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Parameterizing Dark Energy

Simplest Model: Cosmological Constant
Constraints from Planck:

Plp=w=—1 w = —1.1332} (95%; Planck+WMAP+BAO)
w = —1.09 % 0.17 (95%; Planck+WMAP+Union2.1)
w = —1.13913 (95%; Planck+WMAP+SNLS)

2 12 -3 —4 —2
H(a)* = Hy [Qa™ + Qra™ + Qpa™ + 0 w = —1.24%018 (05%: Planck-+WMAP-+H,)

Extended Model: Time-varying Equation of State Planck + WMAP + BAO data
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w(a) = wo + w,(1 - a) 16
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H(CL) = Hg [QMCL_S + QRCL_4 T Qka_2 i QAa_3(1+wo+wa)6_3w“(1_a)}

88

- 84
08

80
: Ny 76 X
Constraints from Planck: 0.0

72

wo = —1.0470%  (95%; Planck+WP+BAO),
w, < 1.32 (95%:;, Planck+WP+BAO).
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Results and figure from Planck 2013 results. XVI. Cosmological Parameters
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Measuring Cosmological Distances

Angular Diameter Distance Luminosity Distance
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Baryon Acoustic Oscillations are a “Standard Ruler”

13.7 billion years ago 5.5 billion years ago 3.8 billion years ago

Images: SDSS-II
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Baryon Acoustic Oscillations are a “Standard Ruler”
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Eisenstein, http://cmb.as.arizona.edu/~eisenste/acousticpeak/
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Baryon Acoustic Oscillations are a “Standard Ruler”
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Initial over-density field
without BAO
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With BAO
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Baryon Acoustic Oscillations are a “Standard Ruler”

Linear Theory: ) I_Ilnear Colrrelatlon !:unctlon |

Overdensity:

5(x,t) = D(t)d1(x)

Correlation Function: ?_/E
£(r,t) = (6(x,8)8(x +r, 1)) o
= D(t)*¢L(r)
Power Spectrum: !
P(k,t) = D(t)*Py (k) : - - -

r [Mpc/h]

g, TBAO _ 1 /Z
AT A0 1+ 2 Dark Energy Parameters
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BAO Systematic Uncertainties

- Nonlinear gravitational evolution
- Redshift-space distortions
- Scale-dependent galaxy bias
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BAO Systematic Uncertainties

- Nonlinear gravitational evolution
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Nonlinearity leads to a smoothing and shifting of BAO peak at low redshift
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BAO Systematic Uncertainties

- Redshift-space distortions Hawkdns st al, (2002), astro-ph/0212375

o Redshift measured from Doppler
shift, used to calculate distance
o (Galaxies are not at rest in
comoving frame

o Linear in-fall on large scales
o Flattening of correlations

o Thermal motion on small scales
o ‘Fingers of God’
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Modeling Nonlinearity: Standard Perturbation Theory
ld gy g e T J
Perturbative solution to the fluid equations 8 = /& 7 |... Linear
in Fourier space: . L Srder
3i.t) = 3 D(B75 (1) S RIALY
n=1 i
P22(k):2/d3qP11(q)P11(|E—q1) [Fés)(@g—@]z 0 R

@, oy 5 2k k) (kiR (11
F2 (klak2)—?+? k%/{?% + 9 k_%+/€_§
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Figure: Carlson, White, Padmanabhan, arXiv:0905.0497 (2009)
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New Approach: Motivation

- Structure of the Fourier space kernels suggests that in
configuration space, the result may be simpler

- Terms beyond 2" order may be simplified in configuration
space compared to Fourier space

- Configuration space can be more easily extended to
redshift space
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q+ ¥(q.7)=alr)

New Approach: Method

o x(17) = q+ ¥(q, 7). ~ . £

U(q7) =¥ (g7)+ ¥ (g7)+--. '\'

I'
" !
1st order Lagrangian perturbation theory (Zel'dovich approximation):

=

1LPT: x(a,t) =q— D(t)Vé(q)
Poisson:  V2*®(q) = 4nGpor(q) — =

4nGpo(q) = @(q)
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New Approach: Method

Jacobian in terms of invariants of deformation tensor:

J(q,t) =1 — DIi(q) + D’I>(q) — D*I(q)

*¢(q)
0q;0q;

dz’j(q) =
0q4(q,t) = DI (q) + D* (Ii(q)? — I2(q)) + D? (Ii(q)® — 21 (q) I2(q) + I3(q)) +

Coordinate transformation from q to x:

q(x) =x+ DV,9(q(x))

0z(x,1) = d4(a, 1) = 9 (x + DVyo(a(x)))

Expansion of the density in terms of linear quantities:

65 qa 2 82¢ ) 86(q7 t)
) )+ D + D
(1) = ( Z 0q Z 8%8% 3% 9q;

_DQZ% a.t) d¢(q) (g >>|

0¢;0q; 0qz dq;

q=x

McCullagh & Szalay. ApJ, 752, 21 (2012)
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New Approach: Method
Perturbatively calculate the nonlinear correlation function:

§(r,t) = (0(x,)d(x +r,)) = €M (r) D? + ¢P () D* + ...

