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- Whats the coSmicweb? .

The cosmic web is a dynamically _ 1 e +14
relevant intermediate-density “ |
boundary between cosmology and
galaxy formation.

-

3 flows
shell crossing

partially collapse
\ﬁlament

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



The cosmic web is a dynamically
relevant intermediafe-density
boundary between cosmology and
galaxy formation.

Since it exists on many scales

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

3 flows =

shell crossing

partially collapse

\ﬁlament

Hahn +14




gl Whatis the coSmicweb? -, =

The cosmic web is a dynamically
relevant intermediafe-density | v.'q
boundary between cosmology and |
galaxy formation.
-
: N\
Since it exists on many scales e ossing

partially collapse

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

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

Hahn +14




1. What isdhe cosmic web? a-spin-2 one-point process -

cosmic web ~ metric setby eigirame

sad

More recently, alignment w.r.t. (filament or wall) saddle eigen-frame = spin-2 one-point process.
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Cross correlation of peaks relative to a given saddle
Correlation

zone of saddle  |opg range: one should consider peaks dressed by neighbouring critical pts.



1. What is:the cosmic web?  a-spin-2 one-point process -

cosmic web ~ metric setby eigirame

sad

More recently, alignment w.r.t. (filament or wall) saddle eigen-frame = spin-2 one-point process.
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(upshot of talk: similar maps for )

- fidal torque theory
- excursion set theory
- critical event theory
- morphology theory
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zone of saddle  |opg range: one should consider peaks dressed by neighbouring critical pts.
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Kinetic theory of stellar self-gravitating systems

revisit

- tidal torque theory

excursion set theory

crifical event theory

morphology theory

(W metric changes (=biases) anisotropically the mean
variance of infall+fluctuations = specific signature of (W

and

® imp

® imp

ication

ication

or Ga

or 1ig

axy morpho

htness of sca

ogy/metallicity?

ing laws?

Morphology = orbital structure of the stellar component

On secular timescales, morphological transformation = change of orbital structure

Level of noise depends on environment — morphology depends on environment
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Level of noise depends on environment — morphology depends on environment



- Galaxies are multi-scale non-linearlyasymmeirically coupled-systems -

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 -

given X

cnv

X + QX = X’

cnv
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Natural frequency of galaxy perturbative coupling to environment
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Why (naive) subgrid physics is a bad idea...
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_Impact of coupling to small scalesen-orbital strucfure: heating +cooling:
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Three components system coupled by gravitation.



_Impadt of coupling to small scalesen-orbital structure: heating +cooling:
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_Impadt of coupling to small scalesen-orbital structure: heating +cooling:

destabilising effects

e Star formation
e Cooling &
e Shocks

e Co-rotating
Aligned infall

Stabilising effects

e SN1a .

e Turbulence

cold gas
Injection

&

Whoversoled
i

Three components system coupled by gravitation.

e Minor Mergers
e Misaligned infall
e FlyBys
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_Impad of coupling to small scalesen-orbital strucfure: heating +cooling:

destabilising effects

e Star formation
e Cooling &
e Shocks

e Co-rotating
Aligned infall

: il 2
s Cosmic web#

e
-
'.l.-'

Stabilising 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...
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Kinetic theory of stellar self-gravitating systems

* revisit

fidal torque

theory

morphology

excursion set

crifical event theory

theory

i eory Diffusion

Orbits in a galaxy

rate

<€
<€

>
>

Fluctuation-Dissipation Theorem

Power-spectrum
of the fluctuations

But temperature-driven wake : the colder the faster! Ink in water
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Along the unperturbed orbit Potential fluctuate (stronger if resonances)

/ €

4 N\
Fh=
\

\
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I‘ZI‘(J,@N v = ‘I"ti

oY(r,t) — Z 5 (J, w) exp (fm - 6 — wt)
m o\

Fluctuating Harmonic
potential component



Along the unperturbed orbit Potential fluctuate (stronger if resonances)
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oY(r,t) — Z 0m (I, w) exp (im - 0 — wt)
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Fluctuating Harmonic
potential component

= (|0%m (I, w)[*)



Along the unperturbed orbit Potential fluctuate (stronger if resonances)

/4 4

r:r(J,é’N

A

oY(r,t) — Z 0m (I, w) exp (im - 0 — wt)
m o\

Fluctuating Harmonic
potential component

= (|0%m (T, w)[?)
= (o= (3 m - Q)P)

f \

dressed by wake (@ resonance T Te----- -
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The idea behind resonant relaxation (in one cartoon).

