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Ccntral Thcmc:

(_osmic Enigma

r-'

.

Jrn ST r‘::r tif SMO

Mlcrowavc backgrouncl Kacllatlon surface of last scattcrmg of cosmic Photons is
almost Pchcc’dy lsotroPlc all around the same tcmpcraturc

. T=2.725K




(niverse

l 3 7 Ggrs‘ a{:tcr Btg Bang

,,‘-',‘:.__‘.a rgc Vanctg and Wcalth
. <A o‘F Sthtu re

he JF]J( Iniverse:

Almost Pcrf:cctlg homogcncous and isotroPic,

without any discernable structure ...

How did the present wealth and varictg of

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




(Cosmic Faradigm:

(ravitational
lnstabilit3

RiEPlcs in the (|niverse

Tiny dcnsitg Pcrturbations in

E_arlg (Iniverse:

° Origin: Ouantum Fluctuations cxPandcd to

suPcrI':orizon scale during lmqation

o (aussian Notse it

o Primordial Gaussian Dcnsitg & Vclocitg Fcrturbations visible as corrcsponding
Radiation Tcmpcrature Perturbations in
Cosmic Microwave Background Radiation ((C MB) Radiation







(_osmic Structure [Tormation

After decoupling, dcnsitg Pcrturbations in the matter distribution gradua"y dcvcloP into
{:orming structures l)y means of the “gravitational instabilitg” mechanism. Tl’IC origin of these
c!cnsitg Pcrturl)ations is still an unsettled issue. Thcir resence, howcvcr, has been proven

bcyond doubt: their imPrint in the CMbB [)cauti{:uuy confirmed l)y COBE and V\”\A/\]>
Hidden in the chtlﬂs of the very first

instances of the carlg universe, at Prcscnt
the most viable suggestion is that it
concerns quantum fluctuations blown up
to macroscopic Proportions inan

inflationary phase of cosmic expansion.
yp P

]n the later Pl'\ascs of more “cluicsccnt"’

cosmic cxpansion, dcnsitg ﬂuctuations,
frozen while thcg have the suPcrhorizon
scale assumed in inflation, gradua"g enter
the horizon (i.e thcg are overtaken).

From that instant on thcg can start
growing !

(‘sravitational ]nstaljilitg
_— 7 o n

o

. Dcnsit3 Fcr&urbations

™. COIT ﬁondto

s 6
- -

P

T -

GRAVITY PERTURBATIONS

10



(ravitational ]nstabilitg

— ;

') LCRAVITY PERTURBATIONS

The gravity Pcrturbations induce
cosmic flows of matter. High dcnsitg
regions start to contract and Fina”g
co”apsc, asscmbling more and more
matter from their surroundings.

Bg contrast, as matter is moving out of HOL
them, low clcnsitg regions turn into F 2

! density field 5(x,t) “ mupmiien
- ar SN EPEPIN SERE S ¥

empty void regions. i m.._l. 2D

Graclua”g, dc[:)cndcnt on scalc, we see
tlﬂc emergence of cosmic structures.

Tfncsc days we can simulate the

characteristics of the process t"lrough

large computer simulations. Succesfull _ | b
confrontation with the observational [ displaced mass: Z_'-" ; Tl R
rcality has given confidence in our i i/~ structure forming 4;‘_{_\ Peql‘lliar‘\;elocity \((x,t)' e
undcrstanding, SFEPRTEF IPSPENTN BT N -~ IOt LTI RN SN o . A58




Mi”cnnium Simulation

. Millén_n'ium_ : : ,_______i'm’f_"_’______{

"LCDM S r.

Millennium Simulation

" 500 Mpc/h

12



Millennium Simulation

* Millenniam . - - 500'Mpc/h ' f -
f Sirnu_['ati-on:'-._ ! o &

LCDM

* .

R TR tmi N e 500'Mpe/h ', . J
: Simﬁ_lation:} :

“LCDM

Millennium Simulation

13



Millennium Simulation

W B

¥, e

“125'Mpcih

P

Millennium Simulation

Millenniam 125 Mpc/h
Simulation:

LCDM
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\'S-M‘J’I_lennium‘:;' 3
1

55
Simulation:y

Millernium Simulation

Vi i
i

J
i o

125 Mpa/i-

=

L

N AN
_M_r”_cnmum .

