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Large Scale Structure
of the Universe

Fossils of the
Cosmic Structure Formation process
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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

Primordial (Gaussian Perturbations
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(osmic Structure Formation

The gravity Pcrturbations induce
cosmic flows of matter. High densit
regions start to contract and Fina“g
co”apse, asscmbling more and more
matterfrom their surrounclings.

Bg contrast, as matteris moving out of
tl‘xem, low dcnsitg regions turninto
empty void regions.

Graclua”g, dcpendcnt on scale,we see
the emergence of cosmic structures.

Tl’xcsc dags we can simulate the
characteristics of the process tl‘xrough
Iargc comPutcrsimulations. Succcsmcu”
confrontation with the observational
rca]itg has given confidence in our
unclcrstanding.
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Mi"cnnium 5imulation
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~ Normal
galaxies

Modern
universe

1.009 07204
Age of the universe (billions of years)

Frnmo'rchal.Cond‘ltlonsg

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

» ~treasuretrove cosmologlcafl |nFormatlon

., >3
namics: -
~ cosmic vc|oc1t3 flows
~very di Fﬂcult mn Practlce duc to |arge unccrtalntles in distance
cstlmatc/rneasuremcnts of galaxncg and hcncc the cstlmatcd
dcvnatlons From HubHc expansmn s .
» L]
Mass Dlstnbutlan o M ; ’
-grav1tat|ona| Icnsmg of llg}‘xt by cosmic mattcr cllstnbutlon
~ v¢r3 Promlsmg,Just started to Hleld s:gnlﬂcant results ...
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Galax Dlstﬂbutlon
~ga axies suPPosca to‘)c a.?alr l‘C‘FI(‘.‘CtIOI’I of unc‘crlglng

cosmic, mattcr cllstrlbutl%n .

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

o o uasars&AGN , ey r

~ tracmg the |argc scale matter dlstrlbutlon orni 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 o7-8 K) ~ accurafe tracer Pq;cntla| cluster
. ~ easrlg obscrvch via X—rags

- . . ’

¢ Gascous COSH‘HC Web
& Baryonlc gas, traces the Cosmlc ch

LgOL forest nettral l‘ugclrogcn gas, mostlg at ]’ngl‘l b4
o Wl'"'HM s 2 shock l-leatecl gas settled ;n cosmic web

’

-

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

Structurc of Ga]zixnes e
- - Mass distribution galaxxes -
Interna| Phase-space structuré galaxg haloes

. s - '
p ) ;
B
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E_mbryonic Structure:

CMDB:
Rippling the Fhotons

(Cosmic Microwave Backgrouncl:

Discovcr_g

Y | Y N \
3 el 5 § '- \“ ,
7 \ | y
Va P B
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CMB Perturbations

e Asaresulto perturbations in

Metric Stretching
Gravitational Potcntia|

P}mtons cxpcr&cnce {:rcqucncy shift
o While travcﬂingtl-rrough Perturbation:

« Gravitational Redshift +
. (Kclativistic) Time Dilation

redshift

. Combincd effect:
Sachs~Woch E_\q:cct

Sachs-Wolfc E_ﬂ:cct

AT 1A
2 o

redshifll
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(_osmic
Mlcrowavc Backeground
2

L

|COISE (1992):

Accuratc measurement

Flanck sPcctrum CMB

First detection angular
N temperature Pcrturbations

(0 ~ 7°): Sachs-Wolfe effect

CODBE. (1992):

_rhrec instruments:
F]KAS Mat]-ncr
Fa r—ln{:rarcd Absolutc
SPcctroP]-lotomctcr
DIRBE: Hauser
Diffuse |nfrared background
. E_xPcﬁment
i DMR Smoot

Dhq:crcntial Microwave

Radiometer

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 Packground
2

WMAF (2o01):

Dctailcd map sub~dcgrcc
anguiar tcmpcraturc

Pcrturbations (6 <1°)

Angular FowerSpcctrum:
Precision Cosmologg

Map of the {_|niverse at Recombination E_Po:cﬂ\:
. 379,000 years after Bug Bang

. Subherizen Pcrl:url:ations: Pﬁmordi’atsaunc[waves
. AT/T <107
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Tcml:)craturc Anisotropics

TcmPcraturc Perturbations in terms of

Sphcrical Harmonics:

T(G, (1)) — z Aim Ylm(ea (1))

l.m

n  180°

o~ 7~

Tcml:)craturc Fcrturbaﬁons in terms of

Sphcrical Harmonics:

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

[.m

nt  180°

NN — NJ

[ [
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CMB Fowcr 5Pcctrum

Angular Scale
o 90 50 0
6000 2 : 05 o
E TT Power Spectrum
F WMAP Data 3
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(osmic Microwave background

o small riPPLes in
Primorc!ial matter & Photon Plasma
® gravity compresses
Primorclial Photon gas,
Photon pressure resists:
. comprcssions and rarefactions in photon gas:

—-—) sound waves

® sound waves not heard, butseen:
- comPrcssions: (photon) ’cempcrature I—uig[-uer

- rarefactions: ower

Angular Scale

90° 2¢ 0.5°
6000 — - .

