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Outline of talk

1. Constraining dark energy and the challenges - and 
opportunities - it presents

2. Large-scale structure and the coming opportunities 
in measuring fundamental physics, including 
primordial non-Gaussianity



Large-scale 
structure

“Astrophysics”:
- galaxy formation
- dust
- baryonic (nonlin) physics
- star formation
- ............

“Cosmology”:
- dark energy
- dark matter
- neutrino masses
- non-Gaussianity
- statistical isotropy
- cosmic strings
--------------

Systematics

O(109) galaxies
O(107) with spectra
O(106) quasars
O(105) clusters



Dark Energy
and 

the Challenges it Presents



Evidence for Dark energy
from type Ia Supernovae

Union2 SN compilation binned in redshift



ΩDE ≡ ρDE

ρcrit

w ≡ pDE

ρDE



To shed light on dark energy, search for 
‘departures from normal’ in the data

•Variation of eq. of state w   → (none yet)

•Clustering of DE                  → (super hard)

•DM-DE interactions             → (none yet)

•Early dark energy                → (none yet)

•Modified gravity (MG)         → (none yet)

H2
− F (H) =

8πG

3
ρ, or H2 =

8πG

3

(

ρ +
3F (H)

8πG

)

δ̈ + 2H δ̇ − 4πρMδ = 0

•Unusually massive, distant galaxy clusters (next)

(MG) (DE)
Growth of density 

fluctuations can decide:



Simulation by Heidi Wu
Formation of 1015 Msun cluster



Hoyle, Jimenez & Verde (2010); 
Cayon, Gordon & Silk (2010); 
Holz & Perlmutter 2010

High-z, high-M - ”pink elephant” - clusters of galaxies

•SPT-CL J0546-5045:  z=1.067, M≈(8.0±1.0)·1014 Msun

•XMMU J2235.3-2557: z=1.39,  M≈(8.5±1.7)·1014 Msun

•SPT-CL J2106-8544:  z=1.132, M≈(1.3±0.2)·1015 Msun

Some authors have claimed the existence of these clusters is in 
conflict with the standard cosmological model

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
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Mortonson, Hu & Huterer 2010  

Are the pink elephants in conflict with LCDM?!

1. Sample variance - the Poisson noise in counting rare 
objects in a finite volume

2. Parameter variance - uncertainty due to fact that current 
data allow cosmological parameters to take a range of values

3. Eddington bias - since dn/dM is exponentially falling with 
M, mass measurement error will preferentially ‘scatter’ the 
cluster into higher mass

4. Survey sky coverage - needs to be fairly assessed

4 things to account for:
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No conflict - for now.

95% limit



LCDM (w = −1) −1 < w(z) < 1

Predictions on D/G/H
(68% and 95%)

from current data
(SN+CMB+BAO+H0)

Red curve: 
sample model

consistent with data

Mortonson, Hu & Huterer 2010

Falsifying general classes of DE models

Allowed deviations
around best-fit 

LCDM value shown



Cosmology with 
Large-Scale Structure (LSS)



SDSS fly-out
Landsberg, SubbaRao et al.



Dark Energy
Survey (2012) BigBOSS (~2017)

LSST (~2018)

Euclid or 
WFIRST 
(~202X)

21cm mapping

▲Harvard-Cfa survey (1980s)



Fundamental Physics from LSS

•Amount, clustering of Cold Dark Matter

•Expansion history (⇔dark energy)

•Modified Gravity (⇔dark energy)

•Self-interactions of dark matter

•Neutrino masses (∑mν ≤ 0.3 eV)

•Features in inflationary potential

•Statistical isotropy of the universe 

•Primordial non-Gaussianity of density 

perturbations



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:Statistical Isotropy:

Gaussianity:

δT

T
(θ,φ) =

�

�,m

a�mY�m(θ,φ) � � 180◦

θ

�a�m a��m� a���m��� = 0

�a�m a��m�� ≡ C���mm� = C�δ���δmm�



Primordial non-Gaussianity

δρ/ρ

P(δρ/ρ)

∼ 10−5



Standard Inflation, with...

1. a single scalar field

2. the canonical kinetic term

3. always slow rolls

4. in Bunch-Davies vacuum

5. in Einstein gravity

produces unobservable NG

Therefore, measurement of nonzero NG would
point to a violation of one of the assumptions above

e.g. X. Chen, Adv. Astronomy, 2010;  Komatsu et al, arXiv:0902.4759



10 years of Primordial non-Gaussianity
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(≪1σ)
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WMAP3
(0.7 σ)

WMAP5
(1.7 σ)

Yadav & Wandelt (2.8σ ?)

Dalal et al.
?

