
Disk dynamics and instabilities: 
phenomenology 

BT2, chap. 6



M100=NGC 4321, Sbc
two major spiral arms, can be traced for nearly a full rotation 
grand design: long, continuous, symmetric arms 
presumably, caused by large-scale global process involving entire galaxy

dust lanes generally  
'inside' spiral arms



M51 (Whirlpool), Sb
another grand design 
companion is clue to origin of grand design spiral pattern



M81, Sa
another grand design (it has a companion not shown here: M82)



M101=NGC 5457 (Pinwheel), Sc
less regular, spiral arms can be traced for only ~1/2 rotation 
multiple arms with apparent branching or bifurcating 
intermediate-scale spiral 
MW spiral structure is probably of this type



M33=NGC 598 (Triangulum), Scd
arms broken up into stars and HII regions 
arms less regular than in M101 but also classified as intermediate-scale



M63=NGC 5055 (Sunflower), Sbc
each spiral arm can only be followed for a small angle 
“swirling hotchpotch of pieces of spiral arms” (Goldreich & Lynden-Bell) 
called flocculent spiral 
local rather than global origin seems likely



NGC 1300, SBb
one of most dramatic barred spirals 
two arms are symmetric and can be followed for 180 degrees 
also a grand design

straight dust 
lanes in bar

spiral arms start 
at end of bar

cluster of HII 
regions (rapid 
star formation) 
at start of each 

spiral arm



NGC 6745
peculiar lopsided, warped appearance  
extended trail of young, blue stars 
probably result of recent encounter with smaller galaxy in lower right corner 
not all disk galaxies have the symmetric structure of spiral galaxies!



Star formation in spiral arms

HII regions last only ~10 Myr 

(compared to orbital periods 

~100 Myr) so association 

between HII regions and 

spiral arms indicate that star 

formation is highly elevated 

in spiral arms

dust traces gas density peaks 
tff~few Myr delay for star formation 

 young stars offset from dust lanes by ~100 km/s × few Myr ~ few 100s pc

for 'trailing' spirals, what does relative position of dust and 
young stars imply for the spiral pattern rotation speed?

⇒ stars and gas in galaxy rotate 
faster than spiral pattern 



Spiral structure is also seen in atomic & molecular gas

Young & Scoville 91



Spiral arms are smoother and 
broader, star formation sites have 
been mixed away 

Old stars dominate mass ⇒ entire 

stellar disk participates in the 
spiral pattern 

Relative amplitude up to ~60% 

Typically, young-star arms are 
slightly inside old-star arms 
(consistent with dust → young 
stars)

In grand designs, spiral structure seen in old stars

much less dust absorption 
light from old stars

3.6 μ (Spitzer) view of M51



In flocculent spirals, little or no 

structure in old, red disks (e.g., 

Elmegreene & Elmegreene 84) 

Suggests that short spiral segments 

are local patches of star formation 

that have been sheared out into 

spiral form by differential rotation

Blue=3.6 μ light from old stars (red is dust)

In flocculent spirals, not much structure in old stars

Spitzer view of M63 flocculent spiral



z~2 disks are typically clumpy in UV light (young 
stars) but smoother in red light (old stars)

Wuyts+12

The Astrophysical Journal, 753:114 (25pp), 2012 July 10 Wuyts et al.

Figure 2. (Continued)

2011a). In the resolved case, the SFR-weighted age of a galaxy
is computed equivalently:

agew, resolved =
!Npix

i=1

" tobs

0 SFRi(t)(tobs − t) dt
!Npix

i=1

" tobs

0 SFRi(t) dt
. (3)

While for galaxies that from integrated photometry are inferred
to be the oldest, the age estimate does not depend sensitively on
the adopted approach, the recovered age of the younger systems
(or at least those inferred to be the youngest from their integrated
photometry) can increase by up to an order of magnitude in
the most extreme cases when taking into account the resolved
photometric constraints. Outshining of the underlying older
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Off-center  
clumps in blue

Smoother, centrally  
peaked stellar massHST images for spatial resolution 

Star-forming clumps can have 

mass ~109 Msun (including gas), 

~103× larger than in Milky Way 

(as we will see, due to different 

‘Toomre' masses) 

