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Fluid mechanics 

• A collisional fluid obeys equations that differ 
fundamentally from those of gravitational N-
body dynamics 

• An ideal fluid is described by Euler’s equations 

– The Navier-Stokes equations that include viscosity, 
conduction, etc. are very rarely needed in 
astronomy 

 



• The basic equations of an ideal fluid are 

 

 

    and 

 

 

    where D/Dt is a convective derivative and  is 

the gravitational  potential 

Euler’s equations 



Pressure, density and energy 

• These two are supplemented by an equation 
of state:  P=P(,T) 

         P=P() only for a simple barotropic fluid – 
suitable if the gas is adiabatic or isothermal 

• Otherwise we also need an energy equation 
that includes heating and cooling terms 

                 DE/Dt = -Pv +  -  

    where E is the energy density in the fluid 



Numerical methods 

• All numerical methods that attempt to solve 
these equations fall into two categories: 

– Eulerian or grid methods 

– Lagrangian or particle-based methods 

 



Eulerian methods 

• Solve finite difference approximations to the 
equations of hydrodynamics on a grid 

– Courant-Friedrichs condition: t < x/cs 

– apply an artificial viscosity to cope with shocks    
term is                where   

 

 

    generally spreads the discontinuity over two zones 

– diffusive terms enter because of the finite 
difference approximations to gradients 



Many good codes 

• Very highly developed, with standard tests  

• Various techniques (piecewise parabolic, 
Godunov, etc.) with long histories 

• Cartesian grids are common, but fixed spatial 
resolution is rarely appropriate in astronomy 

– adaptive grids are needed (Kravtsov, Gnedin, ...) 

– public Enzo code (Bryan, Norman, ...) 

– polar grids (Stone, ...) 

 



Flows in 
barred 

potentials 

• e.g. Kim et al. (2012) for two 
values of cs 

• Note correspondence of 
streamlines with periodic orbit 
families – except they cannot cross 
– shocks form instead 



Gas inflows in bars 

• Good evidence 
that inflows really 
do happen  

• Star formation in 
the nuclear ring of 
NGC 1512 (Maoz 
et al. 2001) 

• Lower inflow rate 
inside of ring (note 
dust distribution) 



Lagrangian methods 

• Various methods include     

         Smooth Particle Hydrodynamics       

     or SPH, which is by far the most popular 

– see Springel (2010) for a review 

• Particles have a finite size – a kernel or weight 
function that must be properly normalized 



• Properties of the fluid are defined by the 
weighted sums from overlapping particles, 
e.g. 

 

    and so on for other properties of the fluid 

• To compute a gradient 

 

 

    where Q is any quantity, such as pressure 

Use of the kernel 



Fluid equations 

• Typically the kernel width should be wide 
enough that 20 – 50 particles overlap 

• Particles  are accelerated using the equation: 

 

 

•  It can be proved that in the limit of infinitely 
many particles, this method really does solve 
Euler’s equations 

• Many applications – I will focus on galaxies 



Grid vs. SPH 

• Test by Perez (2008) 2D grid (left) and 3D SPH 
(right) – velocities match well 

– still a rigid bar model for N4123 



SPH is a versatile scheme but ... 

• SPH has many strengths (e.g. Hopkins 2013) 

– concentrates resources where the particle   
density is high 

– can easily be adapted to include self-gravity 
(Berentzen et al. 1998; Fux 1999) 

• It also has some serious weaknesses – 
notably: 

– high numerical viscosity 

– poor performance in Kelvin-Helmholtz instabilities 

 



Fully self-consistent models 
• e.g. Heller & 

Shlosman (1994) 

• Gas particles in a 
combined stars + gas 
unstable disk 

• Notice the very rapid 
evolution (units are 
dynamical times!) 

• Inflow rate 
accelerated by 
numerical viscosity 



KH instability problem 
• Agertz et al. 

(2007) 

• spurious 
pressure force 
causes a gap 
to form in the 
particle 
distribution 
and instability 
is inhibited 



The blob test 

• Solutions proposed by Read & Hayfield (2012) 
and by Hopkins (2013) 

• Movie from U Washington group 



AREPO 

• New code written by                                      
Springel (2010) 

• Based on Voronoi                                       
tesselation of a set of                                       
moving mesh points 

– a hybrid Eulerian-                                         
Lagrangian method that shows great promise 

• Not yet publicly available, used only in galaxy 
formation so far 

• Results differ significantly from using SPH 



M31 composite images (Herschel) 

• word 



The interstellar medium 

• Most definitely not a simple fluid 

– most mass is in dense, cold clouds (cs <  0.5 km/s) 

– turbulent speeds 5 – 12 km/s – i.e. supersonic 

– warm and hot phases 

– magnetic field and cosmic rays – add pressure 

– stirred by supernovae, stellar winds, spiral arms, MHD 
instabilities, etc. 

– gas fragments and forms stars 

– radiative heating and cooling, dust shielding, chemistry 

– inflows and outflows to and from the disk 

– almost all takes place on “sub-grid” scales 

• Unruh’s remark  



Dissipation 

• ISM far too complicated to model in detail 

• But only one process is really important for 
galaxy dynamics: 

• Random motions in the gas are damped 

– turbulence in the ISM cascades down to small 
scales where the kinetic energy is dissipated 

• Stars form from molecular clouds that move 
on nearly circular orbits 

 



• Primary physical process is inelastic collisions, 
which damps down peculiar motions, 
especially in converging flows 

• Motivates other schemes –  e.g. “Sticky 
particles” (Rautianen & Salo, Bournaud & 
Combes, ...) 

 



Treuthardt et al. (2009) 

 



Recurrent 
transients 

• Random motion rises 
and patterns fade 



Recurrent 
transients 

• Random motion rises 
and patterns fade 

• Add “gas dissipation” 
and patterns recur 
“indefinitely” (SC84) 

• A natural explanation for 
the importance of gas 



Galaxy formation simulations 

• Agertz et al. (2010) – barely a remark about spirals 



Condensation 

• Formation of ever higher density in the gas is 
the inevitable consequence of dissipation plus 
self-gravity 

– even in a perfectly inviscid code where angular 
momentum is redistributed by only by gravity 
torques 

• In reality, gas clouds fragment, form stars and 
the residual gas is dispersed by energy input 
from stars 

– but we simply do not know how to model these 
crucial pieces of physics 



Ad hoc rules for “feedback” 

• Apply rules, motivated by observations, but 
also tuned to achieve the desired outcome 

– At what density do stars begin to form? 

– What fraction of the gas goes into stars? 

– How much energy is returned to the ISM? 

– Is that energy purely thermal, or should some of it 
also be kinetic of bulk motion? 

– Do outflows expel all the gas, or only some of it? 

– etc. 

• Answers are no more than best guesses 



Chemistry 

• We also know that “astrated” gas contains 
metals 

• Can therefore model the build-up and 
distribution of heavy elements in a galaxy 

• Track the metallicity distribution in the gas 
and stars 

• Gas cooling rate affected by metallicity 



Roškar et al. (2008) 

• Full up galaxy formation model with gas 
cooling, chemical evolution and dynamics 
– but no cosmological substructure 

• Study consequences of radial migration 
caused by recurrent spiral modes 



Conclusions 

• Gas physics is essential for galaxy formation 
and plays a critical role in later evolution 

• Dissipation is vital both to form disks, and to 
drive secular evolution 

– maintenance of spiral activity 

– formation of rings & pseudo bulges, etc. 

• Most aspects of gas evolution are 
implemented through plausible rules – but we 
no longer simulate real physics 


