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Thc E_arlg (_Jniverse:

Almost Pchcctlg homogcncous and isotroPic,

without any discernable structure ...

How did the Prcscnt wealth and varictg of

structure emerge out of
an almost featureless, Pristinc carly (Iniverse

ooooo




/Cosmic Faradigm:\

(‘sravitational
lnstabilitg

RiEPlcs in the ( Jniverse

Ting dcnsitg Pcrturbations in

E_arlg (niverse:

° Origin: Quantum Fluctuations cxPandccl to

suPcrhorizon scale cluring lnFlation
o (Gaussian Noise Il
o Primordial Gaussian Dcnsitg & Vclocitg Perturbations visible as corrcsponding

Radiation Tcmpcraturc Perturbations in

C osmic Microwave Backgrouncl Radiation (CMDB) Radiation







(_osmic Structure [Tormation

After dccoupling, clcnsity Pcrturbations in the matter distribution graclua"y clcvcloP into
Forming structures by means of the “gravitational instabilitg” mechanism. Thc origin of these
clensity Pcrturbations is still an unsettled issue. Thcir resence, howcver, has been proven

bcgoncl doubt: their imPrint in the CMbB beauti{:ully confirmed by COBE and ’\A/A\]>

Hidden in the chths of the very first
instances of the carly universe, at Prcscnt
the most viable suggestion is that it
concerns quantum fluctuations blown up
to macroscopic Proportions inan
inﬂationarg Phase of cosmic expansion.

]n the later Phascs of more “quicsccnt”
cosmic cxpansion, dcnsitg ﬂuctuations,
frozen while thcy have the 5uPcrhorizon
scale assumed in inflation, graclua"y enter|
the horizon (i.e thcy are overtaken).

]:rom that instant on thcy can start

growing !

_ plx,t) — p(0)
o1 = =725

dk

o) = (27)°

(k) e~ x

(sravitational lnstabilitg

—

F LD
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Gravitational ]nstabilitg

(_osmic Structure [Formation

The gravity Pcrturbations induce
cosmic flows of matter. Hig]'n dcnsitg
regions start to contract and Fina”y
co”apsc, asscmbling more and more
matter from their surroundings.

By contrast, as matter is moving out of
them, low clcnsi’cg regions turn into
empty void regions.

Gradua“g, dc[:)cnclcnt on scalc, we see
thc emergence of cosmic structures.

Thcsc days we can simulate the
characteristics of the process through
large computer simulations. Succes{:u"
confrontation with the observational
rcality has given confidence in our
undcrstanding'

h=' Mpe

20 a0

{density field 5(x,t,
s acdbiacaal,

SEiEus

g i T

displaced mass: Vhe L Sy
StrUCtUre fOrMiNg | s ! peculiar velocity v(x,t) d
A AETa L Y DT SO o Pt |

PRSPPI 1S N - - T TR S 2]
a0 50 0 10 20 a0 a0 50

ol Mpc ho! Mpc
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Millennium Simulation

500 Mpe/h ks

Millennium Simulation

500 Mpc/h ;
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Millernium Simulation

. 500Mpc/h” et

Millennium Simulation

500 Mpc/h ' f
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Millennium Simulation

Millennium Simulation
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Millernium Simulation

i K

125 Mpc/h”

Millennium Simulation

H ! |
Ay b ?

1'425 Mpeth
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Millennium Simulation

. s Lb
S 4 %% 31.25 Mpchh

" 31.25 Mpcih
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Millernium Simulation

p-
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(sravitational ]nstabi]itg

Perturbation Dcvclopmcntz

 (Generation: = ]nﬂationarg Phase ?

- (Gaussian Quantum Noise inflated to C osmic Scalc
. Supcrhorizon: - As long as Pcrturbations suPcrhorizon, no evolution
o | inear Growth: -~ Dcnsity & \/clocitg Pcrturbations tiny

(Can be described analytica”y !
*Nonlinear Growth: - |nteraction between fluctuations over range of scales
- ]_:_mcrgcncc complcx Pattcrns & formation objccts
- Only analytical aPProximations,

ComPutcr <N~bod3) simulations necessary

(osmic Structure [ ormation

Ohnce the first linear Pl‘masc of structure formation has Passccl, we
start to recognize the emergence of genuine cosmic structures.
Three generic ProPcrtics nonlinear structure formation:

@ hierarchical structure formation

[ anisotropic co”apsc

® void formation:

asgmmctrg
overdcnsc VS. undcrdcnse

18



Sma" structures form First, then merge into |arger and largcr features.

|. Hierarchical Structure Formation

Structures in the (Jniverse form
by

graclua] hierarchical asscmblg: 20 [ 4 B il g 4

h~ Mpe

% small objccts emerge & co”aPsc first

“* merge with other clumPs while i ] | ; | | i | L

Forming Iargcr objcct in l'vicrarc]’ry




Structures tend to co”aPsc into anisotroPic {:i|amcntar3 and P|anar structures

. Anisotropic Co”apsc

o (Gravitational ]nstabilitg:

