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.



Observational cosmology

e A wealth of high precision observations have shown us
a more complex Universe than previously thought.
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Observational cosmology

® The origin of cosmic acceleration is one of the most
important open problems in cosmology.

® A mysterious dark energy must dominate the energy

budget of the Universe.
PDE

WDE — ——
PDE

® The ACDM model: vacuum energy, wpg = —1.

e Alternatively, CA indicates a failure of GR, which
needs to be modified.



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



Cosmology from 1.SS observations

e Statistical analyses of large-scale structure
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Cosmology from 1.SS observations

e Statistical analysis of large-scale structure
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Newtonian perturbations

® In static Euclidean space the evolution of a fluid follows
the equations

p+ V- (pv) =0, continuity
V

v+ (v-V)v= pp V&N Euler

Vioy = 4nGp Poisson

® Decomposing pand p into background and perturbations,
these equations can be combined into

. 0
6p — c2V?8p = 4nGpdp s = £



Newtonian perturbations

® Fourier transforming and defining the Jeans length as

this equation can be written as

op + k3 k- 1)6p=
10_|_CSJ kQ 10_
J

® For modes with wavelengths

A> )y (k/k; <1) — exponential growth

A< Ay, (kAy>>1) —» waves of constant
amplitude



Linear evolution of density fluctuations

® An expanding universe requires a full treatment within GR.
® Working in the long. gauge, focusing on scalar modes...
® Considering only dark matter and radiation...

® The energy cons. equations V#T,, , = 0 can be written as

I 12, ad
36”1 0 = 3P, Conformal time: dt = a(7)dr
15,/)/ — k2U7 — SCI)/, 7_[ - a_’
v+ Hoy = — D, ¢
®is a GR version of the

1
U, T Z(S'V = —], Newtonian potential



Acoustic oscillations

® Neglecting gravitational effects, we can write
0% c k*6, =0 ce =1/V3

® The solution corresponds to acoustic waves
5,0
ks

® where the sound horizon is given by

0~ (7) = 0+(0) cos (krs(7)) - sin (krs(7))

7- ° °
ro(1) = / c. dr the maximum distance that a
0

wave can travel until time 7

® The initial conditions (all modes are super-horizon) imply

5,(0) = —2@;, 4(0) = 0.



Impact of baryons

® Prior to recombination, b and 7y are tightly coupled due to
Thomson scattering -> photon-baryon fluid.

® Baryons contribute to the total momentum density

(po + pb) Vi + (Pv +pv) Vy = (1+ R) (/07 +p7) Vo

where
p_ PotPo _ 3pp ratio of the momenta of

py+ Dy dpy baryons and photons

¢ Including b and ® the Euler and continuity eqs. can still be

combined as
/ / kQ 4]{72 11/
(1+R)d] A 357: ; (1+R)P+4[(1+ R) D]




Impact of baryons

® Assume a constant gravitational potential .

® Assume that the change in R is slow compared to the

frequency of the oscillations
R’
— p— k S
n < w C

e We can then write
0, +4(14+R) D) +k?c2 [0, +4(1+ R)®] =0

e where

, 1 T r 1 -1/2
c, = — Py — d
3(1+ R) 7s(7) /0 31+R)|




T'he cosmic microwave background

® The multiple scatterings quickly thermalise the radiation,
leading to a pertect blackbody spectrum.

h v3dy
CS th/kBT _ 1

E dv =

e Cosmic expansion rescales v as a~ ', changing T as

T x a !

® At recombination, the Universe becomes cold enough to form
neutral hydrogen.

® Photons decouple from baryons, forming the CMB we

observe today.



T'he cosmic microwave background

® The CMB is the best blackbody spectrum in nature.
GHz
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T’he cosmic microwave background
® The signature of BAO is also present in the CMB.

Image: ESA Planck team



T'he cosmic microwave background
® The signature of BAO is also present in the CMB.

gﬁ;ﬁrm?fmw *
; Os = TS(Z*)/DA(Z*) '




T'he cosmic microwave background
® The signature of BAO is also present in the CMB.
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Baryon Acoustic Oscillations

e Consider the behaviour of single density fluctuation.
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Baryon Acoustic Oscillations

e Consider the behaviour of single density fluctuation.
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Baryon Acoustic Oscillations

e Consider the behaviour of single density fluctuation.
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Baryon Acoustic Oscillations

e Consider the behaviour of single density fluctuation.
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Baryon Acoustic Oscillations

e Consider the behaviour of single density fluctuation.

Mass Profile of Perturbation
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Baryon Acoustic Oscillations

e Consider the behaviour of single density fluctuation.
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Baryon Acoustic Oscillations

e Consider the behaviour of single density fluctuation.
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Baryon Acoustic Oscillations

e Consider the behaviour of single density fluctuation.
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Baryon Acoustic Oscillations

e Consider the behaviour of single density fluctuation.
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Baryon Acoustic Oscillations

e (Galaxies form in overdense
regions.

