Baryon acoustic oscillations
and redshift-space distortions
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l.ecture 1: BAO

e Introduction: cosmology from LSS observations.
® Baryon acoustic oscillations (BAO).

* Galaxy redshift surveys.

¢ Potential systematic errors.

® Angle-averaged vs anisotropic measurements.

¢ Present-day BAO measurements.



l.ecture 2: RSD

e Redshift-space distortions (RSD).

® The density - velocity relation.

® Impact of RSD on clustering measurements.

® Modelling of RSD beyond the linear regime.

® Current cosmological constraints from BAO & RSD.

e Forecasts for future surveys.



Redshift-space distortions

® The LSS of the Universe as traced by galaxies.
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Redshift-space distortions

e The observed redshifts are affected

by peculiar velocities.
(2.0%)

(1 4+ zobs) = (1 4+ 2zcos) (1 +v/c)

® Velocities depend on the density
field itself.

® RSD are a probe of the density-

velocity relation.

® Constrain the growth-rate of Figure: Hume Feldman

cosmic structure.
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Redshift-space distortions

® The observed redshifts are affected

: L BOSS DRI12-0.5 <z < 0.75
by peculiar velocities.

150 7

(1+ Zobs) = (1 + Zeos) (1 +0/C)  _ 4
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® Velocities depend on the density
field itself.
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® RSD are a probe of the density- R0 100 50 ROV
S pc
velocity relation. T —
—30 —40 0 40 80 120
. h h f 325(3L,s”) [h=2 Mpc?]
® -
Constrain the growth-rate o ~ dlnD

cosmic structure. f(2) = dlna



The growth of density fluctuations

® The evolution of d,, follows the continuity, Euler and
Poisson equations.

® Sub-horizon modes ( k > H ) are described by
6! 4+ 2H6! — ArGa® pdy = 0

® The solution to this equation is known as the growth factor

- 50y, H(a) [“ day
D= H, /0 (a1 H (ay1)/Hp)?

® Normalised to give D; = a during matter domination.




The peculiar velocity field

® The evolution of vy, is given by the continuity equation.

Using the fact that ' = 0

Ory — K2 = .
o U ) during matter dom.

® Using our solution for ¢, we find

1 _(Sm(l{?,T)D 1’ Om(k, T)
1

_— — — D/ .
]CQ i Dl | kQDl(T) L

U

® Using that d/dr = aHd/da and defining

a dD; dln D,

f:Dl da  dlna —  vlka)=

Hf(a)

1 om(k,a).




The peculiar velocity field

® The velocity field is given by the gradient of vy,

0, (k,a) = i HF ()5 (k. )

® The growing mode of the velocity field represents matter
flowing to/from over/under-dense regions.
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The peculiar velocity field

® The velocity field is given by the gradient of vy,

0, (k,a) = i HF ()5 (k. )

® The growing mode of the velocity field represents matter
flowing to/from over/under-dense regions.

® Measurements of v, and ¢,,allow us to measure f(a).

® Possible test of deviations from the predictions of GR.

0.55 GR prediction that
can be tested.

f(z) = Qm(2)



The impact of peculiar velocities

® The observed redshifts are given by

v
Zobs :z+(1+z)%

® Using zobs to infer the distance to a galaxy we find

s = x(zom) = X(2) + S5 (),

-
", .*



Redshift-space distortions

® RSD do not change the total number of galaxies
n(s)d’s = n(r) d°r

(1+6%(s)) d?s = (1 +d(r)) d°r
® The volume elements are related by the Jacobian

= (1 & g:§>lN (l e 21;’;)

e Using the solution for the peculiar velocity field, we find
(k) = 60k) (L+ F(IuD) = ks/k
® The power spectrum is then given by (Kaiser 1987).

Pk, ) = (16°(k, i) ) = (1+ F(2)1a})” P(k)




Redshift-space distortions

® We observe the distribution of galaxies
0g = bdp, Vg = Vi
® The redshift-space galaxy density is then
0g (k) = dg(k) + 0 (k) f(2) i

= (k) (1 + B(2)uz) where 3(2) = f(bZ)

® The galaxy power spectrum is given by

PS(k, i) = 0% (1+ B(2)1i3)” Pun (k)

® This result can also be expressed as

Ps(k, pi) = (bos(2) + fos(2)pi) (Pjg(l(z‘;)>



L.egendre multpoles

® Decompose the power spectrum into Legendre multipoles

Py (k, pr) = ZPE ) Lo(pin)

¢ even

Pu(k) = 2D [P k) Lot

OO0

Monopole Quadrupole  Hexadecapole



L.egendre multipoles

® Decompose the power spectrum into Legendre multipoles

Py (k, pr) = ZPg ) Lo(pir)

¢ even

Pu(k) = 2D [P k) Lot

® In linear theory, only multipoles with ¢ > 4 survive:

Falko ) _ (1 +284 162> Lo(p) + <§B+ ;52> La(p)




L.egendre multipoles

® The Legendre multipoles in config.-space are given by

7;6

= o

&o(s) /OOO Pg(k)jg(ks)kZ dk

leading to (Hamilton 1998):

2 1
Sols) = (1 T 56 i 562> $(s), where:

8

c4(5) = 55 5° (€09 + €05 -



The non-hinear regime
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The non-hinear regime

® RSD deviate from linear theory predictions even at high z.