-any small initial deviation from sPhcricity ofa co“aPsing cloud gets magnhcicd

- gravitational co”aPse Proceecls along sequence:

o collapse along smallest axis lanar geometr wall
P 2] — P g Y

c|ongatcci filament
—

° co"apsc medium axis

o full 3-D co"apse clumP c]urnP/halo

~ After having collapsed into a clump, virialization and emergence cosmic obiect




Whﬂc matter aggregates into ever denser and comPactcr structures,

underdense void regions assume dominance in terms of occuPiccl space.

lll. Void [Formation

rimordial underdensi

resen _)_U voids

21



o

- 1 ,
Structure [Tormation:

Fowcr

5Pcctrum

~

J

— p(X?i) - 5_}({)
1) ="

dk
(2m)?

d(k)e ™
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(aussian Perturbations

n exp [‘% Eil Eil fé(MI)s‘jfj} N o
v [(2m)™ (det M)] % Hl !

My = {f(xé)f(xj» = E;"(x; —x:i) = &(|x: — XjD
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(Gaussian Pcrturbations represent the 5imP|cst stochastic field of fluctuations
imaginab]c. lt is xcully and complctc:[g characterized by its second-order moment,
the autocorrelation function §(r)

ln Fact, 133 concentrating on the contributions of the various scales and
dcscribing the field in terms of its Fourier components, we dircctlg see that the

FOUNDAMENTAL function Fu”y cl-laracten'zing the (Gaussian field

Fower SPectrum F(k}

(27)* P (k1) dp(k: — ka) = (f(k:1)f* (ka))

Arguablg, the power spectrum is the sing|c most important function for our
understanding of the cosmic structure formation process.

Fowcr Spéctrum

- Direct Characterization of contribution on different scales to
inhomogcncous matter distribution

- First direct measure of inl’iomogcncitics in sPatial matter distribution

-~ A|ong with its Fourier transform, the autocorrelation function ﬁ(r)

- For (Gaussian Primordial field, full characterization of dcnsitg field

= Dircctlg related to Potcntial and vclocity Pcrturbations

- E_ncapsulatcs all relevant Physical processes in carlg (niverse
a)cpccting the Primordial evolution dcnsitg/Potcntial/vclocity Pcrturbations

-~ ]"‘lighly sensitive to constituency of (niverse (nature dark matter, etc.)

- This is what the carly (imqationarg) (niverse gives us 1l

24



Cosmic Power Spcctrum

k?‘l
14 3.89¢g + (16.1g)* + (5.469)* + (6.71g)*

e ] 1/2

i1 + 2.34¢)]

(234({]2
q = k/IT
Cold Dark Matter T = Qh exp(—Q, — Q/Qp)
Pcctrum
Cosmic Power 5Pcctrum

r= 0.10
0.15
0.20
0.25
0.30
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(Cosmic Fower SPcctrum
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(_osmic [Tossils

Which cosmic objcct contain direct information
on emergence and growth
of structure in the (niverse ?

Wantcd:

- Structures in outhful evo!utionarg Phasc

- Directlink witl?

~On scales of Mcgaparsecs, and larger,
gravitational co”aPse onlyjust started

their initial conditions

Recalk Qpaq ~ 107
- visible (bargonic) matter but '
a fraction of total Qmﬂ.ttm' ~ 0.3
energy content (Universe — QA ~ 0.7

<=

~ Normal
_ galaxies

Modern
universe

NN E—
13.7 0] 0:7-0.4
Age of the universe (billions of years)
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o Primordial Conditions:

- tcmPeraturc fluctuations in microwave backgrouncj radiation

~ Polarization Cosmic Microwave backgrouncl
~treasure trove cosmologica| information

o Dﬂnamics:

~ cosmic vc|ocit3 flows

~very difficult in Practicc, due to largc uncertainties in distance
estimate/measurements of galaxics, and hence the estimated

deviations from [Hubble cxPansion.

o Mass Distribution:
-gravitational |ensing of ligl'it bg cosmic matter distribution
~very Promising,just started to 3ic|c1 significant results ...

[N

alaxy Distribution:
~gaTaxics supposccl to be a fair reflection of unclcrlying
cosmic matter distribution

-~ nonlinear scales: tracing the Cosmic Web

- Mcgaparscc linear scales: measuring the Power SPcctrum

- GigaParscc linear scales: Baryonic Oscillations
Frimordial Power Spcctrum

~ ]"ligh redshift galaxics: tracing young (Universe,

carlg s’cagcs galaxy formation

is as yetnot uncquivoca"g clear.

