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Note : extreme value statistics are a big deal !
A journal is dedicated to them !
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ABSTRACT

We describe recent results obtained as part of the extension of the Center for Astrophysics redshift survey to
my = 15.5. The new sample contains 1100 galaxies (we measured 584 new redshifts) in a 6° X 117° strip going
through the Coma cluster. Several features of the data are striking. The galaxies appear to be on the surfaces of
bubble-like structures. The bubbles have a typical diameter of ~ 25h~ ' Mpc. The largest bubble in the survey
has a diameter of ~ 50hA~! Mpc, comparable with the most recent estimates of the diameter of the void in
Bootes. The galaxy density in the region of the largest void contained in the survey is only 0.20 of the mean. The
edge of the largest void in the survey is remarkably sharp.

All of these features pose serious challenges for current models for the formation of large-scale structure. The
best available model for generating these structures is the explosive galaxy formation theory of Ostriker and
Cowie, published in 1981. These new data might be the basis for a new picture of the galaxy and cluster
distributions.
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Figure 13. The 2M++ galaxy distribution and density field in three dimensions. The cube frame is in Galactic coordinates. The Galactic plane cuts orthogonally
through the middle of the back vertical red arrow. The length of a side of the cube is 200 #~! Mpc and is centred on Milky Way. We highlight the isosurface of
number fluctuation, smoothed with a Gaussian kernel of radius 1000kms~!, §;, = 2 with a shiny dark red surface. The positions of some major structures in
the local Universe are indicated by labelled arrows. We do not show isosurfaces beyond a distance of 150 2~! Mpc, so HR is, for example, not present.



El Gordo !

THE ATACAMA COSMOLOGY TELESCOPE: ACT-CL J0102—4915 “EL GORDO,” A MASSIVE
MERGING CLUSTER AT REDSHIFT 0.87
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ABSTRACT

We present a detailed analysis from new multi-wavelength observations of the exceptional galaxy cluster
ACT-CL J0102—-4915, likely the most massive, hottest, most X-ray luminous and brightest Sunyaev—Zel’dovich
(SZ) effect cluster known at redshifts greater than 0.6. The Atacama Cosmology Telescope (ACT) collaboration
discovered ACT-CL J0102—4915 as the most significant SZ decrement in a sky survey area of 755 deg’.
Our Very Large Telescope (VLT)/FORS2 spectra of 89 member galaxies yield a cluster redshift, z = 0.870,
and velocity dispersion, oy = 1321 & 106 km s~!. Our Chandra observations reveal a hot and X-ray
luminous system with an integrated temperature of 7x = 14.5 £ 0.1 keV and 0.5-2.0 keV band luminosity
of Lx = (2.19 £ 0.11) x 10¥ h7_02 erg s!. We obtain several statistically consistent cluster mass estimates; using
empirical mass scaling relations with velocity dispersion, X-ray Yx, and integrated SZ distortion, we estimate a
cluster mass of May, = (2.16 £ 0.32) x 10V h7_01 M. We constrain the stellar content of the cluster to be less
than 1% of the total mass, using Spitzer IRAC and optical imaging. The Chandra and VLT /FORS?2 optical data
also reveal that ACT-CL J0102—4915 is undergoing a major merger between components with a mass ratio of
approximately 2 to 1. The X-ray data show significant temperature variations from a low of 6.6 = 0.7 keV at the
merging low-entropy, high-metallicity, cool core to a high of 22 £ 6 keV. We also see a wake in the X-ray surface
brightness and deprojected gas density caused by the passage of one cluster through the other. Archival radio data at
843 MHz reveal diffuse radio emission that, if associated with the cluster, indicates the presence of an intense double
radio relic, hosted by the highest redshift cluster yet. ACT-CL J0102—4915 is possibly a high-redshift analog of the
famous Bullet cluster. Such a massive cluster at this redshift is rare, although consistent with the standard ACDM
cosmology in the lower part of its allowed mass range. Massive, high-redshift mergers like ACT-CL J0102—-4915
are unlikely to be reproduced in the current generation of numerical N-body cosmological simulations.