5000 F

8
8
T

3000

I(1+1)Cy/2r (uK?)

2000 |

1000

(1+1)Cp2n (uK2)

L1111 1 I 1 L
100 500

Multipole moment (/)

_ RN
! 10
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Iclcnthcy structure and comPosition of the (Universe
- through detailed examination of the Pattcrn of overtones on the

Func‘lamcntalﬁcqucncy

~much like using them for a music instrument

Obscr\/cc‘l Frcqucncg spectrum consistentwith imqationarg origin:

- sPcctrum of cosmic sound has harmonics at

Without irnqation, fluctuations should have been

gcncratcd at intermediate times

T]’vis would have c‘]cstroyccl the harmonic structure of the Pcalcs

(lilcc clriuing holesinan ongan pi oe)

M USiC OF tl"lc Total Angular CMB Spectrum

modulated by combination of several eﬁ:ects,

the Frimary Perturbations

. . 1 . .
e potental rluctuabions,
I

. . Lo s
vr‘.HJ—KH,'_;’f‘[‘f’”!l-]!!‘ ins

as the corresponding Potential fluct.

enterhorizon and startto col!apse
%) Irl'rv ‘.;:"I'I'Y""'I Sach
Damping en Smaller angles — Potential Perturbations:

]

Cox - Farly|5\W: matter/radiation at recomb.
Potential env.

cxpansion influence curvature

Power (AT/T)?

& cosmological constant

1
ir:’rrlr‘r per turbations

) logl
A Qo Qpl?
. o ® LateISW

s e T
&= & Barly TaW 7) .'_'_nl! ]_d)qruE'm;’_

vclocit3 fluct. accompanying Potentia' Pert.

* .
¥ s o——— Eff. temp.
¥ + @ ---e Doppler

radiation damping of fluctuations
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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.

24



T he Cosmic We

i

Galaxg Sun/cys:

Luminosity
Function

7/1/2009

25



Galaxy Survcgs

o (Galaxies, Groups, Clusters & Superclusters:
Tracers of Structure in the (Jniverse
o discrete tracers of underying density field:
N(X) < (%)
e [air or Biased Tracer ?

Galaxg SUFVCHS

o |deal Samplc:
- all samplc Points have cxactlg the same ProPcrtics
over comPlctc “survcg volume”
e However ...
galaxics have different luminosities, sizes, etc.:
- systematic influence on distribution as function of
c‘fjcpth

- do galaxg Propcrtics clcPcncl on environment ?

7/1/2009
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Galaxy Survcgs

e Various selection criteria:
+ magnitudc—-limitecl
+ angular diameter — limited

J Galaxy distribution as tracer cosmic structure:
+ rcquircmcnt to understand selection (/J(rﬂ,go,v,T):
sampling rate of galaxics at
distance r
skg position 0,0
Frequency v

ga]axy tHPC T

e Most convenient and best controlled:
+ selection on basis luminosit brightness

Largc varictg of galaxies
~ ranging rom dwarfs to giant c”iPticals
-~ largc range of luminositg/brightncss

Luminositg distribution:
dn(L) = o(L)dL
number of galaxics with luminositg

[L,L+dL]

FS. Luminositg distribution ED dcpcnd on various
galaxy Propcrtics, such as morphological type

27



5chccl1tcr Luminositg Function

\/crg gooc] aPProximatc cxprcssion for the
galaxy 1uminosit3 distribution:

o Schechter | uminosity Function:
Y

o

. L
o(L)dL=¢"|

° Faramctcr‘izcd by 3 Paramctcrs:
P*: normalization dcnsitg parameter
L. characteristic luminosit3
a: faint-end sloPc

Schechter Function

Luminosity Function Estimates for 221K 2dFGRS

T 1 1 1
0.3, A,=0.7 at z=0 3o normalization, zeropoint and

-1r (z+62%)/(1.0+8.92%%) evolutionary uncertaintiesr= ~—; 7]
—_
T i
ap
E
@
1
9]
;' i
o STY Schechter:
= M.-5log h 19.739 a 1.16 ¢.=0.0153h*Mpec=3
s
& —4 |- Schechter convolved with magnitude errors 1
— .
& convolved with errors, ---- deconvolved
= M.=5log h=-19.725 a 1.18 ¢.=0.0148h*Mpc—2
~ 5L +0.067 +0.02  +0.0008h3Mpc-3 A

N.B. ¢. values are nol corrected for the A\
approximately 9% incompleteness in the 2dFGRS parent catalogue \
_6 L 1 L
-14 -168 -18 =20 -22

M, — 5 log, h

7/1/2009
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Schechter Luminositg Function

e Mean space densit gal’s:

n(L)dL = mj¢(L)dL =4 £ s“eds = ¢'T(a +1)

e Mean | uminosity (from cosmic volume)
9

(L) = ijqﬁ(L)dL =¢'L, f s e ds = ¢" LT (cr + 2)

Schechter Luminositg Function

e 2d[FGRs luminosity function:
M. =-19.725
a=-1.18
¢* =0.0148 Mpc™

Briglﬂt Galaxics determine the luminositg (stars>
in a cosmic volume 111!