Resonant encounters

e Resonance condition dp(m-2; —ms-(2y) = Distant encounters.

Here @ and@resonate

In some rotating frame [

The two (blue and red) sets of orbits satisfy the resonance condition m1-£21=m2-£22,

and therefore will interact consistently, driving a significant distortion of their shapes. 21 /47
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The idea behind resonant relaxation.

¢ Resonance condition dp(mi-21 —ms-Q3) = Distant encounters.

Here @ and@resonate Through resonances
In some rotating frame departure from axial symmetry

No Torque resonance drives recurrence Net Torque



Kinetic theory of stellar self-gravitating systems

Perturbative quasi-linear/Kinetic theory

Exact stochastic equation

oF ,

— [Fo. H| =0

AE)

Perturbative expansion

Fy=(F)+oF
H;=(H)+6H T

ot

mean field

Quasi-stationary equilibrium

|F,(H)| =0

ensemble average

—_ < [5}7, 5H] > Fluctuations correlations ;i

quadratic term

Fluctuation-Dissipation Theorem

//\ Diffusion

<€
<€

>

@ rate

>

time delay

Power-spectrum
of the fluctuations

Mean galaxy subject to deterministic orbital diffusion



Kinetic theory of stellar self-gravitating systems

Vertical motion

See also Joyce+(2010)




Kinetic theory of stellar self-gravitating systems

Vertical motion

See also Joyce+(2010)




Kinetic theory of stellar self-gravitating systems

Vertical motion
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One-dimensional

See also Joyce+(2010)




Kinetic theory of stellar self-gravitating systems

Vertical motion

Smear out
el \
X‘ ' L}a
S| e
One-dimensional Orbits

See also Joyce+(2010)




Kinetic theory of stellar self-gravitating systems

Orbital diffusion
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Kinetic theory of stellar self-gravitating systems

Orbital diffusion Fluctuation-Dissipation Theorem
Diffusion |¢ >  Power-spectrum
rate [€ > of the fluctuations
~ .
=
S 5
O S
© T
— QO
8 O
g -
oc Initially cold
Extension

Angular momentum L

Fluctuations heat and statistically increase radial oscillations See also Sellwood+(2002)
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Kinetic theory of stellar self-gravitating systems

>

Orbital diffusion Fluctuation-Dissipation Theorem
Diffusion |¢ >  Power-spectrum
rate (€ > of the fluctuations
-~ Radial heating
c :
o 5 Blurring
L o e
O S
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— QO
8 O
g W
o Initially cold

Extension

Angular momentum L

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



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)
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.Q'~ 1 leads fo gas clumping andestar formation

_Quasi circular Trajectories: ‘cold’ disc

| ;Q= M /ttcrjt, =- (ZE)ZGZ 112 _:

Mass in wake = mass in
perturbation X 30 !!

Kalnajs
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L | | | | | | | |,4/(“1"|//|/’/|/|/—:

| it 1 0.5 0 -0.5 -

—> Ong range corre atlon Y/>\crit Binney (private com.)
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_On the importance of gravitationakdressing

For cold discs... Gravitational “Dielectric” function €
- e(Q) = D(w, k) = det (1 — M(w))
Dispersion relation Response matrix
Im ] Susceptibility L > ]
| e(w) |
> 1) Linearly stable [5V/] bare
A v B e
§ kQ_>1 ) Tdressed Tbare
5v dressed — bare
Damped mode

thanks to cosmic web - Wake drastically boost orbital frequencies,

which sets up cold disc

stiffening coupling/tightening control loops



Kinetic theory of stellar self-gravitating systems

Collective amplification )

Secular evolution equation
ensemble average

oF /

E — — <[5F,5H]>
Dressing comes twice
2
M — Mperturb 0 Mperturb
: 30 1000
|e(@)]
Toomre (1981)

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



Kinetic theory of stellar self-gravitating systems
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Kinetic theory of stellar self-gravitating systems

N-body measurements

average over 100 simulations

N-body

c 0.2+ ] -0
O
@
© - —300
=
e 0.1+ . !

