
Examples of stellar systems:	


globular cluster	



galaxy	


cluster of galaxy	



!
connection to celestial mechanics, statistical mechanics, and plasma physics

stellar systems 
Large N systems interacting with long-range forces

F = G M m /r^2



Overview of a typical galaxy (the 
Milky Way)

facts and puzzles

lecture hours:   	


Friday 10-12?







Interstellar Extinction       Ax=(m-m0)x 	


	

 	

 AB ~ 1.6 mag (d/kpc)     if nH ~ 1/cm3	



galactic center stars suffer A ~ 30 mag, or 1/1012 photons pass through	



!

!

Interstellar Reddening	


	

 	

 E(B-V)=AB-Av ~  0.5 (d/kpc)

Effects of dust absorption & scattering





nm

micron

cm

mm



Dust a serious foreground for CMB

BICEP2—inflation?



Dust map (projected on ecliptic plane) 



. 1 turn ~ 200Myrs	



.tangent lines	



.exponential disks	


(~2kpc)	



.how many arms?	


    pre-2008: 4 arms	



2008: 2 arms	


2013: 4 arms



+ Irregular galaxies

“early type”

“late type”

Hubble sequence 
(Hubble’s tuning fork)

MW



Mass-to-light ratio of stellar systems

the Sun:  
mass = 1M�, Lumin= 1L�, mass/light = 1 [M�/L�]

on main-sequence,  light ~ mass4	


B2 main-sequence star:   mass/light = 0.002	


M2 main-sequence star:  mass/light = 12.5 

In a co-eval population of stars,   mass/light increases with age.

Greggio & Renzini ’11

theory: straight lines	


s is slope for IMF, 	


larger s means more dwarves	


s=2.35:  Salpeter IMF	


!
data: local ellipticals	





BT Chap. 1

visible stars:  alpha-Centauri system at 1.3 pc,   so 0.2 star/pc^3, or ~ 0.1 Msun/pc3	


ISM:  nH~1/cm3   ,  so ~ 0.1 Msun/pc3	



solar neighbourhood  M/LR ~ 2   (~ 2.5  if integrated to +/- 1.1 kpc)	



!
all mass explained in our immediate neighbourhood

Measured mass-to-light ratios locally:

M/L	


~1	


0	


0	


0	



~2	


~2



BT Chap. 1

vertically (to +/-1.1kpc)	


unexplained matter ~ explained matter	



Measured mass-to-light ratios locally: (extend to +/- 1.1kpc)

M/L	


~1	


0	


0	


0	



~2	


~3



How to measure mass-to-light ratio?    -- whole galaxy



Galactic Rotation Curves

Rogstad & Shostak ’72



Bahcall et al ’95 

Holmberg Radius (Holmber ’58): 	


The radius of an external galaxy at which 
the surface brightness is 26.6 mag/arcsec2.	



!
MW RH ~ 20kpc



Rotation curve of the Milky Way (Clemens ’85)

stellar domination DM domination

v ~ sqrt(GM/R)



Recent models

disk

bulge

halo

halo

bulge

disk

the conspiracy?



disk-halo conspiracy? 
something important about galaxy formation

disk exponential, 
with scale length (in 

light) ~ 3kpc

MW @ 8kpc	


disk: 0.1M_sun/pc^3  	


halo: 0.01 M_sun/pc^3

decomposition non-
unique (dep. on disk 

M/L value)

van Albada et al. ’85



methods other than rotation curves

Enclosed mass in the Milky Way

Filled dots are mass measurements from globular cluster tidal radii, stars refer to dynamical mass 
determinations, and open circles are masses derived from tidal radii of dwarf spheroidal galaxies.

LR ~  3x1010 Lsun

--> commonly called L*

so
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dark halo mass very uncertain, 

mass-to-light ratio rises outward	


Milky way  M/LR (< 100kpc) ~ 15 - 30  (BT quotes 7-170)	


!
galaxy clusters (average in universe) ~ 200
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an L* galaxy is typical in the universe	


  -- the Schechter Luminosity function

Press & Schechter ’74	


Schechter ’76



While dark matter cosmology seems well 
established, one remaining central challenges 
is to understand how galaxies form.	


!

Theory vs. Observations:

. global properties	


!

. individual components



Fundamental planes:

examples:    	


the Faber-Jackson law  -- velocity dispersion/Luminosity	


the Tully-Fisher law -- rotation velocity/Luminosity	


the Kormendy relation -- surface brightness/size	


the M-sigma relation -- central blackhole mass/dispersion

some properties of a galaxy that are observed 
to correlate with other properties.



The Tully-Fisher Relation for disk galaxies 

L / V ↵

L: galaxy luminosity,

V : characteristic velocity (rotation velocity)

↵B ⇡ 3.5, ↵IR ⇡ 4

scatter ~ 0.2 mag	


good enough for distance ladder

L / V ↵

L: galaxy luminosity,

V : characteristic velocity (rotation velocity)

↵B ⇡ 3.5, ↵IR ⇡ 4

Let v2 ⇡ GM
R (Virial Theorem)

M = (M/L)⇥ L = �L, where � is the mass-to-light ratio

! L ⇡ V 2R
G�

So

M
R2 / 1

�

V is set by the DM halo, L is set by luminous matter

dark matter halo knows about the mass-to-light ratio



Components of the Galaxy



multiple components in the MW 	


& 	


the assembly history

•   geometry of MW (thin/thick disks+bulge+halo, the 
distribution of star light)	


!