29
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5urve3 Dcpth

e Most galaxg surveys defined bg

aPParcnt magnitudc limit mj;.,

. A” galaxics having an apparent brightncss highcr
than that corrcsPonding to m;_ areincludedin
survey

. DcPcnds on

~intrinsic brightncss/absolutc magnituclc M
~ (Iuminositg) distance dL
(- k~correction: shift galaxg spectrum as function redshift z)

. Absolutc Magnitudc <—>APParcnt Magnituclc
M =m-5logd, (z) -25-k(z)

Survcg Dcpth

e [For a survey with magnitucle limit my;

o Atdistance dL (MPC) one can see galaxics
brightcrthan:

M=m, —5logd, (z)—25-k(z)

lim

* SUI’VCH DcPth clsur:

distance out to which one cansee an

M* galaxg:
logd,,, =0.2(m,, —M)+5+0.2k(z)

30



Suwc3 Dcpth

Depth Survey

Increasing number
of galaxies because
of

increasing volume:

N(z) dz o« z2dz

1000

0 0.05 0.1

Redshift z

Diminishing number
as only galaxies
brighter than M, can
be seen:

sampling the
exponential fall-off
of Schechter function

Survcg Dcpth

ACDM PSCZ+NGB mock catalog

d,,: [0-30], [30-55], [55-70], [70-85], [85-100]h~! Mpe

Theoretical Example:

Galaxies in PSCz
catalogue, at
different depths

7/1/2009
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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)

32
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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

33
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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.
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The APM Galaxy Survey

Maddox et al

Maf)s of the

| oca

(niverse
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| ocal Views

REDSHIFT REDSHIFT 3 SOUTHERN
0- 999, 77 ~%

\ )
-
°
P
/
/

closer than 200 kmv's to
each other) shown by Sipping.

Tong Faira"’s nearbg LSS map: ]___oca] SuFercluster clcarlg visible at v< 999 km/s

REDSHIFT SHELL REDSHIFT SHELL &
5000 - 5999 [l 4000 - 4999, 7

0 '/

seulPToR
Voo

Large - scale
Struciures (galaxies

closer than 200 k' 1o

each othes) shown by stippling

Tong ]:aira”’s nearby LSS map:  at cz=5000-5999 km/s clearviews of

local cosmic web
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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

37
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ZM ASS survey
ZMAss all—-5|<3 survey:

ground-bascd near-infrared survey whole skg,
J(1.2 pm), H(1.6 pm), K(2.2 pm)
ZM ASS extended source catalog (XSC)

1.5 million galaxics

unbiased samPlc ncarbg galaxics

P]notometric redshifts: dePt}w in 2MASS maps,

“cosmic web?” of (ncarbg} suPcrc]ustcrs spanning
the entire skg.

2MASS “Cosmic Web

Loolcing around us we alreadg see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate C osmic Vicinitg.
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2M A55 .'C;c?smic ch

" (lb) 19 ! Jo ‘ _, 1
2MASS XSCz
0<z<0.01
\ [~

Loolcing around us we a]reaclg see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinitg.

2MASS (":gémic Web

-
.::Lf". £,
(lb) ES N AN
IMASS XSCz R Sl —A
SRS A <
0.01 <z<0.02 - ?@':\ L R

Loo[cing around us we alrcady see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate C osmic Vicinitg.

7/1/2009
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2M A55 GOS@C Web

N ’A_"\' S '4“’“_ r .-.' ‘
S \‘:'& X "?ﬁt!& ; \ I‘rw.— e ;‘.‘v. R <

Sy L al vy
N W R TED R W (WA
2MASS XSCz < > \ g S P
0.03 <z <0.04 SR R -
== = =

]_ookingarouné us we a]reacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinitg.

2M A55 gosmic Web

]_oo[cing around us we alrcadg see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate C osmic Vicinity.

7/1/2009
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2M A55 Cosmic ch

2MASS XSCz
0.04<z<0.05

]_ookingarouné us we a]rcacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinitg.

2MASS Cosmic We

2MASS XSCz
0.05<z<0.06

]_oo[cing around us we alrcadg see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate C osmic Vicinity.

7/1/2009
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2MASS XSCz
0.06 <z<0.07

]_ookingarounc{ us we a]rcacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinitg.

ZMA55 C?smic Web

o Ko,
N
ST

el

2MASS XSCz
0.07<z<0.08

]_ooking around us we alrcadg see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate C osmic Vicinity.

