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1 What s the coSmic web?

The cosmic web is a dynamically
relevant intermediate-density

boundary between cosmology and
galaxy formation.

-
Hahn +14
f !
\"'\
3 flows B
shell crossing
artially collapsed [ - » e
Elamen:’ P ! Virialised halo

When halo collapse, neighbouring filaments+walls are in place.



k- What s the coSmic web?

The cosmic web is a dynamically Han +14
relevant intermediate-density '
boundary between cosmology and
galaxy formation.

3 flows P

Since it exists on many scales Zhel orossing

partially collapsed

filament Virialised halo

The cosmic web is a dynamically
relevant anisotropic (=spin 2)
boundary between a given scale
and a larger scale.

/@
L—

We must consider peaks rigged = dressed by their sets of (wall + filament) saddle critical pts.



1 What isthe cosmic weh? a-spin-2 two-point process - -

cosmic web = alignment of eigframes

® Tides are longer range (than density) when aligned with something

|
|

BKP96: alignment of shear tensor @ 2 peaks; -
P

//

. Predicts LSS in ICs (on large scales) .\

unexpected result in 96

- Applicable on most scales

important for this talk

alignment — high degree of consiructive interference — bridge

/



1 What isthe cosmic weh? a-spin-2 one-point process - -

cosmic web ~ metric setby eigirame

sad

More recently, alignment w.r.t. (filament or wall) saddle eigenframe = spin-2 one-point process.

(upshot of talk: similar maps for )

- tidal torque theory
- excursion sef theory
- critical event theory
- morphology theory

\_ )

Cross correlation of peaks relative to a given saddle

Correlation
zone of saddle

long range: one should consider peaks dressed by neighbouring critical pts.




1 What isthe cosmic weh? a-spin-2 one-point process - -

: . . 0°p
cosmic web ~ metric set by eigiframe
0X;0x;
sad
- partial alignment will change (=bias) anisotropically the B = uy +p L — )
2.4

mean and variance of things — specific signature of (W
512/|X = op(1 - %)

without boost

MJMJ\_
\ .

Kaiser bias

spin 0 pt constraint (=density) — isotropy (spherical collapse);



e nartial alignment will change (=bias) anisotropically the mean
and variance of things  —> specific signature of (W

© vithboos

spin 0 pt constraint (=density) — isotropy (spherical collapse);
spin 2 pt coniraint (= (W) — anisotropy (e.g. Angular momentum,...);



~ - J:What ishe cosmic weh? A-spin-2 point process definition - - -

cosmic web ~ metric setby eigirame

0X;0x;

sad

e nartial alignment will change (=bias) anisotropically the mean
and variance of things = specific signature of CW

* revisit
- tidal torque theory
- excursion set Iheory Sometimes small for DM

- (ritical event theory
- morphology theory

subject to saddle
BUT It really matters for baryons

alignments funnel gas along CW : small scales inherit coherence and stability

oYy
E(Y|x) = py + p—(x — px)
(03¢

6}2’|X = op(1 - %)




L

G A S Z — <

. ,.Disks (re)form because LSS are large (dynamically young), > o cvr Acc
and (partially) an-isotropic

they induce persistent angular momentum advection of gos along filaments which

stratifies accordingly.




Simulation

&

Initial conditions

—

3 Gyr later

Cadiou et al 2023

A

Increased ang. mom. x1.5

D
G

o7 " =
| 7 ; =
* i o
. |Difference x100] ~ - %y % oo

Rip= 4.2 Kly

6 kly

R1/2 =90.5 kly §) kly




1. Impact of.CW on dynamics is ‘nendinear & op down’

On galactic scales, the Shape of initial Pk is such that galaxies inherit stability from LSS
via cold flows

More power: important impact

Py l
Power Non-linear top-down mode coupling via gas inflow
spectrum /
I Low density:
10 steady
: ' ( ‘ ~ N O o i TS
1
0.100 3
| 8
0.010 - 3 ks
i ©
5 3
I o =
0.001 & -

Spatial frequency



Galaxies are-multiscale non-linearlysasymmeirically coupled-systems  « 12

Non-linear
mode
coupling
brings
coherence
from LS

to MS

Non-linear
mode
coupling
brings
stochasticity
from SS

to MS

Why (naive) subgrid physics is a bad idea...



