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COSMOLOGY WITH GALAXY SURVEYS

Outline

P(k) Estimator & Selection Function -‘ ~‘

RSD & BAO in actual surveys

Bispectrum signal
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'|P COSMOLOGY WITH GALAXY SURVEYS

Introduction FT

/N

Dark matter over-density, 5(F)E%”—l 5(k):j5(x)e"’“dx

2-point correlation function (2pCF), (8(r)é(r+R))=&(R)

Power Spectrum (PS) (8(k)8"(k")y=Q2r) P(k)S" (k+ k")

The PS and 2-pCF are the observables for RSD and BSO
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1p COSMOLOGY WITH GALAXY SURVEYS

Power Spectrum

Key ingredients for cooking a fag / BAO measurement |

Measure PO(k), PY(k) from data
Survey selection function

Model dark matter power spectra
Galaxy bias model

Covariance (error)

ar wbhh =

Mix it with a MCMC sampler and serve it cold!
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1p COSMOLOGY WITH GALAXY SURVEYS

Power Spectrum

Key ingredients for cooking a fag / BAO measurement |

Galaxy bias mode| €— |W. Percival

Covariance (error)<—t .Cuestal

Mix it with a MCMC sampler and serve it cold!

1. Measure PO(k), P (k) from data

2. Survey selection function

3. "Modeldark matter nowerspectra <—| - -0
! BRIEER

4. —

5.
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COSMOLOGY WITH GALAXY SURVEYS

Measuring P(k) from surveys

Real life problems

 Non-uniform distribution of galaxies
e Varying photometric conditions

e Fibre limitations

Héctor Gil-Marin Cosmology School @ Canary Islands



COSMOLOGY WITH GALAXY SURVEYS

Measuring P(k) from surveys

Real life problems

e Varying photometric conditions
e Fibre limitations

¥ spssi

FKP function (Feldman et al. 1994)
w(r)

(P n)-ang

\ \ random catalogue

weight
S same features than data
L catalogue but with no
normalisation S ,
clustering structure
= =\12 73
= [ W@ d’r
actual galaxy catalogue
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COSMOLOGY WITH GALAXY SURVEYS

Measuring P(k) from surveys

Real life problems

e Varying photometric conditions

e Fibre limitations ~

3 SDSS

3 “24. Northern Galactic Cap
- " N

W(r) FKP tunction (Feldman et al. 1994)I
F,(7)=—/—=[n(r)-an(7)]

Yamamoto et al. 2006

P (k)= (2z+1)j j d°r j &, F,(F)F,(7)e“ g (k-F)— P""* (k)

line of sight dependence
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COSMOLOGY WITH GALAXY SURVEYS

PO (k)= (2€+1)J [ [d'n [dnEGIEE)e 0, (k1) — P (k)|

Line of sight dependence through / -

Legendre Polynomials

§,(x)=1 Monopole /

|
§2,(x) = E(3x2 —1)  Quadrupole

For the monopole no-LOS dependence,

P (k)= %U d'n [ d'r,F, (F)F, (7)e" ) = B (k)|

Integrals are separable
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COSMOLOGY WITH GALAXY SURVEYS

PO (k)= (2€+1)J [ [d'n [dnEGIEE)e 0, (k1) — P (k)|

12h

Line of sight dependence through
_E4h

: W=
Legendre Polynomials

§,(x)=1 Monopole

|
§2,(x) = E(3x2 —1)  Quadrupole

For the monopole no-LOS dependence,

P ) (k) J. |: @elk 1 @e—lk " Ponoise (k):|
T T
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COSMOLOGY WITH GALAXY SURVEYS

P (k)= (2€+1)J j d’n | d°rF,(7)Fy(7)e* >, (k-7,)- P (k)

12h

Line of sight dependence through
_E4h

: W=
Legendre Polynomials

§,(x)=1 Monopole

|
§2,(x) = E(3X2 —1)  Quadrupole

For the monopole no-LOS dependence

P (k)= j L F (R, ()= B (k) |
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COSMOLOGY WITH GALAXY SURVEYS

PO (k)= (2€+1)J [ [d'n [dnEGIEE)e 0, (k1) — P (k)|

12h

Line of sight dependence through
R+
Legendre Polynomials !