(Duasars & AGN

- most detailed and invcstigatccl imPrcssion of cosmic matter distribution

ut: formation and evolution of galaxies still a notoriously ununderstol
g Y
Problcm, so that the relation between matter and ga|ax3 distribut

~ tracing the largc scale matter distribution on scales of hundreds MPC
- but: largcly unknown how tl’:cy relate to the matter/ga|ax9 distribution

on
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o Clusters of (Galaxies

e (Gaseous Cosmic Web

- sPatial distribution tracer C osmic Web

- internal structure dictated bg Primorclial Pcrturbations

~ Hot intraclustergas (1 o7-8 K) ~ accurate tracer Potcntial cluste
- casily observable via X-rays

e Distribution & Physical State (Gas @ Dark Ages

- Bargonic gas traces the Cosmic Web:

LHOL forest neutral hyclrogcn gas, mostlg at l'\igh z
WHIM shock-heated gas settled in cosmic web

o Structure of (Galaxies

- First Stars & (Galaxies

- Reionization of bargonic gas: very sensitive measure cosmologo
v

- Mass distribution galaxics
- ]ntcrna| Pl’lasc~sPacc structure galaxy haloes

-

N
o

N

Embrgonic Structure:

CMbB:

iPPling the FhOtOﬂj

32



(CMDP Ferturbations

Metric Stretching

* Asaresulto Pcrturations in
Gravitationa[ Potcntial

P]’)otons cxpcrj’cncc Frcqu-:nc_g <hift

. Whi[c travc"ing through pcrturbation:

s (ravitational Rccishiﬁ' +
» (Relativistic) | ime Dilation

. Combincci etfect:
Sacl‘:s—Wolfe ]:_FFcct

Sa chs—-Woch E_ﬂ:cct

-

B T e

.
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(_osmic
Microwave Background

ICOBE. (1992):

Accuratc measurement

Hanck sPcctrum CMB

First detection angular

temperature Pcrturbations

(0 ~ 79). Sachs-Wolfe effect

Primordial Anisotropics

CMDB sky

COBE-DMR Map of CMB Enisotropy

George Smoot
DMR:

fluctuations,

cmbrgonic structure
North Galactic Hemisphere South Galactic Hemisphere

-100 K B I +100 4K
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(_osmic Microwave Bac‘cgrouncl

Metric Stretching,

Map of the Univcrsc at Rccombination E_Pocl-n:

" 379,000 years after Big bang
. Supcrhorizon Pcrturbations in gravi’ca’cional Potcntia] (Sachs-Wolfe)

= AT/T < 107

(osmic Microwave Backgrouncl

MaP of the Ulniverse at Rccombination E_Poch:

* 379,000 years after Big bang
. SuPcrhorizon Pcrturbations in gravitational Potcntia| (Sachs—WoH:c)

<AT/T <107
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p

A

5uPcr|10rizon
Ferturbations

~

J

(osmic Microwave Backgrouncl

(DL measured Huctuations:

Size Horizon at chombination spans ang]c ~1°

How can it be that regions tota"g out of thermal contact,

would have the same tcmpcraturc ?

36



& 2
Resolving

Fluctuations
. /

(osmic Microwave Background

MaP of the Ulniverse at chombination E_Poch:
. 379,000 years after Big Bang

. Subhorizon Perturbations: Pn’morclial sound waves

. AT/T <107

37



Tempcraturc Aniso’cropies

Tcmpcraturc Perturbations in terms of

Sphcrical Harmonics:

T(B Cp) - z Aim Y;”(G, q))

l.m

Tcmpcraturc Perturbations in terms of

Sphcrical Harmonics:

T(B Cp) - z Aim Y;”(G, q))

l.m
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I(1+1)Cy/2m (uK2)

CMB Fowcr 5Pcctrum

Angular Scale

90° 2¢ 0.5% 0.2*
6000 — T T T
T(e.6)= 1m Y78,
F TT Power Spectrum (6.9) Ef(”" 1(6,0)
5000 F I WMAP Data !
4000

1 1 1 I 1 1 1 1 ' 1 ' 1 |
10 100 500 1000
Multipole moment (1)

£ Y
Music of the

Sphcrcs
- 4

39



(_osmic Microwave Background

Power (AT/T)?

Smaller angles —

Potential env.

s Ll Rl LT
IAK 'II'EL] o log.i
Qr Qn Qo> Qgh?
Iak ¢ + s e @®-------# Late [SW
leq 1 ¥ 4 ° e ———e Early ISW
Ia T ¥ ¥ & e—= Eff. temp.
In T ¥ ¥ t ®-------& [oppler
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Power (AT/T)F

Music of the
Sphercs

Smaller angles —

Potential eny

daal
P

» » s 8L

2.) Acoustic pertu rbations

i) Sachs~Wo|1Cc Potcntial fluctuations,

as the corresponding potential fluct.
enter horizon and start to collapse
6) Intcgratccl Sachs-Wol{:c
Potcntia] Pcrturbations:
- Early |SW: matter/radiation at recomb.
- [ ate |]OW: expansion influence curvature
& cosmo]ogical constant
4) Doppler perturbations
velocity fluct. accompanyjing potential pert.
5) Silk Damping

radiation damping of fluctuations

T he
(_osmic Web:

Fattems
cross the ( Jniverse

41



( Jniverse of (Galaxies

USCCI as Point tracers of
unclcr]ying cosmic clcnsitg field.

lntcntion is to map this cosmic
matter field on Mcgaparscc
scales.

| 55 still reflects conditions

Primordial Universe:

Cosmic [Fossil

Harth
11263 gatuivs

83381 gulucxive
, 1ALAU¥ tetal
Fcth Aoi

12434 gatiee

ﬂ)cvdopmcnt of our Mcgapar%

1)
2)

3)

4)

cosmos worldview over the Past
two decades. A compﬂation of the
5a|ax5 distribution charted in four
majorgalaxg redshift survey

carnPaigns:

The CFA/SSRS survey
The LCRS

(Las Campanas redshift survey)
2dFGRS

(2dFF gally redshift survey)
SDSS

\sloan Digital Sky Survey /

42



Qver the past two decades we have witnessed a Paracligm shift in our PcrccPtion of the Mcsaparsec scale
structure in the ( Jniverse. As increasing elaborate galaxy redshift surveys charted ever larger regions in the
nearl)y Universe, an intriguingly cornP|ex and salient foamlike network came to unfold and establish itself as

the quintessentia| characteristic of the cosmic matter and ga|ax5 distribution.

Ina great many Physical systems, the spatia| organization of matter is one of the most rcadi|9 observable
manifestations of the forces and processes Forrning and moulding them. Kic['vlg structured rnorpho|ogic5 are

usua“g the consequence of the cornP|cx and nonlinear collective action of basic Phgsical processes.

The vast Mcgaparscc cosmic web is undoubtcdlg one of the most striking cxamplcs of comPlcx geometric
patterns found in nature. |n its own right, the vast dimensions and intricate comPosition of the cosmic foam
make it one of the most imposing and intriguing patterns existing in the (Iniverse. Jts wiclc—ranging
lmportancc stems from its status as a cosmic fossil. On a scale of tens up to afew hundred McgaParsccs
Jtis still relativcly straigl’rtforwarcl to relate the conFiguration at the present cosmic ePoch to that of the
Pn’morc:lia| matter distribution from which it cmcrgccl. With the cosmic foam sccminglg rcPrcscnting this
Pl‘lase, it assumes a fundamental role in the quest for understandins the origin of all structures in the

(Universe.

While its comp|cx cellular morPhologg involves one of the most outstanding and evident aspects of the
Cosmic foam, it has also remained one dcfying simP|c definitions which may be the cause of it having
Remained one of the least addressed aspects. The geometry of the cosmic foam may be described

as a nontrivial stochastic asscmbly of various anisotropic and asymmetric elements. A major chicicncH in the
vast majoritg of studies on the largc scale distribution of 5alaxics has been the lack of suitable quantitative

and statistical characterizations of the trulg fundamental aspects of the comsic foam geometry.

4 )
T he Cosmic Web:
(_ensus

o J
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-

5‘(3 MaPS:

WOI"lCl a" around us

~

J

E_arlg Views

Shapley-Ames catalog (1932) of nearby galaxies:
All-sky survey of galaxies to m=18.3
6 >-23°
® numerous concentrations:
groups and clusters (incl. Virgo cluster)
® asymmetry between north and south:
many more galaxies on northern skg
® conspicuous concentration along aline
running through richest ncarby clustcr,
the Virgo cluster:
e The 5upcrga|ac’cic Plane
G:irst identified 133 de Vaucouleurs:
the Plane of our own Loca! Supercluster)
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Thc Local Supcrcluster

End-on View of the Local Supercluster:

Local Group finds itself

ed at the outer region of

!.
ge superc!uster region,

e “Local Supcrdustc:”,
Iargc flattened mass
bncentration ~ 10 h'! MPC
size,

Entered on one rich

uster, the Virgo cluster
Hydra 1

Cluoster

Qvurl ocal Group finds itself

WA i P located at the outer region of

Polar View of Local Supercluster:

a largc supcrclustcr region,

o the “Local Supercluster”,

® a large flattened mass
concentration ~ 10 h*! MPC
in size,

o centered on one rich

clustcr, the Virgo cluster

Courtesy: B. Tully
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Shanc—-Wirtancn map:

On the basis of the 5hanc—
Wirtanen counts,

PJE. Peebles Proc'uccc' a
map of the 51(5 distribution of

1 million galaxics on the skg:

] Clear‘y visible are clusters

o hintof Filamcntary LSS

Fcaturcs, cmbcdding clusters

AFM survey

o 5‘(3 map:
2x 10¢ galaxics
17<m<20.5
. Uni{:ormlg defined
. Skg region: 4300 sq. deg.
185 (JK. Schmidt Platcs, 6°x 6°

° ]_rarge inhomogeneitics, hints of weblike patterns, with
clusters at densest rcgions.

courtesy: 5. Maddox, (G. [ fstathiou,
W. Suthcrlancl, D Lovcclay
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NORTHERN REDSHIFT SOUTHERN

0-999 .