Grand designs are rare at high z
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Highvelocity dispersion in a rare grand-design spiral
galaxy at redshift z5 2.18
David R. Law1, Alice E. Shapley2, Charles C. Steidel3, Naveen A. Reddy4, Charlotte R. Christensen5 & Dawn K. Erb6

Although grand-design spiral galaxies are relatively common in the
local Universe, only one has been spectroscopically confirmed1 to lie
at redshift z. 2 (HDFX 28; z5 2.011); and it may prove to be a
majormerger that simply resembles a spiral inprojection. The rarity
of spirals has been explained as a result of disks being dynamically
‘hot’ at z. 2 (refs 2–5), which may instead favour the formation of
commonly observed clumpy structures6–10. Alternatively, current
instrumentationmay simply not be sensitive enough to detect spiral
structures comparable to those in the modern Universe11. At z, 2,
the velocity dispersion of disks decreases12, and spiral galaxies are
more numerous by z< 1 (refs 7, 13–15). Here we report observa-
tions of the grand-design spiral galaxy Q2343-BX442 at z5 2.18.
Spectroscopy of ionized gas shows that the disk is dynamically hot,
implying anuncertainorigin for the spiral structure.Thekinematics
of the galaxy are consistent with a thick disk undergoing a minor
merger, which can drive the formation of short-lived spiral struc-
ture16–18. A duty cycle of ,100Myr for such tidally induced spiral
structure in a hot massive disk is consistent with its rarity.
Using infrared imaging data from the Hubble Space Telescope

Wide-Field Camera 3 (HST/WFC3), tracing rest-frame ,5,000-Å
stellar continuum emission (details in Supplementary Information),
we found that Q2343-BX442 (hereafter BX442) is well resolved, with a
total luminous radius, R, of ,8 kpc, prominent spiral arms, a central
nucleus, and a faint companion located 11 kpc away in projection to
the northeast. These morphological characteristics (see summary in
Table 1) led us to tentatively identify BX442 as a late-type Sc grand-
design spiral galaxy. Strikingly, BX442 is the only object to display
regular spiral morphology in a sample of 306 galaxies with similar
imaging10 at roughly the same redshift. We used the Keck/OSIRIS

spectrograph in concert with the laser-guide-star adaptive optics
(LGSAO) system to obtain integral field spectroscopy of nebular Ha
emission from ionized gas regions within BX442 at an angular reso-
lution comparable to that of the HST imaging data (,2 kpc; details in
Supplementary Information). As shown in Fig. 1, the ionized gas
emission similarly traces the structure of the spiral arms, but does
not exhibit a prominent central bulge.
Stellar population model fits to broadband photometry (see

Supplementary Information) indicate that the total star-formation rate
(SFR) of BX442 is 52z37

{21 M[ yr21, with a characteristic population age
of 1,100z1,000

{500 Myr and visual extinction E(B2V)5 0.36 0.06. BX442
is therefore drawn from the high end of the stellar mass function of
z< 2 star-forming galaxies, with correspondingly higher than average
size, dust extinction, stellar population age and SFR. This star forma-
tion is concentrated in the spiral arms, suggesting that their stellar
populations may be significantly younger than those of the nucleus
and inter-arm regions. Extrapolating from the Ha line-flux map using
the Kennicutt relation19,20, we estimate that the mean SFR surface
density in the arms is SSFR5 0.4 M[ yr21 kpc22, peaking at
,1M[ yr21 kpc22 in a bright clump located in the northern arm.
Although these values are modest compared with characteristic
values of SSFR (,1–10 M[ yr21 kpc22) that have been observed in
detailed studies of the star-forming clumps of z< 2 galaxies21, they are
nonetheless,30 times greater than typical for local spiral galaxies, and
are similar to the values observed in local circumnuclear starbursts19.
As indicated by rest-frame ultraviolet spectroscopy obtained with the
Keck/LRIS spectrograph (details in Supplementary Information),
the high SSFR of BX442 drives outflows of gas into the surrounding
intergalactic medium with speeds of up to a few hundred kilometres

