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Why BAO? In 5 Minutes

® VVe can measure:
® Angular Diameter Distances, Da(z)
® Hubble Expansion Rates, H(z)

® Da(z) & H(z). These are fundamental quantities to
measure in cosmology!



Transverse=DAa(z); Radial=H(z)

cAz/(1+z)
= ds(zeao)H(Z)
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BAO as a Standard Ruler
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® The existence of a localized clustering scale in the 2-point

log,, P(k) / h™°Mpc®
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Dv(z) = {(1+z)°Da*(z)[cz/H(z)]}'">

Once spherically averaged, Da(z) and H(z) are mixed.
A combination distance, Dy(Z), has been constrained.
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H(z) also determined

recently!

® SDSS DR6 data are now
good enough to
constrain H(z) from the
2-dimension correlation

function without spherical
averaging.

® Excellent agreement
with ACDM model.
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Why Go Beyond BAO!

® BAOs capture only a fraction of the information
contained in the galaxy power spectrum!

® BAOs use the sound horizon size at z~1020 as the
standard ruler.

® However, there are other standard rulers:

® Horizon size at the matter-radiation equality
epoch (z~3200)

® Silk damping scale
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...and, these are all well known

® Cosmologists have been measuring keq over the last
three decades.

® This was usually called the “Shape Parameter,” denoted
as [ .

® [ is proportional to keq/h, and:

® The effect of the Silk damping is contained in the
constant of proportionality.

® Easier to measure than BAOs: the signal is much
stronger. 10



WMAP & Standard Ruler

o With WMAP 5-year data only, the scales of the
standard rulers have been determined accurately

(Komatsu et al. 2008). Even when w=-1, Qi +0,
1.3% ® ds(zeao) = 153.4"'7.20 Mpc (zsao=1019.8 £ |.5)
46% ® keq=(0.975%004 4 045)x 102 Mpc! (zeq=3198*145_14¢)
2.3% @ kek=(8.83 £ 0.20)x10-2 Mpc*!

With Planck, they will be determined to
higher precision. i



Shoji, Jeong & Komatsu (2008)

Modeling

BAO vs Full
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Shoji, Jeong & Komatsu (2008)

For the analysis of HETDEX

e BAO only

® Da:2.1%,H:2.6%

® Correlation coefficient: 0.43
® Full Modeling

® Da:0.96%, H:0.80%

® Correlation coefficient: -0.79
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HETDEX

® www.hetdex.org

| e-r_Deﬁ I||um|nohng the‘Dorkness' ik

Hobby-Eberly Telescope Dark Energy Experiment

Dark Energy Other Projects Resources

10 Jan 2008

New Instrument, Telescope
Upgrades Enable Pioneering
Dark Energy Experiment

27 Apr 2006

McDonald Observatory
Receives $5M Challenge
Grant to Study Elusive Dark

Energy

What is Dark Energy?

Dark energy is a term used to describe our lack of understanding of
how the universe works on the largest scales. It may be a “repulsive”
force that is causing the universe to expand faster as it ages, a
discrepancy in the laws of gravity, or some other phenomenon.

More >

THEORY: Vacuum Energy, or Einstein's Blunder
“park energy is not only

terribly important for THEORY: New Physics, or Particles and Fields

astronomy, it's the

THEORY: Flawed Gravity, or Relaxing the Grip

central problem for
physics. It's been the

bone in our throat for a Vacuum energy

long time.” A possible explanation

Steven Weinberg
Nobel Laureate
University of Texas at Austin

Gary Hill, HETDEX Project Scientist, explains how
astronomers will look for dark energy when they're
not sure what it looks like. Play video

for dark energy. First
proposed by Albert
Einstein to bring his
equations into balance
with the then-
observed universe, it
proposes that space
itself produces a form
of energy, known as
the cosmological
constant, that causes
the universe to
accelerate faster as it
ages. Current models
show that the
observed dark energy
is far too weak to be
accounted for by
theories of the

VIRUS

Find more images,

video, podcasts in the
gallery.
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Effective Use of Resources

® Using the full information is equivalent to having four
times as much volume as you would have with the
BAO-only analysis.

