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What does 
everybody in 

this room 
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What does 
everybody in 

this room 
have in 

common?

We get pleasure 
from  solving 

puzzles.
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To solve a puzzle, 
we need 

information to 
analyze, and 

would like  to 
compare results 
to fundamental 

ideas.
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Earth,
Right here
Right Now

a lot of 
cosmological 
information

1100

13.3

from LSS we measure
the cosmic expansion, 
gravity on large-scales

T. Crawford, UChicago/KICP, South Pole Telescope Science, Playa del Carmen, January 12, 2010

We Live in a Universe Dominated by Dark Energy

CMB + Large Scale Structure + SNe Ia

Tegmark et al 2006

Komatsu et al 2008

Riess et al 2007

We live in a flat universe whose
density is dominated dominated 
by dark energy

... but what is dark energy?

DM simulation, Kim et al. (2009)
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My Cosmological Tool Box
The Baryonic Acoustic Feature

Testing Geometry

SDSS DR7 LRG Result

LCDM Mock Catalogs
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Kazin et al. (in prep)
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The Sloan Digital 
Sky Survey (SDSS)



physicists & astronomers

Einstein’s 
General Relativity

Mercury’s 
precession 

Dark Matter

��	�����	�


?

��

Moon & Tides
Newtonian 
Gravity

(I hope Bill O’Reilly is not 
in the audience... we 
wouldn’t want miss-
communication ...)
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Why believe in DM?
Galaxy Rotation Curves Gravitational Lensing Galaxy Clusters

Cosmic Microwave Background Galaxy Distribution

the ``Bullet” Cluster
SDSSWMAP Eyal Kazin

signature observed in many gravitational probes

without DM

with DM



A (brief) history of (our understanding of) 
the cosmic expansion

• 1925: Friedman applies GR on Universe -- 
it could potentially expand! 

• 1929: Hubble’s distance-velocity correlation -- 
the Universe is expanding?

• 1949: Fred Hoyle ridicules the expansion idea coining it the``Big Bang”

• 1968: Penzias & Wilson detect the predicted 
Cosmic Microwave Background -- 
first smoking gun for expansion!

• 1998: Reis et al. and Perlmutter et al. measure SNe distance-redshift -- the 
observed Universe is accelerating!
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The Accelerating Universe?

Eyal Kazin

• Now! In the last 7.7 (of 13.6) Gyr

• Inflation era (t<<1 sec after Big Bang)

When?
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The Accelerating Universe?

Eyal Kazin

• Cosmological Constant (Dark Energy)

• Modified Gravity  (breakdown of GR?)

• Now! In the last 7.7 (of 13.6) Gyr

• Inflation era (t<<1 sec after Big Bang)

When?

How do we measure?
• By measuring large-scale geometry 

Why? Current best guesses:



Large-Scale Structure

t=300,000 years After Big Bangt=8.6-13.6 Gyears ABB

δ~10-5δ~1

WMAPSDSS

Eyal Kazin



ΛCDM- the standard theory

0.0 0.5 1.0
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FlatBAO

CMB

SNe

Supernova Cosmology Project
Kowalski, et al., Ap.J. (2008)

m

Union 08
SN Ia 

compilation

CDM- cold dark matter, 
                 ``seen” gravitationally

Λ- dark energy, 
    explaining the cosmic acceleration

in the age of precision science

Eyal KazinGravitational matter (DM+atoms)
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Cosmologist Jargon

Eyal Kazin

• comoving distance



Comoving Distance Units

unit length=
 x

expansion 
a

M 1 2

unit length=
a*x

M 1 2
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Cosmologist Jargon
• comoving distance

• distance units: par-sec (pc) = 3.26 ly;   h-1Mpc

• redshifts z~ look back time, look back distance

• baryons = regular matter = electrons, protons 

Eyal Kazin



Large-Scale Structure

Springel et al. (2005)

The Millennium Simulation Project
Dark Matter Distribution

465 Mly
acoustic scale

115 Mly

23 Mly
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Quantifying Clustering

2 point functions

Springel et al. (2005)

$(x)=$(1+%(x)) $- density
%- overdensity
%≥-1

!(r)!
"%(x)%(x+r)#Volume

P(k) ! 
∫d3xe-ikr !(r)

r  [h-1Mpc] k  [hMpc-1]