§,(x)=1 Monopole

|
§2,(x) = E(3x2 —1)  Quadrupole

For the quadrupole,

PP (k)=>5 j U d'n [ d'r,F, (F)F, (7)e™ g, (k-7 )= P (k) |

Integrals are not separable
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COSMOLOGY WITH GALAXY SURVEYS

PO (k)= (2€+1)J [ [d'n [dnEGIEE)e 0, (k1) — P (k)|

12h

Line of sight dependence through
R+
Legendre Polynomials !

§,(x)=1 Monopole

|
§2,(x) = E(3x2 —1)  Quadrupole

For the quadrupole,

P (k)= sj U d°r | d’r,F, (7)F, (7)™ T, (k- 1) - P”"’Se(k)]

Integrals are separable
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COSMOLOGY WITH GALAXY SURVEYS

PO (k)= (2€+1)J [ [d'n [dnEGIEE)e 0, (k1) — P (k)|

12h

Line of sight dependence through
R+
Legendre Polynomials !

§,(x)=1 Monopole

|
§2,(x) = E(3x2 —1)  Quadrupole

For the quadrupole,

P (k)= sj Ud3rF(r)e””1g02(k i [ drFy(7)e ™ —Ponoise(k)}
~~N—

\ /
FT-like il
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Ing

Lagrange
de Paris

Survey selection function

Issue: Estimators previously presented, ﬁg(f)(k) do not measure the actual
underling power spectrum multipoles.

Reason: Non-uniform distribution of galaxies get imprinted inevitably in
F(k) after the FT!

Consequence: The estimators Pg(f)(k) measure a convolution between the
actual underling power spectrum multipoles and the survey geometry

function
whole

boundaries
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Survey selection function

Generalization to higher order multipoles: Wilson et al. 2016

Hankel Transforms:  P“ (k)= 47:(—1‘){[rzfm(r)jf(kr)dr

spherical Bessel functions

Héctor Gil-Marin Cosmology School @ Canary Islands
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COSMOLOGY WITH GALAXY SURVEYS

Survey selection function

Generalization to higher order multipoles: Wilson et al. 2016

Hankel Transforms:  P“ (k)= 47:(—1‘){[rzfm(r)jf(kr)dr

spherical Bessel functions

Masked monopole and quadrupole

EO (1) = EO (W (r) + §5<2><r>wf<r> LW+

ED(r) = EOMW(r)+& (2)(1’){%2(7”) +

|

20 20
7W2(I’)+7W4(I"):|+...

Héctor Gil-Marin

Cosmology School @ Canary Islands



1p COSMOLOGY WITH GALAXY SURVEYS

Survey selection function

Generalization to higher order multipoles: Wilson et al. 2016

Hankel Transforms:  P“ (k)= 47:(—1’){[rzfm(r)jf(kr)dr

spherical Bessel functions
HT of the masked PS

HT of the true PS

EV (N EV (r@r) + S = (2) (r@r) + 5 g (r@r) + ...

ED(r)=E (’”)W22(”)+5(2)(”){W02(7’)+%sz(r)+%Wf(r)}+
VAGEY

Window Function <w,(r)—0 when no selection effect
UAGE!

Héctor Gil-Marin Cosmology School @ Canary Islands
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Survey selection function

Generalization to higher order multipoles: Wilson et al. 2016

r [Mpc/h] r [Mpc/h]
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COSMOLOGY WITH GALAXY SURVEYS

Survey selection function

Generalization to higher order multipoles: Wilson et al. 2016

ination J2000 (degrees)

decl

2
=10

leclination J2000 (¢

5 3 2 100
r [MpC/h] right ascension J2000 (degrees) r [Mpc/h]
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Lagrange
de Paris

Survey selection function

Importance of the window function tor BAO

Window Survey effect in DR14 QSO eBOSS NGC sample

original signal
observed signal - - - -

SN

The survey geometrgl

mixes the modes at
large scales

Héctor Gil-Marin Cosmology School @ Canary Islands
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Survey selection function

Importance of the window function tor BAO

Window Survey effect in DR14 QSO eBOSS NGC sample

original signal
observed signal - - - -
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COSMOLOGY WITH GALAXY SURVEYS

