The cosmic
of thin discs

Order out of Chaos:
Secular Disc Settling driven by the Cosmic Web

* emergence = the arising of novel and coherent structures through self-organization in complex systems

Christophe Pichon & The NewHorizon Collaboration (Min-Jung Park, Y Dubois, J. Devriendi++)



flock School

* o o
Emergence: arising of novel coherent structures

through self-organisation

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



Observation

A fragile object : with a significant axis ratio

Thin discs: an incongruous structure in a stochastic universe?
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One needs to form stars A\D maintain them in the disc
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First clue? deeper exposure?

Second clue? trace the gas



First clue? deeper exposure?

Third clue? simulations

Second clue? trace the gas



How thin discs build up-from persistent cosmic web?

Partl (2010)

Disc morphology is driven by AM acquisition through anisotropic secondary
infall, coming from larger scales, which are less dense,
hence more steady; NL baryonic flows provide the link.

An illustration of top-down causation

o1 Al | WPA0pI0)

Thin disks are emerging structures when secular processes take over.
They are made possible by shocks, feedback and turbulence.
Gravitational wakes tightens a self-requlating loop towards marginal
stability, pumping free (rotational) enerqgy from the CGM.

An illustration of emergence/SOC

(c)Taysun Kimm +E. Pharabod









Peak attract b
. Perth Sept 17th 2018
catastrophically

Velocity flow in
expanding universe

BUT surrounding void/wall repel (contrast<0) & contribute to secondary infall.
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cosmic web is important for galaxy morphology
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Gas cosmic web SHARPER

The Virtual (hydrodynamical) universe

Gas cosmic web SHARPER

we see cold flows + recurrent disk reformation

Agertz, Renaud et al. (2021)
Renaud, Agertz et al. (2021a,b)
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Cosmic web dynamics on galactic scales

Disks (re)form because LSS are large (dynamically
young) and (partially) an-isotropic :
they induce persistent angular momentum
advection of cold gas along filaments
which stratifies
accordingly so as to (re)build discs
continuously.

Cosmic web sets up
reservoir of free energy in CGM = the fuel for emergence
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On galactic scales, the Shape of initial Pk is such that galaxies inherit stability from LSS
via cold flows, which, in turn, sets up CGM engine/reservoir.

More power: important impact
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How thin discs build up from persistent cosmic web?

Part |

Disc morphology is driven by AM acquisition through anisotropic secondary
infall, coming from larger scales, which are less dense,
hence more steady; baryonic flows provide the link.

An illustration of top-down causality

Part I

Thin disks are emerging structures when secular processes take over.
They are made possible by shocks, feedback and turbulence.
Gravitational wakes tightens a self-requlating loop towards marginal
stability, pumping free (rotational) enerqgy from the CGM.

An illustration of emergence

(c)Taysun Kimm +E. Pharabod



The New Horizon simulation

16

(c) M Park 2020






Disc settling: timeline of a thin galactic disc 18

Thin discs in cosmological simulations operate as though they are isolated: this needs explaining.



Synopsis of thin disc emergence

 Environment need to detune & stellar component to dominate: secular mode

* Why do disc settle 2
e But Why do they?

® But how does it impact settling? stiffens

[R%
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Destabilising effects Stabilising effects

o supernovae.

e Turbulence

e Stellar formation

e Cooling
e Shocks &
e Minor merger
e accretion e aligned
accretion
® ﬂybys
ﬁ % Free

Cosmic
perturbation

energy
reservoir in CGM



Internal Structure of a simulated thin disc

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

Simulations

(c)Taysun Kimm



Internal Structure of a simulated thin disc

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

Simulations

(c)Taysun Kimm



Internal Structure of a simulated thin disc; varying feedback model

Simulations

A. Nunez+ 21

Note that the model of feedback impacts face one view BUTdoes not
impact disc thickness.

No fine tuning required: something more fundamental operates



Internal Structure @ small scales

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

Simulations

Turbulent cascade
controlled by
energy injection scale

(c)Taysun Kimm
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Internal Structure @ small scales

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

Simulations

Turbulent cascade
controlled by
energy injection scale

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



Chandrasekhar polarisation

Gravitational Wake

Quasi circular trajectories:

‘cold’ disc

— No significant relative motion
to oppose gravitation

gravitating




Quasi circular Trajectories: ‘cold’ disc

e colder disc means larger wake
e colder disc means stronger wake

e colder disc means shorter dynamical time
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For cold discs...

