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CW in anutshell from observations . . .

de Lapparent et al. 1986
Colless et al. 2003
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...totheory

Cosmic web

Klypin & Shandarin 1993
Bond, Kofman & Pogosyan 1996
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Zel'dovich 1970
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CW in anutshell .. .to theory
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Klypin & Shandarin 1993
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Sergei Shandarin
Zel'dovich 1970
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CW in anutshell .. .to theory ._

. Cosmic web

Klypin & Shandarin 1993
Bond, Kofman & Pogosyan 1996
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Marenostrum e Yepes et al. 2007

HoRIZON-AGN e Dubois et al. 2014
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Cosmic Web CW metric ._

DisPerSE

® ccometric 3D ridge extractor
® discrete data sets

® scale and parameter-free

® Delaunay complex & DTFE
® discrete Morse theory

® persistence theory

GAMA (Driver et al. 2009, 2011) DisPerSE (Sousbie et al. 2011)

OAS | 9 Dec 2021

Katarina Kraljic



Cosmic Web CW metric

GAMA (Driver et al. 2009, 2011) DisPerSE (Sousbie et al. 2011)

OAS | 9 Dec 2021 Katarina Kraljic




var ocgs=host.getOCGs(host.pageNum);for(var i=0;i<ocgs.length;i++){if(ocgs[i].name=='MediaPlayButton0'){ocgs[i].state=false;}}




Cosmic Web CW metric

Dsaddle

CW metric

D.iel - closest filament

® D - closest wall

N . ® D, 4o - filament's node
‘\9 ® D_.q4le - filament's saddle
'n.node,' e filament V: nodes removed

® wall V: nodes & filaments removed
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Transverse v Segregation: filaments ._

Mass segregation

1.0 ———— —
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Transverse v

Mass-matched

Segregation: filaments ._

Color/Type segregation

I — —— —
I passive g
I L M ,) > 10. ]
0.8 ERL/L) 2 0 star-forming
w 061 19122 ]
a I E . . .
a oal 1 - passive/red galaxies closer to filaments
[ \ ] in observations z < 0.9
0.2 B :\ N Chen et al. 2017, Kuutma et al. 2017
B " ] Poudel et al. 2017, Malavasi et al. 2017
0.0 - Kraljic et al. 2018 |, Laigle et al. 2018
me 2_ 1 Winkel et al. 2021
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i+ . o .
= [FE 21 ] consistent with simulations
< 0 -
) . _ Hz-AGN: Kraljic et al. 2018, Laigle et al. 2018
0.1 1.0
Dskel/ <DZ>
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Transverse v

Mass

Segregation: walls ._

Color/Type

(mass-matched)

1'6:_‘ . log(Mv‘/Mc)‘ > ‘114‘0‘ N E 1.6F B ‘pa‘ss‘iv‘e‘ =

145_ —— 11.0 > log(M./M,) > 10.7 _E 145_ star-forming _E
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1.0 0.1

Dwall/ <Dz>

Kraljic et al. 2018 (z < 0.25; GAMA)

consistent with Hz-AGN
with SDSS (z < 0.2; Winkel et al. 2021)
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Transverse v

Central galaxies

Segregation: cosmic web ._

Z/age/a elements segregation

Nodes Filaments WEIS
0.10
“® 0.05 T { Jh
N I T“rﬂ ‘ TH% e 1 3
~ Tt | 3 T il T T =
N 000 J il T;TquT—Td.Z ujTTfTT g;: ~%¢ﬁ%:_;?f§u‘m i I ‘wi g s i
g J iy 1 ¥ Jl T
< -0.05 J
~0.10
—10 —05 00 05 10 —2 -1 0 = -1 0 i
log (Dnode/ (Dz)) log (Dskel/ <Dz>) log (Dwall/ <DZ>)

O log(Mhaio/Mp) < 12
(| IOg(Mhalo/MQ) > 12

- centrals at given (M, My,),) closer to CW components are

Winkel et al. 2021 (z < 0.2; SDSS)

- more metal rich
also

- older

- slightly a-enhanced

Katarina Kraljic
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Towards 2D Red fractions ._

'Pre-processing’

All galaxies

0.75 ‘ 15

sl log(M./M.) > 10.46

0.65F N
< 00 &
5 060F (w - red/passive fraction increases
©
< s g near the nodes (groups/clusters)

55 g i
K ) at fixed Dgyel

0.50F oW .

