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The Dark Universe: 
Cosmology in 2010 and beyond

□ A Standard Cosmological Model & its Parameters?
■ Inflation, Dark Energy

□ Measurements at low and medium redshift: galaxies
■ oscillations in the baryons: characteristic scales and the 

growth of structure
□ Measurements at high redshift: the CMB
■ Confirming the paradigm, measuring parameters
■ beyond: gravitational radiation

□ Areas of discomfort?...



Do we have a standard 
cosmological model?

□ Flat Universe
□ Dark Matter
□ Acceleration

□ Inflation
□ Dark Energy

□ Parameters
■ depend in detail on 

data and model

Lots of unseen stuff…

… with strange 
properties

Flat ΛCDM Curved ΛCDM
Ωtot

Ωm

ΩΛ
H0

1 1.005±0.006
0.278±0.015 0.282±0.016
0.72±0.015 0.72±0.016

69.9±1.3 km/s/Mpc 68.5±2.0 km/s/Mpc



Measuring cosmological 
parameters

□ The Hubble Diagram M(z)
■ Local: H0

■ Distant: acceleration (q0)
□ densities Ωi

□ Power spectra
■ Galaxies
■ CMB
■ Weak lensing
■ Velocities, 

cluster abundances, ...
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timation method in its entirety, but it should be equally
valid.

7.3. Comparison to other results

Figure 35 compares our results from Table 3 (modeling
approach) with other measurements from galaxy surveys,
but must be interpreted with care. The UZC points may
contain excess large-scale power due to selection function
effects (Padmanabhan et al. 2000; THX02), and the an-
gular SDSS points measured from the early data release
sample are difficult to interpret because of their extremely
broad window functions. Only the SDSS, APM and angu-
lar SDSS points can be interpreted as measuring the large-
scale matter power spectrum with constant bias, since the
others have not been corrected for the red-tilting effect
of luminosity-dependent bias. The Percival et al. (2001)
2dFGRS analysis unfortunately cannot be directly plotted
in the figure because of its complicated window functions.

Figure 36 is the same as Figure 35, but restricted to a
comparison of decorrelated power spectra, those for SDSS,
2dFGRS and PSCz. Because the power spectra are decor-
related, it is fair to do “chi-by-eye” when examining this
Figure. The similarity in the bumps and wiggles between

Fig. 35.— Comparison with other galaxy power spectrum measure-
ments. Numerous caveats must be borne in mind when interpreting
this figure. Our SDSS power spectrum measurements are those from
Figure 22, corrected for the red-tilting effect of luminosity dependent
bias. The purely angular analyses of the APM survey (Efstathiou
& Moody 2001) and the SDSS (the points are from Tegmark et al.
2002 for galaxies in the magnitude range 21 < r∗ < 22 — see also
Dodelson et al. 2002) should also be free of this effect, but rep-
resent different mixtures of luminosities. The 2dFGRS points are
from the analysis of HTX02, and like the PSCz points (HTP00) and
the UZC points (THX02) have not been corrected for this effect,
whereas the Percival et al. 2dFGRS analysis should be unafflicted
by such red-tilting. The influential PD94 points (Table 1 from Pea-
cock & Dodds 1994), summarizing the state-of-the-art a decade ago,
are shown assuming IRAS bias of unity and the then fashionable
density parameter Ωm = 1.

Fig. 36.— Same as Figure 35, but restricted to a comparison
of decorrelated power spectra, those for SDSS, 2dFGRS and PSCz.
The similarity in the bumps and wiggles between the three power
spectra is intriguing.

Fig. 37.— Comparison of our results with other P (k) constraints.
The location of CMB, cluster, lensing and Lyα forest points in this
plane depends on the cosmic matter budget (and, for the CMB,
on the reionization optical depth τ), so requiring consistency with
SDSS constrains these cosmological parameters without assumptions
about the primordial power spectrum. This figure is for the case of a
“vanilla” flat scalar scale-invariant model with Ωm = 0.28, h = 0.72
and Ωb/Ωm = 0.16, τ = 0.17 (Spergel et al. 2003; Verde et al. 2003,
Tegmark et al. 2003b), assuming b∗ = 0.92 for the SDSS galaxies.