Simulation;

L1 CORR
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Millennium
* Simulation:

‘LCDM

Millennium Simulation

-- . i ‘ )
A% 31.25 Mpch
- q' - .'..

e

) Mi”cnnium

Simulation:

LCDM

16



Millernium Simulation

- Millensium - i
5&]"”[)[8.1?!0!'\ o b 1
; LCDM - ’ .

31:25 Mpcih

Millennium Simulation

. C‘ - .
Mi”cnniu;n s - 31.25 Mpc/h
Simulation: v

LCDM
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=

Gravitational |nstability

bl
w,

g Pt

Perturbation Dcvclopmcntz
 (Generation: — ]mqationarg Phase 7

- (Gaussian Quantum Noise inflated to C osmic 5calc
o SuPcrhorizon: AV long as Pcrturbations supcrhorizon, no evolution
e | inear Growth: -~ Dcnsitg & Vclocitg Pcrturbations tiny

(Can be described analytica”g !

*Nonlinear Growth: - |nteraction between fluctuations over range of scales

- ]_:_mcrgcncc comPch Pattcms & formation objccts

- Onlg analytical aPProximations,

ComPutcr (N~bod3) simulations necessary

(osmic Otructure [ ormation

g | :
. - -
-

. o
Oﬂcc thc Flrst llnear Pl‘xase of structurc Format,loh I‘las Passecl wex

startto rccogmze the emergence of genumc cosmic structurcs -
T'-l-arec_gcncnc ProPcrtlcs nonlmca’r structure Format!on :

18



o

Hierarchical

Structu re Formation

|. Hierarchica

Structures in the { |niverse form
by

gradual hierarchical assemblg:

& small objccts emerge & co“apsc first

<& merge with other clumPs while
Foming largcr ol?ject in hicrarchy

19



Anisotropicf
Structure | ormation

o (Gravitational ]nstabilitg:
-any small initial deviation from sphcricity ofa co”aPsing cloud gets magni{:icd

~gravitationa| co”aPse Proceecls along sequence:

After having co"apscc‘ into a clump, virialization and emergence cosmic obiect

20



As mmetric
Structu re Formatnon

Void Dominance

‘\.. -, - . * d

Ongm ol: \/oads,

e Voids natural Product gravitational instabilita

. Vouds evolve out of anordlal underdensities:
Undcrdcnsﬂ:y

Gravxt3 Dcﬁcnt
Mattcr E_mlgratlon

,  Primordial Dcnsitg Troughs Frcscnt~Da5 voids

21



Structure [Formation:

Fowcr

Gravitatiogal lnstabilitg
— Yy - ’,

_plxt) — p(1)
| 00 =25

-
ting dcnsitg Pcr@ns iﬁhc’éarlg universe

.

22



Gravitatiogal Instabilitg
p— ¥y = n

e

o 4 B ] ¢

[(2)™ (det M)]2 [T 47

(F(x) fxg)) = &(xi — x5) = &(lxi — x4()

23



(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 dircctly see that the

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

Fowcr Spcctrum F(k)

(2m)Y2P (k1) dp(ks — ke) = (F(k1)f* (ka))

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

Fowcr 5Pectrum

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

- First direct measure of inhomogcncitics 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/vclocitg Pcrturbations
- Highly sensitive to constituency of (niverse (nature dark matter, etc.)

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

24



(_osmic Power SPCCtrum

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

o= ] 172

 [In(1 + 2.34¢)]?

(234({)2
q = k/IT
Cold Dark Matter I'= Qoh exp(—=Q — Q/)
Pcctrum
Cosmic Fower SPcctrum

= 0.10
0.15
0.20
0.25
0.30

25
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(osmic Power SPcctrum

@ 3 ;
% SCDM b
'y . TcDMm
o E
o
Cluster
abundance
100. L | MRS | L ¥
10= 102 101 100
k (h/Mpc)

(osmic Power Spcctrum

T T T T T T
e m ;
L Cluster i
abundance
2 0.1 E Int - E
=} E e E
'.a‘ F > ]
3 L o o Gravitational — J
3] lensing

2 001 f - - 3
— E % Cosmic 3
B F microwave ]
@ L background 7]

3 SDSS "
0.001 E galaxy 3
F clustering 1
L L ] -
L 3 4
0.0001 1 7
AT B e BN ey trart vt MRSl ey MRl e b
10 100 1000 10000 108

Scale (millions of lightyears)
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(Cosmic

