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Primordial non-Gaussianity and the Large-Scale Structure

Inflation ⇒ Initial curvature perturbations: 〈φφ〉, 〈φφφ〉 6= 0, 〈φφφφ〉 6= 0?

What are the effects on the Large-Scale Structure?

• on the matter higher-order correlation functions

〈φφφ〉 ⇒ 〈δδδ〉

• on the cluster abundance

〈φφφ〉 ⇒ s3 ∼ 〈δ3〉 ⇒ n(M)

• on the halo and galaxy bias relation

〈φφφ〉 ⇒ [...]⇒ beff (k, fNL), for local NG

This allowed contraints on the NG parameter
fNL comparable to those from the CMB
bispectrum, already from current observations!

P!! and the halo-matter cross spectrum Ph! ¼ h!"
h!i. We

have used the cross spectrum rather than the halo auto
spectrum because the former should be less sensitive to
shot noise from the small number of halos compared to
dark matter particles. We have checked, however, that

using the halo auto spectra to compute bias gives consistent
results as the cross spectra; i.e. we find no evidence for
stochasticity. Examples of the various power spectra and
resulting bias factors are plotted in Fig. 7.
As can be seen, we numerically confirm the form of the

predicted scale dependence. Because we focus on the
statistics of rare objects, the errors on bias from individual
simulations plotted in Fig. 8 are large. We therefore at-
tempt to improve the statistics on the comparison by com-
bining the bias measurements from multiple simulations.
Figure 8 plots the average ratio between the bias measured
in our simulations and our analytic prediction, Eq. (9),
using !c ¼ 1:686 as predicted from the spherical collapse
model [78]. In computing the average plotted in this figure,
we used a uniform weighting across the different simula-
tions, redshifts, and mass bins. Alternative weightings can
shift the results by #10%, so we conservatively estimate
the systematic error in our comparison to be 20%. The
agreement between our numerical simulation results and
our predicted bias scale dependence, Eq. (9), is excellent
and perhaps surprising. Naively, we might expect a some-
what larger collapse threshold !c to apply, considering the
ellipsoidal rather than spherical nature of the collapse of
halos in this mass range [70].

VI. COSMOLOGICAL CONSEQUENCES

Having derived fitting formulas for the abundance and
clustering of halos in NG models, we now investigate how
well upcoming surveys may constrain fNL, and whether
NG could possibly affect the constraints derived on other
cosmological parameters. We focus on galaxy cluster sur-
veys and redshift surveys. Cluster surveys aim to constrain
cosmological parameters, in particular dark energy pa-
rameters, by exploiting the exponential sensitivity of the
galaxy cluster abundance on cosmology. Similarly, a major
goal for upcoming redshift surveys is to constrain dark
energy by localizing baryonic acoustic oscillation (BAO)
features in the galaxy power spectrum at multiple redshifts.
Examples of upcoming surveys include the Atacama
Cosmology Telescope,4 South Pole Telescope,5 Dark
Energy Survey,6 WiggleZ,7 Planck,8 SuperNova/
Acceleration Probe,9 and the Large Synoptic Survey
Telescope.10

Because primordial non-Gaussianity affects both the
abundance and power spectra of massive halos, both of
these types of surveys will be well suited for constraining
NG. On the other hand, potential NG could, in principle,

FIG. 8 (color online). Ratio of the bias shift !b measured
from our simulations to that predicted by Eq. (9), using !c ¼
1:686. Biases were computed from cross spectra measured on 28
simulations with 5 various fNL ð%500;%100; 100; 500Þ, 3
various redshifts (z ¼ 0, 0.5, 1), and 5 halo mass bins. Note
that at higher k, nonlinear evolution also generates scale
dependence in the bias [80].

FIG. 7 (color online). Cross-power spectra for various fNL.
The upper panel displays Ph!ðkÞ, measured in our simulations at
z ¼ 1 for halos of mass 1:6' 1013M( <M< 3:2' 1013M(.
The solid line corresponds to the theoretical prediction for P!!

with a fitted bias b0 ¼ 3:25. We see a strongly scale-dependent
correction to the bias for fNL ! 0, increasing towards small k
(large scales). The bottom panel displays the ratio
bðk; fNLÞ=bðk; fNL ¼ 0Þ. The errors are computed from the
scatter amongst our simulations and within the bins. Triangles
correspond to our large (10243 particle) simulations whereas
diamonds correspond to our smaller (5123 particle) simulations.
The dotted lines correspond to our expression for the bias
dependence on fNL defined in Eq. (9).

4http://wwwphy.princeton.edu/act/
5http://spt.uchicago.edu
6http://www.darkenergysurvey.org
7http://astronomy.swin.edu.au/wigglez/WiggleZ/

Welcome.html
8http://www.rssd.esa.int/Planck
9http://snap.lbl.gov

10http://www.lsst.org
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[Dalal et al., 2008]
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Primordial non-Gaussianity and the Large-Scale Structure

Inflation ⇒ Initial curvature perturbations: 〈φφ〉, 〈φφφ〉 6= 0?

