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Large Scale Structure
of the Universe

key to the
Formation of Cosmic Structure
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Sociologg of (Galaxies: |nteraction
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Sociologg of Galaxies: Clusters
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Ccntral Thcmc:

(Cosmic E_nigma

rt <,/ <,
()C)C S ¢ c — [
0/ 9,000 years arter [ Dig [ dang

B
rJJm LRIt ll, SMOoOotTnN

Mlcrowavc backgrouncl Kacllatlon surface of last scattcrmg of cosmic Photons 15
almost Pcrfcctly lSOtI‘OPIC all around the same tcmpcraturc

T=2.725K
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(niverse

I} 7 Gyrs. aﬁ:crblgbang |

argc Vancty ancl Wcaltl'l
g o{: .Structurc

’ -

-

e fgar]a ( niverse:
Almost Pechct]g homogchOUS and isotropic,

without any disccrnablc structure ...

How did the Present wealth and variety of

structure emerge out of
an almost Fcaturclcss, Prtstmc carlg Unlvcrsc




(Cosmic Faracligm:

(Gravitational
lnstabi‘ity

RiEP]cs in the uniVCl”SC
TS BN, - T

T iny density perturbations in
Y 9P
E_arlg (Universe:

o Origin: Quantum Fluctuations cxPandcd to
suPerhon'zon scale during |nflation

e (Gaussian Noise!ll

] Frimordia] (Gaussian Dcnsity & Velocitg Fcrturbations visible as corrcsPonding
Radiation Temperaturc Perturbations in

C osmic Microwave background Radiation (CMD) Radiation
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(Cosmic Structure [Tormation

After dccouPIing, dcnsity Pcrturbaﬁons in the matter distribution gradua”g dcvclop into

Forming structures by means of the "gravitational instabilitg” mechanism. T he origin of these

density perturbations is still an unsettled issue. T heir presence, however, has been proven
Yp

bcgond doubt: tl—;cirimprint inthe CMPB bcauti{:uug confirmed bg CODBE and WMAF.
Hiddenin the dcpths of the very first

instances of the early universe, at Prescnt
the most viable suggestion is that it
concerns c]uantum Huctuations blown up
to macroscoPic ProPortions inan

inﬂa’cionarg Pl’uase of cosmic expansion.

]n the later Phascs of more “quicscen’c”
cosmic exPansion, densitg fluctuations,
frozen while thcg have the suPcrhorizon
scale assumed in imqation, graclua“y enter
the horizon (i.e tl'ICB are overtaken).

From that instanton tl‘rcy can start
growing!

Gravitational lnstabilitg
—
Dcnsitg Feri;urbations
- s N elyy ﬁondto
- P - -
- <

-

o Ld

GRAVITY PERTURBATIONS

7/1/2009

12



(ravitational ]nstabilitg

’

.

~

.
J-'».

GRAVITY PERTURBATIONS

—

The gravity Pcrturbations induce
cosmicflows of matter. Hig[w dcnsity
regions start to contract and Fina“g
co“apse, asscmbling more and more
matterfrom their 5urroundings.

Bg contrast, as matteris moving out of
them, low clcnsity regions turninto
empty void regions.

Graclua”g, chcncIcnt on sca]c,wc see
the emergence of cosmic structures.

Tl’\esc dags we can simulate the
characteristics of the process tl'lrough
largc computcrsimulations‘ SUCCCS]CU”
confrontation with the observational
rca]ity has given confidencein our
unclcrstancling.

displaced mass:
structure forming <

7/1/2009
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(Cosmic Otructure [Tormation

; » z=20.0
The formation
of the'cosmic
webfs tc”ingly
illustratedin’

. the simulation -
sec'iucncc

shown to the

right

z=20.0 dark matter density gas density

The formation

of a cluster
in the
Cosmic Web 5

*
’
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: T ; . : R »
Gravitational |nstabilit
Fcrturbation Dcvclo ment:

P
» (Generation: - ]nﬂationar Fhasc?

Y

- Gaussian Quantum Noise inflated to C osmic Scalc
. SuPcrhorizon: - As long as Pcrturl)ations suPcrhorizon, no evolution
. LincarGrowth: -Density & elocity perturbations tin

Y YPp Y
Can be described analgtica“y!
°Non|inear Growth: - ]ntcraction between fluctuations over range of scales
2
~ Emcrgcncc com P|cx Pattcms & formation objccts

- On'y analytica' aPProximations,

Com puter (N—-boclg) simulations necessary

Millennium Simulation

G

.Mi“‘én_n'i % '. : .'500:Mpc/h &

2 R, SR O, s o o
'.-Simg]:a’cion:", 5 T ) BN T

LCDM
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Millernium Simulation

500 Mpc/h

Millennium Simulation

500 Mpc/h ;
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Mi"CﬂniUm 5imUIation

w0 e S e SRS L W
Simfi!:altién::. e Y A

LCDM

Millennium Simulation

vy 5

—‘ R
v 125'Mpcih
- ”Simula’cion: :

7/1/2009
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Mi"cnnium 5imulation

Millenniam 125 Mpc/h

Simulation:

LCDM

Millennium Simulation

B
Y

i.‘MiUenniu-m?:‘v g % X, R : 125 Mpc/fi-
léimu’ati.on:= i : it &

)

7/1/2009

18



7/1/2009

Mi"cnnium 5imulation

Wiflennium S . 125 Mpch
Sirﬁulation:.
LEDM ™

Millennium Simulation

. ! 1o
Millennium Sl "% 31.25Mpch

. Simula’cion: -

Icbv e
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Mi"cnnium 5imulation

3

Millennium - % 31.25 Mpc/h
Simulation:

LCDM

3
:

Millennium

Siajulq’cion:

[CDM% .
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Mi"cnnium 5imulation

po

. " - .
Millennium: . " 81225 Mpc/h
Simu!ation: \

LCDM

- el

\{\X}iucnniwﬂf’ e

>
yimulations

LCDM e

N acd

: ({»:o_ul—'t&syz ¢

; Virgo/V.spﬁnch‘
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(osmic Structure [Tormation

.

Orrce the first linear P[’\asc of structure formation his Passccl,’wc.
start to recogpize the emergence of genuine cosmic structures.