® High-density peaks are characterised by large velocity
dispersions -> the figers-of-God effect.

CfA: 0° < 6 < 30° gh v < 12000 km s~}
Fingers of
God
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Voids

ThC 18h
Great Wall

780 Million light-years



The non-hinear regime

® RSD deviate from linear theory predictions even at high z.

® High-density peaks are characterised by large velocity
dispersions -> the figers-of-God effect.

® The non-linear power spectrum is often described as

P(k, ) = Woo(ifkp) Poovir (K, 1),

\

Non-linear corrections associated = Coherent flow towards
with virialized regions high-density regions.



Modelling BAO & RSD

® Cosmological analysis of the final BOSS (Sanchez et al.
2017, Grieb et al. 2017, Salazar-Albornoz 2017)
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Modelling BAO & RSD

® Cosmological analysis of the final BOSS (Sanchez et al.
2017, Grieb et al. 2017, Salazar-Albornoz 2017)
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Modelling BAO & RSD

e We describe galaxy bias as (Chan et al. 2012)

b
Og —b15+—252—|—V2g2‘|‘73 AzG + ..

where
gZ((I)’U) — (vijq)v)Q _ (V2<I),U)2,
ASQ — gZ((I)) — gQ(q)fU)a

e We model the FoG factor as

1 \No?
Wee(A) = T eXp(l v 3>




Modelling BAO & RSD

® The non-virial power spectrum has three contributions
P (ks 1) = Pog(k) + 2f 12 Py (k) + f214* Poo (k)
Provie (ks 1) = / Z—Z [BGDSDS (a0, k — q, —k)
+ Bop,p,(q —k,k—Q)}a

(3) q: (k: — q-)
Pnovn‘(k ,U) — / (k q) (bl -+ f:uq)(bl - f:uk q)

x Psg(k — q)Pso(q)d’q.




Anisotropic clustering

® BOSS anisotropic clustering measurements
0 oBOSS DR12 NGC - 0.5 < 2 < 0.75
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Anisotropic clustering

® Project £(s1, s)) into

Legendre multipole5° .+, BOSSDRI12-05 <z <0.75
20 |
i) = CID [ e L an i
® Use clustering wedges 2 5Oj
(Kazin, Sanchez & P
Blanton, 2012). = —50)
1 H2 —10():— ~
Es = U T
H2 — 11 Jy, _150 8 '
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® In Fourier space: 51 [h™! Mpd
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Anisotropic clustering

® Project £(s1, s)) into
Legendre multipoles:

(%2 2 /1§(M>S)L£(M)du

Ee(s) =

¢ Use clustering wedges 2
(Kazin, Sdnchez & T
Blanton, 2012). 2

y 1 fo2 ( )
Sy = E(w, s)dp
g H2 — M1 M1

® In Fourier space:

Py(k), B/ (k)
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Anisotropic clustering
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Anisotropic clustering

Sénchez et al. (2017a) 150 BOSS DR12-0.5 < 2 < 0.75
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Anisotropic clustering
® BOSS DR12 clustering wedges:
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The growth rate of cosmie structure

Alam et al. (2017)

0.7} assuming Planck ACDM cosmology _
@ DR12 final consensus
T — Planck ACDM
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Cosmology from 1.SS observations
e Observational effects of cosmic acceleration:

- Expansion history of the Universe:

* cd
o H(Z)

HE =2 r(e) =

- Growth of density fluctuations:

5:Pip

17

® Both effects can be probed by LSS observations



Full-shape clustering analyses

¢ Clustering measurements contain additional information
beyond BAO.
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The dark energy equation of state
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The dark energy equation of state

0.078
0.076
0.074 1 -

0.072F 1

rs(24)/Dy(0.57)

0.070 -

0.068 | -

0.066




The dark energy equation of state

—0.9

/ ——- Planck

---- Planck + BOSS £(s)

Planck + BOSS £(s)
Q= 024975052
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The dark energy equation of state

O0or

llllllllllllll

——- Planck
---- Planck + BOSS £(s)
—— Planck + Anis. BAO

IIIIIIIII

p—

Planck + BOSS £(s)
Qp = 0. 249*8 06

0.21




The dark energy equation of state

—0.5

A Planck
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wpg = —1.051 = 0.076




Anisotropic clustering
® BOSS DR12 clustering wedges:
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T'he dark energy equation of state

e Our results are consistent
: inchez et al. (2017
Wlth the ACDM mOdel. —0.75 0 'Sa'nc' e'Z e a (‘ (') 'az
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T'he dark energy equation of state

e Our results are consistent

with the ACDM model.

