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Observed Cosmic Web (Tempel lectures)
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e Cosmic Web as revealed in observations
« Galaxy redshift surveys - biased overview

« 4AMOST WAVES and 4HS surveys - mapping the
Universe

e Preparind a redshift survey - 4AMOST example

e Understand your data: observational selection
effects

« Galaxy Groups in redshift surveys
e Filaments in the Cosmic Web
« Selected science topics in Tartu Observatory
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No one trusts simulations,
except the person who made them!
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Everyone trusts observations,
except the person who collected the data!
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Spinning Filaments - Spinning Gals:

parallel vs. anti-parallel ?

Parallel trend sevs Random
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Sample MaNGA galaxies (IFU)
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Fixed fibre pattern

Limited patrol area for each fibre

Dec (deq)
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- all targets are observed
- many fibres are empty

- all fibres are used

- not all targets are
observed
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Incompleteness in High-Density Areas

AMOST selection function
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Fingers of god effect

Credit: Tully et al. 2014

Tully & Fisher (1978), IAU Symposium 79,

Large Scale Structures in the Universe,
Tallinn, 1977
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Observations: selection effects

2MASS Extended Source (Catalog Redshift Survey

Detecting galaxy groups and clusters:
* Friends of friends
* Marked point processes

000 L RRE SN 415000
75000 1000O 5000 (@] -5000 -1 0000 -A 5000
SGY (km/s)

Courtesy: Tully et al. 2014

Fingers-of-god effect:

Tully & Fisher (1978), IAU Symposium 79, Large
Scale Structures in the Universe, Tallinn, 1977

Tempel et al. (2012, 2014, 2017, 2018) 119
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Finger-of-god effect:

Tully & Fisher (1978), IAU Symposium 79,
Large Scale Structures in the Universe,
Tallinn, September 12-16, 1977

Size (K 'Mpc)
Tempel et al. (2012)

Using friends-of-friends galaxy groups,

we suppress the fingegqfiged distortions.



Observed: with FoG effect

40
20

Zsg (Mpc) 0

Fingers of god effect

60 | -&n® vy L &

Using galaxy groups to spherise groups

Corrected: without FoG, effect- :

60 | e, T v

40
20

Zsa (Mpc) 0

Detecting groups in redshift surveys:
ET et al. 2012, 2014, 2016, 2017, 2018



Luminosity function of galaxies

First-ranked galaxies
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Fig. 13. Differential LFs for various galaxy populations: first-ranked, satellite, first-ranked+satellite (group), first-ranked+isolated, isolated and all
galaxies. The points are LFs, using 2dF galaxy catalogue. Error-bars are Poisson l-o errors. The red solid line is the double-power law and the

green dashed line is the Schechter function.




Luminosity function - new method

Standard 1/Vmax method:

Lr,r4+ar)(Ls)

M, - Slogh (mag)

TL(L)dL = Z T(Lz‘)

(binned density histogram) M =m —25 - 5logyo(d) — K

150 200 250 300 350 400 450 500

100
d (h"'"Mpc)

(adaptive kernel estimation)

Error bars: smoothed bootstrap



Luminosity function of galaxies

e flux-limited survey

 k-corrections - absolute luminosity

« galaxy dependent limiting distances
 dust effects on luminosity

e inclination angle effects

e surface brightness limitations

e incompleteness in redshift surveys

o redshift to distance conversion (pec vel)
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[ ]
+ R Galaxy modeling

@ Simple bulge+disc
model... 4

Fig. 1. Geometry of the dust disc model. The line-of-sight optical depth

add du s-l- di s C .|. O for three positions A—C is indicated. The figure is illustrative only.
improve inclination o
angle estimation

@ ... use dust disc to
estimate the sign
of inclination

Tempel, Tamm, Tenjes (2010)
Tempel, Tuvikene, Tamm, Tenjes (2011)
Tamm, Tempel, Tenjes, Tihhonova, Tuvikene (2012)



Dust extinction in spiral galaxies

Model for dust attenuation calculation in galaxies

Attenuation depends on:
galaxy viewing angle,
galaxy stellar structure,
dust disc geometry and
dust properties.