7/1/2009
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2M A55 Cosmic Wéb

2MASS XSCz
z>0.09

Loolcing around us we a]reaclg see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinitg.

rge Scale Structure in the Local Universe

Corona Borealis Bootes
Supercluster (0.072) Supercluster
(0.061) Coma Cluster (0.023)
Virgo Cluster (16 Mpc)

Leo Supercluster (0.032)
Shapley Concentration (0.048+)

Hercules
Supercluster (0.037)
Ursa Major Sugercluster
(0.058)

Ophiuchus % | \ 3
Clus[t’er (0.028) 2 X 2 o X Centaurus Cluster (0.02)
Abell 634
Cluster (0.025)

Abell 569
Cluster (0.019)

Orion Molecular

Taurus Molecular
Cloud

Perseus-Pisces
Supercluster (0.017+) ML
(1 Mpc)
Fornax Cluster (20 Mpc)
Hnrom?lum
Pavo-Indus Supercluster (0.067)
Supercluster (0.015)

Pisces-Cetus
Supercluster (0.063) iy Way
Center

Sculptor Supercluster (0.054)
Legend: image shows 2MASS galaxies color coded by redshift (Jarrett 2004);
familiar galaxy clusters/superclusters are labeled (numbers in parenthesis represent redshift).
Graphic created by T. Jarrett (IPAC/Caltech)
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Galaxy
Redshift Survcys

Galaxg Redshift Survcgs

e [or obtaining 3D maps of the galaxy distribution:

measure 5Patia| location o{:galaxics:
- position on the sky (a,0)

- distance r

o Determination real distance r omcgalaxg very
cumbcrsomc, rcasonablg accurate estimates only

for ncarbg gal’s

. Common aPProximate method:

cxPloit fHubble cxPansion of the (Universe
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Galaxg Redshift 5urvcgs

p
/\ﬁ-m — /\U

_ a(tobS)
/\obs — a(t(?,-m) )\U

You're receding
N N

Buipaoal ai.no,

Galaxg Redshift Survcgs

. Hubblc Expansion:

galaxg at distance r

has redshift z
(c: vcl.light; [H: Hubble constant)

o Redshift of galaxics can be much more casily
determined than distance:

Galaxy Spcctrum

45



[ Galaxg Rcdshi{:’c Survcys

———

/ .'"W\"’\A"ﬂ P A A \_A,..—M,JL
3 MLV‘,*‘W A # Y "“v"M Y
aoiiil?

p M‘Vrh V)' T *\\)M"'ﬂf’.ﬂ’ﬁ" e iry JL_—*%“
"J,'l A
o W] y
M{ i “'\(A.«rny,-m\ﬂ\‘.u,.la‘t‘-w»wr-m.'ﬂw.\,\__.w o == X9
S

(MWWMW”““‘"““\W*J' e S

bt
'\'\'\“‘W”‘Mw -vll‘—-q.-nm isag -
) ‘W

S

1 . 7 A (A R | PR S I : P | PR s J

4000 5000 6000 7000 8000
Wavelength (Angstroms)

Examples of redshifted galaxy spectra

MaPPing the ( Jniverse

de LaPParcnt,Gc”cr, and Huclﬁra (Y?Sé),
ApJ.302,1 1
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Keclshh(‘t SPacc Distortions

Redshift Distortions

e |n rcalitéj, galaxics do not cxactly follow the

Hubble How:

|n addition to the cosmological ﬂow, there are
loca”g induced vclocitg comPoncnts in a galaxg’s
motion:

CZ = Hr+v,

the galaxg’s Pcculiar vclocitg Voec

° As a rcsult, maps on the basis of galaxy z donot
reflect the galaxics’ true sPatial distribution
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Rcdshi{:’c Distortions

Origin of Pcculiar velocities:

three regimes

* very high—clcnsity virialized
cluster {core) regions:
“thermal’ motion in cluster,
up to > 1000 km/s

“F’ingcrs of God?

. co"aPsin ovcrclensitg
(Fo rming juster):

i mqow/ infall velocitg

d Largc scales:
(lincar,c.]uasi-lincar) cosmicﬂow,
manifestation of structure growth

Redshift space:

—= L)

Squashing effect

Real space:

Linear regime

Collapsed
Turnaround
Collapsing Finger-of-god

Fingers of (God

€z = Hrclust

Galaxy velocity /

component along
line of sight

= 21 deg

T

D

l before - ¥

“finger”
transformed
into gaussian

sphere

Coma Cluster :
2=0.023 (6900 km/s)
390 sources modified

7/1/2009
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Fingcrs of (Hod

(lusters of galaxics:

Mass: 10'*-10'" M,
Radius: ~ 1.5 Mpc
Overdensitg A~ 1000

Thcrmal vclocitg: ~ 1000 lcm/s

|nternal cluster ga|ax3vc|ocitics
visible in Projcction a|ong line oFsight

—_— "Fingcr of God”

< 21 deg. —>

before ',

Abell 3558
z=0.048 (14,400 km/s) °
279 sources modified

“finger”
transformed
into gaussian

sphere

Nonlinear |nfall Pattern

(a)

REAL SPACE

REDSHIFT SPACE

Clustcr ]mca”:

Matterin surroundings f:a"ing
in onto cluster: -

«infallvelocities up to 1000 l(rn/s
radia”g dcchning:

«velocities decrease as distance
to clustercentre increases -

—T—T—T T

. 1Froj ected radial vc|ocit9
unction oFang|c & distance
wrt. cluster centre.

