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Constraints on parameters:
Combining CMB with other

Probes





The Sloan Digital Sky Survey
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1/4 of the Sky in 5 colors, 1 millon redshifts





Gravitational Instability
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Inferred matter fluctuations at present epoch

Tegmark & MZ
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The Gravitational Lensing Effect

Gravitational Lens in Abell 2218
PF9i«14 • ST Scl OPO • April 5,1995 . W. Coych (UNSW), NASA
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Inferred matter fluctuations at present epoch

Tegmark & MZ
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The Lyman alpha forest

NCSA



The Lyman alpha optical depth

= rey«w*,) w 6 45 x 10^HI (
mecH(zs)

 H 1 \0.03y\0.3/ \ 10

Observer

Distant source

Neutral Hydrogen



4xlO4

x 3xlO4

* 2xlO4

104

0

& - ,

! I I I

4000 5000 6000
A[A]

- I

Dh:

I , ! '
V

... 1 J . i., i i. i . i . t. i. i

7000

ft
ii

I i
J\

L.rt'.J. J „!.

0

Q 1422
Songaila & Cowie

10 20 30 40 50



Inferred matter fluctuations at present epoch

Tegmark & MZ
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X-polarlsied CMB
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Tegmark et al.
Constraints
combining WMAP
and SDSS

astro-ph/0310723
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FIG. 1; Summary of observations and cosuiologkal luodels, Datap<auts are tor unpularked CMB esjcperinierits combined (top; Appendix
A,3 details data used) cross-polarized OMB M n WMAF (middle) aud Galaxy power from SDSS {bottom). Shaded bands allow the 1-
aigiiia. ritiigH of tli^srtdiicttl rnodels from th« Moniio-Cario Markov eii«i.ns5 both &>r (xsisirioliagicisil patat:n«tev» (right) and for tliB <;orr««ix»idtng
power spectra (Mb). Blrom oufc^de m, these bemds correspond to WMAP with no priors, adding the prior fv = 0, w = - 1 , iurther adding
the priors Uk = *' — & — 0, arui iurther adding the SDSS information, reapeciively. These fovu- bauds esaeutiaily <mucide in the top two
panols, since the CMB cortstraints wt«re included in thes fits. Note that the f-stxis in the -nppfsr two panels gcxs from logarithmic on thes left
to linear on the right, to show important featui'es at both, ends, whereas the fc-aacis of ihc bottom panel Hi simply logarithmic.
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FIG. 2: Constraints on iiidiYidual cosinologicnl quantities using WMAP alono (shaded yellow/light grey distributions) and including SDSS
Information (narrower red/dark grey distributions). Each distribution shown has been marginalized over all other quantities in the class
of 6-paramotor (i ',!lAi l l lJiuliJlii ' i») "vanilla" models as wall as over a galaxy Was parameter 6 for the SDSS case. The a-distributions
are also marginalized over r and Qfc. The parameter measurements and error bars quoted in the tables correspond to the median and the
central 68% of the distributions, indicated by three vertical lines for the WMAP+SDSS case above. When the distribution peaks near
aero (like for ?•). we instead quote an upper limit at the 95th pereeritile (single vertical line). The horizontal dashed lines indicate e~x <2

for w — 1 and 2, respectively, so if the distribution were Gaussian, its intersections with these lines would correspond to \a and 2a limits,
respectively.
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FIG. 3: 95% constraints in the (rcs,u>;,) plane. The shaded dark
red/grey region is ruled out by WMAP alone for 6-parameter
"vanilla" models, leaving the long degeneracy banana discussed
in the text. The shaded light red/grey region is ruled out when
adding SDSS information. The hatched band is required by Big
Bang Nucleosynthesis (BBN). Prom right to left, the three vertical
bands correspond to a scale-invariant Harrison-Zel'dovich spectrum
and to the common inflationary predictions ns — 1 — 2/A' ~ 0.96
and ns = 1 — !l/N ~ 0.91 (Table 6), assuming that the number
of e-foldings between horizon exit of the observed fluctuations and
the end of inflation is 50 < JV < 60.
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FIG. 9: 95% constraints in the (n m , n A ) plane. Shaded dark
red/grey region is ruled out by WMAP alone for 7-parameter
curved models, illustrating the well-known geometric degeneracy
between models that all have the same acoustic peak locations.
The shaded light red/grey region is ruled out when adding SDSS
information. Continuing inwards, the next two regions are ruled
out when adding the r < 0.3 assumption and when including SN
la information as well. Models on the diagonal dotted line are flat,
those below are open and those above are closed. The constraints
in this plot agrees well with those in Figvire 13 from [6] when taking
the T prior into account.
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FIG. 13: 95% constraints in the (Qm,w) plane. Shaded dark
red/grey region is ruled out by WMAP alone when equation of
state w is added to the 6 "vanilla" parameters. The shaded light
red/grey region is ruled out when adding SDSS information, and
the yellow/very light grey region is excluded when including SN la
information as well.