MBWX,T")
(M)BB(\,T(X,Y))

Tmax,f(X, Y) = Cf’)\r’TIF)‘I(X, Y)



N =i A L A A S L N R R R
—— Bulge dominated
------- Disc dominated

0.8 |

Attenuation (mag)

0 0.1 02 03 04 05 06 07 08 09 1
1-cos (i)

Fig.9. The dependence of attenuation on galaxy inclination for
disc-dominated and bulge-dominated spiral galaxies.

Is 3D modc”ing necessary?

(a/b)* — ¢*
1 —qg?

cos(i) =

a/b - visible axial ratio

&= disc flatness (0.1
ET et al. 2011



Dust extinction: luminosity function

N
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Redshift-space distortion (RSD)

Peculiar motion of galaxies distort the observed (redshift-space)
galaxy distribution

Linear regime
Coherent bulk motion squashes
the galaxy distribution along the
LOS direction
"Kaiser effect”

Nonlinear regime
Random motion of galaxies

elongate the galaxy distribution .

along the LOS direction

“Fingers-of-God effect” Hamilton 1992 line-of-sight
direction




Test of Gravity

Redshift-space galaxy power spectra _ ; _
in linear regime 2-point correlation functions for

BOSS CMASS samples ¢(rp,rn)

Py(k, i) = (b+ f1i*)° Pm(k) (Kaiser1987)

b: linear galaxy bias u=k/k
f. growth rate

a=1/(1+2) Growth rate is a key probe to test gravity

D(a) - linear
growth factor

(Peebles 1976, Lahav et al. 1991)

Reid et al. 2012 line-of-sight

direction




Fingers-of-God (FoG) effect

Nonlinear redshift-space distortion due to internal motion of
galaxies in the host halos

133



Sorce Jenny G. et al.: Statistically bias-minimized peculiar velocity catalogs from Gibbs point processes and Bayesian inference True
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Group finding: three aspects

* Where are the groups?
Finding the group centres

» What galaxies belong to the groups?
Group membership assignment

 Estimating group properties
(i.e. group masses)
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Impact of grouping
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How does the grouping scheme affect the Wiener Filter
reconstruction of the local Universe?

Jenny G. Sorce!** and Elmo Tempel?"*

' CNRS, Observatoire astronomique de Strasbourg, UMR 7550, Université de Strasbourg, F-67000 Strasbourg, France
2Leibniz-Institut fiir Astrophysik, An der Sternwarte 16, D-14482 Potsdam, Germany




Interlopers

Old et al.
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Estimated group masses

Marini et al. 2025, Popesso et al. 2025
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Estimating group masses:
observed properties of groups

Radial velocity dispersion in

1 n
2 _ Z - >

V=Cz
1 n Group extent in the sky:
2 _ Z 2 : . .
o, = r;)°. ri in co-moving coordinates,
"= o+ g 24 | 8

i=1 1/2n since Rayleigh distribution



Dynamical mass estimate

e From virial theorem (no free scaling parameters)

T

g

Oy

T Kkinetic energy
P  potential energy

Mo 2 2
_ tto'v, U=0G tot, 2T = U
2 R,
a )
R o\
M,y = 2.325—2 ( v ) 1020,
Mpc \ 100 km s—! >
\_ ,

Gravitational radius, which is directly linked (e.g. assuming NFW profile)
to the group size in the sky plane

Group velocity dispersion measured using galaxy redshifts
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Estimating group masses:
virial theorem

Mass in units of 1012Ms,n,

M, = 2.324 . Rgo'v Rg in units of Mpc
sigmay in units of 100 km/s

av = V3ovip Velocity dispersion.

Gravitational radius (Rg):

1 4x (M
R =] oeor
8
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h centre

Estimating group masses:
gravitational radius vs group extent in the sky

We assume NFW profile.

Mass-concentration relation from Maccio et al. (2008).

Rg = f(M200).