Large-Scale Structure

CMB

Inflation / Theory

non-primordial NG

# of articles with 
“Non-Gaussian”

in the title 
on the ADS data base

WMAP7
(1.5 σ)

Planck

Thursday, September 15, 2011

Non-Gaussianity papers
in the past 10 years

Produced by Emiliano Sefusatti



Φ = ΦG + fNL

�
Φ2

G − �Φ2
G�

�Commonly used “local” model of NG

T1
T2

T3

B(k1, k2, k3) ∼ fNL [P (k1)P (k2) + perm.]
Then the 3-point function is related to fNL via (in k-space)

NG from 3-point correlation function



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



Effects of primordial NG 
on the bias of galaxies/halos



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

fNL= -5000

375 Mpc/h
80

 M
pc

/h

fNL= -500

fNL= 0

fNL= +500

fNL= +5000



Does galaxy/halo bias depend on NG?
cosmologists 

measure

theory predictsusually nuisance
parameter(s)

bias ≡ clustering of galaxies

clustering of dark matter
=

�
δρ

ρ

�

halos�
δρ

ρ

�

DM

19
83
Ap
J.
..
27
0.
..
20
B

ξclusters(r) =

�
r

25Mpc

�−1.8

ξgalaxies(r) =

�
r

5Mpc

�−1.8

Bahcall & Soneira 1983



Bias of dark matter halos

Simulations and theory both say:  large-scale bias is scale-independent 
(theorem if halo abundance is function of local density)

figure credit: Bill Keel

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



Scale dependence of NG halo bias

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

derivations and numerical simulations.

b(k) = bG + fNL (bG − 1)
3ΩMH

2
0

T (k)D(a) k2



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



Cunha, Huterer & Doré 2010

Encouraging sign: 
NG can survive marginalization over numerous nuisance parameters

Forecast: fNL from the clustering of galaxy clusters

DES cluster survey 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 countsþ covariance combination yields about an
order of magnitude improvement over simply using
countsþ variance. For the countsþ 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 !ðfNLÞ. 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 ¼ 1013:7, maximum redshift zmax ¼ 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 Countsþ Covariance

Halo bias Mobs !ð!DEÞ !ðwÞ !ðfNLÞ !ð!DEÞ !ðwÞ !ðfNLÞ !ð!DEÞ !ðwÞ !ðfNLÞ
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 ¼ 1013:7, maximum redshift zmax ¼ 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 Countsþ Variance

Halo bias Mobs !ð!DEÞ !ðwÞ !ðfNLÞ !ð!DEÞ !ðwÞ !ðfNLÞ !ð!DEÞ !ðwÞ !ðfNLÞ
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

Cluster counts mainly probe DE parameters
Cluster covariance (clustering) mainly probes fNL



Future: using LSS to probe scale-dependent NG

0.01 0.1 1

k (h Mpc-1)
1

10

100

[ f
N

L(k
) ]

DES

LSST

~1015 h-1Msun
~1013.5 h-1MsunScale-dependent NG ansatz:

‣ Scale-dep NG models are motivated by particle theory (single-
field inflation with self-interaction; mixed curvaton-inflaton models)

‣ Effects on LSS are significant, but theory predictions are uncertain 
⇒ ongoing theoretical and simulation work 

‣ Understanding of astrophysics (of DM halos, etc) required in order 
to probe fundamental physics

Halos of mass M probe 
NG on scale k∼M-1/3

Shandera, Dalal & Huterer, 2011

fNL(k) = fNL(k∗)

�
k

k∗

�nf



CMB, LSS, and 
CMB+LSS forecasts

fNL(k) = fNL(k∗)

�
k

k∗

�nf

Becker, Huterer & Kadota 2011 + in prep



‣ Negligible fNL ⇒ consistent with single-field, 
canonical kinetic term, slow-roll

‣ Measured fNL ( ≥ O(1) ) ⇒ multi-field or 
higher-order derivatives, e.g.

‣ Scale dependence, fNL(k) ⇒ multi-field (e.g. 
curvaton) or self-interactions

How non-Gaussianity helps 
test inflation
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Aspen workshop on NG
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WORKSHOPS - SUMMER 2012

Deadline for Applications is January 31, 2012

* denotes the organizer responsible for participant diversity in
the workshop

May 20 – June 10
Non-Gaussianity as a Window to the Primordial Universe
Organizers:
Neal Dalal, University of Toronto
Olivier Dore, JPL, NASA
Dragan Huterer, University of Michigan
DongHui Jeong, Caltech
Marc Kamionkowski, Caltech
Fabian Schmidt*, Caltech
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Over the last 30 years cosmological inflation has emerged as
the most  popular  scenario  that  explains  the  origin  of  the
primordial  seed  fluctuations.  While  current  measurements
from  the  cosmic  microwave  background  (CMB)  and
large-scale  structure  (LSS)  confirm  that  the  spectrum  of
primordial fluctuations is Gaussian to a remarkable one part
in a thousand, that bound is still several orders of magnitude
away from testing primordial  non-Gaussianity  at  the level
predicted  by  slow–roll  inflation,  and  about  one  order  of
magnitude  above  the  level  expected  from  non-linear
post–inflationary  processing  of  the  fluctuations.  The
contraints  on  deviations  from  Gaussianity  will  improve
dramatically in the near future, driven both by CMB and LSS
data. A detection of primordial non-Gaussianity would open
a new and extremely informative window on the physics of
inflation and the very early Universe.

Aspen Center for Physics http://aspenphys.org/physicists/summer/program/summer2012....
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