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M Past advances and tools of the trade

{ Current and near-term goals

1 Planned experiments and alternatives



A century of galaxy redshifts

LOWELL OBSERVATORY

BULLETIN No. 68

THE RADIAL VELOCITY OF THE ANDROMEDA NEBULA

1g12, September 17, Velocity, —284 km.
Movember 15-16, " 296
December  3—4, o 308
December 2g-30-31, H —301
Mean velocity, —300 km.

1913: M31 v<0

1915: 11/15 v>0
1917: 21/25 v>0
1923: 36/41 v>0

The expanding
universe

V.M. Slipher (1875-1969)




A Century+ of galaxy redshifts
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Pre-1980s: angular studies

Peebles correlation-
function programme,
applied to Shane-
Wirtanen Lick galaxy
map.

Omor phol ogi
segregation
different correlations

for different galaxy
types (Davis & Geller
1976)
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A Century+ of galaxy redshifts




CfA surveys

13" 128

First CfA Strip
285 = 4« 325

™My = 16.6
Accelerated progress from electronic detectors
CfAl: 239698206s 1977
Cf A2 18, 6109 z6s 19814



Cosmic web: voids, sheets, filaments

Peebles: this would only ar
collapse of a matter distribution with only large-scale
structures (pure baryons; massive neutrinos)
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But 1990s Cold Dark Matter simulations clearly

showed filaments as chains of dark-matter haloes




The multiplex revolution: fibres
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A Century+ of galaxy redshifts

2dFGRS
LCRS




LCRS

126, 418 z56
1991-1998

North
11263 galaxies

M1 Demonstrated
t he d6end
South
g I’ e a t n e S S 12434 galaxies
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A Century+ of galaxy redshifts




2dFGRS power spectrum:
small BAO proves DM
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Baryon Acoustic Oscillations in the CMB

Angular Scale
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The (comoving) distance
that sound waves travel by
recombination sets the
length of the BAO cosmic
ruler at t = 380,000 years:
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oscillations of baryonic gas
falling under dark matter gravity

wi ggl eso



Freezing in the BAO scale
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Care: not the origin of fluctuations. Basedon CMBfast outputs (Seljak &
Zal darriaga) . Gr ee

BAO smooths existing structure from Bashinsky & Bertschinger 2001



Acoustic Peak in 2014

 SDSS-IlIl BOSS gives a strong BAO detection,
measuring the acoustic scale to 1% at z=0.57.
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A Standard Ruler

1 The acoustic oscillation scale
depends on the sound speed
and the propagation time.

I These depend on the matter-to-

radiation ratio (I h?) and the
baryon-to-photon ratio (I4h?).
1 Measurements of CMB
anisotropies imply these and
fix the acoustic scale.

1 In aredshift survey, we can
measure this along and
across the line of sight.

1 Yields H(z) and D,(z)

dr=D,d g

|

dr = (c/H)dz

Observer




The Cosmic Distance Scale
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Planck curve is a
Prediction, not a Fit
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Anderson et al. (2014)



The Lyman a Forest

Neutral H absorption observed

Neutral H simulation (R. Cen) In quasar spectrum at z=3.7
40 55—

i 5000 | 5200 5400 771
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9 The Lya forest in each quasar spectrum tracks the density of the
Intergalactic medium along each line of sight.

1 A grid of sightlines can map the 3-d density at z>2.
1 An efficient way to measure the BAO at z>2.

White (2004); McDonald & Eisenstein (2006)



BAO In the Forest in 2014

1 BOSS has now
produced a strong .
detection (>5s) of the —0ab PNl 1oAY
BAO in the correlations —04f 9 206 | |
Of the N7 0.5 } ..... , Al ﬂ

Ly a forest | —39 |
40 60 &0 100 120 140 160 180
r [Mpc/h]

| [Mpc? /R

1 Tight measurement of
the Hubble parameter
and angular diameter
distance at z=2.4.

BAO detection along the line of
sight from correlations between
140,000 z>2 gquasar spectra.
Busca et al., Slosar et al.
Delubac et al., Font-Ribera et al.



BAO limits on DE equation of
state (w) = P /[

w(a) = wy + (1-a)w,

D
| |
f’lanck + BAO + JLA + Hp
Planck + WL _
1 : s w = T1-0.06
Planck + WL + RSD If unevolving:
oL\, W, — — — — — — — — 1 .
DE looks like
. | cosmological
constant
-9 L -
3
= | 0 1
wo

Efstathiou Planck 2014 preliminary



Redshift-Space
distortions of

clustering
Mock real space
2dFGRS
Mock 2dFGRS from
Hubble volume
real space

Eke, Frenk, Cole, Baugh +
2dFGRS 2003



Redshift-Space
distortions of
clustering

2dFGRS first survey
to benefit from
detailed mock Mock z space
samples 2dFGRS

Mock 2dFGRS from
Hubble volume

Z space

Eke, Frenk, Cole, Baugh +
2dFGRS 2003




Redshift-Space _— V" s
Correlations e

 RSD due to peculiar
velocities are quantified
by correlation fn
(excess fraction of

pairs) X(s,p)

1 Two effects visible:
I Small separations on
sky: -aj-60 0 O
I Large separations on

sky: flattening along
line of sight.

