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Outline
What does the CMB/LSS tell us so far?
Large-scale observations largely confirm standard
cosmological picture
However, there are some small holes
being poked in the standard model
With future data, either these holes will
be fixed or...
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Outline
Concentrate on two extensions of the standard
cosmological model:

CMB constraints to the primordial
non-Gaussian amplitude
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Constraints on the effective number
of neutrino species
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Before going into the extensions, let us
review the standard model
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Status of the standard model of
cosmology from the CMB
12

B. A. Reid et al.

√
igure 8. Points with errors show our measurement of P̂halo (k). We show Cii as error bars; recall that the points are positively correlated. We plot the
est-fitting WMAP5+LRG !CDM model ("m , "b , "! , ns , σ 8 , h) = (0.291, 0.0474, 0.709, 0.960, 0.820, 0.690) with best-fitting nuisance parameters a 1 =
Fig. 5.— The SPT bandpowers, WMAP bandpowers, and best-fit ΛCDM theory spectrum shown with dashed (CMB) and solid
172 and a 2 = −0.198 (solid curve), for which χ 2 = 40.0; the dashed line shows the same model but with a 1 = a 2 = 0, for which χ 2 = 43.3. The BAO inset
(CMB+foregrounds) lines. The bandpower errors do not include beam or calibration uncertainties.
hows the same data and model divided by a spline fit to the smooth component, P smooth , as in fig. 4 of P10. In Section 5.1, we find that the significance of the
AO detection in the P̂halo (k) measurement is %χ 2 = 8.9.

Reid et al. (2010)
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In more extended models than we have thus far considered, we
ay expect the additional shape information to allow tighter conraints. The cosmological parameters most closely constrained by
e broad P(k) shape are those which affect the shape directly

Keisler et al. (2011)

Therefore, we do not expect significant gains on ns or d ln ns /d ln k
from our measurement.
The effect of massive neutrinos in the CMB power spectrum is
to increase the height of the high ' acoustic peaks: free streaming
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Extensions of the standard cosmological
model
There are some extensions which are ‘expected‘ at some level:
Non-zero gravitational-wave contribution
Running of the spectral index
Non-zero neutrino mass
Time varying dark energy equation of state

Others would seriously challenge the standard cosmological
model:
Effective number of neutrino species
Non-Gaussianity
Parity violating interactions
Anisotropic processes
Tristan Smith
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Constraints on neutrino interactions
using cosmological observations

WMAP
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Status of the standard model of
cosmology from the CMB

ACT, Dunkley et al. (2011)
Tristan Smith
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Status of the standard model of
cosmology from the CMB
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species NN
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9.— Constraints
on the
effective
number
Left:standard
One-dimensional
marginalized dis
eﬀ
eff
Neﬀ = 3.046 is shown by the data
vertical
dotted line. indicated in the right panel. The standard model assumes three light neutrino species (Neff =3.04,
combinations
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value is higher, but 3.04 is within the 95% CL. Right: Two-dimensional marginalized distribution for Neff and equality
that Neff can be measured separately from zeq . Neff is bounded from above and below by combining the small-scale A
the acoustic peaks with WMAP measurements. The limit is further tightened by adding BAO and H0 constraints, br
between Neff and the matter density by measuring the expansion rate at late times.

measured by ACT offers a probe of possible deviations
from this standard model.

spectrum measures to find Neff = 3.7
Allen, & Rapetti (2010a) include
X-ra
8
tion and cluster luminosity measurem

Status of the standard model of
cosmology from the CMB
H0+WMAP+ACT+SPT+SDSS
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Fig. 11.— The one-dimensional
constraint
on the
eﬀective
number
relativistic species,
species NNeﬀeff. . The
value of
Fig. marginalized
9.— Constraints
on the
effective
number
ofofrelativistic
Left:standard
One-dimensional
Neﬀ = 3.046 is shown by the data
vertical
dotted line. indicated in the right panel. The standard model assumes three light neutrino spe
combinations

value is higher, but 3.04 is within the 95% CL. Right: Two-dimensional marginalized distribution for
that Neff can be measured separately from zeq . Neff is bounded from above and below by combining
the acoustic peaks with WMAP measurements. The limit is further tightened by adding BAO and H
between Neff and the matter density by measuring the expansion rate at late times.

measured by ACT offers a probe of possible deviations
from this standard model.
4.3.1. Number of relativistic species

2003
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spectrum measures to
Allen, & Rapetti (2010
tion and cluster lumino
and Chandra to estima
by constraining the ma
shift. BBN observation
et al. 2005).
By combining the AC
with WMAP, the effect
from the CMB to be

