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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.

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.

¢ =+ far (07 — (¢7))

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]
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Hand wavy theory for observers

Within the (perturbed) lagrangian for the scalar fields in the early universe

1%, (01D, ILII, — fyvr <5 * far(k)

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

[1°, (AI1)°, TI(OID)%, ILILIL, — fyr(k)(nyg) ~?

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

1%, IETL, IETLI — fyo, g, T ~?

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

0 0 S0 100 50 0
X ( ) X (oresec)

M>ogo =7.7 1.3 X 1014 M

Moo = 77i43“3t x 10 Mg

z=1.4

How likely was this cluster to be observed?
Jee at al 2009 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%
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Improving our luck with non-Gaussianity

We can increase the number of expected clusters by allowing some fnl which
modifies the cluster mass function.

[2 5| d n(M, z, fnL)
— / P ( p— /2 . s <9 JNL
ng(M,2) = \7 3 qar | Y e ReeBam M2) = o e AL =0)
| 3 O3 M
Rnc(M,z, fnL) = exp !OCC = ] X
Solved in the Press-Schecter type formalism M
by Matarrese, Verde, Jimenez 2002, 1 5., dSs s Y
LoVerde et al 2007, D’Amico et al 2010 6 \/1 e dimony VT 3
. 33\ ]

S 3.m describes the normalised

vL=1
skewness of the smoothed density field S 3IM — fNL SgM

Rng enable other, better calibrated mass functions to be used (Wagner et al
2010).
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Improving our luck
n(M, z, fnL)
nc(M, z, fnp = 0)

Rncg(S3m, M,z) =

-
- -
'''''''
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—-—

M=5x10™ h™" M, 5
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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 | sigma mass range of the cluster, c) less

massive

than the cluster

_ _M<52e14M_0,=0.7110
5.2614M_<=M<=7.6e14M_0,=0.7110

_ M>7.6e14M_0,=0.7110
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M>7 6e14M_0,=0.8910
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Cayon et al 2010

They modified the mass
function with values
of fnl, and recalulated
the probability.

fvr = 449 +286[10]
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Observations of non-Gaussianities at different scales

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 201 1. Scales~0.04 h/Mpc

S lnear
N = —

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

2T < fni, < 147, at the 95%

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

30, Hg Olnn
5 INL ~
ck*T(k)D(z) Olnog

Where n is the local density, again some hints have been seen.
N ~53+25at 1o

AD(M, k) =
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viotivation: opservations
massive cluster

Fic. 1.

Left: Optical 4’ x 4’ color image (grz) of SPT-CL J0546-5345, with SZE significance contours overlaid (S/N = 2, 4, and 6).
Right: False color optical (ri) +IRAC (3.6 pm) image of SPT-CL J0546-5345, with Chandra X-ray contours overlaid (0.25, 0.4, 0.85 and
1.6 counts per 2" x 2” pixel per 55.6 ks in the 0.5-2 keV band). North is up, east is to the left. Due to its high angular resolution, Chandra
is able to resolve substructure to the SW, which may be evidence of a possible merger. These images highlight the importance of IRAC

= anotner

SPT CL J0546-5345

M>yo = 1.27 X 101 M@!
z=1.05

178 sq degrees
survey footprint.

Expect 0.2
clusters
in this footprint

Poisson sample
5 >1 18%

imaging in studying the galaxies in high redshift, optically faint clusters. Spectroscopic early-type (late-type) members are indicated with
yvellow (cyan) circles. Green squares show the spectroscopic non-members.