® Several galaxies will form at
the central peak.

® These will be surrounded by
a spherical shell of galaxies at

r=r1rs(2q)

® The real universe has
multiple density peaks. Figure: D. Eisenstein
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Baryon Acoustic Oscillations

e First detection of the

BAQO peak (SDSS-LRG). naar

® Confirmed by other H

techniques and samples.
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Baryon Acoustic Oscillations

¢ BAO can be used as a standard ruler.

Galaxy samples CMB
A
v
0.3 0.5 1. 5 10.80
Redshift
Dyi(z) =1q/60 H(z) =cdz/rq

® Angle-averaged measurements can only measure

W=

Dy(z) = (Dm(2)°cz/H(z))



(alaxy redshift surveys

* BAO measurements require large volumes!

BAOQ scale!



(alaxy redshift surveys

* BAO measurements require large volume

CfA survey (1989)



BOSS m a nutshell

® Designed to tackle CA through ORI
BAQO measurements '

e Total area of 10,200 deg?.

Dec (degrees)

e Positions for 1.2 x 10°LGs

-LOWZ, with 0.1 <z<0.43 AP0 e
1 20° AT
- CMASS, with 0.43 <z <0.7 8 1o
* A sample of 1.6 x 10° QSO, 2 o o o

60°  40° 20° 0° -20° -40° -60°
23 <z< 28 RA (degrees)

Reid et al. (2015)



BOSS m a nutshell

7
‘@b BOSS (2016)

CfA survey (1989)






BOSS m a nutshell

® CMASS-DR12 monopole
correlation function. 0.03

® Great improvement in

statistical uncertainties. 0.0=
* High-significance detection .
of BAO signal.
® [ eads to accurate distance 0

measurements.

Sanchez et al. (2017)
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BAO measurements

® Clustering measurements require a
fiducial cosmology.

® Different choices lead to a rescaling
D/ Im H Im

g Dlw) | Hlew

DM(Zm) H (Zm)

® Angle-averaged measurements are

o

only sensitive to the change in d°s

Wl

, 3
d°s’ = (DV(Zm)) d’s, Dy(z) = (Dm(2)°cz/H(z))

DV (Zm)
® Pair separations are then rescaled as

s' = (Dy(2)/Dv(z)) s



BAO measurements

® Results depend on the

fiducial cosmology. 0,05 S

0.04 Qe = 025 —

0.03

£(s)

0.02 —

0.01 —

Sanchez et al. (2012)
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BAO measurements

® Results depend on the
fiducial cosmology.

0.05

0.04

0.03

£(s)

0.02

0.01

Qfie = 0.25

— — Qfid = 0.40

(a)

Sanchez et al. (2012)




BAO measurements

® Results depend on the

fiducial cosmology. 0.05 | —
I (b)
e This effect can be removed %[ o = 025 -
using the variable v : |
0.03 |- —— Q4 = 040 -
_ fid R
y =1/Dy" (2m) 5
0.02 _—
0.01 :—
o
[ [ . [ I T TR N N S
0.04 0.06 0.08 0.1 0.12 0.1

y=s/D,(z,)

* Sanchez et al. (2012)



BAO measurements

® Results depend on the

fiducial cosmology. 0.05

e This effect can be removed %%

using the variable v

_ fid
® Associating the position of
the peak with r4, we measure *”

0.03

¢(y)

0.02 —

(b)

Qfie = 0.25

— — Qfid = 0.40

Yd = "“d/D%d(Zm) O_
D fid
o V(Z)Td

~ Did(z)rq

0.04

0.06

0.08
y=s/Dy(z,)

0.1

0.12

0:1

® “Sanchez et al. (2012)



BAO measurements

* Great opportunity for accurate cosmological constraints.
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Potential systematic effects

* Systematic errors can dominate final error budget.
e Key issue: how does the BAO signal evolves with time?

* In practice, BAOs are not precisely a standard ruler (Crocce
& Scoccimarro 2008, Sanchez et al. 2008).

* Our models must take into account
- Non-linear evolution (§ > 1)
- Redshift-space distortions (zobs = 2cos + uj/c )

b
2524+ )

- Galaxy bias (light = matter, §, = b10 + o



Potential systematic effects

e The non-linear power
spectrum can be written as

P(k) = Pi(k)G(k)" + Puc(k)

100 E

* Mode-coupling terms affect -

different scales.

P(k)

e For the correlation function

0.1 E

§(s) = &L(s) ® G(s)™ + &uc(s)

e NL evolution damps the BAO °*

signal

RPT expansion (schematic)

ll]'

lllllll I | llll

Crocce & Scoecira®reo (2006)




Potential systematic effects

e The non-linear power
spectrum can be written as I

P(k) = Pr(k)G(k)? + Puc(k) [

* Mode-coupling terms affect
different scales.