Key words: cosmic background radiation — cosmology: observations — galaxies: clusters: general — galaxies:
clusters: individual (ACT-CL J0102—4915)

Online-only material: color figures
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Figure 1. Multi-wavelength data set for ACT-CL J0102—4915 with all panels showing the same sky region. Upper left: the composite optical color image from the
combined griz (SOAR/SOI) and Riz (VLT/FORS2) imaging with the overplotted Chandra X-ray surface brightness contours shown in white. The black and white
inset image shows a remarkably strong lensing arc. Upper right: the composite color image from the combination of the optical imaging from VLT and SOAR and
IR from the Spitzer/IRAC 3.6 um and 4.5 um imaging. The overplotted linearly spaced contours in white correspond to the matched-filtered ACT 148 GHz intensity
maps. Bottom left: false color image of the Chandra X-ray emission with the same set of 11 log-spaced contours between 2.71 counts arcsec ™2 and 0.03 counts arcsec 2
as in the panel above. The inset here shows the X-ray surface brightness in a cut across the “wake” region from the box region shown. Bottom right: ACT 148 GHz
intensity map with angular resolution of 1/4 and match-filtered with a nominal galaxy cluster profile, in units of effective temperature difference from the mean. The
color scale ranges from —85 uK at the edges to —385 1K at the center of the SZ minimum. In all panels the horizontal bar shows the scale of the image, where north
is up and east is left.
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Planck Early Results XXVI: Detection with Planck and confirmation
by XMM-Newton of PLCK G266.6—27.3, an exceptionally X-ray
luminous and massive galaxy cluster at z ~ 1
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We present first results on PLCK G266.6—27.3, a galaxy cluster candidate detected at a signal-to-noise ratio of 5 in the Planck All Sky survey. An
XMM-Newton validation observation has allowed us to confirm that the candidate is a bona fide galaxy cluster. With these X-ray data we measure
an accurate redshift, z = 0.94 + 0.02, and estimate the cluster mass to be Mspy = (7.8 + 0.8) x 10 M. PLCK G266.6—27.3 is an exceptional
system: its luminosity of Lx[0.5-2.0keV] = (1.4 +0.05) x 10% ergs~! equals that of the two most luminous known clusters in the z > 0.5 universe,
and it is one of the most massive clusters at z ~ 1. Moreover, unlike the majority of high-redshift clusters, PLCK G266.6—27.3 appears to be highly
relaxed. This observation confirms Planck’s capability of detecting high-redshift, high-mass clusters, and opens the way to the systematic study of
population evolution in the exponential tail of the mass function.

Key words. Cosmology: observations — Galaxies: cluster: general — Galaxies: clusters: intracluster medium — Cosmic background radiation,
X-rays: galaxies: clusters
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Weighing the Giants — III. Methods and measurements of accurate galaxy

cluster weak-lensing masses Table 4 — continued
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We report weak-lensing masses for 51 of the most X-ray luminous galaxy clusters known. This : . :

cluster sample, introduced earlier in this series of papers, spans redshifts 0.15 <z 0.7, and is
well suited to calibrate mass proxies for current cluster cosmology experiments. Cluster masses
are measured with a standard ‘colour-cut’ lensing method from three-filter photometry of each
field. Additionally, for 27 cluster fields with at least five-filter photometry, we measure high-
accuracy masses using a new method that exploits all information available in the photometric
redshift posterior probability distributions of individual galaxies. Using simulations based on
the COSMOS-30 catalogue, we demonstrate control of systematic biases in the mean mass of
the sample with this method, from photometric redshift biases and associated uncertainties, to
better than 3 per cent. In contrast, we show that the use of single-point estimators in place of
the full photometric redshift posterior distributions can lead to significant redshift-dependent
biases on cluster masses. The performance of our new photometric redshift-based method
allows us to calibrate ‘colour-cut’ masses for all 51 clusters in the present sample to a total
systematic uncertainty of ~7 percent on the mean mass, a level sufficient to significantly
improve current cosmology constraints from galaxy clusters. Our results bode well for future
cosmological studies of clusters, potentially reducing the need for exhaustive spectroscopic
calibration surveys as compared to other techniques, when deep, multifilter optical and near-IR
imaging surveys are coupled with robust photometric redshift methods.