2 near the filaments
045F <10 at fixed Dyode

0.40 1 1 1 1 1
IOg (Dskel/ <D2’>)
Kraljic et al. 2018 (z < 0.25; GAMA)
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Interpretation? distinct gradients ‘_

| sy ... hints from the excursion set theory

--------- [UEES

Large-scale tides

- impact on the assembly history of halos
mass

accretion rate
formation time

depend on the geometry of the saddle

direction of filament

Musso et al. 2018

saddle > see also e.g. Dalal et al. 2008, Hahn et al. 2009
Ludlow et al. 2014
Borzyszkowski et al. 2017
Paranjape et al. 2018

direction of void
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Saddle frame HORIZON-AGN / HORIZON-NOAGN
S —

; ,"'ﬁ

8

large-scale hydrodynamical cosmological simulation
RAMSES (Teyssier et al. 2002)

Lboy = 100 A~1 Mpc

Az = 1 kpc

SF: Schmidt relation

stellar feedback: winds, SN Ia, Il

AGN / no AGN feedback

Dubois et al. 2014, 2016
3 7 7 AP % 2

- R AN LR g o
OAS | 9 Dec 2021 Katarina Kraljic




Saddle frame HORIZON-AGN / HORIZON-NOAGN

large-scale hydrodynamical cosmological simulation
RAMSES (Teyssier et al. 2002)

Lboy = 100 A~1 Mpc

Az = 1 kpc

SF: Schmidt relation

stellar feedback: winds, SN Ia, Il

AGN / no AGN feedback

Dub0|s etal 2014, 2016 log(M./My)=11.8 icg(M,/M;,)=12.6

V/a=0.6 V/a=2.
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Saddle frame Stacking galaxies ._

x [Mpc/h]
0

z [Mpc/h]

’ saddle

direction of filament

Kraljic et al. 2019
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Saddle frame Stacking galaxies ._

X [Mpcolh] x [Mpc/h]
0

3 ddi
g‘ Sa e

z [Mpc/h]

direction of filament

Kraljic et al. 2019
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Galaxy number counts

Saddle frame

intermediate M, high M,

low M,

SYUNOD Iqum

0.12 0.28

0.12 0.2

0.12 0.2

[u/odi] =

[u/>di) =

y[Mpc/h]

y Mpe/h]

PDF

y[Mpc/h]
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Saddle frame

Stellar mass ._
log(My /M) > 9.0

0.52
5 046
0.40]

N

) —

Iso-contours
N\
5: ‘ £ ® radial & angular dependence
® saddles: min longitudinally
L]

saddles: max transversally
® higher M, in fils vs voids

® higher M, in nodes vs saddles

Kraljic et al. 2019
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Saddle frame sSFR & impact of AGN ._
i 7 10.96 < log M, <11.
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Saddle frame
9.00 < log M, <9.05

Interpretation? ._
<l ]%*<1.99 A1
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w  SSFR
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| Saddle frame
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Saddle frame Hidden variable: Myq10 & p? ._

I\/lhalo
10.96 < log M, < 11.99 13.00
12.86
12.75
12.60
12.40
12.20
12,00
11.80

log M},

11.60
11.40
11.20
11.00

Kraljic et al. 2019
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Saddle frame Hidden variable: Myq10 & p? ._

Mhalo + P
a 1().96 log M, <11.99 o 10. 96 log M, <11.99
12.86 ‘
3 L 1275 ,\ // /
12.60
N 7

12.40
1220

12.00
11.80
11.60
11.40
11.20
11.00

0
y Mpe/h] y Mpe/A]

Kraljic et al. 2019
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Saddle frame Hidden variable: Myq10 & p? ._

Mhalo + p + f(Mhalo,p)

10.96 < log M, <11.99

z [Mpe/h]

Kraljic et al. 2019

| = 1
11.0 115 12.0 12,5 13.0 13.5
log My,
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Saddle frame Hidden variable: Myq10 & p? ‘_

Mhalo + p+ f(MhaIpr) reansssneesenpresiduals

10.96 < log M, < 11.99

13.00
12.86
12.75
12.60
12.40
12.20

My,
log p

12,00 o
11.80
11.60

z [Mpe/h]
log

11.40
11.20
11.00

y [Mpe/h] y [Mpc/h]

0.50

® .
010 > Kraljic et al. 2019
0.02

| E | |
11.0 115 12.0 12,5 13.0 13.5
log My,
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Saddle frame Hidden variable: spin advection?

residuals

z[Mpc/h]

y[Mpe/h]

Kraljic et al. 2019
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Saddle frame Hidden variable: spin advection?