Tony Fairall’s ncarbg LSS map: [ ocal Supercluster clearly visible at v< 999 km/s

a7



Local Views: Moving into [ oam

NORTHERN ; w . REDSHIFT SHELL  REDSHIFT SHELL . » . SOUTHERN
. . 5000 - 5999  4000-4899u.. 7 / | T
£ g o Y e .~ BE

SKY /
gaNis masor | *V
voio |,

e

P — w

Tong Fairall’s ncarbg LSS map: at cz=5000-5999 km/s clear views of

local cosmic web

ZMASS survey
o ZMASS a”—skg survey:

grouncLbascd near-infrared survey whole sky,
J(1.2 pm), H(1.6 um), K(2.2 pm)
° ZMASS extended source catalog (XSC)

i.5 million galaxics
e unbiased samPlc ncarbg galaxics

° Photomctric redshifts: c]c]:)th in 2MASS maps,
“cosmic web” of (ncarbg) suPcrclustcrs sPanning
the entire 5|<3.

courtesy: T Jarrctt
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The Web

SS Extended Sources ..o

Looking around us we alreacly see the unmistakable signatures of an intriguing
foamlike matter distribution in our immediate Cosmic Vicinity‘

]clentity of | ocal Structures along local C osmic Web.

A: Galactic Plane

B: Perseus-Pisces Supercluster -90° G: Shanl?g Concent_ration,"
C: Coma Cluster Hydra-Centaurus Supercluster
e e . . "Gre -actor"/Abell 3627
D: Virgo Cluster/Local Supercluster '—}‘, .[;ﬁglt\?glté‘:?"m /Abell 3627
: ’j?"f:F‘lle_s__t_:“‘_“p‘_e Cluster J: Eridanus/Fornax Clusters
: Galactic Center K: Pavo-Indus Supercluster
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The (_osmic Web

d Sources

2MASS: the cumulative view.

Moving outward we see the un{:olcling of the local cosmic foam.

003 <z<0.04

22001 e 0.04 <z<0.05_

0.05 <z < 0.00

0.0l <z<0.02

F AP A 3
0.02 <z < 0.03 ——
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]dentit3 of Local Structures along local Cosmic Web.
2MASS Local Universe

: Galactic Plane : =5 _ T
: Perseus-Pisces Supercluster ) G: Shapley Concantration;
. ETAS Hydra-Centaurus Supercluster
>: Coma Cluster — -
N e Chiebard] meal ©1imarel reba - eat Attractor"/Abell 3627
: Virgo Cluster/Local Supercluster . "Local Void"
E: Hercules Supercluster J: Eridanus/Fornax Clusters
: Galactic Center K: Pavo-Indus Supercluster
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of the
Locar Um\fcrsc

The Cosmic Web Revealed:
The CfFA2 and SDSS

survey slices

(dc LaPParcnt, Gc”cr, Huchra,
1986, ...)




MaPPing the ( Jniverse

de ]__aPParcnt, Geller, and Huchra (1986),
ApJ, 302,11

44.5°

8.5°

16 h
The CFA2

redshift survey
(Northern Hcmisph’éﬁé) :

101 Mpc/h

Redshift:

v=cz~ Hr + v,

e

- A magnitucle—limitcd samplc,
m<15.5
N =4933 galaxics

Figure courtesy: V. Martinez




44,50

8.5°

The CFAZ
redshift survey

b

(Northern Hcmlsph ’

A volume-limited samP!e,

M< 15.5 - 5log(D@) - 25 - Kz
N =905 galaxics

Thc largcst structures in
LCKS are much smaller than

the survey size

LCRS

«The bcginning of the end” or “the end of greatness” .R. Kirshner







S 2df° Galaxg Rcdshiﬁ: 5urve3 o
U5
final release
<
~ b
o
Cax >
- 221414 galaxies
G:rom Co"ess etal. ZOO}) ’3,
>




SDSS survey

Largcst and most systematic (cligital )] slcg survey in

l'!istorg of astronomy.

Imagcs skg in5 Pl’aotometric bands 1!

Down to apparent magnituclc r~2%.1
Covcrs ~25% of the slcg: 8452 sq. clcg‘

\ﬁ/ith 2dF GRS, the SDSS will Proclucc the most extensive map of
the

sPatia| structure of our cosmic ncigl'ibourhood.

Million galaxies subscqucntly selected for measuring redshift z:

clectromagnetic sPcctmm

Total:

slcg survey: 108 stars, 102 galaxies, 10° quasars
spectroscopy: 104 ga|axics, 10° quasars, 107 stars

VOID_04

45+323340.8 J100642.444511623.9 10 51932, J102819.23+623502.6 J103506.47+550847.5

VOID_05 WoID_08 WOID_07 VOID_D&
J1306526.08+644651.0 J132232.48+544006.5 J132718.56+503010.2 J135113.62+453500.2

VOID_10 Voio_11 { Wi WOID_14

J140034.49+551515.1 J142416.41+4523208.3 14 3 T+524400.6 J154452.18+302845.6







Sloan Great Wall

Pisces—Cetus

filamens:

v

Foam Elcmcnts
inthe 2dFGRS

+ Wa"s

+ [Filaments
+ Clustcrs
+ \oids




g
Thc Elcmcnts

-

~

J

T he (osmic Web

Wal sand

=ilaments

From the Millennium Simulation;




Wa”s and

tlaments

Sloan Great Wal

The “*Great Wall”