T?\rccgcncf‘ic Propcrtics nonlineaf structure formation:
i »

Hierarchical

: Structure [T ormation

22
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. e25Mpcnty,
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l. Hierarchica

Structure [Tormation

Structuresin the (|niverse form
by

sraclual hierarchical asscmbﬂg:

< small objects emerge & co“apse first
< merge with other clumps while
Fonninglalger objcd: in hﬁemm]mg

Anisotropié
Structure [Tormation

- =

7/1/2009
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1. Anisotropic Co"aPsc

Il Anisotropic Co"aPsc

(] Gravitational lnstabilitg:
-any smallinitial deviation from sphcricitg ofa co”apsing cloud gets magnﬂ:ied

~ gravitational co"apsc Proccccls along sequence:

Afterhaving co”apsed intoa clump, virialization and emergence cosmic objcct

7/1/2009
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Record=10.00
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Asgmmctric

tructure [Tormation:’

27



7/1/2009

4 ]” Vod rmatlon ‘

Ongm of Voncls ",‘ ' 3

Vonds natural Product 5rawtahonal mstal)nlttg

» Voids cvolve ont of anondna] undcrdcnsnhca
E Underclcnstt '

Cvavnty Deﬁcnt
Mattcr E_mlgnatnon

>

] e anordnal Dens:tBTroushs Frcscnt-Dayvoads

Structure [“ormation:

(_osmic

(_onstituents

28



7/1/2009

T he (niverse;

What it consists of

Composition Heavy
cicements:

of the : g

Cosmos . A
neutrinos:
0.3%

Stars:
0.5%

Free hydrogen
and helium:
4%

Dark

matter:

30%

Dark
: 4 eénergy:
NASAJA. Riess - 65%

T he total energy content of ( Jniverse made up 133 various constituents, main ones:

matter m bargonic matter
> m dark matter
]. . ¢ f
2) m P}rotons
.
m neutrino’s
.
)
$ ~
_ém CT \jr'gt)

In addition to the constituents mentioned iﬁlc c]iagram, there are contributions 59
eg. gravi’cational waves, magnetic fields, etc. Howevcr, given the jalelely constraints on
their contribution henceforth we will not take them into consideration.

29
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(_osmic Energg Invcntorg

dark sector 0.954 £ 0.003
dark energy 0.72 4 0.03
dark matter 0.23 + 0.03
primeval gravitational waves <1070

primeval thermal remnants 0.0010 4 0.0005
electromagnetic radiation 10—4:3+0.0
neutrinos 102901

prestellar nuclear binding energy —10=4:120:0

baryon rest mass 0.045 4+ 0.003
ilactic plasma 0.040 + 0.003
1 regions of galaxies 0.024 + 0.005
i 0.016 + 0.005
intracluster plasma 0.0018 + (
main sequence stars spheroids and bulges  0.0015 +£ (

disks and irregulars 0.00055 + 0.00014
white dwarfs 0.00036 + 0.00008
neutron stars 0.00005 + 0 02
black I 0.00007 + 0.000
substellar objects 0.00014 + 0.00007
HI + Hel 0.00062 + 0.00010
molecular gas 0.00016 + 0.00006
planets 1078
1“—5 6+0.3

(1+e€n)

condensed matter

sequestered in massive black holes 10754

primeval gravitational binding energy =jo—6-1+0:1

ed halos of galaxies —10-7%:2
clusters —10-6-9
large-scale structure =10-%2

ukugita & [ eeb

(_osmic (_onstituents:
quation of State

The energy content of the (Jniverse may be broac”g divided into various classes,
clcPcnclcnt on how their (aPProximatc) cquation of state.

The ec]uations of state for the three classes of cosmoloica” relevant constituents:
radiation

matter

dark energy = —pc =

2
wp r:2 l<w<—1/3 (general)
wpe w < —1 (phantom)

30
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(_osmic (_onstituents

The energy content of the (Jniverse EL be broac”y divided into

various classes, chcndcnt on how their energy dcnsitg evolvesin

time. | he three most imPortant ones are:

° Mattcr:

e Radiation:

. Dark E_ncrgg:

]nvc—:ntory

fora [Flat (Jniverse

31
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lnvcntorg

fora[lat (Iniverse

(onstituents &
Structure [Tormation

What is the role of Radiation in structure formation:

« Radiation: - Frcscntly, minorcncrgy component (de~ 107)

-But, by far, most abundant species in the (niverse (n ~ 107)

- by good aPProximation, nearlg all Photons inthe (Jniverse
C osmic Microwave Backgrouncl (stellar Photons negligible)

32
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(osmic Microwave 5ac|<ground:
Somc Facts

(Cosmic Microwave Bac‘cground:
Somc Facts

33
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(Cosmic Microwave Backgrouncl:
5omc ]:acts

6) CMB Photons I ast Scattered
379,000 yrs. a{:tcrbig Ba ng
ataredshift z=1 089 (ic- cxpansion factor a(t)== i/1 089)
7) Followingthc - DccouPling of Radiationand (bargonic) Matter
- Recombination Hydrogen Atom§ -

(as protons and electrons combing);
8) At recombination | ~ 3000 K- the (CMIB) skywouldlook red
Since then, graclual coo[ing of radiatio ) i:'nrgu;_j'n expansion (niverse:
- cosmic redshift p]’:oton 4 A
9) The CMB photons created at muche arlier epoch !

| ast surge: Positron—-elc tron annihilation,

i min. a{:tchngang, redshiftz~ 109

5Pcctrum
Blackbod Radiation

CosMIC MICROWAVE BACKGROUND SPECTRUM FROM COBE

« John Mather

THEORY AND OBSERVATION AGREE

-COBLE-DIRBE:
tcchraturc, blackbody

. Most accuratclg measured

B]ackboc’y Spcctrum

E
S
&
o

£
S
@
2
13
<

e
Z
73
g
£

10

Waves / centimeter
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ch to the Umvcrsc

(Constituents &
Structure [Formation

What is the role of Rac]iation in structure formation:
Before Equlvalcncc (z ~10%) .
~ Dgnamlcauy dominant
«(ntil Recombination:
~ still major Phgsical constituent of the (Universe

- imPortant as main pressure source

- couplcs intimatclg to bar_go nic matter

o After Recombination:
- plags moclulating rolein gas processes in carly

galaxy formation

35



(Cosmic
Microwave Back

l"OUﬂCl

t
5
]
o

E
5
P
)
§
1.

e
F
§
2
§
E

(onstituents &
Structure [Tormation

Whatis the role of Matterin structure formation:

e Matter: ~ 5aryonic Matter
- Dark (nonbaryonic) Matter

e Dark Matter: =] HE majorcomponcnt for cosmic structure formation:

- gravitationa“y dominantfor structure growt!—x
- dominantfor shaping spectrum Pcrturbations
. Baryonic Matter: - Gravitationaﬂy farless imPortant than DM
- Yet, its dissipative nature allows the formation of

stars, galaxics, etc.

7/1/2009
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e STARS arebuta fraction of the total amount of bargonic matter

. Thcre isstilla largc amount of undetected baryonic matter:

- l'uicling as warm ]ntcrga‘actic Gas (WHIM) ?

baryon rest mass 0.045 4+ 0.003

warm intergalactic plasma
:d regions of galaxies 0.024 + 0.005
g > 0.016 + 0.005
intracluste
main sequence stars spheroids and bulges
disks and irregulars
white dwarfs
neutron stars
black hole:
substellar objects
HI + Hel
molecular gas
planets
condensed matter
sequestered in massive black holes

0.040 + 0.003

0.0018 + 0.0007
0.0015 4 0.0004

0.00005 +
0.00007 + 0.00002
0.00014 + 0.00007
0.0006 0.00010
0.00016 + 0.00006
107

10~° 610.3

10754 (1gen)

lt is imPortant to realize the distinct difference between the evolution of the dark matter
Perturbations and those in baryonic matter.