® Save the integration time by a factor of four!

15



Still, BAO.

® [f what | am saying is correct, why would people talk only
about the BAOs these days, and tend to ignore the full
information!?

O NON-LINEARITY

16
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According to Dan Eisenstein:

® The phases of BAOs are not
affected by the non-linear
evolution very much.

® The effects are correctable. =

e 7=0.3:0.54%
o z=|.5:0.25%
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N

Seo, Siegel, Eisenstein & White (2008)

| | | | |

320h=° Gpc?

Redshift
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Takada, Komatsu & Futamase (2006)

Why Full Information? Reason |l

® Not only do we improve upon the determinations
of Da & H, but also:

® We can constrain inflationary models, and

® VVe can measure the neutrino masses and the
number of massive neutrino species.

® Therefore, just using the BAOs is such a waste of
information!

19
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Toward Understanding
Non-linearities

® Solid framework: Perturbation Theory (PT)

® Validity of the cosmological linear

perturbation theory has been verified
observationally (Remember VWMAP!)

® S0, we just go beyond the linear theory, and
calculate higher order terms in perturbations.

® 3rd-order perturbation theory (3PT)

21



s 3PT New!?

® No. It is more than 25 years old.
® Active investigations in 1990’s

® Most popular in European and Asian countries, but
was not very popular in USA for some reason

® 3PT has never been applied to the real data so far.VWhy!

® Non-linearity is too strong to model by PT at z~0

22



VWhy Perturbation I'heory
Now!?

® The time has changed.

¢ High-redshift (z>1) galaxy redshift surveys are
now possible.

® And now, such surveys are needed for Dark Energy studies

® Non-linearities are weaker at z>1, making it
possible to use the cosmological perturbation
theory!

23



Just Three Equations to Solve

® Consider large scales, where the baryon pressure is
negligible, i.e., the scales larger than the Jeans scale

® |gnore the shell-crossing, i.e., the velocity field of
particles has zero curl: rotV=0.

® Equations to solve are:

S+ V- -[(1+8)v] =0

fiH—(v-V)'v:—gfv—ng

a

V2p = 4rGa®po y



Fourier Transform...

o(k,7)+ 0(k,T)

3 :
—/ alad /dgk‘géD(lﬁ + ky — k>k k15(k277-)6’(k1,7')7

(27)3 ki
ik, 7) + 00k, 7) + S0 (7)o (k 7)
T ) - , T ) 90,2 m\ 7 y T
d?’]{il 3 kQ(kl ' kZ)
[ G | ot b = =Stk

® Here, 0/ =V - v is the velocity divergence.
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Taylor-expand in O

® 0, is the linear perturbation

(2m)3

= . d?q d>q,,— -
ZCL (T)/ (271_)13 1 /dSQn5D(Z qz_k)Fn(q17q27 7qn)51(q1)51(qn)7
1=1
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Keep terms up to 3rd order

® 0=0,+02+03, where 0,=0(0,2), 03=0(03).

® Power spectrum, P(k)=PL(k)+P22(k)+2P3(k), may be
written, order-by-order, as

27)*P(k)op(k+ K)
)0

< (k ' ( )> Odd powers in 0, vanish (Gaussiani

— (54 '.T)ol(k V) + Ga(Fe IO R, T) T 01 (k. 7 )02 (K )
+ (01( k.7 I)I(:g(k/ T)+ da(k, T 21(2)22(k ,T) + 03(k. Tn).?l(k ,T))
+O(07)

27



Vishniac (1983); Fry (1984); Goroff et al. (1986); Suto&Sasaki (1991);
Makino et al. (1992); Jain&Bertschinger (1994); Scoccimarro&Frieman (1996)

P(k): 3rd-order Solution

Pal) =2 [ S L PPk o) [ (g k- 0)

2

2P13(k) = 227:; Pr(k) /OOO (;f)gpL(Q)

2 2 4
] k
7~ 18125 — 425

X 100

3 kt+q\
+ k53 (" — k°)*(2k" + 7¢°) In ( )

® [0 is a known mathematical function (Goroff et al. 1986)
28
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3PT vs N-body Simulations
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Jeong & Komatsu (2006)

BAO Matter

:z=6 Slmulatlon :
1.1F :

Non-linearity

z=5 3rd-order PT
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What About Galaxies!?

