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Motivation: theory, a window to the early Universe
Future planned experiments (e.g., gravitational wave or CMB polarization 

detectors) may be able to deduce the scale of inflation, by measuring either 
primordial gravitational waves directly or their effects on the polarization of 

the surface of last scattering.

Generating scale independent non-Gaussianities: 
Single field inflation: weak coupling during inflation typically result in a 

Gaussian field,  but the decay of the field can be proportional to the square 
of the initial field, resulting in the primordial perturbations being non-

Gaussian.  fnl here is usually scale dependent e.g., Byrnes et al 2010 [arXiv:
0911.2780]

Generating scale dependent non-Gaussianities 
One self coupled scalar field, can produce very small (<0.1) scale dependent 

non-Gaussianties, or larger non-Gaussianities if they exhibit some non-
linear evolution of modes after Hubble exit.

More than one (coupled self interacting) scalar field: in the early (preheating, 
reheating) , or very early (inflation) Universe.  e.g., Byrnes et al 2010 [arXiv:

1007.4277]

But, using today’s data, we can make a measurement of the primodial non-
Gaussianity (fnl) which can tell us about the various types of scalar field 

interactions during inflation/reheating/preheating. 
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Hand wavy theory for observers

A single interacting field generates the power spectrum of the field with no (or v. 
small) deviations from Gaussianity. 

A single, multiply coupled field or two (or more) couple fields generate the 
bispectrum and can produce large non-Gaussianities (skewness) with scale 

dependence.

Many coupled /self interacting fields can produce trispectrum effects (kurtosis).

Within the (perturbed) lagrangian for the scalar fields in the early universe
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Motivation: observations
Some recent observations have called into question some of the underlying 

assumptions of the LCDM model + WMAP priors on the cosmological 
parameters. E.g., A very massive clusters of galaxies at high redshift, was 

statistically unlikely to have been observed. 

Galaxy cluster XMM J2235.

The expected number in the full sky ~7.
Footprint was 11 square degrees XMM X-ray survey,  0.02% of sky. 

Poisson sample from (0.0002*7)  >1 only 1.4% 

Jee at al 2009
How likely was this cluster to be observed?
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We can increase the number of expected clusters by allowing some fnl which 
modifies the cluster mass function.

describes the normalised 
skewness of the smoothed density field 

Improving our luck with non-Gaussianity

Solved in the Press-Schecter type formalism 
by Matarrese, Verde,  Jimenez 2002, 

LoVerde et al 2007, D’Amico et al 2010

Rng enable other, better calibrated mass functions to be used (Wagner et al 
2010).
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Improving our luck

Jimenez & Verde 2009 showed values of fnl~150 relieves tension with XMM J2235.
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More work on XMM J2235
Cayon et al 2010, calculated the probability that the “most massive” 
cluster in the survey footprint was a) more massive than the mass of 

the cluster, b) within the 1 sigma mass range of the cluster, c) less 
massive than the cluster

They modified the mass 
function with values 

of fnl, and recalulated 
the probability.

Cayon et al 2010
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Observations of non-Gaussianities at different scales

The dark matter halo bias b.
Signals of non Gaussianity from the bispectrum leak into the measurements 

of the two point correlation of dark matter halos. Galaxies sit at the peaks of 
the halos. e.g., Slozar et al 2008, Xia et al 2010. Scales~0.1 h/Mpc

The distribution of temperature anisotropies in the CMB
The bispectrum of the anisotropies and the correlation functions are related to 

fnl. e.g., Yadev & Wandelt 2008, Komatsu et al 2011. Scales~0.04 h/Mpc

S is an integral over the bispectrum (triangular shaped correlations), N related to 
the correlation matrix. Some hints of non Gaussianities have been seen.

Where n is the local density, again some hints have been seen.
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Motivation: observations II - another 
massive cluster

Brodwin et al 
2010

178 sq degrees 
survey footprint.

Expect 0.2 
clusters 

in this footprint

Poisson sample 
>1 18%

SPT CL J0546-5345
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Motivation: observations III - yet another 
massive cluster!

