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Abstract: | will review recent developments in our theoretical understanding of the abundance and clustering of dark matter haloes. In the first part
of thistalk, | will discuss atoy model based on the statistics of peaks& nbsp; of Gaussian& nbsp;random field (Bardeen et al 1986) and show how the
clustering properties of such a point& nbsp;set can be& nbsp;easily derived from a generalised local bias expansion. In the second part, | will explain

how&nbsp; this peak&nbsp;formalism relates to the excursion set approach and present parameter-free predictions for the&nbsp; mass
function& nbsp;and bias& nbsp;of dark matter halos.

Pirsa: 13090062 Page 1/68



OUTLINE

* Galaxy clustering
* The peak formalism: BBKS and beyond
* Local bias approach to BBKS peaks

» Excursion set peaks and the halo mass function
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Galaxies positions now routinely measured out to high redshift ..

N wdl’ Galaxy Redshift Survey
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SCIENCE WITH LARGE GALAXY SURVEYS

A plethora of ongoing and planned galaxy surveys, e.g. BOSS, DES, EUCLID,
Pan-STARR, VIPERS, WiggleZ .., to measure (among others)

Matter power spectrum: matter content, neutrino masses etc.

Baryon acoustic oscillation (BAQO): dark energy equation of state

Redshift space distortions: growth rate of structure (probe of gravity)

Galaxy bispectrum: primordial non-Gaussianity (probe of inflation) etc.
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SCIENCE WITH LARGE GALAXY SURVEYS

A plethora of ongoing and planned galaxy surveys, e.g. BOSS, DES, EUCLID,
Pan-STARR, VIPERS, WiggleZ .., to measure (among others)

Matter power spectrum: matter content, neutrino masses etc.

Baryon acoustic oscillation (BAQO): dark energy equation of state

Redshift space distortions: growth rate of structure (probe of gravity)

Require solid understanding of galaxy clustering !

Galaxy bispectrum: primordial non-Gaussianity (probe of inflation) etc.

Page 5/68



BIAS
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BIAS
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HALO BIASING

In CDM cosmologies, galaxies form in the dense, virialized regions of the
dark matter distribution: dark matter halos
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LOCAL LAGRANGIAN BIAS

Simplest bias scheme: dependence on mass density field only (Szalay | 988;
Fry & Gaztanaga 1993, ..):

. . - [
On(x) = b1dRr(x) + ;badf(x) (.h:m'?;(}:) '
A )
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LOCAL LAGRANGIAN BIAS

Simplest bias scheme: dependence on mass density field only (Szalay | 988;
Fry & Gaztanaga 1993, ..):

. . ] " ...
On(x) = b10R(X) + 5b20R(x) 4 (_h;m',‘],(x) ‘
)

“Lagrangian”: bias relation defined in the initial conditions. There are corrections
induced by gravitational motions

Pirsa: 13090062 Page 13/68



LOCAL LAGRANGIAN BIAS

Simplest bias scheme: dependence on mass density field only (Szalay | 988;
Fry & Gaztanaga 1993, ..):

2

. _ - I
On(x) = b1dRr(x) + ;badf(x) (.h:m'f,J(X) i
A )

“Lagrangian”: bias relation defined in the initial conditions. There are corrections
induced by gravitational motions

For example, 2-point correlation is computed as:

Xy — X1|) = (0p(x1)0p(x2)) = b7 Er(|x2 — x1|) + ...

Enl
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TWO REMARKS

* One could think of a more general expansion:

. - % e l =) . 2 . l - 2 e
f);,(X] h]d”(x) +t‘|v'()H(X) 1 _)’)-_H)L»{)() + Co (‘F(\H]—(X) 1 C3 (”r”;“h’ — '{{)Hv-r)”) (X) m PO

* Galaxies and dark matter halos are pointlike objects as far as their 3D
position is concerned. Does this matter (beyond a Poisson shot noise
correction to the power spectrum) /
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THE PEAK FORMALISM

Consider maxima of the linear density field as a proxy for the formation sites of
discrete tracers of the mass distribution such as halos or galaxies (Bardeen et al

1986 = BBKS; ..)
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THE PEAK FORMALISM

Consider maxima of the linear density field as a proxy for the formation sites of
discrete tracers of the mass distribution such as halos or galaxies (Bardeen et al
1986 = BBKS; ...)

