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Large Scale Structure
of the Universe

Galaxy Surveys

Galaxg Surveysz

Luminosity
Function
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Galaxg Survcgs

° Galaxies, Groups, Clustcrs&SuPerclustersz
Tracers of Structure in the (Jniverse
e discrete tracers of underlging densitg field:
n(X) <> p(X)
e [air or biased T racer ?

Galaxg Survcgs

¢ Ideal Sample:
- all sample Points have cxactlg the same Propcrtics
over comPlcte “survcg volume”
e [However ..
galaxies have different luminosities, sizes, etc.:
~ systematic influence on distribution as function of
dcpth

- do galaxg Propertics chcnd on environment ?
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Galaxg Survcgs

e Various selection criteria:
+ magnitudc-limite&
+ ar\gular diameter - limited

. Galaxy distribution as tracer cosmic structure:
+ requircment to understand selection lﬁ(rﬂ,(p,v,T):
samPling rate of galaxics at
distance r
skg position 0,0
Frcqucncg v

galax3 tch T

° Most convenient and best controlled:
+ selection on basis luminositg/brightncss

Largc varictg o{:{jgalaxies
-~ ranging rom dwarfs to giant c”iPticals
-~ Iargc range of luminositg/brightncss

Luminositg distribution:
dn(L) = o(L)dL
number dcnsit9 omcgalaxics with luminositg

[L,L+dL]

F5 Luminosit9 distribution may chcnd on various
galaxy Propc:rtiesJ such as morphological type




SChec]ﬂtcrLuminosit Munction
v,

\/crg goocl aPProximate exPression for the
galaxg luminosity distribution:

. 5chccl1tcr Luminositg Function:

(LY -L/L
o(L)dl =¢7| -~

%

° Faramcterizecl 133 3 Parametcrs:
P*: normalization dcnsitg parameter
L. characteristic ]uminosity

a: faint-end sloPc

SCheclﬂtcr Function

Luminosity Function Estimates for 221K 2dFGRS
T T T T
0.7 at z=0 30 normalization, zeropoint and

(z+62%)/(1.0+8.92%%) evolutionary uncertaintiesr= —~

‘QU -
]
E
T
9]
ED" .
- STY Schechter
- M.—5log h 19.739 « 1.16 ¢.=0.0153h3Mpc?
~
% -4 Schechter convolved with magnitude errors: I
‘—; convolved with errors, deconvolved
0 I —Eloo M5 _ 4 3] =3
g” M.-5log h 19725 a 1.18 ¢,=0.0148h*Mpc \
~ _5t +0.067 +0.02  +£0.0008h*Mpc-? h _
N.B. ¢, values are not corrected for the \\
approximately 9% incompleteness in the 2dFGRS parent catalogue \
— 1 1 1 \
-14 -16 -18 —-20 -22

M, - 5log, h
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Schechter Luminosity Function

e Mean space densitg gal’s:
(n)=[#(L)dL=¢ [ s ds = #'T(a +1)
0

- (Gamma function: T'(z) :J.tz e”'dt
0

- Notice: c]ivcrgent if a<-1
(infinite contribution faint ga]’s)

e Mean Luminositg (from cosmicvolumc)

(L) = j Lo(LydL = ¢'L, | "s'“Ve*ds = ¢"L. I (e +2)

Schechter Luminosity Function

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

bright (Galaxies determine the Iuminositg )
in a cosmic volume 11!
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Survcg Dcpth

e Most galaxg surveys defined bg
aPParcnt magnitudc limit My

. A” galaxies having an apparent brightness higher

than that corrcsponcling to my,, are included in
survey

o DcPcncls on

~intrinsic brightness/absolute magnitucle M
- (luminositg) distance dL

(- k~correction: shift galaxy spectrum as function redshift z)
o Absolute Magnitudc <—>APParcnt Magnitude
M =m-5logd, (z) -25-k(z)

Survcg Dcpth

e [For a survey with magnitudc limit My

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

Mjm =My, —5logd, (z) —25-k(z)

° Survcg Depth dsur:

distance out to which one can see an

M, galaxg:

logd,, =0.2(m,, —M,)+5+0.2k(z)
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5urvcg Dcpth

Depth Survey

f

Increasing number
of galaxies because
of

increasing volume:

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

N(z) dz o« z2dz

sampling the
exponential fall-off
of Schechter function

1000

0 0.05 0.1 0.15

Redshift z

5urvcg Dcpth

ACDM PSCZ+NGB mock calalog

d,,- [0-30], [30-58), [55-70], [70-85], [B5-100]h"! Mpc

Theoretical Example:

Galaxies in PSCz
catalogue, at
different depths
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5‘(3 MaPS:

WOI"ICI a" 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 clustcr)
® asymmetry between north and south:
many more galaxies on northern sl(g
° consPicuous concentration a]ong aline
running tl—rrough richest nearby cluster,
the Virgo cluster:
o The Supcrgalactic Plane
(First identified bg de Vaucoulcurs:
the Plane of ourown Local Superclustcr)
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The Local Superclustcr