SPT-CL J2106-5844, z=1.13, Survey footprint 2500 sq degrees.

Expect ONE cluster in 
the FULL sky, surveyed 

~15% of the sky

Foley et al 2011
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More clusters.
What do multiple clusters tell us?

Hoyle, Jimenez, Verde arXiv:1009.3884 [accepted PRD 
yesterday!],  See also Enqvist, Hotchkiss, Taanila arXiv:1012.2732

Spectroscopic 
redshifts

3 SZ detected
11 X-ray 
detected

Data sample
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XMM Cluster Survey 

• The XMM Cluster Survey aims to mine the XMM 
science archive for galaxy clusters

• The science goals of the XCS are:

• To measure cosmological parameters σ8, ΩM, ΩΛ to 5, 10 
and 15 per cent accuracy respectively

• To study the evolution of the cluster gas (i.e., the 
luminosity—temperature relation) to high redshift

• To provide a sample of high redshift clusters that can be 
used to test theories of cluster galaxy formation and 
evolution

Members: Kathy Romer [P.I], E. J. Lloyd-Davies, Mark Hosmer, Nicola Mehrtens, 
Michael Davidson, Kivanc Sabirli, Robert G. Mann, Matt Hilton, Andrew R. Liddle, 
Pedro T. P. Viana, Heather C. Campbell, Chris A. Collins, E. Naomi Dubois, Peter 
Freeman, Ben Hoyle, Scott T. Kay, Emma Kuwertz, Christopher J. Miller, Robert 

C. Nichol, Martin Sahlen, S. Adam Stanford, John P. Stott
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Finding and classifying extended sources

X-ray photon map + 
automated pipeline to 

detect point sources (red) and 
extended sources (green).

X-ray emission is the smoking gun, 
but it’s not enough. Need optical 
identification and redshifts (X-ray 

redshift difficult) before the fluxes can 
be converted to temperatures and 

masses.
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An XCS Processed region
To date, we have 500 sq. degrees processed - overlap corrected - 

and more than 4,000 cluster candidates catalogued

• Algorithms paper Lloyd-Davies et al. 2010 arXiv:1010.0677
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Follow up strategy
• XCS current status:

- area = 500 deg2
- candidates = 4000 (142 known 

previously)

• Imaging:
- Archival: INT-WFS, EIS-XMM, 

SDSS
- NOAO-XCS Survey (NXS): 330 

CTIO pointings in r, z

• Redshift follow-up:
- Low-z:

photo-zs (NXS, SDSS)
LRG z (SDSS)
spectroscopy (NTT) 

- High-z: 
spectroscopy (Keck, Gemini, 
VLT)
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Follow up strategy; Redshift distribution

Mehrtens et al. in prep
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Cluster Zoo

Zoo created by B.H. 
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Cluster Zoo

Zoo created by B.H. 
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Martin Sahlen

The next generation of Cluster samples will be found by X-ray 
(eRosita ~ 100,000) not SZ (ActPol ~1000)
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XCS Cosmology predictions

• XCS predictions based on LCDM mock 
catalogue, XCS selection function (need to 
know LT relation), and MT relation 

• Parameters derived from n(M,z) (Sahlen et al. 
2009) Martin Sahlen
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XMMXCS J2215.9-1738

Was the highest redshift X-ray selected cluster, z=1.46 (Stanford 
et al. 2006, Hilton et al. 2007, 2008)

Now z=2.07, M~5-8.10^13 SolMass, Gobat et al arXiv:1011.1837

Friday, 11 March 2011



More Clusters. Data sample

Selection functions: For each cluster, we assumed that any similar (>M) cluster at 
any higher redshift would have been detected.

Survey volumes:  We assumed all surveys had the redshift depth of the deepest 
survey z~2.2

Mass estimates: We chose to use the cluster mass and error which gave the least 
tension with LCDM

Conservative assumptions
Footprints;  The clusters 

were found in the following 
surveys:XMM Cluster Survey, 

XMM Large Scale Survey, 
XMM Newton Distant 
Cluster Project, XMM 

Contiguous Suvery, ROSAT 
deep survey, Wide Angle 

ROSAT Deep Survey.

