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Introduction

The inter-connected universe




Review: History of the universe
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Cosmological Scale

> After recombination,
gas in the universe is cold and neutral.
» With no pressure support,
gas follows the large scale structure of DM.

a.k.a. forming filamentary structure.

TNG Collaboration




Gas in DM halo
» In DM halos, gas would fall into

the center of the potential well.
» Angular momentum
conservation requires gas to
speed up and form a
rotationally supported disk.
» The disk eventually form stars

and becomes so called galaxy.




In the disk \
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Star and planet formation

» Gas forms protoplanetary disks (PPDs) around the new born stars.
» Planets form within the PPDs.

“ul

PPD IM Lupi in NIR by SPHERE PPD IM Lupi in Submm by ALMA

ESO/H. Avenhaus et al./DARTT-S collaboration Verrios et al. 2022 | NASA/SwRI/MSSS/Gerald Eichstadt/Sedn Doran



Story of gas spans more than 16 orders in spatial scale!

SMBH growth

Disk dissipation /

Galaxy formation Star formation habitability

NASA, ESA, CSA, STScI | NASA, ESA & A. van der Hoeven | SOHO | DSCOVR EPIC



Feedback from small to large scale!

AGN feedback Angular
momentum
removal
Stellar feedback [

NASA, ESA, CSA, STScI | NASA, ESA & A. van der Hoeven | SOHO | DSCOVR EPIC



Stellar feedback

» Young stars forms wind and jets
(HH objects).
» Massive stars produce:
» lonizing radiation.
» Stellar wind.
» Supernova explosion.
» Energy returned from stars can

affect evolution of galaxies.




AGN feedback

> Gas accretion on SMBHs.

> Jet launching: AU scale.

Jet affects: Mpc scale.

Credit: Lia Medeiros, Chi-Kwan Chan, Feryal Ozel, Dimitrios Psaltis

Credit: Ben McKinley, ICRAR/Curtin and Connor Matherne,
Louisiana State University.




Gas 1n the universe

» Gas is involved in almost all astrophysical system we are interested in.
» Multi-scale and multi-physics nature of gas:
» Spatial scale: Mpc (structure formation) to km (X-ray binary accretion disk).
> Timescale: GyT (structure formation) to ms (supernova explosion).
» Physics involved: gravity (Newtonian/GR), hydrodynamics, magnetic
field, radiative processes, nuclear physics, neutrino transport, etc.
» We need a framework that can (in principle) handle all the physical

processes together with reasonable resources.



Hydrodynamic Simulations
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p, v, T,P, etc

Treat the system of interest as multiple continuous fields.

20



What equations should fluid follows?

Let us start from density: what is the relation between density and velocity?

?95 + V - (pv) = 0 Mass Conservation

Opv

5 + V. (P’U X ’U) + Vpiot = 0 Momentum Conservation
Oe .

Fn + V - [(e + ptot )Jv] = 0 Energy Conservation

These are called Euler Equations for fluid dynamics.

One can put source terms on the right hand side to add in physics.



Example: Gravity and blast

Place a bomb in the atmosphere that

would explode and release energy at t = 0.

Op

E—Fv-(pv)—o

O pv
%"‘V‘(P’U@’U)*‘thot = Pg

Oe
E + V- [(e ‘|‘ptot )’U] —pv-g + €plast (wa Y, tO)

Source term: Source term:
gravity bomb energy
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Equation of states (EoS)

If you count the number of variables and equations:
> Variable: p, v, e, P. 6 fields
» Equation: 5 independent ones.

One need another equation to solve the system. This is the EoS.

EoS links the thermal dynamics

p,P, T |=—>| 7? 4p,?,T properties of the fluid.
Effectively captures the properties of

the materials.



When can we use fluid approx.?
» Fluid dynamics simplifies particle motion
into macroscopic properties
(e.g. temperature). o
Is that valid for all systems? o e fpd: 50
> No. That only works if there are sufficient E:th‘l -
collision between particles.
> Fluid approximation only works if:
> Mean free path << System scale |/

> Collision timescale << Timescale of interest
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W ifine 115 MHD
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i 77124 : Grid Based Method
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Kelvin-Helmholtz instability

-

Kevin Schaal



Credit: NASA/Ames Research Center/Timothy Sandstrom, Francois Cadieux, Michael Barad, Cetin Kiris

B 5140 : SPH Method

—REE RN AR CIRN I AEE) 1 227k Smoothed Particle Hydrodynamics



i 7 F24H : Hybrid / Moving Mesh Method

> fhie FVM # SPH % HABVEZS

Volker Springel (MPA)
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Understand how large

your bomb needs to be

to destroy everything within 3km.
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Planetary collision.

Code: Swift (SPH).

IC: Giant impact that changed
the rotation axis of Uranus.
Physics:

> EoS for rock (e.g. Si0,, MgO, FeS)
> EoS forice (e.g. H,0, NH,, CH,).

ICC planetary giant impact research




Supernova explosion. ot

Code: FLASH (FVM). OpE -V - [(pE + P)v] = —pv - V&
IC: Center of massive stars. Ot 9oV

Physics: gte -V - (pvYe) =0

> GR & Self-gravity OpY} v (vat) 0

> Neutrino transport ot :

» Nuclear EoS 3(Pth)3/4
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SMBH accretion
Code: HARM (FVM).
IC: SMBH and accretion disk.
Physics:

» General relativity

» MHD Plasma physics

> GR radiative transfer




Gallery

» Cosmological Simulation (TNG).
» Code: Arepo (Hybrid).
» 1C: Primordial density perturbation
» Physics:
» Self-gravity (N body)
» MHD in expanding universe
» Star formation
> Stellar / AGN feedback




Summary

» Gas is important in most of the astrophysics.
» Fluid dynamics provides a good framework

to describe the multi-physics, multi-scale behavior of gas.

MHD, gravity (Newton/GR), radiative processes, astrophysical feedbacks, etc.

» Hydro equations can be solved by different numerical methods.
» Hydrodynamic simulations is now widely used to understand

complicated astrophysical systems in details.



Trailer: Seminar on Thursday

Exi1 A —Post Main Sequence Stellar Evolution
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