I . | " 1 : ]
v(x) = r—r—d‘\.{x). n:i(x) o 0;04(x), Gij ﬂ---r'),r')!r),(x), 0,(%) = opeap 1N
0 | 2

(T: — / dk }".‘.’lr: { HI,,,UF)
()
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THE PEAK FORMALISM

Consider maxima of the linear density field as a proxy for the formation sites of
discrete tracers of the mass distribution such as halos or galaxies (Bardeen et al

1986 = BBKS; ...

, . I :
v(x) = ;-—d\.{x). ni(X) pm 0;0,4(x), Gij = 0;0;04(x), 0,(x%) = dpap. (X)
0 | 2

(T: — / dk }".‘.’lrr { l}!i“.,)
JA)
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THE PEAK FORMALISM

Consider maxima of the linear density field as a proxy for the formation sites of
discrete tracers of the mass distribution such as halos or galaxies (Bardeen et al
1986 = BBKS; ...)

g I 1 . .
v(x) = (—T-—fL-{X). ni(x) p 0;04(x), Gij = ﬂ-r'),r'),d,(X). d4(X) = dp=p.(X)
() 1 2

(T: — / dk }".‘.’lrr { HI’,,U-')
JA)

_ 0 1.68
i) v(xp) =y,
ay ag
(i) ni(x,) =0

(11]) f\](X‘,,) . /\-__»(XI,} > /\;;(X;,} > ()

Aa(Xx) = eigenvalues of — (;;(x)
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lest the association between dark matter halos and initial density peaks with
N-body simulations:

My 2.35x10" [N M,
R, : 288 [n" Mpe]
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PEAK CORRELATIONS

The “localized” peak number density is (Kac 1943; Rice 195 1; BBKS):

. 374 : e
Npk(X) Z(’n(x Xp) =3 \th-tg(x)}n,,’n(x)]U”‘,\_-;(x)ln,,(V(x) Ve)

Xp
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MEAN NUMBER DENSITY

First computed in BBKS:

<”]:k(x)> ”MI{(V‘-) ‘I. I(‘[I (-.‘I--.'I‘”:)

Gy (1, w) / duu" f(u,w)
JO

2

:;2’-"._‘:’2 /4 v u /2 v 8o fan2 s .2
flu, o) = :.._. / dv / dw / dv / dw y F(u,v,w)e” 7 (3074
Vam JO J =y Ju/d J3v—w
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MEAN NUMBER DENSITY

First computed in BBKS:

(npi(x)) = Tipk(ve) = V.1 Gy (71, 11ve)

(u—w)*
* X ltl\;l)|: - —3 }
(1(“) - \ n e 2(1 Y1)
rn (Y1, W) duu" f(u,w) !
JO

2

q255/2 ( pu/d po w/2 v
flu,a) = / (fi‘/ dw / (/f'/ dw » F(u, v,w)e
\/2'?'— { 0 J—p Ju/d J3v—w

U tr( peak curvature
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2-POINT CORRELATION

At 2nd order by VD, Crocce, Scoccimarro & Sheth (2010):

2(0)
€pk(ve, ) = (b7 ) 1

l; | ". 2 ox
(‘(»l[im[ %lcim) .[\‘ & ~J[llk.ll —J) - (\(,“h QIH)(l } ‘f),.]“(fct; '(- -’f-lf’r)) I)

)
'TL fT;;

[ ] pa—

2

o )y 2 10 (2)4 2 18 21y 2 _2 (o B
b [(67)7 + 2 (67)7 + (& )](l 200 G, )| .)

