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Map of the Universe

How to map the structures and
patterns in the Universe ?
» Use galaxies as beacons

* Map of
Galaxy positions

» Tracing of structures from
distribution of galaxies




»

- Céma Cluster. .

Galaxy Surveys:

Luminosity Function
&
Survey Depth
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Galaxg 5urvcgs

° Galaxics, GrouPs, Clustersésupcrclustcrs:
Tracers of Structure in the (Jniverse
e discrete tracers of undcr]ging dcnsitg field:
n(x) < p(x)
e [air or biascd Tracer 7

Galaxg 5urvcys

. ]dcal Samplc:
| sample Points have cxactlg the same Propcrtics
over comPlctc “survcg volume”

e [However ...
galaxics have different luminosities, sizes, etc.:
~ sgstcmatic influence on distribution as function of
c]cpth

- do galaxg Propcrl:ies clePer\cl on environment ?
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Galaxg 5urvcgs

e Various selection criteria:
+ magnitudc-limitcd
+ angular diameter - limited

o Galaxg distribution as tracer cosmic structure:
+ rcquircmcnt to understand selection B(r2,E,8 T ):
samPling rate of galaxies at
distance r
skg Position EE
{:requcncg
galaxg tﬂPC T

° Most convenient and best controlled:
+ selection on basis luminosit‘q/brightncss

Largc variety of Fgalaxics
- ranging rom dwarfs to giant c”ipticals
~ large range of luminositg/brightncss

Luminosit3 distribution:
dn(L) = ¢(L)dL
number dcnsitg of galaxics with luminositg
[L,L+dL]

FS Luminositg distribution WEL) chcnd on various
galaxg Propcrtics, such as morPhological type
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Schcchtcr | uminosity [Tunction
v,

\/cry good aPProximate cxPrcssion forthe
galaxy luminositg distribution:

o SCHCCHtcr Luminositg Function:

%

° Faramctcrizccl bg b Paramctcrs:

RI* . normalization clensitg Paramctcr
characteristic Iuminositg

faint-end sloPc

Schechter [Function

Luminosity Function Estimates for 221K 2dFGRS

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

-1F (z+622)/(1.0+8,92%%) evolutionary uncertaintiesr= ~—, 7]
—
T i
ap
E
@
©
& -3r b
= NRE e .
- STY Schechter:
= M.—5log h 19.739 a 1.16 ¢.=0.0153h*Mpc 37y
~
& —4 |- Schechter convolved with magnitude errors 1
e .
A - convolved with errors, --------- deconvolved
=2 M.-5log h 19.725 « 1.18 ¢.=0.0148h*Mpc2
~ _sL +0.067 +0.02  +£0.0008h%Mpe-3? h

N.B. ¢. values are not corrected for the A\
approximately 9% incompleteness in the 2dFGRS parent catalogue \
-6 L I !
-14 -16 -18 -20 —22

Mn‘ - 51log,, h




10/16/2018

Schechter Luminosity Cunction

e Mean space dcnsit9 gal’s:
(n)= I¢(L)dL =¢ _‘: s“eds =T (a+1)
0

~ (Gamma function: T'(z) :JI: e”'dt
0

- Notice: divcrgcnt if BE<-1
(infinite contribution faint gal’s)

e Mean Luminositg (from cosmic volumc)

()= [LHLL = L[ s ds = LT (@ +2)

Schechter Luminosity "unction

e 2d[FGRs luminosity function:
M, =-19.725
a=-1.18
¢ =0.0148 Mpc™
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5urvcy Dcpth

° Most galaxg surveys defined b}j
apparent magnituclc limit my,,

. A” galaxics Eaving an apparent brightncss higher

than that corresponding to my,, are included in
survey

. DePcnds on

~intrinsic brigl‘ﬂ:ness/absolutc magnituclc M
- (Iuminositg) distance clL

(- k-correction: shift galax3 spectrum as function redshift z)
o Absolute Magnituclc > APParent Magnitudc
M =m-S5logd,(z)-25-k(z)

e [ora survey with magnitudc limit m_:

o Atdistance dL (MPC) one can see galaxics
brightcr than:

Mlim = My, -5 logdL(Z)_zs_k(Z)

. 5ur\/65 DcPth clsur:
distance out to which one can see an

Mg galaxg:

logd,, =02(m, —M,)+5+0.2k(z)




Survcy DcPth

Depth Survey

—

Increasing number
of galaxies because
of

increasing volume:

N(z) dz @ z2dz

BN

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

5urvcy 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
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Galaxy Sky Maps

Shapley-Ames

Shapley-Ames catalog (1932) of nearby galaxies:
All-sky survey of galaxies to m=18.3
§>-23°
® numerous concentrations:
groups and clusters (incl. Virgo clustcr)
® asymmetry between north and south:
many more galaxics on northern sky
® conspicuous concentration along aline
running througl'\ richest ncarbg clustcr,
the Virgo cluster:
o Thc Supcrgalactic Flanc
(firstidentified by de Vaucouleurs:
the Planc of ourown Local SuPcrclustcr)

10
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Shane-Wirtanen map:

On the basis of the Shane-
Wirtanen counts,

P.J.E. Peebles produced a
map of the sky distribution of
1 million galaxies on the sky:

e Clearly visible are clusters

e hintof filamentary LSS
features, embedding clusters

Sky map:
2 x 108 galaxies

17<m<20.5

Uniformly defined

« Sky region:
4300 sq. deg.