Galaxies are multi-scale non-inearly-asymmetrically coupled-systems 13

X+Q*°X=eX> given X, +w’X, =0

cnv cnv

7 N T~

Natural frequency of galaxy perturbative coupling to environment Natural frequency of environment

<X>5 Ox

10 1} . ‘ Coupling to ISM impact RMS
0.8 /
0.6 . N

f |IGM scales ISM scales m (X)
04 o, |

| ~ < tdyn — > 1
e Vs

1

w/Q)

0.05 0.10 0.50

-0.2

Coupling to IGM impacts mean

_ sin?(3rw) ~ 3 sin?(r w)
T 1270@w - DBw +1)  4dr(w — Do (o + 1)

(X)

sin4(7ra))(—75w2 +8 (a)2 - 1) cos2rw) + 4 (a)2 - 1) cos(drw) + 3) L, ,
8sin"(Brw) + 3w w sin(12z w)

ox = 2 2
1672w2 (co2 - 1) (9(02 — 1) 11527202 (1 - 9(02)

8z (365w4 — 202 +5 ) —3 (261w4 — 7402 + 5) sin(dzw) + 3 <9w4 — 1002 + 1) sin(@z@)

1287 (9% — 1002 +1)°

Why (naive) subgrid physics is a bad idea...
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2.1 R@vigiﬁhg tidal torque theory subject to CW

* revisit

- fidal torque theory

- excursion set theory

- critical event theory

- morphology theory

® (W mefric changes (=hiases) anisotropically the mean

anc

variance of tides = specific signature of (W

® imp

ication for halo spin orientation?

Tidal torque theory reflects the mis alignment of two tensors on different scales

Angular momentum = anti symmefric contraction of two tensors

Ly =€ zjkl kW I

tidal tensor Ty

ingrtia fensor of halo I;;



* point reflection symmetric / \ %
o vanish if no a-symmetry / \ filament

/ b .
- N
* 2V
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perp. = alongep  Angular Momentum™

vectors

Zeldovitch flow /

spin // /

to filament /
o filame y

e

saddle point

7
perp. = along eq \/
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2.2 ,Rgvfs'iﬁng (up-.crdssing),excursion set theory subjecttg (W'~ *

* revisit ® (W metric changes (=biases) anisotropically

the excursion = specific signature of (W

- excursion set theory
- critical event theory
- mophology theory

o implication for diversity of accretion rate at fixed mass?

Excursion set theory quantifies barrier crossing P (5, 9pd|Saddle)

d(o)

A Halo A

o
- > o

R, M=




2.2 Revisifing (up-crfssing).excursion sef theory subjecttg, (W™~ ™
P(d,0rd|Saddle)

set of paths (=excursion) compatible with saddle tidal field Halo C

0(a) A higher z ¢

smaller M
. slope

Halo B
lower z f
higher M

————————
------------
-
-----

Halos with sume mass can have different slope because of tides



2.2 Revisiting (up-crossing) exeussion set theory subject fo CW-

iIsocontours of accretion rate, mass, and density

P(0,0r6|Saddle)

— Accretion rate is not
a function of mass and
density alone.

saddle point

applies also to formation time, concentration (?), kinetic anisotropy...
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* revisit

fidal torque theory
excursion set theory
crifical event theory
morphology theory

o (W metric changes (=biases) anisotropically the mean

and variance of

‘mergers = specific signature of CW

e implication for

nalo spin amplitude PDF + connectivity?

filament disconnect = cold gas inflow fruncation

cosmic time




. lSYHOpSIS of me‘Pger events

Whut huppens fo nelghbourlng crifical pts?

--------------------------------------------------------

Peak merger
Halo

merger

Filament

Filament merger

merger

Wall
merger

Wall merger

wall + wall wall

L R R P R R P R R R R R R P R R R R R R R R R R R N R R R R R R R RO R R R R R

! In “real space” (Eulerian space) .

-------------------------------------------------------



2:3 smoqthing-cosmic evolution duality=

We consider the average density in spheres of increasing radius
This amounts to smoothing the field with a top-hat filter.

Initial field Lightly smoothed field Strongly smoothed field

| \‘“ Nl lh l /\.\/\ ™M _~~_ _._Threshold density

Critical points (maxima, saddle points, minima) of the smoothed field can be
linked to particular structures of the cosmic web (peaks, filaments, walls,
voids).

What about mergers?
A+B

A AN TN

Flat inflection point




2.3.smoothing cancels low.persistence pairs =« '




.3 (ritical event exam

Critical events

Smoothing”
~ t|me iog

1500

" 2000
100

In one ...

1000

Position

... and two dimensions



COHd(CV@Ht) X 5D(x/)5D(x//) |x/// |2
Past merger capture cone one

Cluster of galaxies,
mass M =41/3 a* R °

Smoothing R, Mass A arR, aRr,, a=2.3?
R,M, [ - e
\ aR
/ : - B
4 ng=—1.5
LS — ne=—10 |} | AT
|3 3 - — ne=-0.5
c:’: 2 - VW event A / f
= - PF event ) \
N \n" |

Lagrangian position
* Build straight “capture cone” of cross-section X R, centered on the final Lagrangian
position.