The CMB is sensitive to the number of relativistic
species at decoupling. Changing the effective number
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Interpreting extra relativistic energy
density
So far we have a hint that there exists an anomalous
radiative background... but no other information
What can this be? Most explanations (such as sterile
neutrinos) suppose that this background will be noninteracting
We were interested in exploring to what extent the
observations can show that this background is noninteracting
Following Hu (1998) we modify the evolution equations by
introducing two new parameters
and
Tristan Smith
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Interpreting extra relativistic energy
density
Changes to the effective sound-speed modifies the pressure
support

Tristan Smith
12

Interpreting extra relativistic energy
density
Changes to the viscosity parameter controls to what extent
the fluid is imperfect (i.e., anisotropic stress)

Tristan Smith
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What do these new parameters
physically mean?
These parameters give some measure of the interactions
this anomalous background may have
An analogy with the tightly coupled photon-baryon fluid

Bell et al. (2006)
considered a model
where a sterile neutrino
is tightly coupled to a
scalar field

Tristan Smith
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Interpreting extra relativistic energy
density
The effects on the CMB spectrum
Standard
Increase
Decrease

Tristan Smith
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The data
We used various combinations of CMB and largescale structure data:
from HST
SDSS matter power spectrum

12

Lya forest
CMB
WMAP7
ACBAR
ACT
SPT
Fig. 5.— The SPT bandpowers, WMAP bandpowers, and best-fit ΛCDM theory spectrum shown with dashed (CMB) and solid
(CMB+foregrounds) lines. The bandpower errors do not include beam or calibration uncertainties.

Tristan Smith
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The Results

(WM
(WM
alph

TABLE I:
Marginalized 1D constraints
Neﬀ
4.0+0.17+0.58
−0.18−0.57

c2vis

c2eﬀ

1/3

1/3

+0.04+0.21
+0.029
0.33
0.31
±
0.015
3.77+0.18+0.68
−0.19−0.65
−0.06−0.15
−0.030

3

1†
2†

+0.027
0.44+0.056+0.27
0.30
±
0.013
−0.085−0.21
−0.026

< 2.2

< 0.51

0.29 ± 0.043+0.1
−0.075
0.34 ± 0.03+0.062
−0.052

NOTES.—Errors are 68%, 95% C.L.; upper limits are 95% C.L.
† For these chains, the number of eﬀective relativistic degrees of
freedom
with c2vis = c2eﬀ = 1/3 is fixed to three while c2vis and c2eﬀ
Tristan
Smith
applied to one or two extra degrees of freedom are allowed to vary.
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Conlusions and future
directions

a decreased (increased) pressure for the CNB in its restframe, which in turn causes the amplitude of the neutrino
density perturbations to increase (decrease), as seen on
the right hand side of Fig. 1 in the red, dot-dashed (blue,
dashed) curve. The lower panels in Fig. 1 shows the corresponding evolution for the Newtonian potential ΦN .
This parameterization can be directly mapped onto a
scenario in which neutrinos have a significant interaction
cross-section. As an example, if neutrinos tightly couple
to a perfect fluid then c2vis = 0 and an analogy can be
made between our parameterization and the tightly coupled photon-baryon fluid with a �constant sound
speed,
�
2
2
2
2
cs , related to ceﬀ through, 3cs ≈ ceﬀ + 2/3 .
We show how the CMB temperature power-spectrum
is modified in this parameterization in Fig. 2. Note that
an increase (decrease) in ceﬀ leads to an increase (decrease) in the scales at which the neutrino perturbations
aﬀect the CMB. This is due to the increase (decrease) in
the the neutrino sound horizon. These parameters have
a similar eﬀect on the polarization power-spectrum, not
shown here. However, since the eﬀects of the CNB perturbations are negligible by the time large-scale structure
forms, the change to the matter power-spectrum is negligible [6].
Results. In order to measure these parameters we used
a modified version of the publicly available Boltzmann
code, CAMB [18] along with the publicly available Monte
Carlo Markov chain code, CosmoMC [20]. We used a
combination of CMB and LSS data including WMAP7
[21], ACBAR [22], ACT [11], SPT [12], the Sloan Digital
Sky Survey (SDSS) DR7 LRG matter power spectrum
[23], the SDSS small-scale matter power-spectrum measured from the Lyman-alpha forest [13] and the latest
determination of the Hubble parameter, H0 , using the
Hubble Space Telescope [24].
In addition to various combinations of (Neﬀ , c2vis , c2eﬀ )
we allowed the standard six cosmological parameters,
(As , ns , τ, θ, Ωb h2 , Ωdm h2 ), to vary, where As is the amplitude of the primordial power-spectrum, ns is the spectral index, τ is the optical depth, θ is the angular acoustic
scale of the CMB, h is the Hubble parameter in units of