10.96 < log M, <11.99

812 residuals
0.263
0.213
0.164
0.114
0.065

spin

x [Mpc/h)

z[Mpc/h]

vorticity

0.235
0.188
0.140
0.003
0.046
0.002%
0,049
—0: \ 0,006
% 0,144 y [Mpe/h)
-10 L0.191

x [Mpc/h)

/
-1.5-1.0-0.5 0

/
y [Mpc/h) .

Kraljic et al. 2019

see also Codis et al. 2015
Laigle et al. 2015
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Cosmicweb Galaxy/halo spin: theory ._

Filaments

19k 9.5< log(M,/M,) <10.0
10.0< log(M, /My) < 10.5
10.5< log(M, /M) < 11.0

Q1.0 ==
2 =
(cos 0
09l g D
).501
0.499
0.81- 0.484 4
! ! ! i oy
0.0 0.2 0.4 0.6 0.8 1.0
[cos O]

- massive galaxies tend to have spin |
- low-mass galaxies tend to have spin ||

Kraljic et al. 2020a SiMBA
see also Dubois et al. 2014 HoRrizoN-AGN
Codis et al. 2018
Wang et al. 2018 ILLUSTRIS
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Cosmicweb

Filaments
T T T
1ok 9.5< log(M, /M) < 10.0
10.0< log(M, /M) <10.5
10.5< log(M, /M) <11.0
L1
210 - =
(cos 0
09l g D ¢
0.501
0.499
0.81- 0.484
) ) ) 2= 0.0
0.0 0.2 0.4 0.6 0.8 1.0
[cos O]

L |

- massive galaxies tend to have spin |
- low-mass galaxies tend to have spin ||

Kraljic et al. 2020a SiMBA
see also Dubois et al. 2014 HoRrizoN-AGN
Codis et al. 2018
Wang et al. 2018 ILLUSTRIS

OAS | 9 Dec 2021

Galaxy/halo spin: theory ._

also
- massive halos tend to have spin |
- low-mass halos tend to have spin ||

see also e.g. Hahn et al. 2007
Codis et al. 2012

Ganeshaiah Veena et al. 2018
Kraljic et al. 2020a
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Cosmicweb Galaxy/halo spin

/t Walls

1.2} 9.5< log(M,/Mg) <10.0 —
10.0< log(M, /M) < 10.5
10.5< log(M, /M) < 11.0

‘_ﬁ/ (cos )

0.9F o
0.502
0.507
0.8 0.519 N
z=0.0 ) ) ) )
0.0 0.2 [ 0.6 0.8 1.0
[cos Oy—g]

- massive galaxies tend to have spin L
- low-mass galaxies tend to have spin ||

Kraljic et al. 2020a SivMBA

see also Codis et al. 2018 HORIZON-AGN
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Cosmicweb Galaxy/halo spin

/t Walls

1.2} 9.5< log(M,/Mg) <10.0 —
10.5
11.0

10.0< log(M, /M) <
10.5< log(M, /M) <

‘_ﬁ/ (cos )

0.91 |
0.502
0.507
0.8 0.519 .
2S00 ! ! ! !
0.0 0.2 0.4 0.6 0.8 1.0
[cos Oy—g]
I I
also
- massive halos tend to have spin | - massive galaxies tend to have spin |
- low-mass halos tend to have spin || - low-mass galaxies tend to have spin ||
Kraljic et al. 2020a SivMBA
see Codis et al. 2015 (conditional TTT) see also Codis et al. 2018 HORIZON-AGN

OAS | 9 Dec 2021 Katarina Kraljic




Cosmicweb Galaxy spin/filaments: observations ._

1.3 TITTTTTTTTTT I T TITITITTTTTT
= SAMI =1
— T GAMA 30 filaments .
12— +
1.1 -
w = -
< = -_|
+ 1.0 —
— — —
0.9 N
=44 OQM <M, <1095&un <82Dk‘">=42.03-(;;":
0.8 10M. <M, <102M <, kh>=44.20 |
= 109M <M. <102M_ <0, ">=47.3> |
0.7 L e e
10 20 30 40 50 60 70 80

|| <9k1n c J_

- massive galaxies tend to have spin L
- low-mass galaxies tend to have spin ||

Welker et al. 2020 (SAMI)
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Cosmicweb