* Count the number of critical events inside this cone — easy when critical event
density is known. And itis! ( Cadiou et al 2020)




2.3 pumber of mergers

1.5
Q: i
'E‘ L
.-U 10 B
- |
) B
~~
v, i
="
8 -
o) | A
2 4 Clust6ering 8 10
Separation u=r/R
cond(peak) = —6,(x') | x”| cond(event) = ———3p,(x)p(x") [ x|

R, R, R?

—

. >



* Use disperse to trace the ridges along which the merger occurs
* Rely on persistence to pairwise connect merger to relevant peak

Topological mergers in 2D (and 3D), using the skeleton

A+B




=
=
=
=
D
=

Skeleton & critical points manifolds

2.3 Solution




0.8 - — 1.5<yi<2.0
HE —— 20<y<2.5
‘i S 0.6 - — 255k <3.0
fcg —— 3.0<yu <35
- — 355y <
=04 - = Fpk =20
=3
5 07 - N merger|Mdecade — 2
=
O
0.0 -

0 2 4 6 8 10

Separation u = r/R

The radial number density of topologically linked critical event per
peak as a function of distance to the peak on a slice of constant R and per

logarithmic bin in smoothing scale
Fakhouri+ 2010




Let us revisit spin acquisition during merger

Topological mergers in 2D (and 3D), using the skeleton

N

“ﬁotenﬂaIQ

isocont density

\\

compute gradient of potential @ scale of event & assume only last event counts

-

. . .



| Bullock+2001 |

J/(¥2MV Ragp) 1A

S
o
I

—  Data

=== Log-normal fit

S
o)
I

dN(A)
dlog A

—
™~
]

0 0.05 0.1 0.15
/\

F1G6. 1.—Distribution of halo spin parameter A’ (histogram), compared
to a log-normal distribution about Ay = 0.035 +0.005 with a width
a = 0.50 £+ 0.03.

PDF of spin
=
(W)
1

————’

O
=

1= 107! 10°
Orbital spin parameter A

Ao = 0.042 + 0.006 and ¢ = 0.5 + 0.04.

Barnes & Efstathiou 1987

Cadiou+ (24)




2.3 Application of tritical event theory: preserving coSmic connectivity

On the connectivity of halos

Compute frequency of filament merger compared to halo merger in the vicinity of a
halo merger event ﬁhf(r) fhh("“)-

3

probability of
finding filament
merger compared
to halo merger
after a halo

merger
Filament | merger

More filament merger ‘ ¢
Excess of Halojmerger

Radius
(cond, (x)cond, (y)) (cond ¢ (x)cond,(y))

_ — = )
e T ond, )2 T T Teondy () {cond, (x)}




Connectivity evolution across the cosmic web

(+ Halo mergers

- Filament mergers

saddle point —  Towards higher
c(Mpefy 40 40 \(Mpc/m) ConnectiVity )

N N
| At fixed smoothing scale, in nodes

* more halo mergers,
* less filament mergers,
* growing towards higher connectivity,

than in voids.
_ Y,

y (Mpch) 0 2 s e
\-\E o Halo mergers
IR Y +  Filament mergers
Filament-to-halo merger rate, —  Towards lower
computed numerically. tivit
\_ connectvity )

Cadiou+in prep

[Connectivity: Codis+18]

Differential impact of LSS on halo connectivity evolution
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Kinetic theory of stellar self-gravitating systems

- tidal torque theory

and

® imp

excursion set theory

crifical event theory

morphology theory

revisit ® (W metric changes (=biases) anisotropically the mean

variance of infall+fluctuations = specific signature of (W

ication for Galaxy morphology/metallicity?

Morphology = orbital structure of the stellar component

On secular timescales, morphological transformation = change of orbital structure



2.4 Galoxies-are multi-scale non-inearly osymmetrically’ coupled systems: 38

revisit

- tidal torque theory

- excursion set theory

- critical event theory

- morphology theory

® (W metric changes (=hiases) anisotropically the mean
and variance of infall+fluctuations = specific signature of CW

e implication for Galaxy morphology/metallicity?

tdyn —

Non-linear
mode
coupling
brings
stochasticity
from SS

to MS

Focussing on the impact of coupling to smaller scales



.24impact of coupling to small seale on orbital strucfure: heating +cooling -

.. Stabilising effects
revisit

e Star formation
e Cooling &
e Shocks

e Co-rotating

- fidal torque theory

- excursion set theory

- (ritical event theory

- morphology theory

Aligned infall

Destabilising effects

e SN1a .

e Turbulence

cold gas
Injection

&

e Minor Mergers
e Misaligned infall

o FlyBys Three components system coupled by gravitation.

Let us focus on heating...



Kinetic theory of stellar self-gravitating systems

* revisit

- tidal torque theory

- excursion set theory

- critical event --heory Fluctuation-Dissipation Theorem
- morphology theory Diffusion

<€ >
<€ >

Orbits in a galaxy

rate

Power-spectrum
of the fluctuations

But temperature-driven wake : the colder the faster!