185 UK Schmidt plates,
6° x 6°

e Large inhomogeneities,
hints of weblike pattern
with clusters at
densest regions.

S. Maddox, G. Efstathiou,
W. Sutherland, D. Loveday

The APM Galaxy Survey

Maddox et al

11
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2MASS Cosmic Web

2MASS all-sky survey:

ground-based near-infrared
survey whole sky,
J(1.2@m), H(1.6 @m), K(2.2@m)

e 2MASS extended source catalog (XSC):
1.5 million galaxies

e unbiased sample nearby galaxies
e photometric redshifts:
depth in 2MASS maps,
* “cosmic web” of (nearby) superclusters

spanning the entire sky.

courtesy: T. Jarrett

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

weblike matter distribution in our immediate Cosmic Vicinit‘g‘

Large Scale Structure in the Local Universe

Corona Borealis Boaotes
Supercluster (0.072) Supercluster
(0.061)  Coma Cluster (0.023)
Hercules Virgo Cluster (16 Mpc)
Supercluster (0.037)
Ursa Major Supercluster Leo Supercluster (0.032)
(0.058)

Shapley Concentration (0,048+)
Ophiuchus
cldsier (0.028) 3 < 3 Centaurus Cluster (0.02)

QOrion Molecular
Cloud

Taurus Molecular
Cloud

Perseus-Pisces 2 Great AiTac
reat Attractor
Supercluster (0.017+) M31 \ (0.016)
(1 Mpc) % N 'S LMC
Fornax Cluster (20 Mpc)
Horolo:

?\um
dus )Superc uster (0.067)

Pisces-Cetus
Supercluster (0.063)

Pavo-In
Supercluster (0.015

Milky 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 Surveys

Galaxg Redshift Survcgs

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

measure sPatial location ofga|axics:
- positionon the slcg (@m)
- distance r

Determination real distance r oFgalaxg very
cumbersome, rcasonablg accurate estimates only

Fornearbg gal’s

Common aPProximate method:
exPloit Hubble expansion of the (niverse

13



Galaxg Redshift Survcgs

p
)\(Em — /\0

. af(tobs)
)‘()b.s' — a.(tm,,_) )\(_)

You’re receding

AN i

at rest

moving away from you: redshift

10/16/2018
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Ga]axg Redshift 5urvcgs

o Hubble E_xpansion:

galaxg at distance r

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

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

Galax3 Spcctrum

Very Distant Galaxy _ I | | | —
Distant Galaxy _ | I I -
Nearby Galaxy _ I I | _

Nearby Star - I | | _
prm—— 1 |
460 550 7(')0

Wavelength (1)

V

rad 0

The Hubble law tells us that the further a galaxy is, the more redshifted it is.

Moreover, because this a linear relation, we can even estimate distances to galaxies once we know
the value of the Hubble constant !

10/16/2018
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MaPPing the (Jniverse

de LaPParcnt, Gc"cr, and Hucl’)ra (I 986),
ApJ,302, L1

Galaxy Surveys:

Overview & Developments

16
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DEEP2
2COSMOS
GAMA
2dFGRS
[ spssDR9

| | 6dFGs

density of spectra (number per sq. deg.)

Galaxy Redshift Surveys:

some statistics

10° L B A A B AL .
L; 3 Comparing
", u T
- Galaxy/Cluster

10k E

; iy ] Redshifts

o : edshift Surveys
. ‘_! \HIDS—W'ME EUCLID IR 1 y

10°E .

- “uge heele 3

. Anigliv i Spss- é’s‘he] i ]
10°L u-To B ‘w.'c,gs . -4 4 Angular number density

E R 2SLAGIrg e, E VS.

- TS ] Sky area
10'g ) E

L Omagnitude limited e m ]
10%L Owith photo-z “DUES -

E  Ahighly targeted 32592 G”?‘_‘?ZIMRS E

C ‘ “sapM g FSGz

L alaxy redshift surveys 2
o[y I et ouere b

107! 10° 10* 10% 10° 10* 10°
area (sq. deg.)
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Galaxy Redshift Surveys:

some statistics

' Euclid g :
Survay Typa e .. waz Comparlng .
1 W Optical pESE ] Optical & Radio
® Radia spss Boss surveys
@sm
T e Wloole mm ‘
& snss Lk 5055 OMASS . Year completion
o = P
= [SU5S Hain g Vs.
=gl
o Effective survey volume
=
=
o
S . Galaxy Count |
BLFALFA & 1a3
® ® 15
-3 ® 1le7 |
T &S ) ® 1=
pd1 1] 2885 2818 2815 2828 2825 2838
Year Completed
L}
|}
n
Galaxy Redshift Surveys
some statistics
su'my Typa E"ﬂid- "1 Comparing
i m optical 1 ~s2@®)] Optical & Radio
® Radio oss eoss surveys
| s @
Y 8 WigglaZ puy =
o sbss LG SESS, OMASS
@ u
% .FAST'lg Number survey galaxies
" o
— gl & SUSS Main )
¥ = vs.
=
e Effective survey volume
o
3 -2- Yaar of Complation |
ALFALFA * 2882
o® @ 2010
. @ 20138
rantpm . 2825
4 5 [ 7 8 9
Llogio Nga
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Galaxy Surveys:

Redshift Space Distortions

Redshift Space Distortions

When measuring the redshift of galaxies,you do only approximately
determine its distance.