Dar‘c Mattcr:

Dark matteris the dominant gravitational component of the universe,

and t|1us also drives thc structure formation process.

The Perturbations in the gravitationa"y dominant (collisionless) dark matter
component started growing after matter came to dominate cosmic dynamics,

i.e. afterradiation-matter cquivalcnce.

Bargonic Matter:

Fluctuations in bargonic matterwere enabled to grow on!g
once radiation pressure disaPPcarccl, i.e.after dccoupling cPoch.

Bargonic matter fluctuations start to grow stronglg through infallinto the

gravitational Potential wells defined bg the c!cveloPing dark matter Per’curbations.

7/1/2009
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(_onstituents &
Structure [Formation

What is the role of Darl( Encrgy in structure formation:

-Dark F_ncrgg ~ Ferturbations in dark energy cannot grow

~ Minor dynamic role on Mcgaparscc scales

~ Major influence concerns that of clctcrmining the

timescales available for structure growth

- Minorfactorin shaping powerspectrum

Cosmic

Acceleration

Qur{Universe

Frcscnt:

ACCELERATES

Fast:
DECELERATED

Cosmic tug of war

The force of dark energy surpasses
that of dark matter as time progresses.

\\\\‘\\\‘\‘\A'\ 31 1 “;

W22

RCLLEEEEEEIT
W Saeatehep W

L
Dark Matter

e constrains
> «
- '-_”""

Dark Energy

BIG BANG

7/1/2009
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Structure [T ormation:

lnﬂationary Origins

P v .y
]gﬂaytlon.qrg @bglglng,_

— —

(mdbﬁoggnm', ‘ ;
cqua”g pEntir cc!)

OB

n=0.96
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Structure [Formation:

Fowcr

Spcctrum

41
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Frimorclial‘.Fertux%ation (Growth

e

Once ﬂuctuatlons"en@d” fl-a;%mlcwnzon
the‘g can,startgrov\yng o e

Growth dcpcndcnt c%ﬁsncs olatmg@% ey

Bargon f:rturl)fil‘ﬂpfﬁA
held ug 173 P&cssure Ue@)'

Dark Matter. v + ‘.
- starts growtl'l at‘ L 4
Lorizon entrance - -
- clamps bCIOW

¥ree—5trcamlng

CDMveHDM

(C osmic E_XPanslon regfime:

- radiation dominance? : CDM spectrum P(k)
no growth DM Pcrt

—mattcrdommancc L IR AR Lisav s o 0 Lisay

Dcnsitg Perturb8 ianﬂ'”\ thc’Prim’ordial universe
.

42



(Haussian Perturbations

eXp {_% Z,\_l ZJ\_I i (I\/I*l)f:j fj} N
[(27)N (det M)]72 []ds

(Gaussian Pcrturba’cions represent the 5imp|est stochastic field of fluctuations
imaginch. Jtis Fu"g and comPlcte[tj characterized by its second-order moment,
the autocorrelation function E(r).

ln Fact, by concentrating on the contributions of the various scales and
dcscﬁbing the field in terms of its f:ouricrcomPonents, we c]ircctlg see that the

FUNDAMENTALFunction Fu"g charac’ccrizing the (Gaussian field

Fowcr Spcctrum F(k)
(2m)*P(k1) 6p(k1 — ka) = (f (k1) f* (k)

Arguablg, the power sPcctrum is the singlc most imPortantFunction forour

understanding of the cosmic structure formation

7/1/2009
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Fowcr SPcctrum

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

- Firstdirect measure of inhomogeneitics in spatial matter distribution

- Along with its Fourier trans{:onn, the autocorrelation function &(r)

- For(Gaussian Primordial {:iclcl, full characterization of c]cnsity field

- Direcﬂ_g related to Potcntial and velocitg Per‘l:urbations

- Encapsulatcs all relevant Phgsical processes in carly (niverse

a#ecting the Primorclial evolution dcnsitg/ Potcntial/vclocitg Pcr‘l:urbations

~ HigHy sensitive to constitucncg of Universe (naturc dark matter, ctc.)

- Thisis what the carly (inﬂationarg) Universe givesus il

(Cosmic Fowcr SPcctrum

k/l
P(k)o —

1+ 3.89g + (16.19)* + (5.46¢)* + (6.71¢)*]"”

(1 + 2.34¢)]
23497

g = kIT
' = Qyh exp(—Q, — Qp/Q)

Colcl Dark Mattcr

Pcctru m

44
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osmic Fower Spcctrum

r= 0.50 r= 0.10
100 0.680 0.15
0.70 0.20
19 0.80 0.25
i 0.90 0.30
1.00
P(k) 0.1
0.01 ¢
0.001
0.0001 ark
10 T T T
1
fum e 1
0.1 3
0.01 F 1
3
k® P(k) o.001 . 1
0.0001 K !
108 E 3
10-® 1 L 1
10 1 0.1 0.01 0.001 10 1 0.1 0.01 0.001

k [h~! Mpc] k [h-* Mpc]
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P(k) (IMpc/h]3)

102 E
COBE
v
101 &
7/ Cluster
’ abundance
100 L cal M| L hY
10 10-2 101 100
k (hMpc)

7/1/2009
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(osmic Power SPectrum

- Fﬂ "'\"7‘!‘
. |
s, -
4 -
- r 3
k-4
-.
X

=~ S, il

Ty

0.1

Cluster J
ibundance

-

T T

Ty

Density fluctuations
o
o

SDSS =
galaxy
clustering
L]

0.001

T

0.0001

T
—
f
L

10 100 1000 10000 108
Scale (millions of lightyears)

(Cosmic

Fossils

48



= ossils ?

O
)
3
O

t contalr fllrﬁc'c fnrorm VEfOT)
o]l
orl emergernce :mrJ S rOWET)

[ Structure in the ( e ?
or sLrucrture Jfl Ll‘l’:‘ v Hl‘/rjr-y':‘ >

Q-rad

Q-mattc-r
= Q A

7/1/2009
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~ Normal
galaxies

Modern
universe

1.009 07204
Age of the universe (billions of years)

Frnmorchal.ConcJ“tlonsg,

+~temperature ﬂuctuahons in microwave backgrounc! radiation
~ Polanzatlon Cosmnc Mlcrowave Backgrouncl s S

» ~treasure treve cosmologlcafl |nFormatlon

‘, > P o'a

namics: -

~ cosmic vc|oc1t3 flows

~very di Fﬂcult mn Practlce duc to |arge unccrtalntles in distance
cstlmatc/rneasuremcnts of galaxncq and hcncc the cstlmatcd
dcvnatlons From HubHc expansmn s .