L ﬂr‘ | |

1] .\ —600

i

0

| I @
0.5 1 1.5 2

Angular momentum



Kinetic theory of stellar self-gravitating systems

N-body measurements

average over 100 simulations

- —300

Radial action

—600

Angular momentum



Kinetic theory of stellar self-gravitating systems

N-body measurements

average over 100 simulations

c 0.2 ] -0
O
O
M
© - —300
=
e 0.1/ L
—600
0.5 1 1.5 2

Angular momentum

Kinetic theory satisfactorily captures the long-term heating of isolated cold discs
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2.4 Toy model for NFW halo+ discwith SN bubbles™ ™ - -

Galactic-scale
ISM-scale

with E Ko, JB Fouvry, K Tep



Superbubble (SB) as a dynamical heating source

» 10—2

Halo scale radius a
M

0.0 p= -

AL/ Ly

1.0 ~-0.1F N

Disk scale radius b

().0)

Quantitative understanding in orbital diffusion in the context of stochasticities & resonance

Evolution of s bubbl DM hal '
voluti uperbubble alo Gaseous disk

Ryups Toup a, V b
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Disk scale radius b
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Quantitative understanding in orbital diffusion in the context of stochasticities & resonance

Evolution of s bubbl DM hal '
voluti uperbubble alo Gaseous disk

Ryups Toup a, V b




NGC628 M74
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Cusp-core transformation driven by stochasticity

a: inner DM density profile slope

a r |
Dy = V§7 log (1 +—) 00

a
-0.2
B Po
PNFW = o\ ) —B+a 0.4
() (%)
a a —
£-0.6
Cusp 2
- —0.8
&

I
55
o

l
=
N

Quasi-stationary state of ACDM

@NewHorizon

Jackson+24

E_Strong star-formation
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Cusp-core transformation driven by stochasticity

a: inner DM density profile slope

@NewHorizon Jackson+24
@ 22100 (1. 0) S
— — O —_— : ) -_'
NEW 0 S a ' Strong star-formation 114
-0.2T
Po 3 112
PNFW = » ra i -
(5) (1+%) :
a a T
=,
Core 0
=,
s (a'd
: (.
E (V)
v v D
@ 2 P, W gl R >
‘ 'I-E--l ‘
v

Orbital diffusion sourced by
feedback-driven stochasticity o8



Orbit-Averaged Fokker-Planck Equation

Kinetic equation for secular evolution

. Unperturbed DM orblt%

f(v): DM distribution function
ov: Velocity deflection by bubbles

Diffusion coefficient

o 19 (2)af
o 20v; \ "o

Key assumptions

(1) Diffusion by series of stochastic, weak, local, and short-timescale perturbations
(2) Accumulation the local deflections along the unperturbed trajectory

(3) Locally homogenous but globally inhomogeneous superbubble distribution

(4) Alignment of DM orbit and gaseous disk

29
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Kinetic equation for secular evolution

. Unperturbed DM orblt%

f(v): DM distribution function
ov: Velocity deflection by bubbles

Diffusion coefficient

o 19 (2)af
2 av; \ "o,

Key assumptions

(1) Diffusion by series of stochastic, weak, local, and short-timescale perturbations
(2) Accumulation the local deflections along the unperturbed trajectory

(3) Locally homogenous but globally inhomogeneous superbubble distribution

(4) Alignment of DM orbit and gaseous disk
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Orbit-Averaged Fokker-Planck Equation

Kinetic equation for secular evolution

f(v): DM distribution function
ov: Velocity deflection by bubbles

Diffusion coefficient

o 19 (2)af
o 20v; \ "o

Key assumptions

(1) Diffusion by series of stochastic, weak, local, and short-timescale perturbations
(2) Accumulation the local deflections along the unperturbed trajectory

(3) Locally homogenous but globally inhomogeneous superbubble distribution

(4) Alignment of DM orbit and gaseous disk
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force fluctuations

Bubble power spectrum

k> Cplw = k-v)
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0.4
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Orbit-Averaged Fokker-Planck Equation

Kinetic equation for secular evolution

. Unperturbed DM Ol‘bl't%

f(v): DM distribution function
ov: Velocity deflection by bubbles

Diffusion coefficient

o 19 (2)af
2 av; \ "o,

Key assumptions

(1) Diffusion by series of stochastic, weak, local, and short-timescale perturbations
(2) Accumulation the local deflections along the unperturbed trajectory

(3) Locally homogenous but globally inhomogeneous superbubble distribution

(4) Alignment of DM orbit and gaseous disk
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Orbit-Averaged Fokker-Planck Equation

