Baryon Acoustic Oscillations
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@3 The acoustic scale Is sets by the sound
horizon at last scattering

o] =

trec
§ = c. (1 4+ z)dt =
[ ears P

cs = [3(1+ 3pp/4py)] /2

@3 The sound horizon is extremely well
determined by the structure of the acoustic

peaks in the CMB i
8 .=we 147 1 2 Mpc year 432

(4.54 & 0.06) x 10**m




Why study baryon oscillations ¢

3 Measuring the acoustic scale as a function of redshift probes
the volume of the universe

3 (Geometrical probes are clean because the expansion history
depends directly on the gravitational theory

5 Minimal systematics due to calibration issues suffered by other
cosmological probes

Measures d,

Correlations along and across the line
of sight give measurements of H and d,.

} | Measures H(z)

Provides an internal cross check

Z dzl
o H(2')

dA(Z) XX




Recap from two weeks

e General concepts : metric, horizon, distances, SNIa results pointing towards
accelerating Universe !

e Evolution of dark-matter fluctuations on large scales (linear theory) from
Inflation to Mat / Rad and until today

e Non-linear evolution, generation of a log-normal like density field with
skewness and kurtosis, agrees with second-order perturbation theory

e Nonlinear Spherical Collapse, formation of bound dark matter structure (called
dark matter halos!)

e Halo abundance and mass function —-> relation to Clusters and problem of
mass / observable relation

e Clustering of tracers, galaxy bias and halo bias. How galaxies populate dark
matter halos (Halo Occupation Distribution).

e Clustering in redshift space —-> measuring growth from anisotropic clustering
* Weak Gravitational Lensing —> Measuring dark-matter spectrum directly

e Baryon Acoustic Oscillations in galaxies —> Another distance measurement
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Survey of Cosmological Surveys
—»

SDSS BOSS eBOSS

: Future looks

|
CFHTLens :

.

~N

very exciting !!

—
HETDEX :

S

LSST
WFIRST

2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028

I |Imaging (photometric) survey

I Spectroscopic survey

+ CMB polarization experiments, radio surveys, SKA (21 cm), ..



Cluster cosmology in DES-Y1

Cluster abundance sensitive to dark energy.
Challenge is knowing mass-richness relation

Cluster counts probe
structure growth &
expansion history:

1.

2.

4. priors on scatter richness at fix mass ?

masses calibrated
with weak lensing

systematics include

mis-centering,

constrained by X-ray

data

as the statistical
errors get smaller,
more careful
treatment of

systematics becomes

essential

T I T T T T

I

T _
k0= E 0=0.7, 0,=0.9 3
— - 6z=0.05
a0 L
)
T 102 3
‘é c
i L.
<t
— 10! &= —
N = 3
T C
~ C
% B 8m South Pole Telescope
1 e SZE Survey =
o | |
=X [ [ E
5 —
2 0E 3
< = \_/ =
-9 =
el o0y | =
0 1 2 3
Redshift
z € [0.2;0.35)] z €[0.2;0.35). z € [0.2;0.35)] z € [0.2;0.35)
A€ [20;30) ] A € [30;45) \ € [45;60) EIII: A € [60; 00)

o
g
w
|
PIETYT BTSRRI Y n

i

R

iz X € [20;30)

1 Ny = 1612

iiin X € [30; 45)

1 New s = 687

A € [45;60) ]

T

1 Nys = 762 Ny = 376 Ny = 123 Ny = 91

z € [0.35;0.5)] z € [0.35;0.5)] z € [0.35;0. 5) z € [0.35;0.5)
: A€ [20;30) iz A€ [30;45) A€ [45;60) ] Tgy X € [60;00)
I f n\ \ | '*\
1 Ny = 1549 1 N = 672 Ngus = 187 Ny = 148

z € [0.5;0.65)] z € [0.5;0.65)] z € [0.5;0. 65). $5_ 2z €[0.50.65)

A € [60; 00)

Nlus—92

10l 100 101 10 ! 100 101 10 1 0 101 10_ 100 10!