Statistical Cosmology
□ Surveys as a cosmological tool ⇒ Power Spectra

□ Initial conditions ⇒ Primordial spectrum

□ Present day ⇒ processed power spectrum

□ Linked via Transfer functions
■ for each kind of “power” measurement Pi
□ e.g., CMB Cℓ, Galaxy spectrum P(k)

■ Pφ: primordial spectrum (of potential fluctuations)
■ Ti(k) depends on the cosmological parameters

Pi =

�
dk T 2

i (k)Pϕ(k)



Power Spectrum of  galaxies 
P(k)

CfA survey

□ Old school: overall shape

□ Growth of structure differs in 
early (radiation) and late 
(matter) epochs
■ turnover at keq∝Heq∝ΩmH0

2dF Ωm=0.27 ± 0.06
SDSS Ωm=0.30 ± 0.03

But now we can see detailed 
structure in P(k)

kEq turnover 
measures
Ωmh



Observations
□ Big complication in practice: bias
■ we observe galaxy numbers, not mass
■ Model: 

□ should be good on large scales…

■ Expect to see overall power-law behaviour with 
superposed oscillations -- sound waves.

δn

n
= b

δρ

ρ
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Sloan Digital Sky Survey
Tegmark et al ’03



Inflation
□ Early period of accelerated expansion, followed by 

reheating into radiation-dominated Universe of standard 
model particles
■ Predicts flat ✓, smooth ✓, hot big-bang ✓ Universe
■ usually realized by slowly-rolling scalar field,  V ≈ ρ ≈ −p
□ “chaotic inflation” & questions of the correct measure for initial conditions 

■ density perturbations via quantum fluctuations (cf. Hawking 
radiation)
□ Scale-invariant: ns ≈ 1	
	
 	
 	
 	
 	
 	
 ✓
□ Gaussian (described by power spectrum)	
 ✓
□ Adiabatic (perturbation to all species)	
 	
 ✓

■ Also predicts background of gravitational radiation
□ Amplitude depends on epoch of inflation
□ (possibly) observable in CMB polarization (not yet)



The Accelerating Universe:
Dark Energy

□ Universe appears to be accelerating again, today
■ (no compelling models yet linking the two periods…)

□ Dark energy affects
■ luminosity and angular diameter distances
□ objects further away than “expected”

■ the growth of structure
□ accelerated expansion 

counters gravitational attraction

□ In standard cosmologies, 
only since z~1
■ dark energy is only beginning to dominate today.
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Dark Energy Models
□ Scalar Field Models (Tµν)
■ like inflation, but need to delay to T~10K~1 meV 

(but no reheating…)
□ Modified Gravity (lhs of Einstein Equation, Gµν)
■ e.g., change coupling in Einstein-Hilbert action — f(R)

gravity

□ Require equation of state 
■ w = p/ρ < −1/3    (needed for acceleration)
■ (although w ≈ −1 typical)



Probing the power spectrum: 
Baryon Oscillations

□ At photon decoupling, early sound waves are 
trapped in the (now ~pressureless) baryons
■ characteristic scale ~cs tdec~100 Mpc

□ Direct view
■ CMB

□ Evolution to today:
■ BAOs from P(k)

Courtesy SDSS



Baryon Acoustic Oscillations
□ See peak in correlations at ~100 Mpc 

corresponding to sound-wave propagation

COSMO 06 Nikhil Padmanabhan

z>1000 Universe is a 
tightly coupled photon 
baryon plasma

Density perturbations 
drive out a sound wave

At z=1000, Universe 
turns neutral, and the 
wave stalls, after 
travelling 150 Mpc

Results in an excess in 
the 2-pt galaxy 
correlation function at 
150 Mpc

Angular clustering 
measures dA(z), radial 
clustering measures H(z)