. triPlc~valuc region redshift space;
~within turnaround radius,
a Particu|ar redshiftz
may corrcspond to?% spatia|
Positions

radial velocity

98000

@
=]
o
=3

7000

6000

PN Ty TR o o O T T P

PETETEE BT

(U

140 145

150
distance

155

160
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Nonlincar ln{:a"

Cluster C austics:

Three-value region clusterinfall:

Fr:{jection onto restricted cone~sl13ped
redshift space regions around clusters

E nclosed within caustic surfaces

Position caustics dePendent on Q

radial velocity
~
S
(=]
S

o [ETTTITTTII TR
ot bl il el ed

2 4
6 (in degrees)

=Ty

P e |

aaada il

ST AT SIS R R R N W Ol 1 P 1
° 1

o

o [degrees]

Largc 5calc Flows

Largc~5ca|c Flows:
*On large (MPC) scales,

structure formation
stillin Iincarrcgirnc

« Structure builc’up
accompanicd
173 displaccrncnt of matter:
~Cosmicflows

. Dircct|3 related to
cosmic matter distribution

o|n Princi le possible to
correcttorthis distorbion,
je. to invertthe map ing
fromreal to redshi space

« Condition:
entire mass distribution v(
within volume should

bc maPPCd

i

H ()

b

(ot

. (X —x)

a /(lx’ Ogat(X' 1) ———=
|

XI . xl.i
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\
J
20 REAL-SPACE REDSHIFT-SPACE Jao
Largc~5calc Flows: :
Theinduced |arge scale 1
Pecuharvelociﬁes translate f
into extra contributions to 0 ¢ 3 : —o
the redshift of the galaxies J
Compare g 1 §
« | » = 9
realspace structurevs. = g
“redshift space" structure g =
(=3
g g
8 x
g b
0
SELECTED

Magnitucle vs. Volume | imited
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Magnituc]c VS. Volumc limited 5urvegs

e Two different sampling approachcs for ana|35is sPatial structure from

galaxg redshift cata|oguc:

. Volumc»-limitcd surveys:

~ uniform sPatial coverage, including all galaxics within volume to clcPtl'l d,

~ a”ga|axics with an absolute brightncss > survey limit M,
M, =m,, —5logd, —25-k(z)

-~ ciiminishing samplingc]cnsitg & sPatial resolution
as one wishes to include |argcr volume (cxcluding all ga|axics M>M5)

J Magnitudc-limitcd survey

- include all galaxies with apparent magnitudc brigl'lter than m,
- assures oPtimal use of sPatial ga|ax3 cataloguc
- atthe Pricc of an non-uniform sPatia] coverage &

diminishing resolution towards higl'\cr dcpths

44.5°

8.5°

16 h 8

The CFA2
redshift survey

(Nortl'icm Hcmisphcrc) s T l

.} 101 Mpc/h

B edshift:

V=eCZ ~ Hr + vy

A magnitu&c-limitcd saml:-lc,
m< 5.5
N =493% galaxics

[igure courtesy: V. Martinez

7/1/2009
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4450 r—

8.5°

16h 8

The CfA2
redshift survey

(NOrl:hem Hcmisphcre)

L

<101 Mpc/h

A volume-limited samp]c,

M< 15.5 ~5log(DE) ~ 25 ~ Kz
N =905 ga[axies

Photometric Redshifts

53



Photometric chls]'ui{:ts

o ]nstcad of measuring the clcctromagnctic spectrum of the galaxics in
asurvey,one may geta good estimate of the redshift on the basis of the

Photomctrg and colours of the objccts.

COMBO-17

+4

A
»‘J v

I

|
|
|

i » o/
L L_.._,x‘.,-,,;_;_l.l;._;.
4 X 1 2 |

. o 1000

1600 1800

Photometric Redshifts

Fractica] ImPlcmcntation:

. Fhotomctric redshifts
determined 133 Fitting to

standard SED

(SED: spcctral energy distribution)

. Takinginto account:
~ sPcctral typc
- rcclclcning
~ Lymana’ forest (lﬁigh z1)

~filters

°Accurac3 (typical):
~Az ~ O.1

/H\])(‘I‘Z oy

magnitudes
Y

photometric errors
hypercube

5 spectral types
51ages
reddening
Lyman forest
redshift steps
convolution with filters

Y
expected flux

limiting magnitudes

galactic dereddening

observed flux

3
o (o) -
P S
o
SpT A Pi2) SED iompiste

widely used Hyperz package

7/1/2009
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Photometric chls]'ui{:ts

Fhotomctric chshi&s 1,8 — :;‘?L}‘;g‘ ’v?q( kql| :.:)’:‘vo.:(‘,l -1
1.6 Location of the Lyman
chl’mic‘ucwidc'y 2 Break for a galaxy at z=1
used for identifying 2.2
highzobjccts 210
.—:' 08
ForcxamPlc, =
break result — N
Lyman reak results 2 _W ~V
FU 8 1
in 0.2 NuvV v
0,0 l
2000 4000 6000 8000 10000

°
FOUV-NUV drOPouté (Burgarella et al.) Observed Wavelength (Angstroms)

(1400-1800 A)
o - ---
FUv B v |

bclow the Lyman break at 91 ZA, hydrogcn absorbs galaxg |ig|1t

NUV

Photometric Redshifts

Fhotomctric Rcdshi&s:

°Accuracg (tgPical):
-Az ~ 0.1

. Accuracg highcras

morc bancls are USCd

. Bancls to be chosento
take into account
5Pcctral characteristics/|
features

ceg. low z: uv still

weak Point
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Survcg Gcomctrg

[ 5urvcg Geomctrg

Fractical | imitations

- |imited tclcscopc time
- | imited detector sensitivity

. How to oPtima”y samplc
structure in (Jniverse ?