I ossils

29



Q-‘r'u d

Q matter
= ( A

~ Normal
- _ galaxies

Modern . . Big
universe 3 , & ban
/

13.7 1,00 0f7=0 .4
Age of the universe (billions of years)
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anordla[.Conchtlons;‘ | e

~ tcmPeraturc fluctliations in microwave backgrouncl radiation
. -
- Polarlzatlon Cosmxc Mlcrowa\/e Backgrouncl :
s~ .~treasure trove cosmo[oglcaJ m{:ormatlon [

-
.

namics: L

~ cosmic velocﬁy -ﬂows = §
~very clxglcult n Practnce, due to large uncertamhes in distance

estlmate/measurements of galax:ég ancl hence the estlmatecl
. @

dcvnatlons From Hubble exPanslon 8 .

O s
M‘mbuhon & >y R L
—gravntatlonal Iensmg of llght by cosmic mattcr cllstnbutlon

- vcrg Promlsmg,Just startccl to 3lc|cl srngxcant results ..:

Galax Dlstrtbutlon ¥ . -

-galaxnes suPP;)56d to‘be a..?alr reﬂectlon of unclerlgmg
cosmig, mat’cer cllstrl utlcan

~ most cletallccl and mvcstlgatccl 1mPrcss|on o)c‘cosmlc matter ellstrlbutlon
x nonlmcar 5ca|¢5 =k by tracmg the Cosmlc Web ’
- Megaparsgc'hnear scales: mcasurmg the Fower SPcctrum
@ ~ Glgaparscc linear scales Baryomc Oscx"atlons <0
Frlmordlal Fower Spectrum
= Hig}'l redshift gal'axjes:. ’cracmg young, Unlvcrse,
X : earlg s’cages galaxy {:orm'a’c_lon

®

.

. 5 A
{:ormatxon and evolutxon oFgalaxncs 5t|" a notorlouslg ununderstood
Problcm, s0 that the relatxom bctw’éen matter and ga|ax3 dlstrlbutxon

" is ds get not unequxvoca"g clear\ ® g ¥ .
o, o ( uasars &AGN . r

~ tracing; the large scale matter cllstrlbutlon on scales of }'lunclrccls MPC =
. ~but: largclg unknown how t]‘:eg rclate to tl’:c matter/galaxg cllstrlbu’mon

t

.

L)
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L . Clustcrs o{: aPax:cb e,
~ sPatxal tllstrlbutxon tra’cer Cosmlc ch _
-_ intefnal s’cructurc tllctatec] bg Prlmorcllal Pcrturbatlons
o~ Hot mtraclustergas (107 BK) - accuraf® tracer Pqtentlal clustcr
N ~ casxly obscrvable via X-rays

-

.

Gaseous Cssmlc Web ' %

‘ Bargonlc gas, traccs the Cosmlc ch 3

[ yo forest - - netitral hydrogen gas, mostly at l-ngh z
WH]M & - : shock heatecl gas settled j n cosmlc wcb

Dlstﬁbutlon é» Fh sical Statc G-as @ Dach A

e Fitst Stars & (alaxies ,'. +* ;
Relomzahon of bargomc gas: yery sensmve measure cosmologg
Strucfurc of Galdxies ¢ 7 °*
o Mass c]lstrlbutlon gala)ues

lmterna| hasc~s ace struc’curé alax halocs
p P el ar
Fl i
O

L)

E_mbrgonic Structure:

CMB:
Kippling the Photons

32



(C_MDP Ferturbations

Metric Stretching

* Asaresulto Pcrturations in
Gravitatfona[ Potcntial

P]’)otans cxpcricncc Frcqu-:nc_g <hift

. Whi[c travc"ing through pcrturbation:

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

. Combincci etfect
Sacl‘xs—WoH:c EFFcct

Sa chs—-Woch Eﬂ:cct

-

B

.
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(_osmic
Microwave Background

Primordial Anisotropics

CMDB sky

COBE-DMR Map of CMB Enisotropy

George Smoot

cmbrgonic structure
North Galactic Hemisphere South Galactic Hemisphere

-100 oK Il W 1100 4K
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(Cosmic Microwave Background

Metric Stretching

MaP of the {|niverse at Recombination Epocl'o:

" 379,000 years after Big bang

. Supcrhon'zon Perturbations in gravitational Potential (Sachs-Wolfe)
« AT/T <107

(Cosmic Microwave background

Map of the Univcrsc at chombination E_Poch:
* 379,000 years after Big bang
. Superl'norizon Pcrturbations in gravitationa| Poten’cial (Sachs-Wolfe)
<AT/T <107

35



Su‘éqrhogi%on
Perturbations -

”»

(Cosmic Microwave Background

(DL measured Huctuations: >7°

Size Horizon at Recombination spans anglc ~1°

How can it be that regions tota“y out of thermal contact,

would have the same temperature ?