Cluster cosmology in DES-Y1

Recall that initially overdense regions overcome expansion
to collapse to form structures

Structure in Universe depends on
* expansion history: E(z)
* [nitial density distribution: osg

Number density of clusters sensitive to growth of structure
* also sensitive to volume sampled
* additional E(z) constraints

c (1+2)*d%
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Cluster cosmology in DES-Y1
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Cluster cosmology in DES-Y1

DES redmapper clusters

1.05F

(.60

mm DESY1Cl
B DESY13x2
B Planck

\\

| 1 | 1 —
024 032 040 048 0.60 .75 0.90 1.05
Q. O

1.05

0.90

(.60

T

DESY1 Cl4-aiy, = 0.25 £0.10
B DESY13x2
B Planck

| -

1 l 1 l
024 032 040 048 060 075 0.90 1.05
0, 05

==m

e DES analysis of RedMapper clusters

* Mass-observable relation from weak-lensing

e Scatter priors : None (Left) Yes, from Xray observations (Right)
e Error bars will look similar to 3x2pt ! (time-scale > 6 month?)
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Use the acoustic peak in galaxies as a standard ruler, calibrated by CMB

Baryon Acoustic Oscillations
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Baryon Acoustic Oscillations

Use the acoustic peak in galaxies as a standard ruler, calibrated by CMB






Redshift Space Distortions

On large-scales galaxies move coherently towards
over densities and away from under densities

This generates an additional “observed” fluctuation
that is proportional to the amplitud of the velocity

2

field (the infall / outfall) -
0(p) ~ —pVu
On large-scales the velocity divergence is observer
proportionality to the growth rate of density
perturbations S -
e . S _ alog
Vi=0=—j0 J = dloga faSO(dloga
4 )
Ogal (K, b)) =  bOmass + 1% fOmass Measure anisotropic 2-pt correlations
\ J

intrinsic Z-space



BOSS (baryon acoustic oscillation survey)

Part of SDSS [l (and continuation of SDSS).

1000 fiber spectrograph, observations in 2009 - 2014.

9,329 square degrees (almost 20 Gpc3 in volume)

Redshifts of 1.2 million luminous galaxies t0 0.2 <z < 0.75
Lyman-a forest spectra of 160,000 quasars at2.2 <z <3

Latest science papers release in 2016.

Largest and most precise map of the large-scale structure today

north _galactic cap

' L 05+ 06 07 08. 09 1

south galactic cap

0.9 1.4

60 40 20 RA (dggrees)34o 320 300

240°  220°  200°  180° _ 160°  140°
RA (degrees)



BOSS (baryon acoustic oscillation survey)

SDSS Il - main galaxies

vf SDSS 1l - LRG’S :' —r r [ . 1 1 1 11 ‘:
0.03 1 )\ |\. —o CMASS DR11
< I —o— SDSS-LRG DR3

Redshift z n

- 0.02 — ACDM
prvd i
BOSS CMASS galaxies
0

Large Quality jump from SDSS!

o0 100 150
comoving separation (h-'Mpc)

Sanchez et al. (2014)



Redshift space (anisotropic) measurements

Power spectrum multipoles

2000

1500

kP,(k) [Mpc/hl

1000

500

0.2<z<0.5

O BOSS DR12SGC
® BOSS DR12 NGC
= == best fit SGC

best fit NGC
1 1 1 | 1 1 1 | 1
"ﬁ"a";:";u"g".;"‘;"‘ “““ - o AT
________________________ O_ _ o o ______
"."'E"'U"""."'FT"?"'o'";""';"‘;“ﬁ";‘
| O e__*_ % o % _____ o__-__& - & ¢
_____ E|______'_|______D'________ﬁ_________________
I T B -
0.05 0.1 0.15
k [Mpc/h]

2000

1500

1000

500

kP,(k) [Mpc/hF?