What are the effects of a non-vanishing initial 3-point function
on the Large-Scale Structure?

• on the matter higher-order correlation functions

〈φφφ〉 ⇒ 〈δδδ〉
• on the cluster abundance

〈φφφ〉 ⇒ s3 ∼ 〈δ3〉 ⇒ n(M)

• on the halo and galaxy bias relation

〈φφφ〉 ⇒ [...]⇒ beff (k, fNL), for local NG

Why bother with the galaxy bispectrum, then?

1 The effect of PNG is larger for the galaxy bispectrum

2 The bispectrum is sensitive to any NG model!
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The matter bispectrum and primordial non-Gaussianity
The scale-dependence of primordial non-Gaussianities

At large scales: PNG+ Gravity ⇒ B ' BInitial + B tree
Gravity
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The matter bispectrum and primordial non-Gaussianity
The scale-dependence of primordial non-Gaussianities

Current constraints
for different models
on equilateral configurations, B(k, k, k)

[Liguori, ES, Fergusson & Shellard (review, 2010)]
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The matter bispectrum and primordial non-Gaussianity
The scale-dependence of primordial non-Gaussianities

At large scales: PNG + Gravity ⇒ B ' BInitial + B tree
Gravity
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The matter bispectrum and primordial non-Gaussianity
The shape-dependence of primordial non-Gaussianities

Current constraints
for different models
on generic configurations, B(k1, k2, θ)

k1 = 0.01 h Mpc−1, k2 = 0.015 h Mpc−1

z = 1

[Liguori, ES, Fergusson & Shellard (review, 2010)]
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The matter bispectrum and primordial non-Gaussianity

At small scales, non-linear evolution is important!

In Perturbation Theory one studies loop-corrections:

Bm
PT
= BI + B tree

G + B1−loop
m (PL,BI ,TI ) + ...

Loop corrections depend on the linear power spectrum as well as on initial
higher-order correlators. For instance:

B1−loop
m ⊃

∫
d3q F2(q, k3 − q) TI (k1, k2, q, k3 − q),

2 PL(k1) F2(k1, k3)

∫
d3q F2(q, k3 − q) BI (k3, q, |k3 − q|) + perm.,

8

∫
d3qF2(−q, q + k1)F2(−q− k1, q− k2)F2(k2 − q, q)PL(q)PL(|k1 + q|)P0(|k2 − q|),

...

⇒ Extra sensitivity to BInitial (and a mild one to TInitial )

[Scoccimarro (1997); ES (2009)]

The same is true for the power spectrum ...

Pm
PT
= PL + P1−loop

m (PL,BI ) + ...

Cosmo2010, Tokyo — Emiliano Sefusatti Testing the initial conditions with the Large-Scale Structure



The matter bispectrum and primordial non-Gaussianity
Small scales: N-body simulations vs. PT
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[ES, Crocce & Desjacques (2010)]

Relative effect of Local non-Gaussian I.C.

B(fNL = 100)/B(fNL = 0)

• There is a 5 - 20% effect of
non-Gaussian Initial Conditions for all
triangles, at small scales and at any
redshift, for fNL = 100

• The tree-level approximation
breaks-down at relatively large scales,
while 1-loop PT helps significantly to
extend the validity of the theoretical
predictions

We can do better: the resummation of infinite

sub-sets of perturbative contributions in RPT,

can be extended to non-Gaussian initial

conditions

[Bernardeau, Crocce & ES (2010), see also Bartolo et al. (2010)]
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The matter bispectrum and primordial non-Gaussianity

Cumulative, “non-Gaussian”, signal-to-noise
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(
S

N

)2

P

=

kmax∑
k

(PNG − PG )2

∆P2(
S

N

)2

B

=

kmax∑
triangles

(BNG − BG )2

∆B2

Sums over all configurations up to kmax

Both the initial, non-Gaussian
component and its effect on the
nonlinear evolution are important
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The halo bispectrum and primordial non-Gaussianity

Cumulative, “non-Gaussian”, signal-to-noise
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=
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∆P2(
S

N

)2

B

=
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triangles
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Sums over all configurations up to kmax

The cumulative “non-Gaussian”
signal is larger for the bispectrum
than for the power spectrum!
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Halo bias and the bispectrum

Dalal et al., (2008): the bias of halos receives a large correction (at large scales!)
for local primordial non-Gaussianity

⇒ a non-local bias relation [Giannantonio & Porciani, 2010]:

δg (x) = f [δ(x), φ(x)] = b1δ(x) + c1(fNL)φ(x) +
b2

2
δ2(x) + c2(fNL)δ(x)φ(x) + ...

The simplest model for the galaxy bispectrum is then “tree-level”

Bg (k1, k2, k3) = b3
1B(k1, k2, k3) + b2

1c1Bδδφ(k1, k2, k3)

+b2
1b2P(k1)P(k2) + perm.+ b2

1c2P(k1)Pδφ(k2) + perm.