36



Reselving
Fluctuations -

’f

-

Map of the Universc at chombination E_Poch:
. 379,000 years after big bang

. Subhorizon Pcrl:urbations: Primordial sound waves

. AT/T < io?

37



TcmPeraturc Anisotropics

TcmPcraturc Fcrturbations in terms of

SPhcrical Harmonics:

T(B q)) - z Aim Yg'm(eﬁ q))

I.m

n  180°

Tcmpcraturc Perturbations in terms of

Sphcrical Harmonics:

T(B q)) - z Aim Yg'm(eﬁ q))

I.m
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CMB Fowcr Spcctrum

I(1+1)Cp/2r (uK2)

Angular Scale

o0, 2 0.5° 02°
T T . .
: (0. — 0 Y.
: TT Power Spectrum (6,9) E‘J’m 7'(0.9)
3 ¥ WMAP Data 3
g '\\ 3
‘\M |
ke Il PSS T O O L { N 1 8 G e g
10 100 500 1000

Multipole moment (1)
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(_osmic Microwave background

® small riPples in
Primorclial matter & Photon Plasma
® gravity compresses
Primorc]ial Photon gas,
Photon pressure resists:
o comprcssions and rarefactions in Photon gas:

mm) sound waves

e sound waves not hcard_, but seen:
- comPressionsz (Pl-noton) temperature higher

- rarefactions: ower

Smaller angles —

Potential env.

Power (AT/T)?

o logf

e Late [SW
o ———e Early [SW
e—= Eff. temp.
B e mnome =i DOPPIQF

40



Total Angular CMB Spcc’crum

M USlC OF thc modulated l)y combination of several eFFccts,

Power (AT/T)P

the Fﬁmarg Perturbations

tia] fuctu tions,

]

as the corresPonding Potcntial fluct.

enter horizon and start to co“apse

Smaller angles — Potcntial Pcrl:urbations:

SY: matter/radiation at recomb.

Ay

Patential env 1
|_ate [SW: expansion influence curvature

& cosmological constant

Dopsler perturbations
pplerp

Across the { Jniverse

vclocity Auct. accomPanging Potential pert.

Silk Dampimg

radiation damping of fluctuations

osmic \Web:

Fattcms

41



(niverse of (Galaxies

UScd as Point tracers of
uncler]ying cosmic clcnsitg field.

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

| 55 still reflects conditions

Primordial Universe:

Cosmic Fossil

galaxg spectrum: redshift-distance

nann

11283 galings

Sath

12434 galsios
s L
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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 intrisuingly 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. Kichlg structured rnorpho|ogic5 are

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

T he vast is uncloubtcdlg one of the most strildng cxamplcs of

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 up toa
Jtis still relativcly 5traig|1tf:owvarc1 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 dcgying 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 and elements. A major chicicncg in the
vast majoritg of studies on the largc scale distribution oFgalaxics has been the lack of suitable quantitative

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

T he Cosmic \Web:
(Census

43



Sl( MaPs:

WO!"ICI a l around us

Shapley-Ames catalog (1932) of nearby galaxies:
All-sky survey of galaxies to m=18.3

0 >-23°
® numerous concentrations:
groups and clusters (incl. Virgo cluster)
® asymmetry between north and south:
many more galaxics on northern skg
® conspicuous concentration along aline
running tlnrough richest ncarby c]ustcr,
the Virgo cluster:
° Tl’lﬁ Supcrgalactic Plane
(first identified 133 de Vaucouleurs:

the Planc of our own Loca! 5uperc|ustcr)




Thc Loca] Supercluster

End-on View of the Local Supercluster:

~— Planet
Earth

Centaurus
Cl g

Polar View of Local Supercluster:
wo,

Hydra 1
uster

Earth

QOvur Local Group finds itself
located at the outer rcgion of

a large suPerc!uster region,

o the “Local Supcrdustcﬁ’,

® 3 Iargc flattened mass
concentration ~ 10 h-! Mpc
in size,

e centered on one rich

cluster, the Virgo cluster

Qvur ocal Group finds itself
located at the outer region of

El largc supcrclustcr region,

the “Local Superclustcr”,
a large flattened mass
concentration ~ 10 h*! MPC
in size,

centered on one rich

clustcr, the Virgo cluster
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Shanc~Wirtancn map:

On the basis of the Shane-
Wirtanen counts,

PJE. Peebles Produccd a
map of the 51(3 distribution of

1 million galaxies on the skg:

. Clear‘y visible are clusters

o hint of Filamcntary LSS

Fcaturcs, cmbcclcling clusters

o 5](3 map:
2x 104 galaxics
17<m<20.5
. (/lniformly defined
. 5‘43 region: 4300 sq. deg.
185 (JK. Schmidt Plates, 6°x 6°

° ]_rargc inhomogenci’cics, hints of weblike patterns, with
clusters at densest regions.
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Tonﬂ FairalPs nearby 1L.9SS map: [ ocal Supercluster clearlg visible at v< 999 km/s

a7



Local Views: Moving into [ oam

NORTHERN N v . REDSHIFT SHELL [l REDSHIFT SHELL ozl - SOUTHERN
SKY ~ 5000 - 5999 ... [l 4000 - 4999.;.,‘ Y.

local cosmic web

2MA55 survey

o ZMASS a”~si<9 survey:
ground~bascd 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 samPle ncarbg galaxies

° Photomctric redshifts: chth in 2MASS maps,

“cosmic web” of (ncarbg) superclustcrs sPanning
the entire skg.
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The Cosmic Web

1 Sources ..

1.0 mag

]_ooking around us we already see the unmistakable signatures of an intriguing
foamlike matter distribution in our immediate Cosmic Vicinitg‘

ldcntity of | ocal Structures along local C osmic Web.

ASS Local Universe ~ +90°

A: Gal
3. Perseus-Pisces Supercluster

- 9 0-.'_1

cal Supercluster
ercules Supercluster

. Galactic Center

49



T he Cosmic Web

2MASS Extended Sources
Integrated Flux

2MASS. the cumulative view.

Moving outward we see the unfolding of the local cosmic foam.

0.03 <z<0.04

2<0.0] _ ceom 0.04<z<0.05

0.0l <z<0.02 0.05 <z < 0.00

e ~
0.02<z<0.03 25 0.06
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ldcntity of | ocal Structures along local C osmic \Web.

S Local Universe +90°

ic Plane 3
s-Pisces Supercluster -90°
s-Pisces Supercluster
cal Supercluster
ercluster

. Galactic Center

51



s of the

Locar (_Iniverse

The Cosmic Web Revealed:
The CfA2 and SDSS

survey slices

(clc LaPParcnt Gc"cr Huchra
1986, ...)




MaPPing the ( Jniverse

de LaPParcnt, Geller, and Huchra (1986),
ApJ, 302,11

44.5°

8.5°

16 h
1h( 0

redshift survey
(Northern Hcmisph’éﬁé) :

101 Mpc/h

Redshift:

v=cz ~ Hr + v,

e

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

Figure courtesy: V. Martinez




44,50

8.5°

The CFAZ
redshift survey

o

(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

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







§ 2dfF Galaxg chshiﬁt 5ur\/e3 o
E 2 U
final release
£
: ™
&
£x =
- 221414 galaxies
(From Co”ess etal. 2005) ’b;b




Largest and most systematic (digital )] s|<9 survey in

historg of astronomy.

Images slcy in5 Pl’aotometric bands !

Down to apparent magnituc’e r~2%.1

Covers ~25% of the skg: 8452 sq. cleg‘

\ﬁ/ith 2dF GRS, the SDSS will Proc’uce the most extensive map of
the

sPatiaI structure of our cosmic neigl'!bourl'roocl.
Million galaxies subsequent|9 selected for measuring redshift z:
electromagnetic sPectrum

Total:
s|<3 survey: 108 stars, 108 galaxies, 10° quasars
spectroscopy: 104 galaxies, 10° quasars, 107 stars

SDSS survey

VoID_03
45+323340.8 00642. 2 10 51932, 1102810.23+523502.6

WoID_08 WOID_07 VOID_D&
DE+E44551.0 J132232.48+544006.5 J132718.56+503010.2 J135113.62+453500.2

VOID_10 VoIio_11 { WOID_14
J140034.49+551515.1 J142416.41+4523208.3 14 3 7+524400.6 J154452.18+302845.6




The
Cosmic Web

of Gialaxies:

: ‘}AWa“s‘, fi"arri"én& and clusters framed in sPatial network
in ‘flhfch their spatia' distribution is dictated l:y their
location on the surface of roundish and near-empty
voids.







