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CosmMoLOGY PROBES

Type la supernovae « CMB
Type Il supernovae * Integrated Sachs-Wolfe effect
Baryon acoustic oscillations * Weak-lensing of CMB

Cosmic shear » Abundance of galaxy clusters

Lensing amplification e Cluster gas mass fraction

Galaxy-galaxy lensing * GW from spiraling neutron stars

Redshift space distorsions e Strong lensing of distant QSOs

e Abundances of lensed arcs

Alcock-Paczynsky effect

GRBs as standard candles



CosmMoLOGY PROBES

Type la supernovae .

Baryon acoustic oscillations
Cosmic shear » Abundance of galaxy clusters

Redshift space distorsions
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Acceleration of the Expansion H from HST
Riess et al '98 ;

Schmidt et al '98
Perlmutter et al '98

Freedman et al, 2001

CMB acoustic peak

Boomerang
Maxima
Archeops
B B b
0P (00F 0% (090 00% 0¥ ok ot g0 qo® o oVt ob

[ ACDM

. Precision measurements :
.. hints for a low Qm sio as ts

WMAP

(Efstathiou et al, 1990) Planck
(Peacock, 1991) SDSS
(Bahcall & Fan, 1998) SNLS

BOSS
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... BUT A RATHER STRANGE BREW ...

* Nature of Dark Energy ?

— Equation of state

p=w(z)Xp
OR
Dark Energy 69.4% — Growth rate of structure
Dark Matter ...... 29.8% f=Qh(z)
Baryons 4.8% WY\

0.55 (GR)



PROBES

e The smooth Universe

“0th order cosmology”

- Type la Supernovae Kinematic probes

— Baryon acoustic oscillations

* Inhomogeneities

— Clusters ~ “1st order cosmology”
. '/ Dynamical probes
— Lensing by Large scale structures

— Redshift space distorsions



TYPE |A SUPERNOVAE

See talk by
P. El-Hage

(Image by D. Dixon)
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e THERMONUCLEAR EXPLOSION OF WD

e RARE EVENTS (~1/ GAL / 1000 YR)
e VERY BRIGHT (~10" SOLAR LUMINOSITIES)

e TRANSIENTS (~ T MONTH)

° G(LMAX) ~ 40%

STANDARDIZABLE — o(LMAX) ~ 15%

| ®* SPECTROSCOPY

> |IDENTIFICATION (BROAD FEATURES)

> CHEMICAL COMPOSITION & VELOCITIES



STANDARD CANDLES IN COSMOLOGY

*0 -0 I:ﬂ,[],l 0, —0.0 ' e Observables:
—- Q. =03,9, =0.7 (ACDM) 4
— 0, =1.0,0, =00 (EdS) — Redshift z = 0A/A
15l — 4 =03, w=-09 (FuCDM) f,’ |
— Apparent flux
g e Standard candles
< f=L/4md2Q2)
0.5F
e d (z) — integrated history of
the expansion
8.5 0.2 0.4 ﬂ‘;ﬁ 0.8 1.0 1.2 dZ
XX
— 1 constraint H(Z)
dr(z) = (1+ z)i /dz’ (Qm(l 4+ 2)* + Qn(1 + 2)? + Qx exp (/ 3- w(f )dz’))
HO 0 14+ 2z
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e 2014 : O(1000) Sne
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 No Big Bang

.---99%
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L L.

(Perlmutter et al, '99)

(Conley et al, '11, Sullivan et al, '11, Guy et al '10)

i 2011: SNLS-3 (stat only)




CURRENT CONSTRAINTS ON W
=1 e Planck + SNe la
w = —1.018 + 0.057

0.4
—0.6 8

-0.8

—1.0k
= -12F

e FoM ~ 30 (SNe + Planck + BOSS)

[ I — — WMAPY ~ ~ i
- =CMi B PLANCK+WP+JLA -

B PLANCK+WP ——— PLANCK+WP+BAO -
L | |

O SR TR ST a— e Note: Planck + BAO

O
T 1.01 =0.08
05k
00— — = — — — 2\~
s 05k

-10F :