2 L

Mass Dlstnbutlan M ; »

-grav1tat|ona| Icnsmg of llg}‘xt by cosmic mattcr cllstnbutlon

~ v¢r3 Promlsmg,Just started to Hleld s:gnlﬂcant results ...

7/1/2009
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Galax Dlstmbutlon
~ga axies suPPpsca to‘)c a.?alr l‘C‘FI(‘.‘CtIOI’I of unc‘crlglng

cosmic, mattcr cllst‘rlbutl%n

~ most dctallccl and mvcstlgatccl lmPrcsslon o{:cosmic matter dlstrlbutlon
= nonlmearscalz:s SPe tracmg the Cosmlc ch
- Mcgaparécc-hncar scales:  measuri ng the Fower Spcctrum
~ GlgaParscc linear scalcs Bargomc Oscu"atlons &, B
Frlmorcllal FowchPcctrum
~ High rcclshimctgalax_ics: P tracmgyoung(/lmvcrsc,
3 : carlg 5tag§5 galaxg Form'atlon
But Formation and evolution oFgalaxtes stilla no"conouslg ununderstood
Problcm, so that tHe rclatlom betwten mattcrancl galaxy c‘tstnbutlon
isds 36‘: not unequwoca”g clear\ ’ "

o o uasars&AGN . Ry r

~ tracmg the |argc scale matter dlstrlbutlon on scales of l‘:undrﬁc‘s MPC
~but: largely unlcnown how they relate to tl'le mattcr/galaxg clistribu’aon

‘

. C|u5tcrs'o{: Galaxics - <
~ sPatla| ﬂistrlbuflon trdcer Coémlc Web
~ m’ce?nal structurédxctatcc] bg Prlmordlal Perturbatlons
- Hot mtrac|ustergas (1 72 K) ~ accurafe tracer Pq,tcntla| cluster
. ~ easrlg obscrvch via X—rags

- . . v

¢ Gascous COSmlc Web
& Baryonlc gas; traces the Cosmlc ch

LgOL forest nettral l‘ugclrogcn gas, most!g at ]’ngl‘l z
o Wl'"'HM s 2 shock l-leatecl gas settled ;n cosmic web

’

-

D Dlstnbutlon & Fl’l&lcal Sta’ce Gas @ Darjc ég ;
3 - ]:lfs’c 5tar5 & Galaxxes "_ * % -,
- Reionization of b'argomcg.aS: very SGn._SItIVC measure f:osmology .

e Structure of Galdxies ¢ " °
-~ Mass dlstrlbutlongalaxxes e
Interna| Phase-space structuré galaxg haloes

N . e, - ’
p ) ;
B
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E_mbryonic Structure:

CMDB:
Rippling the Fhotons

CMB Fcrturbations

" a . e Asaresu t of perturbationsin
Metric Stretching : P ,
Gravntatlona] Potcntlal

Photons cxpcricncc Frcqucncy shift
. Whilc travc”ingthrough Pcrturbation:

o Gravitational Redshift  +
* (Relativistic) Time Dilation

o Combined effect:
Sachs-WoH:c I:_{;Fcct

52



Sa chsa-Woch Eﬁzcct

Metric Stretching
= » Sachs-WoH:c E_ﬁ:cct
L LD
redshift == o 2
¥ G

osmic

Microwave Packground

A\ccurate measurement

Planck spectrum CMB

First detection angufar

temperature Pcrturbabions
(0 ~ 7°): ,Sac['xs-WoH:c effect

7/1/2009
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Frimordial Anisotro!:)ics

CMDB sky

COBE-DMR Map of CMB ZDisotropy

Gcorgc Smoot

uctuations,

cmbryonic structure
North Galactic Hemisphere South Galactic Hemisphere

-100 pK HE | +100 K

(Cosmic Microwave Background

Metric Stretching

MaP of the Uniw:rsc at Recombination E_Foe]h:

* 379,000 years agtcrbi'g Barng

. Superharizon Pcrturl:atians in gravitatiional Patcnti:al (Sachs-Wolfe)
« AT/T <109
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(osmic Microwave background

Map of the (|niverse at Recombination E_Poc]h::
* 379,000 years after Pig Pang
. Supcrhorizon Pcrturbations in gravitational Potentian (Saclhsf-Woch)
<AT/T <107
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(osmic Microwave background

(L UDL. measured Huctuations: >7°
Size Horizon at Recombination spans angle ~ 1°

How canitbe that regions totally out of thermal contact,

would have the same tempen‘ature ?

7/1/2009
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(osmic Microwave background

. 379,000 years after Pig Pang
. Subhorizon Pcrturbations: Primordiall sound waves

= AT/T < 10?

Tcml:)craturc Fcrturbations in terms of

Splwcrical Harmonics:

T(G, (1)) = 2 Aim Y/m(67 q))

[.m

mt  180°

NN — NJ

[ [
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Tcml:)craturc Anisotropics

TcmPcraturc Perturbations in terms of

Sphcrical Harmonics:

T(G, (1)) — z Aim Ylm(ea (1))

l.m
- " T 180°
Oh O~

Angular Scale

o 20 50 20
6000 - 9‘0 | 0‘5 OI

TT Power Spectrum I(6,9)= % amY;"(6,9)

5000 _ ¥ WMAP Data 3

1(1+1)Cy/2m (uK?)
] 5
8 8
T T

n
o
[=]
o
T

1000 f *%

OE. 1 T . 1 1 1 1 1 L 1 1 1 E
10 100 500 1000

Multipole moment (f)
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o small riPP]cs in
Primordial matter & Photon Plasma
® gravity compresses
Primordial Photon gas,
Photon pressure resists:

(] comPrcssions and rarefactions in Photon gas:

3 sound waves

® sound waves not hcarc], butseen:
- comPrcssions: (Photon) temperature highcr

- rarefactions: ower

7/1/2009
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Colliding electrons, Protons and P]’)otons formsa Plasma

Acts likea gas
Comprcssional disturbance propagates inithe Plasma

t}wrough collisions

Unlike soundin the air:
- airmolecules travel = 107 cm before co"iding

~ in Pn’mordial Plasma, Photons travel 1 O+PC
Unlike soundin the air:
-~ we donot hearitbut seeitinthe CMB

~ comPression heats the gas rcsulting ina hot spot in the CMB

[ ike blowinginto aflute oran open PiPc

SPectrum of sound containsa

inflation

recombination

1st peak

2nd peak

3rd peak

4th peak

7/1/2009
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|nflation is the source of

sound waves at the

time —>

beginning of time

Sound waves are frozen at
recombination, yiclclinga
harmonic spectitm of
Frcqucncics that reach

maximum clisplaccmcnt

Angular Scale

907 2° 0.57
6000 T T T

5000 F

8
8
T

3000 |

1(1+1)Cr/2n (1K)

2000 £

1000

(1+1)Cy2r (uK2)

R S T T B B B 1 1 I 1 L
10 100

Multipole moment (1)

61



7/1/2009

Iclcnthcy structure and comPosition of the (Universe

~ through detailed examination of the Pattcrn of overtones on the

Fundamcntal?rcqucncy

~much like using them for a music instrument

Obscrvcc‘l frcquency spectrum consistentwith imqationary origin:

~ sPcctrum of cosmic sound has harmonics at

Without irnqation, fluctuations should have been

gencra’cecl at intermediate times

This would have c]estrogccl the harmonic structure of the Pcalcs

(like clri”ing holesinan ongan pi oe)

Damping env.
pmg

Smaller angles —»

Potential env.