There was overlap between 
the surveys.  We 

conservatively assumed each 
X-ray survey had it’s own 

unique footprint
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Analysis
For each cluster “i”, we sample S, from the mass and error 10,000 times.

We calculate the expected abundance of clusters above each sampled 
mass and redshift

Extending a Cayon et al approach, we Poisson sample       ,from the 
expected abundance (As) for this realisation. 

If the Poisson sample is  >1, the cluster exists in this realisation. 
If the Poisson sample is <1 the cluster does not exist in this realisation.

The probability      ,that cluster “i” exists is 

The probability, that the 
ensemble of cluster exists is

We multiply the probabilities, because the clusters are typically 
separated by vast redshifts, and positions on the sky. We therefore 

model them as being independent events.

Pi

PO
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Results I

We determine the value of fnl where P=0.05
i.e., the value of fnl that contains 95% of the probability

Fixed cosmological parameters to best fit WMAP 5

The effect of fnl

The ensemble probability

Enqvist et al 2010 
arXiv:1012.2732
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Results II
Margenalising over parameters;

Note, this is a 95% value 
of a 95% statistic
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Boring [-ish] Conclusions: 

Systematics. 
If every mass measurement was 1.5 sigma higher than the “true” 

value, then all tension is relieved. But all independent mass 
estimates must be equally wrong. 

Cosmological parameters.
 If sigma_8~0.9, but CMB + LSS finds

Komatsu et al 2011, so ~3 sigma difference.

Mass functions.
Do we understand the mass function with fnl at high mass and 

redshift well enough. On going work (Lo Verde & Smith last week)
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Lo Verde et al 2008

Sexy Conclusions: Scale Dependent non-Gaussianity

Yadev & Wandelt 2008

Slozar et al 2008

Cayon et al 2010

Komatsu et al 2011

Xia et al 2010

Galaxy Clusters, scales 0.4 h/
Mpc

WMAP CMB, scales 0.04 h/Mpc

Halo bias, scales 0.1 h/Mpc

Hoyle et al 2010

LSS
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Extensions/Related work

Mortonson et al 2010 arXiv: 1011.0004

Showed how the choice of mass function leads 
to instability for large masses/values of fnl, 

and extended for gnl.

Provided a fitting function to describe 
how one cluster could rule out LCDM.

Enqvist et al 2010

Let fnl < 50

Or, non constant equation of state of 
dark energy,  Baldi & Pettorino 2010 
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These clusters pose a question to LCDM with WMAP priors on cosmological 
parameters.

Conclusions & future I 

Built a list of high redshift clusters.
Conservative assumptions.

Quantified the tension with LCDM.
Showed how fnl or systematics can reduce tension.

No consensus as to the level of tension, or how to quantify it. 

But, more clusters are being found ~weekly. SPT release/Plank /
X-ray, so we need a framework to understand what they tell us 

about LCDM
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Conclusions & future 1I 
These clusters pose a question to LCDM with WMAP priors on cosmological 

parameters.

Jorge Norena (Barcelona) is making available 
code to calculate the mass function with 
arbitrary fnl, gnl, tnl (D’Amico et al 2010)

Theoretical/Computational:

Mass function with fnl,gnl,tnl
Lo Verde & Smith arXiv:1102.1439

Non-Gaussian mass function fit to 
Nbody simulations (Chrisitan 

Wagner et al 2010)
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Conclusions & future 1II 

Better mass estimates for a sample of high redshift clusters, with an HST proposal 
[Ben Hoyle [P.I.], Aday Robiana, Licia Verde, Raul Jimenez, David Bacon, Martin Sahlen, Ed Lloyed-

Davies, Kathy Romer, Matt Hilton, Nicola Mehrtens.]

These clusters pose a question to LCDM with WMAP priors on cosmological 
parameters.
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