Standard Rulers

Eisenstein et al, 2005SDSS Galaxy Correlation function



BAOs from Redshift Surveys

The 2DF Galaxy Redshift Survey
□ Also visible as bumps and wiggles in the power 

spectrum



BAOs from Redshift Surveys

The 2DF Galaxy Redshift Survey
□ Also visible as bumps and wiggles in the power 

spectrum



Exploring Dark Energy
□ BAOs: characteristic comoving scale ~100 h-1 Mpc
■ Angular diameter distance dA(z)
□ compare CMB peak dA(1,100)
□ photometric redshift surveys

□ Effect of dark energy on the 
growth of structure over time
□ weak lensing (also sensitive to dA)
■ power spectra & transfer fn

□ “Direct” measurements of the 
	
 Hubble diagram d(z)
■ supernovae Reconstructing the density field

Schrabback et al 2010



Going beyond z=0.1 to measure the shape of the 
Hubble diagram
■ Determining Ω:
■ SNae are dimmer than

would be if  ΩΛ=0 
■ ⇒accelerating expansion

■

 Distant Galaxies and 
acceleration 

Kowalski et al 2008



Future surveys
□ DES, BOSS (SDSS-III), WIGGLEZ
□ Various combinations of
■ SN search
■ redshift surveys
■ weak lensing observations
■ cluster abundances

□ Culminates with EUCLID/JEDAM/… satellite
■ goal: measure w(z)

□ In very general models, w(z) is degenerate with 
primordial spectrum, galaxy evolution, etc… 

Detect ~10% deviations 
from w = −1



The Cosmic Microwave 
Background

□ 400,000 years after the Big Bang, the temperature 
of the Universe was T~10,000 K

□ Hot enough to keep hydrogen atoms ionized until 
this time
□ proton + electron Æ Hydrogen + photon [p+ + e- Æ H+g]
□ charged plasma Æ neutral gas

□ Photons (light) can't travel far in the presence of 
charged particles
□ Opaque Æ transparent

W. Hu



□ Initial temperature (density) of the photons

□ Doppler shift due to movement of baryon-photon plasma
□ Gravitational red/blue-shift as photons climb out of potential wells or fall off of 

underdensities

□ Photon path from LSS to today
□ All linked by initial conditions ⇒ 10-5 fluctuations

What affects the CMB 
temperature?

Cooler Hotter
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Maps of  the Cosmos

DMR

WMAP

MAXIMA



Temperature and polarization 
from WMAP





The CMB from WMAP:
Temperature and Polarization



CMB Measurements: 
State of  the Art

□ Polarization

Chiang et al 2009

Polarization from 
Gravitational Radiation

Primordial GWs
Lensing confusion



The “unified” spectrum c. 2008
Contaldi & Jaffe



Planck: Launched on 14 May!



Planck: Launched on 14 May!



Planck

Planck as a telescope:
dust in the Milky Way galaxy

Planck first light



Future (soon) spectra
Planck gets ~all of T, most of E
Wide frequency coverage for 

“foreground” removal

Breaks “conceptual” degeneracies (do 
we have the overall model correct?); 
most parameters better determined 
by factor of ~few.
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FIG 4.1.— Spectra of sources in “brightness temperature” (in which a Rayleigh-Jeans ν2 spectrum is flat),
superimposed on the Planck frequency bands. Spectra of the Galaxy (as measured by WMAP, see Fig. 1.3) and
M82, a star-forming galaxy, are shown. For the Galaxy, the components contributing to the over-all spectrum are
identified. Also shown are the expected level of CMB fluctuations on a 1◦ scale, and, as a light dashed line (EG),
the expected level of fluctuations introduced by all foreground radio sources on a 10′ scale.

total output power is emitted in the mid and far infrared. For starburst galaxies the fraction
can be as large as 99%. Star forming galaxies thus present a double peaked spectral energy
distribution (SED) with a highly variable ratio between the two components. At the source, the
infrared part of the SED peaks around 100µm. For starburst galaxies at redshifts 2 or larger,
this peak of the SED is shifted beyond 300µm, into the Planck range.