Power (AT/T)?

Qp Qo> Qph?

4 B
v A
¥ t

b logl

e LateISW
o~ ———e Early ISW
o———o Eff. temp.
®-------@ Doppler
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Musi' C of the Tetal Angular CMB Spectrum

modulated by combination of several effects,

the Frimary Perturbations
SP!’ICI‘CS ) Sachs-\Wolf

: f { . .
= pe stential luctuatic )13,

erturbations
as the correspondins Potentiaﬁ fluct.
enterhorizon and startto collapse
9) Inic‘_;_q abed hs
Damping en Smaller angles — Potential Perturbations:
Cark matter/radiation at recomb.
Potential env.

expansion influence curvature

Power (AT/T)?

& cosmolosical constant

.
?—., rouroanons
NS

Qr  Qa Qo2 Qa2 velocity fluct. accompanying potential pert.
y #A . f o LateISW 3 P 3 SP P
o ———e Early ISW

——— Eff. temp.

o logl

= T

v t 2 =il i_).\rll'llej
v ¥ 4 = r e
v v 4

S e radiation damping of fluctuations

Silk DamPing:

-~ Photons diffuse out of matter Pcrturbations

~fluctuations with size < Photon Frcc~strcaming |cngth get suPPrcssccl

- harmonic structure begond third Pcak scriouslg dampccl

]ntcgrated Sachs~Wolmce effect:
- damping/boosting temperature fluctuationsdie to
decay/growth potential perturbations:
* Early|SW: while still radiation-dominated, potential DM Huct's
growless, suppression of temp: fluct.

* | ate ]SW as Darlc Encrgy takes over universe, Potcntial wells

dccay (duc to accclcratccl EXP ansion)
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The
(osmic \Web:

Fattcms
Across the ( Jniverse

A (Universe of (Galaxies

UScd as Point tracers of
undcr‘ging cosmic dcnsity field.

]ntcntion is to map this cosmic
matterfield on McgaParscc
scales.

«| 55 still reflects conditions

Primordial Universe:

Cosmic Fossil

[ "My

i
“»‘»,yr ! [

'l

galaxg spectrum: redshift-distance
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DcvcloPmcnt of our Mcsaparscc
cosmos worldview overthe Past two
decades. A comPilation of the
galaxg distribution charted in four
majorsalaxg rcdshiﬁ:survcy

camPaigns: ;

) The CFA/SSRS survey
The LCRS

(Las Campanas redshift survey)
2dFGRS

(2dF galaxyredshiftsurvey)
SDSS

Sloan Digital Sky Survey

North

11263 galaxies

63361 galaxies
. 141402 tetel

South % hVs

12434 galaxies
30,/

QOverthe pasttwo decadeswe have witnessed a Paradigm shiftin our Perception of the Megaparsec scale
structure in the ( fniverse. As increasing elaborategabxg rcds]-niﬁ:surveys charted ever |arger regionsin the
nearl:g Universe,an intriguinglg cornp|exand salientfoamlike network came to unfold and establishitself as

the quintesscntial characteristic of the cosmic matterand ga|ax3 distribution.

Ina greatmany Physical systems, the sPatial organization of matteris one of the most readily observable
manifestations of the forces and processes Forming and moulding them. KicHy structured morpl-lologies are

usua“g the consequence of the comP|exan(J nonlinear collective action of basic Plﬂgsical processes.

Thevast is undoubtedlg one of the most striking exarnples of

foundin nature. |n its own rigl-lt, the vast dimensions and intricate comPosition of the cosmicfoam
make it one of the most imPosingand intriguing patterns existingin the (niverse. |ts wide~ranging
lmPortance stems from its status as a cosmic fossil. On a scale of up toa
lt is still relativelg straighttorward to relate the conFiguration atthe Present cosmic ePocl-l to that of the
Primordial matter distribution from which it ernerged‘ Witl-l the cosmic foam seeminglﬂ representingth is
Phasc, it assumes a fundamental role in the quest for understandingthe origin of all structuresin the

Universe.

Whileits comp]ex ce"ularmorPholo‘gy involves one of the most outstandingand evident aspects of the
Cosmicfoam, it has also remained one dcmcyingsimpbs definitions which may be the cause of it having

Kemained one of the leastaddressed asPects. Thegcomctrg of the cosmicfoam may be described

as a nontrivial stochastic asscmHy of various and elements. A ma_jordeticiency inthe

vast majon’ty of studies on the |arge scale distribution of galaxies has been the lack of suitable quantitative

and statistical characterizations of the I:ruly fundamental aspects of the comsic foam geometry.
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T he Cosmic We

SN
“r 5 R ‘.‘

T he C osmic Web:

A Ccnsus
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5‘( MBPS:

WOF'A 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. \/irgo cluster)
® asymmetry between north and south:
many more galaxics on northern sky
® conspicuous concentration along aline
running tl'lroug!-u richest nearby cluster,
the \/irgo cluster:
e The Supcrgalactic Plane
(firstidentified bg de Vaucouleurs:
the Planc of ourown Local SuPcrclustcr)
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Tl‘\c Local Supcrcluster

End-on View of the Local Supercluster:

Our Local Group finds itself

located at the outer region of

a ’argc superclustcr region,
Virgo

Cluster

o the “LocalSuPcrcluster”,

~=— Planet
Earth
® 3 largc flattened mass

concentration~ 10 h-! Mpc
in size,

e centered ononerich
cluster, the Virgo cluster

Hydral
Cluster

Polar View of Local Supercluster: OUI' LOCal GrouP ﬁnds itsclf

located at the outer region of

a ’argc supcrclustcr rcgion,

the “Local Supcrclustcr",
a large flattened mass
concentration~ 10 h-! MPC
in size,

Virgo Cluster \P\anet
Earth

Centaurus Cluster CCI"\tCI’Cd onone rlClT

150 million light ’ cluster,t[chirgo cluster
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Shanc-Wirtancn map:

Ohn the basis of the Shane-
Wirtanen counts,
P.J.E.Peebles Proc]uccd =Y
map of the slcg distribution of

1 millionga|axies on the slcg:

° C]car‘g visible are clusters

o hintof filamentary] 5SS

Fcaturcs, cmbcdding clusters

J Sky map:
2x1 Oégalaxies
17<m<20.5
. Uni{:ormlg defined
. Sky region: 4300 sq. deg.
185 (JK Schmidt Platcs, 6°x 6°

° ]Targc inlﬁomogcncitics, hints of weblike patterns, with
clusters at densest regions.