>

Gravitational Wake

<

O

Gravitational “Dielectric” function €
e(Q) = D(w, k) = det (1 — M(w))

Response matrix

Dispersion relation
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eressed = Qbare

Wake drastically boost orbital frequencies,
stiffening coupling/tightening control loops



Transition fo secularly-driven morphology promoting self-regulation around an effective Toomre|Q ~1.
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Transition fo secularly-driven morphology promoting self-regulation around an effective Toomre|Q ~1.
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Open system with control loop generates complexity through self-organisation






Q\ Q/’

Self-regulation boosted by proximity to marginal stability
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Turbulence

Wake drastically boost orbital frequencies,
tightening control loops
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Self-regulation boosted by proximity to marginal stability

/&“f’(

((i\(\o( strong wake

’ r
| ' Turbulence @
explosion SN
explosion SN @ Turbulence
SM explosion

radiated
entropy

Turbulence
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Toomre Q (x+gas) parameter convergence as a function of both mass and redshift
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See also Agertz et al. (2015) Inoue et al. (2016) Oklopcic et al.
(2017) Mandelker et al. (2017) Ceverino et al. (2017) Krumholz
et al. (2018) Meng et al. (2019) Romeo et al. (2020) for a similar
finding.




Match between simulation and observation as a function of both mass and redshift

Fraction of galaxies with v/o > than 3 and 1 resp.

v

* Data @ Simulation

Low mass

£-0.7(M./10'°M,)B/(1+2).

Redsh ift The Siné Survey of z ~ 2 Galaxy I.(inematics:
Properties of the Giant Star-forming Clumps.
Astrophys. J., 733, 101-130 (2011)



Lagrange Laplace theory of rings (small eccentricity small inclinaison)

x and y components of angular momentum
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Lagrange Laplace theory of rings (small eccentricity small inclinaison)

x and y components of angular momentum
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Kinetic theory of (toy model) parallel planes with and w/o0 wakes

. L Diffusion coefficient
WIthOUt pOIar|Sat|On Roule et al (in prep) Gravitational Wake W|th polarlsatlon

rate of diffusion
x 1/ 10

Energy
Polarisation stiffen coupling between planes



gravitational coupling damping
.. 2 2
Qs T WiQx T Wigdg =0,

Qg

9 :
+ WyQqg T Wigqx + 1qq

gas

forcing

stars

See also Bertin Romeo (1988) 195, 105-113



gravitational coupling damping Amplitude of mode g, (1), ,(?)
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Dissipation in gas also brings down the * modes



Once in secular mode, the self regulated loop

stratifies vertically stars by age, while preserving the total double sech? profile



:> 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-requlation controls both processes

Vertical orbital diffusion

v
D . D diff,bare
diff,dressed — >
e(Q)
on
SF
SF eﬁiciency// <0

00

Both star formation and vertical orbital diffusion are regulated by same (0 — 1) confounding factor
which produce stars and diffuse the stellar orbital structure.

The stellar thick disc is simply the secular remnant of the (self requlated) disc settling process.



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

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

1 * * n * YK = cold stellar component
< de =k (1= )

control parameter

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

cf: logistic map

= Simplest quadratic model for self -regulation

= Taylor expansion of effective production rate Y



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

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

* Kk
= = 1=

control parameter

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

= Simplest quadratic model for self -regulation

= Taylor expansion of effective production rate

Link to Mandelbrot Set (Veritassium 2021)
*= cold stellar component

cf: logistic map



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

Dissipation converts kinetic instability point into an attractor.

Logistic map Hamiltonian

AR OIN (6>

Reaction-Diffusion equation

’k cold stellar *

component

vertical Wldth ......... k oo

Asymptote set by quadratic
generalised Poisson equation.

New point of equilibrium with
finite disc thickness

—Emergence of thin fixed width disc in open dissipative system time




Now let us study its cosmic evolution via the growing boosting impact of wakes

Auto-catalysis of the cold component (via wakes) and dissipation converts
dynamical insi'abilii'y point into a robust attractor.

%* o2 *(1 *)+ _A @

Gravitational Wake

wake driven €(z) - 0 as Q — 1
SF efficiency

Haressed X nraw/ez(Q)

~ quadratic in €

Ddressed X D /EZ(Q)

Diffusion

—cosmic Emergence of thin disc
— Operates swiftly via self-organised Criticality

—Robustness / feedback details Nofine tuning !



Synopsis of thin disc emergence: 1/2

* Why do disc settle 2
e But Why does Q— 12

* But how does it impact settling? stiffens

e Convergence towards Q~1
— is dual to settled fraction of discs increasing with mass and cosmic time
— sets a robust & fast reaction-diffusion kinetic process controlling the disc’s thickness
— implies that thick and thin discs grow together

39
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40

* 3 components system coupled by gravitation.

A CGM reservoir fed by the large scale structures

e Convergence towards marginal stability : acceleration of dynamical control-loop by wakes

* Tightening of stellar disc by amplification of relative torque & increased dissipation.