•  dark matter dominates at large distances (rotation curve)	


!

•   the local group (distance to LMC, SMC, dwarf 
galaxies,missing satellites)	


!

•   globular clusters (double MS, mass segregation)	


!

•   galactic center (BH, stellar cluster), 

A correct assembly history produces these components, 
and explains the observed fundamental planes.



BT

stellar halo mass  (Bell et al ’07)  (3.7± 1.2)⇥ 108M�

How many stars are in the MW?



Stellar Disk(s),  90%:  thin + thick

•stars formed in disks (why?)	


!

•we have two roughly equal mass disks 
(Gilmore & Reid 1983, arXiv1401.1835)	



•vertical scale height: thin ~300pc;  thick  ~ 

1kpc; radial scale length, thin ~ 3.6kpc, thick ~ 
2kpc;	



•thick disk exclusively old stars, 	


•different metallicity distributions 	


•the Sun is a thin-disk star

origin of thick disk:	


!
thin disk flattening up?	


early star formation different?	


mergers and stirrings?	





Theoretical Arguments for dark matter halo



Can a thin disk of stars be stable?

Toomre said: not infinitely thin.



T= rotational energy	


W=grav. energy	



!
rotationally supported	



T/|W| = 0.5

Ostriker & Peebles said: 
need dark matter halo



.ISM compression leads to star formation. So young stars 
are found in spiral arms.	


.oddly,  old disk stars are organized into 2-arm spirals(’08) 
while young stars 4-arm (’13)	


. are spiral arms long lived or transient?	


. are spiral arms externally excited?

Spiral arms: 	


compression of stars and ISMs



Bulge stars, 10%:   COBE map of MW 
showing the bulge

.vertical thickening of stars near the center (< 3kpc)	



. common among disk galaxies	



. some are classical bulges (mini-ellipticals), some are pseudo-
bulges (bars)	


. we have a long bar	


. stars old (> 12 Gyrs), with a span of metallicities	


. formation not understood: merger? secular process?	


       (little dark matter there)	


. central region hosts massive blackholes



Halo stars, 1%:

Sombrero galaxy: stellar halo

halo likely from accreted dwarfs, as well as 
some stars ejected from center (HVS)

bulge

halo



globular cluster: 	


	

 ~ 10^5 stars, invariably old (in MW)	


	

 age ~ 10^4 dynamical time  (typical galaxy/cluster ~a few)	


	

 central density: 10^4 M_sun/pc^3	



(solar neighbourhood: ~ 0.1 M_sun/pc^3)	


!

Origin unclear

The halos are studded with Globular Clusters

MW: ~200	


Andromedae: ~ 500	



M87: ~ 13,000



LMC/SMC



HST team compiled previous data:	


18.5+/-0.1 mag (’01)	



later results tend to aggregate	


(Schaefer ’08)

distance modulus

Distance to LMC/SMC
LMC distance sets the calibration of 
Cepheids, so affects all cosmological 
distance measurements, 10% error!
!
methods include: RR Lyrae, Tip red 
giant, Mira, SN 1987A, main sequence 
fitting, eclipsing binary, red clump



Sloan Digital Star Survey stellar 
map of the northern sky, showing 
trails and streams of stars torn 

from disrupted Milky Way 
satellites. Insets show new dwarf 
companions (credit: V. Belokurov).

Other Milky Way satellites



“Missing Satellite Problem”

Bullock ’10



Tidal Streams

stellar tidal stream (NGC5907)

dwarf galaxies incorporated into halos,	


tidal stripping	



shape of galactic potential (tri-axial?)



Galactic Center



Ks band image of the galactic 
center (Schodel et al ’02)

Schodel et al ’02,   Ghez et al ’05,	


Mbh =3.7x10^6 M_sun (R0/8kpc)^3



M-sigma relation

1900 citations

also Gebhart et al ’00

central bh

host bulge dispersion



Why surprising?

MW:	


MBH~ 4x106 Msun	


Rsch ~ 1km (MBH/Msun) 	



~ 4x106 km	


Rinfluence ~ 1 pc ~ 1013 km	


!
Mbulge ~ 4x109 Msun	


Rbulge ~ 1kpc ~ 1016km

why care?  	


!

galaxy and central bh 
assembled in sync	


!

if understand bh, then galaxy?	


!

gas rich merger vs. dry 
mergers



the Dark Matter Halo •rotation curves	


!

•numerical simulations	


!

•gravitational lensing	


!

•dark matter annihilation



gravitational collapse (in 
an expanding universe)	


gives an in-explicable 

universal profile

1011 &1015 Msun   

halos



Conclusions: 	


multiple components in the MW,  assembly history	



•    geometry of MW (thin/thick disks+bulge+halo, 
the distribution of star light)	



!
•   dark matter dominates at large distances 

(rotation curve)	


!

•    the local group (distance to LMC, SMC, dwarf 
galaxies,missing satellites)	



!
•    globular clusters (double MS, mass segregation)	



!
•    galactic center (BH, stellar cluster), 



orbits are not simple Keplerian ellipses



Why is galactic dynamics interesting now?

ESA’s GAIA mission	


!

Launched  Dec. 19, 2013	


reached L2 point: Jan 8, 2014