!(r) P(k)

z=0, 0.3, 0.6, 1, 2, 20

correlation function Power Spectrum

582 Mly
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Quantifying Clustering

3 Gly from Earth50 Mly



Quantifying Clustering
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Quantifying Clustering

!(r)!"%(x)%(x+r)#Volume

correlation function

!(r)=DD/RR-1 

To deal with point ``dots” and boundary conditions, 
we compare data to random point distribution:

DD(r)=∑1  for all data-data pairs in within distance r

RR(r)=∑1  for all random-random pairs

where, normalized d-d, r-r pairs:

!(r)=(DD+RR-2DR)/RR minimizes variance
Landy&Szalay (1993)

3 Gly from Earth50 Mly



Large-Scale Structure

Springel et al. (2005)

The Millennium Simulation Project

Mock Galaxy Distribution

Eyal Kazin
Springel et al. (2005)

465 Mly
acoustic scale

115 Mly

23 Mly

582 Mly

Dark Matter Distribution



The acoustic wave
Start with a single perturbation.  The plasma is totally uniform except

for an excess of matter at the origin.

High pressure drives the gas+photon fluid outward at speeds

approaching the speed of light.

Baryons Photons

Eisenstein, Seo & White (2006)

Mass profile

from talk by Martin White

An initial perturbation in otherwise uniform plasma, 
consisting of DM, electrons + protons, radiations (photons)



The acoustic wave
Initially both the photons and the baryons move outward together,

the radius of the shell moving at over half the speed of light.

Baryons Photons

from talk by Martin White

Photons pressure electrons, which pull protons.  This plasma 
fluid propagates in acoustic fashion in a shell from origin. 



The acoustic wave
This expansion continues for 105 years

from talk by Martin White

Acoustic wave propagates for 100,000 years.



The acoustic wave
After 105 years the universe has cooled enough the protons capture

the electrons to form neutral Hydrogen.  This decouples the photons

from the baryons.  The former quickly stream away, leaving the

baryon peak stalled.

Baryons

Photons

from talk by Martin White

After 105 years, first Hydrogen forms, and photons decoupled. 
Atoms eventually come to a halt. 

time

~300,000 yr ABB

opaque Universe transparent Universe



The acoustic wave
The photons continue to stream away while the baryons, having lost

their motive pressure, remain in place.

from talk by Martin White



The acoustic wave

from talk by Martin White



The acoustic wave
The photons have become almost completely uniform, but the baryons

remain overdense in a shell 100Mpc in radius.

In addition, the large gravitational potential well which we started with

starts to draw material back into it.

from talk by Martin White



The acoustic wave
As the perturbation grows by ~103 the baryons and DM reach equilibrium densities

in the ratio !b/!m.

 The final configuration is our original peak at the center (which we put in by hand)

and an “echo”  in a shell roughly 100Mpc in radius with width ~10%.

Further (non-linear) processing of the density field acts to broaden and very

slightly shift the peak -- but galaxy formation is a local phenomenon with a

length scale ~10Mpc, so the action at r=0 and r~100Mpc are essentially

decoupled.  We will return to this …

from talk by Martin White



The Baryonic Acoustic Feature

WMAP 7-year Cosmological Interpretation 13

Fig. 7.— The WMAP 7-year temperature power spectrum (Larson et al. 2010), along with the temperature power spectra from the
ACBAR (Reichardt et al. 2009) and QUaD (Brown et al. 2009) experiments. We show the ACBAR and QUaD data only at l ! 690, where
the errors in the WMAP power spectrum are dominated by noise. We do not use the power spectrum at l > 2000 because of a potential
contribution from the SZ e!ect and point sources. The solid line shows the best-fitting 6-parameter flat "CDM model to the WMAP data
alone (see the 3rd column of Table 1 for the maximum likelihood parameters).

systematic error is minimized by calibrating su-
pernova luminosities directly using the geometric
maser distance measurements. This is a significant
improvement over the prior that we adopted for
the 5-year analysis, H0 = 72 ± 8 km s!1 Mpc!1,
which is from the Hubble Key Project final results
(Freedman et al. 2001).