Key words: gravitational lensing: weak —methods: data analysis—methods: statistical —
galaxies: clusters: general — galaxies: distances and redshifts —cosmology: observations.

1 INTRODUCTION

Galaxy clusters have become a cornerstone of the experimental evi-
dence supporting the standard ACDM cosmological model. Recent
studies of statistical samples of clusters have placed precise and
robust constraints on fundamental parameters, including the am-
plitude of the matter power spectrum, the dark energy equation of
state and departures from General Relativity on large scales. For a

review of recent progress and future prospects, see Allen, Evrard &
Mantz (2011).

Typical galaxy cluster number count experiments require a mass-
observable scaling relation to infer cluster masses from survey data,
which in turn requires calibration of the mass-proxy bias and scat-
ter. Weak lensing follow-up of clusters can be used, and to some
extent has already been used, to set the absolute calibrations for
the mass—observable relations employed in current X-ray and opti-
cal cluster count surveys (e.g. Mantz et al. 2008, 2010a; Vikhlinin
et al. 2009b; Rozo et al. 2010). However, largeted weak lensing
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A structure in the early Universe at z ~ 1.3 that exceeds the homogeneity
scale of the R-W concordance cosmology
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ABSTRACT

A large quasar group (LQG) of particularly large size and high membership has been identified
in the DR7QSO catalogue of the Sloan Digital Sky Survey. It has characteristic size (volume'/?)
~500 Mpc (proper size, present epoch), longest dimension ~1240 Mpc, membership of 73
quasars and mean redshift 7 = 1.27. In terms of both size and membership, it is the most
extreme LQG found in the DR7QSO catalogue for the redshift range 1.0 < z < 1.8 of our
current investigation. Its location on the sky is ~88 north (~615 Mpc projected) of the Clowes
& Campusano LQG at the same redshift, 7 = 1.28, which is itself one of the more extreme
examples. Their boundaries approach to within ~2° (~140 Mpc projected). This new, Huge-
LQG appears to be the largest structure currently known in the early Universe. Its size suggests
incompatibility with the Yadav et al. scale of homogeneity for the concordance cosmology,
and thus challenges the assumption of the cosmological principle.
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Key words: galaxies: clusters: general —quasars: general — large-scale structure of Universe.
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Figure 2. Snapshot from a visualization of both the new, Huge-LQG, and
the CCLQG. The scales shown on the cuboid are proper sizes (Mpc) at the
present epoch. The tick marks represent intervals of 200 Mpc. The Huge-
LQG appears as the upper LQG. For comparison, the members of both
are shown as spheres of radius 33.0 Mpc (half of the mean linkage for the
Huge-LQG:; the value for the CCLQG is 38.8 Mpc). For the Huge-LQG,
note the dense, clumpy part followed by a change in orientation and a more
filamentary part. The Huge-LQG and the CCLQG appear to be distinct
entities.