7 / h™'Mpe

-20 0 20
2dFGRS Nature 2001 o / h™Mpe



A route to modified gravity

Cosmology needs to test Einstein gravity

Dark energy: all current measurements relate
to expansion rate, assuming H(z) comes from
Friedmann equation

H2(z) = HZ, [(1V) (142) 2 + W, (1+2) 3 + W (1+2) 4 + W (1+2) 3G9 ]

Curvature matter radiation extra term from non-Einstein?




RSD as test of modified gravity
(Guzzo et al. 2008)

1 Adopt longitudinal gauge (in effect gauge-invariant)

dr? = (14 2¥)dt* — (1 — 2®)~;; da* dx?
Einstein: V*®/a* = 471G pd and ¥ = P

TI1'n MG, potentials can di ff e
plus Poisson equation is modified.

®=(1+w(a,k)V; V*®=yp(a,k)dnrGpd

1 Combine to affect growth of fluctuations

dIn 5/dlna ~ Qm(a)'y; YEinstein — 0.55



Studying the cosmic web at
redshift 1 with VIPERS




VIPERS V3.0 density field: 55,359 redshifts (64% of

total survey)

(Guzzo et al. 2013)
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Growth rate: current state
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DESI (BigBOSS), eBOSS (SDSS-1V), Sumire-PFS (WFMOS), Euclid will
push towards 1% precision at higher z T eventually



Add lensing for overall MG
constraints (1212.3339)

H, + CMB +
25 @ RsD
ol @ crFHTLens
1 5k @ crHTLens + RSD _ U =1+ pu(k,a)|Vg
] CFHTLenS + RSD (lp + (I)) = [1 + E(k, a,)](\IIE + (I)E)
1r +ISW +BAO 1

Relation to effective G and slip are

L+ p=(G"/G)/n;
| 1+ =(G'/26)(1+1/n)

1.5¢ Einstein gravity OK
-2t 1 at10% level
-2.5 ]
3 2 1 0 1 2 3



Amicable divorce in LSS

{1 Astrophysicists
I Want to understand galaxy formation within LSS
I Want highest possible number density (deep)
I Want high-quality spectra

I Happy with representative volume (<1 Gpc3)

1 Fundamentalists
I Want better precision on DE/MG
I Need volume 1T wide ar ea,

I Happy with redshifts only

not



Empirical cosmic web In
GAMA

Eardley et al.
1412.2141
0.6
> GAMA =
1 0.0 2dFGRS + 2
mag (25!
4-03 §
§
4-06 ~
¥ Follow Forero-
4 -09 2 Romero et al.
(2009): Take
o Hessian of
-1.5 potential and
. Voids (44.81%) count
-1.8 Sheets (37.41%)

Filaments (16.21%) elgenvalues
Knots (1.57%) above
threshold ~1
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Empirical cosmic web In
GAMA
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Change i n shape of galaxy LF wi
consistent with correlation with local overdensity
only: no impact of tidal forces on formation history



Data needs

BAO % D error = (V /5 h3 Gpc3)2£ (K., / 0.2 h Mpc1)2E(1+1/nP)/2

! Fundamentalism limited by cosmic variance based on
mode counting

f With typical P=2500 (h-tMpc)? ) need n >= 4 £104 (h-
IMpc)-3. Shot noise unimportant beyond this

 Over0.5<z<1.5,V =1h3Gpcineeds 375 deg?
1T So al l sky (33M z0s) gl ves

{ Astrophysics probably happy with 0.1h-3 Gpc3at n = 0.02
1T2M z6s owver féasdbdge with N



Area more important than quality
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Alternatives?



McDonald & Seljak (0810.0323. See also 1003.3238): cosmic

variance from finite numbers of superclusters is in common
between red & blue. No good with dilute tracers



Studying LSS without spectra?

ADispersed Imaging
APhotometric redshifts

ARadio Imaging and intensity mapping



PRIMUS
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PAU: Photo-z on steroids
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40-band survey
using WHT:

dz / (1+z) = 0.0035
(12 Mpc/h @ z=1)

Significant effects
on BAO & RSD,
but can be
modelled



All-sky photo-z for WISE+SuperCOSMOS

ANNz Using (B,R,W1,W2) and GAMA spectroscopy
U, / (1+z) = 0.032 (0.015 with 2MASS)
Median z = 0.2; useful signal out to z = 0.4 (double 2MASS)
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0.1 <z<0.15
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