Survey selection function

Importance of the window function tor BAO

Window Survey effect in DR14 QSO eBOSS NGC sample

original signal
observed signal - - - -

Window Survey effect in DR14 QSO eBOSS NGC sample
original signal
observed signal - - - -

Damping of the

amplitude

0.13 |
k[hMpc"] o ]

Héctor Gil-Marin Cosmology School @ Canary Islands



1p COSMOLOGY WITH GALAXY SURVEYS

Survey selection function

Importance of the window function for RSD

P (k,u;2)=[b,(2)+ f()U' T P, (k204" (2)/ 0 (zy)]+ ...

P, (k;z) = lm(lz ZO)) 0y (2] b (2)° +%f (z)bl(z)+%f (2) [+ .
P(Z)(k )_ lm(k ZQ)GSZ(Z) if(Z)bl(Z)‘Fif(Z)z +
' 68 o) 3 ]

2 Eq. & 2 free param.

b,(2)04(z) f(2)04(2)
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COSMOLOGY WITH GALAXY SURVEYS

Window Survey effect in DR14 QSO eBOSS NGC sample

| | | | | | | [
original signa
observed signal - - - -

lin

MOno Po le

0.10 0.12
k [hMpc™]
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IP COSMOLOGY WITH GALAXY SURVEYS

Bispectrum

* Quantity which is essentially non-linear
f all the (k) modes evolve linearly (and the initial conditions
are Gaussian) the bispectrum is 0 and all the mforma’uon on

the system of objects/galaxies is described ;?30,.".{"35"‘ LA
PR ?fﬁﬁ”"*
by the power spectrum. 7 N 5 T

Probability of finding 3 galaxies separated by r, s
and t: P3(r,s,t) =

[1 + gg(l’) -+ 52(5) -+ £2(t) - Q(I’ S. t)]d\/l dV> d\/3
The bispectrum is defined as the FT of ,

B(ki,k2) = [ drds((r,s)e”

i Since. C(r,s,t) = (o(x +r)o(x t)d(x))

B(ki. ko, k3) = (6(k1)d(k2)d(k3))0P (k1 + ko + k3)

Héctor Gil-Marin Cosmology School @ Canary Islands



RS MR COSMOLOGY WITH GALAXY SURVEYS

Bispectrum

e Quantity which is essentially non-linear

f all the (k) modes evolve linearly (and the initial conditions
are GGaussian) the bispectrum is O and all the information on

the system of objects/galaxies is described
by the power spectrum.

5(k) — 5(1)(k) + 5(2)(1{) + ...| Perturbative expansion

(see. M. Crocce Talk)

5" (K)= | F,(Gy--3,6"(@)--6"(G,)d’q,..d°,

ol

=q,+..+tq,

F (G,,....G,) non-symmetrised kernel of n-order

To be computed from recursive relations

Héctor Gil-Marin Cosmology School @ Canary Islands
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COSMOLOGY WITH GALAXY SURVEYS

Bispectrum

e Quantity which is essentially non-linear

f all the (k) modes evolve linearly (and the initial conditions

are Gaussian) t
the system of o

ne bispectrum is 0 and all the information on

ojects/galaxies is described

by the power spectrum.

5(k) — 5(1)(k) + 5(2)(1{) + ...| Perturbative expansion

(see. M. Crocce Talk)

(8(k)5(k") = (8" )8V (k")) +2(8V (k)6 (k")) + (8P (k)SP (k")) +2(8V (k) (k")) + ...

Héctor Gil-Marin Cosmology School @ Canary Islands



BT MR  cosMOLOGY WITH GALAXY SURVEYS

Bispectrum

e Quantity which is essentially non-linear

f all the (k) modes evolve linearly (and the initial conditions
are GGaussian) the bispectrum is O and all the information on

the system of objects/galaxies is described
by the power spectrum.