Beutler et al (arXiv 1607.03143)

" 05<z2<0.75

O BOSS DR12SGC
® BOSS DR12 NGC
- = = best fit SGC

best fit NGC

0.1 0.15
k [Mpc/h]



Redshift space (anisotropic) measurements

note these are wedges, not multipoles

Grieb et al (arXiv 1607.03143)
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Distance Measurements

Hubble diagram from Baryon Acoustic Oscillations

e Angular diameter distance better than 1.5% in all bins
e Hubble parameter better than 2.4% in all bins

30

6dFGS

SDSS MGS

SDSS DR7

WiggleZ

BOSS Galaxy DR12
BOSS Lya-auto DR11
BOSS Lya-cross DR11
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Growth Measurements

from Redshift Space Distortions

e about 9.2% or better precision in each bin

| | I | I | I |

0.7F assuming Planck ACDM cosmology |
© DRI12 final consensus
T —— Planck ACDM
0.6} i

03l ¥ GAMA
1 0 6dFGS @ WiggleZ
¢ SDSSMGS Vipers
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Dark Energy
equation of state

Final BOSS analysis: arXiv 1607.03155

‘ CMB alone can’t constrain models that open

o00l ya up the low-z distance scale
~1.05} Opening two degrees of freedom (jointly or separately)
. —-1.20¢} ~ | | N
.| \ Qg = —0.0003 = 0.0027  consistent with flat
D K SN w= —1.01 % 0.06 consistent with A
—1.507 PLANCK+BAO | ' g J
PLANCK+BAO+FS
—1.65¢ PLANCK+BAO+FS+SN -
—0.06 —0.04 -002 0.0 L5 P,
% 1ol P:LANCK+BAO
. . . PLANCK+BAO+FS
“Strong affirmation of spatially flat cold dark 05| PLANCK+BAO+FS+SN
matter model with a cosmological constant” ol A\ w = 03+05
S
-0.5¢
No evidence for evolving -1.0|
FS = full-shape = ~ RSD dark energy :
. —-1.5¢
SN = SNla (JLA, Betoule et al 2014) w(a) =wo + (1 — a)w,

18 —-15 —-12 -09 -06 -03 0.0
Wo



Massive Neutrinos

Neutrino oscillations experiments sensitive to mass differences.

two hierarchies normal hierarchy (NH) inverted hierarchy (IH)
m2 A A m2
[ B I— )
ATngol
[Am3,| = 2.4 x 1073eV? - g

2
ATnatm

A 4 V2
2 — 2 2
Ama, = 7.6 x 10 "eV Em s — 2

These imply a lower limit to the sum of masses ~ 0.06 eV
For the inverted hierarchy the lower limit ~ 0.0982 eV (not far from future constrains)

Cosmology is sensitive mostly to the sum of the neutrino masses

* Measure a non-zero detection of total mass
- Reach an upper limit that excludes the inverted hierarchy



Massive Neutrinos

Neutrinos affect

Cosmic history : At fixed matter-radiation equality, an increased neutrino
mass changes (2,,, today (which can be absorbed in Ho). This degeneracy
can be broken with low redshift distance measurements.

Figure : Emiliano Sefusatti

Growth history : Neutrino mass (if sub-eV)
suppresses growth of structure between the

epoch of decoupling and today below a free or

streaming scale. S
— Xm,=0¢eV
B Ljg (T . ol T vai0.3 eV
knr = kfs(znr) ~ 0.01802/ Lo h Mpc — ¥m,=06eV
ev /7 N
. “y . . 0.01 0.02 005 0.10 0.220 0.50
Their velocities prevents falling into small-scales. k [h Mpc™']

This will modify the expected value of og at z=0 (given the CMB amplitude)

Measurements of low-redshift amplitude of structure also constrain neutrino mass.



Massive Neutrinos

..... Planck o > " m, < 0.25eV at 95% CL

0.7 F 4+ BOSS &, &
- T + SN 1 dominated by the BOSS distance
g 0.50 ' | measurement (not the growth).
R Combining with CMB lensing

0.95 |/ reduces it

_ > " m, < 0.16eV at 95% CL
0.00
U o B although with some potential

concerns due to tensions in the
CMB(lensing) data.



Consistency of GR
f(z) = Qm(2)’

Assuming GR (LCDM) one gets 7Y ~ 0.55

Translate measurements of f(z) into constrains in”Y to see consistency of GR

~ = 0.609 & 0.079

. . .. Planck + BOSS ¢,

1.4

1.0

=06 |

0.8 |

0.4 |

0.2 |

wpr = —1.01673:9%% and v = 0.62772-9%




Modified Gravity

Changing metric potentials

ds® =

V2
VW +¢) =

87rGa2pA X (G,

fixed cosmology |

1.04} i

0.92+ M DRI12
Planck lens |
0.88| WM DRI2 + Planck TT+lowP+lens

B DRI12 + Planck TT+lowP+lens + SN + RSD

060 075 090 105 120 1.3
G

47rGa2pA X GM

a’[—(1 4 2¢)dm° + (1 — 2¢)dx?]