The Large
Quasar
Groups (LQGs)



The temperature fluctuations of the cosmic microwave
background (CMB)

- Initial seeds of present large scale structures
- Gaussian random field ?

http://www.esa.int/Our Activities/Space_ Science/Planck
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Detection of a non-Gaussian spot in WMAP
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ABSTRACT

An extremely cold and big spot in the Wilkinson Microwave Anisotropy Probe (WMAP) 1-yr
data is analysed. Our work is a continuation of a previous paper by Vielva et al. that reported
the detection of non-Gaussianity, with a method based on the spherical Mexican hat wavelet
(SMHW) technique. We study the spots at different thresholds on the SMHW coefficient maps,
considering six estimators, namely the number of maxima, the number of minima, the numbers
of hot and cold spots, and the number of pixels of those spots. At SMHW scales around 47 (10°
on the sky), the data deviate from Gaussianity. The analysis is performed on all of the sky, the
Northern and Southern hemispheres, and on four regions covering all of the sky. A cold spot
at (b = —57°,1 = 209°) is found to be the source of this non-Gaussian signature. We compare
the spots of our data with 10000 Gaussian simulations, and conclude that only around 0.2 per
cent of them present such a cold spot. Excluding this spot, the remaining map is compatible
with Gaussianity, and even the excess of kurtosis in the paper by Vielva et al. is found to be
due exclusively to this spot. Finally, we study whether the spot causing the observed deviation
from Gaussianity could be generated by systematics or foregrounds. None of them seem to be
responsible for the non-Gaussian detection.

Key words: methods: data analysis — cosmic microwave background.



The cold spot: an anomaly of physical origin or a
simple statistical fluctuation ?

Cruz et al. 2005, MNRAS 356, 29

Spherical mexican hat wavelet transform
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The Gumbel or extreme value statistics (EVS)

Gumbel 1958, Statistics of Extremes (2004, Dover)

Cumulative distribution of the maximum or minimum v drawn from
a finite patch in a random distribution.

It is often parameterized as follows

G, (v) = exp[—(1 + ygy)~/*°] y =

V—dad

a: location parameter
b: scale parameter

Vs: Shape parameter

V>0 : Fréchet type

V=0 : Gumbel type (expected asymptotically for Gaussian fields)
Gy = exp[—exp(—y)]

V<O : negative Weibull type



The properties of the extreme value statistics (EVS)

Equivalence of the Central Limit theorem:

For N random independent variables x. i=1,...,N with the same law,
the cumulative distribution of the random variable

M ,=max; X;

necessarily tends asymptotically for large N to one of the 3
distributions of the previous slide (if such a limit exists).

(Fisher & Tippett 1928 Proc. Camb. Phil. Soc. 24, 180
Gnedenko 1943, Ann. of Math. 44, 423)

So the EVS is potentially at the same time interesting (specific
statistical predictions for rare events) and uninteresting (everything
lead to the same: poor constraining power)
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First ranked galaxies in groups and clusters

Suketu P. Bhavsar Raman Research Institute, Bangalore 560080, India, and
Astronomy Centre, University of Sussex, Brighton BNI 9QH

John D. Barrow Astronomy Centre, University of Sussex, Brighton BNI 9QH
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Summary. The small scatter in the luminosities of the brightest galaxies in
clusters has been a topic of much debate. It has been argued that these galaxies
are either special objects or the tail-end of a statistical distribution. In 1928,

Fisher and Tippett derived the general form a distribution of extreme sample

values should take, independent of the parent distribution from which they are
drawn. We compare this asymptotic form with the distribution of first ranked
cluster members and conclude that these galaxies are not the extreme members
of a statistical population. On_the other hand, comparison of first ranked
members of ‘loose’ groups with the extreme value distributions shows that
these galaxies are consistent with their being the tail-end of a statistical
distribution.

Bhavsar and Barrow use both
the

interesting

and the

uninteresting

(or conversely) aspects of the
EVS |



Example 1: the most massive galaxy cluster

Patch (survey)

Galaxy cluster

What is the typical mass M __ of the most massive cluster in the survey?
What is the probability P, (M. <M., )of having M __ <M,?
What is the most massive cluster in the observable Universe?



The probability P, .(M_ . < M., ) is the probability that all the clusters in
the survey have a mass smaller than M,,.