[ B PLANCK+WP+JLA [
15[ = * = PLANCK+WP+G11 N\

- I PLANCK+WP+BAO+JLA |}

- ——— PLANCK+WP+BAO . ; '
N A A I (see also Suzuki et al '12,

-0 -18 -16 -14 -12 -10 -08 -06 -04
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SYSTEMATICS

Uncertainty sources o.(Q,) % of o°(Q,,)
Calibration 0.0203 36.7
Milky Way extinction  0.0072 4.6
Light-curve model 0.0069 4.3
Bias corrections 0.0040 1.4
Host relation” 0.0038 1.3
Contamination 0.0008 0.1
Peculiar velocity 0.0007 0.0
Stat 0.0241 51.6

(Betoule et al, 2014)

Photometric calibration (still) dominates

the systematic uncertainty budget.



ASTROPHYSICAL SYSTEMATICS
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(after standardization)

Hubble diagram residuals

(Betoule et al, '14)
Host galaxy stellar mass (Sullivan et al, '10)
e Astrophysical systematics
— 2 populations + evolving demographics ?

— Absorbed into 1 additional parameter



BARYON A€OUSTIC OSCILLATIONS

* Oscillations in primordial
plasma

t

Cg(t
- r, :/ . S(t)dt = 147.5 + 0.6 Mpc
o alt) (Planck Coll XV1)
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(Eisenstein et al, '05 Cole et al '05)



BARYON ACOUSTIC OSCILLATIONS

SBAO

Transverse direction
SBAO | = (1 + Z)DA(Z)AQ
Parallel direction

SBAO| — Az

“Angle averaged” ruler

DV = SBAO X (D124

with more statistics

cz)1/3
H

— separate D (z) & H(z)



BARYON ACOUSTIC OSCILLATIONS

Geometric measurement

Absolute angular distances (r_is known)
Sensitivity to H(z)

Measurable wherever there are baryons

- (Galaxies, Ly-a forest, quasars...)

Expensive probe : millions of redshifts needed

Cosmic variance at low redshift
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SENSITIVITY TO COSMOLOGY
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Redshift

Constrains extensions of ACDM. Sensitive to w and curvature.



DISENTANGLING H(2) & DA(Z)
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(Anderson et al, '13)



BAO IN THE Ly-o0 FOREST

* Background quasars

* Light travels through the
intergalactic medium (ionized

H)
* Ly-a, absorption line

A = 1215A
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(See e.g. Busca et al, '"12, Slosar et al, '13, Font Ribeira et al, '14) z




GALAXY CLUSTERS

X Optical

(Abell 1835, z = 0.25)

(Allen, Evrard, Mantz, '11)



(Frieman '08, Mohr '05)

CLUSTERS
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» Sensitive to
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— Growth of structure
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(Vikhlinin et al '09)



(Frieman '08, Mohr '05)

CLUSTERS
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DETECTING CLUSTERS
South Pole Telescope

Optics — low masses Microwave : SZ effect

DES survey : ~ 5000 deg? SPT survey : ~ 2500 deg?



SZ EFFECT

Wavelength (mm)
10 b 2 1 0.5

1 1 L 1 L L L L I L L L L 1 1 'l 'l
20 50 100 200 500 1000
Frequency (GHz)

Inverse compton scattering on CMB
hot intracluster gas
—> cold spots in CMB @ orig freq
— hot spots at higher freqgs



CLUSTERS COUNTS

aM

dN aVv / >~ dN

— = AQ
dz dzdS$2 [y, dVdM

Survey Area

Lots of astrophysics

Hidden here

Cosmological Volume Cluster mass

Element function



CLUSTER MASSES
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Planck-XMM archive .
Planck-XMM validation
PEP XI — — —

(Planck results 2013 XX)
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e Relate the mass of the
clusters to an observable

— SZ flux (Y)
i - X-ray (Y, = /\/\gas xT)

- Lensing

Bias factor

e (1 =5)Mspo

6 x 1014 Msol

true mass <~ mass estimate

|
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RECENT CONSTRAINTS FROM PLANCK

| | | |
0.88} - Bl
- Planck (TT) + WMAP - :
Z y i % ¢
0.84} - —
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|
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0.72} i
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o8] - S N
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[ . . . . . . . ] A R . |
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£
QTH
Tension with CMB on o, (Planck results 2013 XX)