69



7/1/2009

The APM Galaxy Surv

Maddox et al

SOUTHERN

.
" canmuRus WAL
s /

Structures (galaxes
closer than 200 ks to
£ach other) shown by Stipping.

Ton3 Fairalls ncarbg LSS map: [ocal 5uperclustcr clearlg visible at v< 999 km/s
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Local Views: Moving into | oam

NORTHERN ” v " REDSHIFT SHELL [l REDSHIFT SHELL . ® = SOUTHERN
- -~ 5000 - 5999.... |l 4000 - 4999 }

el
==
WACO clusters

t cz=5000-5999 km/s clearviews of

local cosmicweb

ZMA55 survey

. 2MA55 a"~s|<3 survey:
ground-bascd near-infrared survey whole skg,
J(1.2 pm), F(1.6 pm), K(2.2 um)

o ZM A55 extended source catalog (X5C}

1.5 million galaxics

e unbiased samPlc ncarby galaxics

° Photomctric redshifts: chth in 2MASS maps,

“cosmic web” of (ncarbg} 5uPcrc1ustcrs spanning
the entire sky.
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T he C osmic Web

2MASS Extended Sources

Integrated Flux

Ks: 8.0—-14.0 mag
18 /pixel

Lcoki'ng around us we alread3 see the unmistakable signatures of am iimttriguing
foanlike matter distribution in our immediate Cosmic Vic.ini?t&

ldcnt'ﬂ:y of | ocal Structures along local C osmic Web.

— Ks-band (2.2 um). <14 mag
H-ban

2MASS Local Unlverse +900 R(uB(Inmncrl\:

== J-band (1.2 um)

: Galactic Plane ' | RS . :

: Perseus-Pisces Supercluster -90° G: Shapley Concentration/

: Hydra-Centaurus Supercluster
R Ce H: "Great Attractor"/Abell 3627
: Virgo Cluster/Local Supercluster 3

) I: "Local Void"
: Hercules Supercluster J: Eridanus/Fornax Clusters
: Galactic Center

K: Pavo-Indus Supercluster
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T he C osmic Web

2MASS Extended Sources

Integrated Flux

Ks: 8.0-10.0 mag
18" /pixel

ZMASS the cumulative view.
Meving outward we see the unfoﬂding of the local cosmic foam.

0.03<z<0.04

z<0.01 0.04 <z <0.05

0.05 <72 <0.00

0.0l <z<0.02

= i, x e
0.02<z<0.03 2> 0.06
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ldentity of | ocal Structures along local C osmic Weh
2MASS Local Universe  +90e RGB Channels:

2 um), <14 mag

: Galactic Plane s :

: Perseus-Pisces Supercluster -90° G: Shapley Concentration/

: Hydra-Centaurus Supercluster
52 il H: "Great Attractor"/Abell 3627
: Virgo Cluster/Local Supercluster P y J

3 I: "Local Void"
+ Hercules Supercluster J: Eridanus/Fornax Clusters
: Galactic Center

K: Pavo-Indus Supercluster

aps of the
| ocal (Universe
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The Cosmic Web Revealed:

The CfA2 and SDSS

survey slices

(de 1_4,apparc‘:n'r;, Gc’:‘”v’:r, i’] uc!nra,
1986, ...)

MaPPing the (niverse

7/1/2009
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44.5°

8.5°

16 h

Thc CFAZ

redshift survey

(Northern Hcmis!oherc) o

lg Cdslﬁ{:t:

V=CZ ~ HI + Vyeo

Figure courtesy: V. Martinez

4450

8.5% .
16 h

\ 101 Mpc/h

A magnitucie—limitccl 5arnplc,
m<15.5
N =493%% galaxics

8h

Thc CFAZ
redshift survey

{(Northern Hemis

herol

A volume-limited sam 1c,

M<15.5 - 5log(DE) ~25 ~ Kz
N =905 galaxics
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The largcst structures in
LCK5 are much smaller than

the survey size
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2df° Galaxg chlsl':ift 5urvc3

{:inal release

<
N

221414 galaxics

(From Co"ess etal. 2003)

Shapley

Horologium—-Reticulum

Sloan Great Wall

Pisces—Cetus

7/1/2009
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Largest and most sgstematic (digital )] slcg survey in

historg of astronomy.

]mages skg ins Pl—:otometric bands 111

Down to aPParcnt magnitude r~23%.1

Covcrs ~25% of the slcg: 8452 sq. clcg.

V}Yith 2dFGRS, the SDSS will Prociuce the most extensive map of
the

sPatia| structure of our cosmic neigl'xbourhoocl‘
Mi”ion galaxics subscquenﬂy selected for measuring redshift z:
electromagnctic sPcctrurn

Tota':

skg survey: 10%stars, | Oagalaxies, 107 quasars
spectroscopy: 106 galaxics, 107 quasars, 107 stars

7/1/2009
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01

45+323240.8 J100842.44+511 A J102250.88+561 1 J102819.23+8;

~ [voio_oe

?‘Z 8.56+593010.2 J135535.46+58

K] J CID_13 [voip_14

VOID_
140034 40+851515.1  |J142418.41+5622208.3 43 J143853.77+524400.6  |J154452.18+262845.6
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lec E_lcmcnts

,i_'f'hc CbSmic *

125 Mpc/h

o3 .
& 4
AN

‘1 Fr omtheM llen :nmmSnnulatuon« g,
1 V. SFI‘I gcl&GIF consortium
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Walls and Filaments

(Geller & Hefehra
1989) o

]:ilamcntarg E xtension across

Northern 2dF Slice

DTFE ;e;ndcring: W. Sc!'naap 3
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Pisces-[erseus 5uPcrc|ustcr

Canonic cxamPIc ofa stronglg flattened suPcrclustcr consisting of

o sheet-like central region, dense filamentary boundary ridge

e Relative proximity (d~55h"' Mpc),

e (Characteristic & salientfilamentary morphology,

o Favourable orientation.
Northcm boundary: riclgc south-westward of Fcrscus clustcr(A‘l-Zé)
Dimensions Ridge: 5h"' Mpcwide

50h-t Mpc lcngth; Possible 140h-! Mpc extension

Along Ridge: high density clusters, incl. A+62, A347, A262

WN...ontl

A426 A 347 A 262

Declination (1950)

2 1 Q
Right Ascension (1950) Pegasus

-
21 cmline redshift survey,
1 Giovanélli & Haynes
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=]
e
i
2
3
Ly
a]

.
Fnsccs-rcrscus C}lam,

21 emline redshift survey, Gnovaneﬁi, Haynes et al

C . ]
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.~ TheCeosmic Web

NOCJCS Clustcrs

Nodes: - Clusters

88



2 - . 1.0
. 89 Mpch

Nodes: Clustets

Asscmbllcs o{: up to l OOOs Gf ;.:.
a radius of onlgi §~Z‘1‘* MP

7/1/2009
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C'ustcrs of: Galaxncs

Courtesy:
O. kopez-Cruz

. Coma Cluster

Clusters of Galax_ics |
X—-ray- intrad_u’s’;l;gf gas

Bar onic matterin clusters i.s n‘ot on ._ A - Coma Cluster
con;ncd to galaxncs O‘nthc‘ﬂ‘!t ry, R.5-2.0keV
about 2 to 5 times morc b

in the )corm ofa !

l-lcatcd.to a tcmpcratl‘

108 K by the gravitati

the cluster. A uq‘nJ'u

thlsgas isa Ful
roduci owchul X- ’

Ercmsstr lungracllatl

c]cctrqn—lorﬁnfcrachons._

o S

ROSAT X-ra y iima‘ gc.'-Co.ma' _Clu gtc,. : ‘
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Clusters of Galaxics:

Gravntatlonal Lcnscs

A hlghly Promlslng method to
determine the amount ahd -V
distribution of .