If the mass of a cluster is statistically independent from the mass of
other clusters the naive result is simply

P, (M. . <M,)=[1-QM__ . >M,)"

max max

where Q(M > M., ) is the probability that a cluster has a mass M larger

than M., and N is the number of clusters.

P(M__ <M, )=exp[ NIn (1-Q(M > M,,)]
=exp[-N Q(M > M,)]

in the very massive cluster regime

max

Hence

P(Mmax < Mth) zexp[— n(Mmax > Mth) V]

Where n(M_ ., > M,,) is the number density of clusters with mass larger
than M., and Vis the survey volume



Issues:
- Definition : what is a cluster of galaxies?

- How to compute n(M_ ., > M., ) ? Press & Schechter formalism and
extensions: easy calculations (e.g. Davis et al. 2011; Holz & Perlmutter 2012;
Harrison & Coles, 2012; Waizman et al. 2012, 2013), even including the
possible non Gaussian nature of the initial seeds (e.g. Cayén, Gordon &
Silk 2011, MNRAS 415, 849)

- Clusters are correlated: the correlations can be taken into account
by reducing the EVS to a void probability (see cumbersome slides

later): however, correlations should be negligible for large surveys
(Davis et al. 2011, MNRAS 413, 2087)

- Tests of theoretical predictions : need ultragigabig simulations

- Negative Weibull favored (Y;=-0.21) when fitting the expected
analytic form (Davis et al. 2011)



The HORIZON 411 dark matter simulation performed with RAMSES on Platine at CEA,
40962 particles in a cube 2000h" Mpc aside. Teyssier et al. 2009, A&A 497, 335
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The probability distribution function of the most massive cluster
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The most likely mass of the most massive cluster as a function of
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Application to observational data (a)
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ABSTRACT
We calculate the expected mass of the most massive object in the universe, finding it to be a cluster of
galaxies with total mass Myy = 3.8 x 10" M, at z = 0.22, with the 1o marginalized regions being

3.3x 101 Mg < My < 4.4x 10" Mg and0.12 < z < 0.36. We restrict ourselves to self-gravitating bound objects
and base our results on halo mass functions derived from N-body simulations. The mass and redshift distribution
of the largest objects in the universe are potentially interesting tests of ACDM, probing the initial conditions,
non-Gaussianity, and the behavior of gravity on large scales. We discuss A2163 and A370 as candidates for the
most massive cluster in the universe, although uncertainties in their masses preclude definitive comparisons with
theory. We find that the three most massive clusters in the South Pole Telescope (SPT) 178 and 2500 deg® catalogs
match predictions. Since the mass function evolves steeply with redshift, we also investigate the most unlikely
clusters in the universe. We find that SPT-CL J2106-5844 is 20 and XMMU J2235.3-2557 is 30 inconsistent with
ACDM, considering their respective redshifts and survey sizes. Our findings motivate further observations of the
highest mass end of the mass function, particularly at z > 1, where a number of anomalously massive clusters
have been discovered. Future surveys will explore larger volumes, and both the most massive object and the most
unlikely object in the universe may be identified within the next decade.
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Figure 1. Contour plot of the most massive object in the uni-
verse. Four survey sizes are considered: full sky, 2500 and 178 deg?
(corresponding to SPT), and 11deg? (corresponding to XMM-2235).
The shaded contours represent the 1o and 2o (and for the 11 deg? case, 30)
regions of the most massive halo in a ACDM universe. 68% of all ACDM uni-
verses will have their most massive halo within the light blue 10 contour. The
pairs of solid line contours are 1o and 20 contours for the second most massive
halo, while the pairs of dashed line contours are for the third most massive.
The (blue) plus signs are A2163 (double point) and A370; the five (red) as-
terisks are the three most massive clusters from the SPT 2500 deg? survey and
SPT-J2106 and SPT-J0546, two unusually massive clusters at z > 1; the three
(green) diamonds are the three most massive clusters in the SPT 178 deg2 sur-
vey; and the (purple) square is XMM-2235. The mass values for A2163 span
the predicted region, while A370 is slightly high. The SPT masses fit within
their respective contours, although SPT-J2106 is somewhat anomalous (with a
probability of ~0.06), and XMM-2235 is well outside its 2o contour (with a
probability of ~0.006). All masses are M»( (spherical overdensity of 200x the
background density); for data measured using different overdensities, we plot
the M»oo value which gives the equivalent probability.



