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A tale of two rival theories

; Bond, Kofman & Pogosyan, Nature 380, 603 (1996):
¥ “How filaments of galaxies are woven into the cosmic web"

“the (Russian) pancaking picture” meets “the (Western) hierarchical clustering picture”

bottom-up: (Western) hierarchical clustering

Zel'dovich 70: pancakes — filaments — clusters .
Gott & Rees 75; Peebles 80: merging haloes at rare
“honeycomb / Swiss cheese”; Gott, The Cosmic Web,

eaks
Fig. 4.1 P

“meatballs / halo model”
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Roadmap

1. Act | — spherical collapse: excursion set & bias expansion
2. Act Il — the cosmic web enters the excursion set
3. Act Il — WHM-PBS: bias becomes a distribution

4. Act IV — distributions become priors — DESI
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Act | — spherical collapse: excursion set & bias
expansion



Press—Schechter:

1 — spherical collapse
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backgrour\_d £33
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t/ teoliapse

2 — random walk, constant barrier

collapse — barrier — mass function

3 — the mass function

first crossing: S(M) v=1 M-
0.5+ —2mve-vr
245, vilv)=v2/nve
{ ]
0.4
1 3 0.3 exponential suppression
= 0.
=
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S=0%(M)

» top-hat collapse: . ~ 1.686 — every mass (Gunn & Gott 72)

v=>5c/0(M) (mass —)

random walk 5(5), S = UQ(M): halo = first crossing (Bond, Cole, Efstathiou & Kaiser 91)

mass function (Press & Schechter 74): vf(v) = \/2/7T 7/671’2/2, v=>0c/oc(M),

dlnv

(M) = Lvi) S
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The bias expansion

O =|b1o+%02+%6 |+ [bes®| + ... +

density sector tidal sector

» Taylor-expand the abundance n,(d;) in the long mode dy:

np (5@) 1 8N’nh
= 1 = = —
ny Np 354 50=0
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The peak—background split

3] — 5,
—— 6 (halo)

linear overdensity &

position x

a long mode &y: crest — more haloes, trough — fewer (after Schmidt 13; Desjacques, Jeong & Schmidt 18)
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The peak—background split

31 = &, (absorbed)
— 6-06

6 — 6y(x)

0« — -  ——— — A/ — — —=

short-wavelength overdensity 6s=06—6;

position x
= a barrier shift: np(Mp|de) = nh(Mh)|6 Y
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The peak—background split: the response

1 0Nnp(Mplde)
’I’Lh(Mh) 855\7 50=0

by (M) =

the mass function determines the bias

np x vf(v) with v = (6c — d¢) /o (Mp):

b — dlnny 1 0luf(v)] es 21
= = —— =
00y 5,=0 o ov Oe
deterministic by (M) — bias is a number
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Act Il — the cosmic web enters the excursion set



Beyond spherical: the tidal field and (4, ¢, p)

1 — the tidal field 2 — diagonalise: A1 =A;=A3 3 — shape: ellipticity e, prolateness p
9;0,® ® contours
V2o =6 + R
T N '
K N 1 A
— | patch | e— — hra—
1 \
\\ 7 \
o o e=0 p=-e e>0,p=0 p=+e
== sphere cigar triaxial pancake
initial sphere
_ _A1—As _A1+A3—2A;
6=A1+A+ A3 e=" p= -

» tidal tensor 0;0;® — ®: gravitational potential, V3P =46
» initially spherical patch, sheared: axis rates A\1 > A2 > A3; § = A1 + A2 + A3
» shape: e = A12_6A3, p= ’\1+A3 222+ spherical: e=p =0

> the traceless tidal shear (Sheth, Mo & Tormen 01): 85 = 0;0;® — 455,

P3P =3 ) S, () —2s
k
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The shape distribution g(e, p| )

fixed e, varyingp (6/0=1)