5(]{) 5(1)(]{) + 5(2)(]{) + ...| Perturbative expansion

_(see. M. Crocce Talk)

4’5<2><k>5<2><k )>+2<5‘”<k>5“><k)
i& +

| |

(6(k)S(k") =

1- Ioop terms

Héctor Gil-Marin Cosmology School @ Canary Islands



1p COSMOLOGY WITH GALAXY SURVEYS

Bispectrum

e Quantity which is essentially non-linear

f all the (k) modes evolve linearly (and the initial conditions
are GGaussian) the bispectrum is O and all the information on

the system of objects/galaxies is described
by the power spectrum.

5(k) — 5(1)(k) + 5(2)(1{) + ...| Perturbative expansion

(see. M. Crocce Talk)

<5(k)5(k')5(k”)> — <5(1)(k)5(1)(k|)5(1)(kn)>_|_2<5(1)(k)5(1)(k|)5(2)(kn)>_l_

Héctor Gil-Marin Cosmology School @ Canary Islands
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COSMOLOGY WITH GALAXY SURVEYS

Bispectrum

e Quantity which is essentially non-linear

f all the (k) modes evolve linearly (and the initial conditions

are Gaussian) t
the system of o

ne bispectrum is 0 and all the information on

ojects/galaxies is described

by the power spectrum.

") (k)

<5(k)5(k')5(k”)> <5(1)(k)5(1)(k )5(1)(k|v)> <5(1)(k)6(1)(k )5(2)(kvv)>

- primordial nG term | |

5(1)(k)+ 5(2)(k)+ Perturbative expansion
: ee. M. Crocce Jal )

1
|

i tree-level terms s‘ ;
} |

|
\
\

i
|
||near term {} I

<6<k> > (8(k)*) (8(k)°)
Sefusatti et al. 2010|

Héctor Gil-Marin Cosmology School @ Canary Islands



RS MR COSMOLOGY WITH GALAXY SURVEYS

Bispectrum

Plotting the Power Spectrum  P(k,u) — P (k),P'?(k),...

CMASS sample (Z4=0.57)

Monopole —a—i
Quadrupole —e—

2
o
.CE\
3
o

k [hMpc ']
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'IP COSMOLOGY WITH GALAXY SURVEYS

Lagrange
de Paris

Bispectrum
Plotting the Bispectrum B(k,.k,,ky) = B(ky3k, .k, )

BOSS DR11

Héctor Gil-Marin Cosmology School @ Canary Islands



COSMOLOGY WITH GALAXY SURVEYS

Bispectrum
Plotting the Bispectrum B(k,.k,,ky) = B(ky3k, .k, )

“--Illl..... -W “‘-llll.....

. L .
o* k;=0.051 hMpc k,=2k, 2*k,=0.0745 hiMpc ky=2k; *, »* k;=0.00 hMpc kp=2k; e
L 4

0.06 008 0.10 0.12 0.14 . 0.14 0.18 0.22 010 014 018 022 026

BOSS DR11
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Bispectrum B(k,,k,,ky) — B (k;)

CMASS Sample (Zeff=0'57)

Equilateral —=—

B [Mpc/h]®

004 006 008 010 012 014 0.16 0.18 0.20
k, [nMpc™ '] BOSS DR12

Héctor Gil-Marin Cosmology School @ Canary Islands
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Bispectrum

Without loss of generality kl < k2 < k3 —  ktk, 2k 2k,

index  k; ko ks

s e

2 0.01 0.01 0.02

3 0.01 0.02 0.02

4 0.01 0.02 0.03 o _— ko
5 0.01 0.03 0.03 h/x k3~kq+ko
6 0.01 0.03 0.04 — @

ks

i 0.02 0.02 0.02 ks~k
i+1 002 0.02 0.03 k)

i+2  0.02 0.02 0.04 ‘
i+3  0.02 0.03 0.03

n Kmax  Kmax  Kmax

Héctor Gil-Marin Cosmology School @ Canary Islands
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Bispectrum B(k,,k,,ky) — B (k;)

CMASS Sample (Zeff=0'57)

Equilateral —=—

B [Mpc/h]®

004 006 008 010 012 014 0.16 0.18 0.20
k, [nMpc™ '] BOSS DR12

Héctor Gil-Marin Cosmology School @ Canary Islands




COSMOLOGY WITH GALAXY SURVEYS

Bispectrum B(k,.k,.ky) = B(I)

CMASS Sample (Zeff=0'57)