® Ve measure the galaxy power spectrum.
® Who cares about the matter power spectrum?

® How can we use 3PT for galaxies?

31



Local Bias Assumption

The distribution of galaxies is not the same as the
distribution of matter fluctuations

Usually, this fact is modeled by the so-called “linear bias,”

meaning Py(k)=b? P(k), where b, a scale-independent
(but time-dependent) factor.

How do we extend this to the non-linear form? We
have to assume something about the galaxy formation

Assumption: galaxy formation is a local process, at least
on the scales that cosmologists care about.

32



Gaztanaga & Fry (1993); McDonald (2006)

Taylor-expand O; in 0

Oq(X) = c10(X) + c20%(x) + c303(x) + O(0%) + &(x)

Here, 0 is the non-linear matter perturbation, € is
stocastic “noise,” uncorrelated with 0, i.e., <O(x)&(x)>=0.

* Both sides of this equation are evaluated at the same
spatial location, x, hence the term “local.”

* We know that the local assumption breaks down at some
small scales. That’s where we must stop using PT.

33



McDonald (2006)

3PT Galaxy Power Spectrum

2 3 ' ‘
Pg( k) =N 3P - 2| (zﬂr‘)ﬁp(q) Pk~ a) - Plo)

q (9
+ sz. (zﬂ)3P(q)P(\k —q)f,7(q. k— q)

® 3 bias parameters (b, bz, N) are linearly related to the
coefficients of the Taylor expansion (c, ¢, c3, €)

® These parameters contain the information of the physics
of galaxy formation; however, we shall marginalize over
them because we are not interested in them. (b, bz, N
are nuisance parameters) 34




Millennium “Galaxy™ Catalogue

® [et's compare 3PT with galaxy simulations...

® The best simulation available today: Millennium Simulation
(Springel et al. 2005).

® Millinnium Simulation is a N-body simulation. How did they
create galaxies! Semi-analytical galaxy formation recipe.

® MPA code: De Lucia & Blaizot (2007)
® Durham code: Croton et al. (2006)

35
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Xles

lkmax is Where 3PT
deviates from the
matter P(k) at |%.

50, we must stop
using 3PT for galaxies
at I(max a|SO.

3PT with local bias
assumption fits the
Millennium
Simulation very
well.
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It is obvious that non-
linear bias is going to

be important for
BAOs

But, we now know

how to model the
effect!
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Jeong & Komatsu (2008)

Mass Dependence
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Jeong & Komatsu (2008)

So Much Degeneracies...

— : Millennium Simulation
---------- : HETDEX like survey
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Let’s say, we determine b| and bz from the
galaxy bispectra...

1.005
1.000
0.995

1.005
1,000
0.995

1.005

1.000}
0.995f

halo

0.2 0.4

0.6 0.8

1.0
k., [h/Mpc]

1.2

1.4

1.005 H

1.000
0.995

1.005
1.000
0.995

1.005
1.000
0.995}

halo

0.2 0.4

0.6 0.8

1.0
k.., [h/Mpc]

1.2

1.4

1.005 E
|

1.000
0.995

0(z)/0,_(2)

N
Il

)

< 1.005

tru
“ll|llll TIrTrrrrrrr
o

"1.000
0.995

D(z)/D

1.005

true( Z)

