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The future of the Universe?
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The dawn of Dark Energy
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(Einstein 1920°s)
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Dark Energy: Gy =8nGT,, + Ag,.

A : fluid with pa(z)
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Baryon oscillations

- young Universe (age < 370.000 yrs)
» hot and 10nized (T >> 3000 K)
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Baryon oscillations

- young Universe (age < 370.000 yrs)
» hot and 10nized (T >> 3000 K)
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Baryon Oscillations

- young Universe (age < 370.000 years)
- hot and 1onized (T » 3000 K)

- cosmological distance scales » interaction length between photons and baryons
- photons and baryons behaved as a single fluid

the fluid supports density waves
correlation function
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Baryon Oscillations
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Baryon Oscillations

- young Universe (age < 370.000 years)
- hot and 1onized (T » 3000 K)

- cosmological distance scales » interaction length between photons and baryons
- photons and baryons behaved as a single fluid
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Baryon Oscillations

- young Universe (age < 370.000 years)
- hot and 1onized (T » 3000 K)

- cosmological distance scales » interaction length between photons and baryons
- photons and baryons behaved as a single fluid

the fluid supports density waves

cross section of an over-density

100
80
60
40
20

20 40 60 80 100

0.10

0.05

0.00

—0.05

—-0.10

x 107

correlation function

75

50

100

150
r [Mpc]

200

250

16



Baryon Oscillations
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Baryon Oscillations

Cosmological constrains:
in the “right” cosmology the acoustic peak has to be at the

“right” position (e.g. in ACDM ~ 150Mpc)

correlation function
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Baryon Oscillations

Cosmological constrains:

in the “right” cosmology the acoustic peak has to be at the
“right” position (e.g. in ACDM ~ 150Mpc)

pure gravitational evolution (z~1100 to z=0)
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Baryon Oscillations

Cosmological constrains:
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Baryon Oscillations
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Baryon Oscillations
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Baryon Oscillations
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Baryon Oscillations
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Baryon Oscillations
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Baryon Oscillations
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Baryon Oscillations
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Baryon Oscillations

Cosmological constrains:
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A pictorial way to do that...
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Galaxies:

Tracers of matter

P. Petitjean et al. (1995)
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Tracers of matter

P. Petitjean et al. (1995)

Galaxies: 25fR% L T TEET 3
etrace high overdensity regions i e "%)
0O(200) T

e formation hard to simulate
e linear bias model:

8gal = b OpMm




Tracers of matter

(Galaxies: 25

e trace high overdensity regions
0(200)

e formation hard to simulate

e linear bias model: _
Sgat = b dpm, b ~ O(1) Q|

ez~ 0-1 =

> 10

Lya forest:

etrace low overdensity regions 5[ o° 5 el
*non-linear tracer: £ RN
Olﬁ S

fx = exp [—7(2)]
e full hydro simulation possible
(e.g. McDonald 2003):
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The Baryon Acoustic Oscillations Spectroscopic Survey

BOSS

[ one of the four surveys that share the SDSS 2.4m
telescope between 2009-2014

[ BOSS will observe 1/4 of the sky (10,000 deg?)
[ spectra of 1,600,000 galaxies and 150,000 quasars

[ goal: to determine the position of the BAO peak
with a precision of 1% at z~0.6 and 1.5% at z~2.3

1 [ best constraints on the equation of state of dark
energy until the next generation of experiments
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BOSS-data taking

photometry from SDSS-II
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BOSS-data taking

photometry from SDSS-II

" tmp" ———

4600 5600 6600 7600 8600 9600 10000
Wavelength (A°)

target selection

List of targets

SDSS J112253.51+005329.8

SDSSp J120441.73-002149.6
SDSSp J130348.94+002010.4
SDSSp J141205.78-010152.6
SDSSp J141315.36+000032.1

- 1000 fibers/plate
» 250 dedicated to QSO
» 750 dedicated to LRG
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BOSS-data taking

photometry from SDSS-II

" tmp" ———
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- plate goes to focal plane