End-on View of the Local Supercluster:

e QOur] ocal GrouP finds itself
' ol ' : located at the outer region of

a large suPerclustcr region,

Cluster

~— Planet
Earth

o the “Local Supcrclustcr”,

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

e centered on one rich
cluster, the Virgo cluster

~ Hydra I
Cluoster

Polar View of Local Supercluster: Our Local GrouP finds itself
located at the outer region of

a large suPerclustcr region,

the “Local Supcrclustcr”,

El Iargc flattened mass

concentration ~ 10 h-! Mpc
;. in size,
1Y

Centanrus Cluste firge ster Ilg‘a':}et CCntCI"Cd onone l"lClT
arth

cluster, the Virgo cluster
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Sl’lanc-Wirtancn map:

On the basis of the Shane-
Wirtanen counts,

F.J.E. Peebles produced a
map of the sky distribution of

1 million galaxies on the skg:

° Clcaﬂy visible are clusters
e hintof Filamcntarg 1.5S

features, embeclcling clusters

J 5&3 map:
2x1 Oégalaxics
17<m<20.5
. Unimcormly defined
. 5&3 region: 4300 sq. deg.
185 (JK Schmidt Plates, 6°x 6°

° ]rarge inl’xomogcneitics, hints of weblike patterns, with
clusters at densest rcgions.

10
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The APM Galaxy Survey

Maddox et al

s of the

Locaf ( Iniverse

11
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Local Views

NORTHERN REDSHIFT [l REDSHIFT
=2 T 0-999.. 0 - 999

Tony l:airall’s ncarbg LSS map: Local Supcrclustcr clcarlg visible at v < 999 km/s

NORTHERN P L - REDSHIFT SHELL REDSHIFT SHELL
i A Z 5000 - 5999.... Jl 4000 - 4999..._

r

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

local cosmic web

12
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Thc chsmi; ch

MAS: ed Sources ...

14.0 mag
el

Looking around us we alrcadg see the unmistakable signatures of an intriguing
foamlike matter distribution in our immediate C osmic Vicini’cg.

]dentity of | ocal Structures a]ong local C osmic Web.

ASS Local Universe ~ +90°

13



ZM A55 survey
2MA55 a”~5l<3 survey:

ground-bascd near-infrared survey whole skg,
JCi.2 pm), F(1.6 um), K(2.2 um)
2MA55 extended source catalog (X5C)

1.5 million galaxies

unbiased sample nearby galaxies
P yg

Photomctric redshifts: dcpth in 2MASS maps,

“cosmic web” of (nearbg} suPcrclustcrs sPanning
the entire skg.

2MASS ‘Cosmic Web

2MASS XSC

Looking around us we alrcacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinitg.

1/8/2015
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ZMASS h_gc‘)smic Web

- 14 ‘h.
A
NE
£ 4 s
i (k) ! o I ._ o
-
. P
2MASS XSCz + ‘
0<2<0.01 .
\J

Lool(ing around us we alrcacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinitg.

2MASS ngmic Web

4,;

ol

5 o e
If {
o
(1b) & |
B B ﬁ 0
2MASS XSCz MR s TN | . - W
0.01 <2 <0.02 WS A S

Lool(ing around us we alrcacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinitg.
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2MASSH gosmic Web

3 2 ) _\\.‘;

_{.,-.,V ﬁ:g’”’ g Na R 1

e e A J ¥ i e W I WO U g
i A & P P .. & G &

2MASS XSCz B X
0.03 <z <0.04 S

T,J'
RN
\

Lool(ing around us we alrcacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinitg.

2MASS ’go‘smic Web

Lool(ing around us we alrcacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinitg.
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2MASS Cosmic Web

Lool(ing around us we alrcacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinity.

2MASS Cosmic Web

0.05<z<0.06

Lool(ing around us we alrcacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinity.

1/8/2015
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0.06 <z<0.07

Lool(ing around us we alrcacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinity.

S
S e

ZMAS\?:COS@C Web

E . g X N
S\ M
N R
.‘.'\v B .-_"i}:_
'V"'?-\{l."éa‘-
IMASS XSCz o
0.07 <z<0.08

Lool(ing around us we alrcacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinity.
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2MASS Cosmic Web

2MASS XSCz
z>0.09

Looking around us we alrcacly see the unmistakable signatures of an intriguing

weblike matter distribution in our immediate Cosmic Vicinitg.

Large Scale Structure in the Local Universe

Taurus Malecular
L=

Perss
Superciuster (0.