1Dunlap Institute for Astronomy&Astrophysics, University of Toronto, 50 StGeorge Street, TorontoM5S3H4,Ontario, Canada. 2Department of Physics andAstronomy,University of California, Los Angeles,
California 90095, USA. 3California Institute of Technology,MS 249-17, Pasadena, California 91125, USA. 4Department of Physics and Astronomy, University of California, Riverside, California 92521, USA.
5Steward Observatory, 933 North Cherry Ave, Tucson, Arizona 85721, USA. 6Department of Physics, University of Wisconsin-Milwaukee, Milwaukee, Wisconsin 53211, USA.
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Figure 1 | Broadband and spectral emission-line morphology of BX442.
a, b, HST/WFC3 F160W broadband morphology. In b, red lines show the
locations of the northern (N), western (W) and eastern (E) spiral arms, core,
and nearby satellite companion; green lines indicate the orientation of the best-
fit inclined disk model (solid/dashed green lines represent opposite sides from
themidplane); yellow lines represent the orientation of the long slit for previous
Keck/NIRSPEC spectroscopy. The locations of these overlaid lines are defined
visually; they are intended simply to guide the eye. (Alignment of individual
images is discussed in Supplementary Information section 1.4.) c, Keck/OSIRIS

Ha emission-line fluxmap, overlaidwith the red lines fromb. Blue arrow shows
the location of a bright star-forming clump in the northern arm. A visual
rejection criterion roughly correspondingly to a requirement for a signal-to-
noise ratio of .3 (details in Supplementary Information) was used to mask
low-flux pixels. The field of view in each panel (oriented with north up and east
to the left) is 33 3 arcsec, corresponding to 25.33 25.3 kpc at the redshift of
BX442. In each panel, the red dot shows the full-width at half-maximum
(FWHM) of the observational point-spread function.
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Example of grand design at z~2

nearby satellite believed to excite 
large-scale spiral pattern



red=106 K
green=104 K

magenta=102 K

Gas Stars

Mh(z=0)=1012 Msun

Cosmological simulations also show that orderly 
spiral structure is recent phenomena

At early times, intense gas accretion from the intergalactic medium and 

frequent mergers lead to violent formation history



The physical nature and 
origins of spiral structure



M51 (“Whirlpool”) M63

Grand design Flocculent



Trailing vs. leading spiral arms

6.1 Fundamentals of spiral structure 469

Figure 6.4 Leading and trail-
ing arms.

The strength of the spiral structure can be parametrized by the ampli-
tude of its Fourier components, defined by expressing the surface brightness
as a Fourier series (eq. B.66),

I(R, φ)

I(R)
= 1 +

∞!

m=1

Am(R) cosm[φ − φm(R)] (Am(R) > 0). (6.1)

Here I(R) ≡ (2π)−1
" 2π
0 dφ I(R, φ) is the azimuthally averaged surface bright-

ness at radius R, and Am and φm are the amplitude and phase of the mth
Fourier component.

If a single Fourier component m dominates the spiral structure, the
strength can also be parametrized by the arm-interarm surface-brightness
ratio K, which is related to Am by

K =
1 + Am

1 − Am
. (6.2)

Most grand-design spiral galaxies have two arms and approximate two-
fold rotational symmetry. In near-infrared light, which traces the surface
density, the amplitude of the arms lies in the range 0.15 ∼< A2 ∼< 0.6 (Rix
& Zaritsky 1995), corresponding to arm-interarm ratios of 1.4 ∼< K ∼< 4.
Grand-design spirals with m ̸= 2 are rare, although a significant fraction
of disk galaxies exhibit lopsided distortions (A1 ∼> 0.2) in their outer parts,
and careful Fourier decomposition occasionally reveals three-armed spiral
patterns (Rix & Zaritsky 1995). The dominance of two-armed patterns in
grand-design spirals is a striking observational fact that demands explanation
in a successful theory of spiral structure.