slowly moving particles, “growth of structure”

lensing of light

parametrised evolution with time Gx = 1+ (G — 1)a®

model Gg\f_,) Gg)
s = 0: constant 0.991 £+ 0.022 1.030 = 0.030
s = 1: linear 0.980 = 0.096 1.082 + 0.060
s = 3: cubic 1.01 4+ 0.36 1.31 £+ 0.19

Consistent with GR within less than two sigma



Summary of BOSS - galaxy clustering

e Good agreement with Planck. No preference for extensions of the 6-parameter
LCDM model (even with SNla are included).

e Opening of flatness and DE returns flat and lambda (!).
e Time varying dark-energy is not well constrained

e Stable values of Hy = 67 + 1kms~ ! Mpc™1!, the tension with local
measurements of Hy = 73+ 1.8kms~ ' Mpc~' (Riess et al. 2016) still present

Opened door to Weak Lensing surveys (DES, KiDS)




Weak Lensing

source galaxies at e Matter distorts back-
z~1 ground galaxy shapes

e Measure shapes to
obtain “shear” catalog

e Shear-shear correlations
is an unbiased tracer of
matter distribution

Observer : shapes have been
“sheared” coherently by the
large-scale structure

e Problems - Intrinsic Alignments, Baryon Physics, Getting shapes



Dark Energy Survey

overview

Wide Optical and near IR survey (grizY bands)

525 nights over 5 seasons in 5 imaging bands
5000 deg?2 of which 2500 overlap with South Pole Telescope
I-band magnitud limit ~24 at S/N=10, largest survey at this sensitivity

30 deg? in time domain, SN fields visited at least once per week

- 51:\31 (StrlpeSZ)"“'

_90 L1200 13’

Just finished
4th year of
observations.

X1, xz x3 (XM M)

-75°

E=3] DES (Year 1) 3 DES (SN fields) B DES (SV fields) [ DES (round-13)



Dark Energy Survey

robust combination of probes

Weak lensing (distance, structure growth)
shapes of 200 millions galaxies

— shared photometry/footprint

Baryonic acoustic oscillations (distance) — shared analysis of systematics

300 millions galaxies to z=1 and beyond — shared galaxy redshift estimates

Galaxy clusters (distance, structure growth)
hundred of thousands of clusters up to z~1
synergies with SPT, VHS

DE equation of state w=p/p
w(a) = wot(l-a)wa

1.5] B Current BAO+SN+PI

Type Ia Supernovae (dIStance) B DES (WL+GGL+CL+CN+CW+SN)+BAO+SN+PI |
30 sq. deg. SN fields 1.0f :
3000 SNla to z~1 |

Strong Lensing (distance) S ol
30 QSO lens time delays
Arcs with multiple source redshifts —0.51

—1.0¢

Cross-correlations
Galaxies and WL x CMB lensing ~13 -12 -11 -10 -09 -08 -0.7




DES Science Verification Galaxy Distribution

—45°

~

Ng [arcmin_z]

-50°

@)}

—-55°

90° 85° 80° 75° 70° 65° 60°

2.3 million galaxies used in LSS (i < 22.5)in0.2<z< 1.2



DES Year 1 Galaxy Distribution

5:00h 4:00h 3:00h 2:00h 1:00h 0:00h 23:00h
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9 million galaxies in LSS (i < 21) over 1500 deg?
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CMB and Cosmic Shear

IIIII] 1 | lllTlI] | I IIITIIJ | I Tllxlll

) I W S -

3 | DEssv
= 4 arXiv 1507.05552
: Just look at scales,
= - lensing results are
~ 1 old by now

i — Planck Best Fit Theory \ i

I I I Planck \_

- ¥ ¥ DESSV

CFHTLenS K13
102 L ] b | Lol ] Lo

107 107 10" 10"
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NN
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lenses 'i

Normalized counts

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Redshift
Lens sample

* 600,000 red sequence galaxies Accurate photo-z, optimal for clustering
Source Sample

e Metacalibration 26 Millon shapes Two independent shape measurements

e Im3shape 18 M. shapes pipelines (different systematics & assumptions)