For given mass Moo, we found Rg/sigmag using NFW profile.
Using this relation we transfer the observed group extent in
the sky to gravitational radius Rg.

We calculate the observed group mass using virial theorem.
The final mass is found iteratively.
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+ Groups in LC1

Number of galaxies Velocity dispersion

Group extent
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T
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o
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o
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%
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0.1 . . .
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Improving Friends-of-Friends algorithm
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First galaxy

Friends-of-Friends Parameters

not in group

Friends?

Start new
group

Friends of
Friends?

Group
Finished

Used parameters
DJ_

Isolated

F? — [)” / [)_L

T T T T T o T T T T T T T

3L - = . Sky separation: all galaxies
...... Sky separation: 2MRS galaxies
- Mean separation (x0.1): all galaxies
Mean separation (x0.1): 2MRS galaxies

Add friends 2 = 0.25'[1+5%atan(2/0.05)]
to group 0

Redshift

Credit: Trystan Lambert
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Friend-of-Friend group finder

e Linking length depends only on the
mean number density of galaxies

e Different linking lengths in the sky
plane and along the line of sight.

e 10x larger linking length along the
line of sight

.152



G
/ ?’ﬁ\ Lambert+2020 on the not so shallow 2MRS
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Group refinement

e (Often merging or closeby groups are
taken as one group in FoF

e Multimodality analysis (mclust in R)

e Group membership refinement is
based on estimates of the virial radius
(in the sky plane) and escape velocity
(along the line of sight) of the system.

1 n
2 _ E : o 2
v (1 +Zm)2(n _ 1) - (Vl Vmean) ~.

1
2 _ 2 : 2
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Dec (deg)

Dec (deg)

RA (deg)

26.8 -
26.6
264

26.2

25.8

26.8 -
26.6
26.4 -

26.2

25.8

206

205.5

205

26

26

328 330
Distance (Mpc)

Merger ID 22
i
+l-+w |
¥ I +
+ +
+ +

328 330 332
Distance (Mpc)

55

228

227.5

340 342 344
Distance (Mpc)

340 342 3;'133
Distance (Mpc)



60 - . . '.“ ”2... .'.\.. . oy . ‘

40
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-20
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Suppressing FoG effect
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Correction for the redshift space distortions
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Measuring group properties - centre

150 150 150
R11 center vs. input center T17 center vs. input center YOS5 center vs. input center
100 100 100 A
= 50 4 50 50
(V)
s
& 0 01 0 .
w
S -50 -50 ~50
~100 100 100 A
-150 N - v - T 150 r v T r r 150 r v T v T
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Fig. 6. The figure shows the difference in ARA and ADEC, estimated in kpc, between the center of the detected optical group and the center of the
input halo (left panel), the coordinates of the eSASS X-ray detection and the center of the input halo (central panel), and the center of the detected

optical group and of the eSASS X-ray detection.

X-ray center vs. R11 center X-ray center vs. T17 center X-ray center vs. YO5 center
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Fig. 7. The figure shows the difference in ARA and ADEC, estimated in kpc, between the center of the detected optical group and the center of the
input halo (left panel), the coordinates of the eSASS X-ray detection and the center of the input halo (central panel), and the center of the detected

optical group and of the eSASS X-ray detection.



The Current Group-Finder Pipeline

\. J

v

MOCK DATA OBS. DATA
(IDEAL GROUPS) (GALAXIES ONLY)
Y r r Y £ ‘
PREDICT LINKS & GROUPS FROM A SINGLE
TRAIN ML
FINF[Q)AI'-I'I:\(I)ZS & ODELS RATIOS USING ML (> OBS. DATA (MANY [P-| PROBABILISTIC
MODELS VERSIONS) CATALOGUE

w

Two components: finding D, , R and training ML model
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Tartu Group-Finder