5

3 (1)y 2 2 3 3/2)42 3/2)\2 o
ot |67 +2(67)°] + g [36)* + 2(672)°] (1 + 300 0 G on 3w
l .
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2-POINT CORRELATION

At 2nd order by VD, Crocce, Scoccimarro & Sheth (2010):

‘ . n 9
(0) .2 ~(0) 3 (1/2) (1/2) J (1) (1) <, ()
(én biréo ) g[‘il b, ) ;3({2 b, ) 1 4 ,-’)fv]"('{l (“-1-"-|M))
o a5 5] a=1

o | -

2 +(0)
Epk(ve, ) = (b7 ) 1

2

-r) Y 2 l” 2)y 2 I'\' (2)y 2 -2 o 2
For [ (657)7 4 —(&7) + = (&7) ](l F 20, G| .)

3 (1% 2 2 3 3/2)4 2 3/2)\ 2 -)- o
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1¥2

=
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PEAK BIAS FACTORS

| st order:

9 l (v, — T4 [ u— "V,
[1|(!\') 1)“] | b(”l.'-. l’.’l“ o . l’.’(|| B
ag l =7 a2 [ —

2nd order :

, " . 1 | v2 = 2vv,.i 4 ",fu” ]
b[](}.~l.!,'2) ;12” t h”(f‘-l- ' ;-';) 1 fﬁy_) ;‘E-!‘E f‘l-_m . — }

| [(l F i) veu ‘,.JNE { u”l ' o7
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EFFECTIVE LOCAL BIAS EXPANSION (1)

1
(bf&”) + 5 (& b1&”)

Can be though of as arising from the effective continuous, deterministic
local bias expansion:

. . 9 oy . 2 o \ | [e=?2 ¢ 2
Opk(X) = b1ds(x) = bp1 V=0,(x) + =bopds(X) — b1104(x)V7=0,(x) + .)!’n-_'.v'fh(x]‘ e

I
2
1 5, 0 1 , 9

‘Jrr(,h:”ff‘[x} b ogoabyv(x)u(x) + l,rr.jh,,-_,u‘(x) F ...

oobior(x) + a2bpyu(x) 4
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EFFECTIVE LOCAL BIAS EXPANSION (1)

1
(bf6”) + 5 (&”7bH&”) -

Can be though of as arising from the effective continuous, deterministic
local bias expansion:

R . 9w oy . 9 \ | le=D o 2
‘H.k(x) (’luf\(x) hnl\—'f‘\(x) f hguf’:[x) IJII(\(X)T'#L(X_] T .)!J[.-_-.T'fh(x]‘ el P

|
2
l » 0] l 9 9

‘Jrr(,h:”;r[x} b ogoabp v(x)u(x) 4 l,rr.jh,.-_,u‘(x) F ...

ogbior(x) + a2bpyu(x) 4
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SYMMETRIES

* Peak number density invariant under rotations, so must depend on:

v(x)

u(x) trd(x)
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2-POINT CORRELATION

At 2nd order by VD, Crocce, Scoccimarro & Sheth (2010):

2 l }u 2 3 /2 (1/2 H 2 (a
Epk(ve,r) = (6365 + = (& bhi&o ) — —5 (&1 bugy'’?) ._(:L"lax::L"’)(l F 28aInGY '(“-;.“-w,)) )
4 f'TT fT;; W) om]
5 2)y 2 10, (2y.2 I8, (2).2 2, (o :
'-)a|{‘::' )" 4 7({‘-’ .') } ‘_{Ltl ) ](l | rlr),‘lllf,:l ’(.J]_-‘Ipr}‘ |)

&)

3 (1)y 2 2 3 3/2)4 2 3/2) 2 .3 e
l.,(,,((::,"'_) F2(¢") ] k7 [:i(:.-';‘ )" +2(¢77) Mt b 200 Gy (m,mve)
l .
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SYMMETRIES