DES Y1 gal-gal clustering

e 5 lens bins (660,000 red galaxies with ~ 1%~2% redshift error),

¢ DES Y1 fiducial

best-fit model

scale cuts
=20 2 3 4 5
g ]
Cg_é ].O __ ° ° °®
~— i + ¢+
% 1 llll"l 11 ||||"I 1 1 lllllll | L llll"l 1 1 ||||"I LI llll"l 1 1 llll"l | L ||||"| 1 1 lllllll 1 llll"l 1
10t 102 10t 102 10t 102 10t 102 10t 102
6 (arcmin) 0 0 0 0
5:00h 4:00h 3:00h 2:00h 1:00h 0:00h 23000
_25° 7 5 : ; z L .
s
: 2 [ dl
,wz(e) - (b%) 7271-‘]0 (l@) / dX Py 1.75
mGO, ey Y
NL \ ——— =
x2H ( z) ’ 45 [ 3
. | |15
Elvin-Poole, Crocce, Ross et al 2017 el

(arxiv 1708.01536)

1.00




DES Y1 shear-shear correlations

Two fully independently calibrated and very different shape measurement
methods produce complementary catalogs over 1600 sq deg

Metacal - Sheldon et al 2017

* 34.8M galaxies in an effective footprint selection of ~1300 deg? used for
cosmological analyses

e riz-band shape measurement

* Calibration performed by directly measuring the shear

response and selection bias galaxy-by-galaxy

Im3shape - Zuntz et al 2013 (unchanged from DES SV)
* 24.6M galaxies in same footprint
* r-band shape measurement

* Calibrated by redesigned, state-of-the-art image simulations



DES Y1 shear-shear correlations

§+(0) = (17°)(0) = (7070(60) + (1) (0);
E-(0) = R[(1)(O)e™] = (17)(0) — (vx7x)(0):
Shapes of galaxies are Spin-2 quantities. Sum and difference of the product

of the tangential and cross components of the shear (ellipticity) w.r.t line
connecting pairs of galaxies.

~1] 1 ()
fj':] (9) / dﬁ&]o/ 4 (96) P ! (2) amplitude and growth

27r
/ rate of structure

. (+1/2
P (¢4) = / qu (Xiz @ (x )PNL ( X/ 7X)
0

2 .
q'(x) = 5 m (—CO) _a(x) / dx'n (X’)d ,X‘ ,X. .
- : (X) Jx X X Geometry (distances or

expansion)



DES Y1 shear-shear correlations

e 10 two-point correlations (26 million sources)

20 4 [11 ¢ DES Y1 fiducial
] ty,t + | best-fit model
R § | 'T+ scale cuts
‘g 90 4 [o1 22 +
c§ 1 M&W Wﬁﬂw Total S/N = 26.8
00 - R it k
L 40 4 + !
= 1 [31 32 33
> g0 - e _Tedlyy t !
5.0 41 42 43 44 ++ +
| . ‘ ' W Wﬁ*ﬁ
T 1 | | ] | | 1
10t 102 10! 102 10t 102 10t 102
¢ (arcmin) 0 0 0

Troxel et al 2017 (arxiv 1708.01538) e Another 10 for xi minus



DES Y1 gal-gal lensing

o 20 correlations Prat, Shanchez et al 2017 (arxiv 1708.01537)
HO [ + 21 31 41 51
0.5 M ___m:-t—’ﬂ—m-g 4} bt ot
i 0..0. M 3 o0 0, ¢ ¢
00 sorgutatteet T ostettigt %W"WT‘M
T 10 B 22 32 42 52
5 1o #0000 ¢ H/oﬁmﬁ
H | ¢ oo 0o% n” .. A ¢ + 4
c?o 0.0 — ° ++l o AL AR ‘M’H?T
= 90 [ + 23 33 43 53
- : /.;LAJ;“LL : +
D 1.0 — 0 *%e ) . ‘
] e* M (ML)
0.0 — ® BRI
2.0
1 [14 24 ! 34 44 54
1.0 — “## ¢ ++ o a8 § + 4 +
0.0 S ¢ '
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Cosmology from high-z to low-z
the money plot