® Assuming a constant wpg

wpg = —0.991 -

- 0.055

0 = 0.308 -

- 0.013

® Adding SN information

WDE — —0.990 -

- 0.042

Qm = 0.306 -

- 0.010
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The dark energy equation of state

e Our results are consistent

' Sanchez et al. (2017
with the ACDM model. 2 dnchez et al. (20172)
- T Planck ]
: — Planck + BOSS '
° AllOWlng WDE tO eVOlve ds 1 [ \\‘\ _____ P;lanckiBOSS+SN _

wpg(a) = wo +w, (1 —a)

wo = —0.92 £ 0.11
wg = —0.32 +0.40
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lesting general relativity
® General relativity predicts Sanchez et al. (2017a)

f(Z) _ Q (Z)y 10 '_I h _\ . Planck + BOSS £,
o 11 ," “ !!_; -"\_‘-
with vy =~ 0.55

full sample A

e Deviations from this value
could indicate a failure of GR.

* Combining Planck+BOSS

y = 0.61 + 0.08 A



BOSS consensus constraints

® Galaxy surveys require considerable resources from the
community.

e Effort to maximise the information extracted from these
data sets.

® Question often posed as which statistic or method should
be used (e.g. P(k)vs&(s)).

e Additional information can be obtained from the
combination of different results.



BOSS consensus constraints

* Galaxy clustering information can be compressed into
a set of parameters D (e.g. Dy (2)/ra, H(2)ra, fog(2))

e A set of m measurements D;, C;; can be combined into a
set of consensus constraints D., C.(Sdnchez et al 2017b)

....w;“.:" —-
~~~~~~ Z hove
I e o o -~ S > s deW‘J
Dtot — (D17 y Dm) s e
- mafvelocs
st proof that
Pt P 4 oy e s e ﬂf\o Mron ~
[ ] [ ] [ ] . -:d:.;“.‘. '5 mﬁn#dJ
C 11 C 1m D C T comprestbl %
C 7 C e Rl T P h)f '}LU U
— . y . | STIITTT mocgn e | g
Ctot — . .. . e omoll ... O
° ° R Fﬁ
C ... C TIIIT on Z
m1 mm T =
Witsnppe =i f1QVEr M 2 Q..
L O - - o1 iy
—— e e i )
— b e ol B 'J:




BOSS consensus constraints
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¢ Application to BOSS DR12 results:
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e Consensus constraints are up to 20% tighter than the
most accurate measurement from the original set.

® Good agreement with the Planck ACDM prediction.



BOSS consensus constraints
¢ Application to BOSS DR12 results:

0.70 0.60 0.60
— Full-shape pre-rec. g
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2 S O —_
= 0.60} | E 045) | & 045} =
L3 = = |
0.40 | \ 0.40 | S
0.55| / g/ ER =
0.35} 0.35} vl S
— BAO+FS — Planck ACDM 32| <
0.50 ' ' 0.30 ' ' 0.30 ' ' '
12.0 12.5 13.0 13.5 12.0 12.5 13.0 13.5 0.50 0.55 0.60 0.65 0.70
Dy (2)/rq Dy (z)/rq Fap(2)

® BAO-only and full-shape fits are combined into our final
consensus constraints:

https://www.sdss3.0rg/science/boss publications.php



BOSS consensus constraints

e Consensus constraints on Dy (z)/rq, H(z)rq, fos(z)
are in agreement with Planck ACDM predictions.

® The error bars include statistical and systematic errors.

105 T T T 0.60
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¢ Cosmological implications explored in Alam et al. (2017)



Future galaxy surveys

® A new generation of large volume galaxy surveys:

- eBOSS: LRGs, ELGs, QSO _
SDSS-IV Catches the Rise
at 07 <z < 28 of Dark Energy

- HETDEX: Ly-a emitters,
1.9<z<3.5

- PFS: ELGs, 0.6<z<24

- DESI: LRGs, ELGs, QSO
at 0.4 <z<3.5

— Euclid: H-a emitters,
0.6<z<?




BAO & RSD forecasts

® The Fisher information matrix is defined as

B 0%1n L

In £(8) = In £(8;)

1
— 5 (0~ 60)" F (0 6)
= C((gz,@]) ~ Fz;1

e Use a model to predict &¢(s), {w(s), Pe(k), Py(s).

e Assume Gaussian covariance matrices (Grieb et al. 2016)



Future galaxy surveys

e State of the art of galaxy clustering measurements...
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Future galaxy surveys

e Predictions for Euclid clustering measurements.
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Fucid GC forecasts

e Construct the likelihood

5 5 Fsner - DM(Z)ng
o _ — MCMC p—
function £ o e X/ , where i D (z)rq
? \ f{ﬁd(z)rﬁd
[\ = d
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1.10} '/'\{
. . . Los| AT )\
® The fisher information o ) A
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agreement with real results.




Future galaxy surveys

® A new generation of large volume galaxy surveys:
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® Redshift-space distortions (RSD).

* The density - velocity relation.

® Impact of RSD on clustering measurements.

® Modelling of RSD beyond the linear regime.

® Current cosmological constraints from BAO & RSD.

e Forecasts for future surveys.



