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I. Introduction: Galactic Dynamics in Context – 
Formation and Evolution of the Milky Way 

 The Milky Way as a typical disk galaxy, and the Gaia mission 

 Galaxy formation in hierarchical structure formation 

 Slow galaxy evolution 
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Spiral Galaxies 

• Top right: edge-on NGC 4565. 
Note strong dust-lane. 

• Left: NGC 1232. Blue/red 
colour shows young/old stars. 
Pink knots: HII regions (H). SF 
in knots along spiral arms. Note 
non-axisymmetric bulge.  
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         The Milky Way as a typical disk galaxy 

• 1011 stars, 5 1010M©, most in disk of 104 pc radius, 15% in 
central spheroidal bulge, of 1kpc radius. Thickness of disk 500 pc, 
Sun at R08 kpc from center near disk mid-plane. 

• Atomic HI and molecular gas, a  few 109 M©, in a thin disk. 
Together with the dust form interstellar medium (ISM). Organized 
in hierarchy of “clouds”. Stars form in the cores of the densest 
clumps and eject energy and heavy elements back into the ISM. 

• Surrounding DM halo, 1012M©, 200 kpc size. Probably consists of 
as yet undetected elementary particles. Interacts only 
gravitationally with the visible baryonic matter.  

• Central black hole (BH), 4 106 M©, coincident with radio source 
Sgr A*. 

• Age of oldest stars 1010 yr. Dynamical time  rotation period of 
Sun 250 Myr. Thus 
→Age of MW (“the” Galaxy)40 dynamical times 

→Approximate steady state, evolving slowly due to minor mergers, 
accretion of gas, internal secular processes 
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The Multi-Wavelength Milky Way 
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Gaia Satellite 

• Will observe 1 billion MW stars to G=20 ( V band) 

• Angular resolution comparable to HST 

• 3 simulaneous observing modes: 
– Astrometry: parallaxes, PMs for 1 billion stars 

– Radial velocities to V17,        
150 Mio stars  

– Spectrophotometry with               
blue and red low resolution                                                                   grism 
spectra, stellar parameters                                                                               
for brighter stars 

• 5 years of observations          
after launch (2013) 
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ESA-Gaia webpage 



Gaia Source Density and Survey Volume 
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Figures from Xavier 
Luri, DPAC-CU2 and 
NASA/JPL-Caltech, R. 
Hurt 
 
Constructed  with 
Gaia Universe model, 
Robin+’13 



Transverse Velocity Accuracy 

Gaia will reach 10 km/s accuracy in the transverse velocities for 
typical stars within D=3-10 kpc and further for the brightest stars. 
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Credit: Francois Mignard 



Data from and Science with Gaia 
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  Galaxy  Formation in the Hierarchical      
 Structure Formation Model  

• Galaxies and larger structures grow from linear overdensities set in 
the early Universe 

• The growth is dominated by dark matter (DM) 

• The smallest structures form first and merge later to build larger 
structures 

• Galaxies interact with their surroundings, i.e., they are no longer 
regarded as “island universes” = distinct systems of stars and gas that 
evolve independently of the Universe around them 

• They interact gravitationally with their surrounding DM halo, often 
also with the tidal fields of larger structures around them (groups, 
clusters, filaments) 

• Are affected by mergers and encounters with large (rarely) and small 
other galaxies (more frequently) 

• Accrete stars, gas, and dark matter throughout their history 

• These processes cause star formation and structural evolution 
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Dark Matter Collapse 

Aquarius DM halo A2 – V. Springel 



Dissipative collapse model 
• Eggen, Lynden-Bell & Sandage ‘62 pioneered the idea of rapid collapse formation of 

an isolated galaxy with angular momentum 

• Samland & Gerhard ‘03 model for smooth dissipative collapse of large disk galaxy in 
2×1012 Msun, spinning (=0.05), DM halo, with accretion history taken from VIRGO –
GIF cosmological simulations. Two-phase gas model; following  ‘Fe’, ‘Mg’. 

• Galaxy forms from inside-out. SFR follows accretion history, with rapid early peak and 
slower late evolution. Disk grows with time from higher-angular momentum material. 

• Central bulge consists of at least two stellar populations, one formed in early 
collapse, and a second formed later from a bar in the disk. 

Mass infall rate SFR 



Build-up of halo-bulge and disk and bar 
 young (OB) stars             stars                young (OB) stars              stars     

Samland 

Gerhard 

2003 

z=1 

z=0.5 

z=0 

14 



Stars selected by metallicity 

• Bulge contains [/Fe]-
enhanced stars from 
range of [Fe/H] 

• The most metal-rich 
stars with solar [/Fe] 
only in  inner disk and 
bulge; from gas 
channeled inwards by  
the bar 

• Bulge thus contains an 
old population formed in 
the proto-galactic 
collapse, and a younger 
bar population. They 
differ by [/Fe] 

[-0.85:-0.6]      [-0.6:-0.15]        [-0.15:0.17]     >0.17  [Fe/H]   

Samland & Gerhard ‘03 
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Cosmological Formation of a Disk Galaxy F. Governato 



Disk Galaxy Formation In Cosmological Simulation 

High-resolution zoom-in simulation ‘Eris’ of 
‘quiet’ halo of 8×1011 Msun from z=90 to 
z=0; mDM1×105 Msun, msph2×104 Msun  
  ‘             Guedes +’12 

z>4: a bar forms as soon as the disk forms 

z3: several minor mergers destroy the bar 

z2: the bar reforms 

z<1: after another minor merger, the bar   

 weakens steadily 

z=0: negligible bar  

 

Slightly boxy isodensities only at z=1; the 

pseudobulge in this simulation looks 

mostly like a dissolved 2d bar. 

