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Betoule et al. 2014

P - -
F :
» 2 >
v
- # e
» 8
»
.z
W p /
- e »
Nz .

ﬂ""’l

% .
&5
.-
<
o
s

llll

2007rw

Figure: B. Dilday
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B Planck TT,TE,EE+lowP+BAO
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Testing modified gravity: does structure grow at the expected rate?

Simulation by
A. Kravtsov
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Trouble with gravity?

07 08 0904 045 05 028 0.3 ‘ A0 e
04(Q,,/0.30)04 04(2=0.57)f(2z=0.57) 0,(z=2.5) Nk -

: Predicted clustering amplitude 1n increasingly flexible
dark energy models, constrained by BAO+SN+CMB.

Measurements from clusters, weak lensing, redshift-space
distortions, Lya forest power spectrum (vertical position arbitrary).

Extrapolating growth of cosmic structure from the CMB to today
overpredicts most local measurements of dark matter clustering..



(b) Dark Energy

02 04 06 08

(c) Baryons

222555558

Qph? Qnh?

002 0.4 0.06 01 02 03 04 05

Hu & Dodelson 2002
See also http://space.mit.edu/home/tegmark/movies.html
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Weinberg & Gunn 1990
Large Scale Structure and the Adhesion Approximation

Zel'dovich Approximation
200 50 -




Adhesion vs. N-body

Cold Dark Matter Hot Dark Matter







Little, Weinberg, & Park 1991
Primordial Fluctuations and Non-Linear Structure




Diemand, Kuhlen, Madau 2006




Self-similar clustering evolution
P(k) ~ k!
@ =/

C. Orban, PhD thesis




0_=0.4 ,=0.6 z=0.0

Zheng et al. 2002
N-body simulations
evolved from same
linear density field
(to same og) with
different
cosmological
parameters.
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Dekel et al. 2009

Keres et al. 2009
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. Conroy, Wechsler, & Kratvsov 2006
Abundance matching /

r, (! Mpc)

M- 5log(h)<-21.0 M- 5log(h)<—20.0
0.02 0.24 2.43 24.35

M;-5log(h)<-20.5 Mj-5log(h)<-20.0

M-3log(h)<-18.0
Mj-5log(h)<-19.0

1.0 0.1 1.0 00

_‘l .
LA MPE) r, (" Mpc)

1.0 0.1 1.0

0 (arcsec)

Projected correlation functions, dotted=DM, solid=SHAM,
points=data

Zero-parameter model reproduces redshift and luminosity
dependence over a remarkable range.




Cosmological Model
initial conditions
energy & matter contents

Q_, 04, n, T

m?

Galaxy Formation Theory
gas dynamices, cooling

star formmation, feedback

Dark Hale Population
n{M)
E(r[p1)
v{r|M)

Halo Occupation Distribution
P(N[M)
gpatial bias within hales
velocity bias within hales

Galaxy Clustering
Galaxy—Mass Correlations

Durham 2001
“A New Era in
Cosmology”




Galaxy correlation function




Zehavi, Zheng, Weinberg et al. 2011

Luminosity
Dependence
101 10% 107 104 1015
M, (h~'Mg)
Color
Dependence

0.01
101t 10!z 10'3 10" 101

M, (h™'Mg)










global HOD
bottom 20 %
top 20 %

10
M (M /h]

K. Mehta PhD thesis: McEwen & Weinberg in prep:
No environment dependence of Environment dependence of
HOD i1n hydro simulations of HOD in Hearin & Watson
galaxy formation. abundance matching galaxy

catalogs.



Yoo et al. 2006

........ HOD modeling of

[ — — -0,=080,=0.7

 calaxy-galaxy lensing

F -—-—-0,=0.30,=0.9
1 E— —0,=030,=10

With HOD chosen to
match galaxy correlation
function, GGL signal
depends on og and Q

i W
?011 1012 1013 10[4 1015 1016
mass (h~!M)




Zu & Mandelbaum 2013

1HOD model vs. SDSS measurements
for og=0.77 and Q_=0.26

L[ ) RS—NISSI—NS—SEL—G— [¢ | —— —
j [10.6-11.0] ] : [11.6°11.2] [11.2-11.4] [11.4°12.0]