1.3

1.2

1.1

1+kE€

1.0

0.9

0.8

0.7

SAMI —

GAMA 30 filaments

|
L

Lorirrrrrttrl

T

T

H10°M,,, <M, <10°SM, <0, <">=42.0375
10°M,, <M, <10"3M <8, K1>=44.2°

IIIIIIIIIIIII'IIIIIIIIIIHII

1

10'°9M <M, <10'2M, = <0 kn>=47.3°
LT P ey

10 20 30 40 50 60 70 80
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| (655Y (°) 1

- massive galaxies tend to have spin L
- low-mass galaxies tend to have spin ||

Welker et al. 2020 (SAMI)

Galaxy spin/filaments: observations ._

all LTGs
APA <10°

0.8 (cos ) pks
— 053 7.01x107*
"""" 0.531

7.09x107%
I I I I I

log (M, /M) < 10.0

12 |
2 1.0 -
0.8 (cos 7)  pxs
— 0.55 4.43x10°6
Il Il Il Il Il
0.1 [E] 0.5 0.7 0.9
conn I

Kraljic et al. 2021 (MaNGA)
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Cosmicweb Galaxy spin/filaments: observations

14f all S0s
APA >20°
12
2 1.0f
®r (cos ) pks
0.465  7.15%x107%
0.6 0.446  5.35x107
L L L L L
1.4 log (M, /M) < 10.0
12
<3}
S0 s ———
[N
08f (cos ) pks
0425  4.99x10°
0.6
L L L L L
0.1 0.3 0.5 0.7 0.9
1 | cos | ||

LTGs see e.g. Tempel et al. 2013 vs Lee & Erdogu 2007
SOs see e.g. Tempel et al. 2013, Pahwa et al. 2016
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all LTGs
APA <10°

0.8 (cos ) pks
— 053 7.01x107*

""" 0531 7.09x1073
I I I I I

log (M, /M) < 10.0

12f |
|
=

2 1.0f :
0.8 (cos 7)  pxs
— 0.55 4.43x10°6
Il Il Il Il Il
0.1 [E] 0.5 0.7 0.9
conn I

Kraljic et al. 2021 (MaNGA)
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SIMBA
Davé et al. 2019
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Nodes Connectivity of the Cosmic web ._

SDSS
KIAS-VAGC
Tempel et al. 2014

DisPERSE
Sousbie et al. 2011
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Nodes Connectivity of the Cosmic web ._

T T

[ connectivity
047 multiplicity ]
— SDSS

~=~- HorizoN-AGN
"""" SIMBA

PDF (Npeaks)

Neitaments

see Codis et al. 2018 for GRF .
Kraljic et al. 2020b
see also Darragh-Ford et al. 2019 for BCGs

Katarina Kraljic
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Nodes Connectivity of the Cosmic web ._

T T T 5.5 T T T
[T connectivity —}— SDSS (KIAS)
0.4 multiplicity | 50l —1— SDSS (Tempel et al. 2014) i
— -4-- HORIZON-AGN K
— 0.3F —==- HORIZON-AGN ] = EL SIMBA
- N == I SIMBA £45 ]
g =
2 2
=3 8
e 8 Z 401 g
5 8
] 3.5 ]
L et
I ! 3.0, F L L L u
10 15 9 10 11 12
Neitaments log(M,/Mg)

see Codis et al. 2018 for GRF .
Kraljic et al. 2020b

see also Darragh-Ford et al. 2019 for BCGs
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Nodes Connectivity of the Cosmic web ._

Star formation/SDSS

Stellar mass
T T
| passive
—— SF
L —— all ]

connectivity
R =
(3] foa =1 f=1 oo ot
Ut =1 ot (=) Ut (=]

T T T T

Il Il Il Il

oo
=)
=]
T
!