]

(Geller & Huchra
1989)

Fi]amcntarg [ xtension across

Nortl—rcrn 2_c”: Slicc

DTFE rendcring: W Schaap
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Wa”s and [Tilaments

Fisces~]>erscus SuPercluster

Canonic example of a strongly flattened supercluster consisting of

o sheet-like central region, dense filamentary boundary ridge

o Relative proximity (d~55h" Mpc),

o (haracteristic & salient filamentary morphology,

o [Favourable orientation.
Northern boundary: ridge south-westward of Ferseus cluster (A426)
Dimensions Riclge: 5h-1 MPC wide

50h Mpclength; possible 140h-' Mpc extension

Along Ridge: high density clusters, incl. A462, A347, A262

=ilaments

alls and |

4426 A 347 4262

Declination (1380)

\gh - o" i
A400  Rign Aseension (19803 Pegasus

@2

Fisccs-rcrscus Chain; 21 cm line redshift survey,
Giiovanelli & Hayncs
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4 a 2 L a -1
Right

T he Cosmic Web

Nodcs: C]ustcrs
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Thc (_osmic Web

Nodcs: C]ustcrs

The osic Web

sters

NO(JCS: . ]u

13



B A
3.9 Mpch .

(lusters of (Galaxies

P

. Asscmblics of up to 1000s of galaxics within
a radius of onlg 1.5-2h MPC,

. RcPrcscntingovcrdcnsitics of 6~1000

. Tl‘lcg are the most massive, and most rcccntlg,

gu“g co”apscd structures in our ( Jniverse.

~

. Galaxg move around with velocities ~ 1000 km/s

4
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(lusters of (Lalaxies

Courtesy:
O. Lopez-Cruz

. oma Clus’ccr |

(lusters of (Lalaxies
X»-rag intracluster gas

éar onic matter in clusters is not onlh OCSO?%]akC\;lustcr
LJ-L.| ()

confined to galaxies. Onthe contrary,

about 2 to 5 times more bargonic mass is
in the form of a diffuse hot X-ra3
emitting intraclustcrgas, traPPcd and
heated to a tcmpcraturc of the order of
108 K by the gravitational Potcntial of
the cluster. At such l'iigl'i tcmperaturcs,
this gasisa Fu"y jonized Plasma,
roclucing Powchul X—rag emission,
Ercmsstrahlung radiation induced by the

Qctron-ion interactions.

ROSAT X—rag image Coma Cluster

15



(_lusters of (Galaxies:

Grawtatlonal Lcnses

/A\ hlghly Promlsmg method to\
determine the amount and
distribution of

matter in the (Universe
looks at the way it affects

the trajcc’corics of Photons.

According to

Linstein’s thcory of

General Rclativitg,

gravn‘.atlonal Potcntlal wells will
bend and focus llg]'mt Darl( matter

concentrations act as a

\Gravitationa] | _ens. /

(_osmic Web & Clustcrs

4426 A 347 4262

Declination (1350)

% 1 [} !
A400  Rign Aseension (19803 Pegasus

Fisccs-rcrscus Chain; 21 cm line redshift survey,

Giiovanelli & Hayncs

16



osmic Web & (Clusters

Adle A4l A dod

Q)

Leclination

2" i 23
A400  Right Ascension {1950}  Pegasus

Pisces-Ferseus Cl—:ain; 21 cm line redshift survey,
Giovanc"i & Hayncs

B

2h i 0 23
A 400 Right Ascenslon (19501  Pegosus




0 23
501 Pegasus

. Perseus Cluster (A426) '.
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Thc (_osmic Web

The sPatial cluster distribution.

The full volume of the X—-ray cluster
KE_]:LE_X cluster survey within a
distance of 600h- MPC. The REFLEX
galaxy cluster cataloguc contains all
clusters brightcr than an X~ray flux of
3x10 ergs cm? overa ]argc Part of thc in
the southern skg. The missing part of
hcmisphcrc delineates the region higl'llg
obscured bg the Galaxg.

REFLEX: Boc]ﬁringcr etal. (2001)
Courtcsg: borgani & (Quzzo (ZOO 1 )

NOdCS:

C]usters

20



Thc (_osmic Web

T he spatial cluster distribution
and relation to (Cosmic \Web.

Thc green circles mark the Positions of

KEFLF_X X—-ray clustcrs in thc northcrn

and southemn slices of the Las CamPanas
redshift survey (LCRS, Shcctman etal.
1996), out to a maximum distance of 600h-!
MPC. Unclcrl ing, in blue, the galaxics in
the LCRS delineate a foamlike

distribution of filaments, walls and voids.

KE_FLF_X Bochringcr etal. (ZOO 1)
Courtcsy: Borgani & (quzzo (ZOO 1)

Nodes: C]usters

T he Cosmic Web

Nodcsz C]ustcrs

21



T he (osmic Web

Voids

Voids in SPacc

22
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Voids in |l
ESPace P}

Void Dynamics:

over their surroundings.

Voids exert a rcPulsing ._ :
dgnamical influence s I ﬂl!