Leg
familiar gal

1/8/2015
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Galaxg
R edshift Survcgs

Galaxy Redshift 5urvegs

e [Tor obtaining 31D maps of the galaxg distribution:

measure sPatial location o{:galaxies:
~ position on the skg (@,0)

- distance r

e Determination real distance r owcgalaxg very
cumbersomc, reasonablg accurate estimates on|9

for nearb als ...
Yy 8

. Common aPProximatc method:

cxPloit Fubble exPansion of the (Jniverse

20
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Galaxg Redshift Survcgs

You’re receding
N N

Ar)r’m - )\rm

A’ T ;r\_n

BuipaoeJ ai,noj @

Galaxy Redshift 5urvcgs

o Hubble E_xpansion:

galaxg at distance r

has redshift z
(c: wvel. ]ight; [H: Hubble constant)

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

Galaxg SPcctrum

21



1/8/2015

[ Galaxg Redshift 5urvcgs

—

o\

m “ﬁl“f"ﬂ -\"L‘H‘\.‘I-‘“\lruq‘r'.lﬂi”-*-‘")“-"\" S e T JLJL_.-".
v‘w

P"r‘d e \-'I"IL\\.T e e PR - e
W“*!’l

ileede ww-d ey,
hﬂmwm e

WWMW rl![ R

e

4000 5000 BO00 7000 8000
Wavelength (Angstroms)

Examples of redshifted galaxy spectra

MaPPing the (Jniverse

de LaPParcnt Geller, and Huchra (1 986),
ApJ;302, 11
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Rcdshhct SPace Distortions

Rcdshhct Distortions

e |n realitg, galaxics do not cxactly follow the

Hubble flow:

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

CZ = Hr+v,

the galaxg’s Pcculiar vclocitg Voec

° As a result, maps on the basis of galaxg z do not
reflect the galaxics’ true sPatial distribution

1/8/2015
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Redshift Distortions

J

Origin of Pcculiar velocities:

three rcgimcs

* very higl-n—clcnsity virialized
cluster (core) regions:
“thermal® motion in cluster,
up to > 1000 km/s

“Fingers of God”

. co”apsing ovcrclcnsity
({:orming cluster):
inflow/infall velocitg

. Largc scales:
(inear, quasi~lincar) cosmic flow,
manifestation of structure growtl-»

Redshift space:

— O

Squashing effect

Real space:

Linear regime

Collapsed

Turnaround

Collapsing

Finger-of-god

Fingcrs of (God

CZ = Hrclust

Galaxy velocity /

component along
line of sight

—— 21 deg —P

T

D

l before ..

“finger”
transformed
into gaussian

sphere

Coma Cluster :
z=10.023 (6900 km/s) -
390 sources modified

1/8/2015
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Fingcrs of (God

(Clusters of galaxies:

Mass: 10'*-10"" M,
Radius: ~ 1.5 MPC
0verdensit5 A~ 1000

Thermal vc|ocit9: ~ 1000 km/s

fnternal cluster ga|ax5 velocities
visible in Projcction a|ong line of sigl'rt

—_— “]:ingcr of God”

4—— 21 deg —

“finger”
transformed
into gaussian

sphere

Abell 3558
2 =0.048 (14,400 km/s)
279 sources modified

Nonlinear

]mca” Fattcrn

Clustcr ]rnca”:

Matterin surroundings Fa"ing
in onto cluster:

« infall velocities up to 1000 km/s
radia"y dec|ining:

« velocities decrease as distance
to cluster centre increases

. ro_jcctccl radial vclocitg
Ev’_lnction ofang|e & distance
wrt. cluster centre.

. tn'Plcf-va|uc regjon redshift space:
- within turnaround radius,
a Particular redshiftz
may corrcsPond to3 spatia|
Positions

{a)

REDSHIFT SPACE

REAL SPACE (b)

8000 SN L B B A LR

A BARERERE

radial velocity

T

PV SIS I NP

=

PETETIT ICA

140 145 150 155
distance

160

1/8/2015
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Nonlinear |nfall Pattern

il [i
9000 —
Clustcr Caustlcs: E 3
28000 — -
3 E 3
Three-value region clusterinfall: 2 C 3]
* 7000 - =
_— . 3 r ]
Fro ection onto restricted cone—shaped k1 - ]
AJ ) ) £ 6000 -
redshift space regions around clusters - ]
5000 |- -
E nclosed within caustic surfaces i PRI I ST S S (S S S
a 2 -]
@ (in degrees)
Position caustics dePcndent on Q
12000 ———— —r—T T T T

PFINIPE NS e el B P e

La rge Scalc f:lows

La rgc-Scalc I:lows:
*On |argc (MPC) scalcs,

structure formation
still in linear regime

* Structure builclup
accompanie
l:y clisP|accmcnt of matter:
- Cosmicflows

. Dircct|y related to
cosmic matter distribution

eln Princi le possible to
correctfor this distortion,
ie. to invert the map| ing
from real to redshi space

*Condition: _ H f(Q) o i (=)
entire mass distribution vix,t) = ———a dx l‘.,...‘l x' t) —
within volume should dm b . |x" — xJ*
be maPPccl

1/8/2015
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N\
J
a0 REDSHIFT-SPACE Jan
La rgc—-Scalc Flows: U R
Theinduced large scale 1
Pecu|iar velocities translate
into extra contributions to 0 o
the redshift of the galaxies
ComPare g 1 5
“real sPace” structure vs. E g
. =
sredshift sPace” structure _'.i' -
g 30 — a0 g
g &
o —0
SELECTED (b)

Largc scale flows lead to
redshift distortions:

Tl—wcsc flows are Par’c of the asscmb]g of
largc scale structures, and reach |argcst
values as matter is transpor‘tcd a|ong the
filaments into the clusters.