What to expect in
the near future

McDonald et al. (SDSS) astro-ph/0405013

0.1

Parameter constraints
form Lyman alpha
forest constraints of
SDSS quasars.

0.01 3000 SDSS
quasars

0.001 0.01

k [(km/s)"1]

Fig. 21. Points with error bars show the observed Pp{k,z). Lines show our first attempt, to fit a
theoretical model, which is not a good fit to the data. From bottom to top — z=2.2: black, solid
line, open square; z=2.4: bhie, dotted line, 4-point star (crass); z=2.6: cyan, dashed line, filled
square; z=2.8: green, long-dashed line, open triangle: z=3.0: magenta, dot-dashed line, 3-point
star; z=3.2: red, dot-long-dashed line, filled triangle; z=3.4: black, thin solid line, open pentagon:
z=3.6: blue, thin dotted line, 5-point star: z=3.8: cyan, thin dashed line, filled pentagon.



Secondary Anisotropies

Secondary anisotropies are those produced by the scattering of
CMB photons along the line of sight after recombination



Secondary Anisotropies

They can be divided into two classes:

1. Actual scatterings with electrons:
• Thermal SZ Effect
• Kinetic SZ Effect
• Large angle polarization
• Patchy reionization

2. Gravitational secondaries:
• Time dependance of the potential: ISW effect,

Rees Sciama effect, etc
• Gravitational Lensing
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SZ spectral distortions
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Figure 1: The Cosmic Microwave Background (CMB) spectrum, undistorted
(dashed line) and distorted by the Sunyaev-Zel'dovich effect (SZE) (solid line).
Following Sunyaev & Zel'dovich (1980a) to illustrate the effect, the SZE distortion
shown is for a fictional cluster 1000 times more massive than a typical massive
galaxy cluster. The SZE causes a decrease in the CMB intensity at frequencies
< 218 GHz and an increase at higher frequencies. „ ,

Carlstrom, Holder & Reese



SZ spectral distortions
Carlstrom, Holder & Reese
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Figure 2: Spectral distortion of the cosmic microwave background (CMB) radia-
tion due to the Sunyaev-Zel'dovich effect (SZE). The left panel shows the intensity
and the right panel shows the Rayleigh Jeans brightness temperature. The thick
solid line is the thermal SZE and the dashed line is the kinetic SZE. For reference
the 2.7 K thermal spectrum for the CMB intensity scaled by 0.0005 is shown by
the dotted line in the left panel. The cluster properties used to calculate the
spectra are an electron temperature of 10 keV, a Compton y parameter of 10~4,
and a peculiar velocity of 500 km s"1.



SZ Images
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Figure 3: Images of the; Sunyafiv-Zcl'dovich effftct toward twelve distant clusters with redshifts spanning
0.83 (top left) to 0.14 (bottom right). The evenly spaced contours are multiples starting at ±1 of l.bcr to
3<7 depending on the cluster, where IT is the rras noise level in the images. The noise levels range from 15
to 40 /iK. The data were taken with the OVRO and BIMA mm-arrays outfitted with low-noise cm-wave
receivers. The tilled ellipse shown in the bottom left corner of each pane) represents the FWHM of the
effective resolution used to make these images.



The power spectrum of the potential:
decay during the radiation era
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Structure formation
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Fig. 5,— Mass fluctuations and collapse thresholds in cold dark matter models. The horizontal dot-
ted lilies show Lh« value of the extrapolated collapse overdeitsity <SCnt(--) a I Ihe indicated redahifls.
Also shown is the Viilno of a(M) for the cosmological parameters given in the text (solid curve), as
well a« <T(A/) Cor a power spectrum with a cutoff below a mass M = 1..7 x lO^A-/̂ , (slio.rl-da.shed
curve), or M — 1.7 x l O 1 1 ^ ; (long-dashed curve). The intersection of the horizontal lines with
I;he other curves indicate, at each redshifl. z, the rna&s scale (for each model) at whicli a 1 — (T
fluctuatioii is just collapsing at z (sec the discussion in the text).

