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Initial conditions in the universe

 Nearly scale-invariant, statistically isotropic spectrum of density perturbations

 Background of gravity waves

 (Very nearly) gaussian initial conditions:

Generic inflationary predictions:



Initial conditions in the universe

Statistical Isotropy:

Gaussianity:
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10 years of Primordial non-Gaussianity
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SDSS + WMAP movie
Landsberg, SubbaRao et al., 

UChicago and Adler



▲Harvard-Cfa survey (1980s)
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Figure 2: Some of the LSS surveys that will be used for tests of statistical isotropy. Clockwise from top left

we show the 2MASS, WISE and IRAS galaxy survey maps, as well as the BATSE gamma ray burst map (we

will also consider other surveys, not shown here). All maps are in galactic coordinates except 2MASS which

is in ecliptic coordinates. The WISE map is a simulation (the maps will be released later in 2011 or 2012).

been introduced (by the PI and collaborators) and developed to perform the tests of isotropy.

Figure 2 shows, clockwise from top left, the 2MASS, WISE (simulation) and IRAS galaxy survey
maps, and the BATSE gamma ray burst (GRB) map. All maps are in galactic coordinates except
2MASS which is in ecliptic coordinates. We propose to extend the analysis already performed on
WMAP data to galaxy and GRB surveys, using several complementary approaches. After the galactic
sky cut, these surveys cover about 70-100% of the sky which makes them uniquely suited to study
the largest structures in the universe.

See Fig. 4, further below in this proposal, for preliminary constraints on the dipole magnitude
from the sample of 1637 GRBs from the BATSE catalog obtained by the PI’s graduate student
Cameron Gibelyou.

Statistical Isotropy Defined. Consider a fluctuating field on the sky T (n̂) (the same ar-
guments apply for any field, for example CMB temperature or galaxy density field). The field is
statistically isotropic if its two point correlation function depends only on the separation between
points

�T (n̂)T (n̂�)� = C(n̂ · n̂�). (1)

Fluctuations in the field can, in general, be expanded in terms of spherical harmonics
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A very small existing subsample of surveys...



fNL= -5000

fNL= +5000 fNL= +500

fNL= -500
fNL= 0

Using publicly available NG maps by Elsner & Wandelt

Current constraint from WMAP:  fNL=32±21



Same initial conditions, different fNL 
Slice through a box in a simulation Npart=5123, L=800 Mpc/h

 Under-dense region evolution 
decrease with fNL

 Over-dense region evolution 
increase with fNL

Simulations with non-Gaussianity (fNL)

Dalal, Doré, Huterer & Shirokov, PRD 2008
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Does galaxy/halo bias depend on NG?
cosmologists 

measure

theory predictsusually nuisance
parameter(s)

bias ≡ clustering of galaxies
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Scale dependence of halo bias on NG

Dalal, Doré, Huterer & Shirokov 2008
Verified using a variety of theoretical

derivations and numerical simulations.

∆b(k) = fNL(bG − 1) δc
3 ΩMH

2
0

T (k)D(a)k2

Ph(k, z) = b2(k, z)PDM(k, z)



fNL = 8 +/- 30 (68%, QSO)      

fNL = 23 +/- 23 (68%, all)      

[Future data forecasts for LSS: σ(fNL) ≈ O(few)  
at least as good as, and highly complementary, to Planck CMB]

Slosar et al. 2008

Constraints from current data: SDSS



Nongaussianity form clustering of galaxy clusters

Covariance (i.e. clustering) between very distant clusters of galaxies is 
especially sensitive to primordial nongaussianity

Improvement relative to counts alone: 2-3 orders of magnitude in accuracy

Improvement relative to variance of counts: >1 order of magnitude in accuracy

In other words:
Good: Counts (d2N/dzdΩ = r2(z)/H(z))
Better: Variance (of counts in cells)
Best: Covariance (of counts in cells)

Cunha, Huterer & Doré 2010

N.B. calculation is 
numerically demanding 

even at the Fisher matrix level

4 Foley et al.

Fig. 1.— SPT-CL J2106-5844 at millimeter, optical, and infrared wavelengths. Left: The filtered SZ significance map derived from

multi-band SPT data. The frame subtends 12� × 12�. The negative trough surrounding the cluster is a result of the filtering of the time

ordered data and maps. Right: LDSS3 optical and Spitzer/IRAC mid-infrared gi[3.6] (corresponding to BGR channels) images. The frame

subtends 4.�8 × 4.�8. The white contours correspond to the SZ significance from the left-hand panel. The circles mark spectroscopically

confirmed cluster members, where green indicates quiescent, absorption-line member galaxies and cyan indicates an active, emission-line

member galaxy. Some spectroscopic member galaxies are outside the FOV for this image.