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

° Flattcning along z as matter flows into
McgaParscc features (v < 600 km/s).

o [ xtension due to thermal motions

McSa Pa rsec ‘HOWS

inside cluster (v ~ 1000 km/s):
“Fingcrs of Gocl"

1/8/2015
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Magnitu&e vs. Volume | imited

Magnituclc vs. Volume limited 5urvc55

o Two different sam ling aPProacl'ucs for analgsis sPatiaI structure from
galax3 redshift catalogue:

. Volumc~limitcd surveys:

~ uniform sPatial coverage, inclucling all galaxies within volume to clcpth d,
~ a"galaxies with an absolute brigl-]tncss > survey limit MS

M, =m,, -5logd, —25-k(z2)

~ climinislwing samPling clensity & sPatial resolution
as one wishes to include Iargcr volume (cxclucling all galaxies M>M5)

. MagnitudeJimitcd survey

- include all galaxics with apparent magnituclc brightcr than m,
-~ assures oPtimal use of sPatiaI galaxg catalogue
- atthe Price of an non-uniform sPatial coverage &

diminishing resolution towards lwigl'lcr c]ePtlws

28
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44.5°

850 L
16 h )

Thc CFAZ

redshift surve

(Northern Hcmlsphcrej s ‘

\ 101 Mpcth

Redshift:

V=CZ ~ HI + Ve

. )A magnitudc~|imi’ccd samplc,
e ig°
N =4933 galaxics

Figure courtesy: V. Martinez

44.5°

8.5°

16N 3

Tl’le CFAZ
redshift survey

(Northern Heml,sphcrc) -‘: . '

e

L.
A

A volume-limited sample,

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

29
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FPhotometric Redshifts

[ FPhotometric Redshifts ]

o |nstead of measuring the clcctromagnctic spectrum of thcgalaxics in

a survey, one may get a goocl estimate of the redshift on the basis of the
Photomctrg and colours of the objects.

COMBO-17 +4

BV

30



N
Fhotomctrlc R edshifts
J
Fractical ]mplcmcntation: /Hl\]]“rz o
magnitudes ; e
» Photometric redshifts om0l e
determined bg {:itting to b
v reddenin,
standard SED g peniots
(SED: spectral energy distribution) convolution with filters
v 1
o Tai(ing into account: observed flux expected flux
-spcctra| type %= E.’/ Fa - BFn(d Y
- reddenin i . /
- Lymana' forest (higl'l P2) vV
-filters 2, (2)= \: M,
age“j// | \ \ Pl )
o Accuracg (tgPicaD: spT SED fhrend
“Az ~ oo “ g
widely used Hyperz package
N
F notometric R edshifts
J
Fl‘\otomctric Recls[’!if:ts 1 jn | =1 ::?tflcl:‘ri\’npqt:u:?vo:lo) -1
1.6 | ocation of the Lyman
chl‘\niquc wiclclg i { :‘:hrdk for a qa:n-‘r ot z=1
uscdforidcntifging 212
highzol)jccts 20
5 o8
Forcxamplc, & aad
Lyman break results oj‘ ‘ﬂwﬁ-\r"
Fu B 1
in o » Jnuv " ’ !

0.0 *
2000 4000 6000 8000 10000

FUV-NUV dropouts (Burgarellzll etal)  Observed Wavelength (Angstroms)

(1400-1800 A) B R o e [ |
o -n---
FUV NUV 3] Y 1

bclow the Lyman break at 912 A, l'iyclrogcn absorbs galaxg ligl‘ﬂ:

1/8/2015
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Photometric Redshifts

FPhotometric Redshifts:

-Accurac9 (typical):
-Az ~ 0.1

. Accuracg l‘uigl':er as

more bancls are USCd

. Bancls to be chosen to
take into account
spcctral characteristics/

features
°eg. low z: (,let:ll i R AT
wcal( Point 0 1 2 3 4 5 € T 0 1 2 3 4 H 6 T
21 odal Zwadal

Sur\/cy Geomctrg

32



| Suney

(Bcomchy

Practical |_imitations

~ | imited tclcscopc time
~ Limited detector sensitivity

o How to oPtimauy samPlc
structure in ( Jniverse ?

o Dcvise survey gcomctrg that
reveals oPtimal amount of

[nformation on qucstion at hand

- Patterns galaxg distribution
-Distribution high-clcnsitg Pcalcs
~Dcn5it3 Field

5145 |_ocation
2-D LCKS survey slices

| Suney

(Bcomchy

5urvc3 Gcometrg:
*Slice Sur\/cys:

- thin striPe on skg

~very sensitive to reveal
patterns galaxg distribution

 Pencil-beam surveys

~very narrow region on s|<3

~-very deep

~ strategg to Probc largcst
structures

~ structure at high z (car|3 times)

5145 |_ocation
2-D LCRS survey slices

1/8/2015
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5urvcy (seometries

]:_xamplcs of
Slicc Redshift 5urvcys:

From
CfA22dFGRS-SDSS

5urvcg Gcomctr9

Survcy Gcomctrg:

-SParsc Samplc:
- samPling clcnsi’cg field
-~ on scales >
intcrgalaxy distance

. Fu"-skg surveys
- necessary to Probc
clynamics cosmic regions

1/8/2015
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Galaxg
Redshift 5urvc-:35:

Overview

Number of sources

2

E

m‘ T ||um] T IlllT"] |i||m1_1‘rmnq_mmqm1q_
— «00D5S .
- «2dFGRS -
= SDS5-0s0,
- JDEEP  VIRMOS 3
B 2dFOS0 .
- LCRS® * 4
E CNOc2, 2 3
B Cfa2* _HIEASS 5
i CfA. == opor, i
SSRS* S—APM®
- *RSaA aAPM —clustar -
- REFLEX® .
bod o vvond ool vl vyl sl il 3 v

?

10°  10° 107 10 10®  10© 100
Yolume (h~3 Mpe?)

Comparing
Galaxy/Cluster

Redshift Surveys

“Sensitivity”
VS.
Extent

1/8/2015
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the survey size

T]”IC |argcst structures in

LCRS are mUCh sma”cr tl‘lal’!

LCRS

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

1/8/2015
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S 2dfF Galaxg Rcdshift 5ur\/cg o
: ; & N\ Uy
final release | AT
. . o
;¢ - .‘ 1 /
- : 221414 galaxies
(From Co”css etal. ZOO})

Shapley

Horologium—Reticulum

Pisces—Cetus

1/8/2015
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SDSS survey

Largest and most systematic (digital ) s|<3 survey in
l‘iistorg of astronomy.
]mages slcg in5 Photometric bands !
own to apparent magnitude r~2%.1
Covers ~25% of the skg: 8452 59 clcg.
With 2dFGRS, the SDSS has Proc’ucecl the most
extensive map of the sPatial structure of our cosmic neighbourl'aoocl‘
Million galaxics subscquent13 selected for measuring redshift z:
electromagnctic sPcctrum

Total:
slcy survey: 108 stars, 108 galaxies, 107 quasars
spectroscopy: 104 galaxies, eX quasars, 107 stars

1/8/2015
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SDSS sunvey

SPCCIa" dedicated
2.5m w1£€~anglc tclescope

Apache Fomt Observatory (New Méxnco)

/
4

Alms to 5amplc 25% of the skg
DR?7 - 8423 sq.deg

Photometric system 5 filters:

A
354
476
628
769
925

Driftscan mode
-5 filters:
-3%0 CCD cl'ups, 5 rows of 6
-S/N~
-CCD chlP 2048x2048 Plxc|s
120 Mbyte

Spcctroscopg
~up to 640 (Fibers) per rccordmg

~per nlght 6-9 rccorc]mgs

1/8/2015
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Alims to 5amplc

DR7 -

SDSS sunvey

25% of the skg:
8423 sq.deg,

Photometric system 5 filters:

Driftscan mode
-5 filters:

A
354
476
628
769
925

-30CCD cl’vfps, 5 rows of §

-S/N~s

-CCD chiP: 2048x2048 Pixc|s

Spcctroscopg
~up to 640 (Fibers) per rccording

120 Mbyte

~per night 6-9 rccorc]ings

Fiber
SPcctrograPh

1/8/2015
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SDSS survey

SDSS Data Kelease 7 (2008):

SDsS chacg ]maging Skg Covcragc: SDs8S l_cgacg SPcctral 51<3 Covcragc:

8423 sq.deg. 8032 sq.deg.

SDSS survey

SDSS DataRelease 1-7 (2000-2008)

DRY

SDsSS chacg lmaging Sky Covcragc: SDSS chacg SPcctraI Skg Covcragc:

842% 5q. clcg. 80%2 sq. r:lcg.