• Gaussian priors on the distance ratios, rs/DV (z =
0.2) = 0.1905 ± 0.0061 and rs/DV (z = 0.35) =
0.1097 ± 0.0036, measured from the Two-Degree
Field Galaxy Redshift Survey (2dFGRS) and the
Sloan Digital Sky Survey Data Release 7 (SDSS
DR7) (Percival et al. 2009). The inverse covariance
matrix is given by equation (5) of Percival et al.
(2009). These priors are improvements from those
we adopted for the 5-year analysis, rs/DV (z =
0.2) = 0.1980 ± 0.0058 and rs/DV (z = 0.35) =
0.1094± 0.0033 (Percival et al. 2007).

The above measurements can be translated into a
measurement of rs/DV (z) at a single, “pivot” red-
shift: rs/DV (z = 0.275) = 0.1390 ± 0.0037 (Per-
cival et al. 2009). Kazin et al. (2010) used the
two-point correlation function of SDSS-DR7 LRGs
to measure rs/DV (z) at z = 0.278. They found
rs/DV (z = 0.278) = 0.1394 ± 0.0049, which is an
excellent agreement with the above measurement
by Percival et al. (2009) at a similar redshift. The
excellent agreement between these two independent
studies, which are based on very di!erent methods,

indicates that the systematic error in the derived
values of rs/DV (z) may be much smaller than the
statistical error.

Here, rs is the comoving sound horizon size at the
baryon drag epoch zd,

rs(zd) =
c!
3

! 1/(1+zd)

0

da

a2H(a)
"

1 + (3"b/4"!)a
. (15)

For zd, we use the fitting formula proposed by
Eisenstein & Hu (1998). The e!ective distance
measure, DV (z) (Eisenstein et al. 2005), is given
by

DV (z) "
#

(1 + z)2D2
A(z)

cz

H(z)

$1/3

, (16)

where DA(z) is the proper (not comoving) angular
diameter distance:

DA(z) =
c

H0

fk
%

H0

"

|"k|
& z
0

dz!

H(z!)

'

(1 + z)
"

|"k|
, (17)

where fk[x] = sinx, x, and sinhx for "k < 0
(k = 1; positively curved), "k = 0 (k = 0; flat),
and "k > 0 (k = #1; negatively curved), respec-
tively. The Hubble expansion rate, which has con-
tributions from baryons, cold dark matter, pho-
tons, massless and massive neutrinos, curvature,
and dark energy, is given by equation (27) in Sec-
tion 3.3.

Larson et al. (2010)CMB Temperature Fluctuations

Feature in the early universe:

z~1100
t~300,000 years ABB

Eyal Kazin



The Baryonic Acoustic Feature

WMAP 7-year Cosmological Interpretation 13

Fig. 7.— The WMAP 7-year temperature power spectrum (Larson et al. 2010), along with the temperature power spectra from the
ACBAR (Reichardt et al. 2009) and QUaD (Brown et al. 2009) experiments. We show the ACBAR and QUaD data only at l ! 690, where
the errors in the WMAP power spectrum are dominated by noise. We do not use the power spectrum at l > 2000 because of a potential
contribution from the SZ e!ect and point sources. The solid line shows the best-fitting 6-parameter flat "CDM model to the WMAP data
alone (see the 3rd column of Table 1 for the maximum likelihood parameters).

systematic error is minimized by calibrating su-
pernova luminosities directly using the geometric
maser distance measurements. This is a significant
improvement over the prior that we adopted for
the 5-year analysis, H0 = 72 ± 8 km s!1 Mpc!1,
which is from the Hubble Key Project final results
(Freedman et al. 2001).

• Gaussian priors on the distance ratios, rs/DV (z =
0.2) = 0.1905 ± 0.0061 and rs/DV (z = 0.35) =
0.1097 ± 0.0036, measured from the Two-Degree
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DR7) (Percival et al. 2009). The inverse covariance
matrix is given by equation (5) of Percival et al.
(2009). These priors are improvements from those
we adopted for the 5-year analysis, rs/DV (z =
0.2) = 0.1980 ± 0.0058 and rs/DV (z = 0.35) =
0.1094± 0.0033 (Percival et al. 2007).