Improvements

Merged groups: refinement part of FoF

Accuracy: unique D, , R for all galaxies

Niche: ML component
Universality: optimisable for *almost* any
dataset

Output: probabilistic catalogue.. TBD

First galaxy §
notin group |

Friends? Isolated

Start new
group

Friends of _ Add friends
Friends? Refinement to group

Refinement

161



Finding D, R for Mock Groups

Parameter Grid

025 030 035 040 0.5
Linking-length

0.20

0.15

T T
[ce} O

10 1

T T T T T
o [ee] (o} < o
o~ — — —

oey

FIND LINKS &
RATIOS
LINK-RATIO GRID
GET GROUPS FOR
EACH POINT IN
GRID
GET BEST
LINKS-RATIOS FOR

EACH GROUP

Unique to each group
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ML Model

Training (XGBRegressor)

Inputs: Group mass, Ngal, Z, mag
Outputs: D, , R

Predicting

D, , R for a wide range of possible

Ngal & group masses

10AM0 M,
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Mass Estimation Inside FoF

R
Dynamical mass M, = 2325 x 102 L
Mpc
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Slide credit:
Trystan Lambert
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Hunting for WHIM (warm hot intergalactic medium)
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Why do we care about the cosmic-web?
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I TarTU ULIKOOL  GGalaxy filaments

Marked point process for fllamentary network detection

dist = 53.4 h~'Mpc

y (h~*Mpc)

-60 -50 -40 -30 -20 -10 0 10 20 30 40 50
X (h~*Mpc)

Tempel et al. (2014, 2016)

dist = 53.4 h~*Mpc




Filaments in the SDSS

Extracted filaments
Connected cylinders
Galaxies

Galaxies in groups

z (h'"Mpc)
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Marked point process

Filament length distribution:
whole SDSS volume
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TARTU ULIKOOL  Marked point process (Bisous model)

The key idea is to see the filamentary A e .
network asan object point P i L e |, o
process. ° J('ﬁm—."/:"..(i}. x
Cylinders are simplest objects to e T
define a piece of filament. A e
Interactions help to form a network. e e i s L e il i

shown as spheres. The exact shape of the cylinder, it’s shadow

M et ro po I iS— H a Sti ngs a Igo rit h m and attraction regions depend on the model.
(together with simulated annealing)
to sample probability distribution.

cl

Stoica et al. (2003, 2005)

Stoica, Martinez, Saar (2007, 2010) . e 1 o
igure 2. Two dimensional representation of cylinder configura-

Tempe| et al. (20 14, 2016) tion: attraction regions are shown with spheres. In this configu-



+ R Marked point process

Probability density that
depends on the underlying
data (position of galaxies)
and the detected network
(filamentary pattern)

Bisous model (Candy model)

The probability density for a marked point process
based on random cylinders can be written

exp |—U(y|0
p(ylo) = FE=IWIO (4
where « is the normalising constant, € is the vector of the
model parameters and U(y|€) is the energy function of the
system. Here, y is the configuration of cylinders.

Following these two ideas the energy function given
by (4) can be specified as:

U(yl|6) = Ua(y|0) + Ui(y|0), (5)

where Uq(y|6) is the data energy (see Sect. 3.4) and U;(y|6)
is the interaction energy (see Sect. 3.5) associated to the
first and second assumptions above, respectively. In fact, it
is perfectly reasonable to think that the data energy is the
reason that the cylinders in the galaxy field are positioned
just so, and that the interaction energy is the main factor
which causes the cylinders to form filamentary patterns.




°TﬁRLTFUHOBSER\V:'xFTORY Marked POln'l' pr‘oceSS

Metropolis-Hastings algorithm to sample (a6 =
from probability density: a a

exp [~U(y|0)]

@ birth (uniform, connected) min{l &Mpn(yU{C})}

‘py by, 0 2,(y)
@ death

b(ya C) +p2ba(ya C)

@ change (K)

Simulated annealing:

1 1
P,(y) o [p(y)]T-

Figure 2. Two dimensional representation of cylinder configura-
tion: attraction regions are shown with spheres. In this configu-
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(+ R Bisous model

Data energy:

Ua(z|6) = — ) | [log(pvu(e)pun(x)) — 0* ()], (27)