1 1 1
10 11 12
log(M./Mo)

Kraljic et al. 2020b
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Nodes Connectivity of the Cosmic web ._

Star formation/SDSS

Stellar mass sSFR residuals

T T T T T T
| passive passive
—}— SF 34f —— SF i
L —— all - —— all

=) o o
S St =)
T
I

oo
55
=
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L
£
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o
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T
!

o
(=3
=
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o
0
T
|

10 11 12 -1 0 1 2
log(M,/Mo) A log(sSFR/yr—1)

Kraljic et al. 2020b
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Nodes Connectivity of the Cosmic web ._

Morphology/SDSS

Stellar mass

T
| E/SO
—+ S/hir
4.95F —— all i

connectivity
w o §o =
Do foa =1 f=1
Ut =1 ot =]
T T T
Il Il Il

oo
=)
=]
T
!

1 1 1
10 11 12
log(M./Mo)

Kraljic et al. 2020b
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Nodes Connectivity of the Cosmic web ._

Morphology/SDSS
Stellar mass sSFR residuals
T T T T T T
4501 s 4 E/SO
—— S/Ir 3.4k —— S/Ir
4.25F —— all 4 ——
2 4.00f 1 =
= = 32f .
é 3.75} i cg
g g
<
3.50 b 3.0F .
3.25] i
3.00F - 2.8 -
1 1 1 1 1 1 1
10 11 12 —1 1] 1 2
log(M, /M) A log(sSFR/yr!)

Kraljic et al. 2020b
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Nodes Connectivity of the Cosmic web ._

Star formation/HzAGN

Stellar mass sSFR residuals
T T T T T
lowest sSFR quartile 4.5 b
6k —1— highest sSFR quartile i
—— all 1.0k ]
5 =
=l ) = 3.5 8
g g
g =l
S Al i S 3.0 b
25k lowest sSFR quartile i
5 —f— highest sSFR quartile
B ) —— all
! ! ! ! PAY ! ! ! ! 1
9 10 11 12 -2 —1 0 1 2
log(M,/Mo) A log(sSFR/yr~!)

Kraljic et al. 2020b
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Nodes Connectivity of the Cosmic web ._

AGN
5.0 T T T T T T T T T T T
lowest M, quartile lowest sSFR quartile lowest v/o quartile

451 —— highest M, quartile | - —— highest sSFR quartile’, T —+— highest v/o quirtile | ]
B —— all —— all —— all
£ 40f + - .
§
£ 35} + + .
38

3.0 + + .

2.5F I I LT ! ! LT I I L

11 12 13 14 11 12 113 14 11 12 13 14
log(Mp/Me) log(Mp/Me) log(Mp/Me)
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connectivity

connectivity
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Connectivity of the Cosmic web ._

no AGN
T

T T T
lowest M, quartile

.5 —}— highest M, quartil

T T
lowest sSFR quartile

—+— highest sSFR quartile |
—— all

T T T
lowest v/o quartile
" —— highest v/o quartile
| —+ all

AGN
T

T T
lowest M, quartile

.5 —}— highest M, quartile

—— all

lowest sSFR quartile
T —+— highest sSFR quartile |, ]
—— all

T T T
lowest v/o quartile
" —— highest v/o quartile
| —+— all

log(M),/Mo)

log (M}, /M)

log(Mj/Mg)

Katarina Kraljic



Conclusions Summary: Filaments ._

Mass & color & age & metallicity segregation Alignment

mass segregation mass SF segregation SF/age/Z segregation spin
0.2 0.4 0.6 0.8 1.0
: = : = : +—> | soss
SDSS Lowz redshift MaNGA
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Conclusions Summary: Walls ._

Mass & color & age & metallicity segregation

mass segregation SF/age/Z segregation mass SF segregation

Kraljic et al. 2018 (GAMA; z < 0.25)
Winkel et al. 2021 (SDSS; z < 0.2)
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Conclusions Summary: Saddles/Nodes
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iso-contours: clear dependence on radial and angular distance

sSFR and V//o: dependence beyond mass and density, residuals
trace the geometry of the saddle

galaxies retain a memory of the large-scale cosmic flows

AGN feedback coupled with filamentary flow induces some level of
anisotropy partially degenerate with the effect of spin advection at
high mass and low redshift

more massive galaxies are more connected

at fixed M, less star forming and less rotation supported galaxies
are more connected

connectivity is a practical observational proxy for past and present
accretion (minor mergers or diffuse infall)
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