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Motivation: explaining the
observed galaxy luminosity / stellar

mass functions

0

Observed evolution of galaxy luminosity functions and

comoving density of galaxies with luminosity between L and L+dL is
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The Goal

Based on the results from the spherical collapse model:

* Estimate the comoving volume density of collapsed halos
more massive than M, at any z:

nha/o( > M’ Z)

The Basic |dea of the Press-

cumulative mass function

Schechter Formalism

¢ Estimate the comoving volume density of collapsed halos
within a mass range of [M, M+dM], at any z:

dn >M,z
hal()( ) M

¢halo(M’ Z)dM = M

differential mass function
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Spherical Collapse Model

¢ any region in the density field (linearly extrapolated to today) denser
than certain threshold should have collapsed by redshift z:
(ty) > 6.(z) = 1.686(1 + 2)

« collapsed halo mass: M = ypR>

van den Bosch
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Amax scale factor

Density field smoothed on a scale of R ~ (M/rho)1/3
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Observed galaxy stellar mass functions
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Linearly Extrapolated Density Perturbation Field

O(x; tg) = 6(x; 1) a(ty)/a(t) = o(x; 1) (1 +z)
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The Basic ldea of the Press-

Schechter Formalism (continued)

The Basic Idea of Press-Schechter Formalism (1974)

Let 0a7 be the linear density field smoothed on a mass scale M, i.e., 0p = 0(7; R)
where M = ~¢ p ", then those locations where d); = d.(t) are the locations where,

at time ¢, a halo of mass M condenses out of the evolving density field....

F(> M) = P8y, > 6,(2)]; where 5,(z) = 1.686 (1 + z)

halo halo

Vol

linearly extrapolated density field smoothed on a mass-scale M




Calculate the probability above the collapse barrier

For Gaussian random fields, the prob. of finding an overdensity greater than a threshold is:

1 0 82, 1 Jc
o — . /éc exp {— 20%} déy = éerfc |:20'M

which only depends on (1) the threshold J.(z) and (2) the variance of the smoothed field o);
note that 6,,(x) has been integrated out.
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Convolution in spatial

prob. density
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If we define a characteristic mass, M*, by o(M™*) = §.(t)

O For M < M*we have that n(M, ) < M®~% where a = dIno/dIn M

For a CDM cosmology a — 0 at low mass end so that n(M) oc M2

O For M >> M *the abundance of haloes is exponentially suppressed.

O Since 0.(t) decreases with time, the characteristic halo mass grows as function
of time; as time passes more and more massive haloes will start to form...
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Variance of a smoothed density field

smoothing is a convolution of the density field w/ a window function of width R (M = y/}R3):

Oy (x) = 8(x) * Wy, (x) = J(S(x’)WM(x’ —x)d3x’

urce -
esolution Convolved to Small Beam
180 180

Convolved to Larger Convolved to a "Larg

the variance of the smoothed density field is then:

o = (5 (x)) = %Jﬁ,ﬁ(x)d% = %J | 8(x) * Wy, (x) |*dx

From Probability to Differential Halo Mass Function

The PS postulate: the fraction of mass locked up in halos w/ mass > M is (fudge
factor 2 is used to account for mass in underdense regions):
F(> M,z2) =2P[6y > 6,(2)]

the fraction of mass locked up in halos in the mass range [M,M+dM] is:
dF(> M) dr dP doy,
——dM = 2——dM = 2————dM
am am doy dM

multiplying the above by the p gives the total locked mass per unit volume,
which is then divided by M to give the comoving volume density of halos with
masses between [M, M+dM], i.e., p(M, z)dM:
p dF(> M,z
gam = LMD o0 AP dow

M am M doy, dM
dP 1 4. 52 doy, oy dlnoy,
— =———exp(———=);also — = —
doy /27 O 203 dM M dInM

we have the final result:

2 p 6, 52
oM, 2) = ;Waexp(—

dlIno,
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To make quantitative comparisons

one needs to calculate oy,

Variance of a smoothed density field
[ ([
oY= VJ _ 8L dx = VJ | 80x) * Wyy(x) |* dx

- —o0

There are some major problems going forward:

® the density field is a random field, so would require many
realizations, and how to realize a random field that matches the
initial conditions of the universe?

® what would be the appropriate volume and what scale to use to
sample this random field?

® numerical convolution is computationally expensive and how to
deal with artifacts near boundaries?