Fig. 2.— Color-magnitude diagram (J − [3.6] vs. [3.6]) for galax-
ies within the IRAC FOV. Suspected red-sequence cluster members

are plotted in red. Lower-probability, but potential cluster mem-

bers are plotted in blue. Spectroscopic members are plotted as

stars, where the red stars correspond to passive galaxies and the

blue star represents an emission-line galaxy. Additional galaxies

in the field are plotted as black points. The size of the symbol is

inversely proportional to the distance to the center of the cluster

as determined by the clustering of the red-sequence galaxies. Our

5-σ limits are plotted as dotted lines. A red-sequence model cor-

responding z = 1.132 is represented as the solid black lines with a

representative L∗ galaxy represented by the black diamond.

luric line removal were performed using the well-exposed
continua of spectrophotometric standard stars (Wade &

Horne 1988; Foley et al. 2003).
Three independent redshift determinations were per-

formed using a cross-correlation algorithm (IRAF
RVSAO package; Kurtz & Mink 1998), a template fit-
ting method (SDSS early-type PCA templates), and a
χ2 minimization technique by comparing to galaxy tem-
plate spectra. There were only minor differences in the
final results from the three methods. In total, we have
obtained secure redshifts, consistent with membership in
a single cluster, for 18 galaxies. Two of these galaxies
have obvious [O II] emission, while the others have SEDs
consistent with passive galaxies with no signs of ongoing
star formation.
A 3-σ clipping was applied around the peak in redshifts

to select spectroscopic cluster members. Representative
spectra of cluster members and a redshift histogram of
cluster members are presented in Figure 3. Redshift in-
formation for cluster members is presented in Table 1. A
single galaxy was observed and has a secure redshift from
both Magellan and VLT. Although the VLT spectrum
shows clear Ca H&K absorption lines and the Magel-
lan spectrum only shows the D4000 break, the measured
redshifts are consistent.
A robust biweight estimator was applied to the

spectroscopic sample to determine a mean redshift of
z = 1.131+0.002

−0.003 and a velocity dispersion of σv =
1230+270

−180 km s−1. The uncertainty in both quantities
is determined through bootstrap resampling. Since the
dynamics of passive and star-forming galaxies within

Worked example:



Cunha, Huterer & Doré 2010

NG can survive marginalization over numerous systematic effects, e.g:
- relation of mass of cluster and its observable quantity (T, flux, etc)
- redshift evolution of bias
- it can also be decoupled from dark energy

Nongaussianity form clustering of galaxy clusters

Dark Energy Survey cluster forecasts

sance parameters (both halo bias and mass-observable).
We see that the change in the constraints from combined
counts3 and clustering is even more remarkable than the
unmarginalized constraints shown in the right panel. The
full clustering covariance yields about 1 order of magni-
tude better constraints than if only the variance is used. As
we shall see, this fractional improvement remains even
when we include nuisance parameters.

Tables II and III show fNL constraints using the variance
of cluster counts, and the full covariance, respectively. The
results assumed Planck priors on the cosmological parame-
ters, 10 nuisance parameters describing the mass-
observable relation, and 3 nuisance parameters describing
uncertainties in the Gaussian halo bias.

Comparing the last columns of Tables II and III, we see
that the counts! covariance combination yields about an
order of magnitude improvement over simply using
counts! variance. For the counts! variance, the uncer-
tainties in the halo bias parameters are the main source of
degradation to fNL constraints. Without the information
from large separations provided by the full covariance, the
Fisher matrix cannot disentangle the effects due to the
Gaussian bias from the fNL contribution. When the full

covariance is used (cf. Table III), the errors in the mass-
observable relation are the dominant source of degradation.
Marginalizing over all nuisance parameters, assuming flat
priors, yields a degradation of "3 in !#fNL$. This is not
large, considering we added 13 nuisance parameters, but
not negligible either. Even modest prior information can
improve the marginalized constraints significantly.
There are two principal reasons for the strong improve-

ment of errors when the covariance is added:
(1) The strong scale dependence of the bias as a func-

tion implies that most signal comes from the cova-
riances, since the covariances have longer lever
arms in k than the variance alone (and are much
more sensitive than counts which only depend on
non-Gaussianity via the mass function);

(2) The signature of fNL in the covariance is unique, as
no other cosmological parameter leads to a similar
effect—therefore, the degeneracy with other cosmo-
logical parameters is very small, as first noted by
[35].