(b) Leading and trailing arms Spiral arms can be classified by their
orientation relative to the direction of rotation of the galaxy. A trailing arm
is one whose outer tip points in the direction opposite to galactic rotation,
while the outer tip of a leading arm points in the direction of rotation (see
Figure 6.4).

It is not easy to determine observationally whether the arms of a given
galaxy are leading or trailing. In face-on galaxies we cannot determine the
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Figure 6.5 The appearance of leading and trailing arms. Galaxy A has leading arms,
while galaxy B has trailing arms, but both exhibit the same image on the sky and the
same radial-velocity field.

direction of rotation from radial velocities, and in edge-on galaxies we cannot
see the spiral arms. Even in galaxies with intermediate inclinations the task
is difficult, as we now show. Consider the two galaxies A and B in Figure 6.5.
In both cases the (x, y) plane is the celestial sphere and the z axis points
towards the Sun. Galaxy A is inclined so that the side nearest the Sun is in
the half plane y > 0, while galaxy B is closer in the half plane y < 0. We have
marked a spiral pattern and a rotation direction on both galaxies; the spiral
in A is leading and in B is trailing. Despite this difference the appearance
of both galaxies as seen from the Sun is the same; Figure 6.5 shows that
in both systems the spiral pattern curves in an anti-clockwise direction as
one moves out from the center, and the side with x > 0 has radial velocity
towards the Sun. Thus radial-velocity measurements cannot by themselves
distinguish leading and trailing spirals in thin disks.

To determine whether a given galaxy leads or trails, we must determine
which side of the galaxy is closer to us. A variety of clues can be used to
do this. If the inner disk is dusty, so it absorbs a significant fraction of the
starlight passing through it, then the surface brightness of the bulge at a
given distance along its apparent minor axis will be lower on the near side,
and the number density of any population with a spheroidal distribution
(such as globular clusters) will also be lower (see Figure 6.6). Similarly, dust
filaments in the inner disk obscure a larger fraction of the bulge light on the
near side, and hence are more prominent.

In almost all cases in which the answer is unambiguous, the spiral arms
trail (Hubble 1943; de Vaucouleurs 1959; Pasha 1985). The arms in our own
Galaxy trail as well (BM §4.3). There are occasional reports of galaxies with

Cannot distinguish trailing vs. leading with radial velocity alone



6.1 Fundamentals of spiral structure 471

Figure 6.6 Distinguishing near and far sides of a disk galaxy. The dots represent objects
such as novae or globular clusters. There is an obscuring dust layer in the central plane of
the disk which is shown as a line in the side view at left. In the observer’s view, at right,
objects behind the dust layer (open circles) are fainter and hence fewer are present in a
flux-limited survey.

leading arms (Pasha 1985; Buta, Byrd, & Freeman 2003), and transitory one-
armed leading spirals can be produced by plausible dynamical processes, for
example encounters with companion galaxies on retrograde orbits. Never-
theless, in the vast majority of cases spiral arms are trailing.

(c) The pitch angle and the winding problem The pitch angle α
at any radius R is the angle between the tangent to the arm and the circle
R = constant (see Figure 6.8); by definition 0 < α < 90◦.

It is useful to think of the center of each arm as a mathematical curve
in the plane of the galaxy, which we write in the form φ+ g(R, t) = constant
where t is the time. Suppose that the galaxy has m-fold rotational symmetry,
that is, the arm pattern is unchanged if we rotate the galaxy by 2π/m radians
(m > 0). Then a more convenient expression, which defines the locations of
all m arms, is

mφ + f(R, t) = constant (mod 2π), (6.3)

where f(R, t) ≡ mg(R, t) is the shape function. It is also useful to intro-
duce the radial wavenumber

k(R, t) ≡
∂f(R, t)

∂R
. (6.4)

The sign of k determines whether the arms are leading or trailing. If, as
we shall always assume, m > 0 and the galaxy rotates in the direction of
increasing φ, then

leading arms ⇔ k < 0 ; trailing arms ⇔ k > 0. (6.5)

The pitch angle is given by

cotα =

!!!!R
∂φ

∂R

!!!! , (6.6)

Using dust to distinguish near and far sides

In almost all cases in which the answer is unambiguous, spiral arms trail



What is the origin of spiral structure?
Possibilities:

1. Spiral arms trace fixed material component of galaxy. Ruled out by ‘winding 

problem.’
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Figure 6.8 How a material arm winds up in
a differentially rotating disk. The rotation law
is Ω(R) ∝ R−1.

smaller than observed pitch angles. This discrepancy is called the winding
problem: if the material originally making up a spiral arm remains in the
arm, the differential rotation of the galaxy winds up the arm in a time short
compared with the age of the galaxy. A remarkably clear statement of the
winding problem was given over a century ago by Wilczynski (1896).