Pupi=0
{ ]

o =
o ©

gle,p|6) (scaled)
o
o

0.4
—e=0.2
0.2 — e=0.45
— =07
0.0 <

~06 -04 -02 00 02 04 06
prolateness p

» Gaussian ICs (Doroshkevich 70):

p=0, varying e

emp = (0/6)V5

02 04 0.6 08 1.0
ellipticity e

2

5 5 2, 2
g(e,pld) o< e (e? —p2>(§) e B @Y

» Pmp = 0; emp = (0/8)/V/5 — rare peaks: spherical; late crossings: sheared
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Ellipsoidal collapse: one clock per axis

> axes Ag(t) (Bond & Myers 96): 1.0
d?A _ : , v :
o = —AmGp Ak 52 4+ % 6+ N
< 0.0
> axis collapsed at Ai/a = 0.17 — yields Ay ~ 200 =

3,=2.C

o4l 9=1./400.

» one patch, three collapse epochs o N
2=0.2, p=0 NG
» collapsed axes = morphology (Shen+06): o2k ]
1 — sheet, 2 — filament, 3 — halo . ; \ . \
5C oc 150 Z00 25C 300
o/

A (t), e = 0.2 (Shen, Abel, Mo & Sheth 06)
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Why the barrier moves

> representative IC: (emp, 0) (Sheth et al. 01): (e,p) — (4, S)
> three variables — one walk 4+ moving barrier B(.S)

» 3rd / 2nd / 1st axis = halo / filament / sheet:
rising / flat / falling

Higher-order bias via the cosmic web

T4 5=1.686/40
e=0-0.45
1oF p=0

GGI workshop week 4 - Samuel Brieden

0.8l - ]
0.6 b
0.0 0.2 0.4 0.6 0.8 1.0
(m)/6
Soc/dsc (Shen+06)
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Moving barriers for the web

log1oM[h =M ]
13 12

Shen et al. (2006), a = 0.707:

15 14 11 10
4 —— sample walk & o
o 6 = B sheet barrier B(S) = \/5650 [1 + B( ?2 ) ]
4 = By filament barrier a0
ll:.) 41 = B, halo barrier
% iy o (8, @): halo (0.45,0.61) steep — filament
g ZM\ (—0.012,0.28) flat — sheet (—0.56,0.55)
[ .
>z P falling
g i .
3 °‘_\/—\/\/\/\/\J > nesting By < By < By:
g sheet — filament — halo,
c -2 sheet forms (Ms)
“cﬂa filament forms (M) Mg > Mf > My,
= halo forms (M)
_a4
05 1 2 3 4
a(M)
WHM-PBS Fig. 1 (arXiv:2607.21334)
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The host distribution P(M¢|M),)

Haloes in filaments

Ry ) sl (& P ) » conditional crossing

os
150 10 0 wo o
e CI o N(Mp|My)
° 00 = )
= 10 = s u0 o7 = 100
Wl 02§ T Wl
Sns % Eus *° % Eus Ch Kol .
3 e E o283 > apman—Kkolmogorov:
H B P
g % g g 2
C e g u s T3 4 np = fN(Mh|Mf) ny de
— mean || [-082 — mean e — mear
2o == median || | o 120 == median || 08 120 == median host
A5 10135 50 155 10 145 150 513015 50 55 10 15 150 150135 150 135 10 145 150
Toguobty 1M1 0gicy (1M1 Toguabty 1~ M1 » Bayes:
. N (M| M) n
fogioMy Toguoy ~ 10930y P M — f f
N ) T 3 2 f My) =
3 ] -l 3 - np
S = S =
2w - f
= 2 2
B 7 —= 3 = closure
H / — 5 |
107 T

108 ot k d distri .
E T ey e Soo 0% o0 0% 1w 1h iE So0 03 ok 0% w13 1E0 > W istribution
10g10(M/M)) 10G20(Mi/My) oguaMiMy SKewe st utio
Haloes in sheets

WHM-PBS Fig. 2
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Act Il — WHM-PBS: bias as a distribution



The Web—Halo Model Peak—Background Split (WHM-PBS)

31 = 5§
—— 06 (halo)

linear overdensity 6

position x
textbook: one barrier, one long mode
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The Web—Halo Model Peak—Background Split (WHM-PBS)

3] =5
—— &5 (sheet)
—— 6¢ (filament)

—— 6 (halo) °
|

| !