Thc E_lcmcnts

.

A
=




—S

Walls and

Fi]amcntarg [ xtension across

Nortl'\crn 2df° Slicc

llam

ments:

.- &
- L
The ~Great Wall™ .

| (Geller & Hechra
1989) oo

i DTFE_ ;elndcrinsz W. 5c_!’1aaf;. b
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Fisces~Ferseus Supercluster

Canonic example of a strongly flattened supercluster consisting of
sheet-like central region, dense filamentary boundary ridge
Relative proximity (d ~ 55h" Mpc),

Characteristic & salient filamentary morphology,
[Favourable orientation.
Northern boundary: ridge south-westward of Ferseus cluster (A426)
Dimensions Ridge: 5h-1 MPc wide
50h Mpclength; possible 140h-' Mpc extension
Along Ridge: high density clusters, incl. A462, A347, A262

Lo

2
B
3
£
2

\ Eh .Ih 0" i
A400  Rign Aseension (19503  Pegasus
" " -
Fisccs—[’crscus Fnai‘n; o 2.1 cmline redshift surve )
Y
g
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~“The Cosmic Web

Nodcs Clustcrs:;
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Clusters of _'Galaxicjs

Courtesy:
O. kopez-Cruz

C]ustcrs of Galaxncs .
X~r33 mtraclustcr gas

E)ar onic mattc:r in clusters is not ofalg
contined to ga axies. On the &os‘strarg,

about 2 to 5 times more bargctmc mass ss »

in the Form of & =hots 1
¢ f:ra,ppcd’
beatodlic temperature of t}xc or :
100 K i:eg the grawtataonal poﬁc ta
the cluster. At suchhigh tempei tus
this gasisa i:uilg ionized plasma
Eroducmg Powcrf:ul X~rag emission,

rcmsstraiﬁlung radaataon mduccd E)g t}}c

clectron-ion mtcrad:tons -

ROSAT XcsgimagdCane Clller
T BN G ol

0.5 Degree

Coma Cluster
0.5-2.0 keV
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Clusters of Galaxicps:_
- (Gravitational - "

A Bigfﬁig Promising method to
determine the amount and
distribution of

matter in the Univgs:s;e .

locks at the way it aﬂ:c;cts : :
. . - "“ ‘
the tr:i\}cctortcs of phc‘»’c

Accoréingto ..

E_instcin’s t}xcqry. of

-
(1eneral Rclativitg, -

- = e o
gravitational géi:cntial wells wﬂ! .

Courtesy:' -

T. Broadhurst et al.

end and {ocus [ig}xt..Dark mat’t:ci:r. b

concentrations actasa

. h
A 400

Fiélt_:‘cs-rcrscu;Chéin;'

" o

2 i
Rignt Ascension (12500  Pegasus

¥

T Z’I-Qm llnc Pedshift suryey,
e L@oymclli’%ﬁégnqs
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Sloan SDSS
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T he Cosmic Web

The spatial cluster distribution.

Thc full volume of the X—-ray cluster
KEFLEX cluster survey within a
distance of 600h- MPC. TheREFLEX
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 highly
obscured bg the Galaxg.

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

Clustcrs

T he Cosmic_Jch

Nodzs: Clustcrs




T he Cosmic Web

The sratial cluster distribution
and relation to Cosmic Web.

Thc green circles mark the Positions of

REFLF_X X—-ray clustcrs in thc nortlﬂcrn

and southern 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.

RE_FLF_X Boclﬂringcr etal. (ZOO 1)
Courtcsy: Borgani & (Quzzo (ZOO 1)

Noclcs: Clustcrs

T he Cosmic \Web

Clustcrs

21
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Various surveys are attcmPting to trace
the largc scale structure out to largc

cosmic chths/ redshifts.

o |s cosmic web trulg universal

° What about tl'\c 5ca|cs of t|1<: web
(characteristic, largest structures, )

e [ volution of Megaparsec scale

matter distribution.