Ink in water




Kinetic theory of stellar self-gravitating systems

Vertical motion

_ Smear out
f’l‘?ﬁi\%
| —
ay
One-dimensional Orbits

See also Joyce+(2010)




Kinetic theory of stellar self-gravitating systems

Orbital diffusion
0.90 : l . .
Diffusion
0.85 - i
C [ ]
_g 0.80 + .
O
<
0.75 F i
070 | 1 | ]
0 20 40 60 80 100
Time

Perturbed Disc thickening




Kinetic theory of stellar self-gravitating systems

>

Orbital diffusion Fluctuation-Dissipation Theorem
Diffusion |¢ >  Power-spectrum
rate (€ > of the fluctuations
- Radial heating
.5 %‘ Blurring Radial migration
L o =
® E =  Churning
T O
T 3
e - Initially cold

Extension

Angular momentum L

Fluctuations heat and statistically increase radial oscillations See also Sellwood+(2002)



Resonant Relaxation 1. Context

Collective effects and perturbations

Self-gravitating ampilification

i E;te:;d ) Collective effects
oKKer-rianc
Bath )
01 X , §opext Boltzmann Secular Evolution
(or linear instability)

[do

self

(Mbsel%— 5 0
Poisson

Collective effects drastically amplify wakes, in particular on large scales “



Kinetic theory of stellar self-gravitating systems

Linear instabilities

Massive cold disc

See also Zang (1976), Evans+(1998)

Collective effects drastically amplify wakes, in particular on large scales



Kinetic theory of stellar self-gravitating systems

Linear instabilities

Petersen, Roule et al. (2024) - MNRAS

1

|

More
unstable

More !
damped @

0.0

0.5

See also De Rijcke+(2016)



Kinetic theory of stellar self-gravitating systems

Halo and stability

|
More
unstable
More AVARVA e
damped — ' i

Re(w) Faster rotation

See also Toomre (1981)



Kinetic theory of stellar self-gravitating systems

Collective amplification

Secular evolution equation
ensemble average

oF /

— =~ ([6F,6H]| )
Dressing comes twice
2

— Mperturb oF Mperturb

Mwake — — = 2
| 8(&)) ‘ ot ‘ g(a)) ‘
: 30 1000
| e(w) |

Toomre (1981)

Collective effects drastically accelerate orbital heating, in particular on large scales



Kinetic theory of stellar self-gravitating systems

Self induced secular prediction

-y

Balescu—Lenargl | Orbital reshuffling |

O %-l;\\l l\‘."?\qjl'; b
B AT o
i

-
DO
|
2%
£
|
|
-

Al o

'*..\'.\" ' ‘P %} . | a e .
B i

o ol agt: -
4 Resonant heating £ 2 ' 300
S —— o L

. Blurring + Churning ]

'l al\D ﬂﬁn (Riad ngp o "
A0 }\.l‘bf * o ofl . ) ot .,‘%' g
(¢

X" ." A 'l‘ﬁ‘l’h’

Radial action
S—

—
—_
I
/

—600

0.9 1 1.5

Angular momentum

Roule+(in prep)



Kinetic theory of stellar self-gravitating systems

N-body measurements

average over 100 simulations

0.3 |
Balescu—Len_agr_g

AL ™ o ','I'f. N S
(M" : Vi) AL
[;./J'

T 7

-

c 0.2 ) -0
O
s
(qV)
© - —300
==
0.1 ]
—600
0
0.5 2

Angular momentum

Kinetic theory satisfactorily captures the long-term heating of isolated cold discs




Dynamically hot systems : impact of anisotropy

s

oF(J) oF(J) oF(J)
W) 1107 5t [x107] ot [X107]

-12 -8 -4 0 12 24 3 -12 -8 -4 0 12 24 3-186-124 -62 O 38 76 11

a=11 | Theory 4=01 | Theory g=-5

oF/ot

0.5
0.4

0.3}
Jl’ =5 ‘\‘ pe
0.2} A
0.1t gt f—\\_‘-;‘\_;’ S
|
10 02 04 06 08 1.0
L

average over 100 simulations



Dynamically hot systems : impact of rotation

F) o) T [x107) OFW) 14107

-12 -8 -4 0 12 24 36 -12 -8 -4 O 12 24 36 -57 -38 -19 0 7 14 21

0.5

NECOVIRP & ™ "g=0.1| [NBODY "< ™ "g-(.1| [WBODY. ~ " T gD,

04}

0.3}
Jr

OF /ot

0.4

0.3}
Jr

0.2

0.1}

average over 100 simulations




Dynamically hot systems : impact of rotation

OF() OFW) r 1q7 OF(W) 1 107
L [x107) 2l [x107) ==L [x107)