The above measurements can be translated into a
measurement of rs/DV (z) at a single, “pivot” red-
shift: rs/DV (z = 0.275) = 0.1390 ± 0.0037 (Per-
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two-point correlation function of SDSS-DR7 LRGs
to measure rs/DV (z) at z = 0.278. They found
rs/DV (z = 0.278) = 0.1394 ± 0.0049, which is an
excellent agreement with the above measurement
by Percival et al. (2009) at a similar redshift. The
excellent agreement between these two independent
studies, which are based on very di!erent methods,

indicates that the systematic error in the derived
values of rs/DV (z) may be much smaller than the
statistical error.
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(k = 1; positively curved), "k = 0 (k = 0; flat),
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tively. The Hubble expansion rate, which has con-
tributions from baryons, cold dark matter, pho-
tons, massless and massive neutrinos, curvature,
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Larson et al. (2010)CMB Temperature Fluctuations

Feature in the early universe:

z~1100
t~300,000 years ABB
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Eisenstein et al. (2005)

z~0.35
t~9.8G years ABB

Baryon Acoustic Oscillations 5

Fig. 2.— The large-scale redshift-space correlation function of the
SDSS LRG sample. The error bars are from the diagonal elements
of the mock-catalog covariance matrix; however, the points are cor-
related. Note that the vertical axis mixes logarithmic and linear
scalings. The inset shows an expanded view with a linear vertical
axis. The models are !mh2 = 0.12 (top, green), 0.13 (red), and
0.14 (bottom with peak, blue), all with !bh2 = 0.024 and n = 0.98
and with a mild non-linear prescription folded in. The magenta
line shows a pure CDM model (!mh2 = 0.105), which lacks the
acoustic peak. It is interesting to note that although the data ap-
pears higher than the models, the covariance between the points is
soft as regards overall shifts in !(s). Subtracting 0.002 from !(s)
at all scales makes the plot look cosmetically perfect, but changes
the best-fit "2 by only 1.3. The bump at 100h!1 Mpc scale, on the
other hand, is statistically significant.

two samples on large scales is modest, only 15%. We make
a simple parameterization of the bias as a function of red-
shift and then compute b2 averaged as a function of scale
over the pair counts in the random catalog. The bias varies
by less than 0.5% as a function of scale, and so we conclude
that there is no e!ect of a possible correlation of scale with
redshift. This test also shows that the mean redshift as a
function of scale changes so little that variations in the
clustering amplitude at fixed luminosity as a function of
redshift are negligible.

3.2. Tests for systematic errors

We have performed a number of tests searching for po-
tential systematic errors in our correlation function. First,
we have tested that the radial selection function is not in-
troducing features into the correlation function. Our selec-
tion function involves smoothing the observed histogram
with a box-car smoothing of width "z = 0.07. This cor-
responds to reducing power in the purely radial mode at
k = 0.03h Mpc!1 by 50%. Purely radial power at k = 0.04
(0.02)h Mpc!1 is reduced by 13% (86%). The e!ect of this
suppression is negligible, only 5! 10!4 (10!4) on the cor-
relation function at the 30 (100) h!1 Mpc scale. Simply
put, purely radial modes are a small fraction of the total
at these wavelengths. We find that an alternative radial
selection function, in which the redshifts of the random

Fig. 3.— As Figure 2, but plotting the correlation function times
s2. This shows the variation of the peak at 20h!1 Mpc scales that is
controlled by the redshift of equality (and hence by !mh2). Vary-
ing !mh2 alters the amount of large-to-small scale correlation, but
boosting the large-scale correlations too much causes an inconsis-
tency at 30h!1 Mpc. The pure CDM model (magenta) is actually
close to the best-fit due to the data points on intermediate scales.

catalog are simply picked randomly from the observed red-
shifts, produces a negligible change in the correlation func-
tion. This of course corresponds to complete suppression
of purely radial modes.