[}
2 A
=
w
o 1
9}
°
g —\=
o —
©
3 07
£
_1<

_haloes
filaments
-
—

position x
nested fields, elevated barriers
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The Web—Halo Model Peak—Background Split (WHM-PBS)

34

N
{ )
()
«—>
B>
&

o -
‘.
)

C(

NS

N/

—}
g
!/

short-wavelength overdensity 6 — 6,

|
/
—C

position x
d¢ into the barriers: all three shift alike — gaps unchanged
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The environment-averaged bias: the calculation

by; v (M) =

np(Mp) sy 50=0
1
= N (M |M M¢|dy)dM
(Mh) aaN/ n|Mg) ng(Mglde) dM
ONng(Ms|5
— /N(Mh|Mf) f(Nf‘ l) de
nh(Mh) 95, 50=0
N
M
= L [N ) o SICIR ]
np(Mp) ny(My) 94, 50=0
= bf n (My)
N(Mp|Mg)ng(My) L
:/ np(Mp) b v (Mp)dMy = (brn >Mf\Mh
= P(My|Mp)

mean = direct halo bias (closure); host random = a distribution, not a number
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A halo inherits its host’s bias

M;=6x10%?
b1=16

My=25x101%
by=12

Plbs|Mn)

(by)

25 30

10 15 20
host bias by

bin = (b1,s(My) ) aryar, — same My, different hosts: different bias
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Linear Halo Bias: a distribution, not a number

Haloes in filaments Haloes in sheets Mean vs. prescriptions
log10Ms [h ™Mo ] log10Ms [h "M ] log10My [h2M o ]
9.5 12.0 137 15.0 9.5 12.0 137 15.0 9.5 12.0 137 15.0
T10
WHM-PBS 10
© Host

— WHM-PBS median
—— WHM-PBS mean

WHM-PBS mean

e e

0.25
= 0.00
-0.25 . :
~0.50 1 —==—" -0.50
-0.4 -0.1 0.2 0.5 -0.4 -0.1 0.2 0.5 -0.4 -0.1 0.2 0.5
logyov logiov logiov

» mean: closure-protected; width: o(b1|M}) =~ 0.6-1.0
» mean ~18% high (Tinker+10) — but the relations by (b1) are what matters
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Density sector: the b,(b;) relation and prior band

3 g 109 N0 i » one host fixes all by: haloes slide along by (b1)
10 Lazeyras+16 (ref)
” selection prior band ) "
B oy > aggregation: b5 = b5***(b7) + £ b5 Var(b:1]S5);
— WHM-PBS mean =
i ° host curve = lower envelope
T & ~
§ - = » prior band: width Var(bi| M) ~ 0.4; tracks
g -
= —_— Lazeyras+16

Lazeyras+16: ba(by) = 0.412 — 2.143 by + 0.929 b? + 0.008 b3

Haloes in sheets
by
IS

—2{ scotter runs along the host curve

s ] TosPBS - PS
8 STog - smTol
B 02750
) SN
[
g0 T
2
o
10 15 20 25 3.0 35 40
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Density sector: the b3(b;) relation

log10Mn (™Mo ]
14

(b3 — b5")/by

1.0 15 2.0 25 3.0 35 2.0
by

Higher-order bias via the cosmic web

» cubic host curve — the skewness term enters:
b = b3 (b7) + L b5 Var(b,]9)
+ 5 65°" ia(ba] S)
» the psz term flips the lift at low by