Kinetic equation for secular evolution

. Unperturbed DM Ol‘bl't%

f(v): DM distribution function
ov: Velocity deflection by bubbles

Diffusion coefficient

o 19 (2)af
2 av; \ "o,

Key assumptions

(1) Diffusion by series of stochastic, weak, local, and short-timescale perturbations
(2) Accumulation the local deflections along the unperturbed trajectory

(3) Locally homogenous but globally inhomogeneous superbubble distribution

(4) Alignment of DM orbit and gaseous disk

34



Orbit-Averaged Fokker-Planck Equation

(1) Local diffusion by stochastic perturbations

Local velocity deflection v due to potential fluctuation §® by superbubbles: vy = — VoD

random position and birth time
Average over different realizations of {

initial phases of orbits

Power spectrum
Local diffusion coefficient

| T
d( )(v ) = lim
T— o0 T3 / _____— Resonance
d°k

~
kik: Ck(a) k-vy)

/=jzbub (27)3 / /

number density rate o norg freg spatial freq. unperturbed velocity
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Orbit-Averaged Fokker-Planck Equation

(2) Accumulation of local deflection along the unperturbed orbit

Orbit-averaged diffusion coefficient

D! /—3E (1) A2V

radial orbital freq.

radial velocity Bubble distribution

Globally inhomogeneous superbubble on the disk: 2 h(1) =
Resonance between DM orbit and superbubble distribution

Local diffusion coefficient

36
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Cusp Core
A
v
A T A
......... > ‘E s [TELLLLID DR RN S
S ZRETI ’v.,.
v

Stochastic power spectrum
Dynamical heating sourced by {

Resonance between different scales

!

Bar dissolution / Disk heating / Giant Molecular Clouds
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Perspective: multi-scale orbit-averaging

Cluster-scale

Galactic-scale

ISM-scale

Orbit-averaging - -
Stochastic perturbations
,—J&.\ P

Cluster substructures Bubble distribution A
1 n T A 1 r Tgal A

cl " ~
D) oc—— | diZy(l)—— | dr'Zg(RIr) [k kk; Coe =K - i)

Tcl JO Tgal JO
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Morphological transformation as a diffusion process

Orbit-averaged diffusion coefficient

o adr % dR 3 ~
Dv.v)-(rcla Rgal) XP — ch(l’) O — z“gal(R) d’k kzk] Ctot(a) =k Vtot)
- Jr, Vr YR, VR ‘ \v
v v ~ ~
nclccl T ngal gal
(e @) 2gal(R [Rgab g”gal]) / \

oD 0D,




Expected main result

Additive power spectrum Conditional diffusion coefficient

D(ry | Rya)

n ICcl(a) =k- Vtot) T ngalcgal(a) =k- Vtot)

3
=
5
~ S
s
~
0Q
=
n
k Roub E(ry) <>

multi-scale coupling — slope v,
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.Q'~ 1 leads fo gas clumping andestar formation

_Quasi circular Trajectories: ‘cold’ disc

| ;Q= M /ttcrjt, =- (ZE)ZGZ 112 _:

Mass in wake = mass in
perturbation X 30 !!
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2.0 orbits

t

Q- ~ 1-|-euds—io gas clumping and*star formation

slars

UC

leading to irmllng wave

clumping of gas

Kim Ostriker 07

-0.3

e colder disc means more star formation

During each swing amplified cycle
the gas clumps, form new stars with an

efficiency o< proximity fo (marginal stability)?
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“'anre of a simulated thin drs““"*'“ o e

State-of-the-art in modelling illustrates
the level of SFR/turbulence/feedback induced perturbation

-4-3-2-10123 4

(c)Taysun Kimm
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~y & ~ . g | k4 Fu e r g c AN s -l -
“ InterigFStructure of a simulated-thin disc: varying feedback model =~ = =

.

lminosity: o luminosity hunmosity hmminosity limninosity

Y. o e
Simulations

P P P P
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'S —t N 1Y ,/ -
;,-\" - F \ A\
\ 'é_. \. -y \ \ ‘
- NS l . . \e q
. %
. . ’ - F
. v
-~y ’
»
) M_‘.l : o md e ——
R A. Nunez+ 21

Note that the model of feedback impacts face-on view BUT does not
impact much disc thickness.