Sculptor Void

FSCZ: DIFE clcnsity & vc!ocity field
(E Komano-Diaz)

-

ch In DCPth

.

~

J
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Various surveys are attcmPting to trace
the largc scale structure out to largc

cosmic clcPths/ redshifts.

® |s cosmic web truly universal

] What about tl‘!c scalcs of thc web
(characteristic, largest structures, )

o [ volution of Megaparsec scale

matter distribution.

Simulation of VIRMOS redshift

survey, web out to largc redshift

]:ar Awag, Long Ago

(comoving) [hzg Mpc]

10 20 30

20 b

relative Dec. [arcmin]

0 3 10 15

40

-

20

relative R.A. [arcmin]

ta |
th

1 40

30

=

=)

(comoving) [h75 Mpe]

Various surveys are a’c’ccmpting to trace
the largc scale structure out to largc

cosmic c‘epths/ redshifts.

° ]s cosmic web truly universal

o What about the scales of the web
(characteristic, largcst structures, ...)

o [ volution of Mcgaparscc scale

matter distribution.

5ubaru Surveyz Amazing Promincnt largc scale distribution of Lgcx emitting galaxics‘
Amamcn’c at redshift z~3 2

25



Various surveys are attcmPting to trace
the largc scale structure out to largc

cosmic clcPths/ redshifts.

45

® |s cosmic web truly universal 7

Declination (20007

] What about tl‘!c scalcs of thc web
(characteristic, largest structures, )

o [ volution of Megaparsec scale

matter distribution.

&= o 45
Right Ascensi

30
ion (2000)

E_bcling et al. (2004):

)Ci!amcntarg structure in between two rich clusters.

f:ar Awag, Long Ago

80 —

I AL i
1000 500 4] 500 1000

DCCP Pcncil beam survey (broadhurst et al):

A scmi—rcgular pattern of redshift spikcs along line of sight, inclicating the passage oflo.s. through
sheets, filaments and clusters. Suggcstions for a characteristic scale of ~120h-! MPc should be
ascribed to the 1-D character of the redshift skewcrtl—nrougl-n 3-D structure.

26
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o

T he
Gastrol:)hysical

Web

~

/

Thc Gastrol:)hgsical Web
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The Gastrophgsical Web

HS Lgoc forest:

s in the intcrgalactic medium
traces the dcnsitg fluctuations
dark matter distribution.

D al:sorPtlon lines arise due to
e of sngl'it intersection 133 the
| hyc‘rogcn component

tion lines

mgity abso
agd filaments in

NS

.‘_
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(_osmic Migration Flows

CMB Dipole:
We move wrt Universe: v ~ 620 km/s

»

Figure 11. The Cosmic Microwave Background dipole as measured by the DMR instrument of the COBE

microwave background satellite (see also Kogut et al. 1993)

(_osmic Migration Flows

[0
430
g o
N .
43
a5
FPSCz galaxy sample:
Densitg field .
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(_osmic Migration Flows

Hf 2 f
vV = - g = =g
A G py 3HS)
H SZ”J. 5 L » ! o
V(X: i!') = E f( b ) a / dx ()grrr’(_x f) I(::: - ;cc‘);

(158)

(_osmic Migration Flows

Z {1 Mpe;

4y

FPSCz samPle: \ \
CorresPonding velocitg field N
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(_osmic Migration Flows

PSCz samplc,
MaP Dcnsity & Flow field

FSCZ sample & ZMASS sky
Flow around | ocal Group
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osmic [Migration Flows

| Mass cliPolc Jocal (niverse
- density matter

the ch: Migration Flows

Largc scale flows lead to
redshift distortions:
cz = H r + vPcc

Thcsc flows are Par‘t of the asscmbly of
Iargc scale structures, and reach Iargcst

values as matteris transportcd along the
filaments into the clusters.

When maPPing the galaxy distribution in
redshift space, this induces a distortion:

. F[attcning alongz as matter flows into
Mcgaparscc features (v < 600 |<m/s).
o [ xtension due to thermal motions

inside cluster (v~ 1000 lcm/s):

“Fingcrs of God”
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Web Dynamics: Alignments

. ‘ |:::
| [ - |
B
\cﬁ(‘.\ [@
N o
. S Ra .\’::[2'(!.?1' [
Flionis 2005

Of outmost imPortancc for
unclcrstanding the dynamical origin of the
cosmic web is that o{?alignmcnts between
and around clusters ofgalaxics.

Thc presence of such alignmcnts is an
indication for the tidal origin of the
cosmic web with the clusters as the
dominant tidal agents.

Tl—uis forms an essential ingrcclient of the
“Cosmic Web” tl—ncory of Bonc‘ etal.

Worlc bg various groups, most notablg
Flionis and co“aborators, indicate that
indeed clustcrs, and galaxics around
them, reveal signimcicant alignmcnts‘

: (_osmic Shear
&

(sravitational Lcnsing

~

/
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(sravitational Lc—:nsing

A higHH Promising method to determine the
amount and distribution of matter in the
Univcrsc does not concentrate on the

way in which Dark Matter affects

o the motions o{:galaxies and the
intraclustcrgas,

but instead looks at the way it affects
o the trajcctorics of Photons.