» same band recipe; tracks Lazeyras+16

Lazeyras+16: ) )
bs(b1) = —1.028 + 7.646 b1 — (}.2271}f + 0.912 l)‘f
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The tidal sector: one shear, three responses

linear overdensity 6

e o e
==l O S
T r=—t—i— 5 (halo)

3dBy 2.
Bh+ 535 Sb © rises

By blind

\\ Bs +

3d8; 2 .
545 Sh : falls

haloes
ments: unchanged
-

-
— s sheets: grown

position x

6B = 3(dB/dS) s;: sheet | — filament blind — halo 1
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The tidal derivation

2
1. definition: b% = iw
Ny 6Sb 0

2. the barrier is the shear: (s*) = 29 = 6B(9) =2 % sz E A

— non-uniform | »
3. spherical: dB/dS =0 = b% =0
4. dBy/dS = 0: ny blind, N(My|M;y) responds

bes (M) = (bga (MalMy) ) s 1,

genuinely broken: scatter at fixed by
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Tidal relation: b.(b;)

s " Mol " » band brackets the N-body spread (Abidi-Baldauf «
logioMn [h y sp
15
10 Zennaro, Eggemeier, Modi)
t 05
9 .
HEU e » typical-host track: RMS 0.09 — the mean: 0.51
& wh -05
£ 9 10 Abidi-+18 (ref) B (VS Abidi—Baldauf 18)
] ~~ co-evolution (bl = 0)
% -15 fixed-by band
T a0 e e (xed ) » same P(Mjy|My), no new parameter
_2.5] = WHM-PBS mean
e » prior band? host—halo curve difference +
1.0 M
g o 1 assembly bias (see later)
2 0.0
; wh 05
] -1.0
°
g -15
-2.0
=25
g T S
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One mass, many hosts

0y N
7 \
i \
\ |
\ .
\ /

—

same Mp

M;=6x 1013
by=1.6

Plby|My)

(by)

25 30

15 20
host bias by

same Mj,, different hosts: ' drawn from P(bi|Mp)

Higher-order bias via the cosmic web
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Stochasticity from the same host variance

» deterministic + noise: 0, =b1d+¢, (e0) =0 = P. = Pup, — P2 /Pom

» the host makes ¢ physical — a bias field:
by = bi(My(z)) = et = [by(My(x)) — bi1] 6(z)

» across mass bins: the stochasticity matrix,
0ij(k) = (6, — b1,:6)(Onj — b1,;6)) = 5” + Pt P!
> the host fixes Pt completely:
Pan(a) = [ aM; POLIMG) [b1(07) = Ga)as ] Vo) W (@)

3
PECIUSt(k):/(;iﬂ_C)I P&b( ) mm(|k_Q|)
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The diagonal: super- and sub-Poisson

Lagrangian (= 49) Eulerian (z=0)

> » coherent over the host: every halo in
_ one host shares the same offset b
E across its size R.(My) — the window
§ X(5.65) WR* in Pgb
s : » = white super-Poisson plateau at
k < 1/R.
» exclusion = sub-Poisson

ViL89)

0;(k) [10° h=3Mpc?]

e

107! 107! 10° 10!
k[hMpc1] k[hMpc1]
« Baldaul+13 measured  —— WHM-PBS mean (super + exclusion)  —— Bakdauf+13 model (Lagr)
& Baldauf+13 (k-0 levels) WHM.PBS exclusion only flament sheet band

WHM-PBS Fig. 7 vs Baldauf+13
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The eigenvalues of the stochasticity matrix

eigenvalues of gj(k) (mean * band)

1.84

1.6

1.4+

121

Alk) A

1.0

clustering mode A, (host scatter)

eight Poisson modes

0.8

0.6 1

0.4

L
exclusion mode A _

© Baldauf+13 measured

Higher-order bias via the cosmic web

10
k [hMpc™]

WHM-PBS Fig. 9

» band = filament and sheet predictions, thick
line = their mean

» exactly two non-Poisson modes: clustering 7,
exclusion |
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Assembly bias: the classic signal

i " 1" » split by concentration at fixed mass:
5p A& upp 25% ooy 1 clustering differs

r —9o— all haloes 3/

[ v low25%c : .