- 80 min/plate
* 10min to change the plate
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Distance Modulus

Expected constraints for BOSS

BOSS 1n the Hubble diagram
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Towards Lyo-BAO: what makes the measurement possible
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Towards Lyo-BAO: what makes the measurement possible

#1: quasar surface density

distributions of stars and quasars 1n color space
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Towards Lyo-BAO: what makes the measurement possible

: #1: quasar surface density
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Towards Lyo-BAO: what makes the measurement possible
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#1: quasar surface density

adapted from McDonald&Eis.enstein (2005)
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Towards Lyo-BAO: what makes the measurement possible

Flux
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Towards Lyo-BAO: what makes the measurement possible

-

#2. UV-background fluctuations
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Towards Lyo-BAO: what makes the measurement possible
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Towards Lyo-BAO: what makes the measurement possible

#3: visual 1mnspection

eall DR9 180,000 quasar targets where visually inspected
*DLA and BALs tagged (~15% of the quasars)
ecorrected pipeline classification and redshifts

edetect and tag reduction problems
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Towards Lyo-BAO: what makes the measurement possible

#4: mock data

eneed to simulate Ngso X Npixels ~ O(10°) correlated pixels

ebased on Font-Ribera et al. (2012a): cholesky-decompose
many Ngso? matrices

e weeks for O(10) sitmulations

e today 15 full realizations with realistic noise, DLASs, etc.
(challenge for DR10)
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2D correlation function

. e.g. in a flat “fiducial cosmology™:
X.r//r . H r| = (r1 —rz)cos(0/2)
' 1
) ri = (ry +1r2)sin(8/2)
© dz
r(z) =c CH
L ~ CcAz
9 M= H(z)
| ri =(1+2)da(2)0
V da(z) = C dz
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I [h'lMpC]

2D correlation function

150 IO'3
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-150
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1SOtropy:
E(ro,ry) =&(rL + )

The 1ncorrect cosmology breaks
the polar symmetry

Alcock & Paczynski (1979)
(independent of BAO)

AP test measures:
H(z)-da(z)
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I [h'lMpC]

2D correlation function
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AP test measures:
H(z)-da(z)

1f a scale 1s known, two
independent measurements:

H(z)-rs

da(z)/rs
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Caveat ! redshift space distortions

Z=ZcosmoTZ peculiar
“real” space
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Caveat ! redshift space distortions

Z=ZcosmoTZ peculiar

o “redshift” space

-

400 NS 15
200| '
.' 10

0

80900 -600 -400 -200 0 200 400 600 800

63



Caveat ! redshift space distortions

“real” space ,
00 g 20 © Kaiser effect: matter falls towards

600 KRR e R R P R A potential wells
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Caveat ! redshift space distortions

“redshift” space ,
I 20 * Kaiser effect: matter falls towards
potential wells
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Caveat ! redshift space distortions

“redshift” space ,

| —— 20 + Kaiser effect: matter falls towards
potential wells

s+ fingers of God: random velocities in

virialized clusters

800 g

soo'i:-r.‘l‘
400§
200 ;if
' 10

2008

-400 [N

3>

-600

80000 -600 -400 -200 0 200 400 600 800

V

observer
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Caveat ! redshift space distortions

“redshift” space
800 g

6008 b o4
4008
' 10

-200 [EEE
-400 [N
-600 B8

80000 -600 -400 200 O 200 400 600 800

20 °

15 °

Kaiser effect: matter falls towards
potential wells
fingers of God: vinalized clusters

150

-150 -100 =50 O 50 100 150

I [h'lMpC]
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Caveat ! redshift space distortions

“redshift” space ,
S . 20 * Kaiser effect: matter falls towards

potential wells
15+ fingers of God: virialized clusters

800 g

600 St e Iy i ey '.*. :
4008
200 S

o aproblem for cosmology?