1/8/2015
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60 -
@ sr>087 @ 097sSF>095 0.9555F>0.80 @ 0.9055F>0.50 @ 0.505SF>0.00
KIAS VAGC.:
value added galaxy catalog
40 |
o 20 r
©
|
&0
%)
o
—
=
U -
—20
- 1 1 i i 1 1 i i 1 1 i 1
40 60 40 20 o -20 -40 -80

Aldegree]

e " 2 -

e

SDSS alactic region

[RALY. s o 210 240 11

2MASS XSCz
SDSS

| A

comparison 2MASS
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Messier 33

Galaxy Survey

Distribution of g_alakies_ _
nearby Univ

weblike .flhgree of galaxies,
pervasive network.of filaments

Southern Galactic Cap

Distribution of ala>4‘e§_.ﬁ1 he'.
nearby Universe:

weblike filigree of galaxigs,
pervasive network of filaments

Northern Galactic Cap

o

Northern Galactic Cap

1/8/2015
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. lmaging:
230 million ol:?jects

. SPectroscoPic (Redsh rvey:

rnagnitucle limit:
ga|axies: (Petrosian) r <17.7
quasars i<19.1/i<202 (z>2.3)

ol:fjects: 928,567 salaxies
109,862 quasars z<2.3
8,802 quasars z>2.3

WOID_01 VOID_02 VOID_03
J100642.44+511823.9 J102250.68+561832.1 J102818.23+623502.6

valo_o4
J103506.47+550847 5

JOS3T07.48+323340.8

VoID_08
J132718.56+503010.2  |J135113.62+453500.2

\VoID_10 VoID_11
1140034 404551 J142418.41+523208.3 1 T+524400.6

VOID_14
J154452 15+3682545.5
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Clusters of Ggla)aes

L]
i hales : .
g . 5% Y5
* oA ; . N
- < . .
e E '
; . . §
o e T .
. .
» .
.
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Clusters of'Galaxies

Codrtesy:'
O. Lopez-Cruz

' | ComaCluster

Studying (jh_lst

ers

L
i
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Clusters OffGa;IaXies

Clusters of Galax1es. '
X-ray 1ntraclu9ter gas

ROSAT X-ray image Coma Cluster
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CL 0016+1609 Abell 665 MACS J1149.5+223

CL J1226.9+3332 Abell 16389 «Abell 1914

Cluster Mass:
X-ray intracluster gas

. et . Coma Cluster
Hydrostatic Equilibrium: . 0520 keV

GM(r) __P»;BT dlogp dlogT
dr * dr

T2 LT

Determination Mass from X-ray observations:

-assumption:
Isothermal: T(r)=T,
-density profile:

X-ray emission Bremsstrahlung: L(r) ~ p(r)>

ROSAT X-ray image Coma Cluster
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Clusters of Galaxies:
Grav1tat10nal ‘enses

Clusters:
Gravitational Lensing

- k. W

Geometry of Gravitational. Lenses
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Gravitational Lensing:
Einstein Ring

. »

J120540.43+491029.3 J125028.25+052349.0

» ‘& @

J162746.44-00 7. J163028.15+45 J232120.93-093

Einstein Ring Gravitational Lenses
Hubble Space Telescope - Advanced Camera for Surveys

C1A), and the €

Gravitational Telescopes:
Weak vs. Strong Lensing

Cluster of Galaxies
Observer

AGM d,,

_ Background Galaxy
E 2
c® d.dg

Multlple .

Two kinds of lensing:

Images “ .
»
e Strong Lensing: e~
Optical Path
< GE Wesk Shear b Wave Froad
- nonlinear distortions N Maltiphe Emages Area

- multiple image

*  Weak Lensing:

020 Cluster Mass determination:
>0

. 3 . Weak Lensing: Linear Inversion Distortion Field
- linear distortions

. Strong Lensing: Complex Modeling density distribution.
- sheared images

non-trivial
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Weak Gravitational Lensing

Weak Grav1tat10nal Lensmg
MSlo54

¢ z=0.83, .

one of the highest knt)wn z -
clus'ters.

Wak Lensing studany o
- Clowe et al Keck -

- Hoekstra‘ét,%l. HST
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Clusters of Gallax’ifes:
Dark MatténMap
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SUPcrclustcrs

3 l‘gﬁ

- 10P-10'6 ,\/L
cew~ 100 f\‘lor
gllléjl' 'IJP@&J

‘10\’6[‘(?1@(151’1’9 .A""{'(A /

JPerclustera

inasto et al. sample

|

ya bell clusters \white

L

components in the pen
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Abell 901a

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

Large Scale Structure in the Local Universe

Taurus Mole
“loud

Legend: image 5
familiar gz

58



Nature Vol. 300 2 December 1982 407

REVIEW ARTICLE

Giant voids in the Universe

Ya. B. Zeldovich’, J. Einasto” & S. F. Shandarin®

* Institute of Applied Mathematics, Moscow A-47, 125047, USSR
t Tartue Astrophysical Observatory, 202444 Estonia, USSR
# European Southern Observatory, 8046 Garching, FRG

Recent observations indicate that most galaxies are concentrated in superclusters consisting of
galaxies, and clusters of galaxies, aligned along strings. Giant volumes exist between superclusters
which are almost empty of visible objects. Theories of galaxy formation predict the formation of
non-spherical superclusters and giant voids. Large-scale structure changes very slowly, so the currently
observed structure reflects the whole history of galaxy formation and structural evolution.