Application to observational data (b)

Harrison & Coles, 2012, MNRAS 421, L19
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Figure 1. Extreme value contours and modal highest mass cluster with
redshift for a ACDM cosmology, along with a set of currently observed
‘extreme’ galaxy clusters. None lies in the region above the 99 per cent
contour and hence are consistent with a concordance cosmology.



Example 2: the maximum in a patch for a random field

What is the expected minimum (maximum) temperature of the CMB in a patch
of the sky?

What is the expected temperature of the (hottest) coldest cold spot in the
whole sky CMB?

(question first asked by Coles 1988, MNRAS 231, 125; Colombi et al. 2011)

Issues:

- Instrumental noise

- Contamination by foregrounds (non primordial sources, e.g. our Galaxy)
- The Gaussian nature of the fluctuations



The case of a smooth (Gaussian) random field

Colombi, Davis, Devriendt, Prunet & Silk, 2011, MNRAS 414, 2436

v : Gaussian random field, stationary, isotropic, of zero average, smoothed with
a window of size ./

Local maximum along the edge:
neglected

Local maximum inside the Patch

The global maximum is the maximum
of all the local maxima including those
as calculated on the edge:

Smoothing ./

> Approximation : we (at variance with

mathematicians) neglect the local
maxima on the edges, i.e. the blue

points. It should work if L >> ./

What is the probability P_,. (v,., <Vv,,) of havingv,__ <v,?

It can be reduced to the void probability P,(v,,) of having no local maximum
above the threshold v,,



Extreme value statistics as a void probability

Generating function formalism (Balian & Schaeffer, 1989; Szapudi & Szalay 1993, ApJ 408, 43)

p
PO(Vmax) = EXp [—n VO'(NC)] o(y) = Z(_I)N_l S_NyN—l

n: number density of peaks

N!
N>1

V: volume of the patch ~ V = (47t/3)L° V =mnlL?

Deviation from pure Poisson: N; = nV &) (L)

Normalized cumulants:  §% (1) = —




Approximation in the weak (but non zero) correlation limit

It can be shown, in the large threshold regime and in the weak correlation regime
(Politzer & Wise 1984, ApJ 285, L1; Cline et al. 1987, CMaPh 112, 217)

S}‘)’(xl"“’xN)ZZZH%)(X:',XJ-) v > 1

trees labels links E ; (-xi y X ]) <<1

¢

NN-2 combinations
This is valid as well for a large variety of non Gaussian isotropic and stationary

fields, e.g., obeying the general tree hierarchical model (Bernardeau & Schaeffer, 1999,
A&A 349, 697)

SP(L) ~ NV—2

1 —0 9
o(y) = 1+§9 e, fe’ =y
Now we need just to compute the number density of peaks and their two-point
correlation function, which can be easily performed, at least numerically, using

the theory of random Gaussian fields (e.g., Adler 1981, The Geometry of Random fields).

