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From P(k) to d,(z) and H(z)

e In galaxy surveys, we chart
galaxies by (6,0,z).

e In order to convert them to

Q© |
-y physical coordinate, we have to
N Survey know the expansion rate, H(z),
< | Volume _. and the angular diameter
E c Ay distance, d,(z).
Zl_______I¥ H(z) . Distance scales shift power
(1_|_Z)3""('Z)MJ spectrum, P(k), in log-scale as
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To getd, and H from P(k),

e We have to understand/model the non-linearities which distort
the power spectrum.

k / h Mpc™!
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e Three non-linearities

1. Non-linear matter clustering

2. Non-linear galaxy bias

log,, P(k) / h™®Mpc®

3. Non-linear peculiar velocity
(redshift-space distortion)

we, /et Percival et al. (2006)



BAOs are most popular,

e because their phases are NOT affected by the non-linear
evolution very much.

e Therefore, it is favored when non-linearities are too strong.
(e.g. z~0)
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BAO vs Full Modeling

e Full modeling improves upon
the determination of d, & H by
more than a factor of two.

eOn the d,-H plane, the size of
the ellipse shrinks by more
than a factor of four!

eTherefore, using the full
information is equivalent to
having four times as much
volume as one would have
with BAO-only.
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How to model the nonlinerties?

e Solid theoretical frame work : Perturbation Theory (PT)

- It is necessary in order to avoid any empirical, calibration
factors.

- Validity of the cosmological linear perturbation theory has
been verified observationally. (Remember WMAP!)

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

- 3rd-order perturbation theory (3PT)



Is 3PT New?

e Not at all. It is more than 25 years old.

e However, it has never been applied to the real data so far,
because non-linearity is too strong to model PT at z~0.

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

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



Solving Just Three Equations

e Setting up
— Consider large scales, where the baryonic pressure is

negligible, but smaller than the Hubble horizon.
(i.e. ajH<<k<<k;, where k; is the Jeans scale.)

— Ignore the shell-crossing, so that the rotational velocity is
zero : curl(v)=0

e Matter field is described by Newtonian fluid equations.

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

v+ (v-V)v= —Ev—ng
V2 = 4rGa’pd



3PT Matter power spectrum

Vishiniac (1983);Fry (1984);Goroff et al. (1986);Suto&Sasaki (1991);Makino et
al. (1992);Jain&Bertschinger (1994);Scoccimarro&Frieman (1996)
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Models Nonlinear matter P(k)

D] & Komatsu (2006)
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BAO : Matter
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3PT Galaxy power spectrum

e Facts

— The distribution of galaxies is not the same as that of
matter fluctuations.

e Assumption

— Galaxy formation is a local process, at least on the scales
that cosmologists care about.

1 1
0¢(x) = € + bid(x) + 519252(@ + 6b353(‘”) + O(67)
e Result (McDonald, 2006)
- vz [ 3
Pyu(k) =Py + b3 [P(k)+—2/ 10 [P(Ik— q)) —P(Q)]

2 ) (2m)3

N 3
+ 2b, / (jﬂ‘;P(q)P(yk— a)Fy” (g, k- q)]

- b1,b2,P0 are free parameters that captures detail
information of galaxy formation!
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MPA Galaxy power spectrum
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BAO : Non-linear bias
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d.(z) from P, (k)
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e With 3PT, we
succeeded in
measuring dA(z)
from the “observed”
power spectra in the
Millennium
Simulation at z>2.

oStill seems
challenging at z=1.

Better PT is needed!
e.g. Renormalized PT
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So Much Degeneracies
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e Bias parameters
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What if we know b, and b,...
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Galaxy Bispectrum

e Galaxy bispectrum (3-point correlation) depends on b, and b,

asS ~ ~
By(ky, ko, ks) = B} | B (k1 k2, k) + by [P (k1) P(ks) + (cyelio)}]

where B, is the matter bispectrum given by PT.
e This method has been applied to real data (2dFGRS) :

b =1.04 £0.11, by = —0.054 4+ 0.08
at z=0.17. (Verde et al. 2002)

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

e The bispectrum is an indispensable tool for measuring the bias
parameters.
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3PT vs B_.(k,,k,,0) at z=6
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3PT vs B_.(k,k,,0) at z=3

Bo (1, ko, ks) = 2B, (k1) B (ko) Fy™ (i, ka) + (cyel.)
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Conclusion

e Modeling the full power spectrum will lead us about 4 times
better constraint on the cosmological distance determination
than BAO only.

e We understood the effect of matter nonlinearity on P(k) at high
redshifts (z>2), using cosmological perturbation theory.

e Nonlinear galaxy bias is also understood, at least on large
scales where 3PT is valid.

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

e Biggest limitation

These results are all in real space. We still need to go to
redshift space. (DJ & Komatsu (200?), Work in progress)