Brodwin et al
2010

v1ass dcalng Mogo®P
Mass Type Proxy Measurement Units Relation (1014 Mg)
Dispersion Biweight 1179 f%g% km/s o—Mogo(Evrard et al. 2008) 10.4 fi:i
Gapper 1170 “_Lﬁg km/s o—Mosgo (Evrard et al. 2008) 10.1 ’_Lyg“:z,’
Std Deviation 1138 ffgs km/s o—Mogo (Evrard et al. 2008) 9.3 f;g
X-ray Yx 53+£1.0 x10' MykeV  Yx—Mj5gg (Vikhlinin et al. 2009) 8.23 &+ 1.21
Tx 7.5 :i‘l keV T'x—Msz00 (Vikhlinin et al. 2009) 8.11 = 1.89
SZE Ys7 3.5+ 0.6 x10 MgkeV  Yqz — M50 (A10) 7.19 £+ 1.51
S/N at 150 GHz 7.69 £~ Msgg (V10) 5.03 +1.13 + 0.77
Richness N200 80 + 31 galaxies Nogo — Maogo (H10) 8.5+5.712.5
Ngal 66 £ 7 galaxies Ngal — Magp (H10) 924+491+27
Best Combined 7.95 1+ 0.92

2 M500 masses were scaled to Magg masses assuming an NFW density profile and the mass-concentration

relation of Duffv et al. (2008)
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Motivation: observations lll - yet another
massive cluster!

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

Foley et al.

3167

Expect ONE cluster in
the FULL sky, surveyed
~15% of the sky

3168

TABLE 2 Foley et al 201 |
MASS ESTIMATES FOR SPT-CL J2106-5844

Observable Measurement Ma00(101°h 7_01 Mp)
SZ & 18.5 1.06 +£0.23
SZ & (flat prior) 18.5 1.24 +£0.30
Yx (14.3 £3.4) x 10** Mg keV 1.85£0.40 ‘
Tx 11.07%5 keV 1.83 +0.76
Oy 12701'%%8 km s—1 1.41'(1):2
Combined 1.27 +0.21

Friday, 11 March 2011



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

Cluster Name Redshift Mago 10** Mg Method

"WARPSJ1415.143612" T 1.02 3.3372-3% Velocity dispersion
'SPT-CLJ2341-5119" * 1.03 760f§gj Richness
'XL.SSJ022403.9-041328" + 1.05 1.6671-15 X-ray

Data sample —'SPT-CLJ0546-5345" *  1.06  10.07%% Velocity dispersion
Spectroscopic 'SPT-CLJ2342-5411" * 1.08 4.0872:53 Richness
redshifts '"RDCSJ0910+5422" * 1.10 6.2873- 70 X-ray
"RXJ1053.7+5735(West)” T 1.14 2.007590 X-ray

3 SZ detected 'XLSSJ022303.0043622° + 1.22 1.1075% X-ray
Il X-ray RDCSJ1252.0-2927° + 1.23 2001930 X-ray
detected RXJ0849+4452° 126  3.7071% X-ray
'RXJ0848+4453" F 1.27 1.807 120 X-ray

— ' XMMUJ2235.34+2557" + 1.39 7707510 X-ray
"XMMXCSJ2215.9-1738 T 1.46 4.107320 X-ray
'SXDF-XCLJ0218-0510" * 1.62 0.5770 13 X-ray
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XMM Cluster Survey

Members: Kathy Romer [P.1], 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

® 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 0s, Om, QA 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
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Finding and classifying extended sources

Y

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

XMM-LSS

-2, 500 g
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® Algorithms paper Lloyd-Davies et al. 2010 arXiv:1010.0677
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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

XMM-LSS

-2, 500 g

Dashed: Galactic cut 60°
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| 1 | 1 1 1 1 1 | | 1 | 1 1 | 1 1 | 1 1 Y | 1 | 1 1 | 1
37.000 36.500 36000 35.500 Ja.000 34.500 34.000
Right ascension

® 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 inr, 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

|20 B I T T L I ' 1 | T T || A" (IN=891‘)
Literature (N=132)
SDSS (N=380) -++-rv-er
NXS (N-240)
100 Other (N=129
2 80
2+ NXS: NOAO XCS follow-up
2
5
S 60} No photon-count cut here!
g
Z2 Ll ' ~85% are new clusters
20
o I 4

O H 1 1 1 1 1 i oo o g —| [ | — 2-co- o
0 0.1 02 03 04 05 06 07 08 0.9 1 1.1 12 1.3 14 15
Redshift

Mehrtens et al. in prep
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Cluster Zoo

1L, University ot Fortsmouth.