EE—— P ——— | EE—— U — | I - |
-12 -8 -4 0 12 24 36 -12 -8 -4 0 12 24 36 -216-144-72 0 32 64 096

"a=0.1| | Theory = a=0.1|| Theory @ a=0.1

oF/ot

average over 100 simulations



24 Example of external fluctuations: SN drlven bubbies dﬁolve’ DM cusps?

Toy model accounting for impact of baryons on orbital structure






Chandrasekhar phase averaging Diffusion coefﬂment

W 7,V3=0.125a [ T,VZ2=0.2a
D)) quﬁjdkk Q kP (w =k -v) 7 T,V2=0.275a [ T,V2=0.35a

P ——— 0l TpVE=0.425a M T,VZ=0.5a

1| M Rp,=0.125a
1 Ry=0.2a
1 Rp=0.275a
.| Rp=0.35a
{| 1 Rp=0.425a
|| M Rp=0.5a

k E/V}

rate of bubble explosion bLﬁle Iifejp; bubble size ?ergy
\ T2 ViR, |E 2a E
D, = 5\/27¥ —= — [—1-
E=5V2 3a3 V3 3b V3

/ T N\

potential scale length  iential amplitude ~ bubble distribution scale length




2.4 Orbital diffusion: implication foreusp core transformation

~ ™

W T,V¢=0.125a [ T,VE¢=0.2a
7l T,V3=0.275a [ T,V2=0.35a
0l TpVE=0.425a M T,VZ=0.5a

1l r )

B R,=0.125a
1 Rp=0.2a
1 Ry=0.275a
.| Rp=0.35a
1 Rp=0.425a
I Rp=0.5a

1 J

® Smaller scales impact galactic scales through fluctuations
® Diffusion only effective when processes are commensurable



100 F——

80

(o)]
o

Vcirc le/SJ

T S T T

NewHorizon 1
DD M-only 1
-=-|C 2574
~—-LSB F583-1 |
-=-UGC5721 |
-=-UGC 7089 ]
-=-UGC 11707 1

— |
F I I I I I | T
——
_____ -
—-'———
f el
e —
// _________ -
-
7 -
- —_

o 2 4 6 8 10 12 14

Radius [kpc]
B 10”2 bR, ViT:,

max
0 a da a?

2.4 Application: rotational curve divessity+ Cusp-core-cusp

1.6F

14f

[
N
L] l L]

0.2

transformation -

Jackson+(submitted) ]
N P B B PR

0.0 —

3

S Rbubkmax

8 9 10 11
log M, [Mo]

, b
at E=V()3_
a

e Why galaxy centres go through cusp — core = cusp

R

)

(IN muwmask




24 Application: Bar orhits subjecttesdeflection in co-rotating frame <« 59

Diffusion only effective when processes are commensurable




2.4 Application: impact of SN bubblessen vertical disc hedting- -

e Why resolution impacts vertical heating of disc



W _ 0 o i
—— — —— [ ] R [ )
ot 0J 0J

| SR(J) )
~—

source of new stars

more S0s?

possibly subject to environmental variation labelled by R= (r, @)

v_‘-'ﬂ
LSS
Green function E\‘ ‘)““h‘ Less SOs?
J-I)'DJ-T)
exp| —
4(t—1)

Gp(J,t|J, 1) ~

\/@x (= 1)) det(Dy)

predict morphology (subject to R?)
Fildot) = | VA G 11005401,
—
ZR(’/‘a t) — /|'

Diffusion coeffjcient
2
Dy Z\éw(k,m\ >

R
potential fluctuations

dvdzfr(J, 1),

Differential competition between

® Heating by orbital diffusion

® (ooling by star formation on circular orbits

® (uenching of gas inflow

Surface density
1/n(R,t) = — (dlog X,/dlogr),

Sérsic index



- 2.40bservable: chemical change'within soddle frame? =

oy 0
ot 0]

possibly subject to environmental variation labelled by R= (r, @)

Ir

D, - Fsp(J)

0J ~—

source of new stars

—

Green function

Gp(J,t|J, 1) ~

Diffusion coefficient

D, x <‘51//(k, a))‘2>
\

L o (_(J _ J/)TD]_gl (J . J/))

1SS

4(t—1)

\/@x (= 1)) det(Dy)

R
potential fluctuations

predict element abundance ratio (subject to R?)

(a/Z](1,t) = log

JE*(tO(a))G(I, t Xy, to(@))

diy/da

0.15

0.10

[a/Fe]

0.05

ado
0.00

Ji*(fo(z NG, 1|1, 1(2))

dt,/dZ

Z/.d/-0.05

High [a|Fe]?

Low [a|Fe]?
1 4 B, |

0.20

(b) NH2 ID: 1 !

Dispersion

102

3x 10!

2% 10

Yi+24

4% 10!