Simulation of VIRMOS redshift

survey, web out to largc redshift

(comaving) [fizp Mpc] . .
B . Varlous surveys are attcmptmg to trace
20 30 40

- T 1 the large scale structure out to large

cosmic depths/ redshifts.

] ]s cosmic web truly universal

o What about the scales of the web

(comoving) [A35 Mpe]

relative Dec. [arcmin]

(characteristic, largcst structures, ...)

° E_volution of Mcgaparscc scale

10 5 20 5 30 matter distribution.

relative R.A. [arcmin]

5ubaru Survey: Amazing Promincnt largc scale distribution of Lyot emitting galaxics‘
AFilamcnt at redshift z~3 2

25



Iar Awag, Long Ago

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

cosmic chths/ redshifts.

o |s cosmic web trulg universal 7

° What about tl'\c 5ca|cs of t|1<: web
(characteristic, largest structures, )

e [ volution of Megaparsec scale

matter distribution.

15 or 45 W
Right Ascemsion {2000)

A Fi!amcntary structure in between two rich clusters.

DCCP Pencil beam survey (broac”'lurst et al):

A scmi~rcgular pattern of redshift sPikcs along line of sight, inc]icating the passage oflo.s. through
sheets, filaments and clusters. Suggestions for a characteristic scale of ~120h-! MPc should be
ascribed to the 1-D character of the redshift slcewcrtl-nrougl—u 3-D structure.
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T he
Gastrophgsical

Web

Thc Gastrophgsical Web

Gas in the C osmic \Web:

(uP to 90% of bargons outside ga’axics and clusters)
- Ncutral Hl gas, seen in absorPtion: Lyoc forest
~Warrn/Hot ]ntcrgalactic Medium: Photoionizcd 10* Kgas
shock-heated 106 K oas (Xorau)

27



Thc Gastrophgsical Web

Thc Lgot forest:

Hi gasin the intcrgalactic medium
closely traces the dcnsitg fluctuations
in the dark matter distribution.

Q;SO al:sorPtlon lines arise due to
the line of sng]'it intersection 1:75 the
neutcal hydrogcn comPoncnt

Low column c'c,r'sitg absorption lines
associated with shects-and filaments in

the “C osmic Web”
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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 ows

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

H §{8; : i r_
v(x,t) = — J(En) a / dx’ 0,u(x', 1) (X—X),,
4t b ) : |x’ — x|

(158)

(_osmic Migration Flows

Z {1 Mpe;

FSCZ sample:

CorresPonding velocitg field

30



tion [Tlows

Id

ic M

Cosm

I gra

MaP Dcnsity & Flow field

PSCz samplc,

tion ]:lows

4

ic M

Cosm

| gra

-

2
3
<
=
~
)
K
3
)
L

0.
5
5
®
o
=]
0
c
3
2
©
ES
9
L

e
e

31



(_osmic Migration Flows

| Mass cliPolc Jocal (Jniverse
Emmm—l  density matter

Largc scale flows lead to
redshift distortions:

Thcsc fows are part of the asscmblg of
Iargc scale structures, and reach Iargcst

values as matteris transported along the
filaments into the clusters.

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

° Flattening a‘ong z as matter flows into
Mcgaparscc features (v < 600 km/s).

o [ xtension due to thermal motions

| inside cluster (v~ 1000 l(m/s):

Mcgaparscc flows |

A w - s A

“Fingcrs of God”




Web Dgnamics: Alignments

Of outmost imPortancc for
unclcrstanding the cli?namical origin of the
cosmic web is that o alignmcnts between

ancl arouncl ClUStCI"S o{:galaxics.

The 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 ingrcdient of the

“Cosmic Web” thcorg of Bond etal.

Work bg various groups, most notal:)lg
Flionis and co“aborators, indicate that
indeed clusters, and galaxies around
them, reveal signimcicant alignmcnts‘

(Cosmic Shear
&

ravitational Lcnsing




(sravitational Lensing

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

the motions oi:gaiaxies and the
intraclustcrgas,

but instead looks at the way it affects
o the trajcctorics of Pl’\otons.