. Dcvisc survey gcomctry that
reveals OPtima| amount of
|nformation on clucstion at hand

- Patterns galaxy distribution
-Distribution l-ligh~clcnsit9 Pcaks
~Dcnsit3 ]:iclcl

| —

Slcy | ocation
2-D | CRS survey slices

7/1/2009
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5urvcg Gcomctrg

Survcy Gcomctry:
«Slice Survcys:

~thin striPc on slcy

~very sensitive to reveal
patterns galax3 distribution

* Pencil-beam surveys

~very narrow regionon sl(y

- very deep

-~ strategy to Probc largcst
structures

~ structure at high z (carly timcs)

Sky |_ocation
2-D LCRS survey slices

Survcy (seometries

Examplcs of
5|icc Redshift 5urvc35:

From

CfA2-2dFGRS-SDSS

7/1/2009
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[ Survcy Gcomctrg

Survcg Gcomctrg:

'Sparsc SamP|e:
~ samPIing dcnsit3 field

~onscales> i A ¥
intcrgalaxy distance PR o o e
. ]:u”-sky surveys £ T
- necessary to Probe ; % e
” . . A st
clgnamlcs cosmicregions i 8 A
PO e 25

Galaxg
Redshift Survcys:

Overview

7/1/2009
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|'|T| T IIII|'|T| T III|T|T| T III|T|T| T III|T|T| T IIII|T| T IIII|'|'| T IIII|T!_ Comparlng
1 = #5055 < Galaxy/Cluster
C 1 Redshift Surveys
- »2dFGRS 1
ZMRay gBdF
@ 108 ma SLSE—0%0, .
a c W 1 “Sensitivity”
3 - 4DOEEP  GNIRMOS 3 e
[ ] - -
- i Lops® w2dFAS0 i Extent
— P=Cz"
10 - =
5 F CNDEE..ILI';;% :
B Cfal .
i Cfaa E5F7 gpor, i
SoRL® S—pAPHt
105 | "RSa wAPh —cluEtar -
- REFLEX" -
bhd vovvowd vl o vevowd vl vvowl vl v

1 103 100 107 1008 | - 5 LN PS L
Yalume [h? Mped)

The largcst structures in
LCRS are much sma“cr than

the survey size

LCRS

¥

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

7/1/2009
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.

221414 galaxies
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all
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<
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70]

Pisces—Cetus
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SDSS survey

]__argcst and most systematic (digita] ) sl(g survey in
historg of astronomy.
]magcs skg in5 Photomctric bands 111t
own to aPParcnt magnitudc r~2%.1
Covcrs ~25% of the skg: 8452 sq. dcg.
V}\!ith ZJFGKS, the SDSS will Producc the most extensive map of
the

spatial structure of our cosmic ncighbourhood.
Mi”ion galaxies subscqucntlg selected for measuring redshiftz:
elcctromagnctic spcctrum

To’cal:

slcy survey; 10%stars, | Osgalaxies, 107 quasars
spectroscopy: 106 galaxics, 10° quasars, 107 stars

SDSS survey

Spccia" dedicated
2.5m wic‘?:~ang|c ’cclcscopc

’
Apachc Foint Obscwatory (Ncw ]\,M):ico)
’
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SDOSS survey

Aims to samplc 25% of the skg:
DR7 - 8423 sq.deg

Photometric system 5 filters:

A
354
476
628
769
925

Dri{:tscan mode
-5 filters:
-30CCD c’-n'Ps, 5 rowsof 6
-S/N~5
-CCD c]—niP: 2048x2048 Pixels
120 Mbyte

Spectroscopg
~up to 640 (fibers) per recording

~ Pernig]-lt 6-9 recordings

Aims to samplc 25% of the skg:
DR7 - 8423 sq.deg,

Photometric system 5 filters:

A
354
476
628
769
925

Driftscan mode
-5 filters:
-30CCD chips, 5rowsof 6
~-S/N~5
- CCD chip: 2048x2048 pixels
120 Mbyte

Spcctroscopy
~up to 640 (fibers) per rccorc‘ing

- Pcrnight 6-9 rccordings

7/1/2009
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5~co|or

Camera

30CCD
chips

Fiber
Spectrograph

SDSS survey

SDSS Data Rc]casc7 (2008):

SDSS chacy lmaging Skg Covcragc: SDSS chacy 5Pcctral Skg Covcragc:
842% sq. dcg. 80%2 sq. dcg.
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SDSS survey

SDSS DataRelease 1-7 (2000-2008)

DR7
DRS

DR14+DRZ4+DRE3

SDSS Legacy lmaging Skg Coverage: SDSS Legacy SPectral Sky Coverage:
8423 sq- cleg, 8032 sq- deg,