* In reality, galaxies do not exactly follow the Hubble flow.
+ In addition to the cosmological flow, there are locally induced velocity
components in a galaxy’s motion, their peculiar velocity

Vi (F)=Hr +v,,

—

cz=Vv,, € =Hr+vm-e

r r

* Because it is very hard to disentangle the real distance term r and the
peculiar velocity term,

» As aresult, maps on the basis of galaxy redshift do not reflect the galaxy’s true
spatial distribution,

« they involve a distortion, the RSD or redshift space distortion.

10/16/2018
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Redshift Distortions

e |n rcalitg, galaxics do not cxactlg follow the

Hubble Hlow:

|n addition to the cosmological flow, there are

loca”g induced vclocitg comPononts in a galaxy’s

motion:

cz=Hr+v,,

the galaxy’s Pcculiar vclocitg v

PCC

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

Redshift Distortions

J

Origin of Pcculiar velocities:

three regimes

very l'ligl'l~<:lcnsit3 virialized
cluster (core) regions:
“thermal” motion in clustcr,
up to > 1000 km/s

“]:ingcrs of God”

] collapsin%overdcnsity
(Forming cluster):

inflow/infall vc]ocity

] Large scales:
(]incar, quasi—lincar) cosmic ﬂow,
manifestation of structure growth

Real space:

Linear regime

S5

Turnaround

Redshift space:

— O

Squashing effect

Collapsed

IS
T

Collapsing

Finger-of-god

10/16/2018
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Fingcrs of (God

€z = Hrclusl

Galaxy velocity /

component along
line of sight

f*Q[\

+

-—— 2] deg —

T

D

l before .

“finger”
transformed
into gaussian

sphere

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

r:ingcrs of (God

(lusters ot galaxics:

Mass: 10'*%-10 M,
Radius: ~ 1.5 MPC
Ovcrclcnsity B~ 1000

T hermal vclocity: ~1000km/s

|nternal cluster galaxg velocities
visible in Projection along line of sigl-lt

—_— “l:inger of God*

L —2] dr_.g.—'b

before

“finger”
transformed
into gaussian

sphere

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

10/16/2018
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N\
Nonli fall tt
J
(a) REAL SPACE (b) REDSHIFT SPACE
- = — T Al e T
Clustcr ]mca":
Matterin surroundings Fa"ing
in onto cluster: . ol N
Binfall velocities up to 1000 lcm/s
rac]ia"g dcchning :
Bvelocities decrease as distance
to cluster centre increases
@ rcjected radial ve|ocit3
Froie : ;
unction of angle & distance
wrt. cluster centre. 8000 T
- C ]
] triP|e~va|ue region redshift space % 8000 — _—
-~ within turnaround radius, § P A\ [ 4
a Particu|ar redshiftz P [ =" ]
may correspond to3 sPatia| g 7000 = ]
Positions o ]
U S I N .
140 145 150 155 160
distance
~
Nonli Infall Patt
J
i i
9000 [ —
Clustcr Caustlcs: E ]
28000 |- =
£ F ]
Threevalue region clusterinfall: 2 E 3]
> 7000 — =
L ) 4 F E
Frg)cctlon onto restricted conc-shapcd -] F B
" . £ 6000 .
redshift space regions around clusters = ]
5000 [ 3
E nclosed within caustic surfaces Y
0 6
Position caustics dcpcndcnt on Q oo
11000 (— ~
10000 4
oo :
g 1
=1 ]
W 8000 - -]
- E
oo |- E
O R S B B
o 1 2 3 5
0 [degrees]
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La rge

5calc f:lows

Largc-Scalc Flows:

On |ar5c (MPc) scales,
structure formation
still in linear regjme

Structure builcluP
accomPanicd
bﬂ clisplaccmcnt of matter:
- Cosmicflows

Dircctlﬂ related to
cosmic matter distribution

|n Pn’nciP|c ossible to
correctfor this distortion,
ie. to invert the map ing
fromreal to redshi space

Condition:
entire mass distribution
within volume should

lI)C maPPCd

T 4w b

Hf(§2n)

a / i Sl ) X=X

|x' — x|?

Largc Scalc

lOWS

Largc~5calc i:lows:
Theinduced |argc scale

Pcculiarvclocitics translate
into extra contributions to

the redshift of the 5a|axics

Comparc
“real sPacc” structure vs.
“redshift space” structure

Distance (10/h Mpc)

30

REAL-SPACE

REDSHIFT-SPACE

—30

30

SELECTED

(s/unt 000+) AuoojoA

10/16/2018
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the \Web: Migration Flows

Largc scale flows lead to
redshift distortions:

TI’ICSC flows are Par‘l: of the asscmblg of
]argc scale structures, and reach largcst
values as matter is 'cranspor‘tccl along the
filaments into the clusters.

n /h'Mpe

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

° Flattcning alongz as matter flows into
Mcgaparscc features (v < 600 km/s).

o [ xtension due to thermal motions
inside cluster (v~ 1000 km/s):
“Fingcrs of Gocl”

Galaxy Surveys:

Magnitude vs. Volume-Limited

24



Magnitucle vs. Volume limited Survegs

o Two different samPling aPProaclwes for analgsis sPatial structure from

galaxg redshift catalogue:

J Volume~limitecl surveys:

~ uniform spatial coverage, inclucling all galaxies within volume to ClCPtl"l d,
~ allgalaxies with an absolute l)rigl-rtness > survey [imit I\/l5

M.s' = ”’llim - 5 IOg ds - 25 - IC(Z)

- diminislwing samPling clensit9 & sPatial resolution
as one wishes to include larger volume (excluding all galaxies M>Ms)

. Magnitude~limitecl survey
- include all galaxies with apparent magnitucle l)rigl'lter than m,

~ assures oPtimal use of sPatial galaxy catalogue
- atthe Price of an non-uniform sPatial coverage &
climinisl'ring resolution towards l')igl'rer clePtl'rs

44.5°

8.5°

16h Rh
Tl‘|e CFAZ
redshift surve

(Nortl'lem Hemispl-lere) .