According to [instein’s ti'icorg of gcncral
relativitg, gravitational Potcntial wells will
bend and focus ligiﬂ:. Dark matter

concentrations will therefore act

Gravitational | ens

(sravitational Lcnsing

l"ustration:

Mass Passing in
front of baci(grouncl
of ga]axics,
ciis’corting their

received images.
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CIustcrs:

(Gravitational Lensing

Jllustration:

Dcpcnclent on
whether the light
asses within
Einstcin radius or
outside, we deal with:

° Strong Lensing:

nonlinear distortions

¢ Weak Lensing:

linear distortions

Observer Cluster of Galaxies
Background Galaxy
MNon-=1 / .
coith N /
R e e WCLs )
Moultiple u R R e ..:‘ . ( ( .
mages ' P A _ .
~ ] .
Arclets - \ .
- Optleal Path
Weak Shear -:0 I ‘Wave Frontl

== Multiple Images Area

(Gravitational 5trong Lcnsing

Strong Lens Geometry

(e

_4GM An(v))

£
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Clusters:
(Gravitational | ensing

Stron'g Lcns:ng Arcs:
" Abell2gi g’
- - : o

" z=0.175"

Galaxy Cluster Abell 2218 HST « WFPC2
NASA, A. Fruchter and the ERO Team (STScl) = STScl-PRC00-08

Clusters:
(Gravitational \Weak Lensing

" " Wcak Lcrxsli_r)g.x: a .: . &
. MSt0o54

. i’z%.&} one of ;:l-ue l@l-»—csf z clusters

AL Wpak Lcnsing studyl 1;3

- Clowc etal: ch(
— ]"‘lockstra o al-. HST

s @
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(Gravitational Weak Lcnsing

_ )
, - Po
%41 Dn.00,
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(Gravitational Lcnsing

1
K 3 (11 + aa)
I ,
T 5(0_11 f.?’.-z-z)
T2 D12
f)zr;'n

P35 50,0,

Lcnsing Fotcntial
related to

Peculiar Gravitational Potential

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

Clustcrs:
(Gravitational Lensing

MS 1054

+ 2=0.8% one of the highest z clusters 3
« Studied by
~ Clowe etal. Keck
— Hoekstraetal. HST
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Clustcrs:
(sravitational Lcnsing

|
-y
o
[=]

—200

2
MSi1054 :
gl
| : :
e z=0.8% one of the hlghcstzclusters g o -
o Studied by %
- Clowc etal. chk ' _-E
~ Hoekstraetal. HST gL
Cl usters:
Gravxtatxonal Lensmg
. .; -0.25
7 100
g’ 0.2 _
S o q
E 10.15

-200 —-100 0 100 200 300

Relative RA (arcsec)

SLB 02-Mar—2000
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Clusters:

ComParison Lensing & X~ra3

Same substructure seen in

o E T T T L ] :
E 423 weak lensing and X-rays
- L -
C ==
— | Tyson et al. 98 1 e . ]
EG Broadhurst et al. 00 =" o
— 10" |- -~ ’ =
" ; Ota et al. 04},.'};\_ :,;' §
8 B "” ', ]
= I o E
T 103 | _;" -
E :/" E
3] d ]
S L ]
o o 4
—
o
1012 | E
Ee E
# ] L
ool ool |‘ o amg g Smg mh/xb
0.01 0.1 1 X-ray overlay on HST image
C | r (Mpc)
( ic Shear
-
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tl"lC WC}D:
Shear Distortions & Lensing

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
Icnsing”),

the distortions of galaxy sl—uaPes can be
measured and inverted to 3i€]d the
(Prczjectcd) distorting mass distribution.

Clustcrs are outstancling, rcprcscnting
major Potcntial wells.

Eut also the gencric MegaParscc matter
distribution “lenses:

Cosmic Shear
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thc WC}D:
Shear Distortions & Lcnsing

| Altl—:ougl—u the cosmic sheardue to a
filament is consiclcrably weaker than that
of the c!ustcrs, rcccnt]y

succeeded in map ing the filament
| between AZZZ and A§§§ on the
i | basis of the measured ]cnsing.

T his shows that filaments are shown to
= | be genuine clynamical entities.

the WCIZ):
Shear Distortions & Lcnsing

I:irstgcnuinc map
]__argc Scale
Cosmic Dark Matter distribution

173 means of weak lensing:
Clcar!g visible is the Filamcntary
Weblike nature of the mass

Distribution.

Massey etal. 2007
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tl"lC WCID:
Shear Distortions & Lensing

Firstgenuine map
Largc Secale
(@ Dark Matter distribution

by means OF wcak lcnsing:

Clearly visible is the Filamentarg
Weblike nature of the mass

Distribution.
Masscy ctal. 2007

A \RD  WeB AR

Right ascension ()
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