6x10! <
*

(°W -0T1)
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= il P . TR ko SR
., Synopsis of thin disc'emergence:

* Why do disc settle 2 Because Q— 1

* But Why does Q— 12 Because tighter control loop (z,

* But how does it impact settling? Because wake also stif

The appearance of tight scaling laws (KS, bTF RAR) likely follows

cC

3
" A AT S
L

< 1) via wake

fens coupling

Ring toy model



24 Synopsis of thin.disc emergence-induced by (W ™ - -~

y sob A e b
v iR R o
(. Btors. g \'3*%“"7’ aFs"
_ 3

T Tighter coupling

Self regulation

marginal
stability

cold gas
Injection

&

Stronger

Three components system coupled by gravitation.

e A CGM reservoir fed by the CW (top down causation)
e Convergence towards marginal stability : acceleration of dynamical control-loop by wakes

* Tightening of stellar disc by boosting of torques, & increased dissipation.



_Self regulating loop boosted by-wake

Transition fo secularly-driven morphology promoting self-regulation around an effective Toomre|Q ~1.

Tdressed i ‘8‘ Tbare Q ] Attraction point of feedback loop

Gr [ = 2
6 e -orter = ()
K O, O

Destabilising effects Tlghter |00p Stabilising effects
e SN1la
e Tu rbulence

so long as Tdressed > Tcool

e Star formation
e Cooling &
e Shocks

e Misaligned infall e Co-rotating
Aligned infall

e Minor Mergers

e FlyBys Gravitational Wake
QN

Open system with control loop generates complexity through self-organisation

Cosmic Free energy

reservoir

perturbation in CGM




emergence... infroduce fides

Now let us take into account for the vertical secular diffusion of the cold component

Dissipation converts kinetic instable point into an atiractor. Gravitational Wake
Logistic map Hamlltonlan

Dressed Reaction-Diffusion equation (cf morphogenesis) |
7 S : e ////
a OD 1 R/
Kk =2k (- )+ —A iz
dt 2 € == ISX,
=\

S o

wake driven €(z) > 0 asQ — 1

SF efficiency
2
Naressed & ”raw/e (Q)
~ quadratic in € dl‘
Ddressed X D /GZ(Q) } — dt — 5
Diffusion €
Rapid correction
— Cosmic resilience of thin disc driven by (W
— Operates swiftly near self-organised Criticality | |
No fine tuning !

— Robusiness / feedback details

all discs are fairly thin whatever the feedback

= d . i . ;& - ; ‘ B 15 - -
B i : e T ——— S ——
r4




Kinetic theory of stellar self-gravitating systems

Perturbative (quasi-linear) expansion

Fy=F +6F F=(F,)

Smooth ensemble average
One galaxy

Hy=H+ 6H H = (H,)

Predicts the secular evolution of the mean galaxy



Kinetic theory of stellar self-gravitating systems

Perturbative (quasi-linear) expansion

Fy=F + 6F F=(Fy)

Smooth ensemble average

One galaxy Stacking galaxies

Hy=H+ 6H H = (Hy)

Predicts the secular evolution of the mean galaxy



Kinetic theory of stellar self-gravitating systems

Perturbative (quasi-linear) expansion

Fy=F+oF F= <Fd> What ensemble?

Smooth ensemble average

|
One galaxy Stacking galaxies

Density fluctuations

Hy=H+ 6H H = (Hy)

’

mean field Orbits

Potential fluctuations }//\.
Diffusion N




Kinetic theory of stellar self-gravitating systems

Kinetic theory
Exact Klimontovich equation Perturbative expansion Quasi-stationary equilibrium
—+ |F, Hy| =0 F.H =0
o +Fed T H,=H+ 6H T 7]
oF

— = —{(|O6F.5H Fluctuations correlations
7~ (Jo.om))

Fluctuation-Dissipation Theorem

/ /\. Diffusion
@ rate

Mean galaxy subject to deterministic orbital diffusion

> Power-spectrum
> of the fluctuations

<€
<€




Kinetic theory of stellar self-gravitating systems

Access full statistics in the (least rare) small perturbation regime
through cumulant generating function

() [H] = log

Exact Klimontovich equation Perturbative expansion
— F. H;,| = ex dtF, H
o + [ d» d] 0 + Hd — H+5H X P g

Weighted Stack

Feliachi+(2022)

R

)

(IN mmmmsk

Explain tightness of scaling relations?



Robust gravity-driven top-down causation : no fine tuning required

i . N . N Tl .
gravity-driven baryonic processes operate on mulitiple
anisotropic scales, working to spontaneously set up a
remarkably efficient level of self-regulation. .

This regulation is responsible for disc resilience

& likely the tightness of observed scaling laws (KS,bTF,RAR).
» ¥ .