These constraints provide further
evidence that there may be extra
non-interacting neutrino-like degrees
of freedom
Planck will be able to constrain:

FIG. 3: Two dimensional contours (68% and 95% C.L.) showing the degeneracy between cvis /ns and ceﬀ /Neﬀ . The dotted contours show the constraints when only CMB data is
used. The blue-dashed contours show the constraints when
restricting the CMB to just WMAP7 and large-scale structure data, excluding the Lyman-alpha data. The thin-solid
contours show constraints when restricting the CMB to just
WMAP7 and with all large-scale structure data. The thick
contours show the constraints when all of the data are included. The blue circle shows that the standard value of
c2eﬀ = 1/3 and Neﬀ = 3 is excluded at slightly higher than
the 95% C.L.

of (Neﬀ , c2eﬀ ) = (3, 1/3) is still disfavored at higher than
the 95% C.L.
Since a change in ceﬀ introduces a new length-scale
(the neutrino sound-horizon) its aﬀect on the CMB is
only slightly correlated with the other parameters. This
scale-dependence is clearly shown in Fig. 2 around the
first peak. Because of its lack of strong correlations, the
observations place a precise constraint on c2eﬀ as shown in
Fig. 3. Constraints to c2vis are not as precise because its
aﬀect on the CMB is scale-free leading to a degeneracy
with, for example, the scalar spectral index, ns , shown
on the left-hand panel of Fig. 3.
Given the tentative evidence for an anomalously large
radiative energy density, it is of interest to consider the
case where the number of neutrinos (with c2vis = c2eﬀ =
19
1/3) is fixed to three and to constrain the values of c2vis

Extend parameterization for neutrino mass

Explore to what extent the data is able to constrain a time
evolving
and
Tristan Smith
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The PDFs of
non-Gaussianity
estimators
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In collaboration with Marc
Kamionkowski, Alan
Heavens, and Benjamin
Wandelt
Phys. Rev. D 83, 023007 (2011)
Phys. Rev. D 84, 063013 (2011)

B. Wandelt
Aspen Gravity Workshop 2009
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Non-Gaussian estimation from the CMB
The standard cosmological model predicts that the
primordial fluctuations obey Gaussian statistics
It is simple to think of a few basic ways to test this
prediction
12

CHAPTER 1. INTRODUCTION

One way is to look at the PDF
of the temperature fluctuations
in the CMB
It turns out that the signal-tonoise using the PDF is suboptimal
Tristan Smith

Komatsu (2002)
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Non-Gaussian estimation from the CMB
Instead, we want to use the fact that any process which
is Gaussian is uniquely determined by its mean,
, and
variance,

An obvious test of Gaussianity then asks: is the third
moment zero? and is the fourth moment just given by
the Gaussian piece?
Tristan Smith
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Non-Gaussian estimation from the CMB
To make progress we use a parameterization for the level of
non-Gaussianity in the CMB maps

where
is a Gaussian random field and
curvature potential

is the primordial

We can see that, for instance, the three-point function is now
non-zero:

Tristan Smith
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III. PRIMARY BISPECTRUM AND SKEWNESS
A. Modelestimation
of the primordial
non-Gaussianity
%4&
Non-Gaussian
from
the CMB

If the primordial fluctuations are adiabatic scalar fluctuaThe harmonic coefficients of the temperature field on the sky
then
ntioned aretions,
related to the primordial curvature potential

B l 1 l 2 l 3 is

a lm "4 + % #i & l

!

d 3k
%2+&

3

* % k̂& ,
. % k& g Tl % k & Y lm

%10&

so that correlations in harmonic space are also non063002-2
Gaussian
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Why do we want to do this?
Any constraint to primordial non-Gaussianity probes the
physics of the very early universe
In particular, assuming that inflation was driven by a single
field one can show [Creminelli and Zaldarriaga (2004)]

So that if we find
models will be ruled out

then all single field inflationary

Measurement of the amplitude of the trispectrum,
would further allow us to test multi-field inflationary
models

,

Tristan Smith
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Multi-field consistency relation

Important
consequences
for
inflationary
TΦ (k1 , k2 , k3 , k3 ) = 6gNL [Pφ (k1 )Pφ (k2 )Pφ (k3 ) + (3 cyclic)]
25
theories
+ τNL [Pφ (k1 )Pφ (k2 ) {Pφ (k13 + Pφ (k14 )} + (11 cyclic)]
18

Most multi-field inflationary models predict the inequality:
2

• For single field inflation model, τ
τNL has to be very small.