\ 101 Mpc/h

Redshift:

v=cz ~ Hr + vy

A magnitucle-limitecl samPle,
m< 15.5
N =49%3 galaxies

Figure courtesy: V. Martinez

10/16/2018
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4.5

8.5°

16h 8h

The C]CAZ

redshift surve

(Northern [Hemisphere) i

Tl

“101 Mpc/h

A volume-limited sample,

M< 15.5 - 5log(D@) - 25 - Kz
N =905 ga!axies

Galaxy Surveys:

Photometric Surveys

26



FPhotometric Redshifts

e |nstead of measuring the clcctromagnctic spectrum of the galaxics in
asurvey, one may get a gooc‘ estimate of the redshift on the basis of the

Photomctrg and colours of the ol:jccts

A”‘iambra Photoz survey: Diferencia entre espectroscopia clasica
il bank y el uso de una bateria de filtros ALHAMBRA
filter bank:

20 contiguous, equal width, bands

™M
A A I F‘\"

W(ﬂ [

Transmission

oL L
3000 4000 5000 6000 7000 8000 9000 10000
A (Angstroms)

Photometric Redshifts

Practical ]mplcmcntation: /H\, !)f_’l‘Z S

synthetic SEDs

magnitudes
. . photometric errors
FhOtomCt”C erSI'mcts limiting magnitudes hypercube
. ) 5 spectral t
determined bg Flttmg to b
reddening
standard SED Lyman forest
galactic dereddening redshift steps
(SED: 5Pcctra| energy distribution) convolution with filters
Taking into account: observed flux expected flux
- sPectra] type e ):( B bF,m(Z))z
. fromd c
-~ rcddeﬂln

- ijma“ forest (hig]ﬂ Zl) v

-filters 2 (2)=— — M,
sl S

SED °bserved

template

Accuracg (tgpical): spT

A, P@z)
Bz ~ Ol

widely used Hyperz package

10/16/2018
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FPhotometric Redshifts

Photometric Redshifts 1,8
1.6
chl'miquc wic‘cly 1.4
used for idcnti{:ging é 1,2
I'iigl‘vzob_jccts ® .0
i 08

3

]:or cxamPlc,
Lgman break results

in

FUV-NUV dropouts (Burgarellg etal.)

- Modelled spectrum of a
star-forming galaxy at z=1

Location of the Lyman
Break for a galaxy at z=1

2000 4000 6000 8000
Observed Wavelength (Angstroms)

10000

(1400-1800 A)
for z~0.5-1.0
) 2y
FUV NUV B Vv

below the Lyman break at 912 A, hgc[rogen absorbs galaxy lig"lt

Photometric Redshifts

Photometric Redshifts:

ElAccuracg (typical):
~Blz ~ 0.1

[l Accuracg higl'lcr as

more bands are USCCI

@ Bands to be chosen to
take into account
sPectral cl'iaractcn'stics/
features

Beg. low z: S\ still

weak Point

10/16/2018
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[

J~Fas survey

J—FAS survey:

56 narrow band filters

2.5 m. tclcscopc,

7°Fielcl of view (OA), Javalambrc, SPain):

8000 dcgz

accurate redshifts
outtoz~I|

14 million red, luminous

galaxics

i

Galaxy Surveys:

Survey Geometry

10/16/2018
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[ Survcy Gcomctry

Practical | imitations

- | imited tclcscopc time
- |imited detector sensitivity

How to oPtima”y samplc
structure in (Jniverse 7

Devise surve geometry that
reveals oPtima amount of
]mcormation on qucstion at hand

~ Fattcrns galaxy distribution
~Distribution lﬂig]%clcnsitg Pcaks
~ Dcnsitg ]:iclcl

Skg |_ocation
2-D LCRS survey slices

[ Survcg Gcomctrg

Survcg Gcomctrg:

BSlice Survc:ys:
- thin stripc on skg
- very sensitive to reveal
patterns galaxg distribution
@ Pencil-beam surveys
- very narrow regjon on sky
-very clccP
- strategy to Probc largcst
structures
- structure at higl'\ z (carly times)

Sky | ocation
2-D LCRS survey slices

10/16/2018
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SUWC9

(seometries

]=_xamp|cs of
Shcc Redshift Suwcgs:

From

CfA2-2dFGRS-SDSS

5urvc3 Geomctrg

J

Survcg Gcomctrg:

IZISParsc Samp|c:
~ samPIing dcnsitg field
-on scales >
intcrgalaxy distance

Bl Fu"-sky surveys
- necessary to Probc
dynamics cosmic regions

2MASS XSCz
0.05<2z<0.06

10/16/2018
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Galaxy Surveys:

SDSS
Sloan Digital Sky Survey

SDSS survey

Largcst and most systematic (digital ) skg survey in

historg of astronomg.

]magcs sky ins P]ﬂotometric bands 1

Down to aPParcnt magnitudc ~23%.1

Covcrs ~25% of the 5[(3: 8452 5q dcg.

