
  

AFD Course: 24 lectures, 4 example sheets

Books: 

Principles of Astrophysical Fluid Dynamics
Clare & Carswell; ebooks.cambridge.org

Fluid Mechanics
Landau & Lifshitz 



  

Lecture 1

Fluid dynamics: 
motion of fluids (gases and liquids)
macroscopic representation → continuous 
medium described by e.g. equation of state

In astrophysics: 
mostly gases 
supersonic motions → compressible i.e density 
is not constant  



  

Astrophysical examples: stars, white dwarfs, 
neutron stars  

NASA’s Chandra X-ray Observatory: Vela pulsar 

about 1,000 light years from Earth. Credit: 

NASA/CXC/University of Toronto/M. Durant, et al



  

Astrophysical examples: interstellar and inter-
galactic medium



  

Astrophysical examples: intracluster medium

The massive galaxy cluster Abell 1689, with member galaxies shown in white along with the hot X-ray emitting gas in blue. Credit: X-ray: 
NASA/CXC/MIT/E.-H Peng. Optical: NASA/STScI;



  

Astrophysical examples: accretion discs



  

Concept of a fluid element (blackboard)

Collisional versus collisionless fluids

Collisional fluid → equation of state 

Examples of collisionless fluids: stars orbiting 
in a galaxy, grains in Saturn's rings, 
dark matter, ICM plasma (?)



  

Lagrangian view Eulerian view

Formulation of fluid equations



  

- fluid represented by a set of particles
- gas density, velocity etc. estimated
  by averaging over a certain number 
of particles

 - fluid represented by a set 
    of cells
- compute fluxes at cell faces

Smoothed Particle Hydrodynamics
Lagrangian view

Grid codes (+AMR)
Eulerian view

Computational fluid dynamics



  

Relation between the Eulerian and Lagrangian
descriptions (blackboard)

Kinematics: particle trajectories

Streamlines

Particle paths

Streaklines

(In a steady flow they coincide)



  

Lecture 2

Equations describing motion of fluids:
conservation laws of 

mass,
momentum, and
energy

Conservation of mass (blackboard)
in Eulerian and Lagrangian form
→ implications for incompressible flows  



  

Concept of pressure

Pressure forces and their generalization

Conservation of momentum (blackboard)
in Eulerian and Lagrangian form

Stress tensor and concept of ram pressure

Astrophysical example  



  



  



  

Lecture 3

Gravitation:
- concept of conservative force
- gravitational potential
- Poisson equation
- method of Gaussian surfaces (examples) 



  



  

Lecture 4

Gravitation:
- potential of a spherical mass distribution

- gravitational potential energy: 
for a system of bodies and continuous mass
distribution

- Virial theorem



  

Galaxy clusters: application of Virial theorem

The massive galaxy cluster Abell 1689, with member galaxies shown in white along with the hot X-ray emitting gas in blue. Credit: X-ray: 
NASA/CXC/MIT/E.-H Peng. Optical: NASA/STScI;



  

Galaxy clusters: turbulence Vazza, F., et al. 
2009. A&A, 504, 33.

http://ned.ipac.caltech.edu/cgi-bin/ex_refcode?refcode=2009A%26A...504...33V


  

Galaxy clusters: magnetic fields

density           temperature     magnetic pressure
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Galaxy clusters: non thermal particles

Credit: X-ray - NASA, CXC, R.Kraft (CfA), et al.; Radio - NSF, VLA, M.Hardcastle (U Hertfordshire) et 
al.; Optical - ESO, M.Rejkuba (ESO-Garching) et al.



  

Lecture 5

Energy equation:
- equation of state
- ideal gas
- barotropic EOS – isothermal and adiabatic
                             cases
- Derivation of the energy equation
 
- Heat transport: conduction, convection and 
                           radiation
- Heating/cooling mechanisms: radiative 
cooling and heating processes (primordial, UV
background, Bremsstrahlung, shocks, CRs,...)