SDSS

Hello Kath! Click here to Log out

xc s XCS extended source identification %

XCS classification page

Please examne the figures found under the Optical8X-ray images and Raw data tabs, before making an extended source
classification decision, under the third tab. This session you have made 0 classifications. Your target is 30. Access the

classifications here

Make your classification

Optical & X ray images Mask data

Optical and Xray images
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Cluster Zoo

1L, University of Fortsmouth. L

n |
r.. Pougn Wai .1 e e et Bt e N\

Tazk 1: Pleaze clazzify the cluster: XIMPOICSJO25006 .4-310400.6

Photometric data X=ray images

I r-band: Seeng: 1.1401 Depth: 25,1828 3by3" : no contours contours

z-band: Seeng: 1.0231 Depth: 23.8477 6by6" : no contours contours
= Image width (Arcmins): 2.24385 12by12". no contours contours
X-ray Soft counts: £33.004 X-ray Soft counts: £33.004
(

-
.

r_:_\ ;
[in »

Mo e 2l an LLhad mmidaila e mamdcivams P oY P21 PN

Zoo created by B.H.
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Current X-Ray Cluster Surveys

HIFLUGCS ROSAT

Maughan et al. Chandra

O'Hara et al. Chandra

400d ROSAT/Chandra
XMM-LSS XMM

Mantz et al. ROSAT/Chandra

Peterson et al. Chandra/XMM

XCS5q0 (230 2°) XMM

63
115
70
86
29
238
723
450

< iy,

e
Dt
0.005 - 0.2
0.1 - 1.3
0.18 - 1.24
0.35 - 0.9
0.05 - 1.05
0.05 - 0.45
0-17
0.003 - 1.457

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

Self-similar L-T evolution

0.2 0.3 0.4
1
0.9
3@
o8
0.7
0.2 0.3 0.4 0.7 0.8 0.9 1

Q

® 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 |2215.9-1738

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
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More Clusters. Data sample

Conservative assumptions Cluster Name Redshift Mz2oo 10**Mg Method
Footprints; The clusters "WARPSJ1415.143612" T 1.02 3.3372:83 Velocity dispersion
were found in the following 'SPT-CLJ2341-5119" * 1.03 7.607553 Richness
surveys:XMM Cluster Survey, °'X1,55J022403.9-041328 + 1.05 1.667 532 X-ray
XMM Large Scale Survey, —’SPT-CLJ0546-5345" * 1.06 10.07%50 Velocity dispersion
XMM Newton Distant 'SPT-CLJ2342-5411" * 1.08 4.08%2-23 Richness
Cluster Project, XMM 'RDCSJ0910+5422> + 1.10 6.2873-10 X-ray
Contiguous Suvery, ROSAT °'RXJ1053.7+5735(West)’ * 1.14 2.00F1-99 X-ray
deep survey, Wide Angle "XLSSJ022303.0043622° + 1.22 1.1079-69 X-ray
ROSAT Deep Survey. 'RDCSJ1252.9-2027 * 1.23 2.007920 X-ray
'RXJ0849+44452" T 1.26 3.707 100 X-ray

There was overlap between 'RXJ0848+4453" + 1.27 1.807 120 X-ray
the surveys. We — " XMMUJ2235.34+2557" + 1.39 7707570 X-ray
conservatively assumed each "X)\\MXCSJ2215.9-1738 + 1.46 4.1013-40 X-ray
X-ray survey had it’s own  SXDF-XCLJ0218-0510° + 1.62 0.57 014 X-ray

unique footprint

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
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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

00 7=2.2
A, = f f n(m,z, fuL. C)dmdz

Mg <=Zcluster

Extending a Cayon et al approach, we Poisson sample /° O,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 <I the cluster does not exist in this realisation.