The selection of LRGs is highly sensitive to errors in the
photometric calibration of the g, r, and i bands (Eisenstein
et al. 2001). We assess these by making a detailed model
of the distribution in color and luminosity of the sample,
including photometric errors, and then computing the vari-
ation of the number of galaxies accepted at each redshift
with small variations in the LRG sample cuts. A 1% shift
in the r " i color makes a 8-10% change in number den-
sity; a 1% shift in the g " r color makes a 5% changes in
number density out to z = 0.41, dropping thereafter; and
a 1% change in all magnitudes together changes the num-
ber density by 2% out to z = 0.36, increasing to 3.6% at
z = 0.47. These variations are consistent with the changes
in the observed redshift distribution when we move the
selection boundaries to restrict the sample. Such photo-
metric calibration errors would cause anomalies in the cor-
relation function as the square of the number density vari-
ations, as this noise source is uncorrelated with the true
sky distribution of LRGs.

Assessments of calibration errors based on the color of
the stellar locus find only 1% scatter in g, r, and i (Ivezić
et al. 2004), which would translate to about 0.02 in the
correlation function. However, the situation is more favor-
able, because the coherence scale of the calibration errors
is limited by the fact that the SDSS is calibrated in regions
about 0.6" wide and up to 15" long. This means that there
are 20 independent calibrations being applied to a given
6" (100h!1 Mpc) radius circular region. Moreover, some
of the calibration errors are even more localized, being
caused by small mischaracterizations of the point spread
function and errors in the flat field vectors early in the
survey (Stoughton et al. 2002). Such errors will average
down on larger scales even more quickly.

The photometric calibration of the SDSS has evolved

SDSS- 45,000 Galaxies 

Feature in the recent universe:

Detection!!

Distribution of Galaxies



The Baryonic Acoustic Feature 

-  A firm prediction of ΛCDM
-  A ``standard ruler” 

r  [h-1Mpc]

!(r)

z=0, 0.3, 0.6, 1, 2, 20

Matter Clustering- 
linear theory

from talk by Max Tegmark
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The Baryonic Acoustic Feature
as a Standard Ruler

 Early Universe (zdec∼1090): 
     CMB temp fluctuations determines 
     rs∼479M light-year  (δrs/rs ∼1.3%;  WMAP-5 Komatsu et al. 2009)

  Late Universe : 
    SDSS-II, -III
     Luminous Red Galaxies (z∼ 0.3, 0.6) 
     QSOs Lyman-α Forest (z>2.5)
      Galaxy Clusters 

    Wiggle-Z
     Blue Galaxies (z∼ 0.2, 0.4, 0.6, 0.8)

1°

(1+z)& DA

rs(zdec)

Δ'
=cΔz/H(z)

&

Surface of last scattering
z~1100

Not to scale 
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8.65 5.9410.2712.3813.66 7.37 Gyr After Big Bang (ABB)

from talk by Chris Blake



8.65 5.9410.2712.3813.66 7.37 Gyr After Big Bang (ABB)

from talk by Chris Blake



sdss.org

Legacy DR7 Spectral Sky Coverage 
(Aitoff projection of Equatorial coordinates)

The Sloan Digital Sky Survey 
Luminous Galaxy Sample

>100,00 luminous galaxies 
 look-back time ~4.8Gyr (z<0.47)
  Sky Coverage ~1/5

sample available at:   http://cosmo.nyu.edu/~eak306/SDSS-LRG.html

BOSS by comparison

SDSS

LRGs

CfA2 BOSS

from talk by Martin White

http://cosmo.nyu.edu/~eak306/SDSS-LRG.html
http://cosmo.nyu.edu/~eak306/SDSS-LRG.html


The Sloan Digital Sky Survey 
Luminous Galaxy Sample

>100,00 luminous galaxies 
 look-back time ~4.8Gyr (z<0.47)
  Sky Coverage ~1/5

sample available at:   http://cosmo.nyu.edu/~eak306/SDSS-LRG.html

 >1.2M galaxies
 ~6.8Gyr (z<0.8)
 Sky Coverage ~1/4
 3 times as dense

BOSS LRGs (exp 2014)

BOSS by comparison

SDSS

LRGs

CfA2 BOSS

from talk by Martin White

http://cosmo.nyu.edu/~eak306/SDSS-LRG.html
http://cosmo.nyu.edu/~eak306/SDSS-LRG.html
http://cosmo.nyu.edu/~eak306/SDSS-LRG.html


LCDM prediction
using Mock Catalogs

s  [h-1Mpc]

!(s)

SDSS- 62,000 Galaxies 

Kazin et al. (2010)

The Baryonic Acoustic Feature
in the SDSS Galaxy Sample

z~0.28
t~10.5G years ABB

Using peak position 
(@ ~ 0.5Gly), we 
calaculate 
the distance to ~ 3.6Gly 
to an accuracy of ~3.5%!