' >
”

-
Ad

-



3 Conclusion:
VWe should care

about the
A COSMIC web!
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(ritical event - examples 3D - |
» GRF smoothed at # scales e :
» identify critical points M °
2% [aal a® o
» find critical events










R =0,/0, distance between inflection points




1D fields

e Sofop™ X' = 0/ oy s£1C

Zero crossing

1
cond(zero) = —odp(x) | x| R, = oy/o, distance between zero crossing
R() R, = 0,/0, distance between extrema
Critical points i R =0,/0, distance between inflection points
cond(crit) = —dp(x’) | x”|
R*
Inflection points 1

cond(inf) = EéD(x”) b |

Critical events

R
cond(event) = ——8n(x)8-(x”) | x|

Number counts Clustering

(cond;cond;)
n. = (cond.) kit C;

4 (cond;){cond;)

82












Dynamically hot systems

T[x1o7]
-12 -8 -4 0 12 24 3
0.5 o=
0.4l s
' 0.3‘I

Theoretical prediction *
N-body measurement o[ Qualitative agreement

- \ - betweenTheory and average

[ NBODY \ g=1

of 100 NBODY simulations

86




Q1 confounding factor for joint thieketthin growth = -

Bot

Ste

M, gico =4.53 % 10"° M,

10°

vertical profile

—  total measured at
: : R=1.4410.5k

— thick disc ety

‘ . h:;;;,,:,,=0.27kpC
— thindisc .l/ hzimice=1.20kpc

——

1 star formation and verfical orbital diffusion regulated

ar thick disc = secular remnant of (self regu

-4 2 0 2 4
Z [kpc, physicall

y (0 — 1) confounding facior.

ated) disc settling process.
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025 050 075 1.00
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Circularity @ birth

(d) NH ID: ;“7 (e) NH ID: 5 (f) NH ID: 6
10.89 Mo M.: 101079 Mg M.: 101078 M,

(g) NHID: 7
M. : 101077 M,

(h) NH ID: 8
M. : 101057




Power
spectrum

On guluchc scules ihe Shupe of initial Py is such Ihu’r galaxies inherit siublll’ry from LSS
via gas inflow, whlch, in turn, sefs up CGM engine/reservoir required to self-requlate thin discs

More power: important impact

Pk
Non-linear top-down mode coupling via cold flows
/ Low density:
10 - steady
1 ]
0.100 -
0.010 - ké ko
] o
; 3 3
7 = = .
0.001 - O n density:
i B - rapid  \
0.100 1 10

Wake driven
self-requlation

Spatial frequency




School

* Emergence: arising of novel coherent (unlikely) structures
through self-organisation

] Near phase tra

N : r
Z B in open dissi

e

‘c_..l‘,-

b

L

The whole does not simply behave
like the sum of its parts!



© ® Sea of

particles 4
]
Test mass
@) ® ® . Friction
drag ®
Polarisation &
cloud
® &
o ° ®
—— Quasi circular trajectories:

- ‘cold’ disc

— No significant relative motion
to oppose gravitation > Pl ) 4307456



e colder disc means larger wake
* colder disc means stronger wake
* colder disc means shorter secular time

I__ _L---F~ | _ I __1I---4- | I

04 For (Q,ﬂy(;zmz_

—Shearmg T—

Mass in wake = mass in |
perturbation X 30 1l "@nas

colder disc
| | |,4/(“1"|//|/’/|/|/—:

: : e g 1 0.5 0 —0.5 —
— long range correlation: self organised criticality /Aot

Binney (private com.)



0.3F

< 0.1}

~ eccentricity

0.2f ,

O_O-q'--------t

Roule+ in prep

Im [@] d mode

—— ——

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

e |In orbital space

EEEE-

E T
— Disc typically remains stable!

wn

EJEEE

~ Radius

LS

Mass in wake = mass in
perturbation X 140

0.25

0.20 -
0.10

i [
0.05 Mt‘
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Ring Toy madel: secular damping by-wake growth =

Lagrange Laplace theory of rings (small eccentricity small inclinaison)

x and y components of angular momentum

1 1 \

Gmimj

Aij o -~ max(R;, R;)
In eigenframe of A = — 0;cos(¢i)

q\z _|_ (.U,L2 (t)q\z _ SZ forcing
q{1)

| =
- - “
Gravitational Wak-e_ !

Gravitational Wake

AR
T —

(=3 / :(% exp (iz / f wm)dT) it

-




gravitational coupling damping Amplitude of mode @*(f), @g(t)

w2 2 "
q* B w*q* _I_ w*qu — O 9
1.0}

. 2 A 2 .
qQ T wqu _I_ w*gQ* _I_ ,r}qg — f ?