Courtesy: - *
T. Broaglhurst et al.

o
matterin the unfvi:r:sé ‘ ;

looks at the wayit affect:
the tr_“'ajccto rit.;s aﬁ'} H :
Accordi ngto
Einsteins theory o
General Kclétxvrtg, :

grawtatw&l Pétcntlal wel
bendand fogus'hiht,D

concentrathns ac a‘a 3

A426 A 347 A 262

Declination (1950)

o y of 23"
A 400 Right Ascension (1950)  Pegasus

Fiéﬁ'cs—f’erscu-s Cha_mb . b W 'Z‘,ﬁ'?qm I&;nc m&sp’n{’;& survey,
5k B &qu_ne“i@ﬁ’éynés
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2 h Oh
A 400 Right Ascension (1950)  Pegasus

cm Il;ﬁe redshift suryey,
&oygne"i&ﬁégnés

AT 1

e

92



7/1/2009

Cos'mic Wcla & Clustcrs.

23h
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Sloan SDSS

s :
»
e w;‘, 3 | .
B g e iy | | 3 v
v ". | : : : 1 . . .
: . e La
: ‘ i |
‘ : . . |
l-/ | - . - -. - » -
"q | - . * o ‘.
. |
; | .. . ‘ |
ik | . é,
- : . . | |
| .

e i,

NOd’ést : Clustcrs
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T he C.osmic Web

NOJVCS:

The sPatial cluster distribution.

Tl-uc fullvolume of the X~ra3 cluster
REFLEX ciustcrsurveg within a
distance of 600h-! MPC. The REFLEX

galax9 clustcrcatalogue contains all
clusters brightcrtl-lan an X~ra3 flux of
3%10 ergscm™ overa !argc part of the in
the southern 5[43. The missing part of
hcmisphcrc delineates the region highlg
obscured by the Ga]axg.

RETFLEX: Boel’xringcr etal. (2001)
Courtcsy: Borgani & (Quzzo (2001)

Clustcrs

Clustcrs
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T he C.osmic Web

Thes atial cluster distribution
and relation to Cosmic \Web.

The green circles mark the Positions of

KEFLEX X»-rag clustersin the northern

and southern slices of the Las CamPanas
redshift survey (LCRS, Shcctman etal.
1996), out to a maximum distance of 600h-!
MPC. Unc‘cr’ging, in bluc, the gaiaxics in
the LCKS delineate a foamlike

distribution of Filaments, walls and voids.

REFLEX: Boc[—:ringeret al. (2001)
Courtesg: Borgani& Guzzo (2001)

Clustcrs

T he Cosmic Web

Clustcrs

7/1/2009
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The " Coma”

amongst voids:

- Pootes Void
d~50h"' Mpc

The Pootes Voi’r_:].

Pootes voidas revealed by the galaxy number space c!cnsity ind
sequence of five different recession ve ocity intervals in the
direction of the Bootcs constellation on the sky.

T_]'lc lowest contour rcPrcscnts a densitg cqual to 0.7 of the
cosmic mean, each I'Iigl'lcr contourrepresents a factor2 increase in

clcnsitg‘ Velocitg ranges (km/ s):
(@) 7,000-12,000 (b)12,000-17,000 (c)17,000-2%,000
(d) 23,000-29,000 (e) 29,000-39,000

Frame (b) c}carly reveals a largc voidin the galaxg ciistribution,
which turns out to.be rougl'l y 5P§1crica} inoutline.

From: Kirshncr etal. (I 987)
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SDSS Voids

SDSS Veids |

SDSS void near
very lonely galaxy:

sampled by
galaxies different brightness:
no difference
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Void Size & Volume
Void Size

Void size distribution

clcpcnc]ent on cosmology:

NI ALl e AL A R

PSCZ~Acpr

FFY PN FRES TS

Comparison FSCZ& models:

oS Dasiakos 200

PSCz—0gpy

B8
3]
4
2
g
&
4
2
B
8
4
s [
0

104 104 10*
V (h™® Mpc?) V (h™* Mpc®)

Supcrvoids KEL

Claim: supervoid in NVVS radio galaxy distribution
(Rudnick et al. 2007)

Possible link with cold spot WMAP:  ISW ?
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e
.‘4:,, i
/——ff// 71

1

2 'Voids exert a rcPulsing

\ clgnamical influence
ovérthcirﬂfpundings. ¥

R At N NN N

DTF&A?\ICIOC ¢ |
@ 4 AF . Romano- ) .-

1 o
PENENwST
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(comoving) [h75 Mpc]

20 30 40

T g

1

10 15 20

relative R.A. [arcmin]

(comoving) | g M pel

Various surveys are attemptingto trace
the large scale structure out to large

cosmic chths/rcdsl-liFts.

o |s cosmicweb truly universal

° What aboutthe scales of the web
(characteristic, !argcst structures, ...)

e F volution of Megaparsec scale

matter distribution.

Simulaﬁon of VIRMOS redshift

survey, web outto }arge redshift

Various surveys are attcmptingto trace
the ’argc scale structure out to ]argc

cosmic clcptl'ls/rcclsl'uhcts.

e |s cosmicweb truly universal

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

L] E_vo!ution oF McgaParscc scale

matter distribution.

Subaru Surveg: Amazing Promincnt largc scale distribution of Lgoc cmittingga]axics.

AFi]arncnt at redshift z~37

7/1/2009
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Various surveys are attemptingto trace
the large scale structure out to large

cosmic chths/rcdsl-liFts.

o |s cosmicweb truly universal ?

Declination (2000)

° What aboutthe scales of the web

(characteristic, !argcst structures, ...)

° E_vo’ution of Megaparsec scale

matter distribution.

18" 00° 45 30
Right Ascension (2000)

Ebcling etal. (2004):

A Fi]amcntarg structure in between two rich clusters.