-400 [N
-600 B8

80000 -600 -400 200 O 200 400 600 800

68



Caveat ! redshift space distortions

- Kaiser effect: matter falls towards
'0-6 potential wells
104 * Tingers of God: virialized clusters

12 a problem for cosmology?

10.0

No !

02 .
- one additional parameter:

04 Pr(k, ) = b*(1 + Bu?)? P (k)

-150 -100 =50 O 50 100 150

‘ ‘ 0.6
r. [h-"Mpc] p: growth function o« Qn,

(for galaxy surveys)
- the position of the BAO peak 1s not affected
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The BOSS-Lya correlation function measurement

0(N) = F(y

= FOO

radi rdinate = 7 =

Xr// > adial coordinate 0 H(2)
; &
' :;‘ parallel distance = 7_“ /] = H(z)
transverse — . _ g dz — (14 2)d4(2)0
distance - o H(z) ( at
0/

y g(A) — Z wZ]57/5] A: biIl 1Il rll, '
v i,jEA wij: weights
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The BOSS-Lya data sample

wavelength (nm)
360 400 440 480 520

<z>=2.31

redshift of absorbers

*60,369 quasars of 2.1 <z <3.5
*438,640 quasars after removal of BAL or DLA
edefinition of the data sample done before looking at data

ewill measure (1) = <00>, 0(z) = _F(Z) -1

F(z) C(z)

20 22 24 26 28 30 32 34
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The BOSS-Lya correlation function measurement

1st step: continuum fit

an example quasar spectrum

20"_ ' : |
I Lya peak
15

= [ LyP peak

RN : :

o [ : :

O B |

s S5y

=~

= i ]

&= i I
0 , , u
I 2 forest >
—5.._.|'..|...|...|'...|...|

440 460 480 500 520 540

A (nm)



The BOSS-Lya correlation function measurement

1st step: continuum fit

an example quasar spectrum

2()""|"'|"'|"'|"I'|"'|"

Lya peak

[
()
| I | I |

}f " Ly peak
& 10 '
2 | . continuum ]
DIO 5 [
=TT 'ﬂ
= :
0 : ]
i € forest
—5.._..|:...|...|...|'...|...|.._
440 460 480 500 520 540
A (nm)

novel maximum likelthood continuum fit
(recovers the unabsorbed level)



Mean Transmission

The BOSS-Lya correlation function measurement

2nd step: correct for mean absorption (and instrumental features)

0.9

0.8#

redshift
2.0 2.2 2.4 2.6 2.8 3.0 3.2

Rl - ,
J - '
I e LA hl- o . H
- E.-

data
mock recovered
mock input

400 450 500
A (nm)
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The BOSS-Lya correlation function measurement

3rd step: calculate weights &(A) = E : W;j0i0;
i, jEA
1 2 9 2 Ugipe 2
— — Ototal — Pnoise - 0r,ss ? | 01,88
w n(2)
0.055 2T T
0.050 1.1t
. 0.045 1.0} '
N
A -
] ®
S 0.040 09} f
1l
0.035 08f .
0.030 o7bst,
20 25 30 35 20 25 30 35
redshift redshift

(measured from data)
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The BOSS-Lya correlation function measurement
4th step: sum over all pairs of deltas
S(A) = ) wi;6id;
1,]€EA
Sth step: multipole expansion (account for redshift space distortions)

5(7“”,7’1) = &o(r) + &a(r) Pa(p) + E4(r) Py(p) + ..