0.5¢

-0.5¢

-1.0}

-1.5}

- . | Re(w)
o [ exp((t-rw)€(r)dr
(0= _w§4 n (3w? + w?) + 2w (2w2 + w2 + w,%) ’ >
®
»

Dissipation in gas also brings down the * modes



-~ Impact of CGM growth

Lagrange Laplace theory of rings (small eccentricity small inclinaison)

X and y components of angular momentum

N

1 1
H(p,q)=5p ‘A-p+5q -A-q,
i (9@ Sin(gbz)
Aij _— Gmimj q
In eigenframe of A max(R;, B;) )

A q\z _I_ w@Q (t)qAZ _ SZ forcing
1) O

w;(7)

w*(t)

o(@) = o) |1+ 2
J

ﬂ Gravitational Wake

AL m’n]i!x’x!x,x,x,x
& W ’ ! ! ’ ! ] ’ ! | ’ | Secular WKB solution

(=3 / ﬁ exp (iz / f wide) it

Growth of CGM component also brings down the * modes

I

¥
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Plane Toy model: dressing damps-vestical diffusion ™

, o Diffusion coefficient
Without polarisation 4: Roule et al 22 Gravitational Wake :0'5 . With polarisation:

104 <

T

e 193 o rate of diffusion
. ! : ®
S - x1/ 10

— Theory Landau %0-2 D

— N-body Landau ! m

--- Theory Balescu-Lenard 0.1 e

— N-body Balescu-Lenard Z

llllllllllllllllllllll '0.0
1.5 2.0 2.9 3.0

Energy
Polarisation stiffen coupling between planes — wakes stiffen disc



Whyinite thickness? Chemistry of emergence -

Let us write down effective (closed loop) production rate for cold stellar componeﬁt\

Auto-catalysis of the cold component
(via wakes) converts kinefic evolution
into a logistic differential equation.

3
gl A
) ke \ N
¢ : &
" v | .
A ';-,' Y <
, ¥ -
¥ "

¥ ) g
Link to Mandelbrot Set (Veritassium 2021)

*= cold stellar component

d
a X =k o)

\

control parameter | o M \
0.2 cf: logistic map |

Logistic ODE (cf Ecology, Chaos, Covid, Innovation etc..)

= Simplest quadratic model for self -regulation 7 S P S S —————" \M
24 26 28 30 32 34 36 38 40

= Taylor expansion of effective production rate ' control t
control parameter
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_Impact of subgrid physics on barsurvival?

Of | 0 _ 0 08 _ N0
ar Yoo T fa; 852

A = 0.001

Torque on bar

increased resolution means larger torque = smaller bar growth (if donkey)

. 27/R -—Truncation @ high frequency
A .[ Pk | WIKR) |2dk = J P (kQ)dk — Asubgri <A

real

0.0
—-2.0

—4.0
4.0

2.0
0.0
—2.0

—4.0



Resonant Relaxation 1. Context

Evolution on cosmic timescales

External
erturbations
Other P
population
(e.g., GMCs)
= L]
Gravitational /. < —
wake —a
Test
star ./
./ Field
stars
Quasi-periodic
motion
Galaxies are:
+ Inhomogeneous (complex trajectories) Angle-action coordinates
+ Relaxed (equilibrium states) Quasi-stationary states
+ Resonant (orbital frequencies) Fast timescale vs. cosmic timescale
+ Degenerate (in some regions) | Frequency commensurability
+ Self-gravitating (amplification of perturbations) | Linear response theory
+ Discrete (finite-N effects) T
. Nature vs. Nurture
+ Perturbed (effects of the environment) 1

100



Kinetic theory of stellar self-gravitating systems

Perspectives - Balescu-Lenard

Degenerate

k-Q(J) = cst.

Quasi-Keplerian

Harmonic potential

Beyond quasi-linear

Read+(2006), Kocsis+(2015)

oF ~ F

Hamilton (2024)

linear

linear

In amplitude

Violent relaxation

Non-linear saturation

Lynden-Bell (1967), Krommes (2002)

Kinetic blockings

>

a—F =i><0
ot N
BL
J '\
<>

Fouvry & Roule (2024) - Phys. Rev. E




Kinetic theory of stellar self-gravitating systems

Perspectives - Theory

Large deviations Marginal stability Local vs resonant

I]D({Fd}t={F}t) =7 Stable = Unstable

1
[e(k-€2) |

> OO Cold spiral galaxies

Balescu-Lenard is
“deeply flawed”

Hot globular clusters

Feliachi+(2022) Weinberg (1993), Hamilton+(2023) Marcos+(2017), Tep+(2022)




Kinetic theory of stellar self-gravitating systems

Perspectives - Astrophysics

External noise

Dressed Fokker-Planck

aF &/jext ’

_N

o |e(w)|*

Cosmic environment

SNe, turbulence

Binney+(1988), Weinberg (2001), Johnston+(2017)

Cooling processes

Star formation

Self-regulation

Spiral

galaxy Heating

Cooling

Thickened geometry

Morphological
transformation

Dejonghe (1998), Fouvry+(2017)