There are several possible ways to resolve the winding problem:
(i) It may be that the spiral pattern is statistically in a steady state, but

that any individual spiral arm is quite young. If we continuously dribble
cream into a freshly stirred cup of coffee, each droplet briefly takes on
a spiral form before it is stretched out and disappears. Similarly, if
localized luminosity features are continuously produced in a galactic
disk (say, by the collapse of a gravitationally unstable patch, leading to
a burst of star formation) each feature will be sheared out into a spiral,
which winds up more and more but lasts only until the luminous young
stars die off. This model, which we discuss further in §6.4.3, is plausible
for flocculent galaxies but cannot explain grand-design spirals.

(ii) As we have discussed, the Lin–Shu hypothesis is that spiral structure is a
stationary density wave in the stellar density and gravitational potential
of the disk, and hence not subject to the winding problem.2

(iii) The spiral pattern may be a temporary phenomenon resulting from a
recent violent disturbance such as a close encounter with another galaxy.

2 Other types of stationary wave are possible. New stars that explode as supernovae
induce further star formation in adjacent regions—direct evidence of this is seen in su-
pershells, complex HI structures with radii of several hundred parsecs that appear to be
formed by a sequence of supernovae, and are often bordered by young stars. Mueller &
Arnett (1976) and Gerola & Seiden (1978) have suggested that star formation induced
in this way could lead to a detonation wave of star formation that propagates across
the entire galaxy like an infectious disease, and takes the form of a grand-design spiral.
However, a wave of this kind cannot explain the presence of spiral structure in the old disk
stars, and fine tuning is needed to ensure that induced star formation is reliable enough to
propagate across the whole galaxy, but not so strong that it consumes all of the interstellar
gas.

For a flat rotation curve, inner parts have higher angular frequency. If spiral 
arms traced the same material as it moves through the disk, spiral arms 
would wind. 

For the Milky Way, the pitch angle would be only α=0.14o at t=10 Gyr, much 
smaller than observed (BT2, section 6.1.3)



- angular momentum transfer by strong spirals in grand designs 

should change galaxy structure significantly on ~Gyr time scales 

- not supported by simulations (either of cosmological or of galaxy-

galaxy interactions)

What is the origin of spiral structure?
Possibilities:

2. Spiral structure is a stationary (long-lived) density wave (Lin & Shu 1964). 

Evidence against:

In density wave, stars and gas ‘pass through’ the spiral so 

arms are not 'material'



Possibilities:

3. Spiral structure is transient excitation of density waves in self-gravitating 

disks. Most likely but two different modes:

What is the origin of spiral structure?

- strong interactions generate global disturbances, grand designs

- weaker, stochastic driving generate flocculent structure

Galactic disks as ‘resonant cavities’ in which wave 

modes are excited and manifest as spirals
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Figure 6.25 Model of the encounter between M51 and NGC 5195, shown in three orthog-
onal views. The lower left view can be compared with Figure 6.1 or Plate 1. Note that the
low-density tidal tail at the 2 o’clock position relative to the center of M51 is similar to
a low surface-brightness feature in Figure 6.1. In this pioneering experiment the galaxies
were represented as point masses (the filled circles) surrounded by disks of orbiting test
particles. From Toomre & Toomre (1972), reproduced by permission of the AAS.

to disk galaxies what a soundboard is to a piano. It organizes and augments
the chaotic aspects of spiral galaxies . . .whenever the stellar disk is presented
with a relatively flat spectrum of gravitational noise from the gas clouds, it
picks out and augments the spatial frequencies which it prefers. And . . . it is
this bias which leads to pictures that human astronomers happen to prefer
as well” (Toomre & Kalnajs 1991).