No fine tuning required: something more fundamental operates
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* InternalSttocture @ small scales: simulation & theory

State-of-the-art simulations also illustrates
the level of perturbation
on smaller (molecular cloud) scales

Kolmogorov
cascade

Turbulent cascade
controlled by
energy injection scale

(c)Taysun Kimm
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* InternalSirecture @ small scales: simulation & théory

State-of-the-art simulations also illustrates
the level of perturbation
on smaller (molecular cloud) scales

Kolmogorov
cascade

Turbulent cascade
controlled by
energy injection scale

Quid of the effect of wakes on injection scale?
(c)Taysun Kimm




Disc instabilities and gas turbulence in local spiral galaxies

Kinetic energy spectrum of neutral hydrogen
Grisdale, Agertz, Renaud et al. (2017)
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Agertz+ collaboration



Feedback+ gravity explain energyinjection scale

On what scale is ISM turbulence injected?
Agertz et al. (in prep since way too long!)

1600
Ldrive [p C]
1400

[k~'E(k) dk
Ldrive =
| E(k) dk

Joung, Mac Low & Bryan (2009)
Padoan et al. (2016)

1200

1000
e Stellar feedback allows for a

(counterintuitively?) large driving scale 300

600

* Large scale coupling between gas and
stars is crucial. Driven by the instability
of the stars

Pure SN driving

A

Feedback

No feedback

~ 50 — 100 pc for local Milky Way ISM conditions

100 200

time [Myr]

Agertz+ collaboration



_Feedback+ gravity match PDF-ses-

Molecular cloud formation - when turbulence and cloud dissolution is”right”
(Gravitational instabilities and stellar feedback in tandem)

Grisdale, Agertz, Renaud et al. (2018)

dN
dM

faomce

The Milky Way
(Heyer et al. 200

——  No feedback

———  Feedback

3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
log(M[Mg])

Agertz+ collaboration



- Q~ 1 confounding factor for joint thieke+thin growth .~ -

Bot
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M, gi..=4.53 x 1010M,
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density (L. /kpc’)

10’

vertical profile

—  total measured at
e R=1.44+0.5k

— thick disc, e

. . \ N2, =0.27kpcC
— thindisc .// hzipicr=1.20kpC

1 star formation and vertical orbital diffusion regulated

ar thick disc = secular remnant of (self regu
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ated) disc setiling process.



-0~ 1 confounding factor for joint thiek=+thin growth .~
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Look back time (Gyr)
Bot

Ste

:> Pre-existing disk stars get thicker

with time due to heating

:> Galaxy keeps forming in //

young thin-disk stars

As a result, the vertical distribution
(scale heights of the two components from fit)
do not change since self-regulation controls both processes

Vertical orbital diffusion

l

Ddressed X Draw/ez(Q)

2
ﬂdressed X nraw/ € (Q)
SF eﬁiciency/

n star formation and verfical orbital diffusion regulated by (Q — 1) confounding factor.

ar thick disc = secular remnant of (self requlated) disc settling process.
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* Emergence: arising of novel coherent (unlikely) structures
through self-organisation

al 7. Near phase tra

¢ I n open dissi,
‘4/‘\ i — '
a0

1

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



Emergence f: self-steering Bike omslope of increasing Steepness <« 55

Disc resilience is direct analog of self-steering bike on slope of incgeasing steepness.
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remarkably,
the bike's analog
spontaneously emerges
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Self regulation

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

marginal
stability

cold gas
Injection

&

Stronger

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



Destabilising effects

e SN1a .

e Turbulence

e Minor Mergers
e Misaligned infall
e FlyBys

Cosmic
perturbation

_Self regulating loop boosted by-wake
Transition fo secularly-driven morphology promoting self-regulation around an effective Toomre|Q ~1.

Q/

an

Star formation and
feedback define
control loop
on disc

(O g

Q\

e

Attraction point of feedback loop

Gr [ & 2
O = Q' + 04 = <g+ *>

Stabilising effects

e Star formation

e Cooling &
e Shocks

e Co-rotating
Aligned infall

- Free energy

reservoir
in CGM




_Self regulating loop hoosted 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

so long as Tdressed > Tcool

Gr [ =
K Gg

Destabilising effects Tlghter |00p Stabilising effects
e SN1la

° Turbulence

e Star formation
e Cooling &
e Shocks

e Misaligned infall e Co-rotating
Aligned infall

e Minor Mergers

e FlyBys

Gravitational Wake
Q\

Open system with control loop generates complexity through self-organisation

Cosmic Free energy

reservoir

perturbation in CGM




Chemistry of emergence... introduce fides

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

Dissipation converts kinetic instable point into an attractor.