The probability I; ,that cluster “i” exists is Number(P?(A,) > 1)/10%)

The probability, that the P( fNLa C) —a | Pi

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.
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Results |

Fixed cosmological parameters to best fit WMAP 5

| ' | | |
’|O e X g% X X X x F. A =
fw = 0O |
X fl=580
0.8 * 4 X X—ray detected
A SZ detected
0.6F -
O . x
0.4 A .
|)_/2 = x a —
| The effect of fnl
0.0 TR DR ST S R S T ST l
2 4 6 8 10

Cluster Mass [10"* Mg]

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

1.00F

Q.07 F

llllllll Illllllll'l'lllllllllll'l'll'll'll'll'lllll'llllll

—

INLIP(0.05)

At the 95% confidence level, fni1, > 467

Enqvist et al 2010

>
arXiv:1012.2732 /N < 40
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Results 11

Margenalising over parameters; QM, Qb, QA, QK, neg, 03, H(), Wo

\,

600 ' ' 600
450 450+
)
{f
=
g 300 300}
“= 150} 150 F
h
0 . . 0
0.733 0.790 0.846 0.903 0.912

Jg

0.94
nS

INLP0.05) 2 123 at the 95%

Note, this is a 95% value
of a 95% statistic

Q
a

10
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O
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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

oz = 0.801 & 0.03

Komatsu et al 201 I, 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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Sexy Conclusions: Scale Dependent non-Gaussianity

Probed by:

CME
halo bias

rare clusters

fy (k) (CMB)

0.001 0.010

0.100

k{h/Mpc)

. k \nnNc
fmJ=.&LG;>

Lo Verde et al 2008

nNG — 0.50 £ 0.19

WMAP CMB, scales 0.04 h/Mpc
27 < fnL < 147, at the 95%
Yadev & Wandelt 2008
fNL' =J32+21latlo
Komatsu et al 2011

Halo bias, scales 0.1 h/Mpc

10 < fn1, < 106 at the 95%
Xia et al 2010
—T7 < fnL < 47 at the 95%

Slozar et al 2008

Galaxy Clusters, scales 0.4 h/
Mpc

449 + 286 at
9+ 280 at 1o Cayon et al 2010

LS _
fNLTP(0.0,{)) 2 123 at the 95%

Hoyle et al 2010

nNG — 0.95 £+ 0.23
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Extensions/Related work
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FIG. 4. M(z) exclusion curves. Even a single cluster with (M, z)
lying above the relevant curve would rule out both ACDM and
quintessence. Upper panel: flat ACDM 95% joint CL for both
sample variance and parameter variance for various choices of sky
fraction fsxy from the MCMC allzlly?‘ij (thin solid curves) and using

e ensemble of clusters in (b) The probability that the ensemble of clusters in t

;10n of fnr. ble 1 could exist as a function of gni, with fyr, < 50.

Figure 6. Estimates for fyi, and gnL.
Enqvist et al 2010

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

Let fnl <50 (N[, >—2.0 x 109

Mortonson et al 2010 arXiv: 1011.0004

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

Or, non constant equation of state of
dark energy, Baldi & Pettorino 2010
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Conclusions & future |

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

parameters.

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 11

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

parameters.

Theoretical/Computational:

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

3 f.,, =500 |
f\1=250
fy =100
25 L fy =-100
fNL='250
fNLz'SOO
— MVJ
— 2+ — LV
>
A
0] )
% "~ _ ?/f*_,,_—g»’-— 5 R
TD —— _____”-—-“"””’.‘J: o
Z I
05 = o
ocalatz=15 T —
2e+13 5e+13 1e+14 2e+14

I\/Ivir [Msun/h]

Non-Gaussian mass function fit to
Nbody simulations (Chrisitan
Wagner et al 2010)

Mass function with fnl,gnl,tnl
Lo Verde & Smith arXiv:1102.1439
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Conclusions & future 111

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

Better mass estimates for a sample of high redshift clusters, with an HST proposal
[Ben Hoyle [P.l.], Aday Robiana, Licia Verde, Raul Jimenez, David Bacon, Martin Sahlen, Ed Lloyed-
Davies, Kathy Romer, Matt Hilton, Nicola Mehrtens.]

80— T |
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X-ray
64 | ] < Prob(3)=3.0%2 Prob(3)=77% -
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o 3ol ? | S
D-' n)
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16 i - $
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=
Q O 0.0
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