Raw Source -
1

Infinite R ution Convolved to Small Beam Convolved to Larger Beam Convolved to a "Large" Beam
180 a0

160 160
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the calculation of oy,

Simplify the calculation by converting to Fourier space

The Fourier transform

we'll be interested in signals defined for all ¢

the Fourier transform of a signal f is the function
F(w) = / F)e “tdt

e Fis a function of a real variable w; the function value F'(w) is (in
general) a complex number

F(w) = /700 f(t) coswt dt —j/;oC f(t)sinwt dt

o |F(w)] is called the amplitude spectrum of f; /F(w) is the phase
spectrum of f
e notation: F' = F(f) means F is the Fourier transform of f; as for

Fourier transform of a top-hat filter

1 -T<t<T
rectangular pulse: f(t) = { 0 [f>T
T ot -1 T T 2sinwT
F(w) :/ eI dt = — (eI — V) = ———
-7 Jw w
1 I — 1 2T
s 3
s Ry
oF
0
-T T —n/T w/T
w

Consider transforming to Fourier space

time/space ’
frequency

Decomposing a periodic time/space signal into Fourier series

FT and inverse FT in 1D

angular freq.:

F(w) = [f(t) e~ @t ;

time domain: w=—
At

f(t) = LJ‘F((u)e"a”ala)
2

F (k) = [f(x) e_ikxdx wave number:

_271

1D space domain:
Ax

1 ik
fx) =— J,F (k)e"*dk
2

Fourier Transform Pairs

random density field in real and frequency space:

window function and its F.T.:

Top Hat Filter:

W (@ R) = { Fw TSR R - ﬁ fsin(kR) — (kR) cos(kR)]

power spectrum (P) and correlation function (xi):

P() = V(U)K +K)) = Jg(x)e-m e

= NS(x' - iKY 37
£ = (0160 +.9) = 5 [ P T



Calculation of ¢,, in Fourier space

Convolution theorem: convolution in real space = multiplication in Fourier space

Frequency components of periodic density fluctuations:
Fourier transform of smoothed density field

Sk) = F(3,,(x)} = F{800)* Wyy(x)} = 8(k) Wy, (K)

o), expressed in correlation function & power spectrum

definition of the variance of the density field:

1 13
o2 = (5% = L / 82(3) &7
\%4
definition of the two-point correlation function:

E(x) = (6N + x)) = ivjé(x’)é(x’ + x)dx

therefore, o = £(0)

Correlation Function is the Fourier transform of the Power Spectrum (vice versa)

Power spectrum of the smoothed density field:
Fourier transform of the correlation function of the smoothed density field

Py(k) = F(E,(0) = POW,, (k)

£() = (S(@3(E +7) = by [ PR R

evaluating the correlation function at 0 using the power spectrum

therefore, the variance of the smoothed density field is:

1

the calculation of oy, ‘

the power spectrum of the Gaussian random field

Planck CMB delta T Map is not white noise

Img = randomn(seed, nx=1024, ny=1024,

o0

2 L[ 2 1 5 20002
oy = 2 Py(k)k*dk = Ey) P(kyW,, (k)k=dk
0 0

Gaussian random field: white noise

histogram(img, bin=0.2
/normal, sigma=0.2) gram(img )

08

06

0.4

R T

Galaxy distribution also doesn’t look like white noise

R
>

2dF Galaxy Redshift Survey (1997-2002)



Density: dp/p

A Gaussian random field is fully described by
the correlation function or its F.T. the power spectrum

Define two-point correlation function:
1 — —
§x) = (6(x)6(x" + x)) = v Jé(x’)é(x’ + A x

and its Fourier transform is the power spectrum:

P(k) = V(5(kNS(K' + k)) = ji(x)e"77 P

Gaussian random fields w/ increasing correlation lengths

Correlation length = 50 mm Correlation length = 200 mm

o
3 . 3
i

Evolution of the power spectrum from the primordial density
perturbations (due to inflation) to the present day

A Gaussian random field is fully described by
the correlation function or its F.T. the power spectrum

Define two-point correlation function:
1 — —
§x) = (6(x)6(x" + x)) = v Jé(x’)é(x’ +)d>x

and its Fourier transform is the power spectrum:

P(ky = V(5(kNS(K' + k)) = ji(x)e"77 P

Gaussian random fields w/ ever steeper power spectrum
(i.e., decreasing small scale correlations)

I

Linearly evolved correlation function and power
spectrum in the Lambda CDM universe
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Resulting mass variance by integrating power spectrum:
a monotonically decreasing function of mass scale

the calculation of oy,

resulting sigma_M function and halo mass function

e
p —J P(k)WMz(k)kzdkm—J
2x% ),

M= 2
272 ),

Power Spectrum
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Hlozek et al. 2012: The A [of logy
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Mass Variance

Mass Variance Ay /M

Mass scale M [Msolar]

: A Measurement of the Primordial Power Spectrum




5 R =y Resulting Press-Schechter Halo Mass Function |
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10 Mpc comoving box (cluster-scale)

Dark Matter Gas Temperature

redshift 1 1.54 stellar mass 1217 billion solar masses
Time since the Big Bang: 4.3 billion years
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Extended Press-Schechter formalism improves the agreement w/ N-body simulations
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Predicted halo mass function vs. Observed galaxy mass function

galaxies turned out to be biased tracers of DM halos
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