H r .
N
I‘ H
2 2
r=./r:+r
4 \/n+L

1 1
1 !
1 !
' "

v T

76



The BOSS-Lya correlation function measurement

08<u<l.0 05<u<0.8

’<E(r,un)>
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r’ Eo(1)

The BOSS-Lya correlation function measurement
results: multipole expansion

monopole (£=0) quadrupole (£=2)
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The BOSS-Lya correlation function measurement

results: correlation matrix (from bootstrap)

0.3

02 o] 1n the diagonal
(by construction)
e~ 30% correlation
0.0 between neighbouring bins
o~ -25% correlation
-0.1  between mono-quad bins

0.1

quadrupole

monopole

monopole quadrupole
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r’ Eo(1)

r’ &,(1)

The BOSS-Lya correlation function measurement

1 peak model: fix H, da to
I fiducial values, fit peak
It amplitude

111|4 no peak model: fix peak

Il 1 amplitude to zero
50 IOQ 150 200

szeak =93.3 (83)
X2n0 peak — 111.41 (82)
Ay? = 18.1 (significance 4.25 sigma)

(though starting the fit at higher
rmin reduces the significance)
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Fitting for cosmological parameters

Fits: cosmological fits

eFiducial vs. true cosmology:

fl(r|/| ) T/J_) — S(O‘HTII Qg , T 1)

where (da/r)sd

ag =rsH/(rsH)ga Qdsy = (da/rs)
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Fitting for cosmological parameters

Fits: cosmological fits
eFiducial vs. true cosmology:

fl(r|/| ) T/J_) — S(O‘HTII Qg , T 1)

where
da/Ts
g = TSH/(TSH)ﬁd Ad, = ((gj;r)f)id

e(Calculate mono and quad 1n the fiducial cosmo

1
52(7“/) Z/ dM/PE(MI)f(OéHﬂpOédAM)

—1
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Fitting for cosmological parameters

Fits: cosmological fits

eFiducial vs. true cosmology:

fl(r|/| ) T/J_) — §(O‘HTII Qg , T 1)

where
da/Ts
g = TSH/(TSH)ﬁd Ad, = ((gj;r)f)id

e(Calculate mono and quad 1n the fiducial cosmo

1
(1) Z/ dp' Pe(p")(amr, ag,ri)

1

eAdd a “flexible broadband” (10 parameters)

bg Cy dg
gt(rl):af | | 12 | NG | 520,/)

,r/
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Results

contours for H, da (marginalized over all other parameters)

2.01

Hrs [ACDM]



Results

contours for H, da (marginalized over all other parameters)

20 o rerr e o L ————— _
- best constrained variable: y
I 0.2 [y —0.8
1.5 XLya X A —
~ - measured to ~3%
= 1.0F h
S 0.5 - -
OO IR Ly T PP PP
0.7 0.8 0.9 1.0 1.1 1.2

Hrs [ACDM]



Results

contours for H, da (marginalized over all other parameters)

20 """"" rerrrr T o L T _

<
| Model: Open ACDM Model: Flat wCDM
| | | 0.0]
-0.5
/
A 10— --- g~ - P T
>
6cg +H, (P%anclli) - N
LRG + H, (Plan
0.5 I \\CMAssIHg %Plgrll(gk; 7 -1.5 G+, g}ancg
“Ly<a + H,, (Planc o (Planc
: 7y OLaﬁ F OI=I((,_(ElEm\gk) L/ Cllt/}lzﬁxs f I—l_-I OH((iD grllirgk)
i T all + H, (Planck)
000 . . 2.0 A
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Q. 1 Q

Hrs [ACDM]
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(DA/r)/(D A/ )54

Results

Lya + WMAP
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(DA/ rs)/ (DA/ I s)fid

Results

Lya + WMAP
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Conclusions

The BAO-Lya works!
e First observation of the BAO peak at z ~ 2.3

e So far the highest z, deep 1n the matter domination epoch,
able to measure H (with little model dependence)

e Measurement of H at high at z ~2.3 demonstrates the
deceleration preceding the expansion

e Lya data breaks degeneracies in the (Q2m, Qa) and (Qm,w)
plane confirming the concordance ACDM paradigm

e Future: full BOSS (3x this study), BigBOSS (20x full BOSS)
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Backup
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- - - -
@) o0 ~ \O

(odN/o0s/uY) (z+1)/(2)H
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