  

Thermal conduction: analytical and numerical
tests

Jubelgas, M., et al. 2004, 
MNRAS, 351, 423 



  

Thermal conduction: applications to ICM

Jubelgas, M., et al. 2004, 
MNRAS, 351, 423 

radial profile of gas temperature

temperature maps
top: only cooling
bottom: with conduction 



  

Lecture 6

Hydrostatic equilibrium (basic concepts)

- Applications:
1. Isothermal slab 
(e.g. clouds collision; galactic disk) 

2. Isothermal atmosphere of Earth
   → limits of validity of equations                          

3. Stars as self-gravitating polytropes  
   → Lane-Emden equation



  

Lecture 7

- Stars as self-gravitating polytropes  

   → Lane-Emden equation for n = 
(isothermal spheres and Bonnor-Ebert spheres)

- Scaling relations for polytropic stars

- Astrophysical examples



  

Roche lobe overflow
- orbiting material gravitationally bound → 
effective potential



  

Roche lobe overflow: star - BH binary 
(X-ray binaries)



  

Lecture 8

- Sound waves
→ Perturbations of the uniform medium
→ Relation between Lagrangian and Eulerian
perturbations
→ Wave equation

- Sound speed
→ Isothermal and adiabatic cases

- Astrophysical examples



  

CMB (Planck collaboration)



  

Helio/stellar seismology:
study of oscillations within stars → infer about internal structure 

simulation of acustic waves in the Sun



  

Sound waves in galaxy clusters (Fabian et al. 2003; Sijacki et al. 2006)



  

Lecture 9

- Sound waves
→ Perturbations in a stratified atmosphere
→ Dispersion relation
→ Solutions for real and imaginary k
    propagating and standing waves 

→ Transmission of sound waves at interfaces

- Astrophysical example: 
sound waves generated by SNae explosions 
propagating through giant molecular clouds



  

Lecture 10

- Supersonic flows (Shocks)
→ large compressions or accelerations to
    velocities >~ sound speed
→ Mach cone and Mach number definitions
   
→ Rankine – Hugoniot conditions 
     I: mass conservation
    II: thermal + ram pressure conservation
   III: kinetic energy + enthalpy conservation
(adiabatic)
→ Maximum compression for adiabatic shocks
and deduction of non-reversibility 



  

Lecture 11

- Supersonic flows (Shocks)

→ lsothermal case
 relation between velocities and sounds speeds
→ density compression considerations
→ post-shock flow Mach number for isothermal
and adiabatic cases: general implications

Examples:
1. boundary in the fluid
2. gas cloud in a hot medium
3. density profiles of dark matter and gas



  

Example 1: boundary in the fluid
(movie: shock in 2D)

(Sijacki et al. 2012, MNRAS)



  

Example 2: cloud in supersonic motion
(movies: the “blob” experiment, collision of 
gas clouds)



  

Example 3: dark matter and gas profiles
(movie: Illustris simulation)

Newman et al. 2013 
ApJ 765 25



  

Lecture 12

- Shocks: application to SNae explosions
(blast waves)

→ Very strong, adiabatic shock propagating
in uniform medium
 
→ Sedov-Taylor solution

Examples:
1. SNae explosions
2. Injection of energy by an AGN
3. Structure formation shocks



  

Sedov-Taylor explosion

simulation by a numerical code AREPO (V. Springel)



  

AGN-driven blast waves

Costa et al. 2014, MNRAS



  

AGN-driven blast waves

Costa et al. 2014, MNRAS



  

Structure formation shocks

Pfrommer et al. 2006, MNRAS 



  

Structure formation shocks

Pfrommer et al. 2006, MNRAS 



  

Lecture 13

- Blast waves

→ Very strong, adiabatic shock propagating
in uniform medium
 
→ Similarity solution; structure of the blast 
wave

→ Breakdown of the similarity solution:
implications for heating of the ISM by SNae



  



  

ISM structure: simulation

Clare Dobbs



  

M82: galactic outflows (SNae-driven)

HST mosaic



  

Lecture 14

- Bernoulli's equation

→ definition of vorticity 

→ Bernoulli's constant: implications & 
                                    examples

→ Helmholtz' equation

→ Demonstration of Kelvin's vorticity theorem



  

Lecture 15

- De Laval nozzle

→ relation between cross-sectional area and 
velocity => implications

→ solutions for isothermal and polytropic 
gases
                                    
→ physical interpretation and considerations 
about compressibility

→ De Laval nozzle applied to astrophysical jets



  

Jets from young stars



  

Jets from Crab nebula pulsar: in action!

IMAGE CREDIT: 
NASA/CXC/HST/ASU/J. Hester et al)

Chandra: X-rays                HST: optical



  

Galaxy clusters: jet in M87

Credit:HST M87



  

Galaxy clusters: jet in Cen A

Credit: X-ray - NASA, CXC, R.Kraft (CfA), et al.; Radio - NSF, VLA, M.Hardcastle (U Hertfordshire) et 
al.; Optical - ESO, M.Rejkuba (ESO-Garching) et al.



