HALOS: TEORIA DE PRESS-SCHECHTER

▸ Densidade cte, raio R e massa M: 

▸ Para campo Gaussiano com espectro P(k), a variância da 
massa numa esfera de raio R é: 

▸ Espectro lei de potência P(k) ~ k p:
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FUNÇÃO DE MASSA

A FUNÇÃO DE MASSA DOS HALOS: TEORIA DE PRESS-SCHECHTER

▸ Picos:  

▸ Probabilidade da região esférica em torno do pico ter 
massa M:
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▸ Probabilidade desses “halos” terem massas > M: 

▸ Problema!

FUNÇÃO DE MASSA

A FUNÇÃO DE MASSA DOS HALOS: TEORIA DE PRESS-SCHECHTER
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FUNÇÃO DE MASSA

A FUNÇÃO DE MASSA DOS HALOS: TEORIA DE PRESS-SCHECHTER

▸ Um passo além de Press-Schechter 

▸ Incluindo todas as regiões ⇒ fator de 2
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FUNÇÃO DE MASSA

A FUNÇÃO DE MASSA DOS HALOS: TEORIA DE PRESS-SCHECHTER

▸ Número de halos por unidade de massa: 

▸ Limites:
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FUNÇÃO DE MASSA

A FUNÇÃO DE MASSA DOS HALOS: GENERALIZAÇÕES

▸ O “colapso esférico” é apenas uma descrição aproximada; 
a natureza pode escolher muitos caminhos distintos 

▸ Métodos mais realísticos: 

▸ Colapso “elisoidal" (Sheth-Tormen): 

▸ Fits de simulações numéricas: e.g., Jenkins et al. 2001
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FUNÇÃO DE MASSA

A FUNÇÃO DE MASSA DOS HALOS: FIT DE TINKER ET AL. 2008

▸ Muitas simulações de N-corpos; Tinker identificou os  
halos através da técnica de Spherical Overdensity: 

▸ Fit de Tinker et al.:
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Spherical overdensity Friends-of-friends Voronoi tesselation



FUNÇÃO DE MASSA

A FUNÇÃO DE MASSA DOS HALOS: FIT DE TINKER ET AL. 2008

▸ Parâmetros dependem do redshift, e do threshold Δ :
8

FIG. 6.— Panel (a): The measured f (σ) from all simulations in Table 1. Results are presented at z = 0 and for∆ = 200. The solid line is the best fit function of
equation (3). The lower window shows the percentage residuals with respect to the fitting function. In the WMAP1 cosmology, the range on the data points on
the x-axis is roughly 1010.5 h−1M⊙ to 1015.5 h−1M⊙. Panel (b): The measured f (σ) at z = 1.25. We restrict results to simulations for which we have previous
redshift outputs. In the WMAP1 cosmology, the range of data points on the x-axis is 1011 h−1M⊙ to 1015 h−1M⊙. The solid line is the same as in panel (a),
which was calibrated at z = 0. The lower window shows that the z = 1.25 mass function is offset by ∼ 20% with respect to the results at z = 0.

Parameters A, a, b, and c are constants to be calibrated by
simulations. The parameter A sets the overall amplitude of
the mass function, while a and b set the slope and amplitude
of the low-mass power law, respectively. The parameter c
determines the cutoff scale at which the abundance of halos
exponentially decreases.
The best fit values of these parameters were determined

by fitting eq. (3) to all the z = 0 simulations using χ2 mini-
mization and are listed in Table 2 for each value of ∆. For
∆≥ 1600, we fix the value of A to be 0.26 without any loss of
accuracy12. This allows the other parameters to vary mono-
tonically with ∆, allowing for smooth interpolation between
values of ∆.

recovers the mean matter density of the universe when integrating over all
mass; the function is normalized such that

R

f (σ)d lnσ−1 = 1. Equation (3)
does not converge when integrating to logσ−1 = −∞. In Appendix C we
present a modified fitting function that is properly normalized at all ∆ but
still produces accurate results at z = 0.
12 Although a four-parameter function is required to accurately fit the data

at low ∆, at high overdensities the error bars are sufficiently large that a
degeneracy between A and a emerges, and the data can be fit with only three
free parameters, given a reasonable choice for A.

Figure 5 shows the mass function measured for three values
of∆ and the corresponding best fit analytic functions. We plot
(M2/ρ̄m)dn/dM rather than dn/dM to reduce the dynamic
range of the y-axis, as dn/dM values span nearly 14 orders
of magnitude. The figure shows that as ∆ increases the halo
masses become systematically smaller. Thus from ∆ = 200
to 3200, the mass scale of the exponential cutoff reduces sub-
stantially. The shape of the mass function is also altered; at
∆ = 200 the logarithmic slope at low masses is∼ −1.85, while
at∆ = 3200 the slope is nearly −2. This change in slope is due
to two effects. First, the fractional change in mass when con-
verting between values of ∆ is not a constant; it depends on
halo mass. Because halo concentrations are higher for smaller
halos, the fractional change is higher at lower masses, thus
steepening the mass function.
Second, a number of low-mass objects within R200 of a

larger halo are “exposed” as distinct halos when halos are
identified with ∆ = 3200. Although all halos contain sub-
structure, these “revealed” subhalos will only impact overall
abundance of objects at low mass,M ! 1012 h−1M⊙, because
the satellite fraction (the fraction of all halos located within
virial radii of larger halos) decreases rapidly from ≈ 20% to