TE®

Hypothesis testing to test the “uniformity” of a filament and to
test the "locally high density” in a filament.

pouw = P[X|X +)~(,p(pu)] < Qu, (21)

por = P[X|X + X,p(pn)] €1 — a. (24)

Cylinder concentration:

® cylinder's shape attraction region
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(+ R Bisous model

Interaction energy:

Repulsive cylinders,
0,1,2-connected cylinders

Ui(yl0) = —ni(y) log vk — Y _ns(y)logys,  (29)

2=0

— Ug = 02 - Cpyp"10g(Pryp)
-== g2

........ “Cnyp109(Pryp)

Data energy:

1.5
Data potential
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Results: detected filaments

dist = 109.4 h~'Mpc

dist = 109.4 h~'Mpc

Tempel et al. 2014



(+ Jalsgil  Extracting single filaments

@ Set of simulations (50
simulations):
100000x200000 moves!

@ 50x30 = 1500 realizations

|

@ Density field of filaments

o Orientation field of filaments

|

Single filaments

y (h~'Mpc)
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(+ kel  Detected filament spines

dist = 30.0 h~'Mpc
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Juhan Liivamagi

Detected filamentary pattern

dist = 109.4 h~'"Mpc

dist = 109.4 h~'Mpc

Toni Tuominen
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Orientation of cosmic we

llaments
with respect to the underlying velocity field

Tempel, Libeskind, Hoffmann et al. (2014)
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Filaments in Eagle simulation: Bisous vs Nexus

Nexus: Dark Matter
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Bolshoi simulation

Density map z=1.1 Filament visit map

4+ www.to.ee



-110 ¢

0.2 ET, Stoica, Saar 2013 _
> ] -115

oL— . .1 Lo e e
0 0.2 0.4 0.6 0.8 1

cos(0) (line-of-sight)

-120 -

z (h'Mpc)

-125 -

-130 -

Redshift space distortions

Bisous model for filament detection:
ET et al. 2014, 2016

Filament orientation is not uniform
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Ellipticals

TARTU ULIKOOL

Galaxy filament alignment
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P(lcos 6I)
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Rayleigh Z-squared statistics:

The algorithm works as following. For each filament, we pro-
duce a periodogram using the Zf (Rayleigh statistics),

o] {5

J=1 J=1

4)

where N is the number of galaxies in a filament and ¢; = 2xl;/d
is the phase value for a galaxy j for a fixed period d; [; is a
galaxy j distance along the filament spine from the beginning of
the filament.
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Galaxy pairs align with galactic filaments

Tempel & Tamm (2015)
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Fig. 2. Upper panel: probability distribution function (blue solid line) of
the projected (in the plane of the sky) angles between galaxy pairs and
their host filaments. The KS-test value that the sample is drawn from a
uniform distribution is 107%. The filled area shows the 95% confidence
region for a randomised distribution of 3012 pairs. Lower panel: the
same as in the upper panel for two equal-size subsamples: close pairs
(dyep < 0.3 Mpc; red dashed line) and loose pairs (dy., > 0.3 Mpc; black + www.to.ee
solid line).
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Satellite galaxies
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Galaxies in filaments have more satellites: the influence of the
cosmic web on the satellite luminosity function in the SDSS
Guo, Tempel & Libeskind (2015)
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The alignment of satellite galaxies and cosmic
filaments: observations and simulations

Tempel, Guo, Kipper, Libeskind (2015)
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Figure 7. Test the intrinsic of the filaments between the fila-
ment axes and anisotropic distribution of satellites. Top panel:
the alignment between real/artificial filament axes and the ma-
jor axis of red primaries. Bottom panel: the alignments between
F, LA M E’! } r.\ (A TEZ,L,TE anisotropic distribution of satellites with artificial filament axes

: ' ! 5 (thick red and purple lines) and with real filament axes (thin blue
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Alignment dependence on filament properties
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Late time accretion
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of the Accelerating Universe Astrophysical Survey
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Is this the same galaxy?
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How dark is the Universe?
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