Wi’th ZdFGRS, the SDSS has Produccd the most

extensive map of the spatial structure of our cosmic ncig]wbour]’wood.
Mi”ion galaxics subscqucnt!g selected for measuring, redshift z:
clcctromagnctic sPcctrum

Tota]:

skg survey: 108stars, | Osgalaxics, 107 quasars
sPcctroscoRtj: 106 ga!axics, 107 quasars, 107 stars

32



& lmaging:
23%0 million ol:)'ects

& Spcctroscopic (Redshift) survey:
rnagnitude limit:

galaxies: (Petrosian) r <17.7
quasars i<19.1/i<20.2 (z>2.3)

oln)'ects: 928,567 ga|axies
109,862 quasars z<2.3
8,802 quasars z>23

Messier 33

SDSS Galaxy

weblikefillgree ‘of galaxies,
pervasive ‘network-of filaments

Northern Galactic Cap

10/16/2018
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SDSS survey

Speaa" dedicated
2.5m wncEa—angle telescopc

APache Fomt Obscrvatorg (New Wxnco)

Alms to samP|e 25% of the sl(g
DR7 - 8423 sq.deg;

Fhotomctn'c system 5 filters:

@
354
476
628
769
925

Driftscan mode
-5 filters:
-30CCD chlps, 5 rowsof 6
-S/N-~5
-CCD cl'nP 2048x2048 PlXClS
120 Mbyte

Spcctroscopg
-up to 640 (FIIJCI’S) per rccorcllng

- Pernlg}'at 6-9 rccorcllngs

10/16/2018
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SDSS survey

Alims to 5amP|c 25% of the skgz
DR7 - 8423 sq.deg,

Photometric system 5 filters:

354
476
628
769
925

Driftscan mode
-5 filters:
-30CCD chips, 5 rows of 6
-S'N~5
-CCD chip: 2048x2048 Pixcls
120 Mbyte

Spcctroscopy
~up to 640 (fibers) per rccording
- pcrnight (= rccordings

VOoID_o1 VoID_02 WOID_02
A8+323340.8 J100542.44+5116823.8 J102250.68+561932.1 J102819 23+623502.8

VOID_06 VOoID_07 VOID_D3 VOID_Dg
J130528.08+544551.0 J132232.48+5440805.5 J132718.56+523010.2 J135113.82+453508.2

vOID_14

WoID_11
7+524400.8 J154452.158+362845.0

140024 .48+5 J142418.41+523208.3

35
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SDSS survey

Fiber
Spcctrograph

SDSS survey

SDSS | egacy
Imasins slcy Covcragc:
8425 sq. Cl°5' Spss region, Galactic coordinates

compare to ZMRS surey

2MASS XSCz
SDSS

SDSS Legac
Spectral SLy éjovcragc:
8032 sq.clcg,

36
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SDSS Galaxy Survey

KIAS VAGC:
value added galaxy catalog:

T T T T

sky coverage completeness - not that uniform

@ sF>097 0.97sSF>0.95 0.955SF>0.90 0.90=SF>0.50 @ 0.505SF>0.00

A degree]

.

Mapping the Galaxy Dist:'ribution
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Cosmic Web

Cosmic Web:
Stickman & Discovery

deLapparent, Geller & Huchra, 1986:

“a slice of the Universe”

Voids appear to be an integral part of
a complex weblike arrangement of
galaxies

ey \,&,‘?

=B 28
ST
F el Al

i Mpe

W0 20 0 20 0 P 20 o 20 <0

B e e
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map 2dFGRS,
clearly visible weblike network

with the advent of large galaxy redshift surveys
- LCRS, 2dFGRS, SDSS, 2MRS -

voids have been recognized as one of the quintessential components of the Cosmic Web

with the advent of large galaxy redshift surveys
- LCRS, 2dFGRS, SDSS, 2MRS —
voids have been recognized as one of the quintessential components of the Cosmic Web

—

N A

i /[
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map SDSS, clearly visible
underdensities (Platen et al. 2010)

with the advent of large galaxy redshift surveys
- LCRS, 2dFGRS, SDSS, 2MRS -
voids have been recognized as one of the quintessential components of the Cosmic Web

2MASS: the Local Cosmic Web

2MASS Extended Sources
Integrated Flux

Ks: 8.0—-14.0 mag
18 /pixel

Looking around us we already see the unmistakable signatures of an intriguing
foamlike matter distribution in our immediate Cosmic Vicinity.
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most detailed reconstruction
of the

local dark matter
Cosmic Web

Courtesy: Francisco Kitaura

WISE Galaxies in the GAMA G12 Field

s GAMA/WISE
all sources Intermediate redshift
- z=0.3

(Jarrett et al. 2017)

e &F

GAMA/WISE:

galaxy populations in
different parts/regions of
the Cosmic Web

- bright, early-type galaxies
in dense nodes

- late-type disk galaxies
lowest clustering level
(filaments & voids)

10/16/2018
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High z Universe

42



20 I

g bl f |
1000 [00

Deep pencil beam survey (Broadhurst et al):

A semi-regular pattern of redshift spikes along line of sight, indicating the passage of l.0.s.
through sheets, filaments and clusters. Suggestions for a characteristic scale of ~120h* Mpc
should be ascribed to the 1-D character of the redshift skewer through 3-D structure.
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hift
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Redshift 085 09