(,b)

P ¢

2MASS XSCz s, _ 4
SDSS o -

comParisor;— 2MASS
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SDOSS survey

. lmaging:
230 million objccts

. Spcctroscopic (Redshift) survey:

magnitude [imit:
galaxies: (Petrosian) r < 17.7
quasars i<19.1/i<20.2 (z> Z.Zv)

ol:jects: 928,567 galaxies
109,862 quasars z<2.3
8,802 quasars z>23

VOID_D1

5+323240.8 J100842.44+511623.9

VCID_03
J102819.23+623502.6

.5

VOID_0g

J135535 46+503041.2

VOID_10 VOID_11 VOID_12
J1400324.40+551515.1 J142418.41+522208.3

[voio_14

0.6 J154452.18+382845.6

7/1/2009
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Thc E_lcmcntsz
Clustcrs
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:o: . \’..E. - :' ?... ‘. ;.. .

’.
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(Clusters of Galax_i’cs |

. - ‘ %4 o "' "
. Asscmblics; of up to é 00,0},' s

aradius of ‘or;lg I

Courtesy:
O. kopez-Cruz

. Coma Cluster
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Outstancling
relation between cosmic
environment and galaxics:

. Dcnsitg—MorPhologg Rclation

e Dense regions (clusters):
carly~t3pc galaxics
(c"iPticals, SO,)
| ower Dcnsity areas:
latc~typc galaxics
(sPirals, irrcgulars)
. ]:rom clusters to voids
o reflectionof effects
galaxg interactions

7/1/2009
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Clustcrs oF Galaxncs .
X—-ray mtraclustcr gas

Baryonic maiﬁ' ' h Coma Cluster
cc:méj ined to ga

about 2 to 5 ti

in the Form ox’!a‘-

RQSATX.rgyj;_m;ga(;b.mé__clu_s,’;c}«_. ;

.
CL 0016+1609 Abell 665 MACS J1149.5+223

CL J1226.9+3332 Abell 1689 +Abell 1914
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Clusters of Galaxics: |

Gravntatlonal Lcnses

A ]—ng}-lly Promlsnng method to \ o Courtesy: * *
determine the amount ancl A 1, . T. Broaghurst et al.
distribution of ’

matterin the (J‘nivs:r-sé 8-
looks at the way it aFFocté o
the tra)cctorlcs of Phgt !
Accorc]lng to P
Elnstcm s thcorg fol -
Gcncral Kclat:vrtg

grav:tatnonal Potcnhal wc“fa \m b

bend and Foc;,ushght Dark mai:ber q. .

conccntratlons act aga " : :
B R "_

(Gira ita EJfJ;}chi_gEfD e

_— . - s
-

Clustcrs of Galaxncs
Dar‘c Mattcr.Ma »

A I—nghlg promising method to
determine the amountanc}

distributionof o ' 3

mattcr in the Univérs
looks at the way it aFFccﬁs, -5
tl-:c'trzycctoncs of P]'rotc; __ 
Accorc}%to : &
Emstcm‘éthcon;ﬂof i
General Kclabvxt& ', N ? ‘." i

ravntatlonal Potc r‘mal w‘cﬂs wa“ 5
Ecncl and focus 1151% Da’ﬁ mattcr ;

_conccntratlongactasa o

(_ ravitation u”‘ en:
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C ustcrs'o Ga:amcs

Abell 1914 z=0.1" CLCO16+16 z=0.54 M31054-C321 z=C.83

(olliding:
bu"ct Clustcr ;
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Thc E_Icmcnts:
Supcrclustcrs

Supcrclustcrs

Largc groups of cluste E (Lclozens)
M ~1015.10'6 I\AO

L ~ few-100 MPC

irrcgu[arshapcd

'f':' mild ovcrdansitg A~few
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Superciuster&

[ inastoeta amP]
S \L](‘“ow\ and

Abe[[ c]ust( rs kw}ﬂte\

Abell 9012~ . TR e R i | : Abell901b!

Abell 902 : < ¥ onnn el 17 ChERE s SWCroupJ

Abell 901/902 Supercluster Dark Matter Map = STAGES
Hubble Space Telescope = ACS/WFC

NASA, ESA, C. Heymans (University of British Columbia), M. Gray (University of Nottingham), and the STAGES Collaboration STScl-PRC08-03

7/1/2009
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Thc E_Icmcnts:
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Voidsin the

R SR ¢ 5D55 rcdshiftsuwcg :
Ol e | IR R i) b, RS [ErErrTT———
200 300 400
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SDSS Voids ‘

SDSS void near
very lonely galaxy:

0.545

0.54

0.535

0.53

0.525

0.52

0.515

0.51

sampled by '
galaxies different brightness:
no difference

Tl'nc Y Coma”

amongst voids:

3 bootcs Void
d~50h! Mpc
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The Bootes \/oi’d.

Pootesvoid'as revealed by the galaxy number space c‘cnsitg ind
sequence Of five Vdigcrcnt recession velocit3 intervals in the
direction of the Bootes constellation on the skg.