We can use the calculations of Bardeen et al. (1986, ApJ 304, 15) in 3D and Bond &
Efstathiou (1987, MNRAS 226, 655) in 2D



The Poisson limit (D=2 and 3)

Aldous 1989, Probability Approximations via the Poisson Clumping Heuristic

In the Poisson regime, N_<< 1, and for sufficiently large threshold, the extreme
value statistics can be expressed as a function of the Euler characteristic

Pevs(v)= Ps3(v) ~ exp(—=&V)
2
= exp [—Ua(vz — 1)exp (_"_)]
2 D
Up=—r7
Pi(v) = exp(—=&V) P (2m)®+h2RD

2
= exp [—Uz V exp <_E>]

Note: 1— Pgp(v > 1)~ &pV (Adler, 1981; Adler & Taylor 2007, Random Fields and Geometry)

of
Coherence parameter: Yy = ——
0002
Scale length: R, = @ﬁ
o2 D—1
Moments of the power spectrum: sz = / WP(]()Wg(k)ij

, N n n+D\"? (L\"
Scale free P(k) a k": v, = (§> (27'{)(D+1)/2( o5 ) (?)



Link to the family of functions

G,.(v) = exp[—(1 + ygy) '/7¢]

y:

Taylor expansion around v. with I’l(l)*)V = 1

v, ~ +/2InUp

a=nv,

1 v2—1
by= — >
? v, V2 —3

Vs
b2=v3_1,

vi+3

Y63 = 0,

B V(v —3)? =

v2 + 1
— <
(v; — 1)

0

YG,2 =

1+

(D — DIn21nUp)
41In UD ]

U — 4\ P2 T n+ D
7 \3 Qm®@+b2 \ 2D

One can therefore expect in practice

vV —dad

b

) (

Y

negative Weibull because of the slow

convergence of y. to zero.



Measurements in simulated 2D Gaussian fields
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pe(v)
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pe(v)
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Example : the CMB extreme value distribution is (indeed)
well fitted by a negative Weibull with y.<0

Mikelsons, Silk & Zuntz, 2009, MNRAS 400, 898

N =
AN

Normalised frequency
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Vs €an be used as a test of the Gaussian nature
of the underlying field

fyL: traces the level of skewness

Note: the plot suggests in practice y.closer to
zero for non Gaussian field than for Gaussian !
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ABSTRACT

We show that extreme value statistics are useful for studying the largest structures in the
Universe by using them to assess the significance of two of the most dramatic structures in
the local Universe — the Shapley supercluster and the Sloan Great Wall. If we assume that
the Shapley concentration (volume ~1.2 x 10° 4~3 Mpc?) evolved from an overdense region
in the initial Gaussian fluctuation field, with currently popular choices for the background
cosmological model and the shape and amplitude og of the initial power spectrum, we estimate
that the total mass of the system is within 20 per cent of 1.8 x 10'¢ 4~! Mg . Extreme value
statistics show that the existence of this massive concentration is not unexpected if the initial
fluctuation field was Gaussian, provided there are no other similar objects within a sphere of
radius 200 2~! Mpc centred on our Galaxy. However, a similar analysis of the Sloan Great
Wall, a more distant (z ~ 0.08) and extended concentration of structures (volume ~7.2 x
10° 4~ Mpc?), suggests that it is_more unusual. We estimate its total mass to be within
20 per cent of 1.2 x 10" 77" M and we find that even if it is the densest such object of its
volume within z = (.2, its existence is difficult to reconcile with the assumption of Gaussian
initial conditions if og was less than 0.9. This tension can be alleviated if this structure is
the densest within the Hubble volume. Finally, we show how extreme value statistics can be
used to address the question of how likely it is that an object like the Shapley supercluster
exists in the same volume which contains the Sloan Great Wall, finding, again, that Shapley is
not particularly unusual. Since it is straightforward to incorporate other models of the initial
fluctuation field into our formalism, we expect our approach will allow observations of the
largest structures — clusters, superclusters and voids — to provide relevant constraints on the
nature of the primordial fluctuation field.

Key words: methods: analytical — galaxies: clusters: general — dark matter — large-scale
structure of Universe.



Discussion, perspectives

-Conclusion: extreme value statistics can be applied successfully
to set interesting constraints on large scale structure formation
models, including effects of non Gaussianity

-Applications to clusters of galaxies, super-clusters of galaxies,
CMB successful or ongoing.