Zeldovich, Einasto & Shandarin 1982: st

First linking of observationally visible |
void regions and the theory of .
cosmic structure formation.

1/8/2015
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First Voids

RIGHT ASCENSION (1950)
z'oc” 12'30"™ \z‘f;w"
T T

Gregory & Thompson 1978:
redshift survey of Coma/A1367 supercluster region revealed existence of large
near-empty regions of space.

Bootes \oid

Kirshner, Oemler, Schectma_n, Schechter (KOSS) 1981, 1987

the canonical
void

. Bootes Void
d~50h-1 Mpc

1/8/2015
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Bootes Void -

The Bootes Void.

Bootes void as revealed by the galaxy number space density
in a sequence of five different recession velocity intervals in
the direction of'the Bootes constellation on'the sky.

The lowest contour represents a density equal to o.7 of the
cosmic mean, each higher contour represents a factor 2
increase in density. Velocity ranges (km/s):

(a) 7,000-12,000 (b) 12,000-17,000 (c) 17,000-23,000
(d) 23,000-29,000 (e) 29,000-39,000

Frame (b) clearly reveals a large void in the galaxy
distribution, which turns out to be roughly spherical in
outline. 1

From: Kirshner et al. (1987)

Voids & the Cosmic Web

deLapparent, Geller & Huchra, 1986:

“a slice of the Universe”

Voids appear to be an integral part of
a complex weblike arrangement of
galaxies
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Distance. b
o 5 10

Karachentsev etal.

LV catalog:

galaxies within 10 Mpc reveal
beautifully the magnificent

Local Void — Tully Void

6dF based
catalogue

of 526
visually identified
voids.

1/8/2015
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Bootes Void: Substructure

HOOTES SUPERYOID

VIRCO EUPERVOID

Platen et al. 2009

Einasto, Saar etal. (1990s)
- Superclustering in Abell/APM clusters catalog
- Finding of characteristic scale ~140 Mpc,

corresponding to large voids in the cluster
distribution

Reflex II cluster catalogy (Bohringeretal.)
reveals same population of voids in cluster distribution

(see talk by Collins).
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DTFE density & velocity field
(Romano-Diaz & vdW 2007)

Voids exert a repulsing dynamical
influence over their surroundings.
PSCz:

HI Ly absorption systems clearly

delineate voids
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Supergalactic Z (millions of light-years)

150

=
(=1
S

v
t=1

o

1
u
=]

Push of the Local Void

& r:t"’ : ,‘t).'d_. .
LR T
: ,( Lv-North

/
[ 1

-100 -50 0 50 .
Supergalactic ¥ (millions of light-years)

Our motion with the respect to galaxies in
the Local Supercluster Tullyetal. 2008, ApJ, 675, 184

Tully et al. 2008:

Local Void pushes with ~260 km/s against our local neighbourhood

Void Dynamics: Local Void

SGZ (Mpc)

(2dW) X085

SGZ (Mpo)

1
S o

SGZ (Mpc)

SGY (Mpo)

SGY (Mpc)

%]
S
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Voids:
Identification & Catalogues

Voids are not easily defined

not as cleanly & objectively identifiable objects as clusters
range of criteria & identifiers,

often conflicting see Colberg et al. 2008

increased interest due to cosmological/dark energy
information contained in voids

Catalogues:
- Fairall 2006 by eye
- Panetal. 2012 Hoyle-Vogeley algorithm

- Sutter et al. 2012 Watershed/ZOBOV multiscale

SDSS Voids
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SDSS Multiscale Watershed Void Catalog

Sample: dim2

50 ,
-300 -200
x [h"" Mpe)
=515h" Mpc * R=2545h"Mpc *
R=1525h"Mpc *

300

Survey possible supervoids by
Granett et al.

Claim: supervoid in
NVVS radio galaxy distributio
(Rudnick et

1/8/2015
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Nexus Filaments

* Nexus identification of filaments (blue)

« Identification on the basis of 6 different
physical characteristics of the cosmic mass
distribution:

Density - Velocity Divergence
Tidal field - Velocity Shear
Log(density) - Nexus+
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Declination (1950)

A426 A 347 A 262
|

2 0
A 400 Right Ascension (1950)  Pegasus

21 cm line redshift'survey,
_Giovanellig Hayhé&s

1/8/2015
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Canonic example of a strongly flattened supercluster consisting of
sheet-like central region, dense filamentary boundary ridge
Relative proximity (d ~s55h™ Mpc),

Characteristic & salient filamentary morphology;,

Favourable orientation.