At best, this is an appealing scenario for intermediate-scale spiral struc-
ture, rather than a real theory. Many questions remain unanswered: what de-
termines whether a galaxy has flocculent, intermediate-scale or grand-design

M51 grand design spiral 
from encounter with 
NGC 5195

Point masses+tracers
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Figure 6.26 Model of the interacting galaxy pair NGC 7753, a large grand-design Sb
spiral, and NGC 7752 (the small compact companion at lower right). The left panel shows
a negative V -band image and the right panel shows an N-body simulation. The orbit of
the companion is marked with a solid line above the disk plane and a dashed line below.
The two galaxies are separated by 60 kpc. From Salo & Laurikainen (1993), reproduced
by permission of the AAS.

structure? What are the relative roles played by inhomogeneities in the gas
disk and substructure in the dark halo? Can nonlinear interactions between
waves help to organize or generate spiral structure on intermediate scales?
And what, if anything, does understanding such spiral structure teach us
about the structure and evolution of galaxies?

6.5 Bars

6.5.1 Observations

Reviews of the properties of bars in disk galaxies are given in BM (§4.4.7),
Sellwood & Wilkinson (1993) and Buta et al. (1996). Images of barred
galaxies are shown in Plate 10 and Figures 6.27 and 6.28. Here we focus on
those properties that are most relevant to interpreting the dynamics.

Bars vary from those that dominate the appearance of the disk, such
as the ones shown in the images, to weak oval distortions that are visible
only in careful Fourier decompositions of the light distribution. Thus the
fraction of disk galaxies that are barred depends on the selection criterion.
Classification by eye—still the most reliable method—shows that about 30%
of spiral galaxies are strongly barred in optical light; the fraction rises to 50%

Observation N-body simulation 
(stars+gas+halo)

Example from more modern N-body simulation: NGC 7753



Flocculent spiral structure develops spontaneously  
in disk simulationsModeling feedback from stars and black holes in galaxy mergers 9

accurate description of the impact of black hole growth and
feedback on galactic scales. However, given the relatively
poor resolution that can be achieved in simulations like those
presented here, it is clear that they cannot represent the full
complexities of this process in any detail. By analogy with
out treatment of star formation and supernova feedback, we
are hence led to adopt a coarse-graining procedure.

In what follows, we use an effective sub-resolution model
to characterise the growth of supermassive black holes in
galactic nuclei and the consequences of feedback from ac-
cretion on surrounding gas. Technically, we represent black
holes by collisionless particles that can grow in mass by ac-
creting gas from their environments. A fraction of the radia-
tive energy released by the accreted material will be assumed
to couple thermally to nearby gas and influence its motion
and thermodynamic state.

Like our procedure for coarse-graining the ISM, our
method is flexible and can be applied to any model for
black hole accretion. As a starting point, we relate the (un-
resolved) accretion onto the black hole to the large scale (re-
solved) gas distribution using a Bondi-Hoyle-Lyttleton pa-
rameterisation (Bondi, 1952; Bondi & Hoyle, 1944; Hoyle &
Lyttleton, 1939). In this description, the accretion rate onto
the black hole is given by

ṀB =
4π α G2M2

BH ρ

(c2
s + v2)3/2

, (30)

where ρ and cs are the density and sound speed of the gas,
respectively, α is a dimensionless parameter, and v is the
velocity of the black hole relative to the gas. We will also
assume that the accretion is limited to the Eddington rate

ṀEdd ≡
4π G MBH mp

ϵr σT c
, (31)

where mp is the proton mass, σT is the Thomson cross-
section, and ϵr is the radiative efficiency. The latter is related
to the radiated luminosity, Lr and accretion rate, ṀBH, by

ϵr =
Lr

ṀBH c2
, (32)

i.e. it simply gives the mass to energy conversion efficiency
set by the amount of energy that can be extracted from the
innermost stable orbit of an accretion disk around a black
hole. For the rest of this study, we adopt a fixed value of
ϵr = 0.1, which is the mean value for radiatively efficient
Shakura & Sunyaev (1973) accretion onto a Schwarzschild
black hole. We ignore the possibility of radiatively inefficient
accretion phases. The accretion rate is then

ṀBH = min(ṀEdd , ṀB) . (33)

We will assume that some fraction ϵf of the radiated
luminosity Lr can couple thermally (and isotropically) to
surrounding gas in the form of feedback energy, viz.