- S
A4

AS [Mgh/pc?]
3
N

PP | PSP T | PP NPT | ] AT | PEEPAVTErEY T | PR EEET | 7 e A MR | N .......:I]V[:j'r§ - PR TEY | PR\ PR | il
10" 10° 10' 10" 10° 10’ 10" 10° 10 10"  10° 10
r, [Mpc/h] r, [Mpc/h] r, [Mpc/h] r, [Mpc/h]




Current cosmological data sets

CMB: Planck (all sky), SPT and ACT (~ 0.01 — 0.1 sky)

Supernovae: Union 2.1 and JLA, both ~ 800 Type Ia SNe, z =
0-1.2

Imaging: SDSS (0.25 sky), Stripe 82 (0.005 sky), CFHTLens
(0.005 sky), Pan-STARRS (0.75 sky)

Spectroscopic:
SDSS-I/II: 1 million broadly selected galaxies z = 0-0.2,
10° luminous red galaxies (LRGs) z= 0.2 -0.45
SDSS-III BOSS: 1.5 million luminous galaxies, z = 0.2-0.7,
160,000 quasars at z = 2-4



Images: M. Blanton

Southern Galactic Cap
= spssii



Figs by M. Blanton

SDSS Main
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Figs by M. Blanton
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Figs by M. Blanton

Yellow = SDSS main
REEINIDRRB BNE;
White = BOSS gal.
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Dark Matter, Gas, Photon, Neulrino 0.23 Myrs
z=1440
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Hogg et al. 2005
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Full-sky Errors
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Redshift

Matter P(k)
Redshift Space
504h-3 Gpc?®

Galaxy — Matter Shift (%)

HOD-based P(k)
Redshift Space
z=1, 40h~3 Gpc?

Raw

With Reconstruction

2.5 3
Galaxy Bias (i.e., Halo Mass)
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a=1.016 +0.017
x? =30.53/39 dof
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Anderson, Aubourg, Bailey et al. 2013
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An “inverse distance ladder” measurement of H,
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HST distance ladder ¢
Planck+ACDM ¢
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Significant (~ 26) discrepancy between direct
distance-ladder (Cepheid + SNIa) measurements of
H, and prediction of ACDM constrained by Planck.



An “inverse distance ladder” measurement of H,

HST distance ladder ¢
Planck+ACDM ¢

¢z / Dy,(2)

converges to
Hyatz=0
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BAO distance measurements. Known 1n absolute
units, to 0.4% Planck uncertainty.

Assumes standard pre-recombination physics, but no
assumption about low-z dark energy behavior.



An “inverse distance ladder” measurement of H,
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HST distance ladder ¢
Planck+ACDM ¢

¢z / Dy,(2)

converges to
Hyatz=0
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Normalize SNIa absolute magnitude scale to BAO
distance scale.

Accurate relative SNIa distances transfer BAO
measurements to z = 0.



An “inverse distance ladder” measurement of H,
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HST distance ladder ¢
Planck+ACDM ¢

¢z / Dy,(2)

converges to

Hyatz=0 £ BA0

% SN
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Joint BAO + SN fit with extremely flexible dark energy model
yields , a 1.7% measurement in
excellent agreement with Planck + ACDM.

Higher H, requires changing r,, hence pre-recombination physics.



Dark Energy
Accelerated Expansion —
Afterglow Light Z O . 3 2
Pattern  Dark Ages Development of

375,000 yrs. / Galaxies, Planets, etc.

post—recon

Inflation

Quantum

L g+ TR PN B N
- Rl M PO
Fluctuations § F 7t MDA G w M [ TR | e
R  hd L R Iy %S Iy 1]
v."" . \ - 01 QFOVY
1st Stars SDSS post—recon
about 400 million yrs. \

Big Bang Expansion |

13.77 billion years A -
S 08<pu< 10

High-precision distance and expansion
rate measurements over a wide range of
redshift, with a common standard ruler.

Tighten the pressure on ACDM.