Comparing the fNL constraints for the full covariance for
fixed nuisance parameters (Table III) to the unmarginalized
constraints (Table I), we see that degeneracies with cos-
mological parameters only result in a small degradation of
fNL constraints (from 1.7 to 1.8).
Tables II and III also show the constraints obtained using

counts alone, or (co)variance by itself. The information
about fNL from the counts is very degenerate with the
cosmological and nuisance parameters. The ‘‘1’’ symbols

TABLE III. Marginalized constraints on fNL and dark energy with cluster counts, covariance of the counts, and the two combined.
The fiducial case assumes 5 bins in mass and redshift each with a mass threshold Mth % 1013:7, maximum redshift zmax % 1:0, and
other assumptions as in the text. Assumptions about the nuisance parameters are varied, and are shown in the first two columns. Entries
with 1 indicate that the method was unable to constrain the parameters.

Marginalized errors—Full Covariance
Nuisance parameters Counts Covariance Counts! Covariance

Halo bias Mobs !#!DE$ !#w$ !#fNL$ !#!DE$ !#w$ !#fNL$ !#!DE$ !#w$ !#fNL$
Marginalized Marginalized 1 1 1 1 1 1 0.069 0.23 6:0
Known Marginalized 0.097 0.33 2:1& 103 0.13 0.43 12 0.065 0.22 5:4
Marginalized Known 1 1 1 0.099 0.34 7:0 0.0036 0.014 3:8
Known Known 0.0051 0.023 94 0.042 0.13 5:1 0.0036 0.014 1:8

TABLE II. Marginalized constraints on fNL and dark energy with cluster counts, variance of the counts, and the two combined. The
fiducial case assumes 5 bins in mass and redshift each with a mass threshold Mth % 1013:7, maximum redshift zmax % 1:0, and other
assumptions as in the text. Assumptions about the nuisance parameters are varied, and are shown in the first two columns. Entries with
1 indicate that the method was unable to constrain the parameters.

Marginalized errors—Variance only
Nuisance parameters Counts Variance Counts! Variance

Halo bias Mobs !#!DE$ !#w$ !#fNL$ !#!DE$ !#w$ !#fNL$ !#!DE$ !#w$ !#fNL$
Marginalized Marginalized 1 1 1 1 1 1 0.075 0.25 55
Known Marginalized 0.095 0.32 3:4& 103 1 1 1 0.061 0.21 27
Marginalized Known 1 1 1 0.077 0.26 98 0.0037 0.016 44
Known Known 0.0046 0.021 91 0.053 0.18 67 0.0035 0.014 19

3The slight degradation in fNL constraints from counts seen in
the right panel is real, and is due to adding the (positive)
covariance matrix elements to the counts noise; see the first
term on the right-hand side of Eq. (11). Using the full covariance
therefore yields very slightly worse constraints.

PRIMORDIAL NON-GAUSSIANITY FROM THE . . . PHYSICAL REVIEW D 82, 023004 (2010)

023004-7

Counts (1-pt function) 
mainly probe DE 

parameters

Covariance (2-pt 
function) mainly probes 

fNL

Together:
σ(fNL)=few

... and this is just from cluster 1 and 2-pt function! Also:
galaxy 2-pt function, galaxy 3-pt function,  ...



So LSS has at least as great intrinsic power as
the CMB to measure NG. 

What are the leading sources of systematic error?

•Baryons and galaxy formation (high k)
    NEED:  improved simulations with galaxies

    GOOD NEWS: fine without it if use linear scales only

•Photometric redshift calibration (“2D→3D”)
    NEED: deep spectroscopic follow-up with Nspec~105 

    GOOD NEWS: appears to be doable w/ current technology
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Sensitivity of δw/σ(w)

Cunha, Huterer et al, arXiv:1109:5691
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Requirements on spectroscopic follow-up
total Nspectra

Single pointing of
Magellan or VLT Cunha, Huterer et al, arXiv:1109:5691

[Requires bias/error 
in w less than 1/2]

helps beat
sample variance



Back to theory! Scale-dependent non-Gaussianity:
comparison with simulations

Shandera, Dalal & Huterer 2011

fNL(k) = fNL(kp)
�

k

kp

�nf

.