-

Self regulation

Tighter coupling

marginal
stability

)

cold gas
Injection

&

Stronger
tides




CONCLUSION

* Revisited galaxy formation theory subject to cosmic filaments

® because it's interesting (most galaxies are born in filaments)
*to understand LSS surveys (morphology, orientation)

*to understand emergence of razor thin galactic discs @ z ~ 0

® |SS impact non-linearly gas flows (what galaxies are made of!)
*build up of discs/CGM via stratified AM-rich gas inflow

*provide engine for emergence of homeostatic thin discs

Robust top-down causation : required

Dynamical marginal stability is an attractor for open dissipative systems.
Failure of loop will allows us to quantify morphological diversity.

(c)Taysun Kimm +E. Pharabod



https://conference.cosmicweb23.org
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Interestingly, though anecdotical, the thin discs
possesses at least three out of four pillars recently
required by some authors (Wong & Bartlett 2020) to
define pre-biotic systems:

i) they are dissipative structures;
i) auto-catalytic;
iii) homeostatic,

iv) but not (quite) learning.

May be in a neg-entropic (information) sense:

as the stellar disc grows, it accumulates (stellar) order,
which makes its effective Toomre parameter less
sensitive to the environment: it has learnt!



Bring home message

* Feedback+SF physics transpires to self-regulated disc geometry via wake!
* Gas inflow yields emergence via homeostasis: rotation matters!

« CGM = free energy reservoir: top down causation from cosmic coherence
* regulation can be broken via change in vorticity and mass content of CGM.

e Variation of inflow that the disc’s tolerate before instability
* Proximity to cliff (Q<1) essential

e Link to self-organised criticality/Maximum entropy production
* No absolute transition mass

* Assumes disc can respond dynamically fast enough

* Leap of faith in dynamical range (SF controlled by turbulent injection scale)
* Ignore extension of disc + bars /bulge + life halo (locality)






The fate of
cold gas

filament

7

void

v

Bundle of position of
gas tracer particles at different
epochs (high z)



Geometry of flow: Eulerian view @ high resolution.

filament




Geometry of gas flow: Tracer particle

gas tracing particle:follow shocks



Geometry of gas flow: Tracer particle

gas tracing particle:follow shocks



Geometry of gas flow: Tracer particle

locus of 3rd
shock

Note the high helicity of inflow:
AM rich quasi-polar accretion Explain this !



Cross section

region



* point reflection symmetric r — —r AM vector
* vanishes if cylindrical filament

Spin perp. =
along e
spin // . .
to filament saddie point
ZLeldovitch—
flow
Spin perp =

along eq



* point reflection symmetric r — —r AM vector
* vanishes if cylindrical filament

spin perp. =
along e

spin /1 .saddle point
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Spin perp =
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&= spatial transition+ ROl smaller



Lagrangian theory
capture spin flip !

Transition mass
associated

with size

of quadrant L xe.
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High mass patc
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Lagrangian theory
capture spin flip !

Transition mass
associated

with size

of quadrant L xe.



Helicity rich satellite distribution consistent with
filamentary polar accretion towards flipped central

filament

C@F satellite

galactic plane

satellites 2 Rvir

Rvir

0.5\Rvir

filament

LCDM: Hydro

™

blue central red central



The fact that thin discs in cosmological simulations operate essentially as though they are isolated is quite remarquable and needs explaining.

e We measure that () ~ 1 is an attractor for disc settling. It
1s an attractor because polarisation (near marginal stability) yields
a tighter (faster) control loop for self regulating processes (tur-
bulence, SN, star formation), and efficient entropy radiation. The
tightness of this loop controlled by the amplitude of the fluctu-
ating gravitational potential. Since these fluctuations are dressed
by gravitational wakes, the closer the disc 1s to marginal stability
the stronger the wake, the shorter the effective dynamical time, the
tighter the loop, the closer the disc to marginal stability.

e The transition mass appearing in the fit of () scales likes the
mass of non-linearity, which defines the local dynamical clock, re-
flecting the idea that for more massive discs (in units of that mass)
secular processes can operate more swiftly and efficiently. This
transition translates into a fraction of settled discs as a function
of stellar mass and redshift which match the observed one.

e The closer the disc to () ~ 1, the stronger the gravitational
coupling between rings, the more damped out of plane oscillation,
the more settled the disc.

e The gravitational torquing between the gas and stellar com-
ponents and dissipation within the former component can be ac-
counted for via a two set of rings or two sets of WKB wave model.
Both models provide means to understand how the stellar can con-
verge towards low entropy states.

e Once in secular mode, the self regulated loop also stratifies
vertically stars by age, while preserving the sech profile of the ex-
isting thick disc. This is achieved because both star formation and
vertical orbital diffusion are regulated by the same confounding
factor which stirs cold gas and diffuse the stellar orbital structure.
As such, the stellar thick disc is simply the secular remnant of the
disc settling process.