-k
o
©

B [Mpc/h]®

200 300
Triangle Index BOSS DR12
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Bispectrum B(k,.k,.ky) = B(I)

CMASS Sample (Zeff=0'57)

Equilateral —=—

-k
o
©

Isosceles —eo— -

B [Mpc/h]°

400 500
Triangle Index BOSS DR12
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COSMOLOGY WITH GALAXY SURVEYS

B(k, .k, ,k,)— B(I)

CMASS Sample (Zeff=0'57)

Equilateral —=—
Isosceles —e—

-k
o
©

B [Mpc/h]®

500
Triangle Index BOSS DR12
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1p COSMOLOGY WITH GALAXY SURVEYS

Bispectrum of dark matter

For a Gaussian initial conditions,

(8(k)S(kNS (k") =2(8" (k)6 (kNSP (k") + ...

B"(k,,ky)= 2P, (k)P,, (k) (k, .k,) + cyc.

n

Héctor Gil-Marin Cosmology School @ Canary Islands
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Bispectrum of dark matter

For a Gaussian initial conditions,

<5(k)5(k')5(k”)> — 2<5(1)(k)5(1)(k1)6(2)(k||)>_I_

where...

= = ———— derived for a EdS

s L k| 2
E' )(ki,kj):7+§cos(al.j) k_l+?] +7cos2(0(ij)

Héctor Gil-Marin Cosmology School @ Canary Islands
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B(k, .k, .k,)

Bispectrum of dark matter ius AR

ACDM  ¢,=0.7

For a Gaussian initial conditions,

<5(k)5(kv)5(ku)> — 2<5(1)(k)5(1)(k1)5(2)(k|v)>_|_

where...

oo - 51 k. |
Fz( )(ki,kj):7+5COS(OCij) k_ |

Héctor Gil-Marin Cosmology School @ Canary Islands



BT MR  cosMOLOGY WITH GALAXY SURVEYS

B(k, .k, .k,)

Bispectrum of dark matter ius Ok k) = 5 byt v, |

For a Gaussian initial conditions,

<5(k)5(kv)5(ku)> — 2<5(1)(k)5(1)(k1)5(2)(kvv)>_|_

|

TN ~ ‘ 1
Btree(kl’kZ)_ 2P lm(k) lm(k22 S, kl k
where. .. _
. 5 A k. | k,=2k,=0.21 h/Mpc
F," (k. k;)=—A—cos(a,)| —A
/ 7 2 / k _’ L1 PN SR T S S T
_ | 0.2 0.4

0/mn

Héctor Gil-Marin Cosmology School @ Canary Islands



BT MR  cosMOLOGY WITH GALAXY SURVEYS

Bispectrum of galaxies
Bias model (McDonald & Roy 2009)

DO PT bUt on 69(k) non-linear Eulerian 4(1 by) t'djlj;mor

5s(x) = bid(x) + obals(07] 4o B I S(x)? |
v —\/—/

non-local Eulerian

linear Eulerian

PT expansion

S(k)=0"k)+ 6% (k)+...

.. S b 2 ..
Bg(k1ak2):b1468 { P, (k)FB,, (k, )|: F( )(k k H’Q 7b2(1—b1)52(k1,k2):|+cyc}
1 1

Shape dependence sensitive to bz (non-linear term) |
;Shape dependence sensitive to b. (tidal tensor term);

Héctor Gil-Marin Cosmology School @ Canary Islands
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Blspectrum of galaxies

- 600 PTHalo mocks (DR11 CMASS)
DQ 6 .
p(0)

o g(@

SR IS [ 4 W I S B o N RPRIe Ve Vo Yo

4

Héctor Gil-Marin Cosmology School @ Canary Islands
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COSMOLOGY WITH GALAXY SURVEYS

Bispectrum of galames in redshlft space

Blspectrum of gaIaX|es in c:onflguratlon space |

f? B,(k,,k,)=b"0,"-

AGEICESIS

-

+cyc.p

| PR , 2 -
lm(k) zm(kz) _Fz( )(kl’k2)+ 22 2(1_b1)52(k1>k2)
k b, 2D, |
Redshift space Kemels{
b, — Z,
Kaiser like
Z,(k k)= b{F(k k)+f“k(“1 “2ﬂ+f;@ k)+f“ uluz[“z 2‘1} by 2 (1 b)S, (k K,