40 60 80 100 120 140 160 180

Planck TT spectrum

Z = 1090




BAO distance measurements vs. ACDM prediction

6rGS | Dy(z) = DA(Z)' x (1+z)
MGS D,(z) =c/H(z)

SDSS — I _m 2 13

LOWZ
CMASS

Lya auto

Do
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* @@ o «4 O O > + |

Lya cross

N
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= 147.49 £ 0.59 Mpc (0.4%)
(Planck 2013, standard radiation background)




Joint constraints (BAO+SN+CMB) on cosmological parameters

= BAO-+Planck == BAO=+Planck
== SN+Planck : == SN+Planck
= BAO+SN+Planck == BAO+SN+Planck

= BAO+Planck 4|l == BAO+Planck
: == SN+Planck

= BAO+SN+Planck e\ = BAO+SN+Planck

0.30 0.32 0.34 0.36 0.38
m

When fitting flexible models to the observed cosmic expansion
history, a cosmological constant and a flat universe are always
close to the best fit.



Hl Lya forest + metals metals

—

HE0940-1050 (z-3.088)

o

The Lyman-a Forest

An observable tracer of
high-redshift structure

—
n
-
E
3
>
123
a
1
=
£
_.‘6
>
o
B
e
@
o
*®
=
i

observed wavelength [A

200 1000

12.5 h'! Mpc (comoving) at z=3 Peeples et al. 2010



Peeples et al. 2010

H4 T-p
flat T—p, T=2x10%

4
10g (Pges/P)

e T\ (10257 /1+2\° (0.7
=12 X 100K Tov 1+3) \h

2 \*T 4.0927
() oo

0.02156 H(z)/H,




M. Blanton

Red = SDSSLRG
White = BOSS gal.
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M. Blanton

Yellow = SDSS mai
Red = SDSSLRG
White = BOSS gal.i\
Cyan = BOSS QSO
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Palanque-Delabrouille et al. 2015
BOSS 1-d Lya forest power spectrum

0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
k (km/s)’
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BAO 1n the Lyman-a forest
Busca, Delubac, Rich et al. 2013
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DR11: 2% distance
scale at z=2.35
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Delubac, Bautista, Busca et al. 2014 +

Font-Ribera, Kirkby, Busca et al. 2014



Tension with Lya Forest

z=0.57, galaxies z=2.3, Lya CMB only
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Models with non-
Zero curvature
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Models with non-
constant dark energy
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Constraints in (Dy D,) plane [expansion, distance]



=50

-50 -40 -30 -20 -10 0 10

Hamilton 1998 (after r, (Mpc/h)
R Reid et al. 2012, BOSS DRY




Vary oy Vary Q

[(2) [2, ol -(B) [og ]

For large scales,

degeneracy axis

ST N g 2SIl o5 predicted by
i linear theory.

30 —
-30 -15 0 15 30 -30 -15

Vary oy, fixed 3 - Vary o,

() [0, o] But small scale
- distortions have
different
dependence on
2, Og, Q.

-30 -15 0 15 30 —-30 -15
g[h—* Mpc] a[h-! Mpc]

Tinker et al. (2006)




Wide Field Infrared Survey Telescope (WFIRST)

» Top priority large space mission in Astro2010 decadal survey

* WFIRST-AFTA would use 2.4-m (Hubble-size) “hand me down”
telescope

* Survey speed 1s hundreds-to-thousands X faster than HST or JWST
* ~ 400 million WL shapes, ~ 20 million galaxy redshifts

* Roughly speaking: doing at z=1what SDSS has done at z=0

O

HST/ACS HST/WFC3 JWST/NIRCAM




WFIRST-AFTA Dark Energy Roadmap

Supernova Survey
wide, medium, & deep imaging spectroscopic: galaxy redshifts || imaging: weak lensing shapes
FU +" 16 million Ha galaxies, z = 1-2 380 million lensed galaxies
SR 1.4 million [OIll] galaxies, z = 2-3 40,000 massive clusters
2700 type la supernovae 1 .
z2=0.1-17 l, 5 v N\ l,

¢ standard ruler dark matter clustering
distances expansion rate z < 11t00.21% (WL); 0.24% (CL)
z=12t005% z=1-2t00.9% z>1100.78% (WL); 0.88% (CL)

standard candle distances —2.31013% = 9.31021%
z<1100.20% and z > 110 0.34% z - S % — 1.1% (RSD)

\ history of dark energy =777

deviations from GR ; 5
w(2), AG(2), Prey/Pnger




High-Latitude Survey (HLS): Imaging depth and WL precision

Sensitivities of LSST, WFIRST, and Euclid

LSST (10 yr, S Henisphege, AM 1.2)
WFIRST (2227 deg 5F£ zodi)
Euclid (15k deg”, p=45°) —
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