Barkana & Loeb



Structure formation

When do objects form?

10

Redshift

Kig. fi.— Characteristic: properties of collapsing halos: Halo mass. The solid curves show the mass
of collating haJos which correspond to 1 — a. 2 — o, and 3 — o fluctuations (in order from bottom
to top). The dashed curves show the mass corresponding lo the minimum temperature required for
efficient, cooling with primordial atomic spocios only (upper curve) or with the addition of molecular
hydrogen (lower curve).

Barkana & Loeb

What is the distribution of masses ?
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Fig. 10.— Halo mass function at several redshifts: z = 0 (solid curve), z = 5 (dotted curve),
(short-dashed curve), z = 20 (long-dashed curve), and z = 30 (dot-dashed curve).

s = 10
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Figure 7; Comovmg volume element (left) ami comovmg number density (center)
for two cosmologies, (OA^A)—(0-3,0,7) (solid.) and (0.5,0.5) (dashed). For the
middle panol, the normalization of the matter power spt&trum was taken to
be <r$ — 0.9 and the Press-Schechter mass function was assumed. The lower
set of Unas in the middle panol correspond to clusters with nmss greater than
lO^/^AifQ while the upper lines correspond to clusters with mass greater than
10s:ih~iMa-;, The right panel corresponds to the cluster redshift distribution
per square degree for clusters with masses greater than lO14/*"1./^.,, with the
normalization of the power spectrum adjusted (as ~ 0.75 for CIM = 0.5) to
produce the same local cluster abundance for both cosmologies. Note that in this
case, fewer clusters are predicted at high redshift fox the higher density cosmology.
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Figure 12: Expected constraints on the matter density QM all(l the dark energy
equation of state w from the analysis of a SZE survey covering several thousand
square degrees in which all clusters above 2.5 x lO14^"1 MG are detected and
the redshifts are known. The normalization of the power spectrum has been
marginalized over, and contours show 68% and 95% confidence regions for two
parameters. Note, that no systematic errors have been assumed in deriving the
cosmological constraints. As discussed in the text, considerable observational and
theoretical work needs to be done before such tight constraints could be extracted
from large scale SZE surveys.

Cosmology with SZ
Clusters
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M i I I I I I' I ( II 1 I I III'IHH HUH) HMUU'tllj

0.4 0.8 1.3 0.15 0.3 0.45

Figure 11: Expected constraints in the UM~^A (top right), %-<jg (bottom
right), and Q\~a$ (bottom left) planes from the analysis of a SZE survey covering
12 square degrees in which all clusters above ID14/!."1 Me. are detected and the
redshifts are known. The top left panel shows the expected redshift distribution
of clusters (solid line) with the cumulative JV(> z) shown as a dotted line. In the
other panels, the 68% confidence regions are shown by the darkest shaded regions,
and the 95% confidence by the lighter regions. The solid contours correspond to
the same confidence regions derived from an approximate method. In each panel
the dimension not shown has been marginalized over rather than kept fixed.
In the upper right panel, the broken line diagonal ellipses are the constraints
based on the analyses of type la Supernova at 68% and 95% confidence (Riess
et al 1998; Perlmutter et al 1999). The diagonal line at UM + OA = 1 is for a
flat universe as suggested by recent CMB auisotropy measurements (Miller et al
1999; cle Bernardis et. al 2000: Hanany et al 2000; Pryke et al 2002). The solid
line in lower right panel shows the approximate directioa of current constraints
(Viana&Liddlel999).
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Observational
Status
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FlG. 12. Constraints on secondary SZE ani&otropy, as paraan-
ecerized by the effective parameter c | z . The curves are obtained
from fits to the data at £ > 2000 (GDI and BIMA (red dashed),
and CBI, BIMA. and ACBAR (blue solid)). The fitting accounts
for a separate contributions from template primary and secondary
spectra- The marginalised distribution is heavily skewed towards
low crjp values due to the assumed scaling of the secondary sig-
IUII. In the inset wo have plotted, the distribution against (a1 ̂  )
to show how the distribution is approximately Gaussian in this
variable, which roughly corresponds to the high-^ bandpower in a
given experiment.
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FlG. 14.— The GBI-f W'MAP-f ACBAR Spectrum + high t points from DIMA. The curves at high f show the levels of SZ power expected

in representative models using moving mesh hydrodynamics simulations (dotted) and smooth particle hydrodynamics (dashed) simulations
(see text). The green and pink curves correspond to 30 GHz and 150 GHz, respectively. In these simulations <r|^ = 0.98, which also fits
well the WMAP and CBI observations at lower £ for the case of a running spectral index (yet; Table 5). The liighesUf ACBAR point iuus
been displaced slightly r,o lower i for clarity.