Bispectrum of galaxies in redshift space

B (k,.k,)=0"| 2P, (k)P, (k)Z,(k)Z,(k,)Z", (K, k,) + cyc.

velocity kernel

§ v
N~ \\.
V3

Héctor Gil-Marin
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Héctor Gil-Marin

COSMOLOGY WITH GALAXY SURVEYS

o p(o) N B(O)
p(o) N p(2)
. p(o) N p(2) . B(O)

Kmax=0-15 h/Mpc
z=05

| | |

07 09 11
frue

| | | | | " |

10 12 05 07 09 11 13
b1 f 0'8/(58

Figure 10. Best-fitting parameters for dark matter simulations in redshift space at z = 0.5 for kpax = 0.15
when different statistics are used: blue points correspond to P9 + B(® green points to P(?) + P and red
points to P(% + P?) + B(Y) 45 indicated. The dashed black lines mark the true values. The green dashed lines
mark the b1 o< og I and the f oxog ! relations. Note that b1, ba, f, os, ol . of are varied as free parameters,

although only by, bs, f and og are shown for clarity. . ,
S Gy Bt 52, 4 ’ Gil-Marin et al. 2014

Cosmology School @ Canary Islands



COSMOLOGY WITH GALAXY SURVEYS

Bispectrum of galaxies in redshift space

Héctor Gil-Marin

60 Nbody DM simulations

Degeneracy between

p0 , gO

fo oo 103 partially broken
Jo,=constant

-
*

3 Kmax=0-15 h/Mpc

| | |

07 09 11
frue

I | NP [ PR | PR NP PR

08 10 12 05 07 09 11 13
b1 f 0'8/(58

Figure 10. Best-fitting parameters for dark matter simulations in redshift space at z = 0.5 for kpax = 0.15
when different statistics are used: blue points correspond to P9 + B(® green points to P(?) + P and red
points to P(% + P?) + B(Y) 45 indicated. The dashed black lines mark the true values. The green dashed lines
mark the b1 o< og I and the f oxog ! relations. Note that b1, ba, f, os, ol . of are varied as free parameters,

although only by, bs, f and og are shown for clarity. . ,
S Gy Bt 52, 4 ’ Gil-Marin et al. 2014

Cosmology School @ Canary Islands



COSMOLOGY WITH GALAXY SURVEYS

Bispectrum of galaxies in redshlft space.

Efficiency of fog and b, 04 breaking degeneracy

60 Nbody DM simulations

T 1 I —

002 004 006 008 01 012 014 016 018 02
k [hMpc ']

08 10 12 05 07 09 11 13 07 09 11
f 08/(58Uue
Remember...

r dark matter simulations in redshift space at z = 0.5 for kpax = 0.15

(k)G b 2 + %fb + lfz + points correspond to PY) + B green points to P(”) + P and red
1 1 L )

1. The dashed black lines mark the true values. The green dashed lines

(0)
P, (k)=

lm

® -+ . ®
lations. Note that b1, b2, f, os, ol . of are varied as free parameters,

vn for clarity.
2) ) Gil-Marin et al. 2014
P (k)=
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Bispectrum of galaxies in redshlft space.

Efficiency of fog and b, 04 breaking degeneracy

CMASS sample (z=0.57)
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Bispectrum and BAO

e Bispectrum as an alternative
to reconstruction technigues.

e After reconstruction the
bispectrum signal is
significantly reduced to O

e Reconstruction is pulling
information from B back into P

e By measuring P and B in the
ore-reconstructed field we can

recover post-reconstruction (see W. Percival talk)
BAO information without
assuming GR nor Qp,

Héctor Gil-Marin Cosmology School @ Canary Islands
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Bispectrum of galaxies in redshift space

Conclusions

e Bispectrum is a non-linear quantity (even at first order)

e |Leading order term in bispectrum is sensitive to GR

e Shape dependence sensitive to b, (non-linear term) and
(tidal tensor term)

e t and Ogcan be measured independently

Héctor Gil-Marin Cosmology School @ Canary Islands