Northern boundary: ridge south-westward of Perseus cluster (A426)
Dimensions Ridge: s5h* Mpc wide
s50h? Mpclength; possible 140h™ Mpc extension

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

o0

40

Declination
CALT T
s '

30—

- N
_ Aoan ¢ , 1 o L&
Pisces-Perseus Chain
21 cm line redshift survey

o

€000

Veloaity

4000

2000

lIlIlIlIllnﬂdrlllIlIIIII\

-
™

L
Right Ascension

70



Spine of the Cosmic Web

galaxy — 5| R

filament projection

S
40

survey galaxy =

351
35 40 45
yA
451
* Additional Analysis Step: N 40F
projection of filament galaxies a5 [

to Medial Axis of Nexus/MMF filaments

1/8/2015
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Nexus:

Walls &
Filaments

Cautun et al. 2012
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ALB0%

-

Largest Structure

Sloan Great Wall Local Universe
~ 300 x 150 Mpc

Nexus:

Multiscale Morphology
Identification
Cosmic Web Elements

Walls

Cautun et al. 2012
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S« Chustek Nodes

—_—t

31.25 Mpc/h

y

Cosmic Web f_l"heor)-f' (Bond g’ﬁl 1§96):

| Clusters. are the nedes that weave the cosmic tapestry:;

Tidal (gravitational) force field_ genergited by clusters,
responsible’foranisotropic collapseinto filaments and
walls. g _ A W TR TR

1/8/2015

75



1/8/2015

~ Cluster Nodes

76



1/8/2015

Millennium 11
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Cluster Nodes & the Web

A42e A 347 A262

Declination (1950)

2 0
A 400 Right Ascension (1950)  Pegasus

Pisces-Perseus Chain; 21 cm line redshift survey,

Giovanelli & Haynes
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Cluster Nodes & the Web

h

4 3 2 1 0 h 22
A 400 Right Ascension (1950)  Pegasus

Pisces-Perseus Chain; 21 cm line redshift survey,
Giovanelli & Haynes

0
o) Pegasus

21 cm line redshift survey,
Giovanelli & Haynes

1/8/2015
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Cosmic Web:
Gas

r

BT s b
‘ 1 *) ‘ (‘ '..' )*'

Universe:

Constrained
Simulation

. ’ % v » o~ 4
R g @entaurug”™ Virg
Gas Distribution - ¥ .

oourtesy:
Klaus Dolag
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The Gastrophgsical Web

(has in the Cosmic Web:

(UP to 90% of bargons outside galaxics and clustcrs)
- Neutral Hl gas, seenin absorption: Lya forest
“Warm/Hot ]ntcrga]actic Medium: Plﬂotoionizcd 1ot K gas
shock-heated 106 K ¢as (X-rau)

Thc Gastrophgsical Web

Thc Lyoz forest:

]_'” gasin the intcrgalactic medium
closcly traces the dcnsitg fluctuations
in the dark matter distribution.

QSO absorptlon lines arise due to
the line of 5|gl1t intersection bg the
névécal hgdrogcn componcnt

Low column c'u\sity absorption lines
associated with shedts-and filaments in

the «“C osmic ch”

.‘_

1/8/2015
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the Gaseous Cosmic Web

Hubble Spac

the Gaseous Cosmic Web

SZ detection of
Inter-cluster bridge/filament

in between clusters
A401 and A399

ESA/Planck collaboration

1/8/2015
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Dark Matter
Cosmic Web

A222-A223
Dietrich et al. 2013

Cosmic Web:
In depth
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Various surveys are attempting to trace
the large scale structure out to large

cosmic deptl-ls/redshif:ts.

o |s cosmic web tru]y universal

L] Wl’!at about tlﬂc scalcs of thc web
(characteristic, 1argcst structures, ...)

o [ volution of McgaParscc scale

matter distribution.

Simulation of VIKMOS redshift

survey, web out to largc redshift

(comoving) [h7g Mpc] . .
B . Vanous surveys are attemPtlng to trace
20 30 40

" — | the large scale structure out to large

cosmic deptl-ls/redshif:ts.

o |s cosmic web tru]y universal

L] Wl’!at about tlﬂc scalcs of thc web

(comoving) [A35 Mpe]

relative Dec. [a

(characteristic, 1argcst structures, ...)

o E_volution of McgaParscc scale

l’;, 5 20 25 0 matter distribution.

relative R.A. [arcmin]
Subaru Survcg: Amazing Promincnt largc scale distribution of Lyoc emitting galaxics.
A filament at redshift z~3 2

1/8/2015
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Various surveys are attempting to trace
the large scale structure out to large

cosmic deptl-ls/redshif:ts.

o |s cosmic web tru]y universal 7
L] Wl’!at about tlﬂc scalcs of thc web

(characteristic, 1argcst structures, ...)

° E_volution of McgaParscc scale

matter distribution.

15 or 45 W
Right Ascemsion {2000)

E_bcling etal. (2004-):

A Filamcntarg structure in between two rich clusters.

Dccp Pcncil beam survey (Broadhurst et al):

A semi—regular pattern of redshift spikcs a]ong line of sigl-nt, inclicating the passage of las. througl-n
sl—:eets, filaments and clusters. Suggestions for a characteristic scale of ~120h"! MPc should be
ascribed to the 1-D character of the redshift skewcrthrougl—n 3-[D structure.
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