1000

Dccp Pcncil beam survey (Broac“mrst et al):

A scmi—rcgu]arpattcrn of redshift sPikcs alongline of sig]”nt, indicatingt]’re passage of los. througlﬁ
shcets, filaments and clusters. Suggcstions for a characteristic scale of ~120h MPC shouldbe
ascribedto the 1 ~D character of the redshift skcwcrt]'!rough §~D structure.
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T he
ro hysical
eb

Gas in the Cosmic Web:

(UP to 90% of bargons outside galaxies and clustcrs)
- Neutral HI gas,seenin absorPtion Lyoc forest
~Warm/Hot Intcrgalactic Medium: Pl’\otolonxzcd i OA’Kgas
hocl-heated

7/1/2009
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Thc Gastrophgsical Web
—— ok i

Tl'nc Lyu forest:

H] gasin the intcrgalactic medium
closelg traces the clcnsitg fluctuations
in the dark matter distribution.

Q50 absorption lines arise due to
the line of sight intersection 1:73 the
Zutral hgclrogcn componcnt

i deasity absorption lines
associated with shedtsand filaments in

the “Cosmic Web”

mvmmwmmmwmmmmwm ﬂn ’4

460 4800 00 5600
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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

Z {h'Mpe)
2
|

PSC:z galaxy sam Ple:
Dcnsitg field
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(_osmic Migration Flows

(x" —x)

a / dxl (S_r/u/(xl- t )

‘X/ o x‘lﬂ
(158)

Z (H'Iape)

PSCz sample:
Corrcsponding vclocitg field
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igration Flows

|y

Mass JiPolc local (Iniverse
- density matter

<[5 nger of God”

Largc scale flowslead to
redshift distortions:

Thcscﬂows are Parl: of the asscmblg of
|argc scale structures, andreach largcst
values as matteris transPorI:ccl a!ong the
filaments into the clusters.

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

° Flattcningalongz as matterflows into
MegaParscc features(v< 600 km/s).

o [ xtensiondue to thermal motions
inside cluster (v~ 1000 km/s):
“]zingcrs of God®
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Web Dgnamics: Alignmcnts

Omcoutmostimportancc{:or
unc‘crstandingtl’rc dynamical origin of the
cosmicweb is that ogalignmcnts between
and around clusters of galaxics.

The presence of such alignmcnts isan
indication for the tidal origin of the
cosmic web with the clusters as the
dominanttidal agents.

T hisforms an essential ingredient of the

“Cosmic ch” thcorg of bond etal.

Work bg variousgroups, most notaiplg
Flionis and co”aborators, indicate that
indeed ciustcrs, and galaxics around
thcm, reveal signixcicant alignmcnts.

“lionis 2005

Cosmic Shear

&
(Gravitational Lcnsing
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Gravitational Lcnsing

A higl—:ly Promising method to determine the
amount and distribution of matterin the
Univcrse does not concentrate on the

D) in which Dark Matter affects

e the motions o{:galaxics and the
intrac]ustcrgas,

butinstead looks at the way it affects

o the trajcctorics of Photons.

According to [ instein’s thcorg ofzgencral
rclativitg, gravitational otential wells will
bendand focus light. ark matter
concentrations will therefore act

mustraﬁon:

Mass Passing in
front of bacl(ground
of galaxies,

distorti ng their

received images.
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Clustcrs:
(Gravitational Lensing

]nustration:

DcPcnclcnt on
whetherthe Iigl-lt
Es&cs within

instein radius or

* Strong Lensing:
nonlinear distortions
° Weak Lcnsing:

linear distortions

outside, we deal with:

QObserver

Non-Linear

Multiple .«

Images (. )

Arclets ~

<G |

<

Weak Shear < |
~

Linear

Cluster of Galaxies

Background Galaxy

Optical Path

‘Wave Front

-~ Multiple Images Arca

Gravitational 5trong Lensing

Strong Lens Geometry

x

_4AGM An(v])
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Clusters:
(Gravitational | ensing

. /
Stron'g | ensi ng Arcs:

* Abell2gig" .

.' z=0.175"

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

Clustcrs:
(Gravitational Weak Lensing

z . WcakLerxsiﬂng_: . >: . > %
. MSio54

. o z*‘&ﬁ one UF.thc Qh'és%z clustct;s
£ ;

WHQ Wpa‘(Lcnsir{gstudy.l?:g-

- Clowc etal K_ec“c
- Hoekstra et al'. HST

s 0
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(Gravitational \Weak Lensing

Lo 1-k 0 P,
T af; 0 11—k Y20

Magnification Shear

K — D o9
5 (@11 22)
1 .
T 5(”11 G’.aa)
T2 @12
) P
i an an
o o600 ;

114



7/1/2009

(Gravitational Lensing

1
K = 3 (@11 + @22)
1
mo= 5 (D11 — 22)
T = Qaz
&o
i1 = poam,
Lcnsing Potential
related to

Peculiar Gravitational Fotentia[

Clustcrs:
(Gravitational Lcnsing

T T T T
MS 7
gt Y UK
o A |\\,,._,_i
% A N N A
E R i S R
- . N _\-.\—tn_f,\;/|.—\———\i_
. z0‘85oneo)cthclﬂghestzclustcrs - N NN TN
S P B R N A A N A B B W S
. = T A A A IR Y
. Studicdby &D "‘”"““/"‘”'“‘3
E‘— AN N = = e 'a B
- Clowcctal. chk ‘ 7
E//‘
— -
- Hockstra etal HST § L ]
I
7zloo 71‘00 clj wclm 269

Relative RA ;/ orcsec

Shear map

115



7/1/2009

Clusters:
(Gravitational Lensing
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Clustcrs:

Comparison Lcnsing & X~ray

(M)

Projected Mass

10|5

10]4

103

10]2

Same substructure seen in

T T TR

|

~,

Tyson et al. 98
Broadhurst et ol. 00
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Ota et al. 04; ,#h, =
’ “
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s

weak lensing and X-rays

0.01

C.1

1 X-ray overlay on HST image

r (Mpc)

Cloo24+17

(Cosmic Shear
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the chz
Shear Distortions & Lensing

Although the cosmicsheardue to a
filamentis considcrab]g weakerthan that
of the ciusters, rcccntlg

succeededin maPPingthc filament
i between AZZZ and A§§§ onthe

Wl | basis of the measured lcnsing.

T his shows that filaments are shown to
bcgcnuinc dynamical entities.

L L
01"39™M00° 30° 38M00°
o (J2000)

Firstgcnuinc map
Largc Seale
Cosmic Dark Mattcrdistribution

bg means of wcak]cnsing:
Clcar]g visible is the Filamcntary
chlikc nature of the mass

Distribution.

Masscg etal 2007
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the chz
Shear Distortions & Lensing

T2 ANS
Right ascension )

TR S

]:irstgenuinc map
l_arge Seale
Cosmic Dark Matterc]istribution

bg means of wcak]ensing:
C|car!3 visible is the Filamcntary
chlikc nature of the mass

Distribution.

Masscg etal. 2007
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