NL=(6/5 fNL)

, therefore,

• Suyama-Yamaguchi inequality

(Suyama & Yamaguchi, 2008; Komatsu, 2010, Sugiyama, Komatsu & Futamase, 2011)

For almost all multi-field inflation models, that gives the
Therefore
if Planck
non-zero
value for
then
lower bound
of τmeasures
one-loop)
NL as (upato
� are ruled
�2 out and...
all single field inflation models
1 6
τNL ≥
fNL
2 5
Next, we can use a constraint on
to test the consistency
of most multi-field models of inflation

Tristan Smith
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Non-Gaussian estimation
Constraints to non-Gaussianity
WMAP constraint on bispectrum:

Komatsu et al. (2010)

WMAP constraint on trispectrum:

Smidt et al. (2010)

Tristan Smith
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Non-Gaussian estimation
For the rest of this talk, we will work in a simplified limit: flatsky, Sachs-Wolfe limit:

flat-sky:
Sachs-Wolfe:
Tristan Smith
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meaning that our radical altering of the transfer function
only changes the numerical coefficients in the expressions
for S=N. The functional dependence on lmax appears to be
close to the same for all three examples. This suggests that
we can understand these scalings by using simple toy
models.

Non-Gaussian estimation

where rD is the distance to the surface of
and kk is the Fourier wave vector parallel t
last scattering. The power spectrum of th

A
k3 P!k"
l2 C!l"
$ 2$
'!
2
2"
2"
2"

where A is the amplitude of the scale i
spectrum P!k" $ A=k3 . Likewise we can
trum
!
2fNL A2 1
B!l1 ; l2 ; l3 " $
&c
l22 l21
"2

A. Nowill
radiative
transfer
These approximations
reproduce
the correct scalings
As a first example we will calculate the S=N in the
and give order
magnitude
flat-sky of
approximation
and withestimates:
no radiative transfer;

Using the standard formula #!2" !0" $ fsky
tuting these results in Eq. (26) gives
! "2
2
fsky fNL
A Z 2 2 2 !2"
S
d l1 d l2 d l3 # !
$
N
6"4
"2
!
1
& l3 "l21 l22 l23 2 2 & cyc: ;
l1 l2

and evaluating the above expression we fi
! "2
S
4
l
2
$ 2 fsky fNL
Al2max ln m
N
lm
"

Babich and Zaldarriaga (2004)
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FIG. 6 (color online).

#1 vs l
!S=N"fNL
max for TTT of the full

The logarithm is typical of scale invari
power spectra [35]. If the primordial pert
generated by a Poisson process so each poi
statistically independent, the logarithm w
and the dependence on lmax would s
Equation (36) can be written in a more p
relating it to other observables,
29
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Estimators for

and

Expectation values of the harmonic coefficients are given by

We can construct an estimator as a weighted sum, i.e.

We optimize this estimator by requiring the signal-to-noise to
be maximized
Tristan Smith
30

Estimators for

and

Maximizing the S/N gives an inverse-variance weighted
sum:

What are the statistics of these estimators? Usually we
assume the central limit theorem applies...
Tristan Smith
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Statistics of the estimators
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,
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we sum over all quadrilaterals

of these

,

of these
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Examples of non-Gaussian PDFs
At its core, the bispectrum
estimator is a weighted sum of
the product of three Gaussian random variables:

The simplest case is

Tristan Smith
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Examples of non-Gaussian PDFs
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distribution
Tristan Smith functions for each of
ey have zero covariance.

3 3

1/2

−3

b2/3 /2
2/3 −1 −N A

sian as N → ∞, as might be guessed from the centrallimit theorem. The central-limit theorem does not apply
in this case: although the covariance between most of
the different “data points,”—the triplets xi xj xk —may
be zero, they are not statistically independent; the joint
distribution function for two triplets is not always equal
to the product of the distribution functions for each of
the triplets, even if they have zero covariance.
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To test this, we calcu
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Computationally intensive
Simulations of a non-Gaussian CMB sky are computationally
intensive
An efficient realization of a non-Gaussian CMB sky takes
20 minutes (Elsner and Wandelt) on a GHz processor
‘Fast estimators’ (Komatsu, Spergel, and Wandelt) allow for
the estimator to be computed in
operations
Which means a single realization takes at least 30

m

1000 realizations takes 500 CPU-hours!
Tristan Smith
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Computationally intensive
1000 realizations takes at least 500 CPU-hours!
This is good enough to determine the variance of the
estimator, but not to determine the shape of the PDF
For a non-Gaussian process, 1000 realizations gives the
following histogram:

�0.04

�0.02

0.00

0.02

0.04

Tristan Smith
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Computationally intensive
1000 realizations takes at least 500 CPU-hours!
This is good enough to determine the variance of the
estimator, but not to determine the shape of the PDF
For a non-Gaussian process, 1000 realizations gives the
following histogram; for
realizations we find this (!!):

�0.04

�0.02

0.00

0.02

0.04

�0.10

�0.05

0.00

0.05

0.10
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Full shape of the PDF
First investigate the shape of the PDF for
PHYSICAL REVIEW D 84, 063013 (2011)

power specnl , the power
e the same as
peaking, the
¼0 . The bis-

Cl3 Þ:

(11)

n be written

(12)

t for a finiteTristan Smith
FIG. 1 (color online). Numerical evaluations of Pðfc
nl ; fnl ¼
max such that
0; l

Þ. The left (right) two panels show the PDF for l

¼5
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Full shape of the PDF
Doing the same for
non-Gaussian:

, we find it is highly
B.

2 t
The PDF of (f!
nl ) with fnl "= 0

For fnl $= 0 the non-Gaussianity in the CM
map imparts further non-Gaussianity to the shape
2 t
P [(f!
nl ) ; fnl , lmax ]. In addition to this, the variance h
a strong dependence on fnl so that when fnl and lm
are large enough the S/N of the estimator approaches
constant value.
2 t
In order to investigate how the variance of (f!
nl ) d
pends on fnl it is useful to expand it in powers of f
2 t
Given that Tl is linear in fnl and that (f!
nl ) is quartic
Tl the expansion includes terms up to fnl 4 :
2
3
4
2 t
(f!
nl ) = T0 + fnl T1 + fnl T2 + fnl T3 + fnl T4 ,

(1

where each Ti ∼ Σti+4
. We give explicit expressions f
l
the Ti in the Appendix.
Since only cross-correlations which include even pro
2 t
ucts of t are non-zero the variance of (f!
nl ) is given by
)*
+2 ,
2
t
!
2)
= σ02 + fnl 2 (σ12 + σ0,2
)
(1
∆(fnl
2
2
+ fnl 4 (σ22 + σ0,4
+ σ1,3
)

2
+ fnl 6 (σ32 + σ2,4
) + fnl 8 σ42 ,

Tristan Smith
2 t
FIG. 2: The black-solid curve shows the PDF of (f!
nl ) under

2
where, for example, σ0,2
denotes the covariance betwe
T0 and T2 .
Calculating the terms that appear in Eq. (19) usin
39fnl < 100 an
Monte Carlo simulations we find that for
4
2
2
l
< 10 only σ and σ significantly contribute. T
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In addition, the variance of these estimators depends on the
value of
and
...
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41

Evolution of the variance
The fact that the variance depends on
see:

and

is easy to

Tristan Smith
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Evolution of the variance
Our calculations show that the variances of these estimators
scale with
as:

Now we have everything we need to evaluate the significance
of a hypothetical detection...
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Hypothetical detection:
Suppose we have an experiment with
measure
then we have

and

We now have strong evidence that single-field inflation is
wrong-- now can we use the inequality,
to test
multi-filed inflation?
Assume we measure
is

then the 95% C.L. upper limit

So the inequality is holds at > 95% C.L. and we could
conclude that most multi-field inflation models are at odds with
observations!
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What could have gone wrong?
Our full calculations give

If we did not take into account the non-Gaussian shape of the
PDF then we would have concluded

If, in addition, we did not take into account how the variance
depends on the amplitudes we would have concluded
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Conclusions
Small-scale CMB observations show an anomalously large value for
Explored how observations probe the interaction/clustering properties of
this anomalous radiative energy density
We found that with an expanded parameterization the data is still at odds
with the standard neutrino sector at > 95 % CL and consistent with a noninteracting fluid
The central limit theorem does not apply to non-Gaussian estimators-- PDFs
of these estimators may, themselves, be non-Gaussian
The effect on the bispectrum estimator is small; the effect on the trispectrum
estimator is large-- must be included when calculating the significance of a
measurement
Tristan Smith
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