Dressed Reaction-Diffusion equation (cf morphogenesis)

Gravitational Wake

Loglstlc map Hamlltonlan

a 5 I /////
— =€—2*(1—*)+ oA
© O =
wake driven €(z) > 0 asQ — 1
SF efficiency 2
Hdressed & ”raw/e (Q)
~ quadratic in € dt
Ddressed X D /ez(Q) } — dt > 5
€

Diffusion
Rapid correction

— Cosmic resilience of thin disc driven by (W

— Operates swiftly near self-organised Criticality

— Robustness / feedback details




Chemistry-of emergence... infroduce tides

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

Dissipation converts kinefic instable point into an atiractor. Gravitational Wake
Loglstlc map Hamlltonlan

Dressed Reaction-Diffusion equation (cf morphogenesis) N
_ _ A \:V ////
d OD 1 Y
— =" * (1- * )+ —A @
dt 2 € N\l o
(@) (@B o
wake driven €(z) > 0 asQ — 1
SF efficiency 2
Ndressed X ”raw/e (Q)
~ quadratic in € dt
Dgressed &% Dry /GZ(Q) } —> dt - 5
Diffusion 2
Rapid correction
— Cosmic resilience of thin disc driven by (W
— Operates swiftly near self-organised Criticality | |
No fine tuning !

— Robustness / feedback details

all discs are fairly thin whatever the feedback
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Plane Toy madel: dressing damps-vestical diffusion” -

. o Diffusion coefficient
WIthOUt pOIar|Sat|On 4 - Roule et al 22 Gravitational Wake

I ~o.
i 154// 10.4
[ 4 BN ' 03

— Theory Landau
— N-body Landau

O
o

With polarisation:

rate of diffusion
x1/ 10

I".
rﬁf
A
(V)
N x Dge Balescu-Lenard

--- Theory Balescu-Lenard 0.1

— N-body Balescu-Lenard
ot 0.0
0.5 1.0 1.5 2.0 2.5 3.0

Energy
Polarisation stiffen coupling between planes — wakes stiffen disc
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Ring Toy model: secular domping-bywake growth =~

Lagrange Laplace theory of rings (small eccentricity small inclinaison)

x and y components of angular momentum

N X
1 1 T
G'm;m; g = 0isin(¢;)
Aij . _maX(R7;7Rj) L 9
In eigenframe of A ' i COS(; )

q\z _|_ (.UZ2 (t)qu _ SZ forcing
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Ring Toy model: secular domping-by-wake growth = -

Lagrange Laplace theory of rings (small eccentricity small inclinaison)

x and y components of angular momentum

N X
1 T 1
A o Gmimj q; — 92 Sin(gbz)
" : X R“R
In eigenframe of A max(f, ;) = — 0;cos(¢i)

q\z _|_ (.UZ2 (t)qu _ SZ forcing
q{1)

w; (t) o md U e

e(t)

Gravitational Wake
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Gravitational Wake
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gravitational coupling damping

éi* =+ WECI* + wngQ — 07
.o 2 A 2 °®
dg + WyQg T Wigqx T Mg =&,

— \\\\\\'

See also Bertin Romeo

(1988) 195, 105-113



gravitational coupling damping Amplitude of mode @*(f), @g(t)
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Dissipation in gas also brings down the * modes



- Impact of (GM growth

Lagrange Laplace theory of rings (small eccentricity small inclinaison)

X and y components of angular momentum

N

1 1

H(p,q)=§pT-A-p+§qT-A-q,

Gmimj

A ox —
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Growth of CGM component also brings down the * modes
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GONCLUSIONS # .

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

gravity-deiven baryomc processes operate on multiple
anisotropic scales, working to spontaneously set up a
remarkably efflc:lent level of self-regulatlon

'

This regulation is responsible for disc emer'gence/resilience '
& the tightness of observed scaling:laws (KS,bTF,RAR).

-

~a

» + recent -perturhative modelling explains half of the |oop,
+ qyrrent efforts involve .

— extend kinetic theory to sourced dissipative regime.
v — model excursion using large deviation theory



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

. & ‘ ’
gravity-driven baryonic processes operate on multiple
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).
e -

-
P
-
-
L