(but we keep the matter and matter-potential correlators at 1-loop)

Relative effect

(BNG/BG ) on the

matter-matter-halo

bispectrum, Bmmh

Work in progress!

[ES, Crocce & Desjacques (in

preparation)]
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The galaxy bispectrum: the past

658 SCOCCIMARRO ET AL. Vol. 546

FIG. 5.ÈQ vs. h for the QDOT catalog for triangles with 0.05 ¹ k ¹ 0.2
h Mpc~1 and with two sides of ratio 0.4È0.6 separated by angle h. The solid
curve shows Q expected from perturbation theory for spectral index
n \ [1.4 in eq. (8) for ) \ 0.3. The long-dashed curve shows Q in redshift
space averaging many 2LPT synthetic realizations using the full LCDM
power spectrum, showing the nonperturbative corrections discussed in °
4.1. Symbols show results for bands in triangles : hk1 : k1 \ 0.1È0.125
Mpc~1 ; squares : 0.125È0.15 h Mpc~1 ; diamonds : 0.15È0.175 h Mpc~1 ;
circles : 0.175È0.2 h Mpc~1.

vations we deal with a single sample, this e†ect must be
taken into account (Szapudi & Colombi 1996).

We must also account for correlations between estima-
tors. In an inÐnite universe, Fourier modes are statistically
independent. For a survey of Ðnite volume, translation
invariance is broken, leading to correlations between di†er-
ent Fourier modes at large scales. We conÐne our analysis
to sufficiently small length scales, k º 0.05 h Mpc~1, that
the window function of the survey can be approximated by
a delta function (see Paper I for a detailed discussion).
However, Fourier modes will be correlated with their neigh-
bors in k-space over the inverse width of the selection func-
tion of the survey. In addition, correlations arising from
shot noise dominate at small scales.

A proper analysis of these surveys requires that we take
these e†ects into consideration. In Paper I we have studied
this problem by using mock catalogs drawn from numerical
realizations of perturbation theory as well as N-body simu-
lations. In order to measure the correlation matrix of the
bispectrum and the PDF of its estimator, many (º400)
realizations of the survey under consideration are necessary.
This is efficiently done using a numerical implementation of
second-order Lagrangian perturbation theory (2LPT),
which is orders of magnitude faster than N-body simula-
tions and reproduces the correct bispectrum at large scales,
including nonlinear aspects of redshift distortions men-
tioned above. In order to investigate the domain of validity
of 2LPT, we have run N-body simulations which conÐrm
that, over the range of scales we consider (0.05 ¹ k ¹ 0.2 h
Mpc~1), 2LPT is a very good approximation to the full
nonlinear theory.

4.3. L ikelihood Analysis
The survey geometry and radial selection function intro-

duce biases and correlations that are best dealt with in a
likelihood analysis. We proceed in the following way : Given

FIG. 6.ÈSame as Fig. 5, but for the 2 Jy catalog. Open symbols show
raw results ; Ðlled symbols show results after correcting for the average
Ðnite-volume bias. The short-dashed line shows the result expected for
1/b \ 1.32, applied to the 2LPT result. Note that the short-b2/b2 \ [0.57
dashed line is not obtained by Ðtting directly to the Ðlled symbols ; since the
PDF of Q is positively skewed, low values of Q are more probable than
high values.

a set of measured reduced bispectrum amplitudes MQ
m
N,

m \ 1, . . . , where is the number of closed trianglesN
T
, N

Tin the survey, we diagonalize their covariance matrix so that
the Q eigenmodes qü

n
,

qü
n
\ ;

m/1

NT c
mn

Q
m

[ Q1
m

*Q
m

, (29)

satisfy

Sqü
n
qü
m
T \ j

n
2 d

nm
, (30)

where and These Q eigen-Q1 4 SQT (*Q)2 4 SQ2T [ Q1 2.
modes have ““ signal-to-noise ÏÏ ratio (S/N)

(S/N)
n
4

1
j
n

K
;

m/1

NT c
mn

Q1
m

*Q
m

K
. (31)

The physical interpretation of the Q eigenmodes becomes
clear when ordered in terms of their S/N. The (n \ 1) eigen-

FIG. 7.ÈSame as Fig. 6, but for the 1.2 Jy catalog. The short-dashed
line shows the result expected for 1/b \ 1.15, applied to theb2/b2 \ [0.50
2LPT result.

PSCz catalogue
[Scoccimarro et al., 2001]
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The galaxy bispectrum: SDSS DATA are coming!

[Scoccimarro et al., in preparation]
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Conclusions

In principle, constraints on primordial non-Gaussianity from the galaxy
bispectrum are expected to be better than those from other LSS probes,
both

• quantitatively (smaller errors on fNL’s)

and

• qualitatively (larger sensitivity to the shape of non-Gaussianities)

In practice, more work is needed:
we need an accurate description of the galaxy bispectrum at mildly nonlinear scales
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