— Mass bias ?
— Massive V's



COSMIC SHEAR

Credit: R. Massey
http://www.astro.caltech.edu



COSMIC SHEAR
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WEAK SHEAR MEASUREMENTS

Field W1+343 e o .
— 5% anisotropy &= °F%= [ - | « Weak shear signal
I 1 ] i I | I 1 I i I i 1 1 I | 1 1 1 ] |
10000 - . . ,
BN — correlations of ellipticities of distant
B T 1) galaxies (as a function of angular
L ",,‘V‘ I .
5000 |- separation)
7 Soh
= - 2l
w [ dﬁ;éi’,ﬁ . . . .
X ol 7T * Sources of ellipticity:
= . ,ffggﬁ‘;‘f’
> - ?;:,}fﬁ}{:f - natural galaxy ellipticity : ~ 30%
| i :
5000 ez —average over many galaxies
2 L
- :
i %‘{jﬁ, = — Imaging system: 0 - 10 %
P
- ECE = measure ellipticity of stars
~10000 |- | | | 5
~10000 5000 0 5000 10000 ~ cosmological signal : ~ 1%
x [pixel]

Measured ellipticity of stars
(CFHT/Megacam) Hoekstra et al 2005



BARYONS

- A (Mpc/h
10.0. (Mp 1.)0 0.1
1.4 T AR T
— REF/DMONLY ,'I i
> 1-2_‘ — DBLIMFV1618/ DMONLY J 3
5 — AGN/DMONLY |
& 1.0_ ]
= | _
a _ : ]
0.8 - -
0-6_ L i L ...:l i i Lo | L ||||_
0.1 1.0 10.0 100.0
k (h/Mpc)

3 x stat uncertainties

(Semboloni et al, 2012)



CONSTRAINTS FROM SHEAR
MEASUREMENTS

flat ACDM curved ACDM

CFHTLenS CFHTLenS

WMAPS 0.95 WMAP9

Planck Planck
CFHTLenS+WMAPS 0.90 1 CFHTLenS+WMAP9

CFHTCEmS anck

= (S
\ N

CFHTLenS+Flanck

0.75
0.70
— 0.65 !
05 0.6 0.1 0.6
Qp,
(Fu et al, '"14)

See also Heymans et al, '13



REDSHIFT SPACE DISTORSIONS

* Density contrast

0
e Growth rate of structure
dInd(k)
f(z) = dlna

e Parametrized as

f(z) = Qn(2)
- ACDM/GR predict y ~ 0.55

— measurement of f(z) — tests of gravity



REDSHIFT SPACE DISTORSIONS

Real space: Redshift space:

>
—_—

Squaﬁh:i.ug effect 2 ID
Linear regime
— 10§
= 'd L
et /
o *
—_— 0, 0
Collapsed ,,E_:_, :
Turnaround f,_.l;: -10 ‘ bﬁ_
-Z20 N
—_—
& - 30

Collap s:i:ug F:i:l.l.ge:r-of—god A0

_5{] &
-50 -40 -30 -20 -10 0 10 20 30 40 5

e RSD — f(in fact fo ) ry (Mpc/h)

° (Reid et al, '12)

e Alcock-Paczynski test — F(z) = (1+z) D,(z) H(z) (quadrupoles)



REDSHIFT SPACE DISTORSIONS
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(Samushia et al, '14, BOSS Coll)

(Reid et al, '14)
(de la Torre et al, '13)
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- — Planck
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1.2 B [ Planck+(D ir,, F,_ fo,)

| Weaker gravity

1 -

0.8
0.6

P GR-----------
0.4
0.2 Stronger gravity

1 1 1 1 1 1 1 1 I 1 1 1
0.15 0. 2 0.25 0.3

Q,
(Beutler et al '13, BOSS Coll.)
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Growth rate = dInD / dlna

THE FUTURE

1 | 1
0'40 0.5 1

Redshift z

1.5



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42