Scattering secondaries
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Kinetic SZ effect L~iMpc ne ~ 3 •3
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Patchy reionization
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FIG. 1. — The brightness temperature of the 21 em tranBitioa at several jtedshiftg, as predicted by the "late leiswrization" simulation analyzed in Fndanetto et al.
(2003). Each panel coiresponds to the same slice of the simulation box (with width 10ft"1 eomoving Mpc and depth Av = 0.1 MHz), at z = 12.1, 9.2, and 7.6,
ftoxa left to right The thiee epodis shown ooirespoadl to the early, middle, and late stages of reionization in this simulation. (For details about the simulation!,
see Sokasian et al. 2001; Springe! & Hemquist 2G03aJb.)
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Gravitational secondaries
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Secondary anisotropies: TT

10

10 n

10

10- 4

Thermal SZ

Patchy reionization

Kinetic SZ

10 100 1000 10000

Dore, Hennawi & Spergel



A

0.15 -

0.1

0.05 i-

86_
Gravitational lensing

B
6xlO»

0.4

0.3

-0.2

E
T

2000

0.1

- 0-01 r,

1000 2000 3000
1

10-3

10 ioo aooo



Reconstructing the mass
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Kaplinghat, Knox &Song

TABLE V:

CMB

Planck

CMBpol

Cosmic Shear

none
S300

SI 000
G2ir
G4TT

none
S300

S1000
G2TT

C4TT

Wo

2.2
0.16
0.10

0.031
0.022

0.79
0.12
0.082
0.028
0.021

3.3
0.26
0.16

0.053
0.040

1.1
0.20
0.13

0.047
0.035

0.18
0.074
0.051
0.019
0.014

0.048
0.044
0.037
0.0.17
0.0.13

lnO,,A2

0.0084
0.0061
0.0048
0.0033
0.0030

0.0040
0.0036
0.0033
0.0022
0.002.1

In Pa

0.017
0.015
0.015
0.014
0.013

0.017
0.012
0.01.1
0.0086
0.0080

ns

0.0078
0.0065
0.0058
0.0037
0.0033

0.0031
0.0029
0.0028
0.0024
0.0021

n's

0.0035
0.0033
0.0031
0.0020
0.0017

0.0018
0.0018
0.0018
0.0014
0.0013

r

0.010
0.0090
0.0089
0.0080
0.0074

0.0097
0.0073
0.0066
0.0053
0.0049

lni<;&

0.0086
0.0073
0.0067
0.0058
0.0056

0.0028
0.0028
0.0028
0.0026
0.0025

YP

0.013
0.011
0.011
0.0067
0.0059

0.0048
0.0046
0.0046
0.0037
0.0033

6,

0.00016
0.00014
0.00014
0.00012
0.00011

4.8 x lO"0

4.6 x 10 5

4.5 x 10~5

3.9 x 10-5

3.6 x 10~6

NOTES.—Forecasts of X-a errors for the combination of tomographic shear-shear two-pi
functions and the ratio statistic with PInnck (upper table) and CMRpol (lower table)

Uj(a) a )

Hu & Okamoto

Linear

IOUO

FIG. 6.— Statistical errors achievable on the deflection power
spectrum with the Planck (/sky = 0.65) and reference experiments
(/sky = 1). Boxes represent band averaging width and la errors.
The polarization information in the reference experiment allows for
a cosmic variance limited measurement of the projected power spec-
trum out to L ~ 1000. In this regime, the fluctuations are almost
completely linear (dashed lines).



THE END
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shows tho additional cautributkHi of molecular cooling, aasumtog a molecular abiuidan.ee equal to
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Fig. 7. Characteristic properties of collapsing hales: Halo virial radius. The curves show the

virial. radius of collapsing halas which correspond to 1. — a, 2 — <r, and 3 - <r fluctuations (in order

from bottom to top).
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Fig. S. Characteristic properties of collapsing lialos: Halo virial temperature and circular velocity.
The solid curves show the virial temperature (or. oquivalcui-ly, the circular velocity) of collapsing"
hnloH whidi correspond to 1 — a, 2 — IT, and 3 — <r fluctuations (in order from bottom to top). Tlio
dashed curves show the minimum temperature required for efficient, fooling with primordial atomic

ricH only (upper enrvo) or with tin; addition of molecular hydrogen (lower curve).
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