Ėfeed = ϵf Lr = ϵf ϵr ṀBH c2 . (34)

Characteristically we take ϵf ∼ 0.05, so that ∼ 0.5% of the
accreted rest mass energy is available as feedback. This value
fixes the normalisation of the MBH−σ relation, and brings it
into agreement with current observations (Di Matteo et al.,
2004b).

Figure 5. Evolution of the gaseous disk in an isolated galaxy
model with a bulge component. A fraction fgas = 0.1 of the disk
mass is in gas. The remaining 90% is in old stars. The panels show
a face-on projection of the gas in the disk, and measure 30 h−1kpc
on a side. The colour-coding indicates both gas density (in terms
of intensity) and local gas temperature (in terms of colour hue).
Time in Gyrs is indicated in the upper left corner of each frame.

5 NUMERICAL APPROACH

Nothing in our formulation of supernova and black hole
feedback is tied to a particular numerical scheme for solv-
ing the dynamical equations for the gas and collisionless
matter. Our sub-resolution models and coarse-graining pro-
cedure could be incorporated into either particle- or grid-
based methods. In our simulations, we employ an N-body
algorithm for the collisionless material which, in our case,
includes dark matter, stars, and black holes. For the hy-
drodynamics, we employ a smoothed particle hydrodynam-
ics (SPH) code which represents fluids elements by parti-
cles (Lucy, 1977; Gingold & Monaghan, 1977; Monaghan,
1992). In SPH, fluid properties at a given point are esti-
mated by local kernel-averaging over neighbouring particles,
and smoothed versions of the equations of hydrodynamics
are solved for the evolution of the fluid.

The particular code we use is an improved and updated
version of GADGET (Springel et al., 2001). The code im-
plements a TreeSPH algorithm (Hernquist & Katz, 1989)
where gravitational forces are computed with a hierarchi-
cal tree method (Barnes & Hut, 1986) and SPH is used for
the hydrodynamics. In the new version GADGET2 employed
here, the hydrodynamical equations are solved using a fully
conservative technique (Springel & Hernquist, 2002), which
maintains strict entropy and energy conservation even when
smoothing lengths vary adaptively (Hernquist, 1993b).

Besides gravity and hydrodynamics, the code follows
radiative cooling processes of an optically thin primordial
plasma of helium and hydrogen in the presence of an UV
background (Katz et al., 1996). Star formation and the dy-
namics of the highly overdense gas are treated with the mul-
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Figure 15.2: Stable disk.simulation. Initially, this disk has Q 1 26, suffcient to curb local instabil-
ities. The galaxy model includes a bulge and a halo (not shown); the disk is 15% of the total mass.
Each frame is 15 disk scale lengths on a side; times are given in units of the rotation period at 3
disk scale lengths.

Poissonian fluctuations, this disk was initially featureless; the spiral pattern which develops is due
to swing-amplified particle noise.

With time, however, the spiral patterns in numerical simulations tend to fade away as pertur-
bations due to spiral features boost the random velocities of disk stars (e.g. Sellwood & Carlberg
1984). Once the disks become too ‘hot’, random stellar velocities reduce the gain of the swing-
amplifier and prevent the amplification of small fluctuations. In this respect, N-body experiments
fall short of explaining the spiral patterns of real galaxies, which persist for many tens of rotations.
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Figure 15.3: Tidal encounter between the disk in Fig. 15.2 and a companion of 10 the total mass.
This compaion approached on a parabolic initial orbit and reached an apocenter of 9 disk scale
lengths at t 1 5. Each frame is 24 scale lengths on a side; times are given in units of the rotation
period at 3 scale lengths.
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