WOEYZ0
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1300 1400 1500 1800

1700 1800 1pp
Comoving distan,

2000 2]
<e [Mpcrh) 00 2200

2300 2200

Wwooyzo

VIPERS
deep redshift survey,
7=0.4-1.2

(Guzzo et al. 2014-)

recent galaxy surveys out to high cosmic depths
- eg. DEEP, VIPERS -
establish that the Cosmic Web pervades entire Universe (up to z~5 at least)
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(comoving) [h?é Mpc]

10 20 30 40 50
‘ E 4 40
20 F o Z .
T .
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2 15+ : e
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> 10«
g - >i. .: .
2 g . ‘e
3L > @ 1 10
0 i il 1 ik 1 .\
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relative R.A. [arcmin]

Subaru:

Ly® emitters at z=3 (Ouchi et al. 2005)

Mpc]

1
0

(comoving) [
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A 426

Declination (1950)

A 347

A 400

A 262

Right Ascension (1950)

h oh p3h 2ol
Pegasus

DeclnAation

S0

40

1l

30

.-_u T T T

Plsces Perseus Chaln
21 cm line redshift survey

(Giovanelli, Haynes etal. 19

Redshift

- a8, °°°‘ ' ed aﬂn" D°ﬁ,n
10000 [~ . e .o gt 4T
- o ] .
aooo = ° %, .
e EtL, .
S 6000 [t %04 A%
o ;, g
N M‘% AL AT
4000 _'—“s .... ,,.,n,. ¢ . "o
2000 — ° rﬁ‘* . o ® .
- . ©a
- o, o 0 o "% & aap®
o J T R | |’D|-.’|w| [ PN S T SN TN T T NN TN AN TN N Y SO T T
4 a3 2 0 -1 —4

1
Right Ascension
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Canonic example of a strongly flattened supercluster consisting of
o sheet-like central region, dense filamentary boundary ridge
o Relative proximity (d ~s55h™Mpc),
o Characteristic & salient filamentary morphology,

e Favourable orientation.

Northern boundary: ridge south-westward of Perseus cluster (A426)

Dimensions Ridge: s5h* Mpc wide
soh™ Mpc length; possible 140h™ Mpc extension
Along Ridge: high density clusters, incl. A462, A347, A262

Hidding 2015

10/16/2018
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Perseus

Hidding 2015

/ e
galaxy 45r,

filament projection

>
40

survey galaxy —|
35

* Additional Analysis Step: N

projection of filament galaxies
to Medial Axis of Nexus/MMF filaments
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Dark Matter
Cosmic Web

N\ P *:
Nabell 222

A222-A223
Dietrich et al. 2013
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Platen 2009

10/16/2018

Sloan Great Wall

V10

Bahcall-Soneira(82) Rift

A1680
+

Largest Structure
Local Universe
~ 300 x 150 Mpc

The Coma Crealt” Wall
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Coma Great Wall Sloan Great Wall

Platen 2009
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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
+ Tartu 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.

) I
e, Eimasto & Shandarin 19621 | 2 - ]
Z , Einasto & in 1982: I 1 120
ol |
First linking of observationally visible | {
void regions and the theory of T e
cosmic structure formation. b e

Bootes Void

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

the canonical
void

. Bootes Void
d~50h-' Mpc
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Voids & the Cosmic Web

5000 km/s

5030 km/s

deLapparent, Geller & Huchra, 1986:

“a slice of the Universe”

Voids appear to be an integral part of
a complex weblike arrangement of
galaxies

1! Mpe

e S
.
b1 Mpe

My
1517 19 21 23 -25
5. 0 © .0

Karachentsev etal.

LV catalog:

galaxies within 10 Mpc reveal
beautifully the magnificent

Local Void — Tully Void

Adhesion-KIGEN reconstruction

Hidding, vdW, Kitaura & Hess 2015
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52



North 2MRS survey sky map South
Hidding 2015

Depth: ~50 Mpc

| % HefculesO
: Sy

N\

map SDSS, clearly visible
underdensities (Platen et al. 2010)

with the advent of large galaxy redshift surveys
- LCRS, 2dFGRS, SDSS, 2MRS —
voids have been recognized as one of the quintessential components of the Cosmic Web

10/16/2018
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Sampies Sample: dim2
160} =1 diml
= dim2

=3 brightl Sutter et al. 2013
120 bright2 SDSS void sample
B =3 Irgdim
2 a |
. =3 Irgbright
3
2 g0l
£
s
2
60|

Void size distribution

R[h ' Mpc)
100 | h
Void identification by
ZOBOV/VIDE ”
o 1 1 1 1 1
-300 -200 -100 0 100 200 300
x [h™! Mpc]

Mpc A R=2545h" Mpc .

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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Cosmic Web Tomography
Lya survey CLAMATO

Mapping the Lya forest in a densely sampled set of quasar spectra over sky region

1-D skewers through the gaseous Universe
Reconstruction full 3-D cosmic web, when skewers within correlation scale from each other

First systematic survey: CLAMATO (Lee etal.): identification Lya forest void population

KG Leeetal..