T]‘lc lowest contour rcPrcscnts a dcnsitg cqual to 0.7 of the

cosmic mean, each highcr contourrepresents a factor2 increasein

dcnsitﬂ. \/clocitg ranges (lcm/s):
) 7,ooo—r_z;ooo (b) 12,000-17,000 {c}17,000-2%,000
(d) 2§,ood.29,ooo (e) 29,000-39,000

Frame (b) clea rly revealsa largc voidin the galaxy distribution,
which turns out to.be rougHH 5Phcrical in outline.

From: Kirshneret al. (1 987)

Void Hize & \/olumc

Void Size
Voicl size distribution
dcpcndcnt on cosmoﬁosg:

MEA AL e Al e R d il =]

#F1 P FEPS TS

PSCZ—Tepy

Comparison PSCz & models:

sl i lus

D asiakos 2

PSCz-Acpu

PSCz-0gpy

ON b DD NSO NS D

Q Bulaloalud

104 100 104 100
V (h=® Mpe®) V (h=® Mpc?)
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SuPcrvoids KE£4

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

Possible link with cold spot WMAP:  ISW ?

Void Dgnamics:

v
|

‘1 '{/oigis exerta rcPulsing ‘ o= W
‘Q\ dynamical influence : o X of
= Ogﬁ*hcfrmeyﬂ&ﬂgsn_‘ ; oos B % O

1] . ~ density & veloci
(£ 4 . ‘ 1z y . Romano-

St
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(Cosmic Web

,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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 Wallsand Filaments

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

Mool

A 347 A 262

Declination (1950)

2 1 Q
Right Ascension (1950) Pegasus

-
2.1 emline redshift survey,
L1 Giovanélli & Hagncs
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=]
e
i
2
3
Ly
a]

.
Fnsccs-rcrscus Cham,

21 em line redshift survey, Glovane“i, Hayncs etal.

C . ]
= - o o o aa —]

C Do ”m-ﬁa o . ' om:??"egn“ § ia e, O

Cw oy o W a2 g q =

8000 e P - S
F 2 L. £

£ C Py 3 Rs“’” &“‘ﬁm =Wt g e ?g'@& % £ oy |
i - " p i oo ? PR Ty
5 e000 = B e g el et s L]
- “dﬂ& a% % LT 5 0 g e
[ Fa ﬂo“as o Ei LI L &og?“s uy
4000 [ &P o es ® pig—|
C ° @ . "a *

2000 [~ ® 2 © . —
C 9 "B @ &g C :o
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.~ TheCeosmic Web

NOCJCS Clustcrs

Nodes: - Clusters
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A426 A 347 A 262

Declination (1950)

2 " of
A 400 Right Ascension (1950)  Pegasus

'Z‘.i'_'_qm l_;nc réclshiﬁ suryey,
: @oy_qneni&‘f’fé Bnés

]h

2 0
A 400 Right Ascension {1950) Pegasus

-

Fis;:'cs«f’crsc ué Chz_nnb #

S 'Zli’?qm ]!i;nc r'cdshiﬁ survey,
o7 &OYa.ﬂemﬁﬁéynés
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Cosrh Wﬁb & Clustcrs

2 0
A 400 Right Ascension (1950)  Pegasus
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osthié;ch & Clustcrs-

Nodeés: | Clusters
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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 Cam ELET
redshift survey (LCRS, Shectman etal
1996), out to a maximum distance of §00h-!
MFC‘ Underlging, in bluc, the galaxics in
the LCKS delineate a foamlike

distribution of Filaments, walls and voids.

REFLEX: Bochringcr etal. (zo01)
Courtcsg: Borgani & Guuo (2001)

Clustcrs

T he Cosmic Web

Clustcrs

7/1/2009
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Thﬁcosmchcb
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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

deasity absorption lines
associated with shedtsand filaments in

the “Cosmic Web”

1400 4601 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

7/1/2009
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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

7/1/2009
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(_osmic Migration Flows

AR
\ e e

N
AN\
\

PSCzsample,
MaP Dcnsity & Flowfield

N
A SR NN

\
AN\
A\

FSCZ sample & ZMASS skg
Flow around Local Group

o ] B
44 . HE
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(_osmic Migration Flows

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®

7/1/2009
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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])

7/1/2009
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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

7/1/2009
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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 ;
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(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
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Clusters:
(Gravitational Lensing

|
-y
o
[=]

]
MSio54 s :
g L
e 2z=0.8% one of the higfwcstzclusters Eo f: E E
+ Studiedby 2 % ' Z
- Clowcctal. chk l E?- "§
~ Hoekstraetal. ST =l :
R T el
Reifian R omees
( lustcrs:
Gravntatlonal Lcnsmg
. .i -0.25
g 100 i
5 | o2 _
S o | 5
E E 16.15
2 1
B} |
i
|
i
i

—200

-200 —100 0 100 200 300
Relative RA (arcsec) SLB 02-Mar-2000

110



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

-

-
Ota et al. 04; ,#h, =
’ “

’

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

]: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

I Ha AN Aes WS
Right ascension )
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