R ¥ » high mass: low-c more clustered; low mass:
4r ;‘,,"/ 1 inverted

a i . _ N

[ / » inversion at m. ~ 2 x 103 A= Mg
3F i

4 [
2; .
N N

1 |- S A — N -

e

vV
O -IO‘TZ 1614

Maoob (W' Mo)
Paranjape, Hahn & Sheth 18, Fig. 13
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Assembly bias: it is the environment

.
— - Ti0 - 0<og=02 p 2

6 —4A— upp 25% Caoon T -0 02<0p<05 7 Al
—o— all haloes &~ 05<0r<1.0 4 /
v low 25% caoon @ 1.0<0r<8.0 /

filaments

|

P PPE il P P P
mao05 (h"Mo) mMao0n (h"Mo)
Paranjape, Hahn & Sheth 18, Fig. 14
» the low-mass inversion comes from haloes in filaments
» smooth in the tidal anisotropy ar at R = Ria =~ 4 Raoop
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Assembly bias: the inversion as population mixing

» turnaround host:

" My pra Ria 3N5.5 3 _
My, 200,3(R230b) = 2504 = 1.76
I N » My /My > 1.76: filament-fed;

My ~ My: isotropic proto-halo

. : » median host crosses 1.76 at

m, ~ 1.7 x 10> k™' Mg: ~5% from
WHM-PBS Fig. 10 Paranjape+18

» Abi ~ 0.6: one Var(by) drives both

Higher-order bias via the cosmic web GGI workshop week 4 - Samuel Brieden 32/39



Tidal-sector assembly bias

Tidal relation and As = 0.35 band vs LBS21 quartiles (per-bin offset removed)

24
14
oA
&1
]
S 5]
-3
_4 4 — L16 A0 relation
+0.350vana band
“0bana (full band)
—54 @ conc. quartiles
@ spin quartiles

2 3
by

Higher-order bias via the cosmic web

at fixed mass (Lazeyras, Barreira

» concentration- and spin-quartile splits

Lo & Schmidt 21, Fig. 5)
» displace bfg by ~0.26-0.44 obana —
i about 1/3 of the full band
oo g » adopted as the tidal prior width:
0 As ~ 0.35
'—0.5m
-1.0
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Act IV — implications for DESI



From theory to priors: three rules

1. ba(b1), bs(b1): Gaussian band, width ~ 0.4, hard floor
2. by2(b1): broad Gaussian, o = [mean—host]? + [0.35 obana)?

3. SNy: Gaussian prior with width set by the difference between sheet and filament prediction
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The b2 A, valley

[0 free Py
3.41 I WHM-PBS et A}
= fixed @ truth AN
/i N
321 =] 2nn+an A AR
=== Fhh
% truth
3 3.0
X
—
S 28
£
2.6
2.4
2.2
0.28 0.29 0.30 0.31 0.32 0.33 0.3025 0.3050 0.3075 0.3100 0.3125 0.3150 0.3175 0.3200
Qm Qm

WHM-PBS Fig. 11; dashed = Py, filled = Pyp + Phm,

Higher-order bias via the cosmic web
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e truth

WHM-PBS prior (1--20)

[ WHM-PBS, PoyPrn

- WHM-PBS, Py,

= free, Pu+Prm

- free, Py,

In(10%°4,)

In(102°4;)

*

In(10%A5)

0650

)

° (V0TI 4«q “q

2
200

y



Conclusions

» bias is a distribution, not a number: mean = standard PBS, the width is new physics

» one P(My|My):
by (b1) bands

v

> broken tidal relation
> stochasticity
>

assembly inversion

This presentation and all figures were created with help of Claude Code.
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Thank you!

linear overdensity &

position x

a halo clusters as its host does:  b1,n = (b1,7(My) )y |my,
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