Granett et al. 2009
identification of (LRG) supercluster & supervoid
ISW imprint on CMB
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Clusters

Clusters of'Galaxies

COl'thesy:‘
—1 O. Lopez-Cruz

" Coma Cluster
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e A

Studylng Clu_ ters

S7
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*

- Céma Cluster.
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Clusters of Galaxles
X—ray 1ntracluﬁe1§ gas

Coma Cluster
0.5-2.0 keV

ROSAT X-ray image Coma Cluster

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

. - -

CL J1226.9+3332 Abell 1689 «Abell 1914
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Cluster Mass:
X-ray intracluster gas

. T Coma Cluster
Hydrostatic Equilibrium: o 0520keV

GM(r) __kBT dlogp dlogT
o dr . dr

r? My

Determination Mass from X-ray observations:

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

X-ray emission Bremsstrahlung: L(r) ~ p(r)* 0.5 Degree

ROSAT X-ray image Coma Cluster

Clusters of Geglaxles.

g Cour‘tesy:' e
T. Broaghurst et al.
- .
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Clusters:
Gravitational Lensing

Gravitational Lensing:
Einstein Ring

e
J073728.45+321618.5 J095629.77+510006.6 J120540.43+491029.3

J140228.21+632133.5 J162746.44-005357.5 J163028.15+452036.2 J232120.93-093910.2

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

NASA, ESA, A. Bolton (Harvard-Smithsonian CfA), and the SLACS Team STScl-PRC05-32

10/16/2018
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Gravitational Telescopes:
Weak vs. Strong Lensing

4GM d,

0 =
£ ¢ d,d

Two kinds of lensing:

@ Strong Lensing:
<Bg
- nonlinear distortions
- multiple image
Weak Lensing:
> B
- linear distortions

- sheared images

Cluster of Galaxies

Observer

Background Galaxy

——— Wave Front

--- Multiple Images Area,

Cluster Mass determination:
Weak Lensing: Linear Inversion Distortion Field
Strong Lensing: Complex Modeling density distribution.

non-trivial

10/16/2018
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. Weak Grav1tat10nal Lensmg
£ o8 M81054

..
2
*  z=0. 83

one of the highest known z
clusgers -

. .
V\;ea‘ Lensing stud'ﬂ)y G

— Clowe etal. Keck

- Hoekstravet al. HST
A “

Clusters of Galaxfes:
Dark Matteu.::;j_;.';_.v__‘_:'_‘,_-"_,.
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Clusters and Superclusters

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.

10/16/2018
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* Abell 901b

Abell902 e g e e : \ . SW Group

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

Cosmic Web:

Alighments

65
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Spinning the Galaxies

Spinning up
B a collapsing protogalaxy

oy by Tidal Torques

©
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Spinning the Galaxies

X F

Connection
Galaxy Spin

Cosmic Web

'l-'-
S

E- ks

Spinning the

| Galaxies:
e
P Tidal Forces that also o
Shape Cosmic Web 20
X (h-' Mpec)
- LAY Do 4 H kD P T VR T an R z
Aragon-Calvo et al. 2007
Hahn et al 2007
0.60 T T T 0.60 T T
Filaments parallel Wo | |S parallel
0.55 B 0.55} -
A A
S s
@ 0.50 B 050 - =
o o
o 3]
\" \2
0.45 ] 0.45} 1
perpendicular
0.40 L L 1 0.40 L . ;
11.0 11.5 12.0 12.5 13.0 11.0 11.5 12.0 12.5 13.0
- -1
log,o(Me h 1) log,o(Me h™")
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(a) Haloes assigned to filaments by NEXUS+.

(b) Haloes assigned to filaments by NEXUS_velshear.

240
230
220
30| SE N NSRRI SR 0
200 210 220 230 240 200 210 220 230 240
X[h~1 Mpc] X [h~! Mpc]

Ganeshaiah et al. 2018

= T T T T T T T T
[(1—z)><m“ h My

Halo extent
44 entire halo
ek inner 10%
A A inner 50%

3 Ganeshaiah et al. 2018

[(z—s)xm” L ‘MB]

Web finder
== NEXUS+
= NEXUS_velshear

1 1
10t 10%? 10"
M 200 [h ! Mk)]
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SDSS:
Galaxy-Filament alignment

Aragon-Calvo et al. 2010

also see alignment studies by:
Plionis et al. 1996
Flin, Biernacka et al.
Tempel & Libeskind 2014

Gal 347

.
Spin-LSS = 0.169603
g-r = 0988908
Mr=  -17.8010

= 216877
DEC = 40,9637
= 00183643

Cosmic Web:
Dark Matter & Grav. Lensing

10/16/2018
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Tidal Shaping of the Cosmic Web

z 2 S R — S ——

L

!i' N 7 i| P .o~

Tidal Forces
shape the Cosmic Web

LT -

Dark Matter Cosmic Web

DEFLECTION OF LIGHT RAYS CROSSING THE UNIVERSE, EMITTED BY DISTANT GALAXIES

Lensing of background light by dark matter distribution
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»

-~ Galaxy Clusters

%

'(Jee,e'tail.;Z;}O_‘Z)'_- T

| et o i
¥

: mappi;l_gl the dark matter
~contentof '_ :
- cosmicmass distribution .