Sanchez et al. (2008)
1 1 | I | I I

e For the correlation function

§(s) = &n(s) ® G(s)” + &mc(s)
e NL evolution damps the BAO O-_I P T e s

. o0 100 150
Slgnal r/(Mpc h-1)




Potential systematic effects

e RSD’s main effect is to boost
clustering amplitude.

_gs(r) o 2 L . 4—_
s=tm - (113 57)
f=dInD/dIna

e RSD lead to an extra
damping of the BAO peak.

ISe’ullch?z et all. (2008)

®* real space

®* redshift space

— = §(r)

¢(r)x108
N
I

e Further degrade the BAO 0 -
Signal' 5;) 10 10




Potential systematic effects

e RSD’s main effect is to boost

clustering amplitude. . sanchezetal (2008)
& (1) ( 2. 1 2> ' '
S — — 1 —|— _f _|_ _f 4 _
f(?") 3 5 - ®* real space .

®* redshift space -

— = &(r)

f=dInD/dIna

e RSD lead to an extra
damping of the BAO peak.
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Potential systematic effects

e Our observations probe the
galaxy density field. I

ISéIIIChleZ et all. (2908)

* On large scales, a linear .l edighift. apace -
relation is expected: i * haloes ]

® dark matter

— = §(r)

G (r) = bi (x) 5,
Ee (1) = bzf(T) -

e The effects of NL and RSD L
depend on the halo sample. S R S

o0 100 150




Reconstruction techniques

e The damping of the BAO limits the attainable accuracy.
e Reconstruction attempts to “un-do” these distortions.

e Construct a displacement field \V as

f(2)
b

V(0,8 =2

- U 4
v b

* Significantly improve BAO distance measurements.

e Requires the knowledge of b and f(z).



Reconstruction techniques
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Reconstruction techniques

k data
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Reconstruction techniques
e CMASS DR11: a 1% distance measurement to z = 0.57
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Reconstruction techniques
e CMASS DR11: a 1% distance measurement to z = 0.57
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Reconstruction techniques
e LOWZ DRI11: a 2% distance measurement to z = 0.32

Dy (0.32) = (1264 + 25) ( i ) Mpc
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BAO-only analyses

e Consistent with Planck constraints (assuming ACDM).
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BAO-only analyses

e Consistent with Planck constraints (assuming ACDM).
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Anisotropic clustering

® BO55-DR12 anisotropic
correlation function £(s | , s) e S

£(sL,9))
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Anisotropic clustering

® BO55-DR12 anisotropic
correlation function £(s |, s))

® BAO signal appears as a ring

at s =110 Mpc/h.

e RSD distort the contours,
which deviate from perfect

circles.

® Using S(SJ_, SH) is difficult
(low S/N, cov. matrix)

BOSS DR12-0.5 < 2 < 0.75
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Anisotropic clustering

® Project {(s1, 5| ) into

| BOSS DRI2 - 0.5 < z < 0.75
Legendre multipoles:
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A
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* Alternatively, use clustering =
wedges (Kazin, Sdnchez & Y
Blanton, 2012) ~100
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Anisotropic clustering

® Project {(s1, 5| ) into

150 BOSS DR12-0.5 < 2 < 0.75

Legendre multipoles:
26 1 1 100
o) = S [ s Lman
1 o
=
e Alternatively, use clustering =
wedges (Kazin, Sanchez & S
Blanton, 2012) ~100
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Anisotropic clustering

* CMASS-DR12 clustering

wedges £ | | (s).

* BAO signal can be seen in

both wedges.

* Exploit tull constraining
power of BAO signal.
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Anisotropic clustering

* Anisotropic BAO oF @ & .

3 0spus05 a) E
measurements constrain _ s £ -l :
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OF L —
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Anisotropic Clustermg

* Anisotropic BAO 20 E
measurements constrain _ ;5 £

Yy = Dwm(z)/ra :
y| = Du(z)/rq i3

where Dy (z,) = ¢/ H(zm)

10

103x¢,(s)

e Alternative basis: 15 _
Dy (z)/rd 3 “’é‘ |
Fap(z) = Dm(2)H(z)/c - ::
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parameter s/(Mpe h)



Anisotropic Clustermg

* Anisotropic BAO E

20
measurements constrain 5 b

Yy = Dwm(z)/ra :
y| = Du(z)/rq i3

where Dy (21,) = ¢/H (21)

10

103x¢,(s)

e Alternative basis: " _

Dy(2)/rd S wf
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Anisotropic BAO measurements

* Final anisotropic BAO measurements from BOSS.

* Post-reconstruction anisotropic analyses.

e Complete agreement with Planck ACDM predictions.
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Full-shape clustering analyses

¢ Clustering measurements contain additional information
beyond BAO.
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l.ecture 1: BAO

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

* Galaxy redshift surveys.

® Potential systematic errors.

® Angle-averaged vs anisotropic measurements.

® Present-day BAO measurements.