 Scale-dependent NG meets numerical simulations (1st time)
 Two models considered:

 1. Single-field inflaton with self-interaction
 2. Mixed curvaton-inflaton model 

For single field:
B(k1, k2, k3) = fNL(k1)P(k2)P(k3)+perm
⇒ nf measures self-int (departure from quadratic V(φ))

For multi-field (infl + curv):
B(k1, k2, k3) = fNL(k1)fNL(k2)P(k1)P(k2)+perm
⇒ nf measures scaling of curv/infl, fNL(k)=Pς(σ)(k)/[Pς(σ)(k)+Pς(φ)(k)]

ansatz:



Scale-dependent non-Gaussianity:
comparison with simulations

Shandera, Dalal & Huterer 2011
see also Desjacques, Jeong & Schmidt 2011
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Beyond the power law in fNL(k):
Generalized local ansatz

 Motivated by multi-field inflationary models 

 In general, even if you are considering standard single-field 
inflation, interactions may lead to scale-dependence of fNL

Φ(x) = φG(x) + fNL

�
φ2

G(x) − �φ2
G�

�
(Usual) local model...

...we generalize to a scale dependent (non-local) model

Φ(k) = φG(k) + fNL(k)
�

d3k�

(2π)3
φG(k�)φG(k − k�)

Φ(x) = φG(x) + fNL(x)∗
�
φ2

G(x) − �φ2
G�

�

Becker, Huterer & Kadota 2011



A complete basis for fNL(k): piecewise-constant bins

F new
ij =

N�

k,l=1

∂pk

∂qi

∂pl

∂qj
Fkl

Projection onto any theoretical fNL(k) model is now trivial:
(F = Fisher matrix; quantifies measurability of fNL(k) from bias of LSS)

Original (basis) 
parameters, fNL

i

New parameters 
(e.g. fNL(kpivot), n)

Measurement errors 
from 

DES-type survey

Becker, Huterer & Kadota 2011



Figure 3: The first three, and the last (10th), principal component of fNL(k). The PCs, e(i)(k), are
basically eigenvectors of the covariance matrix for piecewise-constant values of fNL(k) in wavenum-
ber bins uniformly distributed in log k, and are ordered from the best-measured one (i = 0), to
the worst-measured one (i = 9) for the assumed fiducial survey. [Kenji: Check the shape doesn’t
change by including more bins. My worry is it changes by including 15 bins instead of 10 bins. It
means 10 bins are not enough! This figure could be put in the earlier section because this fig is a
sort of important to illustrate the properties of our PCs.]

5.2 Principal components and relation to local and equilateral models

[Kenji: what’s the punchline of this subsection? What is the conclusion of this section
important for? maybe we could put it in the discussion section by changing the title of the
next section to something like ’Discussion and Conclusion’?] [Dragan: Seems that PCs
and cosines are some quantitative results in the paper, so I would put them in a separate
section (like this one) before D&C. I wrote an intro par here to motivate the PCs, which
basically tell you what you measure. See comment below for the cosines result.]

[Dragan: (new par).] We now represent a general function fNL(k) in terms of principal
components (PCs). This decomposition is very convenient, as it tells us which particular
modes of fNL(k) are best or worst measured. The PCs will also enable us to measure
the overlap of our non-Gaussianity as specified by our generalized ansatz to the local and
equilateral forms of non-Gaussianity.

It is rather straightforward to start from the covariance matrix for the piecewise con-
stant parameters f i

NL and obtain the principal components (PCs) of fNL(k). The PCs are

– 12 –

Principal Components of fNL(k)

Best-measured 
fNL(k) mode

2nd-best measured...

3rd-best measured...

worst-measured mode

Becker, Huterer & Kadota, 2011

wavenumber k10-4 100

Cosine of best-measured PC 
with local model is 0.7.



CMB, LSS, and 
CMB+LSS forecasts

fNL(k) = fNL(k∗)

�
k

k∗

�nf

Becker, Huterer & Kadota in prep.
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CMB+LSS:  Cosmic Complementarity
different observations  on different scales with different systematics

but measuring the same fundamental quantities

CMB LSS