Eyal Kazin

uncertainties 
are covariant



LCDM prediction
using Mock Catalogs

s  [h-1Mpc]

!(s)

SDSS- 62,000 Galaxies 

Kazin et al. (2010)

The Baryonic Acoustic Feature
in the SDSS Galaxy Sample

Cosmic 
Variance

Eyal Kazin

uncertainties 
are covariant



Sloan Digital Sky Survey

2.5m designated
telescope, 
Apache Point, NM 

Final Imaging released in January 11’

Eyal Kazin

www.sdss3.org

http://www.sdss3.org
http://www.sdss3.org


Sloan Digital Sky Survey- Imaging

30 2MX2M pixel CCDs

Eyal Kazin

images ! 2D mapping

www.sdss3.org

14,555 deg2 (~35% of sky)

Filter Response

λ (Angstrom)

http://www.sdss3.org
http://www.sdss3.org


Sloan Digital Sky Survey- Spectroscopy
www.sdss3.org

1000 fiber plugs connecting between spectrograph
and plate

spectra 
! redshift 
! distance 
(3D mapping)

9274 deg2 (22% of sky)

Eyal Kazin

http://www.sdss3.org
http://www.sdss3.org


Sloan Digital Sky Survey- in numbers

Data Release 8
(publicly available since Jan 2011):
   
  Imaging:  469 Million objects

 60 Terabytes 

 Spectra:  1.6 Million objects
        Galaxies 860 thousand
        Quasars  116 thousand
        Stars       521 thousand
        Unclassified 37 thousand
        (Sky   93 thousand)

 5.5 Terabytes 

www.sdss3.org

Eyal Kazin

http://www.sdss3.org
http://www.sdss3.org


Clustering as Function of Angle
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Clustering as Function of Angle
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no dynamical distortions
(linear theory)

Clustering as Function of Polar Angle
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no dynamical distortions
(linear theory)

Clustering as Function of Polar Angle
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no dynamical distortions
(linear theory)
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squashing effect only
(linear theory)
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redshift  distortions
(N-body simluated mock catalogs)
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redshift  distortions
(N-body simluated mock catalogs)
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SDSS-II Results (0.16<z<0.47)
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Galaxy dynamics is caused by gravity.
Gravity strength depends on matter abudance.
Hence squashing effect can be used to measure matter 
abundance (ΩM).
Alternatively, assuming ΩM, it can be used to test gravity.

)CDM (GR):     #∼0.56
DGP (alternative theory):  #∼0.68

Testing Gravity through the 
Squashing Effect

Q!!2(r)/!0(r) =(4/3"+4/7"2)/(1+ 2/3"+1/5"2)

Quadrupole Test: No dependence on scale!
quadrupole/monopole

#
growth index

Eyal Kazin

squashing parameter
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" through the Quadrupole Test
N-Body Simulations (Mock Surveys)
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Mock Galaxies, 
Not observation!!

(uncertainties given 
a SDSS volume)

Q~ !2(s) / !0(s) = (4/3"+4/7"2)/(1+2/3"+1/5"2)
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" through the Quadrupole Test
SDSS-II Results

s [h
-1M

pc]

( [degrees]
0 9045

0

80

40

lines: Mocks
symbols: SDSS-II LRGs

Q~ !2(s) / !0(s) = (4/3"+4/7"2)/(1+2/3"+1/5"2)
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LCDM prediction
using SDSS-II Mock Catalogs

SDSS-II

BOSS- Substantially Improving Our 
Cosmological Tools

!0(s) "!0(s)#  -!2(s) DR7 Volume Limited Sample
(0.16<z<0.36; ~62,000 LRGs)
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Simulated Results



LCDM prediction 
using BOSS Mock Catalogs

BOSS- Substantially Improving Our 
Cosmological Tools
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SDSS-III

DR7 Volume Limited Sample
(0.16<z<0.36; ~62,000 LRGs)
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Simulated Results



Cosmology through the
Large-Scale Structure 

of the Universe

Eyal Kazin
illustration by Sam Moorfield