  

De Laval nozzle applied to jets 
(Blandford&Rees 1974)

→ external medium has thermal pressure 
which decreases monotonically
→ jet and external medium are in pressure 
equilibrium => jet confinement
instead of solving for p(x) given A(x) we have
p(x) so we can solve for A(x) => jet “shape”

→ if external pressure decreases and we have 
pressure equilibrium there is a transition to
supersonic flow!



  

De Laval nozzle applied to jets 
(Blandford&Rees 1974)



  

MHD jets 
(Tchekhovskoy & McKinney, 2012)



  

Lecture 16

- Spherical accretion and winds

→ steady accretion onto a point mass where 
gas is at rest at infinity

→ general solutions 

→ solutions for isothermal and polytropic 
gases
                                    
→ discussion of the general solution: winds vs.
accretion; Bondi-Hoyle-Littleton accretion



  

Simulating Bondi accretion

Rbondi

Curtis & Sijacki, 2015



  

Growth of black holes via Bondi accretion

Costa, Sijacki, Trenti, Haehnelt, 2014



  

Lecture 17

- Fluid instabilities: basic concepts

→ Convective instability

→ Schwarzschild stability criterion

→ adiabatic limit vs. heat exchange
                                    
→ Internal gravity waves

→ Jeans instability: star and structure formation
Jeans length, Jeans mass



  

Lecture 18

- Instabilities in stratified fluids: 2D case

→ Derivation of the dispersion relation

→ Applications:

1. Surface gravity waves
                                    
2. Rayleigh-Taylor instability (blast waves)

3. Kelvin–Helmholtz instability (jets, satellities)



  

RT instability



  

KH instability



  

Lecture 19

- Instabilities in stratified fluids: 2D case  (cont.)                                 
→  Rayleigh-Taylor instability (blast waves)
→ Kelvin–Helmholtz instability (jets, satellities)

- Thermal instability
→ basic concepts
1. Case A: constant pressure
2. Case B: non-constant pressure
→ dispersion relation
→ Field criterion and its applicability
→ example: Bremsstrahlung radiation



  

Lecture 20

- Viscous flows                                 
→ introducing the viscous stress tensor
→ Linear shear flow in the presence of
molecular viscosity: momentum transfer due to
thermal motions → momentum equation
→ properties of shear viscosity coefficient

- Navier-Stokes equation
→ general form of the viscous stress tensor for 
fluids due to molecular viscosity
→ Braginskii-Spitzer shear viscosity
→ examples: sound waves and stripping



  

Sound waves in galaxy clusters (Fabian et al. 2003; Sijacki et al. 2006)



  

Sound waves in galaxy clusters (Sijacki et al. 2006)

        low viscosity                                                high viscosity



  



  



  

Viscous stripping in galaxy clusters (Sijacki et al. 2006)



  

Lecture 21

- Vorticity in viscous flows                                 
→ vorticity can be created or destroyed in
viscous flows

- Energy dissipation in incompressible viscous
flows
→ kinetic energy dissipated by viscosity into 
heat; => shear viscosity coeff >= 0

→ Example: viscous flow through a pipe
→ Definition of the Reynolds number =>
turbulence



  

Lecture 22

- Accretion discs                                 
→ basic concepts
→ Keplerian motion

→ Viscous equations for accretion discs
→ Viscous torque
→ Viscous diffusion equation: solution
→ Viscous timescale and its relation to the 
orbital timescale and Reynolds number
→ accretion due to molecular viscosity, 
turbulence and MHD 



  

 Accretion discs: examples                                 

Crab nebula pulsar 
NASA/CXC/HST/ASU/J. Hester et al)



  

Lecture 23

- Steady thin discs                                 
→ relation between kinematic viscosity and
   mass inflow rate
→ Viscous dissipation and relation to 
luminosity
→ Radiation from steady thin discs
→ implications on constraining viscosity

- Introduction to plasmas
→ importance of B field
→ mass conservation and momentum 
equations for plasmas



  

Lecture 24

- MHD
→  Maxwell's equations
→ simplyfing MHD in the non-relativistic limit
→ concepts about charge neutrality
→ Flux freezing approximation
→ Ideal MHD equations
→ Magnetic force density and Alfve'n velocity
→ Waves in plasmas in the linear regime:
solutions for longitudinal magnetosonic waves,
longitudinal sonic waves and transverse MHD
waves
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