ViR R e

4. weak gravitational lensing "
” T

Dark Matter
Cosmic Web

. filament

A222-A223
Dietrich et al. 2013
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Dark Matter
Cosmic Web

MACSJ0171.5+3745
Ebeling et al. 2012

galaxy cluster
S MACSJO717.§+3745
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Dark Energy Survey (DES)

Map of (projected) (dark) matter density:

* Determined from lensing deformation 28 million galaxies
* Red-yellow: overdense

* Blue-white: underdense

Clearly visible: the weblike arrangement of dark matter

+70° +60° +50° +40° +30° +20° +10° 0° -+350° +340°

v g
= { i
e g
L v - LN | o
—40° k. ;
5
1 BIH/ib\ Light Years
o O

Dark Energy Survey (DES)

Map of
(projected) (dark) matter density:

For reference, elements of the
Cosmic Web:

« Identification 2 clusters

* Reveals filamentary extensions

LhEd

« Also noticeable is a void region

54

»
-

T TR
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Cosmic Web:

Gas

74
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the Gaseous Cosmic Web

"

e b o
v

Evolution of the gaseous Cosmic Web:

- Gas falls into the potential wells (mainly determined by dark matter web)

- Gas heats up: - extremely hot in cluster nodes (hard Xray emitting gas)
- warm/hot gas in filamentary extensions (WHIM)

the Gaseous Cosmic Web

Gaseous Cosmic Web:
Detection via:

1) Lya absorption (Lya forest)
- neutral hydrogen (cloud)
- mostly at high redshift
- absorption against quasar los.
- possible use as tomographic tool

2) WHIM
- warm-hot intergalactic medium
- soft Xray emission of hot gas (105 K)
very hard to see
- absorption lines Xray band (eg. OVI)

3) Sunyaev-Zeldovich scattering filaments
- inverse Compton scattering
CMB photons against hot electrol
in ICM/IGM
- has been seen in Planck (80 filam.)
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Intensity of light

The Gaseous Cosmic Web:
Lya forest

Lya transition:

absorption line by
* neutral hydrogen

intervening
hydrogen gas

1190

Lya forest:
piercing the Cosmic Web

1200 1400 1600
Colour (wavelength) of light/A Andrew Pontzen
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Cosmic Web Tomography
Lya survey CLAMATO

Mapping the Lya forest in a densely sampled set of quasar spectra over sky region

1-D skewers through the gaseous Universe
Reconstruction full 3-D cosmic web, when skewers within correlation scale from each other

First systematic survey: CLAMATO (Lee etal.)

KG Leeetal..

The Gaseous Cosmic Web:
Intergalactic Hydrogen Lanes

INTERGALACTIC
HYDROGEN LANES

' Intergalactic Superhighway
. Intergalactic Biway
. Scenic Route

% Rarefied "Backroute™

) (7o

Tu r.'al:;'i
Forget It Dwa
Mighty-g

Switchback

¥ Slings
El1A47

Leol
Magellanic

Ramjet
Friendly
Routes

Lec A

Mew Donner Pass
El 878 Kiloparsacs

- y 3
And. | W .
¢
" A
And. 1l & Il
{The Boonias)

. ® .-‘.‘ -
J. Cramer
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The Gaseous Cosmic Web:

ALMA image:~ .~ 3
Suny“Zeld. Cluster trough-

wavelenglh (mm)
wooon v a1 o

Sunyaev-Zeldovich

g
g

-1
Ty
8

Inverse Compton scattering
of CMB photons:

]
2

hot intervening gas:
frequency dependent signature:
Absorption

Intensity (M:y =
¢
3

\ N ! .
P 20 50 100 200 600 100 zob 300 400 500
Emission frequency (CHz) Frequency (GHz)

(a)

The Gaseous Cosmic Web:
Sunyaev-Zeldovich

Sunyaev-Zeldovich
detection of

Inter-cluster bridge/filament

in between clusters
A401 and A399

ESA/Planck collaboration
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Cosmic Web:

Cosmic Migration Flows

Large Scale Flows

\ J

Large-Scale Flows:

. Structure buildup
accompanied
by displacement of matter:
- Cosmic flows

. On large (Mpc) scales,
structure formation
still in linear regime

. Directly related to

cosmic matter distribution

*  Note:
redshift space distortion

€z = Hr + Ve,

In principle possible to
correct for this distortion,
ie. to invert the mapping
fromreal to redshift space

H () . (x' —x
. Condition: v(x,t) = — 2N dx’' ()W,(‘X/_ 1) (/—)g
entire mass distribution 4 b . ‘X — X"
within volume should be mapped
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l

/

:'-ifbwwfi'eld components

dominant in voids X NN
dominant along filaments

Bl
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B Mpe

Supergalactic Plane

mean KIGEN - adhesion reconstruction

Hidding, Kitaura, vdW & Hess

2016/2017

Z

Canis Major.
Void

Canis Major
Void

SGY (h-! Mpc)

SGY (h-! Mpc)

SGY (h~! Mpc)

-60 -3

9 -19 0
SGX (h~! Mpe)

Sculptor void

T\- A

= 10 o 13 26

-56 —43

10/16/2018

81



Supergalactic Z (millions of light-years)

150

100

50

-50

Push of the Local Void

ﬁlwqé g

.

-100 -50 0
Supergalactic Y (millions of light-years)

Our motion with the respect to galaxies in
the Local Supercluster Tullyetal. 2008,ApJ,676, 184

Tully et al. 2008:

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

CosmicFlows-2

Local Void

Wiy W 9 4« Virgo Vaid

Courtois et al. 2013

Local void expansion in Cosmicflows-2
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82



10/16/2018

Laniakea

Watershed basin
Velocity potential.-* . .
around Great Attractor

mjs)
14000

83



CosicFIows-3

Hercules

Indus A )
The Arch % ,' _Shapley-Hercules filament
A g
9 A
)
1

_Coma-Hercules filament

Southern Wall

Shapley

”
Perseus-Pisces -

‘The Funnel

Lepus-Funnel filament

Cosmic Web morphology:
velocity shear based
V-web identification

flow pattern in cosmic web

o

L

A GREAT ATTRAC

(Pomarede et al. 2017)
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