*1.000
N 0.995f

D(z)/D

halo

0.2 04 0.6 0.8

10
k_ [h/Mpc]

mox

1.2

1.4

)

S 1.005

1.000 f
0.995F

D(Z )/D,lrue

)

& 1.005F

1.000 f
0.995F

D( z )/D,lrue

)

&, 1.005F

1.000 f
0.995F

z )/ D,Irue

~
(]

halo

0.2 04 06 0.8

1.0
k.., [h/Mpc]

1.2

1.4

D(2)/0._(2)

)

N
~

true

D(z)/D

true( Z)

D(z)/D

D(2)/0,_(2)

)

N
~

true

D(z)/D

Irue(z)

z)/D

~
(]

1.005
“1.000
0.995

1.005
"1.000

0.995

1.005

*1.000 f
0.995F

1.005

“1.000 }
0.995F

1.005 |
“1.000}
0.995

0.2 04 0.6 0.8

1,005 f
*1.000 |
0.995

0.2 04 0.6 0.8

1

N
|

halo

1.0
k., [h/Mpc]

1.2

1.4

halo

1.0
k.., [h/Mpc]

1.2

1.4

® Result

The errors in the
distance determinations
are reduced
substantially.

WE MUST USE
THE BISPECTRUM
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Bispectrum!?

* Bispectrum (3-point correlation) depends on b1 and b2 as:

Qg(k1 ,kz,k3)=(1 /b )[Qm(k1 ,kz,k3)+b2]

Q, is the matter bispectrum, given by PT.

* This method has been applied to the real data (2dFGRS):
b1=1.04+0.11; b,=-0.054+0.08 at z=0.17 (Verde et al. 2002)

*At higher redshifts, we expect x10 better results (Sefusatti &
Komatsu 2007)

*The bispectrum is an indispensable tool for measuring the
bias parameters.
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Jeong, Sefusatti & Komatsu (in preparation)

PT vs Bispectrum (z=6)
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Jeong, Sefusatti & Komatsu (in preparation)

PT vs Bispectrum (z=3)
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® Agreement is not
satisfactory, even
at z=3

® 4th-order PT is
necessary?

® Preliminary!
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Results So Far

® We understood the effects of matter non-linearity on
P(k) at z>2, using cosmological perturbation theory.

® (Galaxy bias is also understood, at least on large scales
where 3PT is valid.

® Bispectrum must be used: we are now developing a
joint analysis pipeline using the power spectrum and
bispectrum.

Biggest Limitation
These results are all in real space. We
still need to go to redshift space... s



Most Difficult Problem

® The most difficult (and unsolved) problem in modeling
P¢(k) is the “redshift space distortion” arising from the

peculiar velocity of galaxies

® Understanding this effect is crucial for getting H(z) out
of the observed galaxy power spectrum

® Why so difficult?

® Perturbation theory calculation breaks down, even at

z~3
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Redshift Space Distortion

overdensity
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real space redshift space v real space redshift space b

» (Left) Coherent velocity field => Clustering enhanced
along the line of sight

e “‘Kaiser’” effect

* (Right) Virial-like random motion => Clustering diminished
along the line of sight

* “"Finger-of-God” effect

47

12012Sq() O



Redshift Space Distortion
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PT in Redshift Space
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PT in Redshift Space
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EFven Worse

® Bispectrum needs to be computed in redshift space
also!

® Seems like a long way to go, but serious investigations
have already begun. E.g.,

® “An Analytic Model for the Bispectrum of Galaxies
in Redshift Space” by Smith, Sheth & Scoccimarro,
PRD, in press (0712.0017)
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Summary

® With perturbation theory, we think we can model
® non-linear matter clustering, and
® non-linear and stochastic galaxy bias

® Redshift space distortion requires more work. It is
likely that we need to give up perturbative
descriptions of FoG.

® Need for a hybrid approach: PT for P(k) in real
space, convolved with the velocity distribution

function computed in some other way
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e HETDEX starting in 201 |: we still have 3 years...