* Peak number density invariant under rotations, so must depend on:

v(x)

u(x) trd(x)
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STMMETRIES

* Peak number density invariant under rotations, so must depend on:

r(x)
u(X) tr¢(x)
() | e N2,y
N’ (x) = — (V)" (x)
oy
a 3 , -
L'M(X) '}“I(ku}(x)' Nig Gij ‘{”f‘.‘f
det((x)
VD (2013), 1211.4128
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CORRELATORS

Define  ya = y(xa)

") ] )
f @ \ - 1)y = afell)y=
(mnz) L + ; 1 (&) +~(“~2 )
30
9 .
J. 2 2\ el (1/2) ~(1/2)
(mvs) | 55681 £,
\ ' a507
/A2 2y -)' ‘ ([:i 2)y 2 ) (I.i.-'.f] 2
(6112 l ——5 [3(&3 ) 2(&, )
DOTO;
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2-POINT CORRELATION

At 2nd order by VD, Crocce, Scoccimarro & Sheth (2010):

1 »; /2) 'h) (1) 2 o i
m{;,];(f’.--:") (b2 (0)) 5(6{0)b[16(0)) ﬁ: f;ll ~J[1[];_‘]IJ~J) . ({.‘-jl_h“{IH)(l |. ;f),,]ll(r:, '(. "-If“'r)!” I)
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3 (1)y 2 ( 2 3 (3/2)y 2 3/2), 2 o
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PROBABILITY DENSITIES

Probability distribution Pi(y) needed to compute au is the multivariate
Gaussian

|

. 10
PWETY = Griaetn i

)
r‘,l‘vl“fuliv

The quadratic form is
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PROBABILITY DENSITIES

Probability distribution Pi(y) needed to compute nu is the multivariate
Gaussian

I’L(y]d“}y fJ;Iylf,Hly

The quadratic form is
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GENERALIZING PBS (1)

* Bias factors b; can be written as derivatives of N(v,u) , i.e.they are
bivariate Hermite polynomials averaged over all the possible peak
configurations: .

0003bi; I /ff“'y”..kfy)”,,(v. u) Pr(y)

MNpk .

9 1 ) j
H;i(v,u) N, u) l( r;p) ( (_;”) N(v, u)
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GENERALIZING PBS (1)

* Bias factors b; can be written as derivatives of N(v,u) , i.e.they are
bivariate Hermite polynomials averaged over all the possible peak
configurations: .

0003bis I/ff"'yn..k(y)ﬁ,,(v.u)!’u(y)

MNpk .

) 1 ) ]
H,,(H. ) .'\"(f’-”) l( f;,}) ( (_;”) .-’\’(l'/. i)

* The same logic must apply to the bias factors associated with n*(x)
and ¢3*(x) . We thus expect ensemble averages of generalized
Laguerre polynomials:

" (-1)k f o/ 3n*
(TTI“\AI) /’!lllynl,l\(y)[‘kl >( ‘f )]J](y}

pk 2
2k ( I)’ ‘ 10 (3/2) '-K..-) )
T5 X0k = d ynl,k[y]!‘* ' > f,(y}
pk &
T G A .
I‘\ll!["r F'J_H =y
" ) n! rh'“({ )

Pirsa: 13090062 Page 48/68



2-POINT CORRELATION

At 2nd order by VD, Crocce, Scoccimarro & Sheth (2010):

1 3 /2 (1/2 5] 2, y(o '
Spk(Ve, 1) = (b?ft()u))‘F‘( (()U)b?lfu(;m) 7 (€12 buel’?) .,({‘_,“lmgﬂ"’)(l F =00 In Gy (1, ive)| )
2 oy o5 H lov=1
D 2 - 10, 2,2 18, (2)\2 2, 5
2 I[‘::c'-]) F—(& .') } _{L‘-I ) ](l | —‘)nl“(':. ’(.J]_-‘Ipr}‘ )
_(‘]’2 { { 1) a=]