Consistent and comparable constrains between LSS and CMB
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Cosmology from high-z to low-z
the Universe at its two extremes

Combining DESY1 + Planck (w/lensing) + BAO + JLA —> most
stringent constrains so far of large-scale structure related parameters

Q,, = 0.298 % 0.007.
o5 = 0.808+0-009

0.90

Sg = 0.802 £ 0.012. Plenclet BAO L ILA
DES Y1+4Planck+BAO+JLA
. +0.005 0.85
Wy 0.80 —
wCDM :
0.75 —
L +0.05

I I | |
0.24 0.28 0.32 0.36

Introducing w is not formally favoured o



another lensing survey KiDS ™

kilo degree survey

e Will map 1500 deg? in four broad-band filters (u, g, 1, i)
e OmegaCAM has 32-ccd, 300-million pixel camera on the VST.
e Field of view is a full square degree,

e Smaller but a bit better resolution and site (seeing) than DECam.

KiDS-450: Cosmological parameter constraints from
tomographic weak gravitational lensing

- 1
H. Hildebrandt™, e 15 million galaxies in 450 deg?

KiDDS-45(0 e one shape measurement pipeline

e 3 photo-z error estimations



another lensing survey: KiDS

e (blind) Analysis of 4 tomographic bins 0.1 <z < 0.9
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Ss = 084/ /0.3 = 0.745+0.039.
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with Planck 2015
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|_*_| KiDS-450

a —— DIR (no baryons, weighted direct calibration n(z))
% | ° CC (no baryons, cross-correlation n(z))

b .

O —e— BOR (no baryons, re-calibrated P(z))

s >—L—< BPZ (no baryons, BPZ P(z))

g —e— DIR-no-error (no baryons, no photo-z error)

o )_ﬁ no-systematics (no baryons, no photo-z err., no IA)
Lé-? —e— B-modes subtracted (no baryons, no photo-z err.)
‘8 —e— ¢. large scales only (no baryons, no photo-z err.)
v —O0— wCDM cosmology

o —— DES-SV cosmic shear (DES Collaboration 2015)

% § —e— CFHTLenS re-analysis (Joudaki et al. 2016)

O o —eo— Deep Lens Survey cosmic shear (Jee et al. 2016)
§ Planck-TT+LowP (Planck Collaboration 2015)

E m —e— Planck re-analysis (Spergel et al. 2015)

> LZ) —e—— Pre-Planck CMB (Calabrese et al. 2013)

—— WMAP 9-year (Hinshaw et al. 2013)
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Lensing surveys recap

Results from other experiments also point towards low
amplitude in weak lensing measurements [days ago]

survey catalog  area [deg”] No. of galaxies g e [arcmin~?]  zrange tomography
KiDS-450 450 14.6M 6.85 0.1-0.9 4 bins
DES Y1 1321 26M 5.14 02-1.3 4 bins
HSC Y1 137 9.0M 16.5 03-1.5 4 bins

Hildebrandt et. al 2017
Troxel et al. 2017
Hikage et al. 2018




Lensing surveys recap ; they agree!

Results from other experiments also point towards low amplitude in weak lensing
measurements [HSC results two days ago]
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DES KiDs HSC should take weak lensing science to
another level

- Improve the photo-z methodology for redshift estimation
- Shape measurement pipelines

- Understand / calibrate the impact of baryon physics

- Limit the impact of intrinsic alignments

- Set up for multi-probe combination

& open the door to some of the largest surveys doing
both (from space!)

\0‘0@

“T Euclid / ESA mission




Euclid

1.2 meter telescope in a medium size space mission

Deep Survey spectroscopic survey

50 million galaxies in the

range 1<z<?2

Trace 3D distribution of galaxies
Galaxy Clustering

Wide Survey
,'.éii;?&"ft:,j&&i‘% 4
15,000 deg? to Mag limit 24.5 y- imaging survey
2 instruments : —
VIS “deep imager” to measure shapes 2 10° million galaxies in the
NISP “near infrared spectrometer and range 0 <z <2 |
photometer” to measure redshifts with Trace the dark matter in tomography

Weak Gravitational Lensing
filters (“photo-z”)
grism (slitless spectroscopy)
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An artist view of the Euclid satellite — courtesy ESA