According to [instein’s theorg of gcncral
relativitg, gravitational Potcntial wells will
bend and focus ligl'ﬂ:. Dark matter

concentrations will therefore act

‘ Gravitational | ens \

Ai1689, HST, Broadhurst et al.

(sravitational Lensing

l"ustration:

Mass Passing in
front of backgrouncl
of ga]axics,
distorting their
received images.
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C]ustcrs:
(Gravitational Lensing

Jlustration: Ohbserver

Dcpcnclent on
whether the light
E\sses within

Non-Linear

instein radius or

outside, we deal with: | |vupe
Ivmgn “' '
. .
Strong Lenslng: Arcets <

nonlinear distortions

¢ Weak Lcnsing; Weak Shear  ~<b

linear distortions

<} |-

Cluster of Galaxies

Background Galaxy

:'r;'
Ir.- /
R N
| . * ..- f "f v
',:' . .,.‘ ! ( : (‘
e | [WREAN
foon®, L \ \
. Ill |II N
\ i
\

- Optleal Path

Wave Frent

————— Multiple ITmages Area

(Gravitational Strong Lcnsing

Strong Lens Geometry

_4GM An(v))
e 2

0
Ui,
STy /
-t

e ——

(e

\
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Clusters:
(Gravitational | ensing

Galaxy Cluster Abell 2218
NASA. A. Fruchter and the ERO Team (STScl) « STScl-PRC00-08

HST « WFPC2

C]usters:
Gravitationa]

ea|< Lensing
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(Gravitational \Weak Lensing

[_ensed (Galaxies

e e

Upnlensed

Shear map +
Frojcctcd Mass

\ ﬁ 11—k 0 I M2
o af; 0 11—k Y2 M

Magnification Shear

1
K 3 (@11 + D22)
1
M 5 (P11 — d22)
3 012

o

41 = Ba.00,




(Gravitational Lensing

L, .

K 5(6’_11 F o)
L .

T 5(&-’_11 $a2)

T2 D12

. f)zr;'n

(X ey

" ;00

Lcnsing Fotential
related to

Peculiar Gravitational Potential

2 fr 11
o(r) = = | dr'e() (_ —,)
e Jo roor

C]usters:
(Gravitational Lensing
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Clusters:
(Gravitational Lensing

o
=

1o L

-200 —-100 0 100 200 300

Relative RA (arcsec)

SLB 02-Mar—2000

MSi1054 [
=)
, ~ o g
e z=0.83 one of the hlghcstzclusters gen ®
. Stuclicd by % ‘g -
- Clowc etal. chk ! E?- "§
- Hockstra etal. HST § .
S
Raimfian R omesn
( lusters:
(Gravitational Lensmg
| e "
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‘g‘ 100
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C]ustcrs:

ComParison Lcnsing & X~ra3

(M)

Projected Maoss

101

1014

101!

T T T RIITT

1012

T

.,

Tyson et al. 98 I v

Broodhurst et al. 00 = 7
= 2

,z
.
Oto et al. 04; 8, =2
- %
.

Y

-,

X

0.01

L

0024+17

0.1
r (Mpc)

1 X-ray overlay on HST image

san

Same substructure seen in
weak lensing and X-rays

agD i g ma

(osmic Shear
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the chz
Shear Distortions & Lensing

B85 .

Mpe)

Large scale tidal shear distorts the Paths
of Photons as tl—ncg travel from their
source to the observer.

This effectis known as “gravitationa]
Icnsing’" For moderate distortions,
outside the [ instein radius (“weak

lcnsing”),

the distortions of galaxy sl—uapes can be
measured and inverted to 3icld the
(Prcjected) distorting mass distribution.

Clustcrs are outstancling, rcPrcscnting
major Potcntial wells.

But also the gcncric McgaParscc matter
distribution “enses:

Cosmic Shear
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the chz
Shear Distortions & Lensing

e {J2000)

] Altl—:ougl-l the cosmic shear due to a
[|filament is consiclcrably weaker than that
| of the clustcrs, rcccntlg

. ; Dictricl’r, 5c|'1ncic|cr & Romano-Diaz
“{](2z004)
{lsucceeded in map ing the filament

] between A222 and A333 onthe
= _ basis of the measured ]cnsing.

1 T his shows that filaments are shown to
) be genuine dynamical entities.

the ch;
5hcar Distortions & Lcnsing

I:irstgcnuinc map
l_argc Scale
Cosmic Dark Matter distribution

173 means of weak lensing:
Clcarlg visible is the Filamcntary
chlikc nature of the mass

Distribution.

Massey etal. 2007
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the ch:
Shear Distortions & Lcnsing

Firstgenuine map
]__argc Secale
Cosmic Darlc Matter distribution

bg means of weak lcnsing:
Clcarly visible is the Filamcntarg
Weblike nature of the mass

Distribution.

Masscy ctal. 2007

Rt ascension ()
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