We use Wick's theorem for expectation values of Gaussian quantities:

(a(x1)b(x2)c(x3)d(x4)) = (a(x1)b(x2))(c(x3)d(x4)) + (a(x1)c(x3)) (b(x2)d(X4))
+ (a(x1)d(x4)) (b(x2)c(x3))

First nonlinear contribution to the correlation function in terms of initial quantities:

5 | 5 19 5 34 , 4 5, 16 1
€0)(r) = —=62(0)E30) + () + T80 + &0 — 26 (e ()

4. 1 L o/ \p2 209, \e2
—553 (T)§3(T>+§§o (7“)50(7“)+§€2 (7)€ (r)

Where: &'(r) = L / Pr(k)jn(kr)k™ 2 dk

o2

McCullagh & Szalay. ApJ, 752, 21 (2012)
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New Approach: Results

3

In the Zel'dovich model, at z=0, the peak is damped by about 10% and shifted
to lower radius by ~1%
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Linear Theory
— Zel'dovich Model
Simulations

z=0.06
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77 Indra simulations

T. Budavari, S. Cole, D. Crankshaw, L. Dobos, B. Falck, A. Jenkins, G. Lemson, M. Neyrinck, A. Szalay, and J. Wang
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Real Space vs Redshift Space: Density

. ‘s
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Real Space vs Redshift Space: Correlation Function
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Redshift-space Correlation Function

Transformation to redshift-space coordinates: Real Space Redshift Space
S=X—u,(X)z g
(x) Xy %:}‘L u,(X,) .
u(x(a)) = FDV,(q) - B (@)
Redshift-space overdensity in terms of the Jacobian: . Sy w
p(s,t) Os; | 1 Xt D y; Tu (x9)
- = =144
5 oy U@ O
J(a,t) = 1= D(I1(a) + fdnn(q)) + D*((1 + f)I2(q) Y/ Y/
— [Mpn(q)) — D*(1 + f)I3(q) Observer

Nonlinear correlation function:

15 ' 45 45 25 ST 315 245 245

TASf  TUAf? A52fF 96 3672f2 | 3312/% 8647 0
+(441 3087 T aaz T 75 1 T oamis ) 1) )& )

2 3 4 4
€0)(s) = (19+76f+64f +16f 3f )50() (ﬁ 136f+638f2+244f3+48f
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Redshift-space Correlation Function

Zel'dovich model prediction:

Linear Nonlinear, z=0
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Understanding the BAO Peak Shift

Initial particle distribution Evolved particle distribution
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Figure: Padmanabhan, arXiv:1202.0090 (2012)
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Local Density Transformations: Log Density

1-point PDFs

1.2

— Gaussian A=10g(1+5(x))

1.01

§(r) =&
2 2 2 4 2
D(r) = —2 B0 + S0 ) + &) + =€)
4
- 2 A ) - 26 A + 367G

L. 2 2.5 2
—gfo (0>50(T)+552 (r)&5(r)

0.8f

0.6f

McCullagh, Neyrinck, Szapudi, & Szalay. ApJL, 763, L14 (2013)
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Local Density Transformations: Displaced Initial Density

Initial density:
do(q)

Displaced initial density:
OL(x,t) = do(x — ¥(q(x),t))
Correlation function:
&) =€ (7")
E2() = —€QO)E0) + €00 + 2 + 36 (E)
GO0 + 25 NG )

Figure: Mark Neyrinck

McCullagh, Neyrinck, Szapudi, & Szalay. ApJL, 763, L14 (2013)
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- - Linear Theory

----- Zel'dovich density

— Displaced-initial-density
Zel'dovich log density

105

: - - —— 95 100 110 115
r[Mpc/h] T[MpC/h]
- - Linear Theory: Ipea—106.4 Mpc/h
------ Zel’dovich density: Ipea—105.8 Mpc/h - -0.6 Mpc/h
— Displaced-initial-density:  r,.,=106.2 Mpc/h ~ -0.2 Mpc/h
Zel’dovich log-density: Ipeat—106.1 Mpc/h  -0.3 Mpc/h

McCullagh, Neyrinck, Szapudi, & Szalay. ApJL, 763, L14 (2013)
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Log-transform vs Gaussianization transform
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BAO Peak in Indra Subhalo Density Field 98 realizations
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BAO Peak in Indra Subhalo Density Field

Density
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std of peak=8.7 Mpc/h

Peak (un)shifted by ~0.5 Mpc/h
S/N increased by ~1%
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Directions for Future Work

Transformed-density statistics

Developing pair-counting estimator for the log-density correlation function
Measuring the log-density correlation function from SDSS data

Configuration-space perturbation theory
Extending model to higher orders in LPT

Modeling higher-order statistics in configuration space

Including galaxy bias in model

2LPT: o 1 -
T =q— DV, oW+ Dy, ,6®

§(az)(7) = (0P(2)6P (7 + 7))

1219 1 124
=~%gﬁﬂf+§6%ﬂﬁﬁf—§g€%ﬂ1W)
2 16

26 (N&(r) — o2& (n)é(r) +
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Conclusions

The BAO signal is a powerful tool for constraining Dark Energy
equation-of-state parameters

As survey precision improves, theoretical models of BAO
systematics must improve to accurately constrain Dark Energy
parameters

Zel'dovich Model:
Provides simpler higher-order corrections than Fourier-space equivalent
Models nonlinear behavior of the correlation function
Models redshift-space distortions in the nonlinear correlation function

Application: Local density transformations

Log (or Gaussianized) density field gives less-biased peak position and
slightly higher signal-to-noise of peak detection
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Thank you!