Infrared starburst galaxies are often associated with mergers and interacting galaxies.
Planck will be able to detect the rare high redshift, ultra-luminous, infrared galaxies in the
tail of the luminosity function. Furthermore, the cosmic far infrared background (CFIRB)
in the submillimetre/millimetre range, made up of the unresolved weaker sources, potentially
contains original information on the spatial distribution of mergers, and thus on the galaxy
formation process. Only recently have the galactic and the extragalactic components of the far-
infrared background been separated in the data of the COBE FIRAS and DIRBE instruments.
This background contains power comparable to its optical/UV counterpart. This surprising
result (locally, as mentioned above, the integrated infrared emission of galaxies is only one third
of the optical) has resulted in a strong interest in the population of sources responsible for this
background, but progress has been slow due to the difficulty of observations in this wavelength
range. Planck will be an important tool for studying the CFIRB.

In §§ 4.3–4.4, we describe some of the science goals to be met using Planck observations of
extragalactic sources, as well as complementary ground-based observations that will be made.
We expect substantial gains in our understanding of extreme radio sources and of star formation
processes that drive the thermal re-emission by dusty galaxies.

Planck will provide important and novel data on extragalactic sources; however, from the
standpoint of the CMB, discrete sources (and the CFIRB) are a foreground contaminant. Hence
in § 4.5 we briefly describe how extragalactic sources can be removed from Planck images to
limit the foreground noise they contribute to CMB images. Proper control of this potential
source of error in Planck’s cosmological results will require careful pre-launch modeling and
observations as well as component separation from the CMB images Planck produces.



Gravitational Radiation & CMB
□ Last scattering: 

“direct” effect of 
tensor modes on the 
primordial plasma
■ dominated by lensing of E 
⇒ B for ℓ≳100

□ cleaning?

□ Reionization peak 
ℓ≲20

■ need ~full-sky. Difficult 
for single suborbital 
experiments

□ Limits depend on full 
set of parameters

GRAVITATIONAL WAVES IN THE CMB

• Cosmic variance of dominant scalar fluctuations limits ∆r = 0.07 from T and
∆r = 0.02 if include E

– Degeneracies make actual limits worse; WMAP5 alone r < 0.43 (95% CL)

3

Courtesy A. Challinor

Reionization
peak

Lensing 
peak

Suborbital experiments target ℓ~100 peak:
require order-of-magnitude increase in 
sensitivity over Planck



Beyond Planck: 
New Technologies

Si Lenslet Si Wafer

Pixel pair

Antenna Filter

Bolometer

□ PolarBear - AT Lee 
(Berkeley)

□ Antenna-coupled bolometers
□ ~900 pixels @ 150 GHz, 3000 

bolometers
□ Full use of useful 150 GHz 

Field-of-view
□ New challenges: 1000s of 

bolometers (central limit 
theorem to the rescue????)



EBEX

738 element array 139 element decagon Single TES

3 mm

8.6 cm

150

150 150

150250

250

410

Meng, Lee, UCB

2.1 mm30 cm

From individual bespoke detectors to 
1,500 fabricated en masse



Our strange Universe:
geometry & equation of  state

Kowalski et al 2008



Open Questions
□ Fundamental Theories for Inflation, Dark Energy
■ Would naively expect ρΛ~MPl4 ⇒predict ΩΛ~10122≫0.7

■ pre-Inflation: do we live in a low-entropy Universe?
□ Why now? ΩΛ~Ωm~Ωtot~1
■ do we need anthropic arguments

to solve these puzzles?
□ CMB “anomalies”: low-ℓ anisotropy?
□ Is the simplest ΛCDM model sufficient?
■ Or: hot dark matter? isocurvature fluctuations? 

complicated initial conditions? varying w? non-trivial 
topology?
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Conclusions
□ ΛCDM fits present data

extremely well

□ Next-generation experiments
may measure free parameters
■ Scale of inflationary potential
■ variation of equation of state

□ … and may close some open questions
■ but we will need to revitalize the inner-space/outer-

space connection to answer them all

Courtesy Charles 