10

FIG. 7.— Residuals of the measured mass functions with respect to the best fit analytic mass functions from Table 2 for all WMAP1 simulations at z = 0. Error
bars are shown for the first and last point for each simulation, and only points with less than 10% error bars are plotted, with the exception of L80, for which 15%
is the maximum. For∆ = 200, the blue curve represents the Jenkins et al. (2001) SO180 mass function (scaling up to ∆ = 200 yields indistinguishable results).
The red dashed curve represents the Sheth & Tormen (1999) mass function. For∆ = 400, the blue curve represents the Jenkins et al. (2001) SO324 (scaled up to
∆ = 400). For∆ = 1600 and∆ = 800, the solid curve represents the Jenkins SO(324) mass function scaled up analytically assuming NFW profiles.

TABLE 2
MASS FUNCTION PARAMETERS FOR f (σ) AT z = 0

∆ A a b c χ2/ν (ALL) Nmin χ2/ν (WMAP1) χ2/ν (WMAP3) χ2/ν (WMAP3-fit)

200 0.186 1.47 2.57 1.19 1.15 400 1.07 1.66 1.62
300 0.200 1.52 2.25 1.27 1.17 400 1.08 1.65 1.60
400 0.212 1.56 2.05 1.34 1.05 600 0.96 1.49 1.37
600 0.218 1.61 1.87 1.45 1.06 600 0.99 1.55 1.28
800 0.248 1.87 1.59 1.58 1.10 1000 1.07 1.36 1.14
1200 0.255 2.13 1.51 1.80 1.00 1000 0.97 1.22 1.16
1600 0.260 2.30 1.46 1.97 1.07 1600 1.03 1.34 1.25
2400 0.260 2.53 1.44 2.24 1.11 1600 1.07 1.50 1.26
3200 0.260 2.66 1.41 2.44 1.14 1600 1.09 1.61 1.33

NOTE. — Nmin is the minimum number of particles per halo used in the fit. Fits are for simulations at z = 0.
The WMAP1 and WMAP3 χ2/ν values are with respect to the WMAP1 and WMAP3 simulations, respectively, but
using the best-fit parameters. The WMAP3-fit χ2/ν values are independent fits using only the WMAP3 simulations

f (σ) due to variations in cosmology, but rather scatter in the
simulations themselves at the ∼ 5% level, excluding obvious
outliers where Poisson noise dominates.

3.3. Redshift Evolution
Figure 10 shows the evolution of the∆ = 200 mass function

for four different redshifts from z = 0 to 2.5. Results are plot-



FUNÇÃO DE MASSA

ABUNDÂNCIA DE GRUPOS E AGLOMERADOS DE GALÁXIAS

▸ Queremos predizer o número de “halos" (i.e., galáxias 
isoladas, grupos, aglomerados, etc.), como função da 
massa e do redshift 

▸ Mas não observamos os “halos" diretamente, e sim 
galáxias, grupos, aglomerados, etc.
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ABUNDÂNCIA DE GRUPOS E AGLOMERADOS DE GALÁXIAS

FUNÇÃO DE MASSA



FUNÇÃO DE MASSA

▸ Diferentes observáveis levam a diferentes massas: 

★Raios-X 

★Efeito Sunyaev-Zel’dovich 

★Lentes gravitacionais 

★Óptico (“richness")

ABUNDÂNCIA DE GRUPOS E AGLOMERADOS DE GALÁXIAS



FUNÇÃO DE MASSA

▸ Raios-X: equilíbrio hidrostático, T ⇠ GM(r)

r

REFLEX (2013)

ABUNDÂNCIA DE GRUPOS E AGLOMERADOS DE GALÁXIAS



FUNÇÃO DE MASSA

▸ Sunyaev-Zeldovich: �T (r̂, ⌫)

T
' fc(⌫)�⌧T (r̂)

PLANCK (2015)

ABUNDÂNCIA DE GRUPOS E AGLOMERADOS DE GALÁXIAS



FUNÇÃO DE MASSA

▸ Lentes gravitacionais (“shear")

ABUNDÂNCIA DE GRUPOS E AGLOMERADOS DE GALÁXIAS



▸ Riqueza (contagem de galáxias no óptico)

ABUNDÂNCIA DE GRUPOS E AGLOMERADOS DE GALÁXIAS

FUNÇÃO DE MASSA



FUNÇÃO DE MASSA

▸ Comparando diferentes técnicas e experimentos futuros

ABUNDÂNCIA DE GRUPOS E AGLOMERADOS DE GALÁXIAS

ACTpol, SPTpol: SZ 

eROSITA: raios-X 

Euclid-PES: lentes 

Euclid-Opt, J-PAS: óptico 

LSST: óptico + lentes



▸ Discordância: calibração das massas…?

VÍNCULOS SOBRE A COSMOLOGIA DE CONTAGEM DE AGLOMERADOS

FUNÇÃO DE MASSA

Mortonson 2014MacCrann 2015


