
Dark Matter
ASTR 333/433

TODAY
Bars & Spiral Structure

Thin & Thick Disks
Galaxy Mergers

Homework 1 
Due Thursday



Bars
• Non-axis-symmetric potential

• provides perturbing torque to orbits

• Transfer angular momentum

• stars get outward kick

• gas sinks toward center

• Interact with dark matter halo

• live halos may encourage bar growth, but

• dynamical friction slows bars



gas is compressed & shocks along leading edge of bar



Closed orbits in the frame of a bar
rotating with pattern speed ⌦B

x1 x2



Binney et al

asymmetry in star counts indicates bulge is a bar



Gerhard (2017)  arXiv:1710.01544



Pattern speed of MW bar is estimated to be

if corotation is at ~ 3 (4) kpc

⌦B ⇡ 70 (55) km s�1 kpc�1
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Lindblad resonances occur when
m(⌦� ⌦B) = 
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Measured bar pattern speeds

Fast Bars 
imply little dynamical friction,

so little dark matter density



Disk Stability
• Dark matter halos required for stability


• No halo: bar instability


• Too much halo: too stable - slow bars or no bars


• Same for spiral structure


• low modes least suppressed 


• Grand design (m=2) spiral pattern indicates substantial 
disk self-gravity



Spiral Structure

From swing amplification

(Toomre 1981)


Growth of m=2 mode as it 
oscillates between the inner 
and outer Lindblad resonances



X =
rκ2

2πGmμ

Athanassoula et al. (1987) 
pointed out that a 
minimum amount of disk 
self-gravity was required 
to drive spiral structure, 
providing a lower limit on 
the masses of spiral disks.

maximum disk
minimum disk

total rotation



Exponential disks in 3 dimensions

�(R,Z) = �0e
�R/Rde�|z|/hz

Rd

hz

Rd/hz � 6 to 10

Radial scale length

vertical scale height hz � 300 pc

for external galaxies, typically

other models possible, e.g., sech(|z|/z0)

Rd � 2 to 3 kpc

Thin & Thick disks

can have multiple components with different scale sizes



diskbulge

gas

radial direction



also exponential in vertical direction; scale height depends on the population

thin disk

thick disk



Thin disk

Age: 8 Gyr


Thick disk

Age: 9.5 Gyr

mass fraction: ~20%


Stellar Halo

Age: 12.5 Gyr

mass fraction ~1%


Ages from oldest white dwarfs

(Mukremin et al. 2017)



Toth & Ostriker (1992)

Mergers thicken and heat disks. The existence of cold, thin disks (spiral 
galaxies) limits the mass of mergers to < 1:10 (crudely speaking). 

The Milky Way has an old (~9 Gyr) thick disk, that is a modest fraction of 
the total stellar disk mass. Perhaps a sizable merger thickened the disk 
long ago, but not much has happened since.

odds of dodging a major merger are small



Dynamical friction acts to slow a 
particle of mass M and velocity vM 
traversing a medium of N 
gravitationally attractive particles 
each of mass m.

Dynamical friction arises when the 
passage of an object pulls particles 
towards it, creating a density 
enhancement in its wake. This 
density enhancement pulls back 
against the motion of the object.



Chandrasekhar formula for dynamical friction (BT eqn 8.3)

Dynamical friction acts to slow a particle of mass 
M and velocity vM traversing a medium of N 
gravitationally attractive particles each of mass m.

distribution fcn of 
background particles (N 
of mass m and velocity v)

Coulomb logarithmnet frictional force

d ~vM
dt

= �16⇡2G2Mm ln⇤
~vM
v3M

Z vM

0
f(v)v2dv
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The Coulomb logarithm 
measures the “extent” 
of the system and is a 
complete kludge

⇤ ⇡ bmax

bmin
⇡ NmR

MR
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orbital radius of mass M

extent of N masses m 
e.g., the radius of a dark matter halo



Examples where dynamical friction is important 

• Dynamical friction acts to slow the pattern speed of 
bars embedded in dark matter halos.


  Mostly. We think.

Some configurations of live halos can amplify rather than suppress bars!


• Plays a role in the orbits of satellite galaxies and 
their incorporation into larger dark matter halos.


• Also required for merging galaxies - orbital energy 
and angular momentum gets transferred to the dark 
matter halo, which acts like a big catchers mitt to 
make galaxies merge that would otherwise just fly 
past each other.




The Antennae [merger of NGC 4038 and NGC 4039]



Merging galaxies simulation by Prof. Mihos



Merging galaxy models 
initial rotation curves


Dubinski, Mihos & Hernquist 
(1999)



Merging galaxy models 
morphology of merger 
models


Dubinski, Mihos & Hernquist 
(1999)

Zone II gives the most realistic 
tidal tail morphologies. 

Zone III has more realistic 
rotation curves. 

Small contradiction, that. 

The potential well of the DM 
halo needs to be deep enough 
to cause a merger, but not so 
deep that it inhibits the 
formation of tidal tails. 