3 (1) 2 2 3 /9y, 2 2/9y, 2 2 (
o 4 ((itlru) { 2(‘1'“) l | ala2 [:;(Gg; -]) } 2[{2: -') Ml k50 ll'(":: ](‘el-‘-l“r )
192

0

5
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GENERALIZING PBS (Il)

* A straightforward calculation shows that

l g )
X10 207 (<.i:; ‘pl\) -.§) 207

1 Lol v o ) 2 fia
X01 ) (<:;g“‘1:l‘;> .J) 552 (l ; _)f),,lll(;:, J(ﬁ.|.‘,|4'f,.}

el 0

<)

Physical interpretation: “long”-wavelength perturbations locally modulate
:(3n°) and x3(5¢%) e.g.

ributions N(v,u)

‘20, \f.(.l'Ji - z'.l)(j‘._.f:').j) ( ;)! L;nj(';)

X i (r:¢€)

the mean of the dist
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Xo1:PEAK ASPHERICITY
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Xo1:PEAK ASPHERICITY
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PEAK BIAS FACTORS
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EFFECTIVE LOCAL BIAS EXPANSION (II)

&k(ves ™) can be computed from the local bias expansion

. l 4 9 g 9
r)l,l\{x) (T“hH]f’lx} t (T__}IJ‘”H(X) t _)(Tt_,!l:||1’_{x) t l"T“(T-_n'IlH.”(x)N(X} 1 I}(TE’J“*_J‘H“(X)

-~ -

Fatxi0m®(x) + o3 x01¢3(x) + ...

provided we ignore all correlators involving zero-lag moments
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EFFECTIVE LOCAL BIAS EXPANSION (II)

&k(vesm) can be computed from the local bias expansion

- 1l , 9 | 9 9
r)l,k{x) (T“hH]f’Lx} t (T__}IJ‘”H(X) t ‘)!’T‘_’h‘_}“.“_{x) t fT“(T-_n'IlH.”(X)N(X} t I)(T.Eh”*_l‘”“(x)

- 4

| rr'f\mu”(XJ } rff\mﬁ()() f
provided we ignore all correlators involving zero-lag moments

Speculation: exact to all orders and valid for any point process of a

Gaussian random field specified as a set of “localized” constraints
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COUNTING DARK MAT TER HALOS

Image credit: Acquarius Project (Springel et. al. 2008)
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EFFECTIVE LOCAL BIAS EXPANSION (1)

&k(vesm) can be computed from the local bias expansion

4 l 4 2 _ l o 9
{)I,k{x) (T”’JH]V(X} 1 ﬂ:[}1]|!l(x) t ‘)(T(_)’lg||1’_{x) } fT“(T-_n'llH.”(x)N(x) { I)(TE!J”*_J‘U—‘(X)

- -

f ”f\lt:'!z(X} } ‘T:::\UIL.S(X) FooL
provided we ignore all correlators involving zero-lag moments

Speculation: exact to all orders and valid for any point process of a
Gaussian random field specified as a set of “localized” constraints
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COUNTING DARK MATTER HALOS

Image credit: Acquarius Project (Springel et. al. 2008)
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EXCURSION SET PEAKS (1)

How do we associate halos of mass M with peaks of the initial density field 7
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EXCURSION SET PEAKS (1)

How do we associate halos of mass M with peaks of the initial density field 7

* Smooth the linear density field with a tophat filter on scale R, « (M/p)'/?

* Select all the peaks with height v =wv. and (Appel & Jones 1991)

O( Ry AR,) > 0., ORs;+ AR, <.

Approximation to the first upcrossing condition

Pirsa: 13090062 Page 63/68



EXCURSION SET
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HALO MASS FUNCTION (1)

* The first (up)crossing distribution is

- M dR,
fesp(ve) —nuc(ve, Ry) .
P dv,
and the halo abundance
(‘l[} P ! ( I’ )f!l“f".
Mnptd l“l'..'lf"' Esp V., It rjhl"tl
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