-Ongoing project: accurate analysis of the cold spot problem

-Other possibly interesting applications

-Largest underdense regions (formerly voids) in the Universe
-Lyman alpha forest ?

-Quasars and other very far and rare objects (e.g. first galaxies)?
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ABSTRACT

In a statistical study of quasar absorption lines, we find no evidence for large voids in the Lyo forest, con-
trary to some recent suggestions. The 28 Mpc gap found by Crotts in the spectrum of Q0420 — 388 is not
statistically significant, and we can, from a sample of 18 quasar spectra, reject at the 2 ¢ level the hypothesis
that comoving voids of 30 Mpc fill as much as 15% of the universe. We do, however, find a significant (at the

LANLL L L I B L B L LB B B}

99% level) excess of small line intervals of velocity width Av & 200-600 km s~ *. This provides evidence either ¢ [

for the gravitationally induced correlations proposed in some models or for the fragmented shells proposed in

others.
Subject headings: galaxies: clustering — quasars

I. INTRODUCTION

istribution of absorption lines in quasar spectra con-
ormation about the arrangement of matter on very
les. Recently, several authors have analyzed Lya forest
see if they show any structure of size ~50h,~ ! Mpc
ng), where hy, is the Hubble constant in units 100 km
>~1, This is a pertinent question since voids and super-
of such large dimension have been detected in deep
surveys (e.g., Kirshner et al. 1981; Davis et al. 1982; de
nt, Geller, and Huchra 1986; Haynes and Giovanelli
arswell and Rees (1987) studied the distribution of Lya
ward Q0420—388 (z,,, = 3.12) and PKS 2000—330
178) but found no statistically significant evidence for
! Mpc voids, concluding that the filling factor of such
f<0.05. However, Crotts (1987), studying a slightly
dshift range in the lines of sight to the same objects,
ed this result. He found a large void at z ~ 2.58 toward
-388 which he calculated was discrepant with the
e locally Poisson-like distribution at the 99% level,
ch gave a measured f marginally inconsistent with the
of Carswell and Rees (1987).
s Letter we show that the line interval found by Crotts
ctually discrepant, and that there is as yet no com-
vidence for the existence of large-scale voids in the Lya
Ve base these conclusions on our own compilation of
interval distribution in an 18 QSO sample which
Q0420 — 388. Although we find no evidence for large
e do find a statistically significant excess of small line
s (R, < Sh,~! Mpc). This excess may be spurious,

v b e by oy e by by

o

lines (four on one side, two on the other) containing prominent
features (rest frame W > 0.50 A), so it is not valid to treat the
gap as a single 42h, ' Mpc void.

How unusual is this gap? If the line distribution is locally
Poisson, then the distribution of intervals (neglecting the deple-
tion of small intervals due to line blending) is

P(x)=e" %, 1

where x = Az/ Az is the line interval scaled to the local mean.
One can approximate, in any given redshift range,

(Az)~? EM=&/(1 +2)", 2
dz
where o/ and y are fitting constants (Murdoch et al. 1986, and
references therein). Then from equation (1) it can be shown
that, in a Poisson sample of /" line intervals, the probability
distribution for the maximum interval is

P(xmax) = ‘/V‘eixm“(l - e—-xm“)‘/‘/71 . (3)

Although line blending does not affect the distribution of
intervals at large x (eq. [1]), it does affect the fitting constants
o and y (A. P. S. Crotts, private communication). Analyzing
an 18 QSO sample complete to rest frame equivalent width
W, = 0.36 A (Bajtlik, Duncan, and Ostriker 1988), we estimate
that the index y describing the preblended line population is
2.84 + 0.45 (about 0.4 larger than the observed, blended value)
due to the fact that lines are more crowded at high z. (This

assumes a dimensionless blending-strength { = 2.5; see § I11.)
OF cantree rnatre of clace linece that are hath helow the euitoff W/
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