 

Important point: pseudobulge forms mostly 

at high-redshift through disk instabilities 

and minor mergers, on dynamical, not 

secular time-scales.             Okamoto+’13 
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Evolution of model photometric parameters 

• Bulge-to-total ~0.2-0.3 not varying much with 
redshift. Similar models by Okamoto ‘13 have 
B/T0.3 and B/T0.6. 

 

• Low Sersic index n=0.5-1.5,  possible 
dependence on strong feedback in the model 
(Okamoto ‘13 models: final n=1.2, n=1.4)  

 

• Disk scale-length growth with time – inside-
out-growth 

 

• While n increases, the amplitude of the bar 
weakens   

Guedes+’12 
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Old pseudo-bulge formed rapidly 

• The pseudobulge is defined as particles inside R<2 kpc and ang.mom. < 0.8 of  circular orbit. 

• Most of these pseudobulge particles formed 10-12 Gyr ago, while the disk has a much more 
uniform formation history. 

• Continuum in mean age from center to outside → pseudobulge is the early, low angular 
momentum part of the disk which grows from inside out. 

• Since no boxy bulge, not a model for Milky Way but illustrates early formation. Secular evolution 
simulations of  isolated disks neglect the cosmological growth and perturbations. 

         

Guedes+’12 
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Modern cosmological disk galaxy simulations 

           Comparison of bulges formed in 3/5 recent simulations 
         Mass accretion rate                              star formation rate 

• Simulations with 
diff. codes and 
feedback models 

 

generally 

• SFR follows dM 

• early starburst 
collapse phase – 
later phase with 
lower SFR driven 
by disk 
instabilities and 
minor mergers 

• Hence old and 
younger stellar 
population (red 
vertical line) 

          Obreja+’13 
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Galaxy Evolution Through Secular Processes 

• Continuing accretion of gas, dark matter, satellite galaxies 

• Gas settles to disk plane, is eventually converted to stars; thereby 
the Galactic disk grows in mass and size 

• Accreted satellite galaxies are tidally disrupted as they spiral 
inwards in the Galactic halo, generating halo streams ; thereby the 
stellar halo grows 

• Massive satellites may enter the inner Galaxy and interact with the 
disk, thereby scattering disk stars and possibly creating a hot ‘thick’ 
disk component 

• The disk may become unstable, a bar or spiral modes may grow; the 
bar may buckle out of the plane, creating a box/peanut bulge; in 
the MW this happened many Gyr ago 

• Internal processes may modify the disk, such as heating of disk stars 
by  gravitational perturbations, radial migration of stars, inward 
motion of gas and subsequent star formation 
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Evolution of a self-consistent disk galaxy simulation 
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Martinez-Valpuesta+’06 



Buckling instability and associated orbits 

Evolution of N-body model for bar-unstable disk galaxy through first (T2.4 Gyr) 
and second (T7 Gyr) buckling instability.  

Martinez-Valpuesta+’06 
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The tools of Galactic Dynamics 

• Stellar dynamics = application of Newtonian mechanics to system 
of stars or other point masses 

→ analytical models and perturbation theory 

→ numerical models and simulations (N-body) 

Draws from Hamiltonian mechanics, plasma physics, statistical 
mechanics 

• Hydrodynamics = application of fluid dynamics to ISM 

→ mostly numerical simulations 

 

• Fast processes (e.g., collapse, tdyn), slow processes and quasi-
equilibria (e.g., disk heating, bulge structure,  >> tdyn); true 
equilibria (d/dt=0, rarely exist in hierarchical universe, but useful 
idealization) 

 

Goal: understand the dynamical structure and evolution of galaxies 
and our Milky Way, from their formation up to the present time. 
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II. Fundamentals of Stellar Dynamics 

 Collisionless stellar dynamics: virial theorem, two-body 
relaxation time-scale, phase-space distribution function (DF) 
and collisionless Boltzmann equation 

 Moments of the DF and Jeans equations; stellar-dynamical 
pressure and anisotropy 

 Tensor virial theorem, flattening of hot stellar systems 
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Virial Theorem from N-Body Eqs of Motion 

26 



Virial Radius and Velocity 
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Relaxation Time Depends on N only 
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Relaxation and Dynamical Time-Scales 

• Dark Matter Halos and Galaxies are collisionless 

• Disk have relaxation times shorter by 104 (Sellwood lectures) 
but are still collisionless 

• Relaxation is expected to have occurred in some globular 
clusters and the densest nuclei of galaxies 
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Credit: F. v.d.Bosch 



Collisionless Stellar Dynamics 

• Thus the time-scale over which collisions between stars in 
galaxies become important is long compared to the age of the 
Universe. 

• Stellar systems with this property can be described by a single-
particle distribution function in phase-space, whose evolution is 
governed by the mean-field gravitational potential. 

• Similarly, the dark matter halos of galaxies are believed to be 
composed of particles for which the collision times are even 
longer; so also these dark matter halos can be described as 
collisionless fluids in phase-space. 

• Generally the dynamical evolution is time-dependent.  
– How do we describe this evolution?  

      However, the smooth appearance and regular shapes of 
galaxies suggest a nearly steady equilibrium state has been 
(temporarily) reached and evolution is slow. So 
– How do we describe the equilibrium states of stellar systems? 

– Which of these are stable, which are realized in Nature? 
